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Abstract

Lung cancer is the leading cause of cancer and cancer deaths worldwide, with non-small-
cell lung carcinomas (NSCLC) representing 85% of all diagnosed lung cancers.
Platinum-combination chemotherapy is the current standard treatment for NSCLC,
however, associated toxicities and resistance limit its efficacy. Our laboratory previously
identified activating transcription factor 3 (ATF3), a stress-inducible gene whose elevated
and sustained expression can trigger apoptosis to a wide variety of stressors, as a key
regulator of cisplatin cytotoxicity as well. Thus, enhanced and sustained induction of
ATF3 by combining platins with other ATF3 inducers potentially represents an effective
therapeutic strategy. A chemical library screen identified vorinostat and topotecan as
ATF3 inducers that also enhance cisplatin cytotoxicity. ATF3 plays a significant role
in cisplatin, vorinostat and topotecan and their combinations cytotoxicity.
Importantly, vorinostat and topotecan induced synergistic cytotoxicity with
cisplatin in NSCLC cell lines and their cisplatin resistance sub-lines with enhanced
ATF3 expression observed. Our study suggests a potential novel therapeutic
approach where ATF3 inducing agents in combination with platins represents a

rational combination based therapeutic strategy.
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Chapter 1: Introduction

1.1 Non-small-cell lung cancer (NSCLC)

1.1.1 Background

Lung cancer is the most common cause of cancer malignancies worldwide,
accounting for 12.9% of all new cancer diagnoses in 2012 [1]. It is recognized as a major
health issue in Canada, with 28,600 new cases and 21,100 deaths estimated for the
Canadian population in 2017 [2]. Additionally, lung cancer is responsible for a greater
number of mortalities than the other three leading cancers, specifically breast, colorectal
and pancreatic combined in Canada [2]. The five-year survival rate of this disease is
approximately 17%, which is lower than a number of other commonly diagnosed cancers
[2]. Lung cancer was once considered to be rare [3]; however, throughout the past
century, it has grown into a global health issue that has instigated more studies to gain a
thorough understanding of this disease [4,5].

Lung cancer can be divided into two subtypes, small cell lung cancer (SCLC) and
non-small cell lung cancer (NSCLC), with NSCLC accounting for 85% of cases
diagnosed [5]. NSCLC can be further classified into three histologic subtypes,
adenocarcinoma, squamous cell carcinoma and large-cell carcinoma [5].
Adenocarcinoma is the most common type of NSCLC, accounting for 40% of cases [6].
It is diagnosed in both males and females, as well as in smokers and non-smokers [7,8]
and typically emerges in the periphery of the lung [9], specifically from cells with
glandular or secretory properties [8]. Although it is common, adenocarcinoma tends to

grow at a slower rate relative to other subtypes, therefore, it is generally diagnosed at an



early stage [6]. Squamous cell carcinoma accounts for approximately 25-30% of lung
cancer cases [6], and is strongly associated with the use of tobacco [10]. It generally
arises from glandular or secretory cells in the airway epithelium, located in the center of
the lungs, that undergo a metaplastic transformation that could be caused by various
factors, including inflammation and exposure to tobacco [6,8]. Large cell carcinoma
accounts for 5-10% of lung cancers and includes cases involving undifferentiated cells
that lack the features associated with the other lung cancer subtypes [6,11]. This subtype

is strongly linked to cigarette smoke exposure [12].

1.1.2 Risk factors

Tobacco smoking is widely recognized as a major risk factor for lung cancer [13].
The correlation between smoking and the rise in lung cancer diagnoses has been
associated with the mass production and marketing of tobacco products beginning in the
20th century [14]. The length of time and the number of cigarettes an individual has
smoked are known to impact the risk of cancer development [15]. A vast majority of lung
cancer mortalities are due to smoking [13]; however, the rate of lung cancer incidences is
expected to decrease in North America as there has been a gradual decrease in the
number of smokers [13,16]. This suggests that lung cancer will become more prevalent
among former or never smokers [16]. Moreover, passive smoking, also known as second-
hand smoke, is also a risk factor, with spousal and workplace exposure to tobacco smoke
linked to the development of lung cancer [17,18]. Another risk factor for lung cancer is
exposure to air pollution, including emissions containing polycyclic aromatic

hydrocarbons, which has been predicted to increase the risk of lung cancer mortality by



8% [19, 20]. Exposures to asbestos [21] and radon gas [22] have also been identified as
risks for lung cancer.

Furthermore, a family history of lung cancer is a risk factor for both smokers and
non-smokers [23]. Mutations occurring in the KRAS oncogene are responsible for 25-
40% of lung adenocarcinoma cases [23]. Another key protein involved in many NSCLC
cases is the epidermal growth factor receptor (EGFR), which plays a role in cell growth
and division [24]. Overexpression or mutation status of EGFR can serve as predictive
biomarkers of response to targeted therapies, such as tyrosine kinase inhibitors (TKIs)
[25,26]. Mutations in the tumor protein p53, a tumor suppressor gene that also plays a
role in regulating the cell cycle and apoptosis, have also been linked to lung cancer
[27,28]. A study by Hwang et al. observed that carriers of the p53 mutations that also
smoke are at a higher risk of developing lung cancer compared to carriers who were not
smokers [29]. Rearrangements of ROS1 [30], a receptor tyrosine kinase, and anaplastic
lymphoma tyrosine kinase (ALK) [31] are also recognized as molecular triggers of

NSCLC and represent viable therapeutic targets.

1.1.3 Treatments for NSCLC

Surgery is recognized as the optimal treatment option for resectable tumors in
patients deemed to be fit for surgical intervention that have been diagnosed with early
stage I, I, or IITA NSCLC disease [6]. However, 30-55% of patients develop recurrence
of the disease [32] and approximately 70% of patients are diagnosed at later stages,
specifically locally advanced or metastatic disease, due to the lack of effective screening
methods [16,33]. Adjuvant chemotherapy is generally an option following surgery for

patients at more advanced stages, specifically stage II and III, where cisplatin-based



chemotherapy has shown efficacy [34]. A meta-analysis evaluating chemotherapy in
NSCLC patients from 52 randomized clinical trials concluded that the use of platinum-
based chemotherapy following surgery showed a 5-year survival benefit compared to
surgery alone [35]. For patients presenting with locally advanced or metastatic disease,
platin-based combination chemotherapy is the standard of care [36,37]. A meta-analysis
study evaluating various clinical trials employing platin-based chemotherapy concluded
that chemotherapy improves overall survival in patients with advanced NSCLC [38].
Furthermore, this therapy, employing either cisplatin or carboplatin, is generally used as a
doublet in combination with other chemotherapeutic agents, which includes docetaxel,
gemcitabine, and vinorelbine [16].

