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ABSTRACT

Breast cancer is the number one cause of cancer-associated deaths in women worldwide. It
can be broadly classified into estrogen receptor (ER) positive or -negative subtypes which form the
basis of treatment. Despite the therapeutic advancements, more than half a million women
annually succumb to the illness suggesting critical gaps in our understanding of the disease.
Chemo-, radiation- and hormonal therapies are used to reduce tumor burden work by inducing
apoptosis. Hence investigation of players in the apoptotic program can uncover the mechanisms of
cancer aggression. Apoptosis is regulated by the BCL-2 family of proteins, which sense and relay
the death signals to the downstream machinery that executes cell death. The BH3-only proteins, a
subgroup of the BCL-2 family, act as the sensors of a variety of cell-intrinsic stressors and
determine therapeutic response against cancer. Thus, it is believed that if the BH3-only proteins
are absent or downregulated it may create a permissive environment for the development of
therapeutic resistance leading to cancer aggression.

In order to decipher how BH3 proteins affect breast cancer pathophysiology, I interrogated
the gene expression levels of five BH3-only members in breast cancer tumors with respect to
patient survival outcomes. Interestingly, we found that the BH3-only member BCL-2 interacting
killer (BIK) was associated with worse patient survival and patients with high levels of BIK
transcript were twice as likely to die from the disease compared to the BIK-low patients. This
finding was surprising, given the pro-apoptotic nature of BIK. Hence, we validated these findings
in a different cohort of patients by quantitating BIK protein levels using immunohistochemistry.

Strikingly, BIK protein levels were also associated with worse survival outcomes of the patients.
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Thus, high BIK expression in two independent patient cohorts (total n=327) was associated with
poor patient survival. Further interrogation revealed that high BIK mRNA levels in association
with high levels of ATG35, a regulator of the cytoprotective autophagic pathway, predicted worse
prognostic outcomes. This provided a clue that BIK might have a tumor-promoting effect through
enhanced cell survival in the face of tumor-associated stress. In order to test this, I ectopically
expressed BIK in breast cancer cells and tested their autophagic response to nutrient starvation or
mammalian target of rapamycin complex 1 (mTORC1) inhibition. While there was some
autophagic response, BIK did not stimulate robust autophagy. Furthermore, MTT assays revealed
that BIK expression did not confer a growth or survival benefit on the cells when they were
nutrient starved or rapamycin-treated. Together these observations showed that BIK did not
strongly regulate autophagy in the cell lines tested yet hinted that BIK may have tumor-promoting
effects in patients.

More than 70% of all breast cancers are ER-positive driven by the female sex hormone
estrogen. This type of cancer is treated with anti-estrogen therapy that utilizes drugs such as
tamoxifen to induce cancer cell apoptosis and prevent relapse. Recent studies have identified an
aberration of apoptosis called “failed apoptosis” in which apoptosis is initiated but does not go to
completion, causes DNA double-strand breaks and mutations leading to tumorigenesis.
Importantly, BIK is upregulated in response to anti-estrogen treatment of the ER-positive breast
cancer which prompted me to interrogate BIK’s involvement in this patient subgroup.
Interestingly, we discovered that high BIK levels predicted poor prognosis of anti-estrogen treated
ER-positive but not alternatively treated ER-negative patients. I hypothesized that BIK facilitated

tumor aggression in the ER-positive patients through failed apoptosis. Indeed, BIK expression in
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breast cancer cell lines led to minimal cell death but caused caspase activation, and double-strand
DNA damage dependent on caspase activated DNAse (CAD). Importantly, tamoxifen-mediated BIK
expression also induced genomic damage in cells, suggesting a link between anti-estrogen
stimulated DNA damage-mediated mutagenesis. Finally, I explored whether transient expression
of BIK altered cell phenotypes after long-term culture. Interestingly, cells surviving this treatment
produced progeny with aggressive phenotypes characterized by high clonogenic survival, elevated
anchorage-independent growth, and enrichment of cancer stem cells. These results suggest that
poor survivals of BIK-high ER-positive patients could be partly due to failed apoptosis which may
provoke mutations and provide a means of evolution for cancer cells. Thus, in this thesis, I
identified BIK as a novel biomarker of breast cancer and discovered a potential mechanism of BIK-

mediated tumor evolution.
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anonymized outcomes data. ISG and I designed experiments. I performed all data analysis. I wrote
the first draft of the manuscript that was edited by ISG.
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CHAPTER 1

INTRODUCTION



1.1 Worldwide burden of breast cancer

Breast cancer is a heterogeneous spectrum of diseases of global impact. Statistics gathered
for 2012 indicate that breast cancer affected more than 1.5 million women worldwide, caused
more than 500,000 deaths, and accounted for the highest number of cancer-associated mortalities
in women (Ferlay et al., 2015) (Tables 1.1 and 1.2). The highest incidence rate is reported in North
America, Australia/New Zealand, and Northern and Western Europe, while the lowest incidence
rate is in Africa and Asia (ACS, 2016; Ferlay et al., 2015). Although many low-and-middle-income
countries such as sub-Saharan Africa have lower incidence rates, mortality rates are higher due to
inadequate availability of early detection methods and access to treatment (ACS, 2016; Ferlay et
al., 2015). Thus, morbidity and mortality associated with breast cancer remain a significant health
concern throughout the world either due to high prevalence rates or lack of healthcare availability.

Increased occurrence of breast cancer in developed countries has been attributed to a
variety of factors. For instance, in the two decades following 1980, an increase in breast cancer
incidence was observed in Western countries. This was attributed to increased early detection, and
reproductive factors such as early onset of menstrual cycles, first pregnancy at a later age, late
menopause, use of hormones in the form of oral contraceptives and hormone replacement therapy
(Althuis et al., 2005; Ferlay et al., 2015). After the year 2000, due to the reduction of menopausal
hormone therapy and reduced participation in the mammographic screening, the incidence rate
has stabilized close to 130 women per every 100,000 people (ACS, 2016; Youlden et al., 2012).
Many developed countries have implemented national programs for X-ray-based mammographic

screening for early detection of breast cancer. Early detection increases the likelihood of treatment



Table 1.1 Top 10 cancers diagnosed worldwide (Ferlay et al., 2015)

Site Cases
Breast 1,671,100
Colorectum 614,300
Lung, bronchus, and trachea | 583,100
Cervix uteri 527,600
Stomach 320,300
Corpus uteri 319,600
Ovary 238,700
Thyroid 229,900
Liver 228,100
Non-Hodgkin’s lymphoma 168, 100
All sites 6,657,500

Table 1.2 Top 10 cancers causing high mortality worldwide (Ferlay et al., 2015)

Site Cases
Breast 521,900
Lung, bronchus, and trachea | 491,200
Colorectum 320,300
Cervix uteri 265,700
Stomach 320,300
Liver 254,100
Pancreas 156,600
Ovary 151,900
Esophagus 119,000
Leukemia 114,200
All sites 3,548,200




success resulting in improved survival outcomes for patients. Thus, while incidence has stabilized
in parts of the world, substantial global challenges ranging from screening to treatment
accessibility remain for a great number of countries.

Breast cancer survivals have improved over the years, and investment in cancer treatment
has increased. For instance, availability of high-quality healthcare in countries such as Canada,
USA, Australia, Israel and many western European countries has led to >85% 5-year survivals
whereas, in less developed countries, this rate remains close to 60% (Lauby-Secretan et al., 2015;
Smith et al., 2016). In 2012, 6.2 million women worldwide survived breast cancer who were
diagnosed in the preceding 5-years (ACS, 2016; Ferlay et al., 2015). Successful outcomes come
with substantial personal or public financial costs. For instance, a recent study estimated that in
European countries the average medical cost per patient was nearly $19,000 (Capri and Russo,
2017) a value that is not possible for less-developed nations. Therefore, disease-prevention, early
diagnosis, and more effective therapy are of paramount importance to reduce incidence and
treatment costs.

Many risk factors including genetic, environmental and lifestyle have been found to be
associated with an increased risk of developing breast cancer (Subramani and Lakshmanaswamy,
2017). Family history and presence of breast cancer associated 1 (BRCA1) or breast cancer
associated 2 (BRCA2) mutations, as well as reproductive factors described earlier are a few (ACS,
2016; Bradbury and Olopade, 2007; Colditz and Bohlke, 2014). [Note, in this thesis, human gene
names are italicized (e.g., BRACA1) whereas protein names are capitalized (e.g., BRCA1)].
Additionally, lifestyle and environmental components such as alcohol consumption, lack of

physical activity, obesity, smoking and exposure to radiation are also associated with a higher
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chance of developing breast cancer (ACS, 2016; Bradbury and Olopade, 2007; Carter et al., 2015;
Colditz and Bohlke, 2014; Ordonez-Mena et al., 2016). Thus, although these associative
relationships are ascribed, the exact causative agents are not fully characterized. In recent years,
there has been an explosion of investigations into breast cancer genomics and transcriptomics
with one of the aims to find causes of breast cancer (Curtis, 2015; Ellis and Perou, 2013). This has
confirmed that cancer is a genetic disease and mutations of tumor suppressor genes and/or
amplification of proto-oncogenes drive carcinogenesis (Anthony J.F. Griffiths et al., 2015).
Continued accumulation of mutations with age overwhelms the tumor-suppressing mechanisms,
facilitating cancerous growth. However, how these genomic alterations arise is not completely
clear. Furthermore, cancer has a propensity to evolve and become more aggressive when
intercepted with therapy. Hence, understanding the pathways that drive tumor evolution would
help in designing better treatment modalities that limit disease recurrence. This would eventually
improve prognosis, reduce treatment costs and improve the quality of life.

One of the standard ways to assess tumor aggressiveness and the odds of treatment
success is by utilizing biomarkers, which include hormone receptors such estrogen receptor (ER),
progesterone receptor (PR) and human epithelial growth factor receptor 2 (HER2). Their presence
predicts a good prognosis with specific treatment. Currently, the 5-years overall survivals (OS)
remain stagnant at ~85%), reflecting ongoing gaps in the understanding of the disease. Hence, the
identification of novel biomarkers in the context of tumor aggressiveness can bridge this gap.

1.2 Pathological subtypes of breast cancer
Classically, breast cancer is divided into three subtypes based on the presence or absence

of estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor 2
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(HER2), and the level of proliferation marker Ki67. This is clinically determined by analysis of
protein levels or gene copy number as determined by immunohistochemistry (IHC) or fluorescent
in situ hybridization (FISH) of the tumors. Based on this, the tumors are classified as luminal (ER
and/or PR positive), HER2-enriched or triple-negative (also referred to as basal-like) (Sorlie et al.,
2001; Toss and Cristofanilli, 2015). Analysis of tumor gene expression patterns identified their
origins with respect to the mammary gland (Perou et al., 2000). The luminal tumors showed
elevated expression of many genes commonly expressed in the breast luminal cells, defined as the
polarised cells forming the inner layer of the mammary gland ducts. The elevated genes included
cytokeratins (CK8 and CK18) and ER-responsive genes (LIV1i, CCND1, XBP1,) (Malhotra et al.,
2010; Yersal and Barutca, 2014). Subsequent studies showed that two subbranches of the luminal
group called luminal A and luminal B could be assigned wherein patients with luminal A tumors
had a better prognosis than the luminal B group (Hu et al., 2006). The HER2-enriched group
expressed high levels of HER2 oncogene usually with low levels of ER (Malhotra et al., 2010;
Yersal and Barutca, 2014). Tumors in the triple-negative subtype displayed many characteristics of
the breast basal epithelial cells (cells forming the outer layer of the mammary gland ducts) and
were positive for basal specific cytokeratins (CK5, CK14, CK17) (Malhotra et al., 2010; Yersal and
Barutca, 2014). This led to the existing classification of luminal A, luminal B, HER2-enriched, and
basal-like determined based on ER/PR/HER2 testing and proliferation marker Ki67. This clinical
identification primarily dictates therapy choice.

1.2.1 Luminal



The luminal group represents 75% of all breast cancers diagnosed, and the tumors show
ER and/or PR positivity. Further classification is based on the expression of HER2 and the
proliferation marker Ki67.
1.2.1.1 Luminal A

Approximately 50-60% of the breast cancers are of the luminal A subtype (Toss and
Cristofanilli, 2015; Yersal and Barutca, 2014). They express luminal-specific cytokeratins CK8 and
CK18 in addition to the ER-associated genes such as LIV1, FOXA1, XBP1, GATA3, BCL2, ERB3 and
ERB4 (Perou et al., 2000; Sotiriou et al., 2003). Luminal A tumors usually have low- histological
grades, nuclear pleomorphism and mitotic indices (Yersal and Barutca, 2014). Metastasis is most
commonly to the bones (58.5%), lungs (21.7%), liver (15.5%) and brain (4.3%) in that order (Wu
et al., 2017). Treatment usually includes hormonal therapy and have excellent survival outcomes
with rates of relapse that are the lowest of all subtypes (Guarneri and Conte, 2009; Kennecke et
al., 2010).
1.2.1.2 Luminal B

15-20% of the breast cancers fall into the luminal B classification (Yersal and Barutca,
2014). They are ER and/or PR-positive, with high Ki67 index (>14% cells positive) and HER2
negative; or with any Ki67 index with HER2 positivity (Malhotra et al., 2010; Yersal and Barutca,
2014). Typically the tumors show a high histological grade and increased expression of
proliferation-related genes such as v-MYB, GGH, LAPTMB4, NSEP1 and CCNE1 compared to the
luminal A group (Creighton, 2012). Metastatic preference in this group shifts more toward liver
(26.6%) compared to 15.5 % in luminal A (Wu et al., 2017). Treatment is usually more aggressive

involving endocrine, anti-HER2 and/or chemotherapeutic agents depending on the disease
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presentation (Yersal and Barutca, 2014). Survival outcomes are usually poorer compared to the
luminal A group (Creighton, 2012).
1.2.2 HER2-enriched

15-20% of the breast cancer tumors are classified into this category, and are typically
characterized by high expression of human epidermal growth factor receptor 2 (HER2), high-
histologic, nuclear and mitotic grades (Yersal and Barutca, 2014). HER2 is a member of the
membrane-embedded receptor tyrosine kinases (RTK) family encoded by the proto-oncogene
ERBB2, which maps at the 17q21 chromosomal position (Moasser, 2007). The HER2 signaling
pathway promotes cell growth and division. The primary effector ligands of these RTKs are the
epidermal growth factors (EGFs) that bind to the extracellular domains and promote receptor
dimerization. Furthermore, HER2 can be activated in a ligand-independent manner by the homo-
or heterodimerization with human epidermal growth factor receptor 3 (HER3 ) when present at
high levels (Ménard et al., 2003; Moasser, 2007; Yersal and Barutca, 2014). HER2 dimerization
causes transphosphorylation of its intracellular domains leading to the activation of downstream
signaling cascades such as mitogen-activated protein kinase (MAPK) and phosphoinositide 3-
kinase (PI3K/AKT) pathways (Ménard et al., 2003; Moasser, 2007). This signaling axis activates
transcription factors, which regulate genes involved in proliferation, survival, invasion,
angiogenesis, and metastasis (Moasser, 2007). Thus, HER2 overexpression leads to constitutive
proliferative signaling and contributes to tumor progression. Furthermore, p53 mutations are
found in more than 50% of the cases, compared to an average of ~26% in the luminal group
suggesting possible deregulation of the cell cycle, DNA repair and apoptotic pathways (Bertheau et

al., 2013). Accordingly, HER2-enriched tumors tend to grow faster than the luminal subtypes with
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a worse prognosis (Loibl and Gianni, 2017). Metastasis usually occurs in bones (34.5%), liver
(31.7%), lungs (25.5%) and brain (8.3%) suggesting a shift towards liver and lung colonization
compared to 15.5% and 21.7% respectively in the luminal A subtype (Wu et al., 2017). HER2
directed therapies such as monoclonal antibodies (e.g., trastuzumab, pertuzumab) or tyrosine
kinase inhibitors (e.g., lapatinib) that intercept different steps of the HER2 signaling pathway are
usually employed (Loibl and Gianni, 2017).
1.2.3 Basal-like/Triple negative

This subtype consists of about 8-37% of all breast cancers diagnosed (Yersal and Barutca,
2014). Tumors are typically characterized by poor gland formation, high- histologic, mitotic and
nuclear grades and the presence of necrotic centers or fibrotic zones (Yersal and Barutca, 2014).
They are referred to as basal-like because of their high expression of basal cytokeratin markers
including CK5, CK14, CK17 and laminin (Perou et al., 2000; Sorlie et al., 2001). Since these tumors
do not express ER, PR, and HER2, they are also referred to as triple-negative. Nearly 88% of
basal-like tumors harbor p53 mutations, show genomic instability and repression of the
retinoblastoma pathway (Bertheau et al., 2013). This type of tumors are very aggressive and
metastasizes to bones (36.4%), lungs (32.1%), liver (22.4%) and brain (9.12%) (Wu et al., 2017).
There is no targeted therapy available for this group and treatment usually involves cytotoxic
chemotherapy sometimes with poly-ADP ribose polymerase (PARP) inhibitors in BRCA1 deficient
tumors (Yersal and Barutca, 2014). Survival outcomes for basal-like breast cancers are the worst
compared to all other subtypes (Foulkes et al., 2010).

1.2.4 Diagnosis and survival prediction using biomarkers



Biomarkers provide useful information about disease progression and highlight critical
biological pathways. In recent years, in addition to the immuno-histological subtyping of breast
cancer, multigene-panel based predictors of outcomes have been developed and are in various
stages of testing/acceptance for clinical use. These tests estimate expression levels of various
candidate genes by using complementary deoxyribonucleic acid (cDNA) oligonucleotide arrays or
multiplex polymerase chain reaction (PCR) technologies. Most of these tests classify ER-negative
tumors as a high-risk group, and hence, their real utility is in predicting prognosis and therapeutic
outcomes in the ER-positive group. Some of the prominent tests that are in clinical use include
Oncotype Dx, PAM50, and EndoPredict (Harris et al., 2016). For brevity, only the development and
utility of Oncotype Dx is described in greater detail because it is the most accepted of all the
genomic tests for clinical use (Harris et al., 2016).

Oncotype Dx is a QRT-PCR based assay utilizing multi-gene expression signature to predict
patient survivals. It was developed in the context of a specific early-stage breast cancer
characterized by ER-positive, HER2-negative, and axillary node-negative tumors (Paik et al.,
2004). Patients diagnosed with this kind of cancer usually have an excellent prognosis (85% 5-
years disease-free survival) with hormonal therapy (Paik et al., 2004). However, since 15% of the
cases retain the risk of disease recurrence, many (up to 85%) patients who only need hormonal
therapy are also treated with chemotherapy due to the non-availability of prediction tools (Paik et
al., 2004). Oncotype Dx is aimed at segregating the low-risk patients who only need endocrine
therapy from the high-risk group needing chemoendocrine therapy. This decreases overtreatment

of the low-risk patients and provides the benefit of chemotherapy to the high-risk group.
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Oncotype Dx utilizes an associative relationship between expression levels of 16 genes to
predict the likelihood of recurrence. Based on a regression analysis of the predictor genes and
mathematical modeling, a recurrence score (RS) ranging from 0-100 is calculated (Paik et al.,
2004). A tri-partite categorization of the RS divides patients into low- (RS<11), intermediate- (RS
11-25) and high-risk (RS>25) groups for 10-years disease-free survivals (DFS) (Sparano et al.,
2018). According to the latest prospective clinical trial called TAILORX, low- and intermediate-risk
groups only need to be treated with endocrine therapy whereas the high-risk group would benefit
from chemoendocrine therapy. Thus, Oncotype Dx serves as a gene expression-based pre-

treatment diagnostic tool in directing treatment modalities to ER-positive node negative subtypes.

Although clinically useful, Oncotype Dx is limited in its scope due to its applicability in a
very restricted group of ER-positive breast cancer patients. As well, all tests are performed at a
centralized laboratory of the developer (Genomic Health, Inc.), making its universal
implementation challenging. Furthermore, each test costs ~$4500, compared to ~$100 for ER/PR
testing using IHC. Thus, although Oncotype Dx is increasingly being used to make therapeutic
decisions, there is still a need to identify biomarkers that would cover a larger group of patients at

a lower cost.

1.2.5 Management of breast cancer

Breast cancer treatment involves treating the primary as well as the metastatic disease.
The type of treatment is decided based on the size, stage, grade, and the intrinsic subtype of the
tumor. In most cases, the primary tumor is first excised by surgery, followed by adjuvant therapy

to eliminate residual cancer cells. Adjuvant therapy broadly falls into three classes named chemo-,

11



anti-HER2- and endocrine therapies depending on the therapeutic agents used. Chemotherapy
selectively targets fast proliferating cancer cells by inflicting DNA damage or by causing
cytoskeletal distress using compounds such as doxorubicin (topoisomerase II inhibitor),
cyclophosphamide (DNA crosslinker), and taxanes (microtubule depolymerization inhibitor) (Ades
et al., 2017). This type of therapy is most commonly used to treat basal-like cancer or other
subtypes if distant metastasis is discovered (Ades et al., 2017). Anti-HER2 therapy is used to
intercept proliferative signaling in HER2 enriched breast cancers. Monoclonal antibodies such as
trastuzumab and pertuzumab, or drugs such as lapatinib block HER2-dependent growth signaling
and are used alone or in combination with chemotherapy (Masoud and Pages, 2017). The
endocrine therapy uses drugs that target estrogen and/or progesterone receptor signaling and is
used to treat luminal A and B subtypes (Ades et al., 2017; Masoud and Pages, 2017).
1.2.5.1 Endocrine therapy of ER-positive breast cancer and its limitations

Estrogen, also referred to as 17 B-estradiol (E2) is a steroid sex hormone required for
normal female sexual development. It also pathologically fuels ER- and PR-positive breast cancers.
E2 binds and activates nuclear estrogen receptor a and 3 (ERa and ERP) wherein ERa is the
predominant effector in the context of breast cancer (Katzenellenbogen et al., 2018; Marino et al.,
2006; McDonnell and Norris, 2002; Tremont, 2017). The major effects of estrogen signaling are
mediated through E2: ERa interactions that stimulate cellular proliferation by transcriptional
modulation (Musgrove and Sutherland, 2009). E2 binding promotes ERa dimerization followed by
nuclear translocation and interaction with co-activators to stimulate transcription
(Katzenellenbogen et al., 2018). E2: ERa complex can directly associate with DNA at the estrogen

response elements (EREs), which are consensus palindromic sequences located in the
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promoter/enhancer regions of the E2 responsive genes (Marino et al., 2006; Nicholson and
Johnston, 2005; Ponglikitmongkol et al., 1988). Indirect association of E2: ERa with DNA also
occurs and is mediated through DNA binding transcription factors such as SP-1, AP-1, and ATF-
2/c-Jun at the non-ERE sites (Gaub et al., 1990; Marino et al., 2006; O'Lone et al., 2004). Both in
the direct and indirect modes, E2: ERa does not act as the direct transcriptional controller and
needs to partner with co-activator complexes such as CBP/p300 and SWI/SNF that facilitate
chromatin remodeling to initiate transcription (Marino et al., 2006; Nicholson and Johnston,
2005; Smith and O'Malley, 2004). E2 responsive genes include critical cell cycle regulators and
angiogenesis promoters such as cyclin D1 (activates G1 to S transition), cyclin E1 and E2 (facilitates
S phase progression), and vascular endothelial growth factor (VEGF) (stimulates new blood vessel
formation) (Marino et al., 2006; Musgrove and Sutherland, 2009). Furthermore, transcription
factors such as c-MYC and c-FOS, which are involved in cellular growth and proliferation are also
upregulated by E2 stimulation (Musgrove and Sutherland, 2009; Niu et al., 2015; Sabbah et al.,
1999; Wang et al., 2011; Weisz and Rosales, 1990). Thus, constant estrogenic signaling in ER-
positive cancer cells drives their growth and proliferation. This makes estrogen and ER the targets
for hormonal therapy of ER-positive breast cancers.

Hormonal therapy was first conceptualized as the surgical removal of the ovaries in 1896
to deplete estrogen production (Nicholson and Johnston, 2005). Modern-day hormonal therapies
mainly utilize three approaches to block E2: ERa signaling. Firstly, by decreasing estrogen
availability using aromatase inhibitors (Als) such as anastrozole, letrozole, and exemestane (Jiang,
2013). These compounds block aromatase enzymes that produce estrogen in peripheral sites such

as adipose tissues to reduce the amount of circulating estrogen in post-menopausal women.
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Secondly, by inhibiting the E2: ERa interactions using selective ER modulators (SERMs) such as
tamoxifen. Binding of tamoxifen with ERa blocks its co-activator binding surface
(Katzenellenbogen et al., 2018; Tanenbaum et al., 1998). This prevents co-activator association,
effectively inhibiting the transcription of the E2-responsive growth and proliferation genes.
Thirdly, by degrading the ER using selective ER downregulators (SERDs) such as fulvestrant.
SERDs are steroidal mimics that engage ER with a higher affinity than E2 and promote
dissociation of the E2: ER dimers (Jiang, 2013; Katzenellenbogen et al., 2018). Crucially,
fulvestrant: ERa monomers do not translocate to the nucleus and are unstable, which results in
accelerated ER degradation and diminished E2 signaling (Osborne et al., 2004). In general, anti-
estrogens (AE) exert their anti-cancer effects by blocking cell proliferation and/or by inducing
apoptosis. When cultured cells are treated with AEs, E2: ERa signaling is blocked leading to rapid
decreases in the expression of proliferation factors (e.g., MYC and cyclin D1), causing cell-cycle
arrest (Musgrove and Sutherland, 2009). Also, estrogen deprivation or Al treatment induces
apoptosis, which occurs through the transcriptional upregulation of pro-apoptotic protein BIK that
induce caspase activation (Hur et al., 2004; Viedma-Rodriguez et al., 2015). Downregulation of BIK
leads to tamoxifen resistance in cultured cells highlighting its importance in the effectiveness of
tamoxifen treatment (Viedma-Rodriguez et al., 2013). In addition to BIK, stress-activated kinases
such as Jun N-terminal kinase (JNK) and p38 MAPK, as well as the activation of intracellular
second messenger ceramide drive apoptosis (Musgrove and Sutherland, 2009). Combined effects
of these two mechanisms halt tumor progression. Altogether, endocrine therapy remains the

mainstay of ER-positive breast cancers and has brought 85-95% 5-year disease-free survival rates,
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signifying its importance in the breast cancer treatment (Davies et al., 2013; Smith et al., 2017;
Tremont, 2017).

While endocrine therapy has greatly reduced recurrence rates and mortality, it retains
significant shortcomings including the risk of developing cancer at other sites, reduced sexual
function and the development of treatment resistance. Tamoxifen, in addition to being an ER
antagonist, also acts as an ER agonist in the uterus, liver, and bones (Marino et al., 2006;
Musgrove and Sutherland, 2009; Nicholson and Johnston, 2005). This is associated with increased
rates of endometrial cancer and uterine sarcoma (Bergman et al., 2000; Wickerham et al., 2002).
As well, breast cancer recurrence despite tamoxifen treatment is a major clinical problem wherein
one-third of the women treated with tamoxifen for five years are estimated to suffer disease
relapse within 15 years (Musgrove and Sutherland, 2009).

Depending on when during the treatment resistance is encountered, it is classified as de
novo or acquired. De novo resistance exists from the start of the therapy, and the underlying
mechanisms are not well understood but some reports suggest that a high degree of promiscuous
signaling with other growth receptors (e.g., HER2, IGFIR, FGFR, etc.) compensate for the loss of
E2 signaling, rendering the E2: ERa targeted therapy ineffective (Ali et al., 2016; Musgrove and
Sutherland, 2009). Acquired resistance, on the contrary, occurs upon a prolonged exposure to
anti-estrogens. This could result from the loss of ER, inappropriate activation of growth factor
signaling and mutations of the estrogen receptor that subvert anti-estrogen effects (Ali et al., 2016;
Musgrove and Sutherland, 2009). Recent studies have elucidated a clinically relevant mechanism
of acquired resistance, which involves activating mutations in the ER signaling pathway. Analysis

of the circulating tumor DNA and deep sequencing of the tumors have identified activating
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mutations in the ER-coding gene ESR1 in 11-40% of relapsed patients who had previously been
treated with endocrine therapy (Chu et al., 2016; Li et al., 2013). These activating mutations
enable ERa to pre-fold into the agonist conformation without a ligand (Katzenellenbogen et al.,
2018; Li et al., 2013). Clones harboring these mutations would no longer need estrogen for ER-
dependent signaling, conferring Al and tamoxifen resistance. Whether these mutations pre-exist
in certain clones or are acquired after therapy is not clear. Further investigations that focus on the
effect of therapy on tumor evolution will likely answer these questions.
1.3 Apoptosis

Apoptosis is a type of programmed cell death (PCD) whereby multicellular organisms
remove unwanted or aberrant cells by a genetically encoded cellular suicide sequence in response
to signals originating from within or outside the cell. Naturally occurring cell death was described
more than 150 years ago although a detailed characterization took place in the mid 20™ century
(Fuchs and Steller, 2011; Yang and Goping, 2013). Ultrastructural studies carried out in the 1970s
demonstrated that cells dying under physiological conditions display distinct morphological
features as opposed to the cells dying because of excessive stress causing swelling and rupture,
known as necrosis (Fuchs and Steller, 2011; Kerr et al., 1972). Hallmark features of apoptosis
include chromatin condensation, membrane blebbing, cytoplasmic shrinkage among others, and
the cells displaying these features are rapidly cleared by other cells (Fuchs and Steller, 2011). Kerr
and colleagues coined the term Apoptosis (falling of leaves from trees) for this type of cell death
(Kerr et al., 1972). The next advancement in apoptotic research came from genetic studies
performed in C. elegans, which demonstrated the effects of individual mutations on the

programmed cell death pathway and elucidated that apoptosis was a genetically controlled
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program with individual genes acting to execute the cascade (Fuchs and Steller, 2011). Molecular
characterization of the gene products identified an evolutionarily conserved cell death machinery

centered around executioner molecules termed caspases, which are a family of cysteine proteases.

Studies of apoptosis using the three model systems of the nematode C. elegans, the fruit fly
D. melanogaster and mice have contributed significantly to the present day understanding of the
apoptotic pathway (Fuchs and Steller, 2011). The end goal in all three systems is to activate
proteases called caspases responsible for cellular dismantling. Individual players in the C. elegans
apoptotic pathway were identified through lineage tracking experiments. The C. elegans embryo
produces precisely 1090 cells, of which 131 undergo PCD during development (Sulston and
Horvitz, 1977; Sulston et al., 1983). Loss of function mutants of C. elegans genes egl-1, ced-3, and
ced-4 do not undergo apoptosis, and the 131 cells persist in the adult worm, whereas the loss of
function mutation in ced-9 results in aberrant cell death and is developmentally lethal (Ellis and
Horvitz, 1986; Ellis et al., 1991). These findings suggested that some genes promoted apoptotic
induction whereas other inhibited it. This work that established C. elegans as a model organism,
identified cell lineages during development and characterized cell death mutants was awarded a
Nobel prize in Physiology or Medicine to Sydney Brenner, John Sulston and Robert Horowitz in
2002 (NobelPrize.org, 2018). In vertebrates, PCD during and after development plays critical roles
in the maintenance of tissue homeostasis. Classic examples such as the creation of separated toes
by interdigital tissue removal, and regression of the mammary glands after weaning illustrate the
role of PCD in organ sculpting (Lindsten and Thompson, 2006; Quarrie et al., 1996). As well,

apoptosis maintains the required number of cells during an animal’s lifetime. Examples such as
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the elimination of 80% of the oocytes in females prior to birth and the death of nearly 50% of
neurons in the central nervous system during development illustrate this role (Barres and Raff,
1999; Reynaud and Driancourt, 2000). Furthermore, apoptosis acts as a stringent quality control
mechanism by culling potentially dangerous cells from tissues as exemplified by the positive and
negative selection of T and B cells to eliminate self-reactive clones posing a risk of autoimmunity
(Opferman and Korsmeyer, 2003). Thus, apoptosis works hand in hand with cellular proliferation,
differentiation and tissue remodeling but also acts as an eraser to correct mistakes made during
growth and development. Due to this intricate role, defects in the apoptotic mechanisms are
associated with a variety of pathological states such as neurodegenerative diseases (e.g.,
Alzheimer’s, Parkinson and Huntington’s diseases) and cancer (Okouchi et al., 2007). Thus, a
properly functioning apoptotic program is crucial for the optimum fitness of animals including

humans.

1.3.1 Execution of apoptosis by caspases

A defined sequence of events mediates apoptosis. The activation of caspases directly or
indirectly orchestrates morphological features of apoptosis and cellular dismantling. Caspases are
a family of cysteine proteases comprising of 13 members, which are synthesized as zymogens and
activated in response to death stimuli by cleavage at specific aspartic acid residues (Li and Yuan,
2008; Nagata, 2018). Caspases are endo-proteases made up of three domains including, an N-
terminal prodomain, which inhibits the enzyme activity, a large subunit (~20 kDa) and a small
subunit (~10 kDa) (Li and Yuan, 2008; Mcllwain et al., 2013). Upon activation of the apoptotic

program, the first cleavage occurs between the large and small subunits and the second one occurs
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between the prodomain and large subunits, in turn removing the inhibitory prodomain and
separating the small and large subunits (Li and Yuan, 2008; Mcllwain et al., 2013). Finally, the
active caspase molecule is assembled as a heterodimer formed by a small and a large subunit. Each
caspase requires the presence of a specific (yet diverse) four amino acid recognition motif (xxxD)
in its substrate peptide (Earnshaw et al., 1999; Li and Yuan, 2008; Mcllwain et al., 2013).
Differences in the recognition motif are responsible for the preference of specific substrate

proteins, which confers functional diversity to distinct caspase family members.

Caspases are divided into two groups namely initiator and executioner caspases based on
their function, structure of the precursor forms and the order of activation. Initiator caspases
(caspase-2, -8, and -9) have prodomains that consist of either a death effector domain (DED) or a
caspase activation and recruitment domain (CARD) (Earnshaw et al., 1999; Li and Yuan, 2008;
Mcllwain et al., 2013). These domains allow initiator caspases to engage in protein-protein
interactions with upstream adaptor molecules that trigger their activation. Subsequently, activated
initiator caspases proteolytically cleave and activate executioner caspases (caspase-3, -6 and -7)
(Earnshaw et al., 1999; Li and Yuan, 2008; Mcllwain et al., 2013). These proteases dismantle the
cellular infrastructure by large-scale proteolysis. Caspase-mediated cleavage of proteins result in
the morphological features of apoptosis by one of the following means: (i) by destroying the
activity of proteins (ii) by promoting activity through the removal of inhibitory domains (iii)
converting a protein into its dominant negative form and (iv) by cleaving proteins with no

apparent consequences (Green, 2010).
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Activated caspase-3 and -7 bring about the morphological changes of apoptosis by cleaving
a variety of downstream targets. As examples, caspase-dependent activation of kinases such as
Rho-associated protein kinase 1 (ROCK1) promotes increased phosphorylation of myosin light
chains (MLC), which causes membrane blebbing (Coleman et al., 2001; Sebbagh et al., 2001). As
well, the direct destruction of cytoskeletal constituents such as actin, tubulin, and vimentin lead to
loss of typical cellular morphology resulting in the rounded appearance of apoptotic cells
(Ndozangue-Touriguine et al., 2008; Taylor et al., 2008). Furthermore, caspase-mediated
destruction of the matrix focal adhesion sites detaches cells from the extracellular matrix (Levkau
et al., 1998; Sasaki et al., 2002). Final stages of the destruction include fragmentation of the
genomic DNA. This occurs through either caspase-independent DNases such as endonuclease G
(EndoG) and apoptosis-inducing factor (AIF) or by caspase-dependent DNase (CAD) (Samejima
and Earnshaw, 2005). This produces the characteristic agarose gel ladder appearance of the
fragmented DNA (Nagata, 2000; Zhang and Xu, 2000).

