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Abstract

Triple-negative breast cancer (TNBC), is an aggressive and metastatic variant that lacks relevant
treatment-targeted receptors. In addition, resistance to cytotoxic chemotherapeutic drugs is a
common attribute of these cells, although little is known about how it is acquired. My hypothesis
is that “Anastasis”, a reversal of end-stage apoptosis demarked by caspase-3 (Cas3) cleavage
plays a role in drug resistance and cancer progression. Anastasis has been observed in many cell
types, including cancer, however, its role in response to apoptotic stimuli is poorly understood,
especially concerning its induction by clinically relevant chemotherapy agents. To test the above
hypothesis, I used a GFP-tagged Cas3 reporter in order to measure DEVDase (pro-caspase)
activity, indicating the level of Cas3 activation indirectly. This allowed for the selection of
living, apoptotic cells using fluorescent activated cell sorting (FACS), whereby post-anastatic
cells survived chemotherapy-induced apoptosis upon drug removal. While these cells do not
appear phenotypically different, it was shown that they are more resistant to the original
treatment, possess increased DNA damage, are more invasive, migratory, and metastatic, as well
as more metabolically robust. Mechanistically, I determined that these cells produce a truncated
caspase-3 isoform (Cas3s) that prevents apoptosome assembly early in the recovery stages of
anastasis and long after its completion. Additionally, levels of native Cas3 remained unchanged
during recovery and a decrease in Cas3 activation was observed upon treatment. Furthermore, a
phenotypic characteristic of the post-anastatic cells revealed a significant up-regulation of
epithelial-mesenchymal transition (EMT) and hypoxia stress markers. Inhibition of one of the
up-regulated proteins, integrin-linked kinase (ILK) resulted in re-sensitization to chemotherapy
iii

treatment, a decrease in migration, as well as a dampening of the enhanced metabolic activity.
These findings support a potential role for anastasis as a novel mechanism for resistance in
TNBC and provides mechanistic insight into its role in tumor cell biology, that which has not
been previously described.
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Lay Summary

Breast cancer (BC) arises when a cell’s DNA becomes damaged, leading to changes in activity
within the cell. BC subtypes have unique characteristics that can be exploited through the
application of different clinical treatments, however, triple-negative breast cancer (TNBC) is
aggressive and difficult to treat as it lacks these specific therapeutic targets. Moreover, TNBC
recurs at high rates in previously diagnosed patients and is often resistant to treatment, often in
cases where it has spread to distant sites in the body. Cancer cells that spread from one area of
the body to another undergo a structural change, allowing them to become more migratory and
invasive. It is proposed that a reversal in the cell-death program, initiated in times of extreme
stress or damage, can cause further changes to the cancer's DNA; leading to a decrease in
treatment responsiveness. This research has identified potential targets for reversing drug
resistance and provides new insight into the mechanism through which drug resistance
propagates in TNBC.

v

Preface
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Chapter 1: Introduction

1.1

Breast Cancer

Breast cancer (BC) is one of the most prevalent cancers among Canadian women and is the
second leading cause of death among these women (Canadian Cancer Society, 2019). It is
estimated that in 2017, 26,300 women were diagnosed, and 5,000 women succumbed to the
disease (Canadian Cancer Society, 2019). BC comprises many subtypes that begin formation in
the duct of the breast tissue, which can migrate into the glandular tissue and typically go on to
metastasize to exterior regions including the lymph nodes, lung, liver, and the bone marrow
(Weigelt, B. et al., 2005).

1.1.1

Classification of subtypes

BC tumors are heterogeneous cellular landscapes with varying molecular profiles that determine
a patient’s outcome and response to different available clinical therapies (Weigelt et al., 2008).
BC can be classified by its genetic profile, the tissue type/origin, and the pattern of growth in the
breast tissue. From a physiological viewpoint, there are two major classifications: invasive (in
situ) and non-invasive. Non-invasive ductal carcinoma in situ (DCIS) propagates and remains in
the duct where it originated, and accounts for 20% of all breast cancers diagnosed (Muggerud et
al., 2010). Cases of DCIS are associated with a more favorable outcome, however, regrettably
there is a 50% chance it will transform into an IDC, an event that is especially prevalent in cases
of relapse (Muggerud et al., 2010). The molecular classification of DCIS includes luminal A and
1

B, basal-like, normal-like, estrogen receptor (ER)-negative, ER-positive, progesterone (PR)negative, high-grade, and HER-2-positive (Muggerud et al., 2010). Invasive ductal carcinoma
(IDC), as the name suggests, invades out of the duct of origin, into the surrounding breast tissue,
comprising 50-80% of all cases diagnosed (Weigelt et al., 2008). This can be broken down
further into other subcategories as seen in Figure 1.1. The molecular classification of IDC
includes subtypes such as human epidermal growth factor receptor-2 (HER-2) positive, a
tyrosine kinase; luminal, and basal-like (Weigelt et al., 2008).

The genetic and molecular profiles of BC are typically evaluated using receptor status and the
presence of specific genetic mutations, which may be hereditary or autosomal in origin. The
most common genetic mutations can be found in Table 1.1. Genetic mutations in BC and many
cancer types are most commonly oncogenes or tumor suppressors that regulate genome stability
and cellular growth (Lodewyk F. A. et al., 2002; Saal, L. H. et al., 2008; Hu, X. et al., 2009). The
most common receptors considered for treatment purposes are hormonal, such as estrogen and
progesterone, and HER-2 status. The status of these receptors not only dictates the type of
treatment used but a tumor’s response to it, as well (Hu, X. et al., 2009; Dunnwald, L. K. et al.,
2007). As a result, receptor status can predict the aggressive nature of a molecular and
histological cancer subtype.

2

Figure 1.1 Molecular subtypes of breast cancer and their associated histological subtypes.
(A) Image depicting the anatomy of the breast and how that relates to the molecular and
histological classification of breast cancer. (B) Table depicting the main characteristics of
previously established molecular subtypes of breast cancer. (C) Table depicting the link between
molecular and histological subtypes. Figure is modified from “Breast Cancer – McMaster
Pathophysiology Review” and “Refinement of breast cancer classification by molecular
characterization of histological special types” (Wong, E et al., 2012; Weigelt, B et al., 2008).

3

Table 1.1 Common breast cancer oncogenes and tumor suppressors

Data supplied from (Osborne, C et al., 2004; Lee, E et al., 2010).
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1.1.1.1

Triple-negative breast cancer

While treatment has advanced in the last 30 years by providing therapies that better target
varying molecular profiles, triple-negative breast cancer (TNBC), comprising 12-24% of all BCs
diagnosed, still carries with it a very poor prognosis (Bosch, A. et al., 2010; O’Reilly, E. A. et
al., 2015; Chang, A. et al., 2011). TNBC is defined as a basal-like subtype of breast cancer, due
to its similarity to cells outside of the lumen and in the surrounding glandular tissue. TNBC,
characterized by tumors that are ER-negative, PR-negative, and HER-2-negative, is particularly
aggressive and often metastatic. It is exceedingly challenging to treat as it lacks all abovementioned therapeutic targets, is often chemoresistant, and often recurs at a high-rate in
previously diagnosed patients (Bosch, A. et al., 2010; O’Reilly, E. A. et al., 2015; Chang, A. et
al., 2011). Therefore, it is critical to investigate the key players of the tumor microenvironment
in order to understand how this affects treatment response.

1.2

Tumor microenvironments

Tumors are a bionetwork of cells that not only interact with each other but also with their
environment, making it a dynamic and heterogeneous landscape. In order to maintain
homeostasis and propagate in a hostile environment, tumor cells must be able to respond to
internal and external stressors accordingly. The tumor microenvironment describes the discreet
niches within the tumor, consisting of different immune cell landscapes, blood vessels,
metabolism, cell type, oxygen tension and nutrient availability (Figure 1.2). All of this in
combination dictates how a tumor behaves and responds to therapy (Kenny, P. A. et al., 2007;
5

Mbeunkui, F., & Johann, D. J., 2009; Fukumura, D., & Jain, R. K., 2007). Major changes in the
cytoskeletal and transcriptional machinery is one way a cell may adapt to a hostile environment.

Figure 1.2 Heterogeneous and dynamic nature of the tumor microenvironment
Schematic depicting the potential factors that can influence the tumor landscape, including
hypoxia, metabolism, epithelial-mesenchymal transition (EMT), angiogenesis, and immune cells.
Figure adapted from “The role of tumor microenvironment in resistance to anti-angiogenic
therapy” (Ma et al., 2018).
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1.2.1

Epithelial-mesenchymal transition and metastasis

Epithelial-mesenchymal transition (EMT) is an essential mechanism that transpires in a regulated
manner to drive events such as gastrulation, organogenesis, and tissue repair; playing a pivotal
role not only during embryogenesis but throughout life as well (Liu, T. et al., 2010; Tam, P. P.
L., & Behringer, R. R., 1997; Yang, J., & Weinberg, R. A., 2008; Kalluri, R., & Weinberg, R.
A., 2009). However, EMT is also a method by which cancer cells lose their polarity, become
more spindle-like, and take on more migratory and invasive behaviors (Fig. 1.3) (Timmerman, L.
A. et al., 2004). In fact, it is believed to facilitate their progression into new microenvironments,
though EMT is not exclusively required for metastasis to occur (Fischer, Kari R. et al., 2015;
Creighton, C. J. et al., 2010).

Metastasis is a mechanism that propels cells from a primary tumor to a new, secondary site
where a new tumor may form (Fischer, K. R. et al., 2015; Mehlen, P., & Puisieux, A., 2006). It is
associated with poor patient outcome, causing the 5-year survival rate to drop from 90% to a
staggering 20%; in fact, 90% of therapies fail to treat metastatic cancer due to chemoresistance
(O’Reilly, E. A. et al., 2015; Fischer, K. R. et al., 2015). Moreover, genes that drive EMT show
an increased presence in invasive and metastatic breast cancer, and as a result, they are
potentially implicated in the acquisition of resistance (Fischer, K. R. et al., 2015; Cheng, G. Z. et
al., 2007).

EMT is a process that requires a shift from a keratin-rich matrix to one abundant in the protein
filament vimentin, the cytoskeletal composition of mesenchymal cells (Hinoshita, E. et al.,
7

2000). E-cadherin, an adhesion molecule found in epithelial cells, decreases when an EMT event
occurs, and its suppression is driven by transcription factors such as, snail, slug, twist, and the
protein vimentin ((Singhai, R et al., 2011; Cheng, G. Z et al., 2007). One regulator of these
transcription factors is integrin-linked kinase (ILK), a focal adhesion protein involved in
modulating multiple signal transduction pathways that has been shown to mediate the
suppression of e-cadherin through the transcription of snail (Cheng, G. Z. et al., 2007, Serrano, I.
et al., 2013). Lastly, twist, a helix-loop transcription factor, promotes the invasive and migratory
behaviors associated with EMT; furthermore, twist has been linked to the heightened expression
of endothelial growth factors (EGF), angiogenesis, chromosome instability, and metastasis.
Twist has also been implicated in the acquisition of paclitaxel resistance in BC, although it is not
known how this occurs (Fischer, K. R. et al., 2015; Martin, T. A. et al., 2005). Interestingly, twist
is not only found to be a downstream player in EMT but also in the downstream regulation of
hypoxia.