Radiation therapy is another option in the case of patients diagnosed with
unresectable lung cancer [39]. In a study by Wolf et al., survival following treatment with
radiation therapy was higher compared to a placebo in patients with adenocarcinoma and
squamous cell carcinoma, thus suggesting radiation therapy as a potentially effective
treatment [40]. Several studies have suggested the combination of radiation therapy with
cisplatin-based chemotherapy as a more effective therapeutic strategy for NSCLC
[41,42].

There is currently a focus on targeted therapies based on alternations/biomarkers
observed in a subset of patients with NSCLC [25]. These alterations include mutations in
the EGFR gene and rearrangements in the ALK gene, which tend to sensitize patients to
EGFR and ALK TKIs, respectively [24,31]. Despite targeted therapies showing promise,
only a small subset of patients, mainly patients with adenocarcinoma, are associated with

these known driver mutations [25]. Moreover, acquired resistance to TKIs has also



limited its use in a clinical setting [25]. Therefore, DNA damaging agents, such as

platins, continue to be commonly employed in patients with advanced NSCLC [36].

1.2 Cisplatin

1.2.1 History of cisplatin

Cis-dichlorodiammineplatinum (II), commonly known as cisplatin, was initially
synthesized by Michele Peyrone in 1844 [36]. However, it was in the 1960s that Barnett
Rosenberg and his colleagues observed that platinum mesh electrodes generated cisplatin
that inhibited cell division in Escherichia coli, which identified the potential of
employing cisplatin as a chemotherapeutic agent [43,44]. Subsequently, cisplatin
displayed efficacy against sarcoma and leukaemia in in vivo mouse models [44]. In 1978,
cisplatin became the first FDA-approved platinum compound for cancer treatment against
testicular and bladder cancers [45], and its use has since been expanded and is widely
used as a treatment for a variety of other types of cancers, including ovarian [46], cervical
[47] as well as NSCLC [38].

Cisplatin is traditionally recognized as a DNA damaging agent that enters the cell
as a neutral molecule and becomes activated following the aquation of one or both of its
chloride ligands [45]. This results in cisplatin becoming a positively charged electrophile
that is able to covalently bind the negatively charged nucleic acids and proteins [48]. In
DNA, cisplatin binds to the N7-position of its guanine bases to form mono- or bi-
functional adducts [45]. This leads to the formation of inter- and intra-strand crosslinks,

blocking DNA transcription and replication [45].



DNA damage results in cell cycle arrest, where the cell will try to overcome the
DNA damage through the nucleotide excision repair (NER) pathway or increased
tolerance of the damage [49]. However if the DNA lesions are unable to be repaired, a
number of signal-transduction pathways will be activated leading the cell towards
apoptosis [49]. The complete understanding of the mechanisms and pathways through
which cisplatin leads to apoptosis is still not completely understood, although several

pathways that have been implicated [49].
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Figure 1.1. Mechanism of cisplatin-DNA adduct formation leading to DNA damage.
Following its activation upon entering the cell, cisplatin forms inter- and intra-strand
crosslinks with the DNA, leading to DNA damage. The cell undergoes cell cycle arrest,
as well as replication and transcription inhibition, where the cell will attempt to overcome
the damage and recover. However, failure to recover will ultimately lead to cell death.
Adapted and modified from Wang and Lippard (2005) [50].



1.2.2 Limitations of cisplatin

As mentioned, cisplatin is a widely employed anticancer agent [36]. In fact,
platins are involved in approximately 40% of all chemotherapy schedules [51]. Platin-
doublet chemotherapy is considered a standard of care for patients with advanced
NSCLC, however, the response rate is 17-32% for patients with NSCLC [37,52],
therefore, a significant percentage of patients are being exposed to platin toxicities
without receiving clinical benefit. The use and efficacy of cisplatin is restricted due to

associated toxicities and resistance [36], which will each be discussed in more detail.

Toxic Side Effects

Cisplatin’s cytotoxic effects are not exclusive to cancer cells; therefore it can lead
to side effects in normal tissues [53]. These side effects include nausea,
myelosuppression, immunosuppression, nephrotoxicity, neurotoxicity and ototoxicity
[45,53]. These toxicities are dose-dependent and hence limit its potential efficacy [53].
Nephrotoxicity is considered cisplatin’s main limiting side effect, as it leads to acute
kidney injury (AKI) in 20-30% of patients [54]. The production of reactive oxygen
species (ROS) by cisplatin-induced cytotoxicity is considered a key mechanism for this
nephrotoxicity [55].

In an effort to reduce the toxic side effects observed with cisplatin, various
cisplatin derivatives were developed, including carboplatin [45,56]. Carboplatin’s
mechanism of action is believed to be relatively similar to that of cisplatin; however, it is
associated with less toxic side effects due to having a more stable leaving group,

bidentate dicarboxylate [36]. Higher concentrations of carboplatin must be administered



due to its slower DNA binding rate [45]. Carboplatin does display less nephrotoxicity and
neurotoxicity; however, it induces significant myelotoxicity [57]. de Castria et al.
evaluated cisplatin versus carboplatin in patients with advanced NSCLC and concluded
that although these agents have different toxicity profiles, no difference in overall
survival (OS) was observed between the two [58]. A meta-analysis study by Ardizzoni et
al. on the efficacy of cisplatin versus carboplatin based regimens in NSCLC patients
observed a slightly higher response rate in patients undergoing cisplatin-based regimens
[59]. Both cisplatin and carboplatin continue to be used in the clinical setting at the
discretion of the physician, whose decision depends on various factors including the
patient’s performance and tolerance of the agent as well as the intent of the treatment

[57].

Tumor Resistance

Another major obstacle for the treatment of NSCLC is the intrinsic and acquired
resistance associated with cisplatin treatments [60]. Several cancers, including colorectal,
lung and prostate, tend to be intrinsically resistant to cisplatin [60], while others, such as
ovarian cancer, which are initially sensitive to cisplatin, tend to develop resistance over
time [61]. Therefore, resistance is considered a key factor in limiting response of a wide-
range of patients to cisplatin [60]. A variety of mechanisms have been associated with
resistance to cisplatin as it is considered to be multi-factorial since one or a combination
of these mechanisms could lead to resistance in patients [60]. Cisplatin resistance can be
divided into three broad categories, which are pre-target resistance, on-target resistance

and post-target resistance [60].