CAD also called DNA fragmentation factor 40 (DFF40), was discovered through in vitro
studies that showed that healthy nuclei underwent DNA fragmentation upon combined addition of
recombinant activated caspase-3 and cytoplasmic extract of HeLa cells but not when either
component were added alone (Liu et al., 1997). This meant that there was a “DNA fragmentation
factor” in the cytoplasm that was activated by caspase-3. This observation led to the purification of
CAD/DFF40, which was found to form a heterodimer with another subunit called the Inhibitor of
caspase-activated DNAse (ICAD/DFF45) (Liu et al., 1997) (Figure 1.1). During translation of the
CAD mRNA, ICAD serves as a chaperone that mediates cotranslational folding of the nascent CAD

peptide (Figure 1.1) (Enari et al., 1998; Sakahira et al., 2000; Samejima and Earnshaw, 2005). As
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well, in healthy cells, after the folding is complete, ICAD remains associated with CAD and blocks
its nuclease activity (Sakahira et al., 2000; Samejima and Earnshaw, 2005). The subcellular
localization of CAD: ICAD complex is controversial since some reports suggest nuclear whereas
others suggest cytoplasmic localization (Enari et al., 1998; Liu et al., 1998; Samejima and
Earnshaw, 1998, 2005). With the onset of apoptosis, activated caspase-3 and caspase-7 cleave
ICAD, which allow CAD homodimerization through the N-terminal CIDE domains, promoting its
activation (Figure 1.1) (Larsen and Sorensen, 2017). CAD explicitly targets double-stranded DNA
(dsDNA) but not single-stranded DNA (ssDNA) or RNA (Widlak and Garrard, 2005; Widlak et al.,
2000a). CAD homodimers form a unique scissors-like structure distinct from any other nuclease
and assemble at the inter-nucleosomal positions with two active site facing the DNA strands
(Samejima and Earnshaw, 2005; Woo et al., 2004). Coordinated nucleophilic attacks from both
active sites induce a double-strand break (DSB), either leaving a blunt-end cut or a 1-base
overhang with 5'P or 3’0OH ends (Larsen and Sorensen, 2017; Widlak et al., 2000b; Woo et al.,
2004). Although CAD non-selectively cleaves any inter-nucleosome sequence, it exhibits a slight
preference towards purines (Rs) and pyrimidines (Ys) that show rotational symmetry (5’-R-R-R-
Y-R-Y-Y-Y-3’) (Widlak et al., 2000a). CAD is a crucial apoptotic nuclease, since cells derived from
CAD knockout mice or cells with non-activable CAD are severely compromised in their ability

to fragment DNA (Mcllroy et al., 2000; Zhang et al., 1998). Thus, during apoptosis caspase-
dependent DNA fragmentation heavily relies on CAD. Based on whether caspase activation takes
place due to external stimulation or cell-intrinsic factors, two major pathways of caspase
activation have been described (Figure 1.2).

1.3.1.1 Extrinsic pathway of caspase activation
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Figure 1.1 Caspase-activated DNAse (CAD) and nuclear fragmentation. Left: Inhibitor of CAD
(ICAD), assists in the cotranslational folding of CAD and forms inactive heterodimers with it that
localize in the cytoplasm and/or nucleus. Right: Upon apoptotic induction executioner caspases
are activated, which cleave ICAD, in turn allowing CAD homodimerization and activation. CAD
dimers induce DNA fragmentation by cleaving inter-nucleosomal DNA.
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This pathway is initiated when specific ligands bind to receptors (referred to as death
receptors) located on the surface of the cells as trimers. The death receptors belong to the tumor
necrosis factor (TNF) superfamily and include FAS/CDg5, TNFR-1, TRAILR1/2, DR3, and DR6
(Nagata, 2018; Taylor et al., 2008). The ligands that activate these receptors are closely related
molecules and include TNF, FAS-L, and TRAIL. How ligand binding to death receptors triggers
caspase activation is described here with the example of FAS-L: CDg5 interaction. Death receptors
contain a protein interaction domain called the death domain (DD) on their cytoplasmic tail.
Binding of FAS-L to the CDgs5 stimulates the recruitment of the adaptor protein FAS-associated via
death domain (FADD) through a DD-DD interaction (Figure 1.2) (Green, 2010; Nagata, 2018;
Taylor et al., 2008). This interaction facilitates exposure of another interaction domain of the
FADD called the death effector domain (DED), which allows association of death receptors with
procaspase-8, in turn forming what is referred to as a death-inducing signaling complex (DISC)
(Figure 1.2). In the DISC, dimerization of procaspase-8 stimulates its autocatalytic processing and
activation. Activated caspase-8 can subsequently cleave executioner caspases such as caspase-3
and -7 leading to full-fledged apoptosis (Figure 1.2) (Green, 2010; Nagata, 2018). In certain cell
types, caspase-8 activation alone is not sufficient and requires proteolytic processing of the pro-
apoptotic B-cell lymphoma 2 (BCL-2) family member BH3 domain-interacting death agonist (BID)
(Figure 1.2) (BID will be discussed in more detail in section 1.4.3), which triggers the

mitochondria-mediated intrinsic pathway of apoptosis.

1.3.1.2 Intrinsic pathway of caspase activation
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Cell-intrinsic stresses such as the loss of growth factor signaling, DNA damage, cytoskeletal
disruption, accumulation of unfolded proteins and oxidative stress trigger this arm of apoptosis
(Figure 1.2). The mitochondria play an essential role in the initiation of this pathway. It ensues
with the permeabilization of the outer mitochondrial membrane (OMM), which releases the inter-
membrane space (IMS) proteins such as cytochrome ¢, EndoG, apoptosis-inducing factor (AIF),
and second mitochondria-derived activator of caspases (SMAC) into the cytosol (Figure 1.2)
(Green, 2010; Taylor et al., 2008). This process is called mitochondrial outer membrane
permeabilization (MOMP). Cytosolic cytochrome c interacts with an adaptor protein called the
apoptotic protease activating factor 1 (APAF1) through the WD domain and promotes assembly of
a wheel-shaped heptamer (Li and Yuan, 2008; Mcllwain et al., 2013). This serves as a platform
that promotes binding of caspase-9 through CARD, which in turn facilitates caspase-9
dimerization and activation (Li and Yuan, 2008; Mcllwain et al., 2013). This complex containing
APAF1, cytochrome ¢, and caspase-9 is called the apoptosome (Figure 1.2). Subsequently, activated
caspase-9 proteolytically processes executioner caspases-3 and -7 leading to their activation (Li
and Yuan, 2008; Mcllwain et al., 2013). Thus, in the intrinsic pathway of apoptosis, death signals
converge at the mitochondria, amplified in the cytoplasm and end with the activation of initiator

caspases such as caspase-9. This arm of apoptosis is regulated by the BCL-2 family of proteins.

1.4 BCL-2 family proteins and regulation of apoptosis

Investigation of the BCL-2 family of proteins began with the efforts to identify cancer-
causing oncogenes. The t(14;18) chromosomal translocation is a cytogenetic abnormality observed

in approximately 85% of the follicular lymphomas and up to 30% of the diffuse cell lymphomas
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Figure 1.2 Overview of the extrinsic and intrinsic apoptotic pathways. Extrinsic apoptosis is
induced upon extracellular ligand stimulation of the plasma membrane-localized death
receptors, such as CD95. Activation of CD95 leads to the recruitment and activation of initiator
caspase-8. Activated caspase-8, in turn, cleaves and activates caspase-3 causing apoptosis. BID
cleavage by caspase-8 produces tBID, which in turn activates the intrinsic apoptotic pathway.
Intrinsic apoptosis is initiated by cell-intrinsic stress, such as DNA damage or growth factor loss.
These apoptotic stimuli activate BAK/BAX resulting in MOMP and the effusion of apoptotic
factors such as cytochrome c. This pathway is tightly regulated by the BCL-2 family proteins that
comprise of anti- and pro-apoptotic proteins. When the balance is in favor of pro-apoptotic
proteins, cytochrome c is released, which stimulates the formation of apoptosome leading to
caspase-9 and caspase-3 activation. Anti-apoptotic proteins on the other hand, prevent MOMP.
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(Rowley, 1982; Yunis, 1983). Investigations centered around this translocation led to the
identification of the BCL-2 gene. Two groups (Bakhshi et al., 1985; Tsujimoto et al., 1985)
independently cloned the t(14;18) region in human follicular B-cell lymphomas and found that the
BCL-2 gene was located next to the immunoglobulin heavy chain locus resulting in the
overexpression of the BCL-2 protein. Subsequent studies revealed that BCL-2 was different from
other oncogenes in the sense that it did not promote cellular proliferation. Instead, it prolonged
the survival of the existing cells (McDonnell and Korsmeyer, 1991; Vaux et al., 1988). To date,
more than 20 members of the BCL-2 family have been identified by their possession of the BCL-2
homology domains (BH) (Figure 1.3). Overall the BCL-2 family is divided into pro- and anti-
apoptotic groups. The pro-apoptotic group is further subdivided into multidomain effector or
BH3-only groups based on the number of BH domains present (Figure 1.3). Different members of
the BCL-2 family work in concert to form a relay channel for the transmission of death signals at
the mitochondria.

Protein-protein interactions between pro- and anti-apoptotic proteins ultimately tip the
balance on the side of survival or death. Anti-apoptotic BCL-2 proteins all have a similar globular
structure with the surface-exposed hydrophobic groove. This groove allows protein-protein
interactions with pro-apoptotic multidomain or BH3-only proteins via a BH3 domain

(Liu et al., 2003; Sattler et al., 1997). In the absence of death signaling, the anti-apoptotic proteins
sequester the pro-apoptotic effectors BCL-2-associated X protein (BAX) or BCL-2 antagonist/killer
1 (BAK), which are are the downstream effectors of MOMP. When the death signaling is triggered,
the pro-apoptotic BH3-only proteins activate BAK/BAX either through a direct interaction or

indirectly by displacing them from the anti-apoptotic proteins
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Figure 1.3 Overview of the BCL-2 family. The defining feature of all BCL-2 family proteins is the
presence of at least one BH domain. The family is divided into pro- or anti-apoptotic groups
that stimulate or inhibit apoptosis respectively. The pro-apoptotic proteins are subdivided into
mitochondrial pore-forming effectors such as BAK/BAX, or BH3-only members (e.g., BIK, BIM,
PUMA and NOXA) that directly or indirectly activate BAK/BAX. All pro-apoptotic effectors and
anti-apoptotic proteins have more than one BH domains whereas the BH3-only proteins have
just one BH domain. Some members of the family also contain a C-terminal transmembrane
domain allowing their association with membranous structures.
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(Adams and Cory, 2007a; Shamas-Din et al., 2013). The three subgroups of the BCL-2 family
proteins are described here in more detail.

1.4.1 Multidomain pro-apoptotic effector proteins

BAK and BAX are the direct effectors of MOMP. Their role in apoptosis was identified
through in vitro studies and subsequently confirmed using of BAK/BAX single and double
knockout (DKO) mice. Loss of BAK had no phenotype whereas BAX deficiency produced lymphoid
hyperplasia (Knudson et al., 1995). This relatively mild phenotype became more severe with the
BAK/BAX DKO animals that died during the perinatal period and showed severe developmental
defects such as the presence of interdigital webs, imperforate vaginal canals as well as cellular
hyperplasia in the hematopoietic and central nervous systems (Lindsten et al., 2000).
Furthermore, BAK/BAX DKO mouse embryonic fibroblasts (MEFs) were unable to undergo MOMP
and showed a high degree of resistance to apoptotic stimuli (Zong et al., 2001). Thus, these studies

highlighted a crucial yet overlapping role of BAK and BAX in the intrinsic apoptotic pathway.

Activated, BAK and BAX form homo-oligomers in the OMM in turn leading to MOMP. BAK
in its monomeric form is usually tethered to the mitochondria via its C-terminal hydrophobic tail,
and its activation is constitutively inhibited by anti-apoptotic BCL-2 like protein extra large (BCL-
XL) and myeloid cell leukemia 1 (MCL-1) (Willis et al., 2005). Upon apoptotic stimulation, BH3-
only proteins displace BAK from the anti-apoptotic proteins leading to its activation (Willis et al.,
2005). In addition to the anti-apoptotic proteins, BAK activity in healthy cells has also been shown
to be suppressed by binding to voltage-dependent anion-selective channel 1 (VDAC) (Kim et al.,

2006). Direct binding of BH3-only proteins such as tBID, BIM or PUMA to BAK dissociates it from
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VDAC and promotes its activation (Kim et al., 2006). Thus, BAK can be directly or indirectly

activated by the BH3-only proteins.

The second pro-apoptotic effector BAX remains cytosolic in healthy cells and translocates
to the mitochondria upon activation (Goping et al., 1998). BAX activation and mitochondrial
anchoring require an exposed C-terminal tail (Gavathiotis et al., 2008). In the inactive state, this
tail remains bound to a surface exposed hydrophobic groove and need to be dislodged for
activation. Structural studies of BAX bound to a BH3 peptide of the BCL-2-interacting mediator of
cell death (BIM) (BIM is discussed in more detail in section 1.4.3) demonstrated that BH3: BAX
interaction induced a conformational change that released the C-terminal tail in turn promoting
its mitochondrial insertion (Gavathiotis et al., 2008). Furthermore, similar to BAK, displacement
of anti-apoptotic proteins from BAX by the BH3-only proteins also promotes its activation
(Czabotar et al., 2014; Shamas-Din et al., 2011). Once activated, the BH3 domains of both BAK and
BAX are exposed and interact with the adjacent BAK/BAX molecules through the surface
hydrophobic groves (Dewson and Kluck, 2009). Homo-oligomers formed through this interaction
create pores in the OMM, large enough to allow passage of molecules such as cytochrome c
(Czabotar et al., 2014). Altogether, the direct or indirect activation of these multi-domain pro-

apoptotic effectors results in the initiation of mitochondrial apoptosis.

1.4.2 Anti-apoptotic BCL-2 family proteins

The anti-apoptotic proteins maintain cellular health by inhibiting apoptosis. A total of 6
anti-apoptotic proteins are presently identified. Among those, BCL-2, BCL-XL, and MCL-1 are the

prominent members due to their critical roles during embryonic development. These proteins act
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as pro-survival factors, which was identified by gene knock out studies. BCL-2 deficient mice
suffered polycystic kidney disease, hypopigmentation of hair and low numbers of circulating
lymphocytes. This was attributed to the excessive cell death of the kidney and melanocyte
progenitors and mature B and T lymphocytes (Veis et al., 1993). BCL-XL and MCL-1 deficient
animals had a more severe phenotype. Loss of BCL-XL caused extensive apoptosis in premature
hematopoietic and neuronal cells and was embryonically lethal whereas MCL-1 deficiency
prevented embryo implantation (Motoyama et al., 1995; Rinkenberger et al., 2000). Furthermore,
conditional knockout of MCL-1 showed excessive death in the lymphoid and hematopoietic
lineages (Opferman et al., 2005; Opferman et al., 2003). Thus, these studies clearly highlighted a

pro-survival role of anti-apoptotic members.

Anti-apoptotic proteins prohibit the activation of BAK/BAX and thus prevent MOMP. The
solution structure of BCL-XL bound to the BH3 domain of BAK has been solved and has
demonstrated a groove formed by BH1, BH2 and BH3 alpha helices (Sattler et al., 1997). This
groove forms a hydrophobic pocket required for the binding of BAK/BAX (Sattler et al., 1997).
Thus, in healthy cells, anti-apoptotic proteins keep BAK/BAX in an inactive state through an

inhibitory interaction, which can be relieved by the BH3-only proteins discussed next.

1.4.3 BH3-only pro-apoptotic proteins

BH3-only proteins serve as the molecular sensors of distinct stress stimuli and act alone or
in combination depending on the nature of the stress. Accordingly, deletions of any of the BH3-
only members in mice were not embryonically lethal but showed apoptotic resistance when

challenged with specific death triggers. As examples, BID deficient hepatocytes were impaired in
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FAS stimulated apoptosis, but many of the Bid”" cell lines underwent normal apoptosis in
response to DNA damage or cell cycle arrest suggesting a prominent role of the BID in the
extrinsic arm of apoptosis (Kaufmann et al., 2007; Yin et al., 1999). On the other hand, cell lines
derived from p53 upregulated modulator of apoptosis (PUMA) and Noxa deficient mice were
incompetent in undergoing DNA damage-induced apoptosis, highlighting their particular role in
response to genotoxic insults (Jeffers et al., 2003; Villunger et al., 2003). Of all the BH-3 only
knockouts, Bim”- mice had the most severe phenotype of excessive accumulation of lymphoid and
myeloid cells, which eventually led to a fatal autoimmune state resembling systemic lupus
erythematosus (Bouillet et al., 1999). BIM deficient lymphocytes were resistant to cytokine
deprivation, Ca** influx and microtubule distress but not to FAS ligand stimulated apoptosis
(Bouillet et al., 1999). These observations highlighted that individual BH3-only members respond

to specific death signals.

BH3-only members are positioned at the top of the intrinsic apoptotic program, and their
job is to activate BAK/BAX. Individual BH3-only proteins differ in their capacity to bind other BCL-
2 family members, which allows for another level of regulation. BH3-only proteins such as tBID
and BIM can physically associate with BAK and BAX respectively and induce a conformational
change promoting BAK/BAX oligomerization (Sarosiek et al., 2013a). Other BH3-only proteins
(e.g., BIK, BAD, BMF, HRK) act as sensitizers (Adams and Cory, 2007b). In healthy cells, BAK/BAX
remain sequestered by anti-apoptotic BCL-2 proteins. Sensitizer BH3-only proteins compete with
BAK/BAX for binding to anti-apoptotic proteins, in turn displacing BAK/BAX for activation

(Chipuk et al., 2010; Wu et al., 2018). Thus, in this case, sensitizer BH3-only proteins act as the
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inhibitors of inhibitors. In the end, BAK/BAX activated by direct activation or sensitization induce
MOMP.

Due to their death-promoting activity, BH3-only proteins are either not synthesized or are
kept inactive in healthy cells until a death signal is encountered. This is achieved through a tight
transcriptional and post-transcriptional control. Stress-activated transcription factors such as p53,
FOXO3A, E2F-1, and NF-«B induce transcription of the BH3-only genes under specific stress
signals (Lomonosova and Chinnadurai, 2008). As a specific example, the presence of growth
factor signaling promotes Akt dependent phosphorylation of the transcription factor FOXO3A,
facilitating its binding to 14-3-3 proteins and sequestration in the cytosol (Dijkers et al., 2000).
When the growth factor signaling diminishes, FOXO3A is dephosphorylated, moves to the nucleus
and stimulates BIM transcription (Dijkers et al., 2000; Lomonosova and Chinnadurai, 2008). A
different stressor such as DNA damage promotes stabilization of p53 by halting its proteasomal
degradation, which in turn stimulates PUMA and NOXA transcription (Lomonosova and
Chinnadurai, 2008; Nakano and Vousden, 2001; Oda et al., 2000). Post-translational modifications
serve as another mechanism to regulate the activity of BH3-only proteins. As examples, BID
activation requires an N-terminal cleavage by proteases such as caspase-8, granzyme B, and
calpain to presumably expose its BH3 domain and initiate the mitochondrial apoptotic program
(Chen et al., 2001; Li et al., 1998; Sutton, 2000). Further, the pro-apoptotic activity of BCL-2-
associated death promoter (BAD) is kept in check by its phosphorylation by Akt and RAF-1 kinases
when growth factors are abundant (Datta et al., 1997; Ye et al., 2011). Phosphorylated BAD binds
to 14-3-3 proteins and remains sequestered in the cytosol. Upon growth factor withdrawal,

calcineurin mediated dephosphorylation promotes its mitochondrial translocation where it
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sequesters BCL-XL to trigger apoptosis (Wang et al., 1999). Altogether, BH3-only proteins act as
the key initiators of MOMP that propagate specific death signals through their interaction with
other BCL-2 family members and are tightly regulated to ensure cellular fitness in the absence of

death signaling.

1.5 BCL-2 interacting killer (BIK)— the founding member of BH3-only proteins

BCl-2 interacting killer (BIK) also known as Natural born killer (NBK), is a 160 amino acid
long protein with a unique localization at the endoplasmic reticulum (ER)(Chinnadurai et al.,
2008; Mathai et al., 2002). It was identified in a yeast two-hybrid screen as a candidate that
interacted with cellular anti-apoptotic proteins BCL-2 and BCL-XL as well as viral survival
proteins EBV-BHRF1 and E1B-19K (Boyd et al., 1995). Ectopic expression of BIK triggered cell
death, which could be blocked by coexpression of BCL-2 and BCL-XL, which suggested its pro-
apoptotic function (Boyd et al., 1995). The human BIK gene is located at the chromosome 22q13.3
locus spanning over a 19 kb region (Verma et al., 2000). Subsequent gene knockout studies
performed in mice uncovered BIK’s role in normal animal development. Bik”~animals developed
normally and did not show cellular hyperplasia in most of the tissues, unlike the Bim”- mice that
had lympho-myeloid hyperplasia (Coultas et al., 2004). As well, hematopoietic cells derived from
Bik”- mice were not protected from cytokine deprivation-induced apoptosis (Coultas et al., 2004).
This lack of a notable phenotype suggested that BIK may either have overlapping roles with other
BH3-only proteins or only respond to context-specific signals that preferentially funnel through
BIK. A follow-up study investigated this possibility in Bik/Bim double knockout (DKO) mice

(Coultas et al., 2005). While testes development is normal in individual Bik”~ and Bim”~ animals,
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Bik/Bim DKO males were sterile due to impaired spermatogenesis. These animals had an excess of
spermatocytes, but mature sperm was never produced. All the other characteristics of Bik/Bim
DKO mice were identical to the Bim”~ mice, suggesting a tissue-specific overlapping role of BIK
(Coultas et al., 2005). This phenotype could potentially result because both BIM and BIK activate
the same MOMP effector, BAX (Gillissen et al., 2003; Gillissen et al., 2007; Sarosiek et al., 2013b).
Hence, in this scenario, BAK dependent MOMP presumably remains functional, and apoptosis is
not severely compromised. However, investigation of BIK deficiency combined with a deficiency of
other BH3-only proteins that activate BAK (e.g., NOXA, tBID) may uncover novel phenotypes not
observed with Bik/Bim DKO mice. Altogether, the BH3-only protein BIK localizes to the ER,
interacts with pro-survival factors and plays a role with BIM in the mouse testicular development.
Functional dissection of BIK provided an insight into how it may exert its pro-apoptotic
activity (Figure 1.4). Regions of BIK important for BCL-2 interaction and apoptotic induction were
identified using a yeast two-hybrid system and co-immunoprecipitation (Co-IP) assays (Elangovan
and Chinnadurai, 1997). It was discovered that a 52-amino acid (aa 43-94) region of BIK was
sufficient for heterodimerization with BCL-2, which was further narrowed down to an 18-amino
acid region (aa 57-74) encompassing the BH3 domain as evidenced by Co-IP experiments (Figure
1.4) (Elangovan and Chinnadurai, 1997). Deletion of as few as 5 amino acids in this region left the
protein completely inactive (Elangovan and Chinnadurai, 1997). Thus the BH3 domain is critical
for BIK pro-apoptotic activity. BIK also contains a C-terminal motif (aa 121-135) that is required
for maximal apoptotic activity (Elangovan and Chinnadurai, 1997). As well, a transmembrane
domain (TM) domain of BIK (aa 136-156) anchors it into the ER membrane, making it the only

BH3-only protein localized at this organelle.
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Figure 1.4 BIK domain structure. Top: Three functional domains of BIK have been identified.
The BH3-domain is critical for the association with anti-apoptotic proteins and for apoptosis
induction. The C-terminal motif is formed by amino acids 121 to 135, and although the exact
function is not known, it is important for maximal BIK pro-apoptotic activity. The TM domain
anchors BIK into the ER membrane and although not required for pro-apoptotic activity, is
important for protein stability. Bottom: Based on computation modeling, BIK contains six alpha
helices, making it the only structured protein in the BH3-only group.
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Endoplasmic reticulum (ER) is a membrane-bound organelle in eukaryotic cells.
Commonly known functions of the ER include protein folding and glycosylation, lipid metabolism,
and Ca*?homeostasis (Bravo-Sagua et al., 2013). Additionally, ER is the largest intracellular store
of Ca*?ions required for a multitude of functions such as regulation of muscle contraction,
metabolism, protein folding, and apoptosis (Bravo-Sagua et al., 2013). Cancer cells often
encounter excessive protein folding load causing accumulation of misfolded proteins (Bravo-Sagua
et al., 2013; Clarke et al., 2014). This leads to ER-stress, which if unresolved, triggers apoptosis. As
well, deregulated Ca*? signaling can cause mitochondrial Ca*? overload and trigger apoptosis
(Bravo-Sagua et al., 2013; Clarke et al., 2014). Thus, although the intrinsic apoptotic pathway
typically involves mitochondrial disruption, sensing of death stimuli originating from the ER is
critical for an effective response. In healthy cells, most BH3-only proteins including BIM, BID and
BAD exist away from the ER, and upon encountering a death stimulus, migrate to the
mitochondria to activate BAK/BAX (Shamas-Din et al., 2011). BIK, on the other hand, resides at the
ER, making it a strategically positioned BH3-only sensor for this organelle (Germain et al., 2005;
Germain et al., 2002; Mathai, 2005; Mathai et al., 2002). Further, in addition to the mitochondrial
outer membrane, anti-apoptotic BCL-2 proteins also localize at the ER where BIK can engage them
(Heath-Engel et al., 2008). Thus, in scenarios where ER-specific homeostatic processes are

perturbed, BIK may be critical in communicating these perturbations to the mitochondria.

1.5.1 Mechanisms of BIK induced cell death
BIK mediated cell death occurs by three distinct mechanisms in different cell types in a

context-dependent manner (Figure 1.5).
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1.5.1.1 By inhibition of anti-apoptotic proteins

BIK induces cell death through the canonical apoptotic pathway. Early studies
demonstrated that ectopic BIK expression caused cytochrome c release and caspase activation
leading to cell death, which was dependent on the BH3 domain of BIK (Germain et al., 2002; Tong
et al., 2001). This suggested that BIK induced apoptotic cell death, however, the mechanism of
mitochondrial perforation necessary for this process was unknown. BH3-only proteins can
activate pro-apoptotic effectors BAK/BAX by direct physical interaction or indirectly by inhibiting
the anti-apoptotic members such as BCL-2, BCL-XL, and MCL-1. BIK interacts with BCL-2 and
BCL-XL but not with BAK or BAX, indicating an indirect activation mode (Boyd et al., 1995;
Elangovan and Chinnadurai, 1997; Gillissen et al., 2003). Gillissen et al. elucidated that BAX was
the sole effector of BIK induced cytochrome c release (Gillissen et al., 2003). These authors found
that BIK expression triggered apoptosis in BAX proficient but BAK deficient cells whereas BAK
proficient BAX deficient cells were protected. Further, BAX re-expression conferred sensitivity to
BIK induced apoptosis indicating that BAK was dispensable for BIK mediated apoptosis.
BIK competes with BAX for BCL-2 and BCL-XL binding presumably leading to BAX dissociation
and activation (Figure 1.5). The obvious question as to why BIK does not activate BAK was
addressed in a subsequent study (Gillissen et al., 2007). While BAK is known to be sequestered by
BCL-XL and MCL-1, Gillissen et al. found that BIK failed to break the MCL-1: BAK complex
(Gillissen et al., 2007). This suggested that MCL-1 prohibited BAK activation, which was confirmed
by MCL-1 silencing, which in fact led to BAK activation and apoptosis in BAX deficient cells
(Gillissen et al., 2007). Why BIK could not activate BAK bound to BCL-XL was explained by the

observation that BIK expression somehow upregulated MCL-1 levels in cells (Gillissen et al., 2007).
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This excess MCL-1 may potentially sequester BAK released from BCL-XL and prevent its
oligomerization. In conclusion, the inability of BIK to dissociate BAK: MCL-1 complex results in the
selective activation of BAX bound to BCL-2 and BCL-XL. This is an excellent demonstration of the
selective nature of the BH3-only proteins for specific anti-apoptotic members.
1.5.1.2 By mitochondrial Ca*? overload

While protein-protein interactions between BCL-2 family members have been shown to
regulate the mitochondrial pathway of apoptosis, Shore and colleagues demonstrated that the
endoplasmic reticulum (ER) and mitochondprial fission machinery could also trigger cytochrome c
release in BIK expressing cells (Germain et al., 2005; Mathai et al., 2005). These authors found
that BIK expression in the presence of caspase inhibition promoted BAX localization and
oligomerization at the ER that was associated with ER Ca*? release (Mathai et al., 2005). Ectopic
BIK expression in BAK/BAX DKO baby mouse kidney cells failed to trigger ER Ca*? release, which
confirmed that in this system BAK and BAX both played a role in calcium mobilization (Figure 1.5).
Cytosolic Ca*? can be taken up by the mitochondria, and the overload of Ca*? in mitochondria can
lead to apoptosis. Interestingly, ectopic or p53 stimulated BIK expression led to mitochondrial
fragmentation and cytochrome c release, which could be prevented by pharmacological inhibition
of the mitochondrial calcium uptake (Figure 1.5). This uncovered a novel mechanism of
cytochrome c release different from the one involving BAX oligomerization at the mitochondria
(Germain et al., 2005). Additionally, the authors identified that in BIK expressing cells Dynamin-
related protein 1 (DRP1), a GTPase enzyme essential for normal mitochondrial fission, was

recruited to the mitochondria and facilitated their fragmentation to augment cytochrome c release
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(Figure 1.5) (Germain et al., 2005). All in all, this model suggested that BIK can induce MOMP
through ER Ca*? release, mitochondrial calcium overload and subsequent fragmentation.
1.5.1.3 By autophagic cell death

While the above mechanisms focussed on the induction of the mitochondrial pathway of
apoptosis, BIK mediated cell death was also reported to occur by an alternative pathway.
Autophagy can act as a cell survival or cell death mechanism depending on the context (Marino et
al., 2014). Investigations of BIK induced cell death in melanoma and glioma cell lines showed that
cytochrome c release and caspase activation was not seen in these experimental systems, which
hinted that a novel cell death pathway might be at play (Naumann et al., 2003; Oppermann et al.,
2005). Subsequently, Rashmi et al. provided insight into the underlying mechanism by ectopically
expressing BIK in Bcl-2 */* or Bcl-2 7~ MEFs (Rashmii et al., 2008). The cell death occurred in a
cytochrome ¢ and caspase-independent manner in Bcl-2 */* and Bcl-2 7~ MEFs (Rashmi et al.,
2008). This suggested that this mode of cell death did not require BAK/BAX activation and MOMP.
Interestingly, upon ectopic BIK expression, Bcl-2 7~ but not Bcl-2 */* cells displayed hallmarks of
autophagy such as cytoplasmic vacuoles and punctate distribution of microtubule-associated
proteins 1A/1B light chain 3B (LC3B), suggesting that BIK induced autophagy in the absence of
BCL-2 (Figure 1.5) (Rashmi et al., 2008). Further, pharmacological inhibition of autophagy or
silencing of critical autophagic components Atgs and Beclin1 conferred a protective effect on
cellular health, which confirmed that autophagy was the cause of cell death (Rashmi et al., 2008).

In conclusion, in the BCL-2 proficient cells, BIK acts as a sensitizer to induce cytochrome c
release by either activating BAX oligomerization at the mitochondria or by promoting BAK/BAX

mediated Ca*? release from the ER and mitochondrial Ca*? overload. This eventually leads to
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Figure 1.5 Mechanisms of BIK induced cell death. ER-localized BIK induces cell death through
apoptotic and autophagic pathways. The cytochrome c release necessary for the apoptotic
pathway is triggered in one of the two ways. First, BIK can sequester BCL-2 and BCL-XL, in turn
activating BAX, which leads to MOMP and cytochrome c effusion. Second, BIK can stimulate ER
Ca*? release through ER-localised BAK/BAX. Subsequent mitochondrial Ca*? uptake promotes
loading of the fission enzyme DRP1, which in turn promotes mitochondrial fragmentation
causing cytochrome c release. Downstream caspase cascade then dismantles the cell. BIK
mediated autophagic cell death occurs in Bcl-27- mouse embryonic fibroblasts. This mode of cell
death is defined by cellular vacuolization, the formation of GFP-LC3 puncta and protective
effect of autophagic downregulation.
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caspase activation and cell death. In the absence of BCL-2 however, BIK induces autophagic cell
death possibly by assisting the core autophagic machinery.
1.5.2 Regulation of BIK expression

While most BH3-only proteins are unstructured, a computationally predicted structure of
BIK is available (McDonnell et al., 1999). According to this study, BIK consists of 6 alpha helices
and an exposed BH3 domain suggesting that it might be a constitutively active molecule (Figure
1.3) (McDonnell et al., 1999). Furthermore, BIK induces apoptosis in most models tested and
therefore investigators have resorted to using BCL-2 coexpression or pharmacological inhibition of
caspases to study upstream events (Germain et al., 2005; Mathai et al., 2002; Mathai et al., 2005).
Hence, it is essential that BIK be under tight transcriptional and post-transcriptional regulation in
healthy cells to prevent the onset of apoptosis.
1.5.2.1 Levels of BIK mRNA in normal tissues and transformed cell lines

BIK gene is expressed in a tissue-restricted manner that may be deregulated in cancer.
Daniel et al. investigated levels of BIK transcript in a variety of human tissues using northern blot
analysis and found a restricted pattern (Daniel et al., 1999). BIK mRNA expression was highest in
the kidney and pancreas followed by placenta, lungs, and liver. No detectable expression was
observed in the heart, brain, skeletal muscle, small intestine, colon, spleen, thymus, ovary or in the
blood leukocytes (Daniel et al., 1999). However, cancerous cell lines that belong to some of these
compartments showed BIK elevation. For instance, Ravji (Burkitt’s lymphoma) and SW480 (colon
adenocarcinoma), as well as g of the 24 human myeloma cell lines that were screened, had a
moderate to high BIK expression (Bodet et al., 2010; Daniel et al., 1999). Furthermore, RNAseq

data available in the Cancer Cell Line Encyclopedia show that cell lines derived from Burkitt’s

41



lymphoma, pancreatic and colorectal cancers have the highest BIK expression; lung, ovarian and
breast cancer cell lines have a moderate expression whereas glioma, Hodgkin’s lymphoma, and
osteosarcoma cell lines show the lowest expression (Broadinstitute.org, 2018). Collectively, this
suggests that BIK mRNA expression might be upregulated upon neoplastic transformation in
tissues that otherwise do not express BIK.

1.5.2.2 Regulation of BIK mRNA expression and its stability

Various transcription factors have been found to regulate the transcriptional activity of the
BIK gene depending on the death signal. BIK transcriptional upregulation upon genotoxic stress
has been demonstrated both in a p53-dependent and -independent manner (Hur et al., 2006;
Mathai et al., 2002; Paquet et al., 2004; Real et al., 2006). Treatment of oral epithelial (KB) or
MCEF-7 cells with y-radiation or doxorubicin upregulated BIK mRNA in a p53-dependent manner,
and the BIK promoter was shown to be a direct transcriptional target of p53 in MCF-7 cells (Hur et
al., 2006; Mathai et al., 2005). Conversely, human lymphoma and colon cancer cell lines deficient
in p53 also showed BIK upregulation in response to genotoxic challenge demonstrating that in
different cell lines, even in response to the same challenge, BIK upregulation can occur through
alternative mechanisms (Paquet et al., 2004; Real et al., 2006).

BIK upregulation upon cytokine stimulation occurs through alternative transcription
factors. For instance, interferon-y (INF-y) led to an increase in BIK mRNA and protein, which was
dependent on the transcription factor signal transducer and activator of transcription 1 (STAT1)
(Mebratu et al., 2008). Another cytokine, tumor growth factor § (TGF- ) upregulated BIK
expression through transcription factor SMAD3/4, which associated with the BIK promoter at -

1055 location determined through chromatin immunoprecipitation (ChIP) and electrophoretic
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mobility shift assays (EMSA) (Spender et al., 2009). BIK transcription in other cell line models has
also been shown. As examples, in neuroblastoma and human embryonic carcinoma cell lines, BIK
transcription occurred in response to the chemotherapeutic agent adriamycin. This response was
regulated by E2F transcription factors that bound at -104 position of the BIK promoter (Real et al.,
2006). BIK expression in human myeloma cell lines was seen in the absence of any stress stimuli,
and this upregulation was dependent on TEF transcription factor (Bodet et al., 2010). Lastly, PAR-
bZIP transcription factors stimulate BIK transcription in mouse fibroblasts and HEK293 cells
(Ritchie et al., 2009). Loss of PAR-bZIP protects cells from oxidative stress-induced apoptosis
(Ritchie et al., 2009). Thus, BIK upregulation by distinct transcription factors acts as a stress
sensing mechanism in response to a diverse set of stress stimuli.