8

Fig. 1.3 Mechanism of epithelial mesenchymal transition (A) Prior to an EMT event,
epithelial cells (left) possess tight-junctions and present with apical-basal cellular structure. The
cells can transition to either a partial EMT (center) where some intercellular interactions are
maintained, to a full EMT where cells are completely mesenchymal (right). (B) Figure is
modified from “New insights into the mechanisms of epithelial–mesenchymal transition and
implications for cancer” and “Epithelial-mesenchymal transition in development and cancer:
Role of phosphatidylinositol 3′ kinase/AKT pathways” (Dongre, A., & Weinberg, R. A., 2009;
Larue, L., & Bellacosa, A., 2005).
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1.2.2 Tumor Hypoxia

The tumor microenvironment is a dynamic ecosystem due to diverse variables such as cell
growth which can lead to nutrient depletion and the occlusion of blood vessels, all of which can
contribute to fluctuations in oxygen availability (Albini, A., & Sporn, M. B., 2007; Detlev G. et
al., 2006). Specifically, tumor’s possess mechanisms that allow it to exist under varying oxygen
levels. Hypoxia is experienced in tissues with an oxygen tension of 5% or lower, whereas
normoxia is described as having an oxygen tension between 10-21% (Detlev G. et al., 2006).
Hypoxia occurs when a tumor exceeds its blood supply and glucose consumption, resulting in
oxidative stress that in turn alters the physiology of the tumor, and therefore, its gene expression
as well (Brown, N. S., & Bicknell, R., 2001). It is important to note that hypoxia is not delimited
to cancer, as it is seen in the other structures such as the bone marrow and the small intestine.
However, its relevance in cancer physiology is due to the fact that the response genes essential
for metabolic adaptation, in hypoxia, are strongly correlated with poor prognosis and tumor
aggressiveness (Kim, Yuri et al., 2009; Tan, E. Y. et al., 2009).

HIF1-α, a subunit of the transcription factor HIF, plays a role in regulating glycolytic enzymes,
angiogenesis, tumor invasiveness, and metastasis (Ilie, M. et al., 2013; Mirzoeva, S. et al., 2008;
Ullah, M. S. et al., 2006). Additionally, HIF1-α mediates the export of lactic acid from the cell
through MCT4, a transporter that couples lactate with a proton (Ullah, M. S. et al., 2006;
Supuran, C. T., 2008). Lactate transport is an essential function in glycolytic tissue and
especially in hypoxic microenvironments in order to ensure that glycolysis continues, and it has
been shown that HIF1-α is directly involved in the development of cancer and apoptosis (Ullah,
10

M. S. et al., 2006; Minet, E. et al., 2000). There is increasing evidence that the transcription
factor complex HIF-1α, typically stabilized under hypoxic conditions, is now being more
frequently investigated under normoxic conditions due to its presence in a variety of cancers,
though the PI3-kinase (PI3K) pathway and other uncharacterized pathways (Tan et al., 2004;
Saramäki, O. R. et al., 2001). Moreover, there is also a lot of research indicating the intersection
of HIF expression and EMT events through the direct binding of the twist promoter by HIF, that
which up-regulates its transcription and translation (Yang, M.-H. et al., 2008). In fact, there is
new evidence supporting HIF1-α’s involvement in extra-cellular membrane (ECM) degradation
and invasion in a variety of cancers in normoxia (Yang, M.-H. et al., 2008). Lastly, previous
studies demonstrate HIF-1α promotes chemoresistance in prostate cancer under normoxic
conditions (Saramäki, O. R. et al., 2001). Due to the extensive ties between both EMT and
hypoxia and their suspected involvement in chemoresistance, it makes them interesting targets
for interrogation.

1.3

Chemotherapy and chemoresistance

The medical history pertaining to the development of chemotherapy is very interesting; having
first been discovered during WWII when scientists noticed that mustard agents depleted the
white blood cell counts of soldiers (DeVita, V. T., & Chu, E., 2008). Today, chemotherapy is
vital for treating a variety of cancers; its formulation depending on the stage, type,
metastasis/receptor status, and previous cytotoxic exposure of a patient (Canadian Cancer
Society, 2019). Clinically relevant drugs for BC treatment include: doxorubicin, docetaxel,
gemcitabine, paclitaxel, and cisplatin (Canadian Cancer Society, 2019). Chemotherapy agents are
11

classified depending on their mechanism of action; for example, paclitaxel is a mitotic inhibitor
that blocks microtubule depolymerization by binding the inner wall of β-tubulin, causing mitotic
arrest (O’Reilly, E. A. et al., 2015; Zhang, J. et al., 2013). Alternatively, cisplatin is classified as
a DNA alkylator and functions by reacting with purines, forming intra-strand crosslinks,
subsequently kinking the DNA and interfering with DNA repair machinery, thereby inducing
apoptosis (O’Reilly, E. A. et al., 2015; Horwitz, S. B., 1994).

Chemoresistance occurs when cancer cells maintain viability during cytotoxic therapy, and it
may be innate or acquired, such that chemotherapy exposure and varying gene expression can
lead to its development (Bosch, A. et al., 2010; O’Reilly, E. A. et al., 2015). This may be caused
by a dysregulation of genes and variety of mechanisms including: efflux pumps, such as pglycoprotein (MDR1) and MRP3 which prevents cytotoxicity in cells by removing the
chemotherapy drug from the cytosol. Efflux pump expression may be inherent in a given celltype or induced by the chemotherapy treatment (Modok, S et al., 2006). Mitotic checkpoint
mutations result in the dysregulation of chromosome segregation during mitosis, frequently the
result of chromosome instability, leading to events such as aneuploidy (Cahill, D. P et al., 1998).
Enhanced DNA repair mechanisms are especially relevant, considering clinical therapies such as
cisplatin function to damage DNA. In order for a cell to maintain genomic integrity, it must be
able to repair the damage caused by cytotoxic agents, using a combination of homologous and
non-homologous repair mechanisms (Rocha, C. R. R et al., 2018; O’Reilly, E. A. et al., 2015).
Lastly, inhibitors of apoptosis (IAPs) are proteins that regulate caspase activity, metastasis, and
cell invasion. This is due to a dysregulation of IAPs such as, cIAP1, cIAP2, and XIAP, resulting
in resistance to apoptotic stimulation, making it vital for tumor survival (Gyrd-Hansen, M &
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Meier, P., 2010). Research has established a significant amount of information concerning the
mechanisms underlying chemoresistance, however despite this, treatment of TNBC remains a
clinical challenge. Therefore, understanding how cells avoid apoptosis upon exposure to
chemotherapy is of vital importance in order to better understand pre-existing and novel
mechanisms propagating chemoresistance.

1.4

Apoptosis

Apoptosis, a cellular grim-reaper, drives programmed cell death in order to dispose of cells that
are damaged, nonessential, or anomalous (Green, D. R., 2019; Sun, G. et al., 2017; Tang, H. M.,
& Tang, H. L., 2018; Lam, H. et al., 2011). Apoptosis originates from the Greek word
“ἀπόπτωσις” meaning falling off, referencing the production of apoptotic bodies that separate
from a fragmenting cell (Duque-Parra, J. E., 2005). Progression through the pathway leads to a
series of events including, mitochondrial fragmentation, caspase activation and DNA damage,
followed by cell death (Green, D. R., 2019; Sun, G. et al., 2017; Tang, H. M., & Tang, H. L.,
2018; Lam, H. et al., 2011). Dysregulation of apoptosis can result in many diseases, including
cancer, therefore homeostasis plays an important role even in the fine balance of death and
survival-mediated pathways. Apoptosis plays a vital role in a variety of life stages, from as early
as embryogenesis throughout the rest of our physiological life.

Phenotypic hallmarks of apoptosis are well-conserved and described in multi-cellular organisms,
including cell shrinkage, membrane blebbing, apoptotic body formation, and chromatin
condensation. Apoptosis can be broken down into early and late stages dependent on the
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activation of different proteins, including the alleged delineation between the uncommitted and
committed steps, which will be addressed later.

1.4.1

Intrinsic and extrinsic apoptotic pathway

Apoptosis can be activated through two distinct pathways dubbed “extrinsic” and “intrinsic”
(Fig. 1.4). The activation of the extrinsic pathway relies on the stimulation of an extracellular
death-receptor, TNF, leading to subsequent cascade initiation (Putcha, G. V. et al., 2002). While
the activation of the intrinsic pathway results in the release of cytochrome c from the
mitochondria after an apoptotic stimulus has been detected (Putcha, G. V. et al., 2002). In the
end, both result in the cleavage and subsequent activation of caspases that lead to the terminal
phase of apoptosis, death. It is also documented that on occasion there is communication
between the two sub-pathways, where early products of the extrinsic pathway enhance
mitochondrial membrane permeability (MOMP) leading to the eventual release of cytochrome c
(Putcha, G. V. et al., 2002).

Prior to the activation of executioner caspases, pro-caspases must be cleaved and activated. This
occurs through the binding of pro-caspase 9 to the APAF-1/cytochrome c complex (Végran, F. et
al., 2011). Active caspase-9 is then able to recruit pro-caspase-3 resulting in its binding and
subsequent activation, producing fragments p58 and p10 (Tang et al., 1998). Caspases are
classified as cysteine-aspartate proteases, indicating a cysteine in the active site of the protease
nucleophilically attacks the site directly following an aspartate residue in the target protein,
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resulting in peptide bond cleavage. This results in the formation of the apoptosome, a
heterodimer that results in the progression of end-stage apoptosis.

Fig. 1.4 Extrinsic and intrinsic activation of apoptosis in mammalian cells. Schematic
depicting the complex molecular mechanisms through which apoptosis progresses, with their
pro-survival counterparts depicted, all of which intersect at executioner caspase activation
leading to cell death. Figure is modified from “Anastasis: recovery from the brink of cell death”
(Tang, H. M., & Tang, H. L., 2018).
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1.4.2

Role in the development of cancer and therapy

The dysregulation of apoptosis can have many dire effects on an organism’s overall health,
including but not limited to the development of cancer. Alterations can occur along many
avenues in order to falter the pathway’s finely tuned mechanism. This includes mutations in
BCL2 family proteins, apoptosome defects, alterations in death receptor pathways, tumor
suppressor inactivation, and changes in caspase activity (Favaloro, B. et al., 2012; Bedi, A. et al.,
1995; Liu, K.-Q. et al., 2012). Additionally, an inability to activate apoptosis can not only lead to
disease development, but also the acquisition of chemoresistance in an already established tumor.
The link between the inhibition of apoptosis and deviations in executioner caspase levels is wellestablished, however, research has produced conflicting results. Both the increased and
decreased presence of executioner pro-caspases is correlated with poor prognosis. A potential
explanation for this discrepancy is the distinction between pro- and non-apoptotic activity of
caspases and the isoform present (Hu, Q et al., 2014; Flanagan, L et al., 2016; Huang, H et al.,
2010). Never less, it is clear that the inhibition of apoptosis serves a potential role in the
acquisition and maintenance of chemoresistance, therefore, understanding the mechanism behind
this inhibition must be investigated further.

1.5

Anastasis

It has long been believed that cells become committed to the apoptotic pathway once executioner
caspases are activated, effectively sealing their fate (Lam, H. et al., 2011; Sun, G. et al., 2017b).
However, in recent years this theory has been challenged by research showing that given the
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opportunity, a subpopulation of cells are able to revert back to a pre-apoptotic state; in a new
mechanism coined “anastasis”, originating from the Greek word “aνάσταση”, meaning “rising to
life” (Lam, H. et al., 2011; Sun, G. et al., 2017b). As cells progress down the apoptotic pathway,
they acquire additional genetic anomalies, leading to chromosome instability; however, when
anastasis occurs, a small portion of these cells can survive and go on to function relatively
normally, though there is increasing evidence that not all genetic aberrations are repaired (Tang,
H. M., & Tang, H. L., 2018).