1) Pre-target resistance

Mechanisms that can influence the number of platin-DNA adducts formed can play a
role in cisplatin resistance [60]. Reduced intracellular cisplatin accumulation is a
mechanism of resistance occurring prior to the binding of cisplatin to DNA [60]. A
reduction of cisplatin uptake is attributed to the transmembrane protein copper transporter
I (CTR1), responsible for copper homeostasis in cells [62,63]. CTR1 has been identified
as a key player in the cell’s ability to uptake cisplatin as the accumulation of cisplatin in
Ctrl-/- mouse embryonic fibroblasts (MEFs) was less than its wild type counterpart [63].
Additionally, Ctrl-/- MEFs were resistant to cisplatin cytotoxicity [63]. Furthermore,
cisplatin exposure results in the internalization of CTRI1 in ovarian cancer cells, which
leads to its degradation by proteasomes, thus highlighting another potential mechanism
for cisplatin resistance [64,65].

An increase in the efflux of cisplatin has also been suggested as a pre-target
mechanism of cisplatin resistance [60]. The ATP-binding cassette (ABC) family of
ATPases contains proteins such as multidrug resistance protein (MRP) 1, MRP2, and
MRP3, which have been associated with drug resistance through increased efflux [66].
More specifically, MRP2 has been identified as the key player in this mechanism of
resistance following its overexpression [67]. The overexpression of the efflux proteins
copper-transporting P-type adenosine triphosphate A (ATP7A) and ATP7B have also
been associated with cisplatin resistance [68,69]. Furthermore, the overexpression of
ATP7B has been suggested as a potential predictor of cisplatin resistance in ovarian

cancer [70].
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Activated cisplatin in the cell tends to have an affinity for nucleophilic species in
the cytoplasm, which includes thiol-containing molecules glutathione (GSH) and
metallothioneins [60]. An increase in the levels of GSH has been observed in various
cisplatin-resistant ovarian cancer cell lines [71]. The binding of cisplatin to these thiol-
containing proteins limits the amount of active cisplatin that can form DNA-adducts in
the nucleus [49]. Moreover, the cisplatin-GSH compound, which is catalyzed by
glutathione S-transferase (GST), tends to be exported from cells via the ATP-dependent
glutathione S-conjugate export (GS-X) pump (MRP2), thus further contributing to
cisplatin resistance [72].

2) On-target resistance

Cisplatin resistance in cancer cell lines could also occur due to a defect in DNA-
adduct recognition or an increased repair or tolerance of these adducts [60]. DNA lesions
caused by cisplatin tend to be removed or repaired by the NER pathway [60]. A
correlation between increased NER proficiency and cisplatin resistance has been shown
in several models [73,74]. A key protein in the NER pathway is the excision repair cross-
complementing-1 (ERCC1) protein, which is an endonuclease that heterodimerizes with
xeroderma pigmentosum complementation group F (XPF) in order to incise DNA on the
5’ section of cisplatin adducts [45]. The expression of ERCC1 has been correlated with
increase cisplatin resistance and a decrease in survival in various cancer models including
NSCLC [75], ovarian [73], as well as head and neck [76]. Interestingly, testicular
cancers, which are known to be highly sensitive to cisplatin treatment, with 80% of
patients becoming cured following treatment, have been shown to be deficient in

ERCC1-XPF [77].
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The DNA mismatch repair (MMR) pathway is responsible for the repair of errors,
including incorrect base insertions and deletions, during DNA replication [78]. However,
in the case of DNA adducts, it is able to detect them but fails to repair, which leads to the
induction of apoptosis by activating the tyrosine kinase v-abl Abelson murine leukaemia
viral oncogene homologue (c-Abl) as well as the pro-apoptosis protein p73 [79].
Therefore, a defect in the MMR pathway could lead to cisplatin resistance [49].

As mentioned, an increased tolerance to the cisplatin-DNA adducts could also be a
factor for cisplatin resistance [60]. Translesion synthesis (TLS) is a mechanism that plays
a role in this tolerance [80]. This mechanism entails the ability of a number of
specialized DNA polymerases, known as TLS polymerases, bypassing DNA lesions [80].
In the case of cisplatin-GG adducts, the TLS polymerases pol 1 (POLH) and pol { (REV3
and REV7) have been associated with its bypassing [80]. Additionally, the DNA
polymerase B (pol ) has also been shown to be involved in bypassing cisplatin adducts,
thus contributing to the development of cisplatin resistance [80,81].

3) Post-target resistance

Post-target resistance to cisplatin can result from defects that occur in the signalling
pathways that induce apoptosis following DNA damage [60]. Cisplatin-induced apoptosis
can occur through the intrinsic apoptotic pathway or the extrinsic apoptotic pathway [36].
There are several proteins that play a role in these pathways, which include p53, mitogen-
activated protein kinase (MAPK) signalling cascades as well as the pro-apoptotic B-cell
lymphoma (Bcl-2) family of proteins [82,83,84]. Caspases are essential in both the
intrinsic and extrinsic apoptotic pathways, and their defects have been associated with

cisplatin resistance [36].
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P53 is a widely recognized tumor suppressor protein that plays a role in number
of cellular pathways, including the DNA damage response (DDR) [82]. A deficiency in
p53 has been shown to contribute to cisplatin resistance in a number of cancer cell lines
[60]. For example, ovarian cancer patients with a wild type p53 are more responsive to
cisplatin compared to patients with a p53 mutation [85]. Additionally, testicular cancers,
which tend to be extremely sensitive to cisplatin [86], rarely contain a p53 mutation [87].
However, there have been studies that report no correlation between p53 status and
cisplatin resistance [88,89]. This could be due to other factors that could potentially be
playing a role alongside p53, which includes other genetic alternations and cellular
context, including type of cell and signalling pathways [90].

The MAPK signalling cascades are known to play an important role in
transducing extracellular signals into cellular responses [91]. The MAPK family consists
of three protein kinases, which are extracellular signal-regulated kinase (ERK), c-Jun N-
terminal kinases/stress-activated protein kinases (JNK/SAPK) and p38 [91]. These
kinases can be activated by external stimuli, which is transduced to cellular responses by
phosphorylation [91]. The MAPK cascades have been shown to play a role in cisplatin
cytotoxicity [79,83]. The induction of the p38 pathway by cisplatin leads to apoptosis,
while the induction of the JNK and ERK pathways by cisplatin could induce cell survival
or apoptosis [83]. Furthermore, specifically inhibiting the activity of p38 can lead to an
increase in cisplatin resistance [92,93].

The increase in the expression of anti-apoptotic proteins, such as Bcl-2 and Bcl-
XL, has also been associated with cisplatin resistance in a number of cancers, including

ovarian and NSCLC [94,95]. The inhibitor of apoptosis (IAP) family of proteins are
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responsible for inhibiting caspases, which inhibits cell death [80]. In this family, the
increased expression of X-linked inhibitor of apoptosis protein (XIAP) has been
associated with cisplatin resistance in ovarian cancer cell lines [80]. The overexpression
of another member the AP family, known as survivin, has also been associated with

cisplatin resistance in various cancer cell lines [80].