One of the stimuli specifically relevant to breast cancer that trigger BIK transcriptional
activity is estrogen deprivation or anti-estrogen (e.g., tamoxifen, fulvestrant) treatment of ER-
positive breast cancer cell lines (Hur et al., 2006; Hur et al., 2004; Viedma-Rodriguez et al., 2013;
Viedma-Rodriguez et al., 2015). This transcriptional stimulation occurs in a p53 dependent
manner, and p53 knockdown or expression of a dominant negative form abolishes BIK
transcriptional activity (Bowman et al., 1996; Hur et al., 2006). How p53 upregulates BIK
transcription upon ER inhibition is not completely clear. However, it is known that the interplay
between estrogen and p53 signaling pathways determines the growth or apoptosis in the ER-
positive cancers. Estrogen binds with the estrogen receptor a (ERa) and stimulates the expression
of many growth and proliferation genes that fuel the progression of ER-positive breast cancers
(Figure 1.6 A) (Musgrove and Sutherland, 2009; Nicholson and Johnston, 2005). On the other

hand, the p53 tumor suppressor stimulates growth inhibitory and/or apoptotic genes (Bieging et
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al., 2014). Interestingly, estrogen bound ERa blocks p53 mediated transcription by directly
associating with it at the p53 target gene promoters (Figure 1.6 A) (Liu et al., 2006). ERa:p53
recruits transcriptional repressors such as nuclear receptor corepressors (NCoR and SMRT) and
histone deacetylase 1 (HDAC1) which prevent p53 mediated transcription initiation (Konduri et al.,
2010). Contrary to estrogen, anti-estrogens prevent the ERa:p53 interaction, which allows p53 to
initiate transcription at its target genes (Figure 1.6 B). Accordingly, it can be postulated that anti-
estrogen mediated BIK transcription is mediated by ERa:p53 dissociation or ERa loss through p53.
BIK synthesized in this manner determines the apoptotic response of ER-positive cells when they
encounter endocrine therapy (Viedma-Rodriguez et al., 2013; Viedma-Rodriguez et al., 2015).

In addition to transcriptional stimulation, the post-transcriptional regulation also
determines steady-state levels of BIK transcripts. Two distinct mechanisms have been
demonstrated. First, mRNA stability is modulated by polyadenylation. The poly(A) polymerase
Star-PAP was shown to associate with nascent BIK mRNA and polyadenylate it on the 3’ end in
HEK293 and breast cancer cells (Li et al., 2012; Yu et al., 2017). The poly(A) tail stabilizes the
mRNA by its binding to polyadenylate-binding nuclear protein 1 (PABPN1) and facilitates nuclear
export (Hollerer et al., 2014). Accordingly, ectopic expression of Star-PAP increased BIK mRNA
levels, and Star-PAP silencing in breast cancer cells prevented BIK mediated apoptosis (Yu et al.,
2017). Thus, the Star-PAP-mediated stability of BIK mRNA functionally regulates BIK killing
potential. Second, specific miRNAs up- or downregulate BIK expression. In human monocytes, BIK
is silenced by miR-125B presumably through the RNA induced silencing complex (RISC) mediated
cytoplasmic degradation of the mRNA (Duroux-Richard et al., 2016). On the contrary, miR-28-5p,

-510-5p and -608 in human lung carcinoma cells upregulate BIK levels (Choi et al., 2015). The
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Figure 1.6 Model of mechanisms of gene regulation by estrogen. A. Estrogen (E2) is produced
by aromatization of the hormone testosterone by aromatase enzymes. E2 binding to ERa
promotes cell proliferation in two ways. E2: ERa dimers assemble at the estrogen-response
elements (ERE) where they recruit co-activators that stimulate the transcription of growth-
promoting genes. Additionally, E2: ERa physically interacts with p53 and recruits co-repressors
such as NcoR, SMART and HDAC1 at the p53 binding sites which inhibit the transcription of p53
target genes. B. Anti-estrogens inhibit E2: ERa signaling as well as disrupt the ERa: p53
interaction, which in turn, allows p53 mediated transcriptional upregulation. @ Aromatase
inhibitors block the production of circulating estrogen causing a direct estrogen deprivation and
inhibition of the ERa mediated signaling. Also, in the absence of E2, ERa does not have an
inhibitory effect on p53. ® Tamoxifen binding to ERa promotes recruitment of co-repressors at
the EREs, causing cessation of the proliferation-associated gene transcription. As well,
tamoxifen bound ERa cannot associate with p53, which reactivates p53-dependent
transcription of growth inhibitory and pro-apoptotic genes. ® Fulvestrant has a higher binding
affinity for ERa than E2. Fulvestrant bound ERa cannot dimerize, or nuclear translocate, causing
a loss of E2 signaling. Also, fulvestrant bound ERa is unstable and is degraded, which would
allow p53-mediated transcription. Cell cycle inhibitor p21, and pro-apoptotic genes BIK, PUMA,
and Noxa are well-known targets of p53.
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underlying mechanism of this miRNA mediated transcriptional upregulation is not completely
clear. However, recent reports have suggested that in addition to the cytoplasm, miRNA: RISC
(miRISC) complex also exists in the nucleus (Catalanotto et al., 2016). It is proposed, that in this
case, the miRNA would recognize a specific sequence in the gene promoter and the miRISC
complex would recruit activating chromatin modifiers, which may in turn, shift the chromatin
architecture towards a more permissive one, thereby increasing transcription (Catalanotto et al.,
2016). All in all, transcriptional upregulators, mRNA modifying enzymes, and miRNAs regulate
BIK mRNA expression in a highly context-dependent manner.
1.5.2.3 Regulation of BIK protein

BIK mRNA levels do not predict BIK protein levels. This is attributed to the constant
turnover of the protein. BIK has been shown to undergo degradation in leukemia, lymphoma,
prostate, breast, and colon cancer cell lines, and proteasomal inhibitors such as MG132 or
bortezomib upregulate BIK levels (Marshansky et al., 2001; Nikrad et al., 2005; Zhu et al., 2005).
Furthermore, in ER-positive breast cancer cell lines, anti-estrogen stimulated BIK protein levels
are augmented by proteasomal inhibition suggesting that deregulated or overwhelmed
proteasomal machinery in cancer cells can promote high levels of BIK protein (Hur et al., 2006).

The underlying mechanism of BIK targeting to the proteasome and the residues necessary
for this process were identified by Lopez et al. (Lopez et al., 2012). These authors demonstrated
that high survival signaling leads to the phosphorylation of extracellular signal-regulated kinase %2
(ERK1/2) (Lopez et al., 2012). Phosho-ERK1/2 directly interacted with BIK and phosphorylated it
on the serine 124 residue. This phosphorylation was critical for BIK polyubiquitination at lysine 34

and proteasomal degradation (Lopez et al., 2012). Thus, in the presence of survival signaling, S124
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phosphorylation followed by K34 polyubiquitination promotes BIK degradation and keeps
apoptotic induction in check. Additionally, loss of the survival signaling induced by
pharmacological inhibition of the upstream players (e.g., c-SRC) stabilized BIK protein, suggesting
that BIK protein levels may increase in the absence of survival inputs (Lopez et al., 2012). The
follow-up question was, what is the nature of the machinery that ubiquitinates BIK? Maxfield et al.
demonstrated that BIK was part of a protein complex formed by adaptor protein fetal and adult
testis-expressed 1 (FATE1) and an E3 ubiquitin ligase RNF 183, which promoted its ubiquitination
and degradation (Maxfield et al., 2015). Loss of FATE1 by siRNA mediated knockdown or
diminished expression in tumor tissues upregulated BIK protein levels (Maxfield et al., 2015).
Thus, these studies elucidated the details of BIK proteasomal degradation pathways and provided
insight into how BIK protein levels might be elevated in cancer. The second mechanism of BIK
degradation was demonstrated in myeloma cell lines. Here the authors showed that BIK
underwent autophagic degradation (Chen et al., 2014). BIK protein levels were upregulated by
pharmacological inhibition of the lysosomal acidification, which blocks autophagic cargo
degradation suggesting that BIK is an autophagy target (Chen et al., 2014). As well, siRNA
mediated depletion of the p62 protein, which is required for cargo loading, also increased BIK
levels and stimulated apoptosis (Chen et al., 2014). This uncovered how inefficient autophagy
could be converted into apoptosis by BIK stabilization. Altogether in healthy cells, BIK protein is
produced, and normal protein turn-over mechanisms induce its rapid degradation.
1.5.3 BIK mutations and expression in cancer

Tumor suppressor genes are frequently mutated in cancer (e.g., p53). According to

cBioPortal, the observed frequency of BIK mutations across all cancers is ~0.1%), suggesting that
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loss of BIK may not confer a considerable advantage to the tumors (cBioPortal.org, 2018).
Nevertheless, in some cancer cell lines deletions or mutations of BIK have been observed that
reduce their sensitivity to apoptotic stimuli (Chinnadurai et al., 2008). In contrast to the loss of
BIK, some investigations have also reported its overexpression in cancers. For instance, BIK mRNA
upregulation in non-small cell lung cancer (NSCLC) has been observed along with a concomitant
increase in the BCL-2 levels, and it was found that BIK-high patients had worse survival outcomes
(Lu et al., 2006). This poor prognosis of patients was speculated to be due to a BCL-2 blockade of
BIK mediated apoptosis (Chinnadurai et al., 2008). Specifically, in the context of breast cancer,
both BIK mRNA and protein were demonstrated to be upregulated in patient tumors, but its
association with patient outcomes was not known (Garcia et al., 2005; Lopez-Munoz et al., 2012).
Thus while these observations suggested that cancer cells could tolerate BIK overexpression, no
clear explanation was available concerning benefit or disadvantage to the cancer cells.
1.5.3.1 Use of BIK overexpression to eradicate tumor cells

Since BIK is a robust pro-apoptotic protein, various groups have explored applications
directed at using BIK as a therapeutic. By exogenously expressing BIK, melanoma and
glioblastoma cells can be killed in vitro (Naumann et al., 2003; Oppermann et al., 2005).
Furthermore, BIK overexpression overcame chemoresistance in breast, prostate, and colon cancer
cells as well in acute lymphoblastic/lymphocytic leukemia cell lines (Chinnadurai et al., 2008).
Human BIK protein has two closely located (Thr33 and Ser3s) phosphorylation sites that undergo
phosphorylation by casein kinase 2 like kinase (CK2LK) (Verma et al., 2001). Phosphonull mutants
of these sites reduce BIK pro-apoptotic activity whereas phosphomimetic mutation (referred to as

BIKDD) enhances the activity (Verma et al., 2001). Liposome encapsulation of plasmids encoding
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wt BIK or BIKDD, and their systemic administration to specific cancers such as breast, pancreas,
melanoma, and colon in xenograft or orthotopic mouse models led to tumor clearance (Jiao et al.,
2014; Xie et al., 2007; Zou et al., 2002). Thus, BIK with enhanced apoptotic activity when used as a
gene therapy molecule, can efficiently kill cancer cells.

1.6 Evasion of apoptosis

Avoiding cell death is a hallmark of cancer (Hanahan and Weinberg, 2011). Cancer cells
routinely encounter stress due to physiological malfunctioning (e.g., overt oncogenic signaling,
DNA damage due to excess cell proliferation) or anti-cancer therapy, which induce apoptotic
signaling (Hanahan and Weinberg, 2011). Therefore, cells that somehow attenuate the apoptotic
signaling gain a significant survival advantage. In cancer cells, this is achieved by impairment of
the regulators or effectors of the apoptotic machinery.

Aberrations of the extrinsic pathway have been reported. As examples, reduced expression
or mutations of CD95 (FAS death receptor) in a variety of cancers confer insensitivity to FAS
ligand as well chemoresistance (Friesen et al., 1997; Fulda et al., 1998; Lee et al., 1999; Yang and
Goping, 2013). Additionally, abnormal transport of TNF-related apoptosis-inducing ligand
receptor (TRAIL-R) from the ER to the cell surface results in resistance to TRAIL-induced
apoptosis in colon cancer cells (Fulda, 2000; Jin et al., 2004). A defective intrinsic apoptotic
program has wider-ranging implications in cancer. Overall, two main groups of abnormalities
have been observed. The first is the deregulation of the BCL-2 family proteins. As mentioned
earlier, the anti-apoptotic BCL-2 was identified as a t(14;18) translocation in B-cell lymphomas.
Although this aberration was oncogenic in the transgenic mice (Eu-bcl-2) mimicking the

translocation, the tumor incidence was low, and tumors developed after an extended latency
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period, which suggested that mere anti-apoptotic upregulation was insufficient for fulminant
tumorigenesis (McDonnell et al., 1989; Strasser et al., 1993). Intriguingly, a subsequent study
showed that bi-transgenic mice (Eu-bcl-2/Eu-myc) harboring Myc and Bcl-2 oncogenes developed
tumors rapidly compared to their single transgenic counterparts (Strasser et al., 1990). This
critical observation showed that excessive oncogenic signaling by Myc increased the susceptibility
to apoptosis, which was counteracted by BCL-2 expression casusing faster tumor progression. In
addition to BCL-2, other anti-apoptotic proteins are also implicated in apoptosis evasion. For
instance, MCL-1 overexpression predicted worse prognosis in chronic lymphocytic leukemia while
BCL-XL elevation in NCI-60 cell lines was associated with resistance to 122 chemotherapeutic
agents (Amundson et al., 2000; Pepper et al., 2008). Thus, increased anti-apoptotic factors can
promote tumorigenesis, chemotherapeutic resistance, and associate with poor survival outcomes.
Defective pro-apoptotic signaling is similarly pro-oncogenic. Monoallelic deletion of Bim or
homozygous deletion of Puma in Eu-myc mice increased the rate of hematological malignancies
(Adams and Cory, 2007b; Egle et al., 2004). Furthermore, BAX mutations are found in ~50% of
the colorectal cancers (Miquel et al., 2005). Thus, genetic or functional downregulation of the pro-
apoptotic group, or upregulation of anti-apoptotic proteins favor tumorigenesis.

The second major abnormality is the deregulation of the tumor suppressor p53.
In the absence of stress, p53 protein levels remain low due to its proteasomal degradation
mediated through E3 ligase mouse double minute 2 homolog (MDM2) (Aubrey et al., 2018). In
response to activated oncogenes, DNA damage or metabolic stress, p53 is stabilized and modulates
the transcription of ~500 genes including cell cycle regulators, DNA repair factors as well BH3

only members BIK, NOXA, and PUMA (Aubrey et al., 2018). When untransformed cells face
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unresolved stress, these BH3-only proteins induce apoptosis and protect cells from oncogenic
transformation. Thus, p53-mediated apoptosis protects against cancer. Accordingly, loss of p53 in
mice leads to spontaneous tumor formation at 4.5 months of age and nearly 50% of all human
cancers have mutations in the p53 gene (Adams and Cory, 2007a; Donehower, 1996). Altogether,
the attenuation of mitochondrial apoptosis can initiate tumorigenesis, facilitate tumor progression
and impart chemoresistance.
1.7 Research objective

Breast cancer is the number one cause of cancer associated female mortalities in the world.
Cancer is a heterogeneous disease. Hence, treatments guided by conventional diagnostic tools
experience significant shortcomings. Therefore there is a growing need to identify new
biomarkers and their association with patient outcomes to understand disease biology. Biomarker-
based identification of cancer subgroups would streamline the existing therapy and open new
venues for the personalized approach to treating cancer. To this end, we decided to explore breast
cancer biomarkers from the regulators of the apoptotic program, specifically the BH3-only
proteins. BCL-2 interacting killer (BIK) emerged as a potential candidate. Using gene and protein
expression analysis of 327 patient tumors, we established BIK’s role as a biomarker associated
with unfavorable patient prognosis. Additionally, from the patient data analyses, we got a hint that
BIK might have a pro-survival role through its interaction with the autophagy pathway (Chapter
3). Hence, I sought to interrogate whether BIK promoted cell survival using in vitro assays. While
there was some indication that BIK promoted autophagy, there was no survival benefit at the
cellular level, suggesting that BIK mediated tumor promotion may not occur through autophagy

(Chapter 4). This led me to explore an alternative mechanism wherein elevation of BIK expression
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in breast cancer cells engaged failed apoptosis, induced genomic damage and aggressive
phenotype through the same machinery as the tumor-suppressing apoptosis (Chapter 5). Thus,
the discoveries from this thesis identified a biomarker of aggressive breast cancer and elucidated

the underlying mechanism of tumor evolution.
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CHAPTER 2

MATERIALS AND METHODS
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2.1 Gene expression and tissue microarray data collection and analysis

2.1.1 Origins of Dataset-1 and Dataset-2

Dataset-1 consisted of gene expression analysis collected from 175 primary breast cancer
patients as described by (Germain et al., 2011). Briefly; gene expression was obtained by
hybridization of cy3-labeled mRNA to Agilent Whole Genome Arrays (Agilent #5188-5339 and
5188-5282). Hybridized arrays were scanned using an Agilent scanner; data were extracted and
evaluated for quality using Feature Extraction Software 9.5 (Agilent, USA). The data was
normalized against internal controls using GeneSpring GX 7.3.1 (Agilent, USA) program. The
mRNA expression values were deposited in the Gene Expression Omnibus (GEO) database
repository (https://www.ncbi.nlm.nih.gov/geo/) with GEO accession ID GSE22820. This cohort is
referred to as Dataset-1 in this study and is originally labeled as the BREAD study (Germain et al.,

2011).

Dataset-2 consisted of a tissue microarray (TMA) that was generated from formalin-fixed
tumor samples obtained for 152 primary breast cancer patients as described by Craik et al. (Craik
et al., 2010). Briefly, the TMA was prepared by punching at least two 0.6 mm tumor cores from
formalin fixed paraffin embedded (FFPE) blocks and embedding them in recipient paraffin blocks.
6 pm sections were cut, and glass slides were generated for subsequent immunohistochemistry
analysis. This TMA is referred to as Dataset-2 and is originally labeled as the TUBULIN study
(Craik et al., 2010). There was 8% overlap with 13 patients represented in both datasets (%

overlap=2 x 13 patients in both/[175+152]).
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2.1.2 Tissue microarray immunohistochemistry

TMAs were deparaffinized by dipping in xylene (Fisher scientific, #X3p-1GA) 3 times for 10
min each. Serial rehydration of the slides was performed by incubating in 95%, 80%, 50 % and to
0% ethanol (Commercial alcohols, #P016EAQ5) solutions for 20 min each. Epitope retrieval was
performed by microwaving in epitope retrieval buffer (10 mM citrate, 0.05% Tween-20; pH 6.0)
in a pressure cooker for 5 min at high power (750 W). After the pressure cooker was cool, slides
were placed into TBST (50 mM Tris-Cl, 150 mM NacCl, 0.05% Tween 20, pH 7.6) for a few
minutes. Excess liquid was removed by wiping the slides at the edges, and a hydrophobic barrier
was created using a wax pencil to retain the immunostaining reagents on the tissues. TMAs were
blocked using 0.5% w/v fish gelatin (Sigma, #G7041) made in TBST. Subsequently, the slides
were incubated with anti-BIK (1:300; Santa Cruz Biotechnology, #SC-1710) or anti-BCL-2
antibodies (1:300; Dako, #M0887) diluted in Dako antibody diluent (Dako, #S080983) at 4°C
overnight. Next day, the slides were rinsed with TBS (50 mM Tris-Cl, 150 mM NaCl, pH 7.6) for 1
min followed by a wash in TBST once for 10 min. Tissue-intrinsic peroxidase was inactivated by
treating the slides with 3% H.O. (Fisher scientific, #H325) in TBS for 15 min followed by washing
2 times with TBST for 2 min each. Next, signal amplification was achieved by incubation of slides
in Dako EnVision+System-HRP (Dako, #K4006) system secondary antibody for 1 h at room
temperature. Immunostaining signal was detected by treating slides using Dako Liquid Dab +
Substrate chromogen System (Dako, #K3467) and monitoring under a microscope for proper
signal strength development. Excess substrate was washed off using tap water. The

immunohistochemical signal was further darkened by treating with 1% Copper sulfate (Sigma,
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#C7631) prepared in distilled water for 5 min. Subsequently, nuclear counterstaining was
performed using 0.5% hematoxylin (Fisher Scientific, #3530-32) for 1-5 min until a sufficient
staining intensity was obtained. Slides were dehydrated by subsequent incubations in 0%, 50%,
80% and 95% ethanol solutions for 20 min each followed by mounting under glass coverslips
with Permount mounting medium (Fisher scientific, #SP15-100). Scoring of the TMA was
performed in an outcome blinded fashion in consultation with pathologist Dr. Judith Hugh
(University of Alberta). Score values were assigned on a scale of o to 3 with o being the weakest

and 3 being the darkest staining intensities.

2.1.3 Statistical correlation analysis of BIK mRNA and protein levels

13 patients in Datasets 1 and 2 had the same patient IDs, and therefore both BIK transcript
and protein expression data were available for that group. Linear correlation between continuous
BIK transcript and protein levels was graphed as a scatter plot (MedCalc Software bvba, Ostend,
Belgium; http://www.medcalc.org; 2017), followed by calculation of Pearson’s (parametric) and
Spearman’s (non-parametric) coefficients with a p value (MedCalc Software bvba, Ostend,
Belgium; http://www.medcalc.org; 2017) (Altman, 1991; Armitage, 2002). Next, BIK transcript
and protein levels were converted into categorical variables (0=low, 1=high) using ROC curve
analysis discussed in section 2.2.2. Correlations between the BIK transcript and proteins levels (in
the categorical form) were analyzed using Chi-squared analysis and Fisher’s exact tests (MedCalc

Software bvba, Ostend, Belgium; http://www.medcalc.org; 2017).

2.2 Patient survival analyses with respect to gene and protein expression
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2.2.1 Calculation of 5-years prognostic outcomes of patients

Disease recurrence or death was calculated for 5 years (1825 days) from the date of

diagnosis using ‘If, AND/OR’ functions in Microsoft Excel (Microsoft Corp. USA).

2.2.2 Receiver operator curve (ROC) analysis

Raw data for gene and protein expression were represented in a continuous form. In order
to identify a cutpoint to dichotomize these values into “low” and “high” groups with the best
combination of sensitivity and specificity to predict outcome, ROC analysis was performed with 5-
year disease recurrence as the classification variable using MedCalc Version 17.9.6 program
(MedCalc Software bvba, Ostend, Belgium; http://www.medcalc.org; 2017). Marker expression
values in their continuous form were entered in the “variables” category, and presence or absence
of recurrence in the 5-years was entered in the “classification variable” category. The program

calculated the best cutpoint based on the methodology of DeLong et al. (DeLong et al., 1988).

2.2.3 Kaplan-Meier survival curves and log-rank test

5 years disease-free or overall survivals of the patients was calculated using the MedCalc
Version 17.9.6 program (MedCalc Software bvba, Ostend, Belgium; http://www.medcalc.org;
2017). Kaplan-Meier curves were plotted by entering 5-years disease-free or overall survival
(calculated in Microsoft Excel) in the “survival time” category. Recurrence/death was entered as
categorical variables (calculated for 5 years in Microsoft Excel) in the “endpoint” category and
marker expression values were entered as categorical variables (calculated using ROC curve

analysis) in the “variables” category. The MedCalc program automatically calculated hazard ratio
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and p values based on the log-rank test. Patients lost to follow-up before 5-years were censored

and indicated with a small vertical line on the Kaplan-Meier survival curves.

2.2.4 Cox regression (univariate and multivariate) analyses

Cox regression analysis was performed using the MedCalc Version 17.9.6 program
(MedCalc Software bvba, Ostend, Belgium; http://www.medcalc.org; 2017). For univariate
analysis, the 5-years disease-free survival time calculated using Microsoft Excel (Microsoft Corp.
USA) was entered in the “survival time” category. Recurrence was entered as a categorical variable
(calculated for 5 years in Microsoft Excel) in the “endpoint” category. Marker expression values
were entered as categorical variables in the “predictor variables” category. The MedCalc program

calculated the cumulative hazard and p-value.

For multivariate analysis, the 5-years disease-free survival time calculated using Microsoft
Excel (Microsoft Corp. USA) was entered in the “survival time” category. Recurrence was entered
as a categorical variable (calculated for 5 years in Microsoft Excel) in the “endpoint” category.
More than one marker was selected and their expression values were entered as categorical
variables in the “predictor variables” category. In the options menu, the method was selected as
“stepwise”. The p-value threshold was set at 0.05. The MedCalc program calculated the

cumulative hazard and p-value for multiple variables entered simultaneously.

2.3 Reagents, cell culture, molecular cloning, and treatments

2.3.1 Reagents

80



All commonly used chemicals for reagent and buffer preparation were purchased from
either (Fisher Scientific, USA) or (Sigma, USA) unless otherwise stated. Pan-caspase inhibitor z-
VAD-fmk was obtained from either (BD Pharmingen, #550377) or (Promega, #G7232).
Ampicillin, doxycycline, and puromycin were purchased from (Sigma, #A9518, D9891, P8833

respectively), and G418 was purchased from (Invitrogen, #11811031).
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2.3.2 Antibodies used in the study

Protein Assay Cat. No Dilution | Dilution
method medium
Phospho Ser139- | IF Cell Signalling 4%NDS | 1:500
H2AX IB Technologies-8718S | 5% BSA | 1:3000
IHC Santa Cruz 3% BSA | 1:300
BIK IF Biotechnology- 4% NDS | 1:500
IB SC-1710 5% Milk | 1:500
Calnexin IF (Lynes et al., 2012) | 4% NGS | 1:250
Caspase-7 (full | IB Cell Signalling 5% Milk | 1:1000
length) Technologies -9492
Caspase-7 IB Cell Signalling 5% Milk | 1:1000
(cleaved) Technologies -9491
CAD IB ProScie-2107 5% Milk | 1:200
GRP78 1B Abcam-Ab21685 5% Milk | 1:2000
BCL-2 IB Cell Signalling 5% Milk | 1:2000
Technologies -
28728
BCL-XL IB Cell Signalling 5% Milk | 1:1000
Technologies -
27628
MCL-1 1B Sigma-M8434 5% Milk | 1:1000
LC3B IB Cell Signalling 5% Milk | 1:1000
Technologies -
27758
o-Tubulin 1B Sigma-5168 5% milk | 1:100,000
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2.3.3 Common solutions/buffers used in the study

Buffer

Formulation

Epitope retrieval buffer

10 mM citrate, 0.05% Tween-20; pH 6.0

1X TBST

50 mM Tris-Cl, 150 mM NaCl, 0.05% Tween 20, pH 7.6

2X sample
solubilization buffer

250 mM Tris-HCL pH 6.8, 4% SDS, 30% glycerol, 0.003%
bromophenol blue and 10% 2-mercaptoethanol

10X PBS

27 mM KCl, 15 mM KH,PO,, 1380 mM NaCl, 81t mM Na,HPO,.7H,0O
pH 7.4

RIPA cell lysis buffer

50 mM Tris-cl, 150 mM NacCl, 0.1% SDS, 1% NP-40, 0.5%
deoxycholate, and 1 mM EDTA, pH 7.5 supplemented with protease
inhibitor cocktail- (Roche, #11873580001) and phosphatase inhibitor
cocktail (Roche, #04906837001,)

Comet assay in situ
lysis buffer

2.5 M NaCl, 100 mM EDTA, 10 mM Trizma base, 1% TX-100, pH 8

Comet assay alkaline
unwinding solution

200 mM NaOH, 1 mM EDTA, pH 10

Comet assay alkaline
electrophoresis solution

200 mM NaOH, 1 mM EDTA, pH>13

SDS-PAGE running
buffer

3.5 mM SDS, 25 mM Tris, 192 mM Glycine

Western blot transfer
buffer

192 mM glycine, 25 mM Tris, 20% methanol

1X TE buffer 10 mM Tris pH 7.5, 1 mM EDTA pH 8.0

10X PBS 27 mM KCl, 15 mM KH,PO,, 1380 mM NaCl, 81t mM Na,HPO,.7H.O
pH 7.4

Crystal violet colony 0.4% (w/v) Crystal Violet, 1% Formaldehyde (v/v), 1% Methanol

staining solution

(v/v) made in 1XPBS

Crystal violet soft-agar
colony staining solution

0.005% Crystal Violet (w/v), 1% Formaldehyde (v/v), 1% Methanol
(v/v) made in 1XPBS
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2.3.4 Cell culture

All cell lines were cultured in RPMI-1640 medium (Invitrogen, #11835-030) with 10% fetal
bovine serum (FBS) (Sigma, #F1051) unless otherwise described. Cell lines were periodically
tested for mycoplasma contamination by MycoSensor PCR assay kit (Agilent Technologies,

#302107) and were found to be mycoplasma-free.

2.3.5 Molecular cloning

2.3.5.1 Generation of pCDNA3.2 -DEST- BIKABH3

Human BIK c¢DNA in the pCDNA3.2-DEST mammalian vector was a kind gift from Dr.
Michele Barry (University of Alberta). BIKABH3 cDNA was generated by using inverse PCR

utilizing the following two oppositely oriented 5’-phospho primers:

ABH3 FW 5P- ATGGACGTGAGCCTCAGGGCCCCG

ABH3 RV 5P-CCGCAGGGCCAATGCGTC

The following PCR mixture and cycling conditions were used to perform inverse PCR reaction:

PCR mixture:

Ingredient Volume (uL)
dH.O 32.5

5X HF buffer (NEB, #B0518S) 10

10 mM dNTPs 1.0

10 uM BIK FW BamH I 2.5

10 uM BIK RV EcoR 1 2.5

50 ng Template DNA 1.0

Phusion DNA polymerase (NEB, #M0530s) 0.5

Total volume 50
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Cycling conditions:

Step | Condition Temp °C | Time

1 Initial 98 30 sec
denaturation

2 Denaturation | 98 10 sec

3 Annealing 60 20 sec

4 Extension 72 20 sec

5 Go to step 2 x 29 times

6 Final 72 5 min
extension

7 Hold 12 00

This caused exclusion of the region encoding the core 7 amino acids (LACIGDE) of the BH3
domain of BIK. The PCR product (plasmid minus the BH3 domain) was blunt-end ligated using T4
DNA ligase (New England Biolabs, #M0202S) to produce pCDNA3.2-DEST BIKABH3 (Figure 2.1).
Deletion of the BH3 domain was confirmed by sequencing the plasmid and also by running a
western blot that confirmed a faster running product immunoreactive with the anti-BIK antibody.
2.3.5.2 Generation of pRetroX-Tight-pur-BIK and pRetroX-Tight-pur-BIKABH3

Sub-cloning of Wt BIK and BIKABH3 into a rTet responsive pRetroX-Tight-pur vector
(Clontech, #631128) was performed to produce pRetroX-Tight-pur-BIK (Figure 2.2A) and
pRetroX-Tight-pur-BIKABH3 (Figure 2.2B), as described below. Wt BIK or BIKABH3 cDNA were
amplified from the pCDNA3.2-DEST vector using the following primers containing restriction sites

for directional cloning:

BIK FW BamH1 | 5’GTCAGAGGATCCATGTCTGAAGTAAGACCCCTCTCC3’

BIK RV EcoR I 5’ ATGCACGAATTCTCACTTGAGCAGCAGGTGCAG3’
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2_0rigin

pcDNA3.2 DEST-BIK delta BH3
5925 bp

pBR32

TK_PA_terminato!

M13 pUC_rev_prime

SV40_PA_terminatol
SV40_promote

Figure 2.1 Plasmid map of pCDNA3.2-DEST-BIKABH3
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pRetroX-Tight-Pur-BIK

Tight\Pi
7018 bp t\Promote!

' BamH I

EcoR I

3"\MMLV\LTR\(del)

pRetroX-Tight-Pur-BIK delta BH3

6997 bp Tight\Promote

BamH I
(pUC\origin

SV40\Promote

3'\MMLV\LTR\(del)

Figure 2.2 Plasmid maps of A. pRetroX-Tight-Pur-BIK and B. pRetroX-Tight-Pur-BIK delta BH3
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The following PCR mixture and cycling conditions were used:

PCR mixture:

Ingredient Volume (uL)
dH-O 32,5
5X HF buffer (NEB, 10
#B0518S)

10 mM dNTPs 1.0
10 uM BIK FW BamH I 2.5
10 UM BIK RV EcoR I 2.5
50 ng Template DNA 1.0
Phusion DNA polymerase | 0.5
(NEB, #Mo0530s)

Total volume 50

Cycling conditions:

Step | Condition Temp °C | Time

1 Initial 98 30 sec
denaturation

2 Denaturation | 98 10 sec

3 Annealing 60 20 sec

4 Extension 72 20 sec

5 Go to step 2 x 29 times

6 Final 72 5 min
extension

7 Hold 12 00

The PCR product was gel purified using GeneJET gel extraction kit (Fermentas, #Ko691), followed
by restriction digestion of the PCR product and pRetroX- Tight- pur vector using BamHI and
EcoRI high fidelity restriction enzymes (New England Biolabs, #R3136S and R3101S respectively).
pRetroX-Tight-pur vector was dephosphorylated by calf intestinal alkaline phosphatase (New

England Biolabs, #M0290S) to prevent any vector self-ligation. Insert and vector were phenol:
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chloroform extracted, ethanol precipitated, and relative amounts assessed by agarose gel
electrophoresis followed by nucleic acid staining with SYBR Safe (Invitrogen, #S33102) and
visualization by a dual UV transilluminator (VWR, #89131-468). The ligation reaction was
assembled at a molar ratio of (3:1=insert: vector) with T4 DNA ligase (New England Biolabs,
#Mo0202S) at 12°C overnight on a thermal cycler (Bio-Rad, #184-1100). Ligated plasmids were
transformed into E. coli DH5a chemically competent cells (Invitrogen, #18265017) and ampicillin
resistant colonies were isolated. The presence of an insert from purified plasmid DNA was
screened using restriction digestion and gel electrophoresis. Thee positive clones were sequenced
and were 100% identical to human BIK cDNA sequence (GeneBank Accession #CR541863) when

compared using SnapGene software (from GSL Biotech; available at snapgene.com).

2.3.6 Anti-estrogen treatments of ER-positive breast cancer cells

Tamoxifen (Sigma, #T5648) and (Z)-4-hydroxytamoxifen (4-HT) (Abcam, #ab141943)
were dissolved in DMSO (Sigma, #276855) at a stock concentration of 1 mM. The experiment was
performed under low light conditions to minimize changes in chirality of Tamoxifen and 4-HT.
MCF-7 cells were grown in phenol red-free RPMI (ThermoFisher Scientific, #11835-030) +10%
FCS growth medium and treated with Tamoxifen or 4-HT at the indicated concentrations for 72 h.
Cell lysates were prepared in RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% SDS, 1% NP-4o0,
0.5% deoxycholate, and 1 mM EDTA, pH 7.5) supplemented with protease inhibitor cocktail-
(Roche, #11873580001) and phosphatase inhibitor cocktail (Roche, #04906837001), according the

manufacturers’ instructions.

2.4 Western blotting
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Cells were harvested with 0.05% trypsin-EDTA solution (Life Technologies, #25300-062).
Trypsin was neutralized with 5 times volume of the growth medium, and the cell suspension was
centrifuged at 230 x g for 5 min at 4°C in an Eppendorf 5810 centrifuge equipped with a swinging
bucket rotor. Cell pellets were washed once with 1mL PBS and resuspended in RIPA lysis buffer
(50 mM Tris-cl, 150 mM NacCl, 0.1% SDS, 1% NP-40, 0.5% deoxycholate, and 1 mM EDTA, pH 7.5)
supplemented with protease (Roche, #11873580001) and phosphatase inhibitors (Roche,
#04906837001) on ice for 10 min. Cell homogenates were sonicated using a Branson SONIFIER
450 model sonicator (BRANSON Ultrasonics corporation, #S-450) for 5 sec at the lowest
amplitude followed by centrifugation at 12,000 x g for 10 min at 4°C. The supernatant was
collected, and protein concentration was measured using a Pierce BCA protein assay kit
(ThermoFisher Scientific, #23225). 20ug of cell lysates were then mixed with equal volume of 2X
sample solubilization buffer (250 mM Tris-HCI pH 6.8, 4% SDS, 30% glycerol, 0.003%
bromophenol blue and 10% 2-mercaptoethanol) and boiled for 10 min. Boiled lysates were loaded
onto 12% SDS polyacrylamide gels (SDS-PAGE), along with 5 pL of PageRuler Prestained Protein
Ladder (ThermoFisher Scientific, #26616). Proteins were resolved at 120 V for 100 min and
transferred to nitrocellulose membranes (Amersham, #45004004) using a Bio-Rad wet-transfer
apparatus (Bio-Rad, #1703930) for 75 min at 400 mA. Membranes were blocked in Tris-buffered
saline (50 mM Tris-HCl, 150 mM NaCl, pH 7.5) containing 0.1% Tween-20 (TBST) and 5% skim
milk as mentioned on section 2.3.2 1 for 1 h at room temperature. Membranes were incubated
with specific primary antibodies (refer to section 2.3.2) diluted in 5% Milk or 5% BSA as
mentioned in Table 2.1 overnight at 4°C. After washing 4 times in TBST for 5 min each on a rotary

shaker (56 revolutions/min), membranes were incubated with the appropriate HRP-conjugated

90



secondary antibodies (1:5000) (Santa Cruz Biotechnology, BioRad and Cell signalling technologies,
USA) followed by signal detection using ECL reagent (Amersham, #45000875) and X-ray film
(FUJIFILM, #4741019291). Blots were scanned using an Epson scanner (Epson, #J192A) at 600 dpi
resolution with Epson Scan program. Densitometric analysis of the images of the scanned blots
was performed using Image]J (1.51j8) program.