1.5.1

Potential role of anastasis in cancer development and chemotherapy treatment

As previously mentioned, anastasis results in the increased presence of newly acquired genetic
aberrations or the dysregulation of signaling pathways through post-transcriptional mechanisms.
It is possible that cancer cells having been exposed to chemotherapy could be inherently more
resistant in comparison to those that have not undergone anastasis as a result (Lam, H. et al.,
2011). Furthermore, this has the potential to shed some light on the observed increase in cancer
risk in individuals with repeated tissue damage. Repetitive tissue damage, as seen in
gastroesophageal reflux disease (GERD) for example, results in a higher incidence rate of
esophageal cancer compared to those who do not suffer from the disorder. If these cells are in
fact undergoing anastasis, this could be leading to the observed oncogenic transformation
through the repeated interruption of apoptosis, suggesting that perhaps anastasis is carcinogenic
(Lam, H. et al., 2011; Sun, G., & Montell, D. J., 2017a).
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It is known that caspases can possess non-apoptotic roles and is observed frequently in human
physiology during events such as, sperm maturation and neuronal dendritic remodeling (Ertürk,
A. et al., 2014; Tang, H. M., & Tang, H. L., 2018; Sun, G., & Montell, D. J., 2017a). The major
difference between apoptotic and non-apoptotic caspase-activation observed under normal
conditions is the tight-regulation of caspase activity levels and its location within the cell,
effectively limiting the cell’s exposure. It has also been described to transpire in a timedependent and regulated manner during discreet periods of an organisms’ development, however
how the cell is able to regulate the level of activity and its localization under these circumstances
remains a mystery (Sun, G., & Montell, D. J., 2017a).

1.5.2

Transcriptomic signature of anastasis

Presently, there is very little research demonstrating the mechanism behind which anastasis
propagates. However, Dr. Denise Montell’s research has revealed that anastasis can be subdivided into two stages: early and late stage anastasis. Changes in transcriptional signatures are
evidence of this progression and demonstrate that anastasis is an active process, rather than a
passive one (Sun, G., & Montell, D. J., 2017b). Interestingly, prior to the removal of an apoptotic
stimulus, transcriptional upregulation of markers involved in cell proliferation, stress response,
cell-cycle re-entry, and transcription are observed, allowing for translation of mRNA and rapid
recovery once anastasis is initiated (Sun, G., & Montell, D. J., 2017b). One of the transcripts that
is up-regulated and necessary for survival is Snail. As previously described, Snail plays a role in
mediating EMT, and in addition to this, it has been shown to be protective against apoptosis
(Wan et al., 2015). The above-mentioned study has shown that knocking-down Snail
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significantly reduces the ability for cells to survive executioner caspase activation. In addition to
this, late stage is demarked by the activation of genes involved in translation, the spliceosome,
RNA transport, ribosome biogenesis, and protein processing, all of which indicate the reinitiation of translation (Sun, G., & Montell, D. J., 2017b).

Lastly, anastasis has been shown to be distinct from other cellular survival pathways, such as
autophagy. While both contribute to cell survival, the transcriptional signature for the two
pathways is distinct (Sun, G., & Montell, D. J., 2017b). In addition to these findings, while cells
having undergone anastasis were shown to be more migratory, cells having initiated autophagy,
in response to amino acid starvation, were not. Therefore, the molecular and behavioral markers
of anastasis and autophagy are distinct.

1.5.3

Surviving caspases-3/7 activation

Anastasis is not delimited to cancerous cells, in fact, it has been observed in many cell types,
ranging from cardiomyocytes to neuronal cells (Lam, H. et al., 2011; Tang, H. M., & Tang, H.
L., 2018; Sun, G., & Montell, D. J., 2017b). As a result, it is believed this is an evolutionarily
conserved phenomenon that serves the purpose of saving cells from death. However, why it
would be better to save potentially damaged cells is not completely clear, though this certainly
brings to light a new awareness of the homeostatic mechanism between life and death. There is
speculation that this mechanism is important for safeguarding senescent cells, such as neurons in
the central nervous system (CNS) and cardiomyocytes. Another point of contingency is that
anastasis may drive stress-induced genetic diversification, allowing cells to survive in the
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presence of what was originally an apoptotic stimulus. Lastly, cells may be able to regress from
their apoptotic state due to the alleviation of cellular stress, which could be a result of cell death
in nearby cells, increasing the concentration of available nutrients and other essential
biomolecules in an otherwise deficient environment (Sun, G., & Montell, D. J., 2017a). This
could also be due to the dynamic tumor landscape that results in changes to the
microenvironment. This has been referred to as “developmental anastasis” and has been
observed in different larval developmental stages of Drosophila melanogaster (Sun, G., &
Montell, D. J., 2017a).

1.5.3.1

Detecting anastasis

Anastasis is difficult to detect as there are no established biomarkers for cells having gone
through the process. At this moment in time the only way to distinguish cells that have
undergone anastasis is to label cells for executioner caspase activation during apoptosis in order
to observe a loss of activated caspase activity. The caspase 3 (Cas3) reporter used in this thesis
utilizes a cyclized protein with a DEVDG polypeptide domain that is cleaved by DEVDases
between amino acids D and G (Fig. 1.5). Once cleaved the protein complex can fold into a
functional conformation, thereby expressing GFP as indicator of end-stage apoptosis initiation
(Tang, H. M., & Tang, H. L., 2018). DEVDases are caspase-like proteases that cleave and
activate executioner caspases, thereby allowing for the indirect quantification of cleaved
caspases-3/7 in the cell (Tang, H. M., & Tang, H. L., 2018).
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Fig. 1.5 GC3AI reporter indicates caspase-3 activation during end-stage apoptosis.
Schematic depicting the mechanism of action through which DEVDases cleave and activate the
GFP-tagged Cas3 reporter protein; depicting the cyclized GC3AI Cas3 reporter cleaved when
DEVDases are present, allowing to take on its native conformation resulting in detectable
fluorescence.
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1.6

1.6.1

Hypothesis and Objectives

Hypothesis

By overcoming apoptosis, “Anastasis” contributes to tumor progression and drug resistance in
triple-negative breast cancer.

1.6.2

Objectives

This thesis has two major objectives.

1.6.2.1

Determine a phenotype for chemotherapy-induced anastasis in TNBC

When this project began, previous studies concerning anastasis had been exclusively conducted
on normal or cancerous cells induced to undergo apoptosis in the presence of ethanol or
staurosporine (Lam, H. et al., 2011; Sun, G. et al., 2017). However, studies had yet to explore the
effects of anastasis in cancer cells when exposed to clinically relevant chemotherapy drugs, such
as paclitaxel and cisplatin. Therefore, I sought to establish the effects of anastasis on the
phenotype of TNBC by generating BC cell lines that had undergone anastasis and comparing
their molecular phenotype to their wild-type (WT) counterpart. The first objective of my thesis
was to establish how anastasis affects a cell’s sensitivity to paclitaxel and cisplatin, the effect on
cell invasion and migration, as well as metabolic activity. Lastly, I wanted to compare the growth
kinetics, metastatic, and invasive propensity of these cells in vivo.
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1.6.2.2

Determine a mechanism by which anastasis prevents apoptosis

While previous research has provided significant evidence supporting the existence of anastasis,
there is very little known about the mechanism (Lam, H. et al., 2011; Sun, G. et al., 2017). The
second objective of my thesis was to understand the molecular events that take place in the early
stages of anastasis when a cell is recovering and how cells are capable of surviving lethal cas3
activation during end-stage apoptosis.
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Chapter 2: Materials and Methods

2.1

Cell culture, antibodies, and reagents

The MDA-MB-231 and HEK293t human cell lines were obtained from the American Type
Culture Collection (ATCC). The SUM159PT cells were provided by Dr. Sharon Gorski where
they were originally obtained from BioIVT. The MDA-MB-231 and HEK293t cell lines were
maintained in Dulbecco’s modiﬁed Eagle’s medium containing 25 mM glucose and 110 mg/L
sodium pyruvate (Gibco cat # 11995-065, Burlington, Ontario, Canada) and supplemented with
10% fetal bovine serum (FBS; Gibco, Burlington, Ontario, Canada), while the SUM159PT cell
line also required the addition of non-essential amino acids (1X NEAA), human insulin (5
µg/ml), and hydrocortisone (1 µg/ml). Cells were incubated in a humidiﬁed incubator at 37 °C
with 5% CO2. Cell lines were routinely tested for mycoplasma contamination using either the
LookOut Mycoplasma PCR detection kit (Sigma-Aldrich, Oakville, ON, Canada; Cat. No.
MP0035) or the MycoAlert Mycoplasma Detection kit (Lonza, Mississauga, ON, Canada).
Additionally, cell lines used in the manuscript have been authenticated using short tandem repeat
DNA proﬁling (DNA ﬁngerprinting) by a commercial testing facility (Genetica, Burlington, NC,
USA).

The mouse anti-ILK (Cat no. 611803), mouse anti-vimentin (Cat no. 550513) antibodies were
obtained from BD Biosciences (Mississauga, Ontario, Canada). The monoclonal rabbit antiSNAI1 (Cat no. C15D3), monoclonal rabbit anti-SNAI2 (Cat no. C19G7), monoclonal rabbit
anti-cleaved-caspase-3 (Cat no. 9664S), rabbit anti-PARP (Cat no. 9542S), and monoclonal
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rabbit anti-cleaved-PARP (asp214) (Cat no. 5625) were obtained from Cell Signalling
Technology Inc (Danvers, MA, USA). The polyclonal (C-term) rabbit anti-HIF1α (Cat no.
10006421) antibody was obtained from Cayman Chemical Company (Ann Arbor, MI, USA).
The polyclonal rabbit anti-caspase-3 (Cat no. 06-735) antibody was obtained from Upstate
Biotechnology Inc – now EMD Millipore (Temecula, CA, USA). The monoclonal mouse anti-βactin (Cat no. A5441) antibody was obtained from Sigma-Aldrich (St. Louis, MO, USA).

2.2

Generation of stable cell lines

2.2.1

Transduction of HEK293t with GC3AI packaged lentivirus

For the production of lentivirus containing the GC3AI plasmid, 2x104 cells/cm2 were plated in 6well plates and were incubated for 24 h. Plasmid master mixture included CMV-dr8.91
packaging plasmid (0.9 µg/well), VSV-G/pMD2.G envelope plasmid (0.1 µg/well), lentiviral
vector plasmid (1 µg/well), and OPTI-MEM (up to 125 uL), and was incubated at RT for 5 mins.
Subsequently, TransIT-LT1 reagent was diluted in OPTI-MEM (1:20) and incubated at RT for 5
mins. The plasmid master mix was added dropwise to the TransIT-LT1 reagent, and then
incubated for 30 mins. The mixture of reagents was added to HEK293t cells and incubate for
18h. Changed and replenished media and incubated for an additional 24h. Media containing
virus was then harvested and filtered through a 0.45 µm syringe filter and stored at -80 °C for
future use.
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2.2.2

Transfection of TNBC lines with lentivirus GC3AI Cas3 reporter

Cells were seeded at densities of 1-2x105 cells in 6-well plates and incubated for 24 h. A ratio of
1:400 viral media was added to DMEM media and 1X polybrene. Add transduction mixture to
cells and incubate for 24 h. Wash cells twice with 1X PBS, replenish growth media, and incubate
for 48 h. Select cells using 3 ug/ml Puromycin (Cat no. P8833-100MG, Sigma Aldrich) for 72 h.

2.3

Cell viability

Cells were seeded at 1-2.5x103 cells per well in 96-well, black/clear tissue culture plates (Cat no.
655097, VWR) and allowed to attach overnight. Treated with increasing doses of cisplatin (100
nM – 50 uM) and paclitaxel (1 nM – 50 nM) and incubated for 72 h. Cell titer glo © (Cat no.
G7572, Fisher Scientific/Promega) protocol previously described was used and luminescence
was measured in the Spectramax i3 plate reader (Molecular Devices).