1.2.3 Cisplatin-induced stress pathways

Cisplatin is widely recognized as a DNA damaging chemotherapeutic agent, and as
previously mentioned, functions by forming adducts with the cellular DNA, leading to
DNA damage, which the cell will try to repair [45,49]. A key player in the DNA repair
mechanism in response to DNA damage is the NER [60]. Thus, once DNA damage has
occurred, the cell undergoes cell cycle arrest, which enables the NER complex to
recognize and excise the DNA lesion, followed by DNA synthesis to reinstate genomic
integrity [60]. However, if the DNA damage is sustained and thus causing the DNA
repair to remain incomplete, the cells will activate signalling pathways that have the
potential to lead the cell towards apoptosis [49]. The inductions of various pathways have
been recognized following cisplatin treatment, including, but not limited to, the DDR
[96], MAPK cascades [83] and the induction of ROS by oxidative stress [84]. These
pathways have been recognized to play a role in stress responses as well as growth and

differentiation [45].

1) DNA damage response
The formation of cisplatin-DNA adducts that leads to double-stranded breaks (DSB)

activates a DNA damage response [96]. The role of the DDR in the cell is to maintain
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genomic integrity through efficient repair of DNA damage [97]. Activation of the DDR
initially results in cell cycle arrest for DNA repair to occur [97]. However, sustained
DNA damage will eventually trigger cellular apoptosis [49]. Two key upstream
regulators involved in the DDR are the protein kinases Ataxia telangiectasia mutated
(ATM) and the ATM and Rad-3 related (ATR) [96]. ATM tends to be activated in
response to DSBs, leading to the activation of histone H2AX, while ATR tends to be
activated upon replication stress and single strand breaks [98]. The activation of ATM
and ATR leads to the phosphorylation of other kinases, including checkpoint kinase
(Chk) 1 and Chk2, which leads to the induction of p53, a key protein in DDR response
[96]. Generally, low levels of p53 are expressed in cells, however, upon various stimuli,
including DDR activation, p53 levels are increased [99]. The activation of p53 leads to
the induction of p21, a cyclin dependent kinase inhibitor (CDKI), which leads to G1/S
arrest [96]. When the DNA damage is deemed irreparable, apoptosis will be favoured,
where p53 will induce the translocation of the pro-apoptotic protein Bcl-2-associated X
(BAX) from the cytosol to the mitochondria, where the activation of the caspase 9-
caspase 3 pathway will induce apoptosis [49]. Furthermore, p53 mutations commonly
result in the inhibition of tumor cell apoptosis, however, apoptosis can also be induced in
a p53-independent manner [100]. Another key player in the process is the anti-apoptotic
Bcl-2 protein, which is repressed in this event [49]. Ultimately, it is the Bax:Bcl-2 ratio
that is a determinant in the occurrence of apoptosis [49].

2) MAPK cascades

The MAPK signalling pathway has been shown to play a role in cellular proliferation,

differentiation, development, as well as inflammatory responses and apoptosis [91].
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Previous studies, including our own, have demonstrated the activation of all three MAPK
kinases following cisplatin treatment in cancer cells [83,101]. The activation of ERK has
been suggested as highly important as it has been associated with the phosphorylation of
p53 [102], while other studies have highlighted p38 [92] and JNK [103], as contributing
to cisplatin-induced apoptosis. It is however important to note that although these MAPK
kinases have a role in inducing apoptosis following cisplatin treatment, they have also
been implicated in contributing to cisplatin-resistance [83,104]. This has been attributed
to the extent of DNA damage induced by cisplatin and the difference in cellular context
[49].

3) Oxidative stress and ROS formation

Apart from DNA damage, oxidative stress is known to play a role in cisplatin
cytotoxicity through the induction of ROS [84]. The formation of ROS is dependent on
the cisplatin’s concentration and length of exposure [84]. Cisplatin leads to cell death by
inducing DNA damage at low doses, while inducing ROS formation, specifically
superoxide, at higher doses in the colon carcinoma cell line HCT116 and melanoma cells
224 [105]. The presence of superoxide scavengers was shown to inhibit cell death [105].
The mitochondria is believed to play a role as it is responsible for energy production
through oxidative phosphorylation and a source of ROS formation in cells [106]. Other
than forming DNA adducts in the nucleus, cisplatin is also known to form adducts with
mitochondrial DNA, which induces mitochondria-dependent ROS formation, and
enhances cisplatin’s cytotoxicity [106]. The impaired mitochondrial oxidative stress is
believed to result in impaired protein synthesis, altered mitochondrial membrane

potential (MMP), and defective energy metabolism [106,107]. Furthermore, ROS
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formation has also been associated with the activation of the MAPK pathway [108] as
well as the Integrated Stress Response (ISR) [109], which plays a role in maintaining

cellular homeostasis in response to stressful stimuli [110].

1.3 Activating Transcription Factor 3 (ATF3)

1.3.1 Cellular stress response and ATF3

Cellular stress response is generally recognized as a protective mechanism against
potentially threatening stimuli, including injury, hypoxia and DNA damage [111]. A lack
of response to stress can lead to the development of cancer [111]. Activating transcription
factor (ATF) 3 is a member of the ATF/cyclic AMP response element binding
(ATF/CREB) family of basic region-leucine zipper (bZip) transcription factors, which
were originally identified due to their ability to bind to the consensus ATF/CRE site
‘TGACGTCA’ [112]. The ATF3 gene is located on chromosome 1q32.3 and its protein
consists of 181 amino acids [112] and has a molecular weight of 22 kDa [113]. The
human ATF3 mRNA consists of four exons, which are distributed over 15 kilobases
[112]. These exons are referred to as exons A, B, C and E [112]. Exon A contains the 5°-
untranslated region, while exon B contains the N-terminal as well as the initiation codon
(AUG) [112]. Exon C mainly contains the basic region, while exon E contains the ZIP
domain and the 3’-untranslated region [112]. Furthermore, an alternatively spliced
isoform of ATF3, known as ATF3AZip, also exists and includes an exon between exon C
and E, referred to as exon D, which contains an in-frame termination codon [112,113].
This results in a truncated protein, as it no longer contains the leucine zipper region at the
C terminus, therefore preventing it from binding to the ATF/CRE motif [112,113].

ATF3AZip was determined to play a role in the expression of target genes by
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sequestering co-inhibitory factors from the promoters [113]. Furthermore, another
alternatively spliced isoform, known as ATF3AZip2, was identified and suggested to play

a role in the regulation of gene expression upon stress stimuli [114].
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Figure 1.2. ATF3 and ATF3AZip exon organization. The ATF3 mRNA contains four
exons, A, B, C and E, which result in a full length ATF3 protein. The ATF3AZip mRNA
contains exons A, B, C, D and E, where exon D contains a stop codon that leads to the

formation of a truncated protein lacking the leucine zipper region. Adapted and modified
by Liang et al. (1996) [112].