2.5 Generation of BIK expressing breast cancer cell lines

A total of 3 categories of cell lines are mentioned in this thesis. A summary of their names,

plasmids integrated and section explaining how they were generated are mentioned in Table 2.1.

2.5.1 Doxycycline inducible cell lines

A Doxycycline (Dox)-inducible MCF-7 Tet-On cell line was generated by transfecting MCF-
7 cells with pTet-On vector (Clontech, #631018) followed by selection with 100 pg/mL G418
(Invitrogen, #11811031). A single clone was picked, and Tet repressor expression was confirmed
using western blot with the anti-TetR antibody (Clontech, #631131). MDA-MB-231 Tet-On cell line
was a gift from Dr. Judith Hugh (University of Alberta). Dox-inducible BIK expressing cell lines
were produced by retroviral transduction with replication-deficient retroviral particles containing
BIK or BIKABH3/pRetroX-Tight-pur vector following the manufacturer’s instructions (Clontech,
#632104). Briefly, GP2-293 cells plated in 10 cm tissue culture dishes were transiently transfected
with 1:1 ratio of pRetroX-Tight-pur-BIK and pAmpho (Clontech, #632104) plasmids using 60 pL
Lipofectamine 2000 (Invitrogen, #11668-027) and a total of 24 pg DNA in a total volume of 1.5 mL

OptiMEM (Life Technologies, #31985-070) to produce retroviral particles. Growth medium
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Table 2.1 Summary of the cell lines used in the study

Reference | Category Cell line name | Name in the Plasmid(s) integrated
to section freezer if different
MCF-7 Tet-On N/A pTet-On, pRetroX-Tight-
EV pur
MCF-7 Tet-On N/A pTet-On, pRetroX-Tight-
BIK pur BIK
Dox- -
251 inducible MCF-7 Tet-On N/A pTet-On, pRetroX-Tight-
cell lines BIKABH3 pur BIKABH3
MDA MB 231 N/A pLVX-Tet-On Advanced,
Tet-On EV pRetroX-Tight-pur
MDA MB 231 N/A pLVX-Tet-On Advanced,
Tet-On BIK pRetroX-Tight-pur BIK
MCF-7 V6 N/A pCDNA3.2-DEST
MCEF-7 B1 N/A pCDNA3.2-DEST-BIK
BIK MCF-7 B5 N/A pCDNA3.2-DEST-BIK
expressing MDA-MB-231 N/A pCDNA3.2-DEST
stable cell V13
2.5.2 lines MDA-MB-231 N/A pCDNA3.2-DEST
V16
MDA-MB-231 N/A pCDNA3.2-DEST-BIK
B28
MDA-MB-231 N/A pCDNA3.2-DEST-BIK
B33
EV-LTC-0 MCF-7 Tet-On EV_ | pTet-On, pRetroX-Tight-
0 Dox_p10 pur
EV-LTC-10 MCF-7 Tet-On EV_ | pTet-On, pRetroX-Tight-
10 Dox_p10 pur
EV-LTC-25 MCF-7 Tet-On EV_ | pTet-On, pRetroX-Tight-
25 Dox_p10 pur
EV-LTC-50 MCF-7 Tet-On EV_ | pTet-On, pRetroX-Tight-
50 Dox_p10 pur
Long term -
253 cultured EV-LTC-250 MCF-7 Tet-On EV_ | pTet-On, pRetroX-Tight-
cell lines 250 Dox_p10 pur
BIK-LTC-0 MCF-7 Tet-On BIK_ | pTet-On, pRetroX-Tight-
0 Dox_p10 pur BIK
BIK-LTC-10 MCF-7 Tet- pTet-On, pRetroX-Tight-
On_BIK_10 pur BIK
Dox_p10
BIK-LTC-25 MCF-7 Tet-On pTet-On, pRetroX-Tight-
BIK_25 Dox_p10 pur BIK
BIK-LTC-50 MCF-7 Tet- pTet-On, pRetroX-Tight-
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On_BIK_50 pur BIK
Dox_pl10
BIK-LTC-250 MCF-7 Tet- pTet-On, pRetroX-Tight-
On_BIK_250 pur BIK
Dox_p10
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containing viral particles was harvested at 24, 48 and 72 h intervals, filtered through a low protein
binding filter (Millipore, #SLHP033RS) and supplemented with 4 pg/mL polybrene (Sigma,
#H9268). MCF-7-Tet-On or MDA-MB-231 Tet-On cells were grown parallel to the GP2-293 cells
producing viral particles and transduced with freshly harvested particles at 24, 48 and 72 h
intervals by adding 1.5 mL viral supernatant to 12-well plates seeded with 2 x 105 cells.
Immediately after the addition of viral particles, the tissue culture plates were placed in a plate-
holder adapter within a swinging bucket equipped with a screw cap for containment and
centrifuged at 300 x g for 1 h at RT. Plates were then placed in the tissue culture incubator.
Twenty-four hours after transduction, medium was changed to selection medium containing 1
pg/mL puromycin (Sigma, #P8833) and 100 pg/mL G418 (Invitrogen, #11811031) for 7 days to
eliminate untransduced cells. G418 selection is for maintaining selective pressure on cells
containing pTet-On vector and Puromycin selection is for selecting cells positive for pRetroX-
Tight-pur integrations. Stable colonies formed by selected cells were pooled and expanded. Dox-
titration to test dose-dependent increase in BIK protein levels were assessed by western blot and
immunofluorescence. All cell manipulations up to this point were performed in Tet-free serum
(Clontech, #631101) and then switched to regular serum (Sigma, #F1051) after confirmation of
lack of leaky BIK expression by western blots. For subsequent experiments, MCF-7 Tet-On BIK and
MDA-MB-231 Tet-On BIK cell lines were grown in RPMI-1640 + 10% FBS medium after
confirming the absence of any leaky expression.
2.5.2 BIK expressing stable cell lines

1.5 X 10> MCF-7 or MDA-MB-231 cells were plated in 24-well plates. The following day,

cells were transfected with 0.8 pg of pPCDNA3.2-DEST-BIK or pCDNA3.2-DEST plasmids for 24 h
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using Lipofectamine 2000 (Invitrogen, #11668-027) with the following procedure. 0.8 pg plasmid
DNA was diluted in 50 pL OptiMEM reduced serum medium (Life Technologies, #31985-070) and
incubated for 5 min at room temperature. 2 pL Lipofectamine 2000 (Invitrogen, #11668-027) was
mixed with 50 pL. OptiMEM reduced serum medium (Life Technologies, #31985-070) and
incubated for 5 min at room temperature. Subsequently, plasmid DNA and Lipofectamine 2000
were mixed by vigorous pipetting and incubated for 20 min at room temperature. These
transfection complexes were added to the cells along with 400 pL regular growth medium. 6 h
later, transfection complexes were removed, fresh growth medium was added, and cells were
allowed to grow for 48 h. Subsequently, cells were harvested with trypsinization and transferred
to 15 cm diameter cell culture plates. The following day, growth medium containing 1 mg/mL
G418 was added (selection agent concentration was previously optimized by a kill curve assay) to
select for stable clones. Selection medium was replaced every 3 days, colonies were allowed to
form for 10 days, and visible colonies were circle-marked on the bottom of the cell culture plate
using a marker pen. Single clones were picked by washing the plates with 1XPBS followed by spot
trypsinization, transferred to 24-well plates and expanded. Clones were tested for BIK expression
by western blot analysis using the anti-BIK antibody as described in section 2.4. All stable cell lines
were subsequently cultured in growth medium containing 0.5 mg/mL G418 (Invitrogen,
#11811031) to maintain selective pressure.
2.5.3 Long-term culture (LTC) cell lines

2.5 X 10° MCF-7 Tet-On BIK or Empty vector (EV) cells were seeded in 6-well dishes in
RPMI-1640 + 10% FBS growth medium supplemented with 100 pg/mL G418 (Invitrogen,

#11811031) and 1 pg/mL puromycin (Sigma, #P8833). 24 h later, cells were induced with 10, 25,
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50 or 250 ng/mL doxycycline (Sigma, #D9891) containing growth medium. Cells were split every
3 days for 10 passages and continually maintained under doxycycline stimulation. At the end of 10
passages, an aliquot of cells was obtained by trypsinization and tested using western blotting for
expression of BIK and persistence of yH2AX signal. These cells that underwent long-term culture
were designated by the plasmid they contained (EV or BIK) followed by the acronym LTC for
‘Long-Term Culture’ followed by the corresponding doxycycline concentration. For example, BIK-
LTC-250 refers to MCF-7 Tet-On BIK cells cultured for 10 passages with continual doxycycline
stimulation at 250 ng/mL.

2.6 Cell viability assays

2.6.1 Apoptotic DNA fragmentation assay

Extensive DNA fragmentation is a hallmark of apoptotic cell death, which can be measured
by immunostaining with DNA double-strand break marker yH2AX and fluorescent microscopy
(Solier and Pommier, 2014). 1.5 x 10> MCF-7 Tet-On-BIK or Empty vector cells were grown on
glass coverslips (Electron Microscopy Sciences, #72222-01) in 24-well plates and either induced
with doxycycline (Sigma, #D9891) for 24 h. Cells were fixed in 4% PFA (Thermo Scientific,
#PI128906) for 15 min at room temperature, permeabilized with 0.1% Triton X-100 (Sigma,
#T8787) prepared in 1XPBS, and blocked for 1 h with 4% normal goat serum (Life technologies,
#PCN5000) at room temperature. Cells were then incubated with 1:500 dilution of anti-yH2AX
antibody (Cell Signalling Technologies, #8718s) in the blocking buffer overnight at 4°C. The next
day, coverslips were washed 4 times with 1XPBS for smin each and incubated with 1:250 dilution

of Alexa Fluor 488 conjugated secondary antibodies (Life technologies, #A11008) along with DAPI
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(0.25 ug/mL) (Invitrogen, #D1306). After washing with 1XPBS for 3 times for 5 min each,
coverslips were mounted on glass slides using ProLong Gold antifade reagent (Invitrogen,
#P36934). Fluorescent images were acquired using AxioObserver.Z1 microscope (Carl Zeiss,
Germany) at 40X (NA: 1.4) objective using ZEN2 image acquisition program (Carl Zeiss,
Germany). Cells with diffuse or punctate yH2AX nuclear staining morphology were counted using

MatLab program. At least 6 random frames were analyzed, and at least 200 cells were counted.

2.6.2 Clonogenic survival assay

1 X 103 MCF-7 Tet-On-BIK cells were plated in 6-well dishes in triplicate and induced with
the indicated concentrations of doxycycline (Sigma, #D9891). Fresh growth medium with added
doxycycline was supplied every 3 days for a total of 12 days. Resulting colonies were stained with

500 UL of crystal violet staining solution and counted as described in the next paragraph.

1 x 103 cells were plated and grown for 12 days in RPMI-1640 + 10% FBS growth medium
with fresh medium supplied every 3 days. Resulting colonies were stained with 500 pL of crystal
violet colony staining solution (0.4% w/v crystal violet (Sigma, #C3886), 1% PFA v/v
(ThermoFisher Scientific, #P128906), 1% Methanol #67-56-1 in 1XPBS) for 15 min. Subsequently,
the plates were washed with 3 mL of 1XPBS/well 4 times for 2 min each followed by one wash
with dH,O. Plates were dried overnight, and colonies were manually counted. Representative

images of the colonies were acquired using an Epson scanner.

2.6.2.1 Analysis of colony size and cellular density
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6-well colony plates were converted into digital images using an Epson Perfection scanner
with a resolution of 1200 dpi, resulting in 20 um pixel size images. Image analyses was performed
in MATLAB (MathWorks). To extract colony size, colonies were segmented from the background
using K-means clustering functions, followed by manual inspection of each image to ensure
correct colony boundary detection. To compute colony densities, colony pixels were normalized,
and colony density taken as the mean pixel intensity per colony. Individual colony area and colony

density were calculated for at least 300 colonies from 3 independent experiments.

2.6.2.2 MTT growth assay

1 x 10* MCF-7 or MDA-MB-231 vector or stable BIK expressing cells were seeded in 24-well
plates in duplicates. The following day, growth medium was removed, and fresh growth medium
was added, or in case of EBSS treatments, cells were washed twice with 1 mL EBSS (Invitrogen,
#24010043) followed by a 4 h incubation in EBSS. Subsequently, EBSS was replaced with growth
medium and cells were allowed to grow for 48 h. Growth medium was removed, cells were gently
washed once with 1mL 1XPBS and 250 pL of MTT solution (0.5 mg/mL MTT (Invitrogen, #M-
6494) diluted in phenol-red free RPMI-1640 (Invitrogen, #11835-030) + 10% FBS was added for 4
h at 37°C in cell culture incubator. MTT solution was carefully aspirated with a 200 pL pipette. 150
pL DMSO (Sigma, #276855) was added to lyse the cells and solubilize formazan precipitates. This
solution was transferred to a flat-bottom 96-well plate, and absorbance was measured at 570 nm
using a MultiSkan Ascent plate reader (MTX lab systems, #P97266). 3 independent experiments

were performed.
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2.7 Immunofluorescence imaging of BIK expressing cells and determination of BIK

subcellular localization

1.5 x 105 MCF-7 Tet-On BIK or MDA-MB-231 Tet-On BIK cells were grown on glass
coverslips (Electron Microscopy Sciences, #72222-01) in 24-well plates and induced with the
indicated doxycycline (Sigma, #D9891) concentrations for 24 h. Cells were fixed in 4% PFA
(Thermo Scientific, #P128906) at room temperature, permeabilized with 0.1% Triton X-100
(Sigma, #T8787) prepared in 1XPBS and blocked for 1 h with 4% normal donkey serum
(Millipore, #S30). Cells were then incubated with 1:250 dilution of anti-BIK antibody (SC-1710,
Santa Cruz Biotechnology, USA), washed 4 times with 1XPBS for 5 min each and incubated with
1:250 Alexa Fluor 488 conjugated secondary antibodies (Life technologies, #A11055) along with
DAPI (0.25 pg/mL) (Invitrogen, #D1306). After washing with 1XPBS for 3 times, coverslips were
mounted on glass slides using ProLong Gold antifade reagent (Invitrogen, #P36934). Fluorescent
images were captured using AxioObserver.Z1 microscope (Carl Zeiss, Germany) at 40X (NA: 1.4)
objective using ZEN2 imaging program. Confocal images were acquired using WaveFx spinning-
disk microscope (Quorum Technologies, ON, Canada) using 20X (NA: 0.85) or 100X (NA: 1.4) oil
immersion objectives using EM-CDD camera (Hamamatsu, Japan) and Volocity software

(PerkinElmer, USA) set up on Olympus IX-81 inverted stand (Olympus, Japan).

In order to determine the subcellular localization of BIK, 1 x 105 MCF-7 Tet-On BIK cells
were induced with 250 ng/mL of doxycycline (Sigma, #D9891) for 24 h. Mitochondria in the cells
were stained by incubating cells for 30 min in 250 nM MitoTracker Red CMXRos (Molecular

Probes, #M7512) in the growth medium. Subsequently, cells were fixed in 4% PFA (Thermo
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Scientific, #P128906) at room temperature, permeabilized with 0.1% Triton X-100 (Sigma,
#T8787) prepared in 1XPBS and blocked for 1 h with 4% normal donkey and goat serum
(Millipore #S30 and Life Technologies #I-Mo7, respectively). Cells were then incubated with 1:250
dilution of goat anti-BIK antibody (Santa Cruz Biotechnology, #SC-1710) and 1:250 dilution of
rabbit anti-Calnexin antibody (kindly provided by Dr. Thomas Simmen) at 4°C overnight. The
next day, coverslips were washed 4 times with 1XPBS for 5 min each and incubated with 1:250
dilution of Alexa Fluor-conjugated secondary antibodies (Life Technologies, USA) along with DAPI
(0.25 pg/mL) (Invitrogen, #D1306). Anti-goat Alexa Fluor 488, and anti-rabbit Alexa Fluor 647
(Life Technologies, #A11055, and #A21246 respectively) antibodies were used to detect BIK and
Calnexin signals respectively. After washing with 1XPBS for 3 times for 5 min each, coverslips
were mounted on glass slides using ProLong Gold antifade reagent (Invitrogen, #P36934).
Confocal images were acquired using WaveFx spinning-disk microscope (Quorum Technologies,
ON, Canada) using a 100X (NA: 1.4) oil immersion objectives using EM-CDD camera (Hamamatsu,
Japan) and Volocity software (PerkinElmer, USA) set up on Olympus IX-81 inverted stand
(Olympus, Japan). Colocalization between immunofluorescence signals between BIK and Calnexin,
or between BIK and MitoTracker Red CMXRos was performed using Coloc 2 image analysis plugin
(https://imagej.net/Coloc_2) on Image]J (1.51j8) platform. Coloc 2 was set to automatically
determine Coste's threshold, followed by determination of Mander’s coefficients for above

threshold pixel intensities.

2.8 Assessment of DNA double-strand damage

2.8.1 Detection of yH2AX puncta as a surrogate marker for DNA double-strand breaks
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Histone 2 AX (H2AX) undergoes Ser139 phosphorylation at the site of DNA double-strand
breaks, which can be detected by immunofluorescence analysis. 1.5 x 105 MCF-7 Tet-On BIK cells
were grown on glass coverslips (Electron Microscopy Sciences, #72222-01) in 24-well plates and
were induced with doxycycline (Sigma, #D9891) at the indicated concentrations.
Immunofluorescence analysis was performed as described in section 2.6.1 using rabbit anti-yH2AX
antibody (Cell Signalling Technology, #8718s). Fluorescent images were acquired using
AxioObserver.Z1 microscope (Carl Zeiss, Germany) at 40X (NA: 1.4) objective using ZEN2 image
acquisition program (Carl Zeiss, Germany). Cells with punctate yH2AX nuclear staining
morphology were considered to contain damaged DNA. 8 random fields of view were analyzed. At

least 50 cells were used to count YH2AX puncta in 3 independent experiments.

2.8.2 Alkaline comet assay

Alkaline comet assay was performed as described by (Liu et al., 2015; Singh et al., 1988).
The assay was performed under low light conditions to minimize light-induced DNA damage.
Briefly, 2.5 x 105 MCF-7 Tet-On BIK or Empty vector cells were plated in 6-well dishes and induced
with 250 ng/mL of doxycycline (Sigma, #D9891) for 24 h. Cells were harvested by trypsinization
followed by centrifugation (230 x g at 4°C), resuspended in 1XPBS and counted using a
hemocytometer (Fisher scientific, #S17040). Subsequently, cells were resuspended in 1% low
melting point agarose (LMP) (Invitrogen, #16520050) prepared in 1XPBS (LMP) at a density of 50
cells/uL. 50 pL of this agarose was put on glass slides (pre-coated with 1% LMP agarose) and was
allowed to bond with the coated agarose for 30 min at 4°C. Next, agarose-embedded cells were

covered with in situ lysis in lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Trizma base, 1% TX-
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100, pH 8) at 4°C for 60 min. Subsequently, nuclear DNA was unwound using freshly prepared
alkaline unwinding solution (200 mM NaOH, 1 mM EDTA, pH 10) for 1 h at 4°C. Slides were
aligned equidistance from the electrodes and electrophoresis was performed at 300mA for 3omin
in alkaline electrophoresis solution (200 mM NaOH, 1 mM EDTA, pH>13) using a Bio-Rad sub-cell
electrophoresis apparatus (Bio-Rad, #1704502). The slides were washed with dH.O twice followed
by 70% ethanol fixation for 10 min and left to air dry overnight. Electrophoresed DNA was stained
with RedSafe DNA stain (iNtRON Biotechnology, #21141) for 15 min. Resulting comets were
imaged using AxioObserver.Z1 microscope (Carl Zeiss, Germany) at 10x magnification. The %DNA
in the tail was calculated using CasPLab comet analysis program (http://casplab.com/download)

(Konca et al., 2003), wherein 50 random nuclei were analyzed for 3 independent experiments.

2.8.3 Measurement of YH2AX levels using western blotting

Double-strand DNA damage was also quantified using western blotting (refer to section
2.4) and probing with the anti-yH2AX antibody (Cell Signalling Technology, #8718s). X-ray films
used to detect chemiluminescence signal were scanned using an Epson scanner, and 8-bit
greyscale images were obtained. Densitometric analysis of yH2AX signal was performed using
tubulin as a loading control using ImageJ (1.51j8) program. At least 3 independent western blots

were analyzed for this analysis.

2.9 Assays to detect ROS and DNA damage mediated by ROS

2.9.1 Flow cytometry analysis to quantitate ROS levels
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Cellular ROS levels were quantitated using a cell-permeable oxidative stress sensor dye,
CellRox Green (ThermoFisher Scientific, #C10444). MCF-7 Tet-On BIK or Empty vector cells were
induced with indicated concentrations of doxycycline (Sigma, #D9891) for 24 h. 2.5 uM CellRox
Green reagent was added to the growth medium and cells were incubated for 30 min in a cell
culture incubator at 37°C. Cells were harvested by trypsinization, centrifuged and washed twice
with 1XPBS followed by flow cytometry in the FL-1 channel using a BD Accuri flow cytometer (BD
Biosciences, #7820018) equipped with C6 acquisition software. At least 10,000 individual cells
were analyzed in 3 independent experiments. Mean fluorescence intensity (MFI) in individual cells
were analyzed using FlowJo version 10 (FlowJo, LLC, USA) program. 100 uM tert-butyl
hydroperoxide (TBHP) (Sigma, #458149) was used as positive control. Freshly prepared 2.5 uM
N-acetyl cysteine NAC (Sigma #A9165) was used as a ROS scavenger for 30 min prior to

treatment.

2.9.2 Detection of ROS mediated DNA damage by western blotting

2.5 x 10> MCF-7 Tet-On BIK cells were induced with 50 ng/mL doxycycline (Sigma,
#D98091) for 24 h in the presence or absence of the pan-caspase inhibitor z-VAD-fmk (10 pM)
(Promega, #G7232) or ROS scavenger NAC (2.5 mM) (Sigma, #A9165). 50uM H.O, (Fisher
scientific, #H325) added for 30 min in the presence or absence of caspase inhibitor z-VAD-fmk
(Promega, #G7232) or ROS scavenger NAC (Sigma, #A9165) was used as a positive control.
Cells were harvested by trypsinization, cell lysates were prepared, and western blotting was
performed to confirm DNA damage using anti-yH2AX and anti-BIK antibodies along with tubulin

as a loading control. Resulting western blots were quantitated using ImageJ (1.51j8) program.
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2.10 siRNA transfections

2 X 10> MCF-7 Tet-On BIK cells were seeded in 12-well plates. The following day, siRNA
oligos were diluted to 100 nM in 100 pL. OptiMEM reduced serum medium (Life Technologies,
#31985-070) and incubated for 5 min at room temperature. 2 pL Lipofectamine 2000 (Invitrogen,
#11668-027) was mixed with 100 pL. OptiMEM reduced serum medium (Life Technologies,
#31985-070) and incubated for 5 min at room temperature. Subsequently, siRNA oligos and
Lipofectamine 2000 were mixed by vigorous pipetting and incubated for 20 min at room
temperature. These transfection complexes were added to the cells along with 800 pL regular
growth medium. 6 h later, transfection complexes were removed, and fresh growth medium was
added. Specifically for BIK, knock-down of Dox-induced BIK was performed by transfecting with 2
previously reported anti-BIK siRNA sequences (Mathai et al., 2005) 24 h in advance, and fresh
growth medium containing Dox was added for 24 h. CAD silencing was performed in a similar
manner. Anti-estrogen mediated BIK expression was silenced by BIK siRNA transfection for 7
hours, transfection complexes were removed, followed by anti-estrogen treatment for 48 h.

Details of siRNA oligos used in the study are as follows.

Target gene Oligo name Target Sequence Manufacturer
BIK BIK siRNA-1 AUGCAUGGAGGGCAGUGAC | IDT and Dharmacon
BIK siRNA-2 GUCACUGCCCUCCAU IDT and Dharmacon
GCAU
CAD CAD siRNA-1 GAACCUGGAUCACAUAAUA | Dharmacon
CAD siRNA-2 GGACAGCUGCUUAUCAAGA | Dharmacon

2.11 Analysis of autophagic flux

2.11.1 Autophagic flux in the presence of transient transfection of BIK
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2.5 X 10° MCF-7 cells were seeded in 12-well plates. The following day, cells were either
mock transfected or transiently transfected with 1.6 pg of pPCDNA3.2-DEST-BIK plasmid for 24 h
using Lipofectamine 2000 (Invitrogen, #11668-027). The following procedure was used for
transfections. 1.6 pg plasmid DNA was diluted in 100 pL OptiMEM reduced serum medium (Life
Technologies, #31985-070) and incubated for 5 min at room temperature. 4 pL Lipofectamine
2000 (Invitrogen, #11668-027) was mixed with 100 pL OptiMEM reduced serum medium (Life
Technologies, #31985-070) and incubated for 5 min at room temperature. Subsequently, plasmid
DNA and Lipofectamine 2000 were mixed by rigorous pipetting and incubated for 20 min at room
temperature. These transfection complexes were added to the cells along with 800 pL regular
growth medium. 6 h later, transfection complexes were removed, and fresh growth medium was
added. 24 h later cells were incubated in Earl’s balanced salt solution (Invitrogen, #24010043) or
kept in regular growth media with or without 200 nM Bafilomycin A1 (LC laboratories, #B-1080)
for 4 h. Cells were harvested by trypsinization, cell lysates were prepared in RIPA buffer
supplemented with protease and phosphates inhibitors as described in section 2.4 and western
blotting was performed with anti-LC3 antibody (Cell Signalling Technology, #2775s). Conversion
of LC3 I to LC3 I was measured by densitometric analysis of lower (LC3 II) to upper (LC3 I) band
on western blots where tubulin was used as a loading control. Three independent western blots
were quantitated using Image]J (1.51j8) program.

2.11.2 Autophagic flux in stable BIK expressing cell lines

2.5 x 10> MCF-7 or MDA-MB-231 vector or BIK expressing cells were seeded in 12-well

plates. 24 h later cells were incubated in Earl’s balanced salt solution (Invitrogen, #24010043) or
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kept in regular growth media with or without 200 nM Bafilomycin A1 (LC laboratories, #B-1080)
for 4 h. For rapamycin treatment, cells were treated with 0.5 pM rapamycin (Assay Designs,
#89156-362) or DMSO (Sigma, #276855) for a total of 12 h with 200 nM Bafilomycin A1 (LC
laboratories, #B-1080) treatment during the last 4 h. Cells were harvested by trypsinization, cell
lysates were prepared in RIPA buffer supplemented with protease and phosphates inhibitors as
described in section 2.4 and western blotting was performed with anti-LC3 antibody (Cell
Signalling Technology, #2775s). Conversion of LC3 I to LC3 I was measured by densitometric
analysis of lower (LC3 II) to upper (LC3 I) band on western blots where tubulin was used as a

loading control using Image]J (1.51j8) program.

2.12 In vitro assays of cell aggressiveness

2.12.1 Soft-agar colony formation assay

Soft-agar colony formation was done as described (Borowicz et al., 2014; Liu et al., 2015).
Briefly, 2500 cells were resuspended in 0.35% agarose (Invitrogen, #16500-500) mixed with
complete growth medium (RPMI-1640+ 10% FBS) and layered on top of a pre-solidified 1%
agarose: growth medium mix. Colonies were allowed to form for 7 weeks, and the agarose layer
was kept hydrated by addition of 200 pL of growth medium (RPMI-1640 + 10% FBS) every 5
days. To visualise colonies, growth medium on the surface of the agar was gently absorbed by a
filter paper and colonies were stained with crystal violet colony staining solution (0.005% w/v
crystal violet (Sigma, #C3886), 1% PFA v/v (ThermoFisher Scientific, #P128906), 1% Methanol
#67-56-1 in 1XPBS), solution overnight at 4°C. Cell culture plates were scanned using an Epson

scanner (Epson, #J192A) and colonies were counted manually.
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2.12.2 Mammosphere formation assay

Low cell attachment plates were prepared by incubating 24-well plates with 0.5 mL of 20
mg/mL poly-HEMA (Sigma, #P3932) in 95% EtOH followed by overnight evaporation in the cell
culture hood. EV-LTC-250, BIK-LTC-0 and BIK-LTC-250 single cells were plated in replicates in
poly-HEMA (Sigma, #P3932) coated 24-well plates at 5 cells/mm?3 suspension (500 pL suspension
volume per well) in DMEM/F12 (1:1) (Invitrogen, #11320033) supplemented with 20 ng/mL FGF-2
(Sigma, #F0291), 20 ng/mL EGF (PeproTech, #AF100-15), 2% B27 without vitamin A (GIBCO,
#12587010) and 1X ITS (insulin-transferrin-selenium, Fisher Scientific, #51500056). 0.5%
Methylcellulose (Sigma, #M0387) was included to prevent cell aggregation, allowing growth of
mammospheres in different z-planes of the medium. Every 3 days, 500 pL of fresh medium was
added to each well without removing the old medium. Mammospheres were imaged in brightfield
(Zeiss AxioObserver.Z1 microscope) at 10x magnification on day 4, 8 and 12 using ZEN2 image
acquisition program. Mammosphere formation efficiency was determined on day 12 and was
calculated from the number of spheres per well, divided by the number of cells plated, multiplied

by 100 (to convert it to percentage).

2.12.2.1 Analysis of mammosphere size and shape

Image analyses was performed in MatLab (MathWorks). To segment mammospheres in
brightfield images and determine their areas, a binary gradient image mask of the
mammosphere(s) was calculated from a threshold value determined by edge and Sobel operator.
Linear gaps in the gradient images were dilated using linear structuring elements, interior holes

filled and resultant mammosphere boundary smoothened by eroding the image twice with a
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diamond structuring element. The isoperimetric quotient of mammospheres was analyzed using
MatLab (MathWorks) program. Manual inspection of each image was done to ensure correct

boundary detection.

2.13 Orthotopic mouse xenografts of LTC cells

2.13.1 Implantation of 17 B-estradiol pellets

Animal procedures were performed in compliance with the Canadian Council on Animal
Care and approved by the University of Alberta Animal Care and Use Committee (AUP00000386).
CrTac: NCR-Fox™™ Balb/C nude female mice were obtained from Taconic Biosciences and
acclimatized to the facility for 1 week. Mice were anesthetized by isoflurane inhalation, and a 60-
day slow-release 17 -estradiol pellet (Innovative Research of America, #SE-121) was
subcutaneously implanted in the neck using a sterile trochar (Innovative Research of America,
#MP-182) to facilitate the growth of estrogen-dependent MCF-7 cells. The incision was sealed
using a tissue adhesive (3M Vetbond, #1496C). Appropriate animal ethics were followed by the

use of approved SOP (ISG o011).

2.13.2 Orthotopic injection of LTC cells and measurement of tumor growth

Prior to injection, all LTC cell lines were tested using MycoSensor mycoplasma detection
PCR kit (Agilent Technologies, #302109) following the manufacturer’s protocol to ensure the cell
lines were free of mycoplasma contamination. Seven days after the 17 -estradiol pellet
implantation, 5 x 10® EV-LTC-250, BIK-LTC-0 and BIK-LTC-250 cells were resuspended in 100 uL

of 50/50 mix of RPMI-1640 (Invitrogen, #22400-105) and the basement membrane matrix
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Matrigel (Corning, #354234) and injected in the 4L or 4R mammary gland fat pads of the mice.
Tumors were allowed to grow for 7 weeks. Non-tumor takers and mice dead due to the unknown
causes were removed from the analysis (final n=5 for each group). Tumor volume was monitored
weekly using Vernier calipers using (Length x Width x Height)/2 formula. After 7 weeks, mice
were euthanized by CO, inhalation and tumors were harvested. Post-harvest tumor volume was

calculated using (Length x Width x Height)/2.

2.14 Statistical analyses

All bar and line graphs were prepared using GraphPad Prism version 7.03 (GraphPad
Software, USA, www.graphpad.com) and represent mean + standard deviation (SD) unless
otherwise stated. Statistical significance between two groups was determined using a two-tailed
unpaired t-test where the alpha was set at 0.05. To determine statistical significance among more
than two groups of data, one-way analysis of variance (ANOVA) was used. Where ANOVA was
significant, differences between the two selected groups were analyzed by Sidak’s post-hoc test,
and p values were obtained. Following ANOVA where every mean was compared with every other
mean, p values were calculated using Tukey’s post-hoc test, whereas where every mean was
compared to a control mean, p values were calculated using Dunnett’s post-hoc test. Slopes of
lines for weekly monitored tumor volumes were calculated by linear regression analysis, and
statistical significance was determined using GraphPad Prism version 7.03 (GraphPad Software,

USA, www.graphpad.com).
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CHAPTER 3
BH3-ONLY PROTEIN BIK IS PROGNOSTIC FOR POOR DISEASE-FREE AND

OVERALL SURVIVAL OUTCOMES IN BREAST CANCER

A modified version chapter 3 of this thesis has been published as Pandya, V., Glubrecht, D., Vos, L.,
Hanson, J., Damaraju, S., Mackey, J., Hugh, J., and Goping, 1.S. (2016). The pro-apoptotic paradox:
the BH3-only protein Bcl-2 interacting killer (Bik) is prognostic for unfavorable outcomes in breast

cancer. Oncotarget 7, 33272-33285.
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3.1 Introduction

Breast cancer is the most prevalent cancer in women worldwide accounting for the highest
number of cancer-associated deaths (Ferlay J, 2013; Ferlay et al., 2015; Jemal et al., 2011). Cancer
is a heterogeneous disease with many factors affecting the accurate estimation of prognosis,
treatment decisions and quality of life. Identification of clinical biomarkers and elucidation of their
roles has paved the way for a better understanding of the disease and improved patient survival
(Henry and Hayes, 2012; Van Poznak et al., 2015). Since many unknown factors still determine
variable clinical outcomes, we decided to search for additional prognostic markers. We reasoned
that due to inherent genomic instability, compensatory mutations would uncouple upstream
molecular drivers from the clinical outcome. We thus decided to analyze apoptotic markers and in
particular focussed on the BCL-2 family of proteins that are downstream effectors of cell-death or
cell-survival decisions (Czabotar et al., 2014; Puthalakath and Strasser, 2002). The BH3-only
proteins are a subgroup of the BCL-2 family of proteins (Czabotar et al., 2013; Doerflinger et al.,
2015). BH3-only proteins have both distinct and overlapping developmental and tissue-specific
expression patterns, highlighting both unique and redundant roles in cellular processes
(Lomonosova and Chinnadurai, 2008; Puthalakath and Strasser, 2002). In addition to regulating
apoptosis, members of this family also interact with such diverse cellular pathways as autophagy,
checkpoint regulation and metabolism. Therefore, we examined whether specific BH3-only
proteins were prognostic for the breast cancer patient outcome and correlated expression with
specific biological pathways.

Analysis of gene expression datasets linked to clinical outcomes can identify biomarkers

that are significantly regulated at the transcriptional level. Indeed, many of the BH3-only proteins
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are transcriptionally regulated with subsequent effects on apoptotic, survival, metabolic and
autophagic pathways (Lomonosova and Chinnadurai, 2008; Maiuri et al., 2007). Genomic stress-
mediated upregulation of BIK, PUMA, and NOXA genes is dependent on the p53 tumor suppressor
(Mathai, 2005; Nakano and Vousden, 2001; Oda et al., 2000; Puthalakath and Strasser, 2002). As
well, ectopically expressed E2F-1 transcription factor stimulates BIK, PUMA, NOXA, BIM and HRK
transcription (Hershko and Ginsberg, 2004; Real et al., 2006). Loss of endogenous E2F-1 mediated
transcriptional response protects cells from PUMA and BIK mediated apoptosis in response to
genotoxic stress (Hershko and Ginsberg, 2004; Real et al., 2006). Furthermore, FOXO3a
transcription factor upregulates BIM transcription in response to taxol-induced cytoskeletal stress
whereas PUMA transcription upon growth factor withdrawal (Sunters et al., 2003; You et al.,
2006). In response to hypoxia, HIF1-a induces NOXA and BNIP3 transcription (Kim et al., 2004;
Sowter et al., 2001). Thus, when cells are challenged with stressors such as DNA damage, growth
factor loss or hypoxia, distinct BH3-only genes are upregulated by specific transcription factors

that ultimately determine cell fate.