2.4

Flow cytometry

1x106 cells were trypsinized and resuspended in FACS buffer (PBS pH 7.4 +3% FBS). Cells
were washed with cold PBS and then with 0.2 µm filtered 1X binding buffer (10X – 0.1 M
Hepes, 1.4 M NaCl, and 25 mM CaCl2), with the cells being centrifuged at 1200 rpm for 5 mins
after each wash and the supernatant being aspirated each time. The pellet was incubated in 1:50
annexin-V antibody (Cat no. 640906, Cedarlane) for 10 mins at 4°C, then was resuspended in
500 µl of FACS buffer containing 1:10,000 propidium iodide (Sigma-Aldrich, P4170). A
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minimum of 10,000 events were collected per sample using the BD LSR Fortessa II (BD
Biosciences, Mississauga, Ontario, Canada), and analyzed using the software FlowJo (FlowJo
LLC, Ashland, OR, USA). Gating for annexin-V signal was placed between the two cell
populations, at a signal fold-change of 103 – 104, consisting of negative and positive-annexin
cells, respectively.

2.4.1

FACS – fluorescence activated cell sorting

1x107 cells were trypsinized and suspended in FACS buffer (PBS pH 7.4 +3% FBS) and washed
in cold PBS twice, centrifuged at 1200 rpm for 5 mins after each wash, where the supernatant
was aspirated. The pellet was then resuspended in 1 mL of FACS buffer treated with 1:10,000
propidium iodide (Sigma-Aldrich, P4170) and stored on ice while not sorting. Sorting was
performed on the FACSAria III (BD Biosciences, Mississauga, Ontario, Canada), into 5 mL
FACS collection tubes that contained 2 mL of 1:1 media and FBS. Gating for positive cas3
signal was placed between the two cell populations, at a signal fold-change of 103 – 104,
consisting of negative and positive-GFP cells, respectively. Approximately, 3.4x104 cells were
collected per sample and subsequently centrifuged at 1200 rpm for 5 mins and resuspended in
100 µl of 1:1 ratio of media to FBS and pipetted into a single well in a 96-well clear plate
(VWR) and incubated, with frequent media changes. 2x104 events were collected per sample,
and were analyzed using the software FlowJo (FlowJo LLC, Ashland, OR, USA).
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2.5

Protein expression analysis

Cells were grown, in the above-mentioned incubation conditions, for 24 – 72 h to compare EMT
marker expression levels in both parental and post-anastatic cells under conditions that include,
untreated and treated with chemotherapy, followed by lysis at 4 °C in RIPA (50 mM Tris, pH
7.5, 150 mM NaCl, 1% NP-40, 0.1% SDS and 0.5% NaDoc). Equal amounts of lysate (5-80 μg)
were loaded onto SDS–PAGE gels. Western blots were performed as described previously (65),
with the addition of briefly fixing the membrane in MeOH and allowing to air dry before
incubating with primary antibodies, using mouse anti-ILK (1:10,000), mouse anti-vimentin
(1:5000), rabbit anti-SNAI1 (1:500), rabbit anti-SNAI2 (1:500), rabbit anti-HIF1α (1:1000),
mouse anti-Twist1 (1:100), rabbit anti-caspase-3 (1:500), rabbit anti-cleaved-caspase-3 (1:500),
mouse anti-cytochrome-c (1:300), rabbit anti-PARP (1:500), rabbit anti-cleaved-PARP (asp214)
(1:500), and mouse anti-β-actin (1:10 000) primary antibodies. All secondary antibodies were
used at 1:5000.

2.6

Time-lapse imaging (immunofluorescence)

Cells were cultured in 8-well chamber ibiTreat µ-slides (ibidi) overnight in order to reach 50%
confluency, then treated with cisplatin (12 µM) or paclitaxel (15 nM) and incubated for 18 – 24
h. Cells were then washed twice with 1X PBS and replaced with fresh media (supplementation
previously described). Cells were imaged at a magnification of 20X using a Colibri microscope
(Zeiss) imaging with an Axiocam MRC at 30 mins intervals in an incubation chamber at 37oC
and 5% CO2 and were processed using Photoshop CS5.1 (v12.1).
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2.7

Quantitative real-time PCR

Whole cell extracts were processed using the RNeasy mini kit (Cat no. 74104, Qiagen) and
stored at -80°C. cDNA was synthesized from RNA samples using the Iscript Advanced cDNA
synthesis kit for RT-qPCR (Cat no. 172-5037, Biorad) with a program on the T100 thermal
cycler (BioRad) of 20 mins at 46°C and 1 min at 95°C. 1µg of cDNA was pipetted into each well
of a 384-well MicroAMP® Optical Reaction Plate (Cat. 4309849, Thermo Fisher), along with
TaqMan fast advanced master mix (Cat no. 4444557, Thermo Fisher) and Taqman gene
expression assays (FAM) for the following human targets (Cat no. 4331182, Thermo Fisher):
Vimentin (Assay ID. Hs00958111_m1), ILK (Assay ID. Hs01101168_g1), SNAI1 (Assay ID.
Hs00195591_m1), SNAI2 (Assay ID. Hs00161904_m1), Twist1 (Assay ID. Hs01675818_s1),
HIF1α (Assay ID. Hs00153153_m1), GAPDH (Assay ID. Hs03929097_g1). Fast SYBR green
master mix was used alongside the PrimePCR SYBR Green Assay: human GAPDH (Cat no.
10025716, Biorad) and primer sequences of the caspase-3 locus (Thermofisher), amplified using
forward 5’-CTGGACTGTGGCATTGAGACA-3’ and reverse 5’-AGTCGGCCTCCACTGGTATTT-3’, and caspase-3s was amplified using forward 5’AGAAGTCTAACTGGAAAACCCAA-ACT-3’ and reverse 5’CAAAGCGACTGGATGAACCA-3’ (28). MicroAMP® optical adhesive film covered the wells
and the assay was performed using a Quant Studio 6 Thermocycler (Applied Biosystems). Data
was analyzed in GraphPad Prism v.8.0.
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2.8

Comet assay

Performed using the CometAssay Kit© (Cat no. 4250-050-K, Trevigen). Slides were imaged at
20X magnification, using a Colibri microscope (Zeiss) imaging with an Axiocam MRC. Data
was analyzed using a plug-in, developed by the Sterling lab, in ImageJ (v1.45s, National
Institutes of Health, Bethesda, MD, USA).

2.9

Wound-induced migration and invasion assays

A scratch-wound migration assay was performed using the IncucyteTM live cell analysis
instrument (Essen Biosciences). SUM159PT cells were plated (30,000 cells/well) in order to
form a monolayer in a 96-well ImagelockTM plate (Cat no. 4379, Essen Biosciences) and
incubated for 24 h. Proliferation of the cells was inhibited with 5 µg/ml Mitomycin C (Cat no.
M4287, Sigma) for 2 hours prior to making a wound in the monolayer. A WoundmakerTM tool,
consisting of 96-pins was used to create a uniform wound in every well. The wound was imaged
in brightfield every 2 h for a period of 24 h, with a Nikon Plan Fluor 10x/0.3 NA objective.
Migration was quantified as the percentage of wound filled in by the cells over the indicated
period of time.

Cells were incubated in serum-free media for 24 h, subsequently trypsinized and seeded into
Corning © BioCoatTM Growth Factor Reduced Matrigel Invasion Chambers with an 8.0 µm PET
membrane (Cat no. 354483, VWR). Media with 10% FBS and 100 ng/mL rEGF (Sigma-Aldrich)
was used as a chemoattractant. The cells were allowed to invade for a period of 18 h, after which
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the cells that had not invaded were carefully removed with a cotton-swab, taking care not to
touch the bottom side of the well. The invaded cells on the bottom of the well were carefully
fixed in 4% paraformalin in PBS, washed with dH2O, and then stained with Hoescht 33342 (2
μg/mL) for 10 mins. The stained wells were placed upon a glass slide with a small volume of
dH2O and were imaged in approximately 5 fields at 10X magnification, using a Colibri
microscope (Zeiss) imaging with an Axiocam MRC.

2.10 Mouse tumor models

All animal studies and procedures were performed in accordance with protocols approved by the
Institutional Animal Care Committee at the BC Cancer Research Centre and University of
British Columbia (Vancouver, BC, Canada). SUM159PT and/or SUM159PT/AC tumor cell lines
were inoculated into 14-week old female NSG (NOD.CB17-Prkdcscid/J-IL-2R-/-). Cells were
injected subcutaneously into the 4th mammary fat-pad. Mice were allocated to different groups
based on the cell lines that were injected, and the investigators were not blinded.

2.10.1 Growth kinetics

The sample size (n=10) per cell line, with n=8 going to end-point and n=2 harvested at 100 mm3.
No mice were excluded during the course of the study. Tumor sizes were determined via caliper,
mice were weighed, and clinical observations performed three times per week. Bisected tumors
and metastases were embedded for future IHC experimentation while the other half of the tumors
were flash frozen in liquid nitrogen and stored at -80oC for future western blot analysis.
31

2.11 Metabolic extracellular flux assay

2.11.1 Glycolysis stress test

Glycolytic activity was assessed using the glycolysis stress test kit (Cat no. 103200-100, Agilent)
in a Seahorse X96F Analyzer (Seahorse Bioscience, Agilent). Cells were seeded (5000/well) in
an XFe96 assay plate (Cat no. 101085-004, Agilent) and incubated overnight. During the course
of the experiment cells were exposed to 1 µM oligomycin, 10 mM glucose, and 100 mM 2-DG.
Capture of data was completed using the software Wave (Agilent), and was normalized to cell
number using CellTiter Glo © (Cat no. G7572, Fisher Scientific/Promega), previously described,
and analyzed using GraphPad Prism v8.0.

2.12 Statistical analysis

Statistical analyses were performed using GraphPad Prism v7.0 and v8.0. For comparison of two
data sets containing three or more replicates, a two-tailed, unpaired Student’s t-test with Welch’s
correction for unequal variances was performed. Statistical signiﬁcance was set at p≤0.05.
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Chapter 3: The role of anastasis in chemoresistance and metastasis

3.1

Tracking anastasis using the Cas3 reporter system

Anastasis has been previously identified in a variety of cell types, although its effects have never
been tested in cancer cells when using clinically relevant chemotherapy drugs as an apoptotic
stimulus. In order to identify and enrich for tumor cells that have undergone anastasis after
exposure to chemotherapy drugs, I established a protocol that would allow the collection of cells
poised for anastasis. To accomplish this, GC3AI, a cas3 reporter, was used to identify cells that
were in the end-stages of apoptotic cell death (Zhang, J. et al., 2013). The cas3 reporter is a
cyclized protein with the peptide region DEVDG that is recognized and cleaved by DEVDases, a
protease that activates executioner caspase-3/7 (Fig. 1.5). Once this peptide sequence is cleaved,
the protein may take on its functional conformation, allowing it to fluoresce green due to the
presence of a GFP tag. The level of GFP is therefore proportional to the levels of DEVDases and
consequently that of active cas3 in real-time in the cell (Zhang, J. et al., 2013). Therefore, the
process of anastasis was demarked by the disappearance of the GFP signal and the subsequent
return to a viable phenotype. This reporter allowed us to determine the exact moment a cell was
undergoing anastasis, in order to study its effect on the cancer cell’s response to chemotherapy
treatment. Apoptosis was initially detected by measuring annexin-V binding to
phosphatidylserine on the extracellular side of the plasma membrane (Fig. 3.1). Annexin-V was
used to determine the appropriate chemotherapy dose for the cells in order to induce apoptosis.
However, for sorting experiments the cas3 reporter was a much better indicator of anastasis, as
annexin-V does not confidently indicate late-stage apoptosis. The dose was chosen based on a set
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of flow cytometry experiments to observe the number of cells that entered apoptosis after
overnight treatment (Fig. 3.2). The dose that created the greatest increase in cell number while
limiting the drug exposure was selected. With reference to cisplatin, the doses of 10 µM, 20 µM,
and 50 µM were interrogated. The percentage of viable cells increased from 0.07% to 0.21%
between 10 and 20 µM, with no significant change at 50 µM. Therefore, a series of treatments
between 10-20 µM were performed and 12 µM was selected. The exact same experiment was
performed in order to determine the concentration of paclitaxel (15 nM).