19



As a member of the activating protein 1 (AP-1) family of transcription factors,
ATF3 can homodimerize or selectively heterodimerize with other proteins of this family,
which include ATF2, c-Jun, Jun B and Jun D, through the leucine zipper region
[115,116]. It has been shown that when ATF3 homodimerizes, it acts as a transcriptional
repressor, however, it can activate or repress transcription as a heterodimer [117]. The
promoter and cellular contexts as well as the availability of binding partners are
important determinants as to whether the dimers will act as transcriptional activators or
repressors [113,117]. As an example, the ATF3/c-Jun, ATF3/JunD and ATF3/JunB
heterodimers activate promoters with ATF/CRE binding sites, however, the ATF3/JunB

heterodimer represses promoters with AP-1 binding sites [117,118].

1.3.2 ATF3 as a stress-inducible gene

In most cell lines and tissues, the basal expression level of ATF3 is low, however,
ATEF3 can be induced by a variety of different stimuli, thus earning its title as a stress-
inducible gene [117,119]. ATF3 induction was initially observed in tissues following
physiological stress, which included liver injuries and ischemia [119]. ATF3 is also
induced by other stress stimuli such as genotoxic agents, including ionizing radiation
(IR), ultraviolet light (UV) [120] and doxorubicin [121]. Endoplasmic reticulum (ER)
stressors [122], oxidative stress [123] and proteasome inhibition [124] have also been
identified as ATF3 inducers. Furthermore, our laboratory has also identified cisplatin as
an inducer of ATF3 as well as mevalonate pathway inhibitors [125] and histone

deacetylase inhibitors (HDAC:1) [126].
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1.3.3 Mechanisms involved in ATF3 induction

Depending on the strength of the stressor stimuli as well as cellular context, the
induction of ATF3 will lead to the activation of target genes through an array of
signalling pathways that can either help alleviate the stress, or, in the case the stress can
not be overcome, lead to apoptosis by inducing pro-apoptotic factors, such as C/EBP
homologous protein, also known as growth arrest DNA damage inducible gene 153
(GADD153) [117,119,120]. Pathways that have been associated with the induction of
ATF3 following stress stimuli include, the DDR, specifically p53 [111], the MAPK
cascades [101,127] and the ISR pathway [125,126,128].

The DDR plays an important role in regards to ATF3 induction as there is a p53
binding site present on the ATF3 promoter and efficient ATF3 induction is often
dependent on an intact p53 allele [129]. Following genotoxic induced DNA damage, it
has been reported that ATF3 interacts with p53 to increase its stability, thus preventing
p53 from proteasomal degradation [111]. A role for ATF3 has also been shown in the
suppression of the oncogenic activities of mutant p53, which is interesting as both
NSCLC cell lines used throughout this thesis, specifically Calu6 and H23, contain p53
mutations [130]. Therefore, these suggest that ATF3 plays a role in regulating p53 tumor
suppressor functions. Additionally, the loss of ATF3 has been shown to result in
defective p53 induction following DNA damage [131].

The ISR pathway is involved in cellular stress response in eukaryotes [110]. This
pathway involves the phosphorylation of eukaryotic translation initiation factor 2 alpha

(elF2a), which leads to global protein synthesis inhibition and the activation of a number
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of genes, including ATF4, and subsequently ATF3 [128]. The pro-apoptotic factor
CHOP/GADD153 is downstream of ATF3 in this pathway [122].

The induction of ATF3 can also occur through the MAPK pathway [101,127]. As
previously mentioned, the MAPK pathway is induced by cisplatin, however, our
laboratory has previously shown that the activation of this pathway leads to ATF3
induction [83,101]. Moreover, ATF3 was shown to be a key regulator in cisplatin
cytotoxicity [101]. In addition to cisplatin, there are other stimuli that induce ATF3
through the MAPK pathway, which include the protein synthesis inhibitor anisomycin,
which induces ATF3 through the p38 pathway [127], and the non-steroidal anti-
inflammatory drug tolfenamic acid, which induces all three MAPK components, leading

to the phosphorylation of ATF2 and subsequent induction of ATF3 [132].
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Figure 1.3. Schematic model of various pathways through which cisplatin has been
shown to induce ATF3 expression. Cisplatin can lead to DNA damage and ROS
production, and induce various pathways, including the ISR, MAPK, as well as
components of the DDR, which can lead to the induction of ATF3 and consequently its
downstream targets that play a role in either apoptosis or cell recovery [84,122,133-136].
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1.3.4 ATF3’s role in cancer

In the context of cancer, it has been suggested that ATF3 has a dichotomous role as it
has been shown to play a role in the proliferation or apoptosis of cancer cells [137,138].
An example of this dichotomous role was observed where overexpression of ATF3
induced apoptosis in the untransformed MCFI0A mammary epithelial cells, while
protecting the aggressive breast cancer cell line MCF10CAla and enhancing its motility
[137]. ATF3 also binds to the cyclin D1 promoter and represses its transcription,
resulting in cell cycle arrest and apoptosis in Ras-mediated tumorigenesis [135].
Additionally, the overexpression of ATF3 displayed an antitumorigenic effect in in vitro
colorectal cancer cells and in vivo mouse xenograft model [139]. Although several
studies support ATF3’s role in apoptosis, an oncogenic role for ATF3 has also been
reported. A study evaluating ATF3 expression levels in human lung cancer tissues
correlated higher ATF3 expression with advanced tumor grade and metastasis as well as
a shorter overall survival [140]. Additionally, the tumor metastasis suppressor gene Drg-1
has been shown to downregulate the transcription of ATF3 in prostate cancer cell lines
[141]. The overexpression of ATF3 in these cells promoted invasion in vitro and
enhanced metastasis in an in vivo mouse model [141].