Importantly, BH3-only protein levels are also regulated at the post-transcriptional level
(Chinnadurai et al., 2008; Lomonosova and Chinnadurai, 2008). For instance, BIK is degraded by
both proteasomal- and autophagic pathways (Chen et al., 2014; Lopez et al., 2012), indicating that
mRNA levels will not necessarily predict protein levels. In addition, post-translational
modifications of BH3-proteins alter protein function and can act as a signaling switch from
apoptosis to cell survival. It is thus important to compare gene expression studies with protein

analysis to generate mechanistic models for clinical outcome.
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Thus, we investigated the prognostic potential of BH3-only gene expression followed by
validation at the protein level. Of the five BH3-only genes analyzed, BIK was the only independent
prognostic indicator for breast cancer patient outcomes. Surprisingly, BIK was associated with
unfavorable clinical outcomes suggesting that BIK pro-apoptotic function did not cause tumor
regression. Further BIK prognostic value was not dependent on anti-apoptotic gene expression,
indicating that BIK-high tumors were not addicted to anti-apoptotic proteins and that BIK was not
merely a marker of increased tumor survival pathways. To explore a causal link between BIK
expression and outcomes we interrogated other non-apoptotic BIK-dependent molecular pathways
and identified an association between the autophagy marker ATG-5 and BIK. Our work suggests
that BIK may be an indicator of enhanced autophagy and cell survival, contributing to disease

recurrence.

3.2 Results

3.2.1 High BIK and BID gene expression is significantly associated with poor breast cancer patient

outcomes

To investigate how BH3-only expression correlates with patient survival, I analyzed a gene
expression microarray to identify, which if any, BH3-only genes were associated with clinical
outcome. This patient cohort (Dataset-1) consisted of 175 patients treated with standardized
therapy and tumors were excised before treatment. Of these 111 (64%) were of the luminal, 9
(5%) of the HER2 amplified and 55 (32%) of the triple negative pathological subtypes where
mRNA was extracted, and gene expression determined by array analysis (Figure 3.1). Dr. John

Mackey’s group
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Dataset-1

Treatment naive breast cancer
patients (n=175)
(64% Luminal, 5% HER2 amplified
and 32% Triple negative)

!

Gene expression microarray

Uni- and multivariate analyses

of test marker gene expression with
outcomes

Dataset-2

Treatment naive breast cancer
patients (n=152)
(76% Luminal, 37% HER2 amplified
and 13.5% Triple negative)

!

Tissue microarray
Immunohistochemistry
and scoring

!

Uni- and multivariate analyses

of test markers protein levels
with outcomes

Figure 3.1 Flow chart depicting selection of patients and experimental scheme. Two different
patient cohorts were chosen for the study. Treatment-naive tumor tissue was collected for
gene expression studies (Dataset-1) and protein expression studies (Dataset-2). All patients
subsequently received standard guideline-based therapy and outcomes associated with marker
gene expression/protein was determined as indicated.
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generated this array, which we utilized to probe for BH3-only gene expression analyses (Germain

et al., 2011; Liu et al., 2011).

To identify markers of early recurrence, I assessed five-year disease-free survival in
relation to clinicopathophysiological markers of breast cancer such as age, tumor size, mitotic
grade, vascular invasion, ER, PR and HER2 status, overall grade and menopausal status that are
known to be associated with outcomes (Table 3.1). This was done by determining the hazard ratio
(HR), which indicates the likelihood of relapse of the marker-high group versus the marker-low
group. Patients with high mitotic and overall grades had a high hazard ratio of 2.05 and 1.95
respectively, suggesting that these patients had a poor prognosis. PR-positive patients, on the
contrary, had a lower HR value (0.66) indicating that these patients had favorable outcomes likely
due to a successful endocrine therapy. Therefore, this cohort appeared to be a reasonable

collection that reflects the typical biology of breast cancer.

Next we wanted to investigate the correlation of BH3-only gene expression with patient
survivals. Gene expression data was available for the BH3-members BAD, BID, BIK, NOXA and
PUMA. Univariate Cox regression analysis identified that mRNA levels were significantly different
with respect to disease-free survival of only BID (HR 1.75, p=0.011) and BIK (HR 1.79, p=0.021)
(Table 3.1). Further, elevation of mRNA levels for both BIK and BID were significantly associated

with poor survival outcomes.

3.2.2 BIK gene expression is an independent predictor of breast cancer survival
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Disease related factors can be dependent on each other, meaning that they likely function
in the same biological pathway. If the factors are independent, it suggests that they potentially
work in different pathways. In order to assess whether BIK or BID were independently prognostic,
I performed multivariate Cox analysis (Table 3.1). I carried out stepwise multivariate analysis on
all variables associated with recurrence (BID, BIK, PR, overall grade and mitotic grade). Only BIK
and mitotic grade were retained as independent variables (Table 3.1). I then performed pairwise
multivariate analysis to assess the relationships between variables (Table 3.2). BID was
independent of BIK (HR 1.78, p=0.009) but was dependent on mitotic-grade and overall grade. On
the other hand, BIK was independent of mitotic grade, overall grade, PR status and BID. This
finding that BIK is an independent marker of disease relapse suggested that BIK may function in a

pathway unrelated to the ones that classical markers of disease aggression represent.

To quantify the risk of recurrence and death for patients with tumors that showed high
levels of BIK mRNA expression, I conducted Kaplan-Meier (KM) analysis. Receiver Operating
Curve (ROC) analysis using MedCalc program was first performed to dichotomize patients into
two groups. Recurrence was set as the classification variable and a cut-point of (<1.71) was
identified that dichotomized patients into BIK-high and BIK-low groups. Kaplan-Meier analysis of
those groups for disease-free survival revealed worse prognosis for BIK-high patients with a HR of
1.78 (p=0.019, log-rank test) (Figure 3.2 A). Similar analysis was performed for overall survival.
Kaplan-Meier analysis revealed a higher risk of death for BIK-high patients with a hazard ratio of
2.05 (p=0.021, log-rank test) (Figure 3.2 B). Thus, elevated BIK mRNA level was an independent

prognostic indicator of recurrence and death.
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Table 3.1 Uni- and multivariate analyses of pathophysiological parameters and BH-3 only gene
expression in association with disease-free survival from Dataset-1

Variable Univariate (Cox) Multivariate (Cox) - Stepwise
n=175 HR 95% ClI p HR 95% ClI P
Age>50 1.10 0.81to1.67 0.670 ns
Tumorsize>2cm 1.16 0.76to01.78 0.486 ns

Mitotic grade 205 1.32to03.17 0.002 2.11 1.36t03.27 0.001
Vascular invasion 1.50 0.97t02.33 0.068 ns

ER status 0.72 0.47to1l.11 0.140 ns

PR status 0.66 0.43t01.0 0.050 ns

HER2 status 1.14 0.67t01.97 0.628 ns

Overall grade 195 1.18t03.21 0.009 ns

Menopausal status 0.87 0.57to 1.33 0.527 ns

BAD 0.73 0.48to01.11 0.145 ns

BID 1.75 1.14t02.68 0.011 ns

BIK 1.79 1.09t02.92 0.021 189 1.16t03.09 0.011
NOXA 0.73 0.47to1.11 0.143 ns

PUMA 135 0.89t02.10 0.166 ns

ns= non-significant
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Table-3.2 Pairwise multivariate analysis of BIK and BID gene expression against significant
pathophysiological variables in association with disease-free survival from Dataset-1

Variable Multivariate (Cox) -
Stepwise

n=175 HR 95% ClI P
Mitotic grade 2.11 1.36t03.27 0.001
BIK 1.89 1.16t03.09 0.011
BID 1.78 1.65t02.74 0.009
BIK 1.84 1.12t03.00 0.016
BIK 193 1.20t03.20 0.009
PR status 0.61 0.40t00.94 0.024
BIK 1.86 1.14t03.05 0.001

Overall grade 2.00 1.21to03.30 0.007
Mitotic grade 2.04 1.32to03.17 0.002

BID ns
Overall grade 1.95 1.18t03.21 0.009
BID ns
PR status ns
BID 1.74 1.14t02.70 0.01

ns= non- significant
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Figure 3.2 BIK transcript levels are elevated in breast cancer patients with poor survival
outcomes. Kaplan-Meier survival curves depicting A. five-year disease-free (HR=1.78, 95% Cl:
0.99 to 3.20) and B. overall survival (HR= 2.05, 95% Cl: 0.96 to 4.37) outcomes of 175 patients
based on BIK transcript levels. Patients with low levels of BIK transcript (n=143) were compared

to patients with high levels of BIK transcript (n=32). The HR value of greater than 1.0 estimates
the predicted risk of poor prognosis.
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3.2.3 Elevated BIK protein levels are associated with poor prognosis of breast cancer patients

We were curious as to whether BIK protein was also prognostic of outcome. To rigorously
test the prognostic value of BIK, we queried a different cohort of patients. We examined a tissue
microarray (TMA) from 152 treatment naive patients (Dataset-2) composed of luminal (76%),
HER2 amplified (37%) and triple negative (13.5%) pathological subtypes of variable grade and
stage with 11 % recurrence and 16.5 % death (Figure 3.1, page#116). The statistical significance of
clinicopathological factors of age, tumor size, mitotic grade, overall grade, vascular invasion,
estrogen receptor (ER)/PR and HER2 protein levels are shown in Table 3.3. Mitotic grade (HR
3.91, p=0.006), overall grade (HR 3.29, p=0.037) and ER status (HR 0.37, p=0.05) were

significantly associated with disease-free survival.

The TMA was immunostained with an anti-BIK antibody and tumor cells within each
tissue core were analyzed for BIK staining. Immunohistochemistry (IHC) offers a unique
advantage over a whole tissue RNA/Protein extraction in that one could visualize localized staining
within different cells of the whole tissue. BIK was identified by brown staining resulting from the
conversion of 3,3'-Diaminobenzidine (DAB) substrate to a brown precipitate in the presence of
antibody-bound horseradish peroxidase (HRP), and the nuclei were stained blue by hematoxylin.
BIK was localized to the cytoplasm and staining intensity for each core was scored on a relative
scale between 0-3 by personnel blinded to outcomes (Figure 3.3 A). The tumor core values were

only taken from areas of invasive disease with cytoplasmic staining.

A BIK score generated from the average value of each associated core was assigned for

each patient. ROC analysis identified a cut-point of >1.5. Multivariate analysis showed that mitotic
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Table 3.3 Uni- and multivariate analyses of pathophysiological parameters and BIK protein
level in association with disease-free survival from Dataset-2

Variable Univariate (Cox) Multivariate (Cox) - Stepwise
n=152 HR 95% ClI p HR 95% CI p
Age>50 036 0.12t01.10 0.074 ns

Tumor size >2 cm 1.18 0.44t03.09 0.743 ns

Mitotic grade 391 1.49t010.27 0.006 3.97 1.51t010.44 0.005
Vascular invasion 0.81 0.31to2.14 0.673 ns

ER status 0.37 0.14t00.99 0.050 ns

PR status 0.40 0.16t01.05 0.062 ns

HER2 status 0.53 0.14t01.95 0.336 ns

Overall grade 3.29 1.07t010.09 0.037 ns

Menopausal status 0.58 0.21to1.56 0.277 ns

BIK 3.60 133t09.73 0.012 366 135t09.89 0.011

ns= non-significant

123



grade and BIK protein expression were the only two variables that retained significance (Table
3.3). I then carried out pairwise multivariate analysis to identify dependence of BIK prognostic
signature on pathophysiological factors (Table 3.4). Similar to the gene expression analysis, BIK
prognostic signature was independent of mitotic grade, overall grade and ER status. These results
provided additional evidence that BIK may function in a novel pathway of cancer aggression.
Moreover, Kaplan-Meier analysis confirmed that high levels of BIK protein were also associated
with worse disease-free survival (Figure 3.3 B). Patients with high BIK protein levels had poor
disease-free survival with a hazard ratio of 3.59 (p=0.007) compared to BIK-low patients.
Similarly, BIK-high patients had a worse overall survival with a hazard ratio of 3.40 (p=0.04)
compared with BIK-low patients (Figure 3.3 C). Altogether, mRNA and protein analysis identify

BIK as a novel independent marker for breast cancer clinical outcomes.

3.2.4 BIK association with poor outcomes is not explained by compensatory increase in anti-

apoptotic gene or protein expression

BIK has a well-documented role as a pro-apoptotic protein, so we were initially surprised
that higher levels of BIK mRNA and protein were associated with poor clinical outcomes. A
possible explanation was that anti-apoptotic protein levels were upregulated and compensated for
BIK activity. For example, BCL-2 and BIK levels are significantly correlated in multiple myeloma
cell lines where BCL-2 inhibits BIK-induced apoptosis (Bodet et al., 2010). Therefore, we
investigated whether a similar BIK: BCL-2 association was recapitulated in the clinical samples in
our study. I found no correlation with BIK and BCL-2 gene expression levels (r=-0.02, P=0.79,

Pearson’s correlation), which did not support a BCL-2-mediated tumor adaptation model for BIK-
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Figure 3.3 BIK protein levels are elevated in breast cancer patients with poor survival
outcomes. A. Immunohistochemistry analysis of patient tumors stained with anti-BIK antibody.
Score values are based on antibody staining intensity (brown) on a scale of 0 to 3. Images are
representative of tumor cores with typical score values. Scale bars, 50um. Contributed by Darryl!
Glubrecht B. and C. Kaplan-Meier survival analysis depicting five-year disease-free (HR=3.59,
95% Cl: 1.32 t0 9.82) (B) and overall survival (HR=3.40, 95% Cl: 1.10 to 11.69) (C) outcomes of
152 patients based on BIK protein levels in tumor cores. Patients with low levels of BIK protein
(n=99) were compared to patients with high levels of BIK protein (n=53). The associated HR
value of greater than 1.0 estimates the predicted risk of poor prognosis.
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Table 3.4 Pairwise multivariate analysis of BIK against significant pathophysiological variables
from Dataset-2

Variable Multivariate (Cox) - Stepwise
n=152 HR 95% ClI p

BIK 366 135t09.89 0.011
Mitotic grade 3.97 1.51t010.4 0.005
BIK 354 131t09.57 0.013
Overall grade 3.22 1.05t09.90 0.040
BIK 3.6 1.33t09.73 0.010
ER status ns

ns= non-significant
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high tumors. I next examined levels of anti-apoptotic genes in relation to disease-free survival.
Data was available for four anti-apoptotic genes (BCL-2, BCL-XL, MCL-1 and BCL-w). Univariate
Cox analysis identified that elevated levels of BCL-2, BCL-XL and MCL-1 transcripts were
associated with favourable disease-free survival (Table 3.5). Stepwise multivariate Cox analysis
demonstrated that all variables remained significant and were independent of each other. In KM
survival analyses (Figure 3.4 A-C) elevated levels of BCL-2, BCL-XL and MCL-1 were associated
with significantly improved disease-free survival with HRs of 0.41, 0.65 and 0.55, respectively.
This is opposite to what would be expected if elevated BCL-2, BCL-XL and MCL-1 were indeed
inhibiting apoptosis as this would be associated with higher likelihood of recurrence with a HR
greater than 1. Finally, using the BIK: BCL-2 relationship as a model, I stratified patients with
respect to their individual BIK and BCL-2 gene expression levels and looked for correlations
between subgroup expression levels and recurrence (Figure 3.5). If the tumor adaption model
were dominant, we would expect a lower recurrence rate in the BIK-high patient subgroup with
low BCL-2 and presumably unencumbered apoptotic signaling, whereas the BIK-high patients
with high BCL-2 would show significantly higher recurrence rates. However, I see no significant
difference between these two subgroups, and in fact the majority of patients show the opposite
effect. Thus, elevated BIK levels and diminished BCL-2 levels are both prognostic for poor
outcomes, but potentially function in separate pathways.

We next examined BCL-2 protein levels in the previously described TMA from Dataset-2.
Tumor cells within each core were assessed for BCL-2 protein levels (Figure 3.6 A). ROC analysis
identified a cutpoint of >0. Kaplan-Meier analysis confirmed that high levels of BCL-2 protein

were associated with improved disease-free survival (Figure 3.6 B). Patients with high BCL-2
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Table 3.5 Uni- and multivariate analyses of BIK and anti-apoptotic BCL-2 family members gene
expression in association with disease-free survival from Dataset-1

Variable Univariate (Cox) Multivariate (Cox) - Stepwise
n=175 HR 95% Cl p HR 95% Cl p
Mitotic grade 2.05 1.32to03.17 0.002 183 1.16t02.89 0.010
BIK 1.79 1.09t02.92 0.021 166 1.01to2.74 0.047
BCL-2 0.40 0.26t00.62 <0.0001 0.47 0.30t00.73 0.031
BCL-XL 0.65 0.43t0099 0.045 0.63 041to0.96 0.031
MCL-1 0.55 0.34t00.87 0.010 0.48 0.30t00.77 0.003
BCL-w 1.24 0.75t02.04 0.399 ns

ns=non-significant
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Figure 3.4 Elevated expression of anti-apoptotic BCL-2 family members is not associated with
poor patient prognosis. A, B and C. Kaplan-Meier survival curves representing disease-free
survival outcomes of 175 patients based on BCL-2, BCL-XL and MCL-1 gene expression levels
respectively.
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Figure 3.5 Kaplan-Meier survival curves depicting five-year disease-free survival outcomes of
A. BIK-high (n=32) patients stratified into BCL-2-high and -low groups B. B/IK-low (n=143)
patients stratified into BCL-2-high or -low groups. Outcomes of patients are based on BIK and

BCL-2 transcript levels.
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protein levels had a higher recurrence-free survival with a hazard ratio of 0.13 (p<0.002)
compared to BCL-2-low patients. Similarly, BCL-2-high patients had a higher overall survival with
a hazard ratio of 0.18 (p=0.01) compared with BCL-2-low patients (Figure 3.6 C). Additionally, I
performed a multivariate Cox analysis of BIK and BCL-2 protein levels; BIK and BCL-2 were

found to be independent variables (Table 3.6). Furthermore, I performed Kaplan-Meir survival
analysis of BIK-high or BIK-low patients with respect to BCL-2 protein levels (Figure 3.7) to
dissect BIK: BCL-2 relationship at the protein level. Similar to our results with BIK: BCL-2 gene
expression model, BCL-2 levels in BIK-high patients did not predict survival outcomes (p=0.08),
confirming the absence of BCL-2 dependent tumor adaptation in BIK-high tumors. Altogether, our
analyses indicate that BIK prognostic value is independent of anti-apoptotic protein levels,

suggesting that a non-apoptotic activity of BIK contributes to poor clinical outcomes.

3.2.5 High BIK and ATG-5 levels are associated with worse patient outcome

We sought to identify a tumor-promoting pathway that accounts for the poor prognosis in
BIK-high patients. Autophagy is a stress-response pathway that recycles nutrients and removes
damaged organelles to maintain cellular health (Dikic and Elazar, 2018; Kaur and Debnath, 2015).
Interestingly, in addition to stimulating apoptotic pathways, BIK facilitates autophagy (Chang et
al., 2010; Rashmii et al., 2008; Ruiz Esparza-Garrido et al., 2015) and enhanced autophagy is
associated with poor clinical outcomes (Guo et al., 2013; Wei et al., 2011; Yang et al., 2011).
Therefore, using the gene expression microarray as a screening tool, I looked for a correlation
between high BIK expression levels and markers of autophagy. Four autophagy gene sets (ATG-5,

ATG-7, Beclin1 and p62) were captured in the gene expression microarray (Table 3.7). ATG-5,
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Figure 3.6 BCL-2 protein levels are elevated in breast cancer patients with favorable survival
outcomes. A. Immunohistochemistry analysis of patient tumors stained with anti-BCL-2
antibody. Score values are based on antibody staining intensity (brown) on a scale of 0 and 1.
Images are representative of tumor cores with typical score values. Scale bars, 50um.
Contributed by Darryl Glubrecht B. and C. Kaplan-Meier survival analysis depicting 5-year
disease-free (HR=0.13, 95% Cl: 0.15 to 0.37) and overall survival outcomes (HR=0.33, 95% ClI:
0.15 to 0.55) of 149 breast cancer patients based on BCL-2 protein levels in tumor cores.
Patients with low levels of BCL-2 protein (n=73) were compared to patients with high levels of
BCL-2 protein (n=76). The associated HR value of less than 1.0 estimates the predicted risk of
poor prognosis.
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Table 3.6 Uni- and multivariate analyses of BIK and BCL-2 protein levels in association with
disease-free survival from Dataset-2

Variable Univariate (Cox) Multivariate (Cox) - Stepwise
n=139 HR 95% Cl p HR 95% Cl p

BIK 299 1.07to08.35 0.038 3.52 1.25t09.88 0.017
BCL-2 0.21 0.06t00.74 0.016 0.18 0.05t00.65 0.009
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Figure 3.7 Kaplan-Meier survival curves depicting five-year disease-free survival outcomes of
A. BIK-high (n=48) patients stratified into BCL-2-high and -low groups and B. BIK-low (n=91)
patients stratified into BCL-2-high or -low groups. Outcomes of patients are based on BIK and
BCL-2 protein levels.

136



Table 3.7 Univariate analysis of autophagy marker gene expression in association with disease-
free survival from Dataset-1

Variable Multivariate (Cox) - Stepwise
n=175 HR 95% Cl p

ATG-5 1.69 1.1114t02.5795 0.018
ATG-7 2.38 0.8223t06.8692 0.016

Beclinl 0.56 0.3488t00.9042 0.008
p62 0.17 0.038t00.7882 <0.001
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ATG-7 and p62 showed clear association of high autophagy flux with poor patient outcomes. ROC
curve was plotted for each of these autophagy markers to determine a cutpoint. ATG-5 had the
highest area under the curve suggesting the best combination of sensitivity and specificity
parameters. Therefore, I analyzed an association of ATG-5 with BIK as well as their combined

effect on patient survivals.

The ATG-5 gene product is an E3 ubiquitin ligase involved in elongation of
autophagosomal membranes that facilitates tumor survival in nutrient deprivation (Kim et al.,
2011; Tang et al., 2013). Overexpression of ATG-5 is associated with aggressive tumors in
squamous cell carcinoma, colorectal and prostate cancers and chemoresistant tumors in gastric
cancer (Cho et al., 2012; Ge et al., 2014; Kim et al., 2011; Tang et al., 2013). To examine the
dependence of BIK and ATG-5, I performed ROC curve analysis and identified a cut-point (>0.939)
that dichotomized patients into ATG-5-high and -low groups. Kaplan-Meier survival analysis of
patients with respect to ATG-5 gene expression levels demonstrated that patients with high levels
of ATG-5 mRNA had a disease-free survival HR of 1.69 (p=0.018, log-rank test) compared to ATG-
5-low patients (Figure 3.8 A). As well, ATG-5-high patients had a lower overall survival with an
HR of 1.90 (p=0.04) compared to ATG-5-low patients (Figure 3.8 B). In order to dissect the
relationship between BIK and ATG-5, I performed multivariate Cox analysis and found that BIK
and ATG-5 were independent variables (p=0.02 and p=0.02 respectively). I performed a
bivariable KM analysis in order to further examine potential relationships between BIK and ATG-5
(Figure 3.8 C). I found that while ATG-5-high was a stand-alone significant prognostic indicator

(Figure 3.8 A), BIK-high was significant only when ATG-5 was also high (Figure 3.8 C), suggesting
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that the mechanism whereby high BIK contributes to poor outcomes may be through an ATG-5-
dependent autophagy pathway. To interrogate this further, I generated a scatter plot to correlate
patients with respect to their individual BIK and ATG-5 gene levels and examined recurrence rates
for each subgroup (Figure 3.8 D). I observed that BIK-high patients with high levels of ATG-5
mRNA had 88% recurrence (p=0.009, log-rank test) compared to a 44% recurrence rate in the
BIK-high/ATG-5-low patient subgroup. Of the BIK-low patient subgroups, there was no significant
difference in recurrence rates relative to ATG-5 levels. Collectively, this data supports a mutual

association of BIK and ATG-5 in determining patient outcome.

3.3 Discussion

We identified that the BH3-only protein BIK was a novel prognostic marker for breast
cancer. BIK levels were prognostic for disease-free and overall survival in two independent cohorts
of primary breast cancer patients. Importantly, elevated BIK levels were associated with poor
outcomes (average HR= 2.75). This result suggested that BIK may have tumor-promoting activity.
However, there is substantial evidence that BIK is a tumor-suppressor. For example, the BIK gene
was mutated in peripheral B-cell lymphomas, deleted in gliomas, head and neck and colorectal
cancers or silenced in renal cell carcinomas (Arena et al., 2003; Bredel et al., 2005; Castells et al.,
1999; Chinnadurai et al., 2008; Sturm et al., 2006). Additionally, a genetically-engineered mutant
of BIK (BIKDD) induced apoptosis in pancreatic, breast and colon cancer models resulting in
tumor clearance (Day et al., 2006; Jiao et al., 2014; Lan et al., 2007; Li et al., 2008). On the other
hand, BIK expression was elevated in breast, pancreas, multiple myeloma and colon cancers,

suggestive of a tumor-promoting role for BIK
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Figure 3.8 ATG-5 transcript levels are elevated in breast cancer patients with poor survival
outcomes. A. and B. Kaplan Meier survival curves representing disease-free (HR=1.69, 95% ClI:
1.11 to 2.65) survival and overall survival (HR=1.90, 95% Cl: 1.11 to 3.41) outcomes of 175 BC
patients based on ATG-5 mRNA levels. C. Paired KM curves demonstrating individual or
combined effects of high ATG-5 and BIK expression levels on recurrence-free survival of
patients. D. Scatter-plot comparing gene expression levels of ATG-5 and BIK per patient with
respect to disease recurrence. Horizontal and vertical dotted lines indicate dichotomizing score
cut-points as determined by ROC analysis. Percentage values in rectangles indicate percent of
patients that recurred within each quadrant.
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(Garcia et al., 2005; Lopez-Munoz et al., 2012; Maxfield et al., 2015; Zhan et al., 2006). These
studies, however, correlated BIK levels to disease, but did not correlate BIK levels to the outcome.
As far as we know, our study is the first to report that high BIK transcript and protein levels
correlated with poor outcomes and thus provide potential insights into the biological role of BIK in

breast cancer.

While both high BIK mRNA and protein levels predicted unfavorable patient outcomes in
Dataset-1 and -2 respectively, inherent differences between the two datasets exist. The first being
in the proportion of the breast cancer subtypes. Dataset-1 consisted of 64% luminal, 5% HER2-
enriched and 32% basal-like subtypes whereas in Dataset-2 this proportion was 76%, 37%, and
13.5% respectively, implying that Dataset-1 represented the highly aggressive basal-like disease.
Accordingly, the 5-years DFS rate in Dataset-1 was 38.3%, and the 5-years OS rate was 57.8%
compared to 83.5% and 88.2% respectively in Dataset-2. According to a 2017 estimate by
Canadian Cancer Society, the 5-years overall net survival in various provinces of Canada ranged
between 84 to 88% suggesting that Dataset-2 more closely represented typical breast cancer
cohorts than Dataset-1 (CCS, 2018). BIK gene expression values were obtained from Dataset-1
while BIK protein expression values were obtained from Dataset-2. Interestingly the HR associated
with high BIK protein expression was 2-times more compared to high BIK gene expression (3.60
vs. 1.79). This deviation could possibly suggest that BIK protein levels available in the tumors may
more accurately represent the disease biology than BIK mRNA. However, other simpler
explanations such as the differential composition of the two datasets and its effect on the hazard

ratios of BIK cannot be ruled out.
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How BIK association with poor clinical outcome is manifested at the molecular level is
unclear. BIK could either be a marker of aggressive tumors that have evolved anti-apoptotic
strategies, or BIK could have a direct tumor-promoting role. To address the first point, it is
possible that tumors upregulate BCL-2 expression. This compensatory mechanism to ablate
apoptotic pathways is well-documented in multiple myeloma and non-small cell lung cancer
(NSCLC) tumor models (Bodet et al., 2010; Lu et al., 2006). Of particular interest, Lu et al
reported that poorly surviving non-small cell lung cancer (NSCLC) patients had high BIK
expression and hypothesized that compensatory increase in anti-apoptotic protein BCL-2 led to
tumor adaptation (Chinnadurai et al., 2008; Lu et al., 2006). Contrary to their findings, in breast
cancer we found that BIK and BCL-2 were independent variables and the increase in BIK
expression was not correlated with expression levels of 4 anti-apoptotic members of the BCL-2
family. Furthermore, the anti-apoptotic genes BCL-2, BCL-XL, and MCL-1 were all independently
prognostic of favourable outcome, which argues against a simple anti-apoptotic/tumor-promoting
role for these genes. In addition, loss of apoptosis in the face of BIK elevation may involve
dysregulation of downstream apoptotic effectors and their regulators. Additionally, recent studies
report BH3-only proteins can lead to tumorigenesis by compromising mitochondrial integrity,
facilitating low caspase activation and chronic genomic damage (Ichim et al., 2015). It is possible
that BIK-expressing tumors have greater genomic instability driving tumor adaptation and the
development of more aggressive subtypes of cancer. Taken together, our data suggest that a
complex network may be at play.

In the past, conflicting results have been obtained with respect to high expression levels of

anti-apoptotic proteins and their association with patient survivals. Negative outcome associations
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are seen in Hodgkin's lymphoma, myeloid leukemia and follicular lymphoma, and positive
outcome associations are seen in NSCLC, breast and liver cancers (Abdel-Fatah et al., 2013;
Anagnostou et al., 2010; Karakas et al., 1998; Sup et al., 2005). In our case, BCL-2 levels were
associated with good outcome, and this is in agreement with other studies (Abdel-Fatah et al.,
2013; Gasparini et al., 1995; Lipponen et al., 1995). While BCL-2 can also inhibit cell proliferation
and autophagy (Chang et al., 2010; Mazel et al., 1996; Pattingre et al., 2005; Vairo et al., 1996; Wei
et al., 2008), the mechanism behind the positive prognostic signature of the anti-apoptotic genes
in our study, is not clear.

It is possible that BIK stimulates tumor-promoting autophagy. BIK stimulates autophagy
through BCL-2-dependent and -independent mechanisms. In the first case, BIK indirectly
stimulates autophagy by ablating BCL-2: Beclin 1 interactions (Chang et al., 2010). Specifically,
Chang et al. reported that BCL-2 interaction with the ER-resident protein, nutrient-deprivation
autophagy factor-1 (NAF-1) was crucial for inhibition of Beclini-mediated autophagy and BIK
suppressed this BCL-2: NAF-1 interaction (Chang et al., 2010). In the case of the BCL-2-
independent autophagy pathway, ectopic expression of BIK induced autophagy in BCL-2 /- MEFs
(Rashmi et al., 2008). BIK was a target of autophagy and also actively contributed to autophagy
induction (Chen et al., 2014). Finally, silencing of endogenous BIK expression in the breast cancer
cell line MDA-MB-231 downregulated crucial components of autophagic machinery (Ruiz Esparza-
Garrido et al., 2015). Thus, overall BIK can stimulate a BCL-2 dependent or independent
autophagy both of which can be blocked by BCL-2 expression. I found that high BIK expression in
breast cancer patients was significantly correlated with increased levels of the autophagy marker,

ATG-5. ATG-5 is a prognostic indicator of squamous cell carcinoma, prostate, and colorectal
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cancers relapse (An et al., 2011; Cho et al., 2012; Tang et al., 2013). This is consistent with a model
whereby BIK induced-autophagy promotes breast cancer relapse (Figure 3.9). According to this
model, BIK stimulates autophagy, which is presumably favored in the tumors containing high
amounts of ATG-5. This high autophagic flux likely alleviates the stress arising due to nutrient
scarcity and provides survival benefit to the tumors resulting in poor patient outcomes.
Additionally, I speculate that anti-apoptotic BCL-2-like proteins act downstream of BIK and/or
directly antagonize BIK to inhibit autophagic processes. This may explain in part, why elevated
BCL-2 is associated with favorable outcomes. This multiple interaction network of BIK, BCL-2 and
the marker of autophagy ATG-5 may then have subset interactions, and thus retain statistical
independence. As well, I expect that other signals stimulate ATG-5 and autophagy independently
of BIK, again resulting in the retention of the independent prognostic value of BIK and ATG-5.
Although I propose that BIK promotes tumor survival by facilitating autophagy, other possible
mechanisms could lead to BIK prognostic association with poor outcomes.

Altogether, multiple models of BIK-induced tumor survival signaling could be at play and
lead to the observation of poor clinical outcome. Our study provides a rationale to investigate non-
canonical roles of BIK related to tumor growth. In addition, exploration of interactions of BIK with
autophagy and clinical response in breast cancer patients could set the stage for novel therapeutic

regimens in the future.

145



Other autophagy

stimuli —-b

Autophagy

v

Poor breast cancer
patient survival

Figure 3.9 Model describing relationships between BIK, BCL-2 and ATG-5 with respect to
patient survival. | propose that BIK stimulates autophagy and BCL-2 inhibits autophagy. Thus,
BIK and BCL-2 function in two separates yet converging pathways associated with poor patient
prognosis.
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CHAPTER 4

BIK EXPRESSION IN BREAST CANCER CELLS PROMOTES LIMITED UPREGULATION

OF AUTOPHAGY BUT DOES NOT PROMOTE CELL SURVIVAL
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4.1 Introduction

Autophagy (self-eating) is a cellular catabolic process that sequesters and recycles
intracellular components such as cytoplasmic contents, protein aggregates, and damaged
organelles. Hence, it acts as a cytoprotective mechanism under stressful conditions such as
starvation, hypoxia, endoplasmic reticulum stress and/or mitochondrial damage (Kaur and
Debnath, 2015; Kimmelman, 2011; White et al., 2015). These stressors commonly exist in tumors,
and therefore elevated autophagy can promote cancer cell survival by subverting apoptosis (Kaur
and Debnath, 2015). Excessive autophagy, however, can lead to Type-II programmed cell death
(PCD-II) also referred to as autophagic cell death (Kaur and Debnath, 2015; Kimmelman, 2011;
Marino et al., 2014). Therefore, a fine regulation of this process is critical in cancer cells to tip the

balance towards survival.