The caveat when comparing chemotherapy dose given to a patient in a clinical setting versus to
cells in vitro, is the target availability of the drug. Chemotherapy accessibility in vitro is not a
concern, however, in patients, tumor characteristics and drug type can alter the efficacy of drug
delivery to the tumor. This is due to the rate of drug clearance, which varies between patients,
and the physical barriers of solid tumors, including: vascularization and blood flow, lymphatic
fluid transport and drainage, interstitial space accessibility, and tissue “stiffness”, the amount of
collagen, of the extracellular matrix (Hoon, J et al., 1985). Conventional cisplatin concentration
dose can range from 100-120 mg/m2 per week with the highest dose being 200 mg/m2 before
nephrotoxicity becomes a concern. Paclitaxel can be safely tolerated at 100 mg/m2 per week
(Corden, B. J et al., 1985; Kelly, W et al., 2001). Based on a 10 cm tissue culture plate, used
during this study, with a surface area of 0.0055 m2, clinically relevant doses of cisplatin and
paclitaxel would be 183 µM and 64 µM, respectively. Therefore, the dose administered to these
cells is far below what is provided in a clinical setting, however, this does not consider the
above-mentioned obstacles of drug availability.
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Next, the cas3 reporter was stably expressed in human TNBC cells by producing reportercontaining lentivirus particles in HEK293t packaging cells (transfection), with the subsequent
infection of SUM159PT and MDA-MB-231 cells with the lentivirus (transduction). The cells
were then selected using 3 µg/ul of puromycin, a concentration that was previously determined
by performing a kill-curve on the cells. FACS and immune-fluorescence (IF) imaging
demonstrated basal fluorescence in the cells, that when treated with paclitaxel or cisplatin,
exhibited a 10-fold increase of the GFP signal. In order to select for cells undergoing anastasis,
SUM159PT-Cas3 cells were cultured and treated with either paclitaxel or cisplatin for 18-24 h,
in order to induce executioner caspase activation, after which the chemotherapy agent was
removed (Fig. 3.3, 3.4 ii). The treatment incubation was chosen in order to maintain a living
population. After the 18-24 h treatment, cells were sorted using propidium-iodide (PI) (10
µg/mL), in order to distinguish living and dead populations, collected, and cultured in fresh
media with increased concentration of FBS until they began to proliferate normally (Fig. 3.4 ii).
Cells that were sorted and underwent anastasis were then imaged and did not possess any
observable phenotypic variances when compared to the parental cell line from which they were
developed (Fig. 3.4 i & iii). Together, these results support the ability for cells to not only
undergo anastasis but function and proliferate normally in the following weeks and months
activation of executioner caspases.
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Figure 3.1 Annexin-V binds phosphatidylserine on the extracellular surface of the plasma
membrane during early-apoptosis in the presence of a Ca2+. A schematic depicting the
display of phosphatidylserine on the ECM during the early-stages of apoptosis. Annexin-V
functionalized with FITC can then bind allowing for its detection during a flow cytometry
experiment. FITC has an excitation maximum of 490 nm and an emission maximum of 525 nm.
Figure adapted from Dojindo’s Annexin-V, apoptosis detection kit (Dojindo, 2019).
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Fig. 3.2 Determining cisplatin concentration for inducing anastasis in SUM159PT cells
using annexin-V as an indicator for early-stage apoptosis. Schematic depicting three FACS
derived graphs (top, middle, and bottom) with SUM159PT cells treated with 10 µM (top panels),
20 µM (middle panels), and 50 µM (bottom panels) of cisplatin. Annexin-V was quantified only
in viable PI-negative cells. The greatest percentage of gated (103 – 104 (Blue 530 – FITC signal))
viable cells with a positive annexin-V signal was determined to be between 10 – 20 µM as
described in the methods.
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Figure 3.3 Induction of anastasis in stably expressed Cas3 reporter cells lines. Schematic
depicting the stepwise induction of anastasis through the treatment and removal of paclitaxel and
cisplatin as described in the methods. GFP-positive cells indicate the presence of active caspase3 during end-stage apoptosis.

Figure

3.4

Identification and collection of apoptotic cells using a GFP-tagged Cas3 reporter for
fluorescence activated cell sorting. i. Images showing then parental SUM159PT-Cas3 cell line
prior to overnight treatment, with either paclitaxel or cisplatin, and FACS sorting. ii. FACS
diagram depicting the gating (103 – 104 signal fold-change), as described in the methods, of
varying signals (GFP and PI) captured from the SUM159PT-Cas3 cells treated for 18-24 h with
either paclitaxel (15 nM) or cisplatin (12 µM). PI-negative, GFP-positive cells were collected
during FACS sorting and plated in fresh media with an increased concentration of FBS. iii.
Images showing post-anastatic SUM159PT-Cas3 cells that have recovered from end-stage
apoptosis, with no observable phenotypic difference to the parental line prior to sorting.
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In addition to the above results, I was interested in observing the morphological changes of cells
undergoing apoptosis and anastasis in real-time, using IF colibri microscopy. Cells were cultured
on microscope compatible chamber slides, treated and then washed, as described above (Fig.
3.3). SUM159PT-Cas3 and MDA-MB-231-Cas3 cells were imaged at 30 mins intervals for a
minimum of 8 h, after washing away the chemotherapy agent, in order to observe anastasis
taking place (Fig. 3.5) as described for HeLa cells exposed to ethanol by Sun, G. et al., 2017.
During the period of imaging, cells were placed at 37oC and 5% CO2 to ensure optimal
conditions under which they normally grow in an incubator. GFP-positive apoptotic cells were
monitored in real-time and as time progressed one of two events were observed; the cell began to
re-adhere to the substrate, while the fluorescence disappeared, indicating a loss of cas3 activity,
while once again displaying a normal phenotype (Fig. 3.5 A, B, C (arrows)). On the other hand,
if the cell did not recover, it continued down the apoptotic pathway, presenting well described
hallmarks of apoptosis, including membrane blebbing and the production of apoptotic bodies
(Figure 3.5 A, B, C (arrow heads)) (Tomei, L.D. & Cope, F.O., 1991). It is important to note that
the apoptotic cells in some cases would lose their fluorescence simply due to the fact that the cell
would rupture or break into smaller apoptotic bodies. Therefore, the disappearance of the
fluorescence, must be observed in tandem with a normal morphological phenotype in order to
show anastasis has occurred.
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Figure 3.5 A cas3 reporter demonstrates a small number of cells are capable of surviving
end-stage apoptosis after the removal of chemotherapy and returning to a normal
phenotypic state. (A) Images of untreated and treated SUM159PT-Cas3 cells. Cells were treated
for 18 h before being washed and replenished with untreated media. Cells treated with 12 µM
cisplatin. Top panels depict a round, green cell that over time lays down flat and loses its
fluorescence. Bottom panels depict a round, green cell that overtime does not recover and shows
hallmark signs of apoptosis, such as membrane blebbing. Scale bar, 50 µm. (B-C) Images of
untreated and treated MDA-MB-231-Cas3 cells. Cells were treated for 18 h before being washed
and replenished with untreated media. (B) Cells treated with 100 µM cisplatin. Top panels
depict a fluorescent cell that is spread out, and overtime begins to migrate as the fluorescence
disappears completely. Bottom panels demonstrates a small round, green cell that appears to be
blebbing and producing apoptotic bodies as time passes. It does not recover. (C) Cells treated
with 25 nM paclitaxel. Top panels depict a cell with fluorescence contained in the nucleus, that
disappears as time goes and while the cell begins to spread out onto the substrate regaining a
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normal phenotype. Bottom panels show a very fluorescent, round cell that continues to shrink as
time goes on and it does not recover.

3.2

Anastasis contributes to chemotherapy resistance

Having successfully enriched for SUM159PT-Cas3 cells that had undergone anastasis through
the FACS collection of GFP-positive and PI-negative cells, I next wanted to determine if post
anastatic cells varied phenotypically, including whether there was any different in drug
sensitivity between the post-anastatic and parental SUM159PT cells. Cells were cultured and
treated with a dose-range of paclitaxel or cisplatin for 72 h, in order to assess the cell’s IC50 postanastasis. I observed a 2-fold increase in the IC50 when compared to the parental line treated with
cisplatin, suggesting that anastasis may play a role in the development of acquired
chemoresistance (Fig. 3.6A). In order to ensure the acquired resistance was not due to the
presence of efflux pumps, multi-drug resistance protein-1 (MDR1) was interrogated and not
found to be up-regulated in post-anastatic cells (Fig. 3.6 D-E). Lastly, a comet assay was
performed in order to identify potential changes in DNA damage, looking specifically at doublestranded and single-stranded DNA breaks. It was expected that the parental cells would already
possess a basal level of DNA damage, due to their malignant nature. Cisplatin-induced postanastatic cells showed a significant increase in double-stranded DNA breaks, but not singlestranded breaks (Fig. 3.6B, Fig. 3.6C, Fig. 3.6 G). This data considered the %tail DNA in the
comet tail, as this is a more reliable indication of DNA damage between data set replicates (Fig.
3.6 F).
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Fig. 3.6 Cells having undergone anastasis acquire resistance to cisplatin while exhibiting an
increase in double-stranded DNA breaks but not single-stranded breaks (A) Assessing the
viability of the parental and anastasis cell line upon exposure to cisplatin (500 nM – 50 uM).
Data shows the mean ± s.e.m. of technical replicates (n=4/cisplatin concentration) and are
representative of three separate experiments. **p≤0.01. (B) Comet assay analysis shows an
increase in double-strand DNA breaks in cells having undergone anastasis. Data shows the mean
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± s.e.m. of technical replicates (n=60/group) and are representative of three separate
experiments. **p≤0.01. (C) Comet assay analysis shows no difference in single-stranded DNA
breaks between the parental and anastasis cell lines. Data shows the mean ± s.e.m. of technical
replicates (n=60/group) and are representative of three separate experiments. (D-E) Western blot
analysis of drug efflux pump MDR1 in WT and post-anastatic SUM159PT cells. (D) Paclitaxeltreated (E) Cisplatin-treated (F) Diagram depicting the structural analysis of comets in a comet
assay. % tail DNA is calculated through the integrated tail intensity multiplies by 100 and then
divided by the total integrated cell intensity for a normalized measure of the percent of total cell
DNA found in the tail (G) Images depicting comet assay where % tail DNA was determined
using an ImageJ plug-in provided by the Peter Stirling lab. Comet head shown as a bright white
circle, with the comet tail to the right in a smearing pattern, representing the DNA breaks.