The difference observed in the role of ATF3 could be contributed to cellular context
and state of malignancy in the studies done, however, the role of ATF3 in both cellular

proliferation and apoptosis warrants further studies.
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1.3.5 Previous work from our laboratory: Evaluating the induction of ATF3 by
cisplatin

The induction of ATF3 by cisplatin was previously demonstrated in our
laboratory [101]. This study evaluated a number of pathways that have previously been
identified to induce ATF3 and determined that cisplatin induces ATF3 through a MAPK-
dependent pathway [101]. All three components of the MAPK pathways were shown to
play a role in the induction of ATF3 as the inhibition of the ERK, p38 and JNK pathways
inhibited the induction of ATF3 following cisplatin treatment [101]. Additionally, our lab
used two cisplatin-resistant cell lines derived from the parental NSCLC cell lines Calu6
and H23, designated as Calu6cisR1 and H23cisR1 [104]. Both Calu6 and H23 are
adenocarcinoma cell lines with genetic mutations in p53 and KRAS, which are
commonly observed in this tumor type [142, 143]. RNA-seq transcriptome analysis was
performed in order to identify genes that are differentially induced between the parental
Calu6 and H23, and their cisplatin-resistant counterparts, following treatment with
2ug/mL cisplatin for 24 hours (Figure 1.4A). ATF3 was significantly induced in the
parental cell lines but not in their cisplatin-resistant counterparts (Figure 1.4B). The
induction of ATF3 was abrogated at the protein and mRNA level in the cisplatin-resistant
cell lines (Figure 1.4C and D), which was attributed to a defect in the JNK pathway
signalling, further highlighting the role of the MAPK pathway is cisplatin cytotoxicity

and resistance [104].
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Figure 1.4. Differential regulation of ATF3 between parental and cisplatin-resistant
NSCLC cell lines. A) RNA-seq analysis of Calu6 and H23 and their cisplatin-resistant
sub-lines, Calu6cisR1 and H23cisR1, following treatment with 2ug/mL cisplatin for 24
hours. B) ATF3 was identified as a differentially expressed gene between the parental
and cisR1 cells following cisplatin treatment (2ug/mL cisplatin for 24 hours). C) RT-
qPCR evaluation of ATF3 mRNA levels in Calu6 and the three cisR1 sub-lines following
treatment with 4pug/mL cisplatin for up to 24 hours. D) Western blot analysis of ATF3
expression in the parental Calu6 and H23 and their cisR1 sub-lines following treatment
with 4pug/mL cisplatin for 24 hours. Data in this figure were obtained by Jair Bar [104].
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Moreover, platin regimens tend to consist of the combination of platins with other
agents in order to increase the efficacy of the treatment [16]. Previous works in our
laboratory have investigated the combination of cisplatin with other ATF3 inducers,
including HDACi M344 [126] and disulfiram, a drug commonly used for alcohol
aversion therapy [144]. Both combinations showed enhanced cisplatin cytotoxicity as
well as ATF3 protein induction [126,144]. Current agents used in combination with
platins in the clinical setting have been determined empirically [145]. However,
identifying more rational combination based therapies is important to overcome the
toxicities and resistance associated with the current regimens.

Our laboratory employed a chemical library of 1200 FDA approved compounds
to identify agents that can enhance cisplatin cytotoxicity using the Calu6 NSCLC cell line
(Table 1a). This library was also employed to identify agents whose cytotoxicity was
ATF3 dependent by comparing responses in wild type MEFs compared to ATF3-
deficient (ATF3-/-) MEFS (Table 1b). Two agents that were identified in both screens are
vorinostat and topotecan (Table 1). Vorinostat, also known as suberoylanilide
hydroxamic acid (SAHA), is a histone deacetylase (HDAC) inhibitor that targets class I
and II HDACs [146]. Histone deacetylases are responsible for catalyzing the removal of
acetyl groups from histones, which results in transcriptional repression [147]. Vorinostat
inhibits these enzymes by binding to the zinc atom that is located on the catalytic site of
the HDAC:s, resulting in an accumulation of acetylated proteins, including histones [146].
HDAC inhibitors have anticancer activity by inducing apoptosis and cell cycle arrest
[148,149] and approved for the treatment of cutaneous T cell lymphoma [150].

Topotecan, also known as Hycamtin, is a topoisomerase I inhibitor that has also been
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FDA approved as a chemotherapeutic agent for a variety of cancers [151,152].
Topotecan’s interference between the topoisomerase I enzyme and DNA results in double
strand breaks, eventually leading the cell to apoptosis [152]. In this study, we investigated
the role of vorinostat and topotecan as inducers of ATF3 and their effects on cisplatin

induced cytotoxicity in NSCLC cells.
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a. Calu6: 1200 FDA compound screen (1uM dose) + 0.4pg/mL cisplatin

Anthracyclins | Topoisomerase Microtubule Antimetabolites | Metabolic

I Inhibitors Polymerization Stressors

doxorubicin campothecin docetaxel gemcitabine vorinostat

daunorubicin topotecan nocodazole floxuridine antimycin
mitoxantrone azacytidine

b. ATF3+/+ vs. ATF3-/- 1200 FDA compound screen (SuM dose)

NSAIDS Topoisomerase | Antimetabolites Metabolic Antibiotics

I Inhibitors Stressors
zomepirac topotecan zalcitabine atovaquone cefmetazole
piroxicam etoposide azaguanine-8 vorinostat minocycline

podophyllotoxin | mercaptopurine monensin quinacrine
thioguanosine fluvastatin alexidine
trifluridine nafronyl
oxalate
isosorbide

Table 1.1. Compounds obtained as hits by employing a chemical library screen of
1200 FDA approved compounds. a) Calu6 cell line was used in order to identify
compounds that enhanced cisplatin sensitivity (24 hours library treatment + 48 hours with
cisplatin for a total of 72 hours) and b) wild type and ATF3-/- MEFS were used in order
to identify differential sensitivity (48 hour treatment). Compounds in red represent
compounds of interest for this study. Done by Stephanie Reid and Shaad Hasim.

29




1.4 Rationale

Platin-based combination chemotherapy is the standard of care for treatment of
patients with advanced NSCLC [36]. However, cisplatin associated toxicities and
resistance act as barriers to its efficacy [36]. Our laboratory has identified ATF3 as a
mediator of cisplatin cytotoxicity [101] and further highlighted its potential role in
mediating cisplatin resistance in NSCLC [104]. Furthermore, the combination of cisplatin
with other ATF3 inducers, such as M344 and disulfiram, enhance cisplatin cytotoxicity
[126,144]. We further identified vorinostat and topotecan as hits in a strategically
performed library screen that demonstrated their roles as both enhancers of cisplatin
cytotoxicity as well as agents whose cytotoxicity is dependent on ATF3. Therefore, their
combination with cisplatin could potentially lead to enhanced and sustained induction of
ATEF3 pushing cells towards apoptosis. The MAPK pathway has been highlighted in the
induction of cisplatin cytotoxicity [83,101], however, other pathways, such as DDR and
ROS, will also be evaluated to further understand the mechanisms underlying cisplatin,

vorinostat and topotecan cytotoxicity.
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1.5 Hypothesis and Objectives

Hypothesis
Enhanced and sustained induction of ATF3 through the combination of platins and other

ATEF3 inducers will result in synergistic or enhanced anti-cancer activity in NSCLC.