4.1.1 Overview of the autophagic pathway

Autophagy is initiated by the formation of double membrane-bound vacuoles known as
autophagosomes to enclose cellular cargo destined for degradation. Autophagosomes subsequently
fuse with lysosomes to create autolysosomes where the cargo degradation takes place by
lysosomal hydrolases (Das et al., 2012; Dikic and Elazar, 2018; Kaur and Debnath, 2015). The
molecular machinery involved in this process and the sequence of events is briefly discussed here
(Figure 4.1 A). Autophagosomes are formed through a 3-step process called initiation, nucleation,
and expansion. At the initiation step, a kinase complex consisting of ULK1/ULK2 kinases,
autophagy related 13 (ATG-13), FIP200 and ATG101 (hereafter referred to as the ULK1 complex)

assembles at the phagophore assembly site (PAS) (Kaur and Debnath, 2015; Mizushima et al.,
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2011). Membranes required for this process are most commonly derived from the endoplasmic
reticulum (ER) but other membranous organelles such as the Golgi apparatus, plasma membrane,
recycling endosomes as well as the ER-Mito contact sites can donate membranes depending on the
nature of the stress and selected cargo (Axe et al., 2008; Hamasaki et al., 2013; Kaur and Debnath,
2015; Ravikumar et al., 2010). The ULK1 complex then facilitates the nucleation step by
phosphorylating Beclin1 on Seri4 (Figure 4.1 A) (Russell et al., 2013), which forms a crucial
component of a second kinase complex made up of phosphoinositide 3-kinase (PI3K) VPS34,
VPS15 and co-activator ATG14L (hereafter referred to as the VPS34 complex) (Figure 4.1 A)
(Mizushima et al., 2011). Once activated, this complex converts phosphatidylinositol 4,5-
bisphosphate (PIP2) to phosphatidylinositol 3,4,5-triphosphate (PIP3), which serves as a
membrane-bound localized signal that facilitates the assembly of protein scaffolds for membrane
expansion (Dikic and Elazar, 2018; Funderburk et al., 2010). Subsequent expansion proceeds by
the action of two ubiquitin-like conjugation systems with the end goal of lipidating microtubule-
associated protein 1A/1B-light chain 3 (LC3 I) (Figure 4.1 B). This process is crucial for phagophore
expansion, autophagosome sealing as well as later recognition of the autophagy receptors (Dikic
and FElazar, 2018; Kaur and Debnath, 2015). The first conjugation system produces a dimeric ATG-
5~ATG-12-ATG16L (~denotes conjugation whereas - denotes noncovalent complex formation)
complex with E3-like activity critical for LC3 I lipidation in the second conjugation system
(Mizushima et al., 2011). This complex is formed by a two-step process (Figure 4.1 B). First, ATG-5
and ATG-12 are conjugated by the action of E1- and E2-like enzymes ATG-7 and ATG-10
respectively, followed by ATG-5~ATG12 forming a complex with ATG-16L (Kaur and Debnath,

2015). The second conjugation system produces lipidated LC3 I required for the phagophore
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expansion and sealing process. It involves proteolytic processing of ATG8/LC3 by ATG-4, leading
to the formation of LC3 I (Figure 4.1 B) (Mizushima et al., 2011). Subsequently, E1- and E2-like
enzymes ATG-7 and ATG-3 along with the ATG-5~ATG12-ATG16L complex, which possesses E3-
like activity to carry out conjugation of phosphatidylethanolamine (PE) with LC3 I generating LC3
IT (Figure 4.1 B) (also called LC3~PE) (Dikic and Elazar, 2018; Kaur and Debnath, 2015). Thus,
ATG-5 in association with ATG-12 and ATG-16L plays a crucial role throughout the phagophore
expansion process. Following the expansion and sealing, autophagosomes undergo maturation
wherein ATGs, and PIP3 are gradually removed by ATG-4A and MMTRs, which act as a protease
and a phosphatase respectively (Dikic and Elazar, 2018). Mature autophagosomes fuse with
lysosomes through SNARESs such as SYN17, SNAP29, and SYN6, forming autolysosomes where the
cargo degradation occurs (Dikic and Elazar, 2018; Itakura et al., 2012). Building blocks such as
amino acids generated from this process are released in the cytosol for recycling. Thus, autophagy
supplies nutrients during starvation.

4.1.2 Autophagy in tumor suppression and promotion

Autophagy was initially thought to be a tumor-suppressing mechanism. This was due to
the observation that monoallelic loss of the gene coding for Beclin1 was found in more than 40%
cases of human prostate, breast and ovarian cancers (Aita et al., 1999; Liang et al., 1999).
Furthermore, Beclin1 heterozygous mice are predisposed to develop lung and liver cancers as well
as lymphomas (Qu et al., 2003; Yue et al., 2003). However, in the genetically engineered mouse
model of hereditary breast cancer, Beclin1 allelic deletion actually reduces tumorigenesis, which is

opposite to what would be expected if Beclin1 was a tumor suppressor. As well, mutations of
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Figure 4.1 Sequence of events in the autophagic pathway. A. Cartoon depicting the generation
of PAS, cargo enclosure and fusion of the autophagosomes with lysosomes where aggregated
proteins and damaged organelles are degraded by lysosomal hydrolases and recycled. B. The
depiction of the two ubiquitin-like conjugation systems with the end goal of converting LC3 | to
LC3 1I.
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other essential autophagy genes are also not frequently found in human cancers, suggesting that
autophagy may not have a tumor-suppressing role (Lawrence et al., 2014; Vogelstein et al., 2013;
White, 2015). Additionally, Takamura et al. demonstrated that liver-specific or mosaic deletions of
essential autophagy genes Atgs and Atgy only produced benign liver tumors (Takamura et al.,
2011) that did not progress to frank cancers, suggesting that autophagy deficiency could initiate
tumor formation but is not sufficient to drive oncogenic progression. Thus, altogether, the

evidence supporting tumor-suppressing role of autophagy is limited.

On the contrary, autophagy as a tumor-promoting pathway has been well established due
to its intricate involvement in cell survival. Crucially, mice deficient in Atg3, Atgs, Atgy, Atgi2, and
Atg16 do not survive past 1 day after birth (Komatsu et al., 2005; Yoshii et al., 2017). As well, adult
mice with conditional Atgy deletion, when subjected to fasting, do not survive beyond 24 hrs,
which suggests a crucial role autophagy plays to promote survival (Karsli-Uzunbas et al., 2014). In
the context of cancer, the role of Atgs and Atgy is well studied in the mutant Ras-driven lung and
pancreatic cancer models (White, 2015). Atgs or Atgy deficiency in these tumors increased cell
death and reduced tumor burden, suggesting autophagy was promoting tumor cell survival (Guo
et al., 2013; Rao et al., 2014). Furthermore, in rapidly growing tumors, regions of hypoxia or
nutrient starvation exist where autophagic stimulation promotes cell survival (Degenhardt et al.,
2006). Autophagy has also been demonstrated to promote therapeutic resistance. For instance,
treatment of mouse lymphoma tumors with alkylating agents induced autophagy and its
inhibition with lysosomal acidification inhibitor chloroquine (CQ) or siRNA silencing of autophagic

machinery led to extensive cell killing (Amaravadi et al., 2007). The clinical application of this
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approach is being tested in many clinical trials using a CQ derivative called hydroxychloroquine
(HCQ) to inhibit autophagy in combination with chemotherapeutic agents (Kimmelman, 2011).
These findings underscore a tumor-promoting role of autophagy and its essential components

such as ATG-5 by facilitating cell survival.

4.1.3 Regulation of autophagy by the BCL-2 family proteins

Autophagy is regulated by the BCL-2 family of proteins at the phagophore initiation step.
Anti-apoptotic BCL-2 members inhibit autophagic initiation whereas BH3-only pro-apoptotic
proteins in most cases stimulate it. Anti-apoptotic members such as BCL-2, BCL-XL, and MCL-1
directly interact with Beclin1, which is a BH3-only protein and a co-activator critical for the
activity of PI3 kinase VPS34 (Figure 4.2 A) (Marino et al., 2014). This interaction abrogates VPS34
complex formation preventing the conversion of PIP2 to PIP3 required for phagophore expansion
(Marino et al., 2014; Mizushima et al., 2011). Interestingly, BH3-only proteins such as BAD, BID,
BIK, PUMA, NOXA and NIX as well as BH3 mimetics can break the interaction between anti-
apoptotic BCL-2 members and Beclin-1, allowing the activation of the VPS34 complex (Marino et
al., 2014). Thus, protein-protein interactions between pro- and anti-apoptotic proteins regulate

autophagic induction in addition to regulating apoptosis.

4.1.4 BIK induces autophagy in the presence or absence of BCL-2

The mechanism whereby BH3-only protein BIK stimulates autophagy has been studied
both in the presence or absence of BCL-2 and therefore is more complex than a simple BCL-2
sequestration model (Chang et al., 2010; Chen et al., 2014; Rashmi et al., 2008) (Figure 4.2 B). As

previously mentioned, autophagy has both cytoprotective and cytodestructive roles depending on
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the context. The first hint of BIK’s involvement in autophagy came from the studies of Naumann
et al. (Naumann et al., 2003) and Oppermann et al. (Oppermann et al., 2005) with the observation
of a non-apoptotic mode of cell death upon BIK expression. These authors using human glioma or
melanoma cell lines, demonstrated that ectopic BIK expression induced a type of cell death that
did not show classical features of apoptosis such as cytochrome c release or caspase activation, and
was not blocked by selective caspase inhibitors. This, raised the possibility of autophagic cell death
upon BIK expression. Subsequently, Rashmi et al. (Rashmi et al., 2008) investigated BIK induced
cell death through an autophagic pathway in the presence or absence of BCL-2. These authors
found that ectopic BIK expression in Bcl-2 */* and Bcl-27/- mouse embryonic fibroblasts (MEFs)
resulted in the classical morphological signs of autophagic activation including cytosolic vacuoles
and punctate distribution of autophagic marker GFP-LC3 in the Bcl-27/- MEFs along with reduced
cell viability (Figure 4.2 B) (Rashmi et al., 2008). Autophagic cell death in the absence of BCL-2
was further confirmed by improved cell survival upon treatment with autophagic inhibitors 3-
Methyladenine (3-MA) and wortmannin (Rashmi et al., 2008). Conversely, treatment with z-VAD-
fmk, which is a pan-caspase inhibitor however reduced cell viability indicating a protective role of
caspases in autophagic cell death. Thus, this study demonstrated that BIK promoted autophagic

cell death in Bcl-2 7 cells and caspases somehow inhibited this process.

The second pathway of BIK induced autophagy has been described in cells expressing
endoplasmic reticulum-targeted BCL-2 referred to as BCL-2bs (Chang et al., 2010). BCL-2
interacts with Beclin1, which prevents Beclin1 association in the VPS34 complex with a resulting

block in the phagophore formation (Marino et al., 2014). Chang et al. explored the BIK: BCL-2
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connection in the context of autophagy (Figure 4.2 B) (Chang et al., 2010). These authors
identified a BCL-2 interacting partner nutrient-deprivation autophagy factor-1 (NAF1) that was
required for BCL-2 suppression of Beclin1 mediated autophagy (Chang et al., 2010). In lung cancer
and melanoma cell lines, BIK was able to displace NAF1 from BCL-2 although the mechanism was
not through direct competition, as BIK and NAF-1 bound to different domains on BCL-2. BIK
overexpression in this system induced autophagic induction, which was enhanced by NAF-1
silencing. This suggested that in BCL-2 competent cells, BIK stimulated phagophore assembly by
dissociating NAF-1 from BCL-2, presumably allowing Beclin1 to activate VPS34 complex.
Collectively, these studies demonstrated that BIK could induce autophagy and affect cellular health
in vitro (Figure 4.2 B). However, the effect of BIK stimulated autophagy on in vivo cell survival
was not known.

BIK is induced in response to tumor-associated stress stimuli such as hypoxia (Koong et
al., 2000), genotoxic insults (Mathai et al., 2005) and growth factor withdrawal (Hur et al., 2004).
These stressors also induce autophagy (Eliopoulos et al., 2016; Fang et al., 2015; Lum et al., 2005),
which promotes cell survival in glioblastoma (Hu et al., 2012) and breast cancer models
(Kimmelman, 2011). These observations implied that BIK upregulation induced autophagy may
have a cytoprotective role in cancer. Interestingly, by performing gene expression analysis of BIK
and ATG5 in relation to breast cancer patient survival outcomes, I had found that BIK: ATG-5-high
patients had poorer recurrence-free survival outcomes compared to the only BIK-high subset
(Pandya et al., 2016). Given that ATG-5 is a critical component required for the phagophore

expansion process as well as its established role in cell survival, its association with BIK provided
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Figure 4.2 Regulation of autophagy by BCL-2 family proteins. A. Anti-apoptotic BCL-2 family
proteins sequester Beclin1, which is a co-activator of the VPS34 kinase, preventing initiation of
autophagy. BH3-only proteins can relieve this block by competing with anti-apoptotic BCL-2
members for binding. Depending on the intensity of the stress signal, this may induce
autophagy or apoptosis. B. BIK induced autophagy occurs in the presence or absence of BCL-2
suggesting Beclinl-independent or Beclinl-dependent pathways.
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the rationale to investigate BIK stimulated autophagy and tumor cell survival in a breast cancer
model. I hypothesized that transient or stable expression of BIK in breast cancer cells may
stimulate autophagy leading to improved breast cancer cell survival and may explain a cell-
autonomous mechanism whereby BIK: ATG5 high breast cancer patients show poor survival
outcomes.

4.2 Results

In order to determine whether BIK induces autophagy in breast cancer cells, I transiently
transfected the breast carcinoma MCF-7 cell line with an expression plasmid encoding human BIK
(Figure 4.3 A). Autophagy in cells exists in a basal state and is stimulated by nutrient depletion.
Basal autophagy removes misfolded proteins and damaged organelles ensuring optimum cell
fitness, whereas autophagic stimulation due to starvation provides essential metabolites such
amino and fatty acids as well as glucose to support cell survival (Kaur and Debnath, 2015). To
investigate these two states of autophagy, MCF-7 cells transiently expressing BIK were incubated
in nutrient-rich or -depleted media called Earl’s balanced salt solution (EBSS) in the presence or
absence of Bafilomycin A1 (Baf A1). EBSS is a balanced salt solution containing glucose with a
physiological pH but lacking in amino acids and serum. It is used to mimic amino acid and growth
factor starvation-induced autophagy (Klionsky et al., 2016). Baf A1, a proton pump inhibitor,
prevents autolysosomal degradation by blocking the lysosomal acidification required for the
activity of acid hydrolases and is used in this assay to account for accelerated cargo degradation. I
assessed autophagic flux by measuring the ratio of LC3 II to LC3 I by western blot analysis (Figure

4.3 A). Upon autophagic induction, LC3 I undergoes a conjugation reaction with
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phosphatidylethanolamine (PE) producing L.C3 II, which is detected as a faster running product on
a western blot (Kaur and Debnath, 2015; Klionsky et al., 2016). LC3 II eventually undergoes
degradation along with the autophagic cargo. Therefore, a high LC3 II/ I ratio is an indication of
increased autophagic flux. Blocked autolysosomal degradation by Baf A1 promotes LC3 II
accumulation. Therefore, further elevation in the LC3 II/I ratio with Baf A1 treatment suggests a
truly accelerated autophagy. Interestingly, I found that transient BIK expressing cells had a higher
LC3 II/1 ratio under nutrient-rich conditions compared to mock transfected control, suggesting an
increase in the basal autophagic flux (Figure 4.3 B). Furthermore, Baf A1 treatment enhanced this
ratio, indicating that BIK stimulated basal autophagy. Conversely, EBSS starvation reduced LC3 11/
I ratio in BIK expressing cells, which may indicate increased lysosomal degradation of LC3 II due
to increased autophagy. To test this, I measured autophagic flux in the presence Baf A1, which
revealed no additional increase in LC3 II accumulation compared to mock transfected control,
suggesting that BIK does not augment starvation-induced autophagy (Figure 4.3 B). These
differences were however not statistically significant. Altogether these results indicated that
transient BIK expression induces a non-statistically significant basal autophagy but does not affect

nutrient-starved autophagic flux.

Cationic lipids such as Lipofectamine 2000 used for transient transfections have been
found to induce autophagy and may compound the interpretation of the results (Man et al., 2010).
Furthermore, transient transfection can lead to aggregation of the expressed proteins. Therefore,
some reports suggest limiting their use in autophagic assays (Mizushima et al., 2010). Hence, I

decided to generate stable BIK expressing MCF-7 and MDA-MB-231 cell lines to interrogate BIK
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Figure 4.3 Transient BIK expression in breast cancer cells and effect on EBSS stimulated
autophagy. A. Western blot analysis of transient BIK expression in MCF-7 cells. B. Left:
Representative western blot depicting the analysis of basal or EBSS stimulated autophagic flux
in response to transient BIK expression. 2.5 x 10> MCF-7 cells were mock or pCDNA3.2-DEST-BIK
transfected for 24 h followed by a 4 h incubation in regular growth medium or EBSS with or
without the proton pump inhibitor Bafilomycin A1 (200 nM). Cell lysates were prepared, and
western blotting was performed with the indicated antibodies. Right: Ratio of LC3 Il to LC3 | was
determined by densitometric analysis of scanned blots using the ImageJ program. Bar graphs
depict mean t SEM calculated from 3 independent experiments. One-way ANOVA was
performed to find significance among groups and was found to be non-significant (p= 0.063).
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mediated autophagy (Figure 4.4 A). I re-asked the question whether stable BIK expression
enhanced basal or nutrient starvation-induced autophagy in this new experimental system. BIK or
vector expressing MCF-7 cells were either incubated in nutrient-rich growth medium or
challenged with EBSS in the presence or absence of Baf A1. Autophagic flux was measured by
taking LC3 II to LC3 I ratio using western blot analysis (Figure 4.4 B). BIK expressing MCF-7 cells
had slightly elevated L.C3 II production under nutrient-rich conditions. However, Baf A1 treatment
failed to augment it further, suggesting BIK did not promote basal autophagy. Upon EBSS
starvation, however, BIK expressing cells showed an increase in LC3 II, which was modestly
enhanced by Baf A1 treatment implying that BIK may stimulate starvation-induced autophagy in
MCF-7 cells (Figure 4.4 B). In BIK expressing MDA-MB-231 cell lines, I found a slight increase in
LC3 II levels under nutrient-rich conditions, which was not augmented by Baf A1 treatment
indicating that BIK did not induce basal autophagy in these cells. Under EBSS mediated nutrient
depletion, both BIK expressing clones showed elevated LC3 II levels however, when I tested this
upregulation with Baf A1 treatment, one clone (B33) showed a higher LC3 II levels and the other
clone (B28) showed lower LC3 II levels compared to the vector control, suggesting that BIK
augmented EBSS mediated autophagy although a clonal variation was observed (Figure 4.4 B). In
conclusion, in stable BIK expressing MCF-7 and MDA-MB-231 cell lines, BIK expression modestly

increased starvation-induced autophagy, but basal autophagic flux remained unaffected.

Next, I decided to investigate autophagy in the presence of a different autophagic stimulus
rapamycin, which inhibits upstream regulator mammalian target of rapamycin complex 1

(mTORC1) (Ballou and Lin, 2008). mTORC1 inhibition de-represses the assembly of ULK1 kinase
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Figure 4.4 Stable BIK expression in breast cancer cell lines and effect on EBSS stimulated
autophagy. A. Western blot analysis depicting stable vector or BIK expressing MCF-7 or MDA
MB 231 cell lines. Note that since V13 clone of MDA MB 231 cell line showed the lowest
endogenous BIK expression, it was used for further experiments. B. Top: Western blots
depicting the analysis of basal or EBSS stimulated autophagic flux in the presence of stable BIK
expression. 2.5 x 10° Vector or BIK expressing MCF-7 or MDA MB 231 cells were incubated in
regular growth medium or EBSS for 4 h with or without proton pump inhibitor Bafilomycin Al
(200 nM). Cell lysates were prepared, and western blotting was performed with the indicated
antibodies. Bottom: Ratio of LC3 Il to LC3 | was determined by densitometric analysis of
scanned blots using the ImageJ program.
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complex and stimulates phagophore formation (Ballou and Lin, 2008). Stable BIK or vector
expressing MCF-7 or MDA-MB-231 cells were treated with rapamycin with or without Baf A1
treatments to evaluate BIK augmentation of rapamycin-induced autophagy (Figure 4.5).
Autophagic flux was measured by LC3 II to LC3 I ratio calculation (Figure 4.5 A). In the MCF-7
group, BIK expressing clone Bg displayed increased LC3 II formation in both basal and rapamycin
stimulated conditions, indicating that BIK promoted autophagic induction in the presence or
absence of mTORC1 inhibition. This was confirmed by further accumulation of LC3 II upon Baf A1
block of autolysosomal degradation, suggesting BIK enhanced basal and rapamycin stimulated
autophagy in clone Bs. In the other BIK expressing clone B1 however, LC3 II levels remained
unchanged under basal conditions as well as following Baf A1 inhibition, suggesting an inhibitory
role of BIK in basal autophagy. Furthermore, upon rapamycin stimulation, clone B1 did not show a
change in the autophagic flux, whereas with Baf A1 treatment, the autophagic flux reduced as
indicated by reduced LC3 II levels compared to the vector control (Figure 4.5 A). In conclusion, the
two BIK expressing MCF-7 clones showed opposite results, confounding the interpretation of

results.

I also evaluated autophagic flux in BIK expressing MDA-MB-231 cell lines upon rapamycin
treatment. BIK expressing clone B28 showed increased LC3 II levels compared to vector control
under basal conditions, but Baf A1 block did not confirm true autophagic stimulation, suggesting a
lack of BIK effect on basal autophagy. Augmentation of rapamycin-induced autophagy was also not
observed in this BIK expressing clone (Figure 4.5 B). Furthermore, a second BIK expressing clone

B33 showed reduced LC3 II levels under basal and rapamycin-induced conditions with or without
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Baf A1 block, suggesting an inhibitory role of BIK on basal and rapamycin-induced autophagy
(Figure 4.5 B). Collectively this data showed that one of the MCF-7 stable BIK expressing cell lines
displayed increased basal and rapamycin stimulated autophagic flux. MDA-MB-231 cell lines stably
expressing BIK however, did not show any kind of autophagic induction. Altogether these results

suggested a very limited autophagic stimulation by BIK.

Finally, in order to determine the role of BIK induced autophagy in breast cancer cell
survival under basal and nutrient-starved conditions, I challenged vector or BIK expressing stable
MCF-7 or MDA-MB- 231 cells in EBSS starvation medium and measured cell growth by MTT assay
(Figure 4.6). BIK expressing MCF-7 cell lines did not show enhanced growth in nutrient-replete or
deficient conditions suggesting that BIK-induced autophagy did not affect steady-state
maintenance of cellular fitness nor did it promote cell survival upon nutrient stress in MCF-7 cells.
Furthermore, BIK expressing MDA-MB-231 cells, had a lower cell survival in nutrient-rich
conditions whereas their survival was unchanged upon nutrient starvation. This suggested a
growth inhibitory role of BIK under nutrient availability. Thus, altogether this data showed that
BIK might only marginally affect autophagy and confer no survival advantage in the basal or

nutrient starved states.

Overall, the results suggested that BIK did not induce autophagy in general. While these
data are preliminary examinations of in vitro conditions, they did not reveal robust autophagic
signaling in response to BIK. Thus the BIK association with poor patient outcome may be driven

by non-autophagic mechanisms.

4.3 Discussion
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Figure 4.5 Rapamycin stimulated autophagy in BIK expressing cell lines. A. Top: Western blots
depicting the analysis of basal or rapamycin stimulated autophagic flux in the presence of
stable BIK expression. 2.5 x 10° vector or BIK expressing MCF-7 or MDA MB 231 cells were
treated with vehicle or 0.5 uM Rapamycin for 12 h with or without proton pump inhibitor
Bafilomycin A1 (200 nM) during the last 4 h of treatments. Cell lysates were prepared, and
western blotting was performed with the indicated antibodies. Bottom: Ratio of LC3 Il to LC3 |
was determined by densitometric analysis of scanned blots using the ImageJ program.
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Figure 4.6 BIK expression does not improve cell survival. Vector or BIK expressing MCF-7 or
MDA MB 231 cells were incubated in EBSS or growth media for 4 h followed by replacement of
EBSS with growth media. 48 h later MTT assay was performed. Bar graphs depict the mean t
SEM of 3 independent experiments. One-way ANOVA was performed followed Sidak’s post-hoc
test to determine significance among groups. (** p<0.01).
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I investigated BIK’s involvement in promoting breast cancer cell survival by the autophagic
pathway. The premise for this investigation was the observation that the combined signature of
BIK and ATG-5 mRNA levels correlated with poor patient prognosis. Previous studies reported
that exogenous BIK expression might promote autophagy in certain settings (Chang et al., 2010;
Rashmi et al., 2008). Some of these studies however overexpressed BIK (Chang et al., 2010;
Rashmi et al., 2008), used hBIK in mouse cells (Rashmi et al., 2008) or selectively activated
autophagy by using caspase inhibitors (Chang et al., 2010). Also, investigation of autophagy
concerning BIK is confounded by the fact that BIK is not induced in response to nutrient starvation
(Chang et al., 2010) or ER stress (Mathai et al., 2005) where a rescue mechanism such as
autophagy plays a crucial role. Therefore, it is important to study BIK’s role in a setting where it is
physiologically induced. Additionally, observations including our data show that BIK
overexpression reduces cellular health (Naumann et al., 2003; Rashmi et al., 2008). Thus BIK may
not directly promote cell survival and cause cancer aggression, warranting exploration of

alternative mechanisms of tumor promotion.

Our observation in patient tumors that BIK-high patients do poorly raises two important
questions. Firstly, how is BIK upregulation achieved in tumors? Moreover, secondly, how does
upregulated BIK affect tumor biology to promote cancer aggression? In this regard, an
investigation into therapy-induced BIK expression and exploration of non-canonical functions
such as recently discovered failed apoptosis may uncover a link between BIK upregulation and

poor patient outcomes.
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CHAPTER 5
BIK-HIGH ER-POSITIVE PATIENTS HAVE WORSE PROGNOSIS POTENTIALLY THROUGH

BIK MEDIATED FAILED APOPTOSIS

A modified version of chapter 5 of this thesis is in preparation for publication as Pandya V, Githaka
JM, Kirschenman R, Patel N, Veldhoen R, Damaraju S, Mackey J and Goping IS (2018). BIK is a
prognostic maker for ER-positive breast cancer and induces sublethal apoptosis to promote cancer

aggression (Manuscript in preparation).
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5.1 Introduction

Breast cancer is divided into 3 broad subgroups that dictate the course of treatment.
Broadly, these are defined as estrogen receptor (ER)/progesterone receptor (PR) positive, HER2
positive and triple negative subtypes. Of these, the ER/PR positive subtype (called ER-positive
from here on) has the best outcomes but is associated with substantial morbidity and mortality
because it accounts for 70% of all breast cancer cases (Turner et al., 2017). ER-positive breast
cancers depend on estrogen and ER signaling to facilitate growth and are treated with endocrine
therapies that suppress estrogen effects. The disease-free survival statistics for primary ER-
positive breast cancer is greater than 9o% after the first diagnosis demonstrating relatively
effective first-line therapy (Sopik et al., 2017; Yu et al., 2012). Disease-free survival for
locoregional recurrence, however, is reduced to 70% (Aebi et al., 2014), reflecting key gaps in our

understanding of treatment resistance.

Apoptosis is a cell death program with tumor-suppressor activities. Inhibition of apoptosis
causes cancer, and this was first identified in B-cell ymphomas driven by the anti-apoptotic
protein BCL-2 (Erikson et al., 1983; McDonnell et al., 1989). Biological insights into this protein
family led to the development of BH3 mimetics that inhibit BCL-2 anti-apoptotic activities, to
initiate the cascade of mitochondrial outer membrane permeabilization, caspase activation and cell
death (Billard, 2013; Delbridge and Strasser, 2015). In 2016, ABT-199/Venetoclax, attained
breakthrough drug designation from the FDA for the treatment of leukemia (Roberts et al., 2016)
and is in clinical testing for multiple other cancers (Billard, 2013; Opydo-Chanek et al., 2017).

Hence apoptosis is primarily considered a tumor suppressive process and is a target facilitating
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tumor cell death and cancer control. Paradoxically, high BCL-2 protein levels are prognostic for
favorable outcomes in breast cancer (Berardo et al., 1998; Neri et al., 2006; Pandya et al., 2016;
Vargas-Roig et al., 2008). This suggests that attenuating apoptosis limits cancer progression. In
line with this, recent studies have shown that low levels of apoptosis are instead oncogenic (Ichim
et al., 2015; Ichim and Tait, 2016; Liu et al., 2015). Cultured cells that were exposed to sublethal
doses of radiation, chemotherapeutic drugs or the BH3 mimetic ABT-737 became transformed
and/or developed more aggressive tumor characteristics (Ichim et al., 2015; Liu et al., 2015; Miles
and Hawkins, 2017). Mechanistically, this “failed apoptosis” stimulated apoptotic DNases such as
caspase activated DNAse (CAD) and EndoG that induced double-strand breaks (DSBs) in the
nuclear DNA leading to genomic instability, oncogenesis, cancer aggression and/or therapeutic
resistance (Cartwright et al., 2017; Ichim et al., 2015; Ichim and Tait, 2016; Larsen and Sorensen,
2017; Liu et al., 2015; Miles and Hawkins, 2017). Thus, incompletely executed apoptosis has
tumor-promoting consequences in experimental model systems, although the pertinence of this to

clinical disease is not yet clear.

BIK is a pro-apoptotic BH3-only member of the BCL-2 family. Our study of 2 independent
breast cancer patient cohorts (n=327) showed that BIK is prognostic for relapse and decreased
overall survival (Pandya et al., 2016). This negative association suggests that BIK induces failed
apoptosis within the context of clinical disease. Typically, the steady-state expression of BIK is
modest and is regulated at the transcriptional level in response to various stressors (Bodet et al.,
2010; Chinnadurai et al., 2008; Hur et al., 2006; Real et al., 2006; Ritchie et al., 2009; Spender et

al., 2009). Importantly, BIK expression is induced upon estrogen starvation or in response to anti-
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estrogen treatment of ER-positive cells (Coser et al., 2009; Fu et al., 2007; Hur et al., 2006; Hur et
al., 2004; Viedma-Rodriguez et al., 2013; Viedma-Rodriguez et al., 2015; Zhou et al., 2011)
indicating that BIK may be specifically relevant to ER-positive breast cancer. Here we show that
BIK elevation in endocrine treated ER-positive breast cancer patients is associated with 8.4-fold
increased recurrence and mortality but has no prognostic value for ER-negative patients that were
treated with other modalities. BIK did not trigger cell death and instead facilitated DNA damage
and the evolution of aggressive cancer cells. Thus BIK-induced failed apoptosis in response to
endocrine therapy may provide a molecular explanation for recurrence of ER-positive breast
cancer.
5.2 Results
5.2.1 BIK transcript levels differentially predict prognosis of ER-positive and ER-negative breast
cancer patients

To validate the dependence of BIK expression on estrogen, I treated the ER-positive cell
line MCF-7 with tamoxifen and active metabolite 4-hydroxytamoxifen (4-HT) and confirmed that
BIK was induced in response to endocrine therapy (Figure 5.1 A). I next analyzed the association of
BIK transcript levels with survival outcomes of ER-positive vs. ER-negative patients. A cut-point
(=1.72) for BIK gene expression values was previously determined (Pandya et al., 2016) using ROC
curve analysis that dichotomized the patients into BIK-high (19%) and BIK-low (81%) groups.
Next, I plotted 5 -years disease-free and overall survival outcomes of ER-positive and ER-negative
patients (Dataset-1, total n=175) with respect to BIK gene expression levels (Figure 5.1 B and C).
Interestingly, high BIK transcript levels showed an association trend with poor disease-free

survivals of ER-positive patients, that was not statistically significant (p=0.15, log-rank test,
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HR=1.58) (Figure 5.1 B). Intriguingly, in this cohort, high BIK transcript levels significantly
predicted worse disease-free survival outcomes of ER-negative patients. Analysis of the overall
survivals, on the other hand, revealed contrasting results. High BIK transcript levels were
significantly associated with the 2.42-fold increased rate of cancer associated deaths (p=0.03, log-
rank test) in the ER-positive group, whereas for the ER-negative group there was no significant
difference between the survival curves nor a trend indicating BIK association (Figure 5.1 C). Thus,
BIK transcript levels predicted poor disease-free outcomes of ER-negative patients yet poor overall
survival of ER-positive patients. These confounding results within the same cohort suggest that
BIK mRNA levels are not correlated with function.

5.2.2 Analysis of BIK protein levels is the most suited approach to study its association with

prognosis of ER-positive patients

The steady-state level of BIK protein is regulated by multiple transcriptional and post-
translational mechanisms, so it is likely that BIK mRNA does not directly predict BIK protein
levels. This may explain in part the confounding results of BIK mRNA association with outcomes
in the ER-positive and -negative subgroups. In order to understand whether BIK mRNA and
protein levels correlate in breast cancer tumors, I compared these parameters in breast cancer
samples. Since we had already collected BIK protein levels from the tissue microarray of Dataset-2
(n=152) (Pandya et al., 2016), I queried whether gene expression data had been collected from this
cohort. mRNA information had been collected from 13 of these patients for which we had
matching BIK protein level information. In order to decipher a relationship between BIK transcript

and protein levels in these tumors, I first plotted a scatter diagram of the continuous score values
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Figure 5.1 BIK induction in response to anti-estrogen treatment and prediction of survival
outcomes in the ER-positive and ER-negative breast cancer. A. Western blots and their
quantitation showing BIK upregulation with Tamoxifen (left) and 4-HT treatments (right) of
MCEF-7 cells for 72 hrs. Error bars indicate SEM of 3 independent experiments. Significance
between untreated and treated was determined by One-way ANOVA followed by Dunnet’s
multiple comparisions test. (* p<0.05, * p<0.01). B and C. Kaplan-Meier survival curves
depicting 5 years disease-free or overall survival outcomes of patients stratified in ER-positive
anti-estrogen treated vs. ER-negative groups, and their survival outcomes were calculated
based on BIK mRNA levels in tumor cores. The HR value of greater than 1.0 estimates the
predicted risk of poor prognosis. p value was calculated using log-rank analysis.

185



of BIK mRNA and protein levels followed by correlation analysis (Figure 5.2 A). Intriguingly, I
found no correlation between mRNA and protein values (Pearson’s correlation coeff. r=0.14,
p=0.65). Furthermore, using categorical values (BIK-low=0, BIK-high=1) calculated using ROC
curve analysis, I performed Chi-squared analysis and Fisher’s exact test (used when the sample
size is low) to further investigate the relationship between BIK gene and protein expression levels
(Figure 5.2 B). The null hypothesis that both tests assume prevailed and showed no significant
association between BIK transcript and protein levels (p=0.44, Chi-squared; p=0.56, Fisher’s exact
test). Thus, these findings indicated that BIK gene and protein levels in breast cancer tumors are
not correlated. Importantly, this analysis suggested that analysis of BIK protein and not mRNA
levels in ER-positive and —negative patients in relation to the clinical outcome would more

accurately identify possible functional roles of BIK in tumors.

In order to identify whether BIK transcript or protein levels were the best predictors of
survival outcomes, I tested how BIK transcript and protein levels predicted survival outcomes in
the 13 overlapping patients (Figure 5.2 C). I found that neither the BIK gene nor protein levels
were associated with patient outcomes (p=0.19 and 0.62 respectively, log-rank test). However,
when the BIK association was measured only in the ER-positive patients, a striking trend emerged
(Figure 5.2 D). While BIK gene expression showed no association with patient outcomes (p=0.50,
log-rank test), BIK protein levels were significantly associated with higher recurrence rates in ER-
positive patients (p=0.049, log-rank test). In conclusion, since the BIK gene and protein
expression do not correlate well, estimation of BIK proteins levels is the best method to predict

patient survival outcomes. Importantly, assessment of the protein levels would be a true measure
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Figure 5.2 BIK gene and protein expression correlation in breast cancer and their survival
association. A. Scatter diagram depicting the correlation between BI/K gene and protein
expression levels in breast cancer patients (n=13). Pearson’s and Spearman’s correlation
coefficients were calculated with p values. B. Top: Contingency table depicting agreement
between BIK mRNA and proteins levels as categorical variables where 0 indicates BIK-low, and 1
indicates BIK-high. Bottom: Results obtained from Chi-squared and Fisher’s exact test analysis.
C. Kaplan-Meier survival curves depicting 5 years disease-free survival outcomes of 13
overlapping patients stratified in ER-positive vs. ER-negative groups, and their survival
outcomes were calculated based on BIK mRNA (Left) or protein (Right) levels in tumor cores. D.
Kaplan-Meier survival curves depicting 5 years disease-free survival outcomes of 10 ER-positive
patients present in Dataset-1 and -2 stratified in ER-positive vs. ER-negative groups, and their
survival outcomes were calculated based on BIK mRNA (Left) or protein (Right) levels in tumor
cores. The HR value of greater than 1.0 estimates the predicted risk of poor prognosis. p value
was calculated using log-rank analysis.
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of the biologically available amounts of protein which may give an insight into the biology of the

tumors.