3.2.1

Modulation of EMT and hypoxic stress responses

Having established that chemotherapy-induced anastasis does in fact incur resistance, I sought to
gain further insight into the mechanism by which anastasis promotes this. EMT has been
extensively studied in cancer, especially concerning its involvement in tumor progression and
metastasis, and the development of chemoresistance in some cases (Tam, P. P. L. & Behringer,
R. R., 1997; Yang, J., & Weinberg, R. A., 2008; Kalluri, R., & Weinberg, R. A., 2009;
Timmerman, L. A. et al., 2004; Fischer, Kari R. et al. 2015; Kokkinos, M. I. et al., 2007). In fact,
90% of metastatic cases of TNBC tend to be resistant to treatment, making it a suitable target to
explore (Bosch, A. et al., 2010; Cheng, G. Z. et al., 2007). Moreover, a previous study performed
a global RNA screen on cells in the early stages of anastasis and observed the presence of snail
in stress-granules (Sun, G. et al., 2017). Therefore, I sought to determine if EMT associated
markers were involved in the aftermath effects of anastasis-induced chemoresistance. Indeed,
through western blot and qPCR analysis, EMT markers including slug (SNAI2), snail (SNAI1),
and Twist-1, were found to be significantly up-regulated in both cisplatin and paclitaxel treated
post-anastatic SUM159PT-Cas3 lines (Fig. 3.7 A-D). Due to a subset of clinical TNBC cases
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resembling the molecular and histological phenotype of mesenchymal cells, decreased
expression of e-cadherin and increased expression of vimentin, these results were intriguing
(Jeong, H et al 2012). One of the proteins that has been shown to regulate EMT is the focal
adhesion protein ILK. While changes in mRNA and protein levels of ILK were not as consistent
as the other transcription factors, I wanted to interrogate if ILK kinase activity was altered in the
post-anastatic cells. Indeed, the kinase activity of ILK was found to be up-regulated in cisplatin
induced post-anastatic cells, while the mRNA levels increased in paclitaxel-induced postanastatic cells (SUM159PT/AP) (Fig. 3.7 E). Due to the increase in activity and downstream
markers, I questioned whether the use of an ILK inhibitor (QLT-0267) would have an impact on
re-sensitizing the cells to the original chemotherapy treatment. It was observed that when
SUM159PT/AC cells were treated with QLT-0267, they became re-sensitized to the original
chemotherapy treatment (Fig. 3.8 A-B). However, QLT-0267 did not significantly affect the
parental cell’s response to the drug (Fig. 3.8 A & C). These findings suggest that EMT may play
a role in chemoresistance driven anastasis, however this must be further investigated.

Research that has been previously described by the Dedhar lab demonstrates that the
overexpression of ILK results in an up-regulation of HIF-1α in normoxia through the PI3-kinase
(PI3K)/mTOR pathway in prostate cancer cells (Fig. 3.9) (Tan et al., 2004). Other studies have
also recently demonstrated the connection between HIF-1α and PI3K pathway through Y-box
binding protein-1 (YB1), an RNA-binding protein, in KRAS mutated breast cancer (Lefort et al.,
2018). Due to the observed up-regulation of ILK kinase activity in post-anastatic cells, including
the well-established connection between HIF-1α and EMT, it became a target of interest. Using
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qPCR and western blotting techniques, it was determined that HIF-1α was highly up-regulated in
post-anastatic cells, an intriguing result (Fig. 3.7 A-D).

Fig. 3.7 Anastasis modulates signaling pathways involving EMT and hypoxic stress
responses. (A-B) RT-qPCR analysis of EMT and hypoxic stress markers in SUM159PT-Cas3
cells, GAPDH served as an internal control. Data shows the mean ± s.e.m. of technical replicates
(n=3-4/group) and are representative of three separate experiments *p≤0.05, ***p≤0.001. (A)
Post-cisplatin induced anastasis. (B) Post-paclitaxel induced anastasis. (C-D) Western blot
analysis of EMT and hypoxic stress markers in SUM159PT-Cas3 cells, β-actin served as a
loading control. Results are representative of three separate experiments. (C) Post-cisplatin
induced anastasis. (D) Post-paclitaxel induced anastasis. (E) Co-immunoprecipitation assessing
ILK kinase activity in normal (WT) and cisplatin-treated post-anastatic (AC) SUM159PT cells.
3-hour exposure at -80oC.
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Figure 3.8 ILK inhibitor QLT-0267 results in the re-sensitization of post-anastatic cells to
cisplatin. (A) Cell viability assay of parental and the anastasis line upon single and double
treatment with a range of cisplatin (1 µM – 500 µM) and 5 µM QLT-0267. DMSO was used as a
control. (B) IC50 (µM) of parental SUM159PT cells exposed to cisplatin alone or in combination
with QLT-0267. Data shows the mean ± s.e.m. of technical replicates (n=4) and are
representative of three separate experiments. ns= not significant. (C) IC50 (µM) of post-anastatic
SUM159PT/AC cells exposed to cisplatin alone or in combination with QLT-0267. Data shows
the mean ± s.e.m. of technical replicates (n=4) and are representative of three separate
experiments *p≤0.05.
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Figure 3.9 ILK regulates HIF-1α dependent up-regulation in normoxia through the
PI3K/mTOR pathway. Schematic depicts the way in which ILK can lead to the up-regulation
of HIF-1α under normoxic conditions, leading to a downstream up-regulation of proteins
involved migration, invasion, and angiogenesis. Figure adapted from “Regulation of tumor
angiogenesis by integrin-linked kinase (ILK)” (Tan et al., 2004).

3.2.2

Anastasis contributes to breast tumor invasion and metastasis in vitro and in vivo

As mentioned previously, EMT has been studied extensively where metastasis is involved,
though it is not absolutely required for migration to occur. In light of the significant increase in
associated EMT markers in post-anastatic cells, I wanted to investigate the possibility that cells
having undergone anastasis were more invasive and metastatic. SUM159PT-Cas3 cells were
cultured in an image-lock plate, where wounds were made and recorded using Incucyte ZOOM©
and imaged at 2 h intervals over a period of 24 h. It was observed that post-anastatic cells were
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more migratory than the parental cell line, with cisplatin-induced post-anastatic SUM159PT
(AC) cells showing a 23% increase in the migration rate and paclitaxel-induced post-anastatic
SUM159PT (AP) cells displaying a 34% increase (Fig. 3.10 A, B). Due to the increase in ILK
kinase activity, as well as its known implications in the down-stream up-regulation of snail and
slug, I wanted to investigate if an ILK inhibitor (QLT-0267) would have a significant effect on
the rate of migration in the post-anastatic cell lines. It was observed that when treated with QLT0267, the SUM159PT/AC cell line’s migration decreased by 23%, while migration of the
SUM159PT/AP cells decreased by 42%, completely abolishing the enhanced migratory
propensity the cells originally possessed (Fig. 3.10. C-E). Due to the increase in migration, I
wanted to determine if these cells also possessed an increased predisposition for invasion. Cells
were incubated in serum-free media before being aliquoted into invasion chambers, which were
then placed into a 24-well plate that contained media supplemented with EGF, acting as a
chemical attractant, in order to promote cell invasion through the matrigel matrix. After
incubating for approximately 18 h, they were fixed and stained with DAPI and imaged on a
colibri microscope. The total number of cells per chamber having invaded through could be
counted and analyzed. Similar to the migration data, post-anastatic cells were more invasive than
their parental counterpart (Fig. 3.10 F).

To determine whether the increased invasive and migratory propensity in vitro was associated
with a similar result in vivo, SUM159PT and SUM159PT/AC cells were orthotopically injected
into the mammary fat-pad of female NSG mice. While both the parental and post-anastatic cells
demonstrated similar growth rates and similar decline in weight, the post-anastatic cells not only
showed an increased number of lymph-node metastases, but also produced large, secondary
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tumors having invaded through the intraperitoneal muscle wall adjacent to the primary tumor;
while, the parental cells produced no observable secondary tumors (Fig. 3.11 A-H). These results
strengthen the observations that post-anastatic cells are significantly more metastatic and
invasive both in vitro and in vivo.
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Fig. 3.10 Anastasis enhances migration and invasion of breast cancer cells in vitro through
the regulation of ILK. (A) Images of a wound-induced cell migration by the parental and postanastatic SUM159PT-Cas3 cells under normal conditions. Scale bar, 300 µm. The purple mask
demarks the wound boundary at t=0 h, and the yellow mask as the wound area prior to cell
migration. (B) Quantification of cell migration in A. Data shows the mean ± s.e.m. of technical
replicates (n=6/group). *p≤0.05, ***p≤0.001. (C) Images of a wound-induced cell migration by
the post-anastatic SUM159PT-Cas3 cells treated with 5 µM QLT-0267. Scale bar, 300 µm.
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Wound-boundaries and cell-free area as previously described in A. (D-E) Quantification of cell
migration in C. Data shows the mean ± s.e.m. of technical replicates (n=6/group). **p≤0.01,
***p≤0.001. (F) Quantification of boyden-chamber induced cell invasion of parental and postanastatic SUM159PT-Cas3. Data shows the mean ± s.e.m. of technical replicates (n=6/group).
**p≤0.01.

Fig. 3.11 In vivo growth kinetics of parental and post-anastatic SUM159PT cells injected
into NSG mice show an increased invasive and metastatic phenotype. (A-C) Growth of
tumors (mm3) in mice over time (A) Mean ±sem of tumor volume (mm3) in SUM159PT and
SUM159PT/AC injected mice (n=8/group). (B) Tumor volume (mm3) of individually
SUM159PT injected mice (n=8). (C) Tumor volume (mm3) of individually SUM159PT/AC
injected mice (n=8). (D-E) Change in body weight (g) in mice over time. (D) Mean ±sem of
body weight (g) in SUM159PT and SUM159PT/AC injected mice (n=8/group). (E) Body weight
(g) of individually SUM159PT injected mice (n=8). (F) Body weight (g) of individually
SUM159PT/AC injected mice (n=8). (G) Analysis of spontaneous secondary tumors having
invaded through the intraperitoneal wall by SUM159PT cells following the growth of orthotopic
breast tumors in NSG mice. Data shows the mean ±sem n=8/group. **p≤0.01. Statistical
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analysis was performed using Welch’s unpaired, two-tailed t-test. (H) Analysis of spontaneous
lymph-node metastases by SUM159PT cells following the growth of orthotopic breast tumors in
NSG mice. Data shows the mean ±sem n=8/group. **p≤0.01. Statistical analysis was performed
using Welch’s unpaired, two-tailed t-test.

3.2.3

Increased metabolic response under stress

Metastatic and invasive cancers associated with chemoresistance tend to have higher energy
demands than those that do not, resulting in cachexia, or tissue wasting (Havas, K. M. et al.,
2017). When it was determined that cells having undergone anastasis were more resistant and
metastatic, I sought to determine if anastasis promotes an imbalance in energy consumption. In
order to address this, I performed a Seahorse glycolysis stress test (Fig. 3.12 A). This experiment
determined that post-anastatic cells possess not only increased glycolytic capacity, but also
increased glycolytic reserve, and increased extracellular acidification under stress (Fig. 3.12 B &
C). Moreover, there was an overall increase in the oxygen consumption rate in SUM159PT/AP,
however, mitochondrial respiration would be a better indicator of this (Fig. 3.12 D).
Additionally, post-anastatic cells, once again, are sensitive to the dual cisplatin and QLT-0267
treatment compared to the parental line. This exposure resulted in a dramatic dampening of the
heightened glycolytic response (Fig. 3.10 E – H).
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Fig. 3.12 Post-anastatic cells are more metabolically active in response to cellular stress.
(A) Diagram depicting the glycolytic stress test profile, involving the treatment of glucose,
oligomycin, and 2-DG at different timepoints in the experiment and how the various ECAR
values are calculated. Figure is modified from “Agilent Seahorse XF Glycolysis Stress Test User
Guide” (Agilent technologies, 2017). (B-H) Metabolic flux assay measuring the metabolic
effects of cells under normal conditions and glycolytic stress. (B) Glycolytic stress test profile of
SUM159PT, SUM159PT/AC, and SUM159PT/AP cell lines. (C) Analysis of results in (B),
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including differences in glycolysis, glycolytic capacity and glycolytic reserve. *p≤0.05,
**p≤0.01, ***p≤0.001, ****p≤0.0001. (D) Oxygen consumption rate of SUM159PT,
SUM159PT/AC and SUM159PT/AP cell lines. ***p≤0.001. (E) Glycolytic stress test profile of
SUM159PT/AC control and treated separately or combined dose of 1 µM cisplatin and 5 µM
QLT-0267. (F) Analysis of results in (E), including differences in glycolysis, glycolytic capacity
and glycolytic reserve. **p≤0.01, ***p≤0.001, ****p≤0.0001. (G) Glycolytic stress test profile
of both SUM159PT and SUM159PT/AC control groups and groups treated with separate or
combined dose of 1 µM cisplatin and 5 µM QLT-0267. (H) Analysis of results in (G) including,
glycolysis, glycolytic capacity and glycolytic reserve. *p≤0.05, ***p≤0.001, ****p≤0.0001.