Objectives
1. To establish ATF3 as a therapeutic target in NSCLC through the identification
and combination of novel ATF3 inducers with platins
a. Evaluate ATF3 as a therapeutic target in NSCLC
b. Combining novel ATF3 inducers with platins as a therapeutic approach
2. To evaluate ATF3 expression in human NSCLC ex vivo samples in order to

further highlight its clinical relevance
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Chapter 2: Materials and Methods
2.1 Tissue Culture

The human tumor-derived NSCLC cell lines Calu6 and NCI-H23 (H23) were
obtained from the American Type Culture Collection (ATCC) (Rockville, MD, USA).
The wild type and ATF3 deficient (ATF3-/-) MEFs were kindly provided by Dr. T. Hai
(Ohio State University, OH, USA). The cisplatin-resistant Calu6 and H23 sub-lines were
previously established by treating the parental cell lines with 2pg/mL cisplatin until
approximately 10 cells remained, from which single cells were isolated and grown
[104]. All cell lines were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Media Services, Ottawa Regional Cancer Centre, Ottawa, ON, Canada) supplemented
with 10% fetal bovine serum (FBS) (Medicorp, Montreal, QC, Canada) and 100pg/mL
penicillin-streptomycin (Sigma-Aldrich, St Louis, MO, USA). Additionally, the media
for the MEFs was supplemented with L-Glutamine (Sigma, St Louis, MI, USA).
Incubation of the cells occurred at 37°C and 5% CO2. Passaging of the cells involved
washing with Dulbecco’s Phosphate Buffered Saline (PBS) (Cellgro, Manassas, VA,
USA) and detached using Trypsin EDTA 1x (Cellgro, Manassas, VA, USA). Cell counts
were performed using a Vi-Cell XR Cell Viability Analyzer (Beckman Coulter, CA,

USA).

2.2 Drugs and Inhibitors
Cisplatin, carboplatin, docetaxel, doxorubicin and topotecan were provided by the
pharmacy at the Ottawa Hospital Cancer Centre (Ottawa, ON, CAN). Vorinostat was

purchased from Calbiochem (Gibbstown, NJ, USA) and suspended to 10mM in dimethyl
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sulfoxide (DMSO). GGTI-298 was purchased from Sigma-Aldrich (St Louis, MO, USA)
and suspended to 10mM in DMSO. Lovastatin was purchased from Apotex (Toronto,
ON, Canada) and suspended to 10mM in ethanol. Thapsigargin was purchased from
Sigma-Aldrich (St Louis, MO, USA) and suspended to ImM. The chemical inhibitors for
JNK (SP600125) and ATM (KUS55933) were purchased from Selleck Chem (Houston,

TX, USA).

2.3 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) Assay
Cells were seeded in 96-well flat-bottom plates (Costar, Corning, NY, USA) at
densities previously optimized for each cell line and time points in 75 or 50 puL per well
for single and combination treatments, respectively. Once seeded, the cells were
incubated overnight to allow for attachment and recovery. For single drug treatments,
cells were treated with increasing concentrations of cisplatin, carboplatin, docetaxel,
vorinostat and topotecan for 48 or 72 hours. For combination drug treatments, cells were
pre-treated with vorinostat or topotecan for 24 hours, followed by treatment with
increasing concentrations of cisplatin for another 48 hours, for a total of 72 hours. The
final volume for all treatments was 150uL. Following treatment, 42uL. of a Smg/mL MTT
tetrazolium substrate solution (Sigma-Aldrich, St Louis, MO, USA) prepared in PBS was
added to each well for 2 hours and incubated at 37°C and 5% CO2. Following that, 84uL
of a solution of 0.01N HCl in 10% SDS was added to each well and incubated overnight
at 37°C and 5% CO2. The absorbance was measured at 570nm with a Synergy Mx
Monochromator-Based Multi-Mode Microplate Reader using the Gen5 software (BioTek,

Winooski, VT, USA)

33



2.4 Western blot analysis

Cells were seeded in 6-well flat bottom plates (Costar, Corning, NY, USA) at a
density of 600 000 cells/well. After a treatment of 24 or 48 hours, media was aspirated
and the cells were washed with cold PBS. RIPA buffer (50 mM Tris-CL pH 7.5, 150 mM
sodium chloride, 1 mM EDTA, 1% Triton-X-100, 0.25% sodium deoxycholate, 0.1%
SDS) containing 1x Protease Inhibitor Cocktail was used for cell lysis. Protein
quantification was performed using the Pierce BCA Protein Assay Kit (Pierce, Rockford,
IL, USA) and the absorbance was read at 562 nm with a Synergy Mx Monochromator-
Based Multi-Mode Microplate Reader using the Gen5 software (BioTek, Winooski, VT,
USA). Protein samples were separated using 10-12% SDS polyacrylamide gels and
transferred onto Immobilon-P PVDF membranes (Millipore, Billerica, MA, USA).
Membranes were blocked with 5% milk in Tris-buffered saline containing 0.1% Tween-
20 (TBS-T) for 1 hour and incubated with a primary antibody dilution in 5% milk in
TBS-T overnight at 4°C.

The primary antibodies used are: rabbit anti-ATF3 (C-19) (1:500, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), rabbit anti-PARP (1:1000, Cell Signaling
Technology, Lake Placid, NY, USA), rabbit anti-c-Jun (1:1000, Cell Signaling
Technology, Lake Placid, NY, USA), rabbit anti-phospho-c-Jun (Ser73) (1:1000, Cell
Signaling Technology, Lake Placid, NY, USA), mouse anti-phospho-Histone H2A.X
(Ser139) (Millipore, MA, USA) and mouse anti-actin (1:10,000, Sigma-Aldrich, St.
Louis, MO, USA).

The following day, the membranes were washed three times with TBS-T and

incubated at room temperature for 1 hour with the appropriate horseradish peroxidase

34



(HRP)-labeled secondary antibody (1:3000 anti-mouse, 1:3000 anti-rabbit, Jackson
ImmunoResearch, West Grove, PA, USA) in 5% milk in TBS-T. Protein bands were
visualized using the Clarity Western ECL Subsrate (BioRad, Saint-Laurent, QC, Canada)

and developed using the Syngene Bio-Imaging System (Syngene, Frederick, MD, USA).

2.5 Ex vivo tissue processing

Patient lung tumor and normal adjacent lung tissue were collected after surgical
resection (lobectomy) (Ottawa Hospital Research Ethics Board; Protocol # 20120559-
01H). The tissues were cored into smaller pieces (approximately 2x2x1 mm) using a
sterile biopsy punch. Tumor cores were randomly distributed (3 cores/well) in a 24-well
flat bottom plate (Costar, Corning, NY, USA) containing ImL of DMEM (Media
Services, Ottawa Regional Cancer Centre, Ottawa, ON, Canada) supplemented with 10%
FBS (Medicorp, Montreal, QC, Canada). Treatments were performed in triplicate for 48
hours. After treatment, the cores were transferred into 1.5 mL tubes and snap frozen in

liquid nitrogen and stored at -80°C.