5.2.3 BIK is a prognostic marker for recurrence of ER-positive breast cancer

Given that BIK protein is a more logical marker for functional outcomes analysis and given
that BIK protein levels are upregulated in ER-positive breast cancer cells upon treatment with
anti-estrogens such as tamoxifen and fulvestrant, I decided to analyze associations of BIK protein
levels with outcomes stratified to ER-positive and -negative breast cancers. I analyzed whether BIK
protein levels predicted relapse in ER-positive breast cancer patients differently than in ER-
negative patients using Dataset-2 (n=152) (Figure 5.3). Using a cut-point determined previously
by ROC analysis (Pandya et al., 2016), patient tumors were dichotomized into 2 groups of which
35% were BIK-high, and 65% were BIK-low. Interestingly, within the ER-positive subtype
(n=116), BIK-high patients were 8.4 times more likely to relapse (p=0.001, log-rank test) and were
8.1 times more likely to die from the disease (p=0.025, log-rank test), relative to BIK-low patients
(Figure 5.3 A and B). Strikingly, 99% of patients with low levels of BIK (n=75) were alive after 5
years, indicating that BIK upregulation had a pro-tumorigenic role in the ER-positive group. On
the other hand, BIK had no prognostic value for ER-negative patients (p=0.73, log-rank test).
Thus, BIK levels predicted recurrence and mortality specifically in the ER-positive breast cancer,
suggesting that BIK contributes to endocrine therapy resistance.
5.2.4 BIK triggers failed apoptosis

I next explored whether BIK is a cause or consequence of tumor relapse. While apoptotic

cell death cannot explain aggressive disease, recent cell-based models identified that apoptosis is
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Figure 5.3 BIK protein levels predict poor survival outcomes of ER-positive breast cancer
patients. A and B. Kaplan-Meier survival curves depicting 5 years disease-free or overall
survival outcomes of patients stratified in ER-positive anti-estrogen treated vs ER-negative
groups, and their survival outcomes were calculated based on BIK protein levels in tumor
cores. The HR value of greater than 1.0 estimates the predicted risk of poor prognosis. p value
was calculated using log-rank analysis.
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oncogenic when it is not fully executed (Ichim et al., 2015; Ichim and Tait, 2016; Liu et al., 2015;
Miles and Hawkins, 2017). The central theme of these studies was that low-level apoptosis
produced DNA damage that led to carcinogenesis and/or increased chemical-induced skin cancers
(Ichim et al., 2015; Liu et al., 2015; Miles and Hawkins, 2017). If BIK triggered a similar program,
this could provide a molecular link between BIK tumor levels and patient relapse. I, therefore,
tested if BIK induced failed apoptosis in a breast cancer model. The ER-positive MCF-7 cell line is a
well-studied model for clinical resistance to endocrine therapy (Bacci et al., 2016; Coser et al.,
2009; Guest et al., 2016; Martin et al., 2017) and is dependent on BIK-induced apoptosis for
sensitivity to anti-estrogen treatment (Fu et al., 2007; Hur et al., 2004). To isolate BIK-dependent
effects from anti-estrogen pathways, I generated MCF-7 and MDA-MB-231 cell lines where BIK
expression was induced by doxycycline (Dox) (Figure 5.4 A and B). BIK protein levels were
titratable in response to increasing doses of Dox and reached maximal amounts at ~75 ng/ml Dox.
Immunofluorescence microscopy showed that BIK was expressed in almost all cells (Figures 5.4 A
and B bottom panels) and was localized to intracellular reticular structures as expected for an
endoplasmic reticulum-localized protein (Mander’s coefficient= 0.86) (Figures 5.4 C). The
majority of BIK-expressing cells were viable with less than 10% showing apoptotic morphology at
the highest Dox concentrations (Figure 5.4 D). To assess long-term survival of BIK-expressing
cells, I performed colony formation assays. BIK-expressing cells produced similar numbers of
colonies as vector control cells with less than 25% reduction in colony numbers at the highest Dox
concentration (Figure 5.5). Colony morphology differed, however, with BIK expression decreasing

colony area >2-fold (p<0.01, Sidak’s post-hoc test) and colony density 1.6-fold (p<0.001, Sidak’s
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Figure 5.4 Dox-inducible BIK expression in MCF-7 and MDA MB 231 cells lines and calculation
of cell viability. A. Top: Western blot analysis of BIK expression in MCF-7 Tet-On cells using the
indicated amounts of Dox. Note the Dox-dose dependent increase in BIK protein levels. Bottom:
Immunofluorescence analysis of MCF-7 Tet-On cells in the presence or absence of 250ng/ml of
Dox for 24hrs and stained with anti-BIK antibody. Images were acquired using a spinning disk-
confocal microscope at 20X magnification. Scale bar 50uM. Note that >95% of the Dox-induced
cells are positive for BIK immunostaining. Contributed by John Maringa Githaka B. Western blot
analysis of BIK expression in MDA MB 231 Tet-On cells using the indicated amounts of Dox.
Note the Dox-dose dependent increase in BIK protein levels. Bottom: Immunofluorescence
analysis of MDA MB 231 Tet-On cells in the presence or absence of 250ng/ml of Dox for 24hrs
and stained with anti-Bik antibody. Images were captured using AxioObserver.Z1 inverted
florescence microscope at 40X magnification. Scale bar 20 uM. Note that >95% of the Dox-
induced cells are positive for BIK immunostaining. C. Immunofluorescence analysis of cells
expressing BIK to determine its subcellular localization. MCF-7 Tet-On BIK cells stimulated with
250ng/ml of Dox for 24hrs were incubated in the MitoTracker-red, followed by 4%PFA fixation
and immunostaining with anti-BIK and -calnexin antibodies. Nuclei were stained using DAPI.
Images were acquired using a spinning-disk confocal microscope using a 100X oil immersion
objective. Note the reticular staining of BIK and a high degree of correlation with endoplasmic
reticulum marker calnexin (Mander’s coefficient=0.86). Contributed by John Maringa Githaka D.
Quantitation of viable cells based on the nuclear morphology of anti-yH2AX
immunofluorescence analysis. Cells with punctate or no yH2AX staining were considered viable
whereas cells with diffuse yH2AX staining were considered apoptotic. At least 200 cells from
each treatment were counted. Error bars show SD from 3 independent experiments. (**
p<0.01, *** p<0.001).
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Figure 5.5 Clonogenic survival of BIK expressing cells. Left: Representative images of
clonogenic survival assay performed for Empty vector or BIK expressing MCF-7 cells at the
indicated Dox stimulation. Right: Bar graph depicting % clonogenic survival relative to
untreated cells. Error bars show SD of three independent experiments. One-way ANOVA was
performed to determine significance among groups followed by Sidak’s post-hoc test. (* p<
0.05, ** p< 0.01)
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post-hoc test) highest Dox concentration (Figure 5.6 A and B). Thus, BIK altered growth
characteristics but weakly induced cell death.

Despite this lack of cell death, BIK did initiate apoptotic signaling. MCF-7 cells are null for
the caspase-3 gene and respond to apoptotic stimuli through cleavage and activation of caspase-7
(Liang et al., 2001; Orth and Dixit, 1997; Rehm et al., 2003; Yang et al., 2012). BIK expression
induced cleavage of caspase-7 that was blocked by the caspase inhibitor z-VAD-fmk (Figure 5.7 A).
Additionally, apoptosis is characterized by DNA fragmentation and BIK-expressing cells
accumulated DNA double-strand breaks as demonstrated by yH2AX positivity (Figure 5.7 B). The
BH3-domain of pro-apoptotic proteins bind to anti-apoptotic BCL-2 proteins to stimulate
mitochondrial outer membrane permeabilization (Chinnadurai et al., 2008; Taylor et al., 2008)
and BIK-induced yH2AX production was dependent on the BH3 domain (Figure 5.7 C). yH2AX
levels were diminished with caspase inhibition (Figure 5.7 A), suggesting that caspase activated
DNase (CAD) was the effector molecule producing DNA damage. To confirm this, I depleted cells
of CAD and saw a reduction in BIK-induced yH2AX levels (Figure 5.7 D). Thus, BIK initiated the
canonical apoptotic pathway consisting of caspase and CAD activation leading to DNA damage,
without full execution of cell death.

To identify the block in cell death, I assessed intracellular yH2AX localization (Figure 5.7
E). Typically, in apoptotic cells, yH2AX accumulates at DNA double-strand breaks with diffuse
nuclear staining indicative of wide-spread genomic fragmentation (Solier and Pommier, 2014).
With BIK expression, <5% of the cells showed apoptotic, diffuse yH2AX nuclear staining (Figure
5.7 E). Instead, yH2AX localization in the majority of BIK expressing cells (22.7%) was to discrete

puncta with 3 or more foci per nuclei representing low-level DNA damage. To confirm that the
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Figure 5.6 Analysis of colony morphology of BIK expressing cells. A. Left: Representative
images of colonies formed by MCF-7 Empty Vector or BIK expressing cells at 250ng/ml Dox
stimulation. Note the reduction in colony size of cells expressing BIK. Scale bar Imm. Right:
Colony area was calculated for at least 350 colonies from each group from a representative
experiment. Error bars show SEM. One-way ANOVA was performed to determine significance
among groups followed by Sidak’s post-hoc test. (* p< 0.05, *** p< 0.001). Contributed by John
Maringa Githaka B. Left: Representative images depicting cellular density of Empty Vector or
BIK expressing colonies. Red area indicates high density whereas blue areas indicate low
density. At least 350 colonies were analysed from a representative experiment and
measurements were taken. Contributed by John Maringa Githaka Right: Bar graph depicting
guantitation of colony density. Note the reduction in the area of the colonies formed by BIK
expressing cells. Error bars show SEM. One-way ANOVA was performed to determine
significance among groups followed by Sidak’s post-hoc test. (*** p< 0.001).
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Figure 5.7 BIK mediated genomic damage requires BH3 domain and is dependent on CAD
activity. A. Western blot analysis of MCF-7 Tet-On cells stimulated with Dox dependent BIK
expression at the indicated concentrations in the presence or absence of z-VAD-fmk (10uM) for
24hrs. Note caspase-7 activation and yH2AX formation in response to Bik expression and its
disappearance upon caspase inhibition. B. Western blots depicting increase in yH2AX levels in
response to BIK elevation in MCF-7 (Left) or MDA-MB-231 (right) cell lines. C. Left: Western blot
analysis of MCF-7 Tet-On cells expressing either Empty vector, Wt BIK or BikABH3 at the
indicated Dox-stimulation for 24hrs. Note the reduction in yH2AX phosphorylation in the
absence of BH3 domain of BIK. Densitometric quantitation of western blots was performed
using Imagel. Error bars show SD from three independent experiments. One-way ANOVA was
performed to determine significance among groups followed by Tukey’s multiple comparisons
test. (** p<0.01, *** p< 0.001). D. Western blot depicting knock-down of CAD using two
different siRNAs in the presence of 50 ng/ml Dox stimulation of MCF-7 Tet-On BIK cells. Note
the reduction in yH2AX intensity with reduction in CAD levels. E. Left: Representative images of
vH2AX immunofluorescence analysis depicting cells with punctate yH2AX staining (top panel)
representing distinct DSBs or diffuse yH2AX staining (bottom panel) representing apoptotic
cells. Right: At least 200 cells from 6 different frames were used for analysis. One-way ANOVA
was performed followed by Sidak’s multiple comparison’s test. (*** p<0.001)

198



DNA damage was in the form of double-strand breaks; I performed comet assays to quantitate
DNA double-strand breaks at the single cell level (Figure 5.8). In BIK-expressing cells, 18% of the
nuclear DNA contained double-strand breaks versus 5% in vector cells (p=0.007, Student's t-test).
Together these data demonstrated that BIK produced DNA double-strand breaks via caspase and
CAD nuclease activity. Thus, BIK induced the apoptotic pathway, but despite the accumulation of
significant DNA damage, BIK-expressing cells survived and proliferated.
5.2.5 Anti-ER treatment induces DNA damage that is dependent on BIK

Clinical endocrine therapy induces DNA damage (Schiewer and Knudsen, 2016) although
the mechanisms are incompletely understood (Carthew et al., 1995; Liu et al., 2003; Wozniak et
al., 2007). In certain contexts, the causes of DNA damage are elevated ROS or increased replication
stress in the face of insufficient DNA damage repair (DDR) capacity (Kryston et al., 2011; Mehta
and Haber, 2014; Woodbine et al., 2011). I first tested whether BIK-induced DNA damage was
dependent on ROS. BIK expression did not increase levels of ROS as quantified with the
fluorescent ROS indicator CellRox green (Figure 5.9 A). Further BIK-induced yH2AX levels were
unaffected by treatment with the ROS scavenger NAC (Figure 5.9 B). This confirmed that CAD and
not ROS was the major effector of BIK-induced DNA damage. Next, I examined whether DNA-
damage induced upon anti-estrogen treatment was dependent on BIK. I first optimized BIK
silencing using two siRNAs and confirmed that yH2AX produced due to BIK expression was lost
upon BIK silencing (Figure 5.9 C). Subsequently, I performed the silencing of Tamoxifen or 4-HT
induced BIK and looked at modulation in YH2AX levels. Indeed, Tamoxifen and 4-HT treatment of

MCF-7 cells induced yH2AX positivity that was lost with BIK knock-down (Figure 5.9 D). These
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Figure 5.8 Alkaline comet assay demonstrating BIK-induced double-strand breaks. Left:
Representative images of comets formed by Empty Vector or BIK expressing MCF-7 cells at the
indicated Dox-stimulation. Note the comet tail formation (yellow arrows) with BIK expressing
cells. Right: % DNA in the comet tail/cell was quantitated using CaspLab comet analysis
program. At least 50 nuclei were analyzed for each group. Error bars show SD of three
independent experiments. Student’s t-test was performed to determine the significance
between the two groups. (*** p< 0.001).
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Figure 5.9 Anti-ER treatment induces DNA damage that is dependent on BIK. A. Left: Flow
cytometry profiles of ROS measurements by CellRox green reagent for Empty Vector or BIK
expressing cells at the indicated Dox-stimulation. Note the overlapping profiles of unstimulated
and Dox-stimulated cells. Right: Bar graph depicting mean FI-1 intensities indicating ROS levels
obtained from the flow-cytometric analysis. 50uM TBHP was used as a positive control and
2.5mM NAC as a ROS scavenger. Error bars represent SD from three different experiments.
One-way ANOVA was used to determine significance among groups followed by Sidak’s post-
hoc test. (*** p< 0.001). B. Left: Western blot depicting BIK mediated yH2AX formation
dependent on caspases but not through ROS. Note the loss of yH2AX signal in the presence of
pan-caspase inhibitor z-VAD-fmk vs. no change in the presence of ROS scavenger NAC. Right:
Densitometric quantitation of western blots from three independent experiments. Error bars
show SEM. One-way ANOVA was performed to determine significance among groups followed
by Dunnett’s post-hoc test. (* p< 0.05, *** p< 0.001). C. Left: Western blot showing siRNA
mediated knock down of BIK expression reduces yH2AX formation. MCF-7 Tet-On cells pre-
transfected with either scrambled or two BIK specific siRNAs and 24hrs later stimulated with
50ng/ml Dox. Right: Bar graph depicting the densitometric quantitation of BIK and yH2AX
levels. Error bars represent the SD of three independent experiments. One-way ANOVA was
performed to determine significance among groups followed by Dunnett’s multiple
comparisons test. (* p< 0.05, ** p<0.01). D. Left: Western blot depicting the formation of
vYH2AX upon endocrine treatment dependent on BIK upregulation. MCF-7 cells were
simultaneously treated with the indicated anti-estrogens and transfected with two different
anti-BIK siRNAs for 48 hrs. 20ug of cell lysates were western blotted and probed with the
indicated antibodies. Bottom: Densitometric quantitation of western blots from three
independent experiments was performed using Imagel. Error bars represent SEM. One-way
ANOVA was performed to determine significance among groups followed by Sidak’s multiple
comparisons test. (* p< 0.05, ** p<0.01).
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results indicate that endocrine therapy of MCF-7 cells induces DNA damage through a BIK—
caspase—CAD axis.
5.2.6 BIK induces an aggressive cell phenotype

Failed apoptosis induces genomic instability and cellular transformation (Ichim and Tait,
2016). In order to determine whether BIK-mediated DNA damage altered cellular characteristics, I
expressed BIK continuously for 10 passages, removed Dox and maintained cells in the absence of
Dox/BIK. (Figure 5.10 A). BIK protein and DNA damage persisted for the duration of Dox
treatment (Figure 5.10 B). I refer to the progeny of these long-term Dox-treated cells with the
annotation “LTC” and Dox-concentration during treatment. As an example, BIK-LTC-250 signifies
that BIK expression was induced by long-term culture in 250ng/mL Dox. I first tested whether
these cells survived 10 passages with high levels of BIK due to compensatory elevation of anti-
apoptotic proteins (Figure 5.10 C). BCL-2, BCL-XL or MCL-1 protein levels were not elevated.
Furthermore, resistance to BIK mediated apoptosis in an in vitro endocrine resistance model was
described to occur by GRP78 upregulation that blocked BIK pro-apoptotic activity (Fu et al., 2007;
Zhou et al., 2011). Hence, I also probed to test this possibility but did not find a GRP78
upregulation in BIK-LTC-250 cell line (Figure 5.10 C). Anti-apoptotic gene expression and BIK
gene expression also did not correlate in patient breast tumors (Pandya et al., 2016), indicating
that the LTC derived cell lines modeled clinical disease. I next assayed whether long-term BIK
expression induced aggressive growth characteristics. I first conducted colony formation assays.
The BIK-LTC-250 cells showed significant 1.6-fold (p<0.001, Sidak’s post-hoc test) increased
colony numbers compared to EV-LTC-250 cell line indicating an increased ability to survive and

proliferate from isolated single cells (Figure 5.10 D).
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Figure 5.10 Long-term BIK expression leads to an elevation in clonogenic survival. A.
Experimental scheme depicting generation of ‘LTC’ cells. B. Top: Western blot analysis
performed for ‘LTC’ cells after 10 passages showing the persistence of BIK expression and DNA
damage. C. Western blot analysis of cell lysates prepared from EV-LTC-250, BIK-LTC-0 and BIK-
LTC-250 cell lines to test anti-apoptotic proteins upregulation during long-term culture. Blots
were probed with antibodies against BCL-2, BCL-XL, MCL-1 and GRP-78. Tubulin was used as a
loading control for individual blots D. Left: Representative images from colony formation assay
performed for ‘LTC’ cells. Right: Line graph depicting quantitation of clonogenic potential of
BIK-LTC line relative to control. Note the gradual increase in clonogenic potential in BIK-LTC
cells. Error bars represent the SD of three independent experiments. One-way ANOVA was
performed to determine significance among groups followed by Sidak’s post-hoc test. (** p<
0.01, *** p< 0.001).
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Subsequently, to assess growth in a xenograft tumor model, cells were injected into the mammary
fat pad of BALB/c nude mice, and tumor volume was monitored for seven weeks. BIK-LTC-250-
derived tumors generated significantly larger tumors than EV-LTC-250-derived tumors (p=0.003,
linear regression analysis) (Figure 5.11 A and B). BIK-LTC-o cells that had not been treated with
Dox generated tumors of similar volume to BIK-LTC-250. Thus, BIK increased colony formation
ability and had a moderate stimulatory effect on tumor growth.

I next performed in vitro assays of cancer aggressiveness. Anchorage-independent growth
and elevated stem-like properties are associated with therapeutic resistance in breast and colon
cancer models (Dubrovska et al., 2012; Morata-Tarifa et al., 2017). Adherent cells need attachment
to survive, loss of which induces apoptosis. The ability of the cells to grow without attachment is a
measure of transformation. This can be tested by the culture of cells in soft agar containing
nutrient medium (Borowicz et al., 2014; Horibata et al., 2015). Therefore, I cultured the LTC lines
for 7 weeks in soft agar and observed that BIK-LTC-50 and BIK-LTC-250 cells formed ~4 times
more anchorage-independent colonies compared to EV-LTC-50 and EV-LTC-250 cells respectively
(p<0.001, Sidak’s post-hoc test) (Figure 5.12 A), confirming the acquisition of anchorage-
independent growth potential.

Next, we interrogated if BIK-LTC-250 cells had acquired stem-like properties by
mammosphere formation assay (Figure 5.12 B and C). Cancer stem cells are tumor maintaining
cells (Beck and Blanpain, 2013). They undergo asymmetric cell division to generate one stem cell
and the other progenitor cell that undergoes multiple divisions to populate the tumor (Beck and
Blanpain, 2013). Thus, although CSCs rarely divide, they determine the repopulation potential of

the tumors. CSC enrichment is associated with therapeutic resistance and disease relapse because
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Figure 5.11 Long-term BIK expression leads to a moderate increase in tumor growth rate. A. 5
million EV-LTC-250, BIK-LTC-0 or BIK-LTC-250 cells were orthotopically injected in mouse
mammary glands and tumor volume over 7 weeks was measured (n=5 for each group). Linear
regression analysis was performed to determine significance in tumor growth rate. Contributed
by Raven Kirschenman B. Plot depicting post-harvest tumor volumes of EV-LTC-250, BIK-LTC-0,
and BIK-LTC-250 cell lines (n=5 for each group). One-way ANOVA was performed and no
significant difference in endpoint tumor volumes was observed. Contributed by Namrata Patel
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they rarely divide, hence making cell-division dependent chemotherapies ineffective (Chang,
2016). Mammosphere-forming assays that involve cell culture in low-attachment conditions in the
absence of serum assess stem-like properties of cells (Vieira et al., 2014; Zhang et al., 2017). The
mammosphere formation efficiency (MFE) of BIK-LTC-250 cells was 1.7-times higher than BIK-
LTC-o0 or EV-LTC-250 cells (p<0.001, Tukey’s post-hoc test) (Figure 5.12 B) indicating that BIK-
treatment increased the proportion of cancer stem-like cells. Further, I saw a 1.7-fold increase in
the mammosphere area of BIK-LTC-250 cells compared to EV-LTC-250 cells (p<0.001, Sidak’s
post-hoc test) (Figure 5.12 C), suggesting an increase in the tumor-initiating potential (Grimshaw
et al., 2008). Interestingly, mammospheres formed by BIK-LTC-250 cells were more irregularly-
shaped compared to EV-LTC-250 cells as indicated by the isoperimetric quotient which is a
measure of circularity (Figure 5.12 C). Departure from spherical morphology is associated with
aggressive phenotypes (Liu et al., 2014; Rappa et al., 2008; Wahler et al., 2015; Wang et al., 2014),
indicating that BIK-LTC-250 cells had acquired aggressive characteristics. Taken together, these
data indicate that BIK expression induces cellular changes that increase colony-formation ability,
anchorage-independent growth, and proportion of cancer stem-like cells. These changes persist
after down-regulation of BIK and are consistent with a model whereby BIK induced-cellular
changes are the result of genomic instability and persistence of mutational changes.

5.3 Discussion

I demonstrated that the pro-apoptotic protein BIK was upregulated in ER-positive breast
cancer cells upon treatment with anti-estrogens such as tamoxifen and 4-HT. BIK is a robust

apoptotic inducer
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Figure 5.12 BIK induces elevated anchorage-independent growth and mammosphere
formation. A. Left: Representative images depicting the anchorage-independent growth of LTC
cell lines. Right: Quantitation of the number of soft-agar colonies relative to control. Note the
drastic increase in soft-agar colony forming potential of BIK-LTC-50 and -250 cell lines. Error
bars represent the SD of three independent experiments. One-way ANOVA was performed to
ascertain significance among groups followed by Sidak’s post-hoc test. (*** p< 0.001). B. Left:
Representative images from mammosphere formation assay performed with EV-LTC-250, BIK-
LTC-0, and BIK-LTC-250 cell lines. The top images are original images with necessary
brightness/contrast adjustments for clear visual representation. The bottom ones are computer
rendered images for better visual presentation. MFE was calculated after 12 days in culture.
Scale bar 250uM. Right: Bar graph depicting the quantitation of the mammosphere forming
efficiency (MFE) of different LTC cell lines. Note the increase in MFE of BIK-LTC-250 cells. Error
bar represent the SD of three independent experiments. One-way ANOVA was performed to
ascertain significance among groups followed by Tukey’s multiple comparisons test. (*** p<
0.001). Contributed by John Maringa Githaka C. Left: Representative images depicting the size
and shapes of mammospheres formed by different LTC cell lines. Note the increase in size and
aberration in shape of mammospheres formed by BIK-LTC-250 cell line. Scale bar 50uM. Right
top: Plot depicting an increase in mammosphere area over time. Note the sustained increase in
mammosphere area of BIK-LTC-250 mammospheres compared to the other two groups. Error
bars represent the SEM of three independent experiments. One-way ANOVA was performed to
determine significance among groups followed by Dunnett’s multiple comparisons test. (* p<
0.05, ** p< 0.01). Right bottom: Plot depicting the change in circularity over time as a measured
by the isoperimetric quotient. Note the significant reduction in mammosphere circularity of
BIK-LTC-250 mammospheres compared to the other two groups. Error bars represent the SEM
of three independent experiments. One-way ANOVA was performed to determine significance
among groups followed by Dunnett’s multiple comparisons test. (* p< 0.05, ** p< 0.01).
Contributed by John Maringa Githaka
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(Bodet et al., 2010; Chinnadurai et al., 2008; Coultas et al., 2004; Germain et al., 2005; Hur et al.,
2004; Zhou et al., 2011) and BIK up-regulation is necessary for apoptotic cell death in response to
anti-estrogen treatment (Hur et al., 2006; Viedma-Rodriguez et al., 2013; Viedma-Rodriguez et al.,
2015). Intriguingly, however, high BIK levels predicted poor disease-free and overall survivals in
breast cancer indicative of a tumor-promoting role of BIK. Furthermore, the prognostic value of
BIK was specific to ER-positive patients suggesting an interaction of treatment with BIK and poor
outcomes. Subsequently I explored the mechanism whereby BIK could contribute to poor patient
outcomes. With in vitro assays performed on cells expressing titratable amounts of BIK, I
demonstrated that although the core apoptotic machinery was activated, overt apoptosis did not
occur. Clonogenic survival assays of BIK expressing cells showed that even with continued BIK
expression, a large number (~75%) of cells formed colonies. This in vitro model suggested that in

the face of apoptotic stimuli, some cancer cells can survive and even proliferate.

Apoptotic induction is crucial for the elimination of damaged and potentially neoplastic
cells as well as for many anti-cancer therapies to work. Conversely, intriguing correlations
between anti-apoptotic upregulation and better patient outcomes have been observed in solid
tumors such as breast, colorectal and lung cancers (Berardo et al., 1998; Meterissian et al., 2001;
Tomita et al., 2003; Vargas-Roig et al., 2008). Additionally, genetic deletions of pro-apoptotic
molecules such BID, PUMA, and caspase-3/7 prevent oncogenesis in some settings (Biswas et al.,
2013; Labi et al., 2010; Michalak et al., 2010). Recent studies have demonstrated a process called
failed apoptosis, which partly explain these observations. Failed apoptosis is defined as the

activation of the apoptotic pathway that does not result in cell death but leads to mutations (Ichim
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and Tait, 2016). Weak stimulation of apoptosis using death ligands such as TRAIL and FAS or
intrinsic stimuli such as BH3 mimetic and low-dose ionizing radiation (IR) leads to caspase-
dependent DNA double strand breaks (DSBs) in the cellular genomes without causing cell death
(Ichim et al., 2015; Liu et al., 2015; Lovric and Hawkins, 2010; Miles and Hawkins, 2017). The DNA
damage induced by death ligand and BH3 mimetic occurs through CAD whereas low-dose
radiation induced DNA damage occurs through a caspase-EndoG axis (Ichim et al., 2015; Liu et al.,
2015; Miles and Hawkins, 2017). This DNA damaged has been shown to drive cellular
transformation of untransformed cell line such as mouse embryonic fibroblasts (MEFs) and MCF-
10A. Furthermore, failed apoptosis has demonstrated tumorigenic effects in mouse xenograft
models. For instance, MEFs exposed to BH3 mimetic ABT-737 for long-term gain tumorigenic
potential and form subcutaneous tumors in mice while only caspase-3/7 proficient but not
deficient MCF-10A cells form subcutaneous tumors when challenged with low-dose IR (Ichim et
al.,, 2015; Liu et al., 2015). Thus, these findings implied that BH3 mimetic treatment or sublethal
exposure to ionizing radiation activated the core apoptotic machinery, which led to DNA damage
and oncogenesis in cell-based models (Ichim et al., 2015; Liu et al., 2015). Understanding of these
observations in the context of therapeutic intervention of cancer patients, their prognosis and the
underlying mechanisms were however lacking. Our results provided insight into how endocrine
therapy-induced BIK may engage a failed apoptosis in ER-positive cancers, leading to aggressive

disease.

I demonstrated that BIK induction does not elevate cellular ROS levels and BIK mediated

DNA damage does not occur through ROS but instead though a caspase-CAD axis. Given that BIK
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promotes ER Ca** release (Mathai et al., 2005), this finding was surprising since the
mitochondrial overload of Ca** is known to induce reactive oxygen species (Gorlach et al., 2015;
Peng and Jou, 2010). Hence, the lack of ROS production in BIK expressing cells remains unclear. I
also showed that tamoxifen or 4-HT treatment of ER-positive breast cancer cells caused BIK
dependent DNA damage. These findings provide mechanistic insight into the previous
observations that tamoxifen treatment induced double-strand DNA damage in ER-positive cells
(Wozniak et al., 2007) and long-term treatment of rats with tamoxifen generated hepatocellular
carcinomas (Carthew et al., 1995; Greaves et al., 1993). BIK upregulation in these settings might be
partly responsible for genomic instability and mutagenesis. In light of our results with patient
tumors, tamoxifen treatment may inflict BIK dependent genomic damage in ER-positive patients

leading to mutagenesis, which may provide a means of tumor evolution.
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6.1 Utility of BIK as a diagnostic tool for ER-positive breast cancer

We identified BIK as a prognostic marker for ER-positive patients and
demonstrated that high levels of BIK are associated with worse patient outcomes. This
suggests that BIK-high patients may be resistant to endocrine therapy. Chemotherapy of
these patients in addition to the standard anti-estrogen treatment may provide therapeutic
benefit. Thus, assessment of BIK protein levels can serve as a predictive biomarker for
endocrine therapy that can be developed into a diagnostic test for making treatment
decisions. Currently, qRT-PCR based tests such as Oncotype Dx have been introduced into
clinical practice to better estimate the prognostic outcomes of ER-positive, HER2-negative,
node-negative subgroup of breast cancer patients who make up a small portion of the total
ER-positive cancers (Xin et al., 2017). On the other hand, prognostic determination using
BIK would encompass all ER-positive cancers irrespective of their HER2 and node
metastasis status. Oncotype Dx employs a multigene expression signature that includes 16
known genes encoding proteins associated with proliferation (e.g. Ki67, cyclin B1 and
survivin), estrogen signaling (e.g. ER, PR, BCL2, SCUBE2) invasion (e.g. stromelysin 3 and
cathepsin 12) as well as 5 reference genes (e.g. B-Actin, GAPDH, RPLPO, GUS, TFRC) (Paik,
2007; Xin et al., 2017). Hence, it is a complex assay that requires RNA isolation and the
calculation of recurrence score from raw gene expression data. Also, it is run in a single
center at the cost of $4500 per test (Breastcancer.org, 2018). In comparison, our study
identified a single marker from the BH3-only proteins to predict ER-positive breast cancer
prognosis that may well lend itself to the development of a simple, less expensive test.

Validation of these results would be necessary with independent cohorts of ER-positive
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breast cancer patients before it can be considered/developed as a clinical decision-making
tool. Nevertheless, a test of this kind would fit more easily into the current pipeline of
ER/PR/HER2 testing that is routinely performed by IHC at local laboratories for under
$100 per test. Hence, this kind of assay would be more amenable to less developed nations
where it can provide a cost-effective healthcare solution.

6.2 Potential mechanisms determining BIK upregulation in tumors

Steady-state levels of BIK in normal tissues are known to be reasonably low. For
instance, Maxfield et al. demonstrated that BIK mRNA expression in normal pancreas, lung,
colon and breast tissues was lower compared to the corresponding tumor tissues (Maxfield
et al., 2015). These low levels in normal tissues are attributed to the conditional expression
of BIK in response to death stimuli such as low estrogen levels, cytokine stimulation and
genotoxic stress (Chinnadurai et al., 2008; Hur et al., 2004; Mathai et al., 2002; Mebratu
et al., 2008). These stressors commonly exist in tumors, which may stimulate BIK
expression through particular transcription factors. As examples, in post-menopausal
women circulating levels of estrogen are reduced. Hence, ER-positive breast cancers in
such patients encounter estrogen deprivation, which may cause a p53 mediated BIK
upregulation. As well, some tumors encounter inflammatory responses mediated through
pro-inflammatory cytokines such as INF-y (Zaidi and Merlino, 2011). This cytokine also
stimulates BIK expression via signal transducer and activator of transcription 1 (STAT1)
(Mebratu et al., 2008). Lastly, cancer cells face replicative stress, which leads to genomic

damage. Interestingly, BIK expression is also stimulated by genotoxic insults through p53
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and E2F transcription factors (Mathai et al., 2002; Subramanian et al., 2007). Furthermore,
some of the transcription factors (e.g., E2F, STAT1, TEF) that regulate BIK expression have
also been shown to overexpress in cancer, which in turn, cause BIK overexpression in

those tumors (Bodet et al., 2010; Mebratu et al., 2008; Reimer et al., 2006; Subramanian

et al., 2007). Thus, BIK mRNA levels may increase in certain tumors due to existing

stressors that are otherwise absent in normal tissues or cultured cells.

Aberrations in the BIK protein turnover could be another likely mechanism
determining BIK upregulation in tumors. BIK undergoes constant turn-over through
proteasomal and autophagic pathways (Chen et al., 2014; Chinnadurai et al., 2008). This
was shown by its stabilization upon treatment with proteasomal (e.g., MG132 and
bortezomib) (Hur et al., 2006; Sung et al., 2012; Zhu et al., 2005a; Zhu et al., 2005b) or
autophagic (Bafilomycin A1) inhibitors (Chen et al., 2014). Mechanistically, ERK1/2
mediated phosphorylation of BIK promoted its polyubiquitination at Lys 33 (Lopez et al.,
2012). As well, BIK ubiquitination was shown to occur through a complex formed by
adaptor protein FATE1 and E3 ubiquitin ligase RNF 183, which eventually led to BIK
proteasomal degradation (Maxfield et al., 2015). Silencing of either FATE-1 or RNF 183 led
to the stabilization of BIK. Importantly, in cancer cells, these regulatory processes are
perturbed, which may explain why BIK is detectable in tumors. For instance, autophagy is
downregulated in some cancers, and proteasomal machinery might be overwhelmed due
to excessive accumulation of misfolded proteins (Marinkovi et al., 2018; Mathew et al.,

2007). This may result in elevated levels of proteins, such as BIK, that would otherwise be
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degraded. Altogether, this complex level of BIK regulation is encapsulated in the
treatment-naive tumors that we analyzed. The tumors that had high levels of BIK, likely
had defective BIK-degradation pathways while tumors with low levels of BIK possibly
maintained a functional degradation pathway. I propose that once ER-positive breast
cancer patients receive anti-estrogen treatment, they would have elevated BIK mRNA
transcription. Those tumors with high BIK protein prior to treatment would be in a
permissive environment (e.g., low FATE1 or RNF 183 levels or mutations preventing their
binding to BIK) to further enhance BIK levels given the appropriate stimulation. This
proposition is supported by the finding that BIK levels induced by anti-estrogen treatment
further increased upon proteasomal inhibition in the ER-positive cancer cells (Hur et al.,
2006). Tumors with low BIK prior to treatment, on the other hand, may or may not have
the capacity to maintain elevated BIK protein in response to endocrine treatment. Thus, if
BIK protein is already high in those tumors that have defects in protein turnover, then the
anti-estrogen treatment that induces BIK gene transcription would elevate BIK protein

levels even further.

6.3 How failed apoptosis may affect patient survival

Apoptosis is generally considered to be a process that once activated culminates in
cell death. However, recent research has revealed that apoptotic activation does not always
result in cell death. The term “failed apoptosis” was coined by Tait and collogues, which

refers to a process wherein cells initiate apoptosis but do not die, and sustain potentially
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oncogenic damage such as genomic instability and gene amplification (Ichim and Tait,
2016).