3.3

Potential mechanisms of anastasis

3.3.1

Decrease in caspase-3 activation

Executioner cas3 activation is essential throughout embryogenesis and many stages of human
development. More specifically, the activation of cas3 plays multiple roles, including the
progression of apoptosis by activating downstream effectors leading to the condensation of
chromatin and DNA fragmentation. However, dysregulation of its activity can have harmful
implications in the context of cancer. A decreased ability to cleave cas3 leads to a prevention in
the procession of apoptosis and the assembly of the apoptosome, effectively preventing cell
death. Due to the newly developed resistance in SUM159PT/AC post-anastatic cell line, I looked
to examine whether these cell lines could evade cas3 activation when exposed to cisplatin and
paclitaxel. In order to address this, I used western blotting analysis for total and cleaved levels of
cas3. As expected, the post-anastatic cells had lower levels of activated cas3 (Fig. 3.13). In
combination, the data shows that the post-anastatic cells are more resistant to the progression of
end-stage apoptosis.
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Fig. 3.13 Chemotherapy treatment results in decreased cas3 activation in post-anastatic
cells. Western blot analysis of apoptotic markers in WT and post-anastatic SUM159PT cells.
Cells were untreated or treated with 12 µM cisplatin or 15 nM paclitaxel. β-actin served as a
loading control.

3.3.2

Alternatively-spliced caspase-3 isoform blocks apoptosis during early recovery

Due to the decrease in cas3 activation upon cytotoxic exposure, I sought to determine a
mechanism through which this event was mediated. Previous studies have shown the existence of
a caspase-3 isoform, caspase-3s. Caspase-3s (Cas3s) is a truncated form of the native procaspase-3 protein, where exon 6 is lost, resulting in the absence of the catalytic domain required
for its cleavage and subsequent activation (Fig. 3.14) (Végran, F. et al., 2011). This prevents the
initiation of cas3 activity and apoptosome assembly, thereby halting apoptosis. I sought to
establish if cas3s was expressed in the post-anastatic cells. This was accomplished by using
previously described cas3s primers for qPCR (Végran, F. et al., 2006). It was observed that cas3s
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levels were 2 to 2.5-fold higher in both post-anastatic lines, strengthening the observation that
post-anastatic cells may resist apoptotic initiation due to the increased presence of cas3s (Fig.
3.15 A).

The presence of cas3s lead me to examine if this isoform was involved during the recovery
process of anastasis, when cells are recovering from end-stage apoptosis, or whether this was a
long-term response. As a result, I performed a time-lapse recovery of cells undergoing anastasis
in order to determine when the expression of cas3s occurs. This was accomplished by incubating
parental SUM159PT-Cas3 cells in either paclitaxel or cisplatin for 18-24 h, thoroughly washing,
and then allowing them to recover for a determined amount of time (0, 1, 2, 4, 6, and 8 h). Using
RT-qPCR, I observed a time-dependent increase in the levels of cas3s, as well as a stable level of
cas3 during recovery (Fig. 3.15 B-E). Additionally, using a pro-caspase-3 antibody, cas3s was
detected through western blotting analysis in SUM159PT recovering after overnight cisplatin
treatment (Fig. 3.15 F). This data points to a novel mechanism through which cells may be
overcoming end-stage apoptosis and undergoing anastasis through the increase of cas3s.

56

Fig. 3.14 The isoform cas3s is a truncated and catalytically inactive form of cas3. (A)
Sequence alignment of cas3 (top) and cas3s (bottom) showing the missing sequence from exon 6.
(B) Schematic depicting the structures of native cas3 (left) and cas3s isoform (right). Yellow
stars on cas3 represents the two β-sheets and two α-helices missing from the isoform, which
characterizes the catalytic domain, while the black arrow represents where the shared sequence
ends. Figure is modified from “A Short Caspase-3 Isoform Inhibits Chemotherapy-Induced
Apoptosis by Blocking Apoptosome Assembly” (Végran, F. et al., 2011).
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Fig. 3.15 A caspase-3 isoform blocks apoptosis in the early stages of anastasis after the
removal of cytotoxic therapy. (A) RT-qPCR analysis of cas3 and cas3s in parental and postanastatic (paclitaxel and cisplatin) SUM159PT-Cas3 cells. ***p≤0.001, ****p≤0.0001. Data
shows the mean ±sem n=4/group. Two technical replicates were performed. **p≤0.01. (B) RTqPCR analysis of cas3 after overnight treatment with 15 nM paclitaxel and the recovery in the
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hours after the drug is removed. *p≤0.05, **p≤0.01, ****p≤0.0001. Data shows the mean ±sem
n=3/group. Two technical replicates were conducted. **p≤0.01.(C) RT-qPCR analysis of cas3
after overnight treatment with 12 uM cisplatin and the recovery in the hours after the drug is
removed. Data shows the mean ±sem n=3/group. Two technical replicates were conducted.
**p≤0.01. (D) RT-qPCR analysis of cas3s after overnight treatment with 15 nM paclitaxel and
the recovery in the hours after the drug is removed. Data shows the mean ±sem n=3/group. Two
technical replicates were conducted. ****p≤0.0001. (E) RT-qPCR analysis of cas3s after
overnight treatment with 12 µM cisplatin and the recovery in the hours after the drug is removed.
Data shows the mean ±sem n=3/group. Two technical replicates were conducted. **p≤0.01,
****p≤0.0001. (F) Western blot analysis of Cas3 and Cas3s in SUM159PT WT and recovering
cells at 0h timepoint after overnight treatment with 12 µM cisplatin.
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Chapter 4: Conclusions and Future Directions

There are many proposed hypotheses for how chemoresistance arises in cancer cells, and it is
well-known that metastasis and chemoresistance are highly coupled to one another. However, it
is not well known how acquired chemoresistance relates to metastasis. The role of a newly
discovered survival mechanism called “anastasis”, characterized by the reversal of end-stage
apoptosis, is poorly understood, even more so pertaining to its role in potentiating survival in
cancer cells after chemotherapy administration. Therefore, I sought to interrogate the role of
anastasis during chemotherapy treatment of TNBC, and the mechanism by which this occurs.

In order to explore the effects of chemotherapy-induced anastasis, I needed to develop cancer
cell models for identifying and tracking anastasis. I did so by using a Cas3 reporter that was
transfected into the SUM159PT cell line. From this I could select for living cells, transiently
treated with cisplatin or paclitaxel, with activated Cas3 using FACS. This allowed me to
confidently assess that all cells that went on to survive and proliferate, had in fact undergone
anastasis after end-stage apoptosis activation had occurred. I would like to mention that even
though cells have the ability to undergo anastasis, that it is an incredibly rare event, with less
than 1% of the population successfully surviving the activation of Cas3. Once recovered, postanastatic cells possessed no obvious phenotypic differences from the parental line from which
they were derived; once again highlighting the difficulty of recognizing post-anastatic cells.
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4.1

Novel role of anastasis in TNBC

My initial focus was to determine whether chemotherapy-induced anastasis promotes resistance
in TNBC. I was able to show that anastasis does in fact promote a significant increase in
resistance to the original drug the cells were treated with. It was determined that the drug efflux
pump MDR1 was not up-regulated in post-anastatic cells and therefore was not contributing to
the acquired chemoresistance. However, in order to further strengthen these findings MRP3,
another ATP-binding cassette efflux pump, should also be interrogated due to its relevance in
breast cancer chemoresistance (Kool, M. et al., 1999; Scheffer, G. L. et al., 2002; Hinoshita, E. et
al., 2000). Consequently, studies have demonstrated the connection between metastatic disease
and acquired chemoresistance, therefore, I sought to determine if anastasis promotes migration
and invasion (O’Reilly, E. A. et al., 2015; Fischer, K. R. et al., 2015). I established that postanastatic cells are more migratory and invasive in vitro and more metastatic in vivo. Lastly, it is
known that cancers that possess both metastatic and chemoresistant qualities tend to have higher
energetic demands, therefore I wanted to assess any changes in metabolic activity in postanastatic cells. My data shows that post-anastatic cells have a higher glycolytic capacity,
glycolytic reserve, extracellular acidification rate, and increased oxygen consumption. This data
is further supported by a recent study that produced cells having survived caspase-3 activation,
without describing anastasis. They demonstrated that these cells possessed an up-regulated rate
of lipid metabolism, in the form of β-oxidation, promoting tumor recurrence in breast cancer
(Havas, K. M. et al., 2017). Therefore, interrogating the mitochondrial respiration of postanastatic cells is a future experiment that will be conducted. To recapitulate, the phenotype that
characterizes anastasis is supported by the established links between resistance, metastasis, and
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metabolism, however, while this was very motivating, I sought to determine how anastasis
resulted in this phenotype.

A previous study having performed a global screen of cells in the early recovery stages of
anastasis have shown the presence of mRNA transcription factors such as snail, a prominent
EMT marker, though its implications in anastasis are unclear (Sun, G. et al., 2017). This led us to
explore the potential role of EMT and its involvement in newly acquired resistance. I discovered
that a considerable number of EMT associated proteins, including snail, slug, and twist were upregulated. The study also demonstrated an increase in the kinase activity of ILK in the
SUM159PT/AC line and an increased presence of ILK mRNA in the SUM159PT/AP line. This
was an interesting finding as a subpopulation of TNBC cells are already considered to possess a
mesenchymal phenotype (Jeong, H et al, 2012) In addition, HIF-1α, a well-known twist
interactor, was also found to be up-regulated both on the protein and mRNA level (Yang, M.-H.
et al., 2008). This was surprising as it is typically only seen under hypoxic conditions where it
can be stabilized. Previous studies have shown that under normoxic conditions, HIF-1α is
involved in extra-cellular membrane (ECM) degradation and invasion in a variety of cancers. In
addition, the role of HIF-1α in snail and twist activation is well known, especially concerning its
role in metastasis (Yang, M.-H. et al., 2008). The mechanism through which HIF-1α promotes
EMT, whether through hypoxia or overexpression, is by the direct binding of the twist promoter,
that which up-regulates transcription and thus translation (Yang, M.-H. et al., 2008). Therefore,
twist is an essential component to the induction of EMT through HIF-1α and may be why we see
such a stark increase in mesenchymal markers in already highly mesenchymal cells (Yang, M.H. et al., 2008). Additionally, there is increasing evidence supporting the up-regulation of HIF62

1α under normoxic conditions through the PI3K/mTOR pathway (Tan et al., 2004). Through this
pathway, ILK mediates the expression of HIF-1α through the phosphorylation of Akt/PKB at the
serine-473 position. This results in the downstream phosphorylation of serine-2448 on
mTOR/FRAP resulting in the activation of mTOR/FRAP and subsequent up-regulation of HIF1α translation. Additionally, there is enhanced expression of down-stream proteins involved in
angiogenesis, metastasis, and invasion (Tan et al., 2004). A secondary study also depicted the
relevance of the PI3K pathway in the expression of HIF-1α under normoxic conditions, through
the activation of YB1, a DNA/RNA binding protein, responsible for binding HIF-1α mRNA
directly in order to drive metastasis (Lefort et al., 2018). YB1 has been also been shown to bind
the mRNA of slug and twist, resulting in the propagation of an EMT event in epithelial breast
cells. Lastly, increased YB1 expression in tumors has been associated with poor patient survival,
increased metastatic propensity, and chemotherapy resistance (Lefort et al., 2018). Considering
the data that this research has produced and the importance of the PI3K pathway in normoxic
HIF-1α regulation, future experiments will be concentrated on determining the potential
involvement of PI3K in anastasis.

Due to the fact that ILK is a known up-stream regulator of snail and slug, I used a small
molecule inhibitor, QLT-0267, in order to block its activity to determine its role in the postanastatic phenotype. This led to the re-sensitization of SUM159PT/AC to cisplatin, without any
notable effects on the parental cell line. These findings demonstrate that EMT may be a key
regulator in the acquisition of chemoresistance driven by anastasis, moreover, this can be
reversed once again through the pharmacological inhibition of ILK. It is worth noting that EMT
is not always required for metastasis to occur, however it is highly correlated and appears to be
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relevant in the context of anastasis. A similar effect was observed when post-anastatic cells were
treated in combination with chemotherapy and QLT-0267. The enhanced metabolic phenotype
was completely eliminated, all of which supports the idea that resistance and migration lead to an
increase in the cellular energetic demand. However, more investigation is required in order to
understand how resistance, metastasis, and metabolism are related in the context of anastasis.

As previously mentioned, anastasis is a rare cellular event and as a result is difficult to study.
Due to the mechanism of action of cisplatin and paclitaxel, which require cells to actively divide,
alongside the short incubation period that was required in order to collect the post-anastatic cells,
it was expected that the yield of post-anastatic cells would be low (Horwitz, S. B., 1994; Siddik,
Z. H., 2003). In addition to low cell yields, many were not able to survive active cas3, making
this an increasingly difficult mechanism to study.

4.2

Novel mechanism driving anastasis

The data presented in my research describes, for the first time, a potential mechanism for how
cells undergo anastasis, and how it plays an important role in mediating chemoresistance and
metastasis. Previous studies led me to identify the presence of a cas3 isoform, cas3s, that was
present in significantly higher levels in the post-anastatic cells long after recovery (Végran, F. et
al., 2006). Cas3s is missing exon 6, which comprises the components of the catalytic domain
found in native pro-cas3, and therefore it is unable to be cleaved by DEVDases. This results in
an isoform that is inactive and cannot initiate apoptosome assembly. There are two proposed
mechanisms by which this occurs, the first involves Cas3s binding to the activated procaspase-9/
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apoptosome heterodimer resulting in the formation of a “short apoptosome” complex unable to
cleave Cas3s (Végran, F. et al., 2011). The second proposed mechanism involves Cas3s binding
Cas3, thereby preventing its binding to the apoptosome and subsequent cleavage.

In the hours after which anastasis is induced by the removal of the drug, the protein and mRNA
cas3s levels rise rapidly, while cas3 levels remain relatively stable. This leads me to believe that
cas3s functions in a dominate fashion over cas3 in order to prevent apoptosome assembly,
allowing cells to survive. In fact, previous research has demonstrated the co-expression of cas3
and cas3s significantly decreased the ability for breast tumor cells to undergo apoptosis, further
strengthening my findings (Végran, F. et al., 2006). These results were also corroborated by the
decrease in cas3 cleavage when SUM159PT/AC and SUM159PT/AP cells were treated with
cisplatin and paclitaxel, respectively. There is substantial evidence suggesting that deregulation
of the spliceosome can result in the production of protein variants that promote tumorigenesis
and the development of chemoresistance. Therefore, future experimentation should be focused
on understanding how mRNA processing is shifting to produce cas3s and how we could
potentially block its synthesis or target the mRNA product directly to prevent anastasis from
occurring (Novoyatleva, T. et al., 2006).

In addition to this, future experimentation will include interrogating the cleavage of Cas3 more
closely, specifically identifying the presence of the p10 fragment produced during cleavage. This
will demonstrate any potential changes in Cas3 cleavage in post-anastatic cells. Lastly, Cas3s
will be tagged in order to confirm the mechanism by which it prevents apoptosis and if this can
be overcome by caspase-7 expression, an additional executioner caspase.
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4.3

Relevance of anastasis in a clinical setting

The above data demonstrates a way in which cells can block apoptosis from occurring and
acquiring resistance to the initial treatment. As a result, this may be an important indicator in the
physiological response of a patient’s tumor in a clinical setting. Treatment sessions are transient
as to not harm the patient while still effectively targeting the tumor. Patients receive a certain
number of treatments before going on what’s known as a “drug holiday”, where the patient
ceases treatment for a period of time (Costa, A., 1993; Shenoy, R. S. et al., 1981; Kuczynski, E.
A. et al., 2013). However, due to factors like chemotherapy dose, tumor size, and tumor blood
supply, not all cells may be significantly impacted in a way required to induce committed cell
execution. Moreover, when the treatment session is finished, the apoptotic stimulus is removed,
giving cells the opportunity to overcome any current executioner caspase activity. Lastly, if a
patient is considered “cancer free” due to undetectable cellular levels in the body, it is possible
that dormant cells having undergone anastasis are waiting for more favorable cellular conditions
to once again proliferate and decimate the body. All of these factors have the potential to result
in the acquisition of resistance in already established tumors and in cases of relapse.

In the future, detecting anastasis in a clinical setting could be beneficial for determining
personalized treatment plans for patients presenting with chemoresistant and metastatic disease.
Patient biopsies could be used to detect the presence of anastasis by staining with a cas3s
targeted antibody, if determined to be a suitable biomarker, or cleaved cas3, as well as using
RNAseq in order to observe relevant shifts in RNA expression, such as EMT and hypoxia
associated proteins slug, snail, twist, and HIF-1α.
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4.4

Determining the role of the spliceosome in caspase-3s processing

The spliceosome is a large complex of ribonucleoproteins involved in the processing of premRNA in the nucleus, through the excision of introns and the piecing together of exons, before
its exportation to the cytoplasm for translation (Brinkman, B. M. N., 2004). Variants arise
because exons can be joined in a variety of combinations to yield different downstream protein
products. The mechanism through which this occurs is complex and involves the recognition of
splices sites due to the binding of splicing factors and enhancers that flank the exon regions to be
cut (Brinkman, B. M. N., 2004). Splicing plays an important role in explaining how complex
mammalian organisms can produce so many gene products with so few genes (Brinkman, B. M.
N., 2004). However, there is increasing evidence that variants are involved in the development
and progression of cancer when dysregulated. This can result in the addition or removal of
functional protein domains, altering its physiological function. Interestingly, in cases such as
this, the variants can act to inhibit the function of the native protein product; for example,
caspase-9 and Bcl-xL encode both pro and anti-apoptotic protein variants under diverse cellular
conditions (Brinkman, B. M. N., 2004). This is one of the ways the cell can modulate protein
activity, but if not tightly regulated, it can lead to the development and progression of cancer.

4.4.1

Targeting caspase-3s

Just like the above-mentioned variants, Cas3 has a pro-apoptotic and an anti-apoptotic variant
and understanding the regulation between the production of one variant over another could give
us insight into preventing its formation or targeting the mRNA products directly. In many
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cancers, including breast, the increased presence of one isoform over the other is largely due to a
mutation in RNA splicing factors. One of two scenarios arise as a result, either there is a global
up-regulation of the gene in question, or the basal levels remain unchanged while the ratio for
one isoform over another increases (Smith, M. A. et al., 2019).

Next steps for targeting Cas3s would first be to determine which RNA splicing factor, if any, is
being affected, resulting in the truncation. Those associated with breast cancer are: SF3B1,
SRSF2, U2AF1, U2AF2, SF1, SF3A1, and PRPF8, and could serve as targets for interrogation in
future experimentation (Smith, M. A. et al., 2019). Additionally, there are RNA splicing
inhibitors that can inhibit specific complexes of the spliceosome, including PlaB, CLK2, and
EIF4A3 (Diouf, B. et al., 2018; Effenberger, K. A. et al., 2017; Carvalho, T. et al., 2017;
Funnell, T. et al., 2017; Mazloomian, A. et al., 2019). There are limitations to this method, as
alternative splicing plays an important role in producing many gene products in a healthy
organism, and its hard to say what off-target effects could arise as a result of blocking the
production of a variant in such a broad and general way. That being said, it is an excellent tool
for studying the effects of the isoform in vitro as a proof of principle. In addition, because this
isoform wreaks havoc by being non-functional, targeting the protein with an inhibitor is not a
viable option. Therefore, it would be more meaningful to target the mRNA transcript with an
oligonucleotide that could specifically bind the transcript, preventing translational machinery
complex assembly, thus blocking the synthesis of the protein product (Kole, R. et al., 2012). This
would be much more specific and prevent off-target effects of spliceosome targeted drugs.
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The next steps for testing the importance of this variant during anastasis would be to target it,
and then assess how the cells respond to subsequent chemotherapy treatment. In vitro this could
be accomplished easily with an shRNA targeting the specific Cas3s sequence. In theory,
diminishing the protective effects exerted by Cas3s would prevent anastasis from taking place.
Additionally, Cas3s could be overexpressed in normal TNBC lines to show that this alone would
cause a decrease in apoptotic activation without the original event of anastasis contributing,
effectively linking the two events.

4.4.2

A biomarker of anastasis?

One of the difficulties of studying anastasis is the lack of a specific biomarker that identifies cells
having undergone anastasis with certainty. For the purposes of in vivo research, biosensors are
being developed that can permanently label cells having survived cas3 activation. However, in a
clinical setting when studying tissues samples from patients, you cannot determine which cells
have undergone anastasis, making it difficult to target patients for the treatment. Therefore, if
cas3s is determined to be unique to post-anastatic cells, it could be used to as a biomarker in
patients and targeted in order to optimize treatment strategies and effectiveness.

4.5

Characterizing the role of EMT and hypoxic stress markers in anastasis driven

chemoresistance

It has been determined that EMT and hypoxic stress markers are playing some sort of functional
role in maintaining resistance, migration, and invasion, that which can be reversed by ILK post69

anastasis. While this is an interesting observation, it tells us little about the interactions
downstream from ILK, between the downstream EMT markers and HIF1-α, and how this is
promoting the post-anastatic phenotype. Therefore, it is worth performing knock-outs of proteins
such as ILK, slug, snail, twist, and HIF-1α in order to understand how other EMT associated
protein signatures are affected, and how this in turn affects drug sensitivity, migration, and
invasion. Additionally, demonstrating the effects of QLT-0267 and an ILK shRNA on
downstream transcription factors snail and slug would strengthen EMTs involvement in
anastasis. It would also be helpful to perform RNA-seq on cells having undergone anastasis to
see what other interactors could be dysregulated that had not previously been considered in the
context of anastasis long-term, as previous studies have only explored the early stages of
recovery. This may expose key interactors with other pathways, such as PI3K, that had not been
considered prior to the completion of this project.

4.6

Final thoughts

In conclusion, I have uncovered novel mechanisms for which anastasis-derived chemoresistance
occurs. This data is the first to demonstrate that cells having undergone anastasis promote
chemoresistance, migration, and invasion both in vitro and in vivo. Additionally, this project has
provided new insight into a previously unknown mechanism through which anastasis recovery
takes place and its role in the aftermath effects once recovery is complete. I have identified a
target protein, ILK, that can reverse the effects of anastasis, a known regulator of EMT and the
PI3K pathway, regarded as an important player in metastatic disease and resistance. Lastly, I
have identified the presence of a cas3s splice variant that blocks apoptosome assembly and
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apoptosis during the early stages of anastasis. The discovery of cas3s during anastasis not only
serves as a potential mechanism, but also may serve as a potential biomarker for anastasis in the
future. Further research in this field has the potential to bridge the gap between our
understanding of the homeostasis between life and death as well as potentially improving the
treatment and survival of patients with chemoresistant TNBC in the future.
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