While apoptosis has a tumor-suppressing role, the consequences of failed apoptosis
were not well understood. Early clinical observations hinted that apoptosis was linked to
aggressive disease and supported the paradigm that it may act as a tumor-promoting
mechanism. For instance, contrary to the negative survival association of BCL-2 in
lymphomas, high BCL-2 is associated with favorable outcomes in breast (Berardo et al.,
1998; Dawson et al., 2010; Neri et al., 2006; Pandya et al., 2016; Vargas-Roig et al., 2008),
colorectal (Meterissian et al., 2001; Watson et al., 2005) and non-small cell lung cancers
(Anagnostou et al., 2010; Renouf et al., 2009; Tomita et al., 2003). A critical report that
analyzed the data from 5 independent studies (total n=11212) involving all types of breast
cancer concluded that high BCL-2 levels have a favorable effect on patient prognosis
(Dawson et al., 2010). Additionally, high levels of pro-apoptotic BAX are associated with
poor prognosis in acute myeloid leukemia (AML) (Kohler et al., 2002), acute lymphocytic
leukemia (ALL) (Kaparou et al., 2013; Kohler et al., 2002) and Non-Hodgkin’s lymphoma
(Bairey et al., 1999). Furthermore, high amounts of activated caspase-3 in breast and, head
and neck cancers predicted worse clinical outcomes (Huang et al., 2011). Thus, these
studies suggested that enhanced anti-apoptotic signaling was tumor suppressing whereas
apoptotic activation was somehow tumor promoting, which stimulated investigations into

the pro-tumorigenic role of apoptosis.
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In apoptosis, MOMP marks the point of no return, and once caspase activation
ensues, various feed-forward mechanisms lead to the full-fledged destruction that ends
with cell death (Ichim and Tait, 2016). Despite this prevailing dogma, Albeck et al.
published one of the first reports, demonstrating that HeLa cells can survive limited
caspase activation achieved through the extrinsic pathway of apoptosis (Albeck et al.,
2008). In the normal developmental processes such as macrophage, sperm and stem cell
differentiation, as well as in neuronal development and dendritic pruning, caspase
activation has been extensively reported (Arama et al., 2003; Julien and Wells, 2017; Kuo et
al., 2006; Li et al., 2010; Sordet et al., 2002; Williams et al., 2006). Thus, cell survival with
activated caspases routinely occurs although what kind of cell-intrinsic effects it could have
in the context of cancer was not clear. Lovric and Hawkins linked caspase activation with
genomic mutations (Lovric and Hawkins, 2010). These authors demonstrated that the
treatment of human glioblastoma and MEF cells with TRAIL and FAS ligands activated
caspase-8 (Lovric and Hawkins, 2010). While this caused some amount of cell death, there
was an increase in the mutation frequency of the surviving cells (Lovric and Hawkins,
2010). Crucially, the mutagenesis was dependent on caspase-8, and the caspase-activated
DNAse (CAD) as their knockdown reduced the mutation frequency (Lovric and Hawkins,
2010). Thus, cells can not only survive with activated caspases but also accumulate
mutations through downstream effectors such as CAD.

Subsequent investigations explored whether the intrinsic apoptotic pathway had
any mutagenic effects, which could lead to carcinogenesis. Ichim et al. explored this

possibility with a low-dose BH3-mimetic (ABT-737) treatment of cells (Ichim et al., 2015).
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This group engaged MOMP in only a few mitochondria, which led to cytochrome c release
and limited activation of caspases without cell death. Furthermore, activated caspases led
to CAD-dependent DSBs and genomic instability defined by gene amplification and
chromosomal segregation defects. These results elucidated the mutagenic potential of
mitochondrial apoptosis (Ichim et al., 2015). Another study using caspase-3 and -7
deficient cells reported similar results (Liu et al., 2015). Using sublethal amounts of
ionizing radiation, these authors induced caspase-3 activation in non-tumorigenic MCF-
10A cells that did not trigger full-fledged apoptosis but inflicted double-strand DNA
damage through endonuclease G (EndoG) (Liu et al., 2015). Crucially, sShRNA mediated
knockdown of EndoG led to a reduction in the radiation-induced transformation frequency
of MCF-10A cells, which confirmed that DNA damage was responsible for the cellular
transformation. Furthermore, both these reports (Ichim et al., 2015; Liu et al., 2015)
provided evidence that caspase-dependent DNA damage conferred tumorigenic potential to
MEF or MCF-10A cells, which are otherwise non-tumorigenic. Lastly, caspase-3 and
caspase-7 deficient mice when subjected to chemical-induced skin carcinogenesis showed
diminished tumor formation, confirming the essential role caspases play in this process
(Liu et al., 2015). Thus, these observations linked the intrinsic apoptotic pathway to
oncogenesis via genomic damage and provided in vitro and in vivo evidence that if weakly
executed, the intrinsic pathway of apoptosis could inflict genomic damage and facilitate
carcinogenesis.

Whether failed apoptosis is induced by anti-cancer treatments in patients and its

relevance to disease progression was, however, not known. As well, which BH3-only
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sensors can engage failed apoptosis was also unexplored. Using ER-positive breast cancer
as a model, I demonstrated that the BH3-only protein BIK was upregulated upon endocrine
treatment of ER-positive cancer cells, induced DNA double-strand breaks (DSBs) and
predicted poor patient outcomes, signifying the relevance of failed apoptosis in the patient
tumor biology. Future studies will likely identify driver mutations resulting from failed
apoptosis in tumors upon exposure to stressors such as hypoxia, starvation or
chemotherapeutic insults. This will illuminate de novo pathways of genomic instability and
clonal evolution in cancers.

6.4 BIK-induced DNA damage and its connection to cancer evolution

BIK mediated failed apoptosis generates DNA double-strand breaks (DSBs) that
presumably lead to mutations. Cells commonly face four types of DNA damage, which
include base modifications, pyrimidine dimers, and single and double strand breaks (DSBs)
(Ciccia and Elledge, 2010). Of these, DSBs represent the most lethal type of DNA damage
as it threatens the continuity of the blueprint of life. DSBs can arise from endogenous
sources such as reactive oxygen species (ROS) and replication-stress or exogenous sources
such ionizing radiation in clinical settings, space travel and even through normal decay of
uranium in the soil (Mehta and Haber, 2014). Unrepaired DSBs cause broken
chromosomes and segregation errors, which can lead to genomic instability and cancer
(Gothwal et al., 2016). Therefore, DSB repair pathways have evolved over millions of years
to maintain the genomic integrity of cells. Two central repair pathways are called

homologous recombination (HR) and non-homologous end joining (NHE]). NHE] prevails

230



during the G1, and early S phases of the cell cycle whereas HR-mediated repair occurs after
the DNA is replicated (Branzei and Foiani, 2008; Ceccaldi et al., 2016; Chapman et al.,
2012). HR utilizes a healthy sister chromatid as a template during the repair process,
which makes it mostly error-free whereas NHE] mediated repair involves DNA end-
ligation making it prone to errors (Ceccaldi et al., 2016; Chapman et al., 2012). To initiate
HR, DSBs need to be resected by nucleases and helicases that generate 3’ single-stranded
DNA (ssDNA) overhangs onto which the RAD51 recombinase assembles as a nucleoprotein
filament (Chapman et al., 2012; Ciccia and Elledge, 2010). This is followed by strand
invasion and homologous recombination with the healthy sister chromatid, which is used
as a template for repair DNA synthesis (Branzei and Foiani, 2008). HR ends with the
action of endonucleases and helicases that resolve correctly repaired DNA molecules
(Chapman et al., 2012; Ciccia and Elledge, 2010). On the other hand, during NHE], broken
ends of the DNA are held in close proximity by the Ku70-Ku80 heterodimeric (Ku) scaffold,
which has a propensity to bind at the double-stranded DNA (dsDNA) ends (Chapman et al.,
2012; Ciccia and Elledge, 2010). Subsequently, ligase 4 mediates a direct ligation of the
DSB ends but in an error-prone manner. This frequently results in small insertions and
deletions (indels), or substitutions at the break site. If DSBs from different parts of the
chromatin are ligated, it results in translocations leading to genomic instability (Ceccaldi et
al., 2016; Chapman et al., 2012; Ciccia and Elledge, 2010). Since, NHE] occurs during the
G1 phase, which occupies >60% of the cell cycle, it dominates the repair process
increasing the chances of mutagenesis if the DNA damage is persistent (Chapman et al.,

2012). Mutation rates can further increase due to defects in the HR component such as
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BRCA1 and BRCA2, which function in the early recruitment of repair proteins or assist
RADs51 during the strand invasion step respectively (Prakash et al., 2015; Zamborszky et al.,
2016). Considering our results where we see induction of DSBs upon BIK upregulation, if
these DSBs are not repaired through HR, it could increase the frequency of mutations such
as indels.

Mutational load in breast cancer tumors is relatively well documented.
Interestingly, Nik-Zanial et al. sequenced 560 breast tumors and found an average of 664
indels per tumor (Nik-Zainal et al., 2016). Specifically, the ER-positive group had an
average of 306 indels with some tumors harboring >5000 of those. Thus, ER-positive
tumors harbor the kind of mutations that arise due to error-prone repair. However, how
these mutations emerge is not well understood. Investigation of BIK levels in these tumors
may provide some answers. I predict that in the ER-positive group, BIK-high tumors may
have a higher mutational load than BIK-low tumors. What could this mean in terms of
disease outcomes? Interestingly, in the ER-positive cancers, a positive correlation between
the mutational load and unfavorable patient prognosis exists (Haricharan et al., 2014).
Analysis of the exome sequencing data of 559 ER-positive tumors found a mean somatic
mutation load of 62.7 mutations per tumor with a small subset of tumors carrying a
significantly higher mutational load (Haricharan et al., 2014). The tumors could be
classified into low- and high mutational load (HML) groups wherein HML tumors were
associated with poor prognosis compared to the LML group (HR=2.02) (Haricharan et al.,
2014). As well, the survival curve of the HML group overlapped with the ER-negative

survival curve suggesting an increase in the aggressiveness of the HML tumors
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(Haricharan et al., 2014). Considering our results, BIK may contribute to the generation of
HML tumors. Both HML and BIK high tumors are associated with poor outcomes, and it
would be interesting to determine if the HML tumors in the Haricharan study showed
significantly elevated BIK protein. If so, this would suggest that some HML cancers are
caused by BIK-mediated failed apoptosis. I also speculate that BIK mediated DNA damage
can create mutations in the DNA damage response (DDR) genes, facilitating the generation
of a subset of HML tumors found to have defective DNA damage response (Haricharan et
al., 2014) and hence, are predisposed to a high level of genomic instability. Thus, BIK
mediated failed apoptosis may act as an endogenous mutagenic process in the ER-positive
cancers and may partly explain the genesis of HML tumors with poor patient outcomes.
6.5 CAD-induced double-strand DNA breaks and their repair

I demonstrated that BIK expression induces caspase and CAD dependent DSBs.
Activated CAD homodimers assemble on dsDNA at the inter-nucleosomal positions and a
coordinated nucleophilic attack from both active sites induces a DSB (Larsen and Sorensen,
2017; Widlak et al., 2000). Whether CAD-induced DSBs recruit the canonical DNA repair
machinery is not yet clear. Typically, when cells encounter DSBs caused due to ionizing
radiation or collapsed replication forks, HR related kinases ataxia telangiectasia mutated
(ATM) and ataxia telangiectasia and Rad3 related (ATR) or NHE] related kinase DNA-
dependent protein kinase catalytic subunit (DNA-PKcs) phosphorylate histone 2AX (H2AX)
molecules in the vicinity of the DSB on the Ser139 residue (Ceccaldi et al., 2016; Chapman
et al., 2012; Ciccia and Elledge, 2010). This phosphorylation is often referred to as yH2AX

and marks the site of the damage to facilitate the recruitment of DNA repair factors
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(Ceccaldi et al., 2016; Chapman et al., 2012). As well, upon detection of the DNA damage,
ATM/ATR-CHK1/CHK2-p53 axis activates a checkpoint that halts cell cycle progression
while the repair is in progress (Maréchal and Zou, 2013). If the damage is not resolved,
prolonged cell cycle arrest leads to apoptosis. Thus this mechanism safeguards the
genomic integrity by prohibiting the transfer of broken or aberrant chromosomes to the
daughter cells. Defects in this machinery allow passing of abnormal genetic material to
daughter cells, posing a risk of cancer. Interestingly, one study showed that yH2AX
phosphorylation of CAD-induced DSBs was not dependent on the ATM/ATR kinases but
instead occurred through c-Jun N-terminal kinase (JNK) (Ichim et al., 2015). Interestingly,
while JNK mediates yH2AX phosphorylation, it does not have an extensively reported role
in the DSB repair. In the Ichim study, whether CAD induced DSBs are actually repaired or
not was not addressed (Ichim et al., 2015). However, if there was no repair, cells would die
due to extensive DNA damage. On the other hand, in the presence of low-levels of repair,
cells may be able to survive although with genomic mutations. A second study interrogated
CAD induced DNA damage using a specially engineered expression system wherein CAD
activation was achieved without the prior activation of caspases, which allowed the
authors to study DNA damaging effects of CAD in isolation (Morgan et al., 2015).
Interestingly, isolated CAD activation in the presence of pharmacological inhibitors of ATM
and DNA-PKcs led to an increase in the yH2AX intensity. This finding verified that yH2AX
phosphorylation of CAD-induced DBSs could occur through other kinases such as JNK.
Furthermore, it suggested that CAD-induced DSBs were likely undergoing repair through

HR and NHE]J as their inhibition promoted accumulation of further damage marked by
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yH2AX. However, a direct assessment of DNA damage such as the one using comet assay
was not done, adding some uncertainty with respect to DNA repair. Thus, CAD mediated
damage can be repaired in principle, although the individual contributions of HR and NHE]
are not known. One major caveat to these findings that utilized a direct CAD activation is
that critical players of DNA damage response pathways including ATM, poly-ADP ribose
polymerase (PARP), RAD51 and DNA-PKcs are known substrates of activated caspases
(Morgan et al., 2015). Hence, in the context of apoptosis, the repair of CAD-induced DSBs,
if it occurs, may be determined by the extent of caspase activation. As well, the caspase
substrate specificity may control which repair components are cleaved, thus dictating the
choice of the repair pathway. In light of our study, where BIK mediated DNA damage
occurs through CAD in the presence of active caspases, it can be theorized that in this
scenario the DNA repair remains poor, leading to unstable genomes in the progeny. Our
observation that prolonged BIK expression leads to persistent DNA damage and aggressive
progeny supports this idea. In the context of breast tumors, recently a large study
(n=95561) found that 7% of the unselected patients had mutations in one of the 8 genes
involved in HR (BRCA1, BRCA2, BARD1, CHEK2, PALB2, PTEN, TP53, and ATM) (Kurian et
al., 2017). Of all the BRCA1/2 mutated cases, 10-15% are ER-positive cancers (Lips et al.,
2016; Tung et al., 2010). In such tumors, BIK-caspase-CAD mediated damage might lead to
severe DNA repair defects leading to the generation of mutations that facilitate tumor
evolution. Interestingly, patients with BRCAz mutated ER-positive cancers have a worse

prognosis than ER-negative cancers (Jonasson et al., 2016). Altogether, BIK mediated DNA
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damage coupled with DNA repair deficiency could aggravate mutagenesis and potentially
contribute to tumor evolution.

I demonstrated that tamoxifen-mediated BIK upregulation in ER-positive cancer
cells leads to DNA damage. Based on this observation, I predict that specific endocrine
agents (aromatase inhibitors, tamoxifen or fulvestrant), when used to treat ER-positive
tumors, would serve as both BIK inducers and selection agents. Tamoxifen acts by blocking
estrogen signaling whereas fulvestrant acts by degrading the estrogen receptor. With such
treatments, random mutations generated through the BIK-caspase-CAD axis that confer
resistance to endocrine agents may get selected upon therapy. These may include
estrogen-independent, constitutively active variants of the estrogen receptor selected by
tamoxifen treatment whereas degradation resistant mutants selected by fulvestrant
treatment. Tumor cells with such mutations would grow in an estrogen-independent
manner and acquire resistance to anti-estrogens. Interestingly, in the primary ER-positive
tumors, mutations in the estrogen receptor gene (ESR1) are rare (~1% of the tumors) (Fan
et al., 2015). However, post-treatment metastatic tumors contain significantly more
mutations (11-55%) in the ESR1 gene (Jeselsohn et al., 2014; Li et al., 2013; Robinson et al.,
2013). Additionally, aberrations in other critical regulatory pathways are also implicated in
tamoxifen resistance. For instance, amplifications of ERBB2 (Arpino et al., 2004), Cyclin D1
(Butt et al., 2005) and MYC (Deming et al., 2000) are found in tamoxifen-resistant breast
cancer and are associated with poor patient prognosis. These clinical findings support the
paradigm that mutagenic pathways such as BIK-caspase-CAD axis activated during the

hormonal therapy may partially contribute to these alterations. I anticipate that BIK- high
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ER-positive refractory tumors would show enrichment of such mutations that provide
growth advantage in response to specific endocrine treatment.
6.6 Harnessing the mutagenic potential of BIK upregulation in immunotherapy

I demonstrated that tamoxifen-induced BIK expression generates DNA double-
strand breaks in breast cancer cells. Resulting mutations in the gene coding regions may
give rise to abnormal splice variants as well as deleted or truncated forms of proteins.
Their proteasomal processing and association with the major histocompatibility complex
(MHC-I) would display the neoantigens on the cell surface. Thus, BIK-high endocrine
treated patients may likely have tumors that are more immunogenic.

Breast cancer shows an interesting relationship with the immune response. The
overall mutational burden in breast cancer has been found to be low compared to sun-
exposure associated melanoma (Mar et al., 2013) or smoking-associated lung cancers
(Vonderheide et al., 2017). Interestingly, however, nearly 70% of the breast cancers show
lymphocytic invasion, which is associated with improved survival outcomes, suggesting a
good immune response in the face of developing cancer (Pusztai et al., 2016). This presents
an attractive therapeutic opportunity. Advancing breast cancer immunotherapy has been a
high priority due to its demonstrated effectiveness in other malignancies such as lung and
bladder cancers as well as melanoma (Vonderheide et al., 2017). Efforts to harness this
potential for breast cancer immunotherapy mainly utilize three approaches (i) immune
checkpoint inhibitors, (ii) adoptive cell transfer and (iii) therapeutic vaccines. The basis of
immune checkpoint inhibitor treatment is programmed cell death protein 1 (PD-1) found

on the surface of T-cells (Dine et al., 2017). A ligand of PD-1 called PD-L1 is found on
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normal and cancer cells. The interaction between PD1-PD-L1 acts as an “off switch” that
downregulates T-cell mediated immune response, preventing autoimmunity. Cancer cells
exploit this mechanism by expressing PD-L1 on their surface, which prevents their
recognition and facilitates immune evasion. Immune checkpoint inhibitors such as anti-
PD-1 or anti-PD-L1 antibodies such as pembrolizumab and nivolumab work by preventing
recognition of cancer cells as “self”, which reinvigorates the T-cell immune response
against neoantigens (Vonderheide et al., 2017). These inhibitors are now FDA approved for
use in melanoma, lung and bladder cancers and show excellent prognosis for advanced
disease (Vonderheide et al., 2017). Interestingly, in unselected breast cancer cohorts, only
20% of the tumors have >1% cells expressing PD-L1. On the other hand, in non-small cell
lung cancers more than 55% of the tumors show >5% cells expressing PD-L1
(Vonderheide et al., 2017; Yu et al., 2016), which might explain the relative ineffectiveness
of immune-checkpoint inhibitors in breast cancer. This suggests a need to identify specific
subsets of breast tumors that might have high levels of PD-L1 expression accompanied by a
high mutational load. Anti-PD-L1 immunotherapy in these patients may suppress
recognition of cancer cells as “self” hence promoting tumor regression. Intriguingly, PD-L1
expression is upregulated in response to DSBs and correlates with yH2AX levels in cancer
cell lines and primary tumors (Osoegawa et al., 2018; Sato et al., 2017). I demonstrated
that tamoxifen mediated BIK upregulation generated double-strand breaks, which may
give rise to neoantigens. Thus, BIK high tamoxifen-treated patients are likely to have high
PD-L1 expression along with elevated neoantigen presentation, making them an ideal

subset for immune checkpoint inhibitor therapy.
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Which neoantigens are produced by failed apoptosis is not currently known.
However, it is likely that BIK mediated, genomic damage may produce a specific signature
of neoantigens. Immuno-profiling of these neoantigens might identify a pattern unique to
the tamoxifen-treated BIK-high tumors. These findings may aid in the efforts to develop
therapeutic vaccines or adoptive cell transfer therapy (e.g., CAR T-cell therapy) for this
subset of breast cancer patients.

6.7 Alternative mechanisms of BIK induced cancer aggression

I demonstrated that continued BIK expression for 10 passages produced aggressive
progeny, which could be attributed to DNA damage mediated cancer cell evolution. Other
studies that described failed apoptosis also implicated DNA damage as the driver of cellular
transformation and carcinogenesis (Ichim et al., 2015; Liu et al., 2015). Apoptosis can cause
cell aggression through other routes as well. Recently anastasis was described as a process
by which cells that are on the brink of death manage to survive and proliferate (Tang et al.,
2012). Interestingly, it was demonstrated that cells transiently exposed to apoptotic stimuli
showed typical morphological features of apoptosis but upon recovery in fresh medium,
reattached, proliferated and showed an elevated migratory phenotype (Sun et al., 2017).
Initial findings suggested that new transcription was required for the apoptosis reversal as
actinomycin D mediated blockade of transcription before recovery led to irreversible cell
death (Tang et al., 2012). In a subsequent study, using RNAseq analysis performed at
different stages of post-treatment recovery, it was discovered that two distinct groups of
genes were upregulated (i.e., early vs. late response genes). Transcript and protein levels

of some of the early response genes (EGR1, c-FOS, SNAIL, c-JUN) were elevated (Sun et al.,
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2017). Of these, c-Jun and c-Fos form a heterodimeric activator protein (AP-1) complex
that binds to AP-1 specific sites in the genome and upregulates transcription of genes
associated with proliferation, survival, hypoxia, and angiogenesis (Mechta-Grigoriou et al.,
2001). As well, their role in a variety of cancers has been defined as proto-oncogenic
(Piechaczyk and Blanchard, 1994). Thus, c-Jun/Fos upregulation upon recovery from
apoptosis suggested that cells were undergoing a survival response. Furthermore, Sun et al.
found that activated TGF-[ signaling, and Snail induction promoted cell migration,
implying an epithelial to mesenchymal transition (EMT) after recovery from apoptosis
(Sun et al., 2017). Considering our study, in certain situations, BIK up- and
downregulations (e.g., between two doses of anti-estrogens) may lead to a cycle of
apoptotic activation followed by recovery, creating an anastasis-like scenario. In that case,
activation of survival and migratory genes may confer a survival advantage and the ability
to migrate towards nutrient and oxygen-rich sites resulting in increased metastasis.
Another possible mechanism whereby BIK may contribute to cancer relapse is
through the enrichment of the cancer stem cell (CSC) pool. This explanation is supported
by our observation that long-term expression of BIK leads to an increase in the number of
mammospheres. CSCs are tumor maintaining cells (Beck and Blanpain, 2013). They
undergo asymmetric cell division to generate a self-renewing stem cell and a progenitor
differentiating cell that populates the bulk of the tumor (Beck and Blanpain, 2013). Since
CSCs rarely divide, they are resistant to conventional chemotherapies that depend on cell
division (Vitale et al., 2017). As well, they have a better ability to repair DNA damage and

resist cell death as demonstrated in glioblastoma and lung cancer models (Vitale et al.,
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2017). CSCs also avoid cell death by upregulating BCL-2 family proteins (Ito et al., 2004;
Vitale et al., 2017). Clinically, CSC enrichment has been associated with therapeutic
resistance and refractory disease (Chang, 2016). Conceivably, BIK mediated CSC
enrichment might explain the high rate of disease relapse in BIK-high patients. I
hypothesize that CSC enrichment upon BIK elevation may occur through three distinct
mechanisms. Firstly, CSCs may repair BIK mediated DNA damage promptly and survive
better than the progenitors or differentiated cells. This may lead to enhanced survival of
CSCs over time and promote their enrichment in the population. Secondly, BIK mediated
DNA damage may change the mutational landscape and transcriptome of the differentiated
cells such that they revert to CSCs. An example of such a scenario is available. In an injury-
induced repopulation model of hair plucking, it was described that extraction of the stem
cell-rich hair root stimulates reversion of the surrounding progenitors to stem cells
resulting in hair regrowth (Beck and Blanpain, 2013; Ito et al., 2004). Thirdly, BIK
mediated DNA damage may stimulate self-renewal of quiescent CSCs leading to an
increase in their proportion. Interestingly, tamoxifen pre-treatment of MCF-7 cells or Mos
(spontaneously derived ER-positive, tamoxifen sensitive mouse tumor) tumors resulted in
increased mammosphere forming potential of the progeny, although a mechanistic
explanation for this observation was not proposed (Raffo et al., 2013). Tamoxifen-induced
BIK upregulation and enhancement of stem cell pool may provide a possible explanation
for this observation. In the context of our study, it is possible that BIK-high tamoxifen
treated tumors may have a higher stem cell representation resulting in increased capacity

for heterogeneity and development of treatment resistance. Future studies will likely
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explore the effects of failed apoptosis on stem-like enrichment in tumors and its
consequences.

While so far, I have focused on the cell-autonomous effects of BIK activity in tumor
cell evolution, apoptosis can also be tumor promoting in a cell-extrinsic manner. One such
mechanism is termed apoptosis-induced proliferation (AiP) where dying cells secret
mitogens that stimulate proliferation of the neighboring cells (Soteriou and Fuchs, 2018).
AiP is extensively studied in Drosophila where it was demonstrated that in the wing
imaginal disk, selective activation of initiator caspases in the presence of executioner
caspase inhibitor p35, created an “undead” state of cells. These cells activate JNK in a
Dronc (caspase-9 orthologue) dependent manner followed by phosphorylation of
transcription factors c-Jun and c-Fos. These transcription factors stimulated the
transcription of mitogens such as orthologues of WNT, BMP2 and EGF (Fogarty et al.,
2016; Kondo et al., 2006; Soteriou and Fuchs, 2018). These mitogen-activated signaling
pathways induced excessive growth of the surrounding tissues possibly by activating the
quiescent stem cells in a JNK-dependent manner. Interestingly, DNA damage induced by
sublethal doses of the BH3 mimetic ABT-737 also activated JNK (Ichim et al., 2015). In a
similar fashion, BIK mediated apoptotic activation may also activate JNK followed by the
phosphorylation of c-Jun and c-Fos, leading to the secretion of mitogens that induce
proliferation in the surrounding tumor tissue. In support of this, we observed an increase
in the number of mammospheres formed by BIK-LTC-250 cells, which indicates an
enrichment of stem-like cells in the population. It is possible that secretion of the mitogens

that stimulate quiescent stem-cells during long-term BIK expression may have led to this
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enrichment. Another possible mode through which this could occur is by a hormone-like
lipid compound called prostaglandin E2 (PGE2). It is known to stimulate stem cell
proliferation and tissue regeneration (Soteriou and Fuchs, 2018). Interestingly, caspases
activated during apoptosis cleave and activate calcium-independent phospholipase A2
(iPLA2), leading to an increased production of arachidonic acid, which is converted to
PGE2 via cyclooxygenase 1 (COX1) and COX2. Specifically, in cancer, the effect of PGE2
was shown in a coculture model of lethally irradiated cells mixed with normal cells. Indeed,
the presence of dying cells fueled the growth of surrounding cells in culture and in the
mouse xenograft models, which was attributed to the caspase-dependent secretion of
PGE2 (Huang et al., 2011). The significance of this observation in the context of failed
apoptosis lies in the demonstration by Liu et al. where they found that caspase-3 and
caspase-7 deficient mice had a reduced potential to develop skin cancers when exposed to
known skin-carcinogens (Liu et al., 2015). This finding potentially suggested that
diminished PGE2 secretion may have prevented activation of quiescent stem cells and
tumor formation. Collectively, these studies highlighted multifaceted ramifications of
apoptosis in the context of tumor formation and how BIK might be linked to it.

Our study provided in vitro evidence that BIK expression induced failed apoptosis,
increased the clonogenic potential of cells, produced more soft-agar colonies and conferred
a high mammosphere forming efficiency. High levels of BIK also predicted poor patient
outcomes but did not generate larger tumors in mice. It is plausible that in BIK-high breast

cancer tumors multiple factors such as genomic instability, elevated survival signaling,
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apoptosis induced proliferation and the enrichment of stem cell pool may occur in concert,

which may contribute to the overall tumor aggression.

6.8 Concluding remarks

Prior to this thesis, the role of BH3-only proteins in breast cancer pathology was
not clear. Since BH3-only proteins induce apoptosis, it was presumed that their high levels
in cancer would be associated with good patient prognosis. In chapter 3, we discovered
that although BIK is a pro-apoptotic protein, it is associated with worse prognosis of breast
cancer patients. This unexpected result indicated that BIK-mediated cell death did not
eliminate tumors and instead was associated with disease progression. Whether BIK
actively drove this outcome was unknown. To explore this, I investigated whether BIK-
mediated autophagy increased cancer cell aggressiveness and while not definitive, results
presented in chapter 4 did not strongly support this conclusion. Another critical
observation originating from this thesis is that high levels of anti-apoptotic BCL-2, BCL-XL
and MCL-1 predict good patient prognosis. While the favorable association of high BCL-2
levels has been previously reported, no molecular explanation was available. Regardless,
this observation is contrary to the idea that increased apoptosis would limit disease
progression. I directly addressed the question of apoptosis and cancer cell aggressiveness
in chapter 5. The results indicated that apoptosis can be tumor promoting and that hence

anti-apoptotic signaling might have a favorable impact on patient prognosis.

BIK is induced by endocrine therapy, and therefore I focused on this implication in

chapter 5. Strikingly, high-levels of BIK predicted poor prognosis only in the endocrine
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treated ER-positive patients but not in the alternatively treated ER-negative group. I
showed that BIK upregulation in cells activated caspases, which surprisingly did not result
in extensive cell death. Instead, caspase activation promoted DNA double-strand breaks
through caspase-activated DNase. Further, continued BIK expression promoted cancer
stem cell enrichment along with other aggressive phenotypes. Importantly, BIK induced by
tamoxifen treatment also caused DNA damage. I propose that this DNA damage may lead
to mutations in genes such as ESR1, followed by clonal selection with therapy, which may
cause tamoxifen-resistant tumors. Moreover, enrichment of the cancer stem cell pool after
the first round of therapy may increase the tumor’s potential to recur. This may in part

explain the worse prognosis of BIK-high ER-positive patients seen in our patient cohort.

Altogether, in this thesis, I discovered that the pro-apoptotic protein BIK serves as a
biomarker of unfavorable outcomes in breast cancer. Further, elevated anti-apoptotic
signaling was associated with favorable outcomes, together suggesting that apoptosis may
have tumor-promoting effects. Furthermore, with the premise of anti-estrogen mediated
upregulation of BIK, we identified that BIK elevation only in the ER-positive tumors
predicts a worse prognosis. Subsequent elucidation of a potential tumor-promoting
mechanism showed that BIK might promote failed apoptosis upon endocrine therapy,
which through DNA damage and cancer-stem-cell enrichment may lead to poor patient

outcomes of the BIK-high ER-positive patients.
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A.1 Overview of the statistical tests used for patient data analysis in the study

A.1.1 Receiver operator curve (ROC) analysis

Gene and protein expression data are usually available in a continuous form. In order to
dichotomize it into “low” and “high” groups (also called categorical transformation) with respect
to patient survival, ROC analysis is performed with disease recurrence as the classification

variable using a statistical program such as MedCalc.

ROC curve analysis allows determination of the diagnostic performance of a test based on
the sensitivity and specificity parameters (Metz, 1978; Zweig and Campbell, 1993). In a given n a
given population for a specific marker, a clear prediction of recurrence vs. disease-free survival
seldom exists due to variations in biology (Figure 1.7). Thus, for every possible cut-off value, four
possibilities may exist (i) cases with the disease correctly classified as positive (True positive) (ii)
cases with the disease incorrectly classified as negative (False negative) (iii) cases with no disease
correctly classified as negative (True negative) and (iv) cases with no disease incorrectly classified
positive (False positive). With a ROC curve, the true positive rate (Sensitivity) is plotted on the Y-
axis against the false positive rate (100-Specificity) on the X-axis for different cut-off points of a
variable (e.g., continuous gene expression values) creating a sensitivity/specificity pair for a
particular threshold. The specificity/sensitivity pair that gives the highest area under the curve
(AUC), best distinguishes true positives from false positives. A perfect ROC curve passes through
the upper left corner (100% sensitivity, 100% specificity) (Figure 1.7). For this study, AUC was

determined using the method of DeLong et al. (DeLong et al., 1988).

288



A.1.2 Chi-squared analysis and Fisher’s exact test

These two analyses are employed to interrogate the correlation between two categorical
variables. The chi-squared analysis assumes a null hypothesis and employs the following equation

to determine the differences between the expected and observed frequencies.

2 _ Z (fo_fe)2
X= fe

Where f, is the observed frequency, and fe. is the expected frequency if there is no difference

between the variables. The chi-squared analysis gives more accurate results with larger sample
sizes. Fisher’s exact test produces 2 x 2 frequency tables and employs the following formula, and is
usually more suitable for smaller sample sizes.

) n!(N-n)!R!(N-R)!
~ r!l(n-r)!(R-r)!(N-n-R+1)! N!
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Figure A.1 Distribution of marker expression values for disease-recurrence and utility of ROC
analysis A. In the context of disease-recurrence, marker values overlap, giving rise to false
positive and false negative results.TN (true negative), FN (false negative), FP (false positive) and
TP (true positive) B. ROC curve provides a determination of the best cut-point based on the
best combination of sensitivity/specificity pair.



Where N is the total sample size, n is the sample size for the first group, r is the number of

positive outcomes for the first group and R is the total number of positive outcomes.

A.1.3 Kaplan-Meier survival curves and log-rank test

In order to estimate the individual association of ‘high’ or ‘low’ gene/protein expression
levels of candidate variables (e.g., BIK, BCL-2, ATG-5) with disease recurrence or death, Kaplan-
Meier survival curves are plotted, and comparisons between the two survival curves are made
using the log-rank test. In this study, Kaplan-Meier survival curves measure the follow-up time
from the time of breast cancer diagnosis to the detection of recurrence or death in relation to a
specific variable. Variables are dichotomized into a categorical form (o=low, 1=high) using ROC
curve analysis as described earlier. The following explanation considers recurrence as an event
and describes how the disease-free survival is calculated. The KM survival curve is plotted as
cumulative survival S (t) vs. time t (Bewick et al., 2004). S (t) is defined as the observed fraction
surviving at least to time t. In order to calculate S (t), the proportions surviving for individual time

periods (e.g., pu, Pr2, Pt3, €tc.), is calculated by the following equation (Bewick et al., 2004):

Where p, is the proportion surviving till time t, r; is the number alive at the beginning of a specific

time period and d; is the number of recurrences within that time period. Now cumulative

proportion surviving S (t) is calculated by the following equation (Bewick et al., 2004):

S (t)= pu X Ptz X Pt3 X... X Pt
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Cumulative proportions surviving against the specific survival time is plotted to get a typical
stepped survival curve. Statistical significance between the two curves is determined using the log-
rank test which assumes a null hypothesis, meaning that there is no significant difference between
the two curves. It calculates this by considering the observed number of events compared to the

expected number of events using the following equation (Bewick et al., 2004).

(01' E1)2 (Oz 'E2)2
+

2 (1 k)=
x> (logrank) E £

Where the O1 and O2 are the total number of observed events in groups 1 and 2, respectively, and
E1 and E2 are the total numbers of expected events. E2 (expected number of events for group 2) is

calculated by the following equation (Bewick et al., 2004):

Where 1»; is the number alive from group 2 at the time of event i, di is the number of deaths at
specific time t, ri is the total number alive. E1 can be calculated by n - E2 where n is the total
number of events. In this study, 5-years disease-free or overall survival of the patients were
calculated using the above-described methods using a statistical program called MedCalc Version
17.9.6 (MedCalc Software bvba, Ostend, Belgium; http://www.medcalc.org; 2017). Patients lost to
follow-up before 5-years were censored and indicated with a small vertical line on the Kaplan-

Meier survival curves.

A.1.4 Cox regression analysis
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Cox regression analysis is used to determine associations of the individual as well as
multiple variables with patient prognosis. Cox regression measures the instantaneous risk of an
event (e.g. death) occurring and assumes that this risk remains proportional in the two groups
throughout the time. It utilizes the following equation (Bewick et al., 2004) to compute the

hazard:

In h(t)= In ho(t) + bi x; +...+ bpxp

Where h(t) is the hazard time t; x;, X....Xp are the explanatory variables (e.g., mitotic grade, ER
status, BIK, etc); and ho(t) is the baseline hazard when all the explanatory variables are zero. The
coefficients b, b,...bp are calculated from data using a statistical program. For multivariate
analyses in this study, a Stepwise model was used which sequentially enters individually
significant variables and checks to see and remove the variables that become non-significant after
each sequential addition (Christensen, 1987). Using this method, the dependence of variables on
each other can be determined. All calculations were done using the MedCalc Version 17.9.6

program (MedCalc Software bvba, Ostend, Belgium; http://www.medcalc.org; 2017).
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