2.6 RNA Extraction and RT-PCR for ex vivo tissue

For each sample, 0.5 mL of trizol was added in the 1.5mL tube and the tissues
were homogenized using a PowerGen 125 tissue homogenizer (Fisher Scientific,
Hampton, NH, USA) and incubated at room temperature for 10 minutes. 100uL of
chloroform was added to each sample and samples were vortexed for 20 seconds and
incubated at room temperature for 3 minutes. The samples were then centrifuged at 14
500 rpm for 15 minutes at 4°C and the clear aqueous phase was transferred to a new 1.5

mL Eppendorf tube. 250uL of isopropanol was added to precipitate RNA and incubated
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at room temperature for 20 minutes. The samples were then centrifuged at 14 500 rpm for
15 minutes at 4°C. The liquid was removed and the pellet was washed with 1mL of 75%
ethanol and centrifuged for 10 minutes at 10 000 rpm at 4°C. The ethanol was then
removed and pellets were left to dry for 10 minutes. The pellets were then dissolved in
40uL of RNAase free water. RNA concentrations were measured on a Take3 Micro-
Volume plate with a Synergy Mx Monochromator-Based Multi-Mode Microplate Reader
using the Gen5 software (BioTek, Winooski, VT, USA).

Total RNA (0.5ug) was reverse transcribed to complementary DNA (cDNA)
using a High Capacity cDNA reverse transcription kit (Applied Biosystems, Foster City,
CA, USA) in an ABI Thermal Cycler (Applied Biosystems, Foster City, CA, USA),
following the manufacturer’s protocol. In order to detect amplification, quantitative real-
time polymerase chain reaction (RT-qPCR) was performed using the Applied Biosystems
AB 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). A total
volume of 20uL was used, consisting of 4uL of synthesized cDNA, 1uL. TagMan Gene
Expression Assay Primer/Probe (20x) (Applied Biosystems, ATF3, HS00231069), SuL
of RNase free water and 10uL of TagMan Universal PCR Master Mix (2x) (Applied
Biosystems, 4303337). The housekeeping gene that was used as the endogenous control

was human GAPDH (20x) (Applied Biosystems, HS4333764-F).

2.7 Statistical Analysis
The graphical data was plotted using GraphPad Prism software (Graphpad, San
Diego, CA, USA). A two-way ANOVA using a Bonferroni multiple comparison test was

employed to determine significance regarding MTT cell viability curves. In all cases,
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*=p<0.05, **=p<0.01 and *** = p<0.001 indicate significance. The CalcuSyn computer
software (Biosoft, Cambridge, UK) was employed to determine the combination effect of
vorinostat/topotecan and cisplatin by graphing the combination index (CI) on fraction
affect-CI plots. A CI value greater than 1 signifies an antagonistic interaction, whereas a
CI value of 1 signifies an additive interaction and a CI value less than 1 signifies a

synergistic interaction.
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Chapter 3: Results

3.1 ATF3 is a target of platin cytotoxicity in NSCLC

The cytotoxic effects of platins, specifically cisplatin and carboplatin, were
previously evaluated in various human cancer cell lines [101]. The induction of ATF3 by
both platins was observed at the protein and mRNA levels [101]. In order to further
confirm ATF3’s role in platin cytotoxicity, ATF3-/- and wild type (ATF3+/+) MEFs
were employed. Both cell lines were treated with cisplatin (0-6pg/mL), carboplatin (0-
200ug/mL) as well as with docetaxel (0-50nM), that targets tubulin cytoskeleton
architecture [153], for 48 hours. MTT cell viability assay was used to determine that the
ATF3-/- MEFs display less sensitivity to both platins compared to the wild type MEFs
(Figure 3.1, A and B). However, there was no difference in sensitivity between the wild
type and ATF3-/- MEFs after treatment with docetaxel (Figure 3.1C). Overall, this

demonstrates a role for ATF3 in regulating platin cytotoxicity.
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Figure 3.1. Platin cytotoxicity evaluated in wild type and ATF3-/- MEFs by MTT
cell viability assay. Wild type and ATF3-/- MEFS were treated with A) 0-6ug/mL
cisplatin, B) 0-200pg/mL carboplatin and C) 0-50nM docetaxel (C), and assessed by
MTT cell viability assay following treatment for 48 hours. Cell viability was determined
against untreated cells, which were assigned to represent 100%. Platin cytotoxicity was
confirmed to be ATF3 dependent, while docetaxel was not. Significant difference in the
viability curves comparing the wild type and ATF3-/- MEFs responses represented by * =
p<0.05.
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Resistance to platins is widely recognized as a limiting factor for their utilization
in the clinical setting for NSCLC [80]. Therefore, in order to further identify potential
mediators of resistance in NSCLC, several cisplatin-resistant clones were established
from two NSCLC cell lines, Calu6 and H23 [104]. As previously mentioned, both
parental cell lines are adenocarcinoma with genetic mutations in p53 and KRAS
[142,143]. Once established through cisplatin exposure, the sensitivity of these cisplatin-
resistant sub-lines, referred to as Calu6cisR1-3 and H23cisR1-3, to cisplatin and
carboplatin compared to the parental cell lines, was confirmed. Both the parental and the
cisplatin-resistant cell lines were treated with a range of cisplatin and carboplatin
concentrations for 48 hours. MTT cell viability assays, demonstrated that the
Calu6cisR1-3 and H23cisR1-3 sub-lines displayed less sensitivity to the platins in
comparison to their respective parental cell lines [104]. In this study, Calu6 and H23, and
one representative cisplatin-resistant sub-line, Calu6cisR1 and H23cisR1, were
employed. I confirmed this differential sensitivity between the Calu6, H23 and their
respective cisR1 sub-lines following treatment with cisplatin (0-4 pg/mL) for 48 and 72

hours by MTT assays. (Figure 3.2, A-D)
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Figure 3.2. Platin cytotoxicity evaluated in NSCLC cell lines Calu6, H23 and their
cisplatin resistant sub-lines, Calu6cisR1 and H23cisR1, respectively, by MTT cell
viability assay. All four cell lines were treated with 0-4pg/mL cisplatin assessed by MTT
assay following treatment for 48 (A,C) and 72 (B,D) hours. Cell viability was determined
against untreated cells, which were assigned to represent 100%. Differential sensitivity to
cisplatin was confirmed in between both parental and cisplatin-resistant cell lines after 48
and 72 hours. Error bars represent SD from the mean of n=3 experiments. Significant
difference in the viability curves comparing parental and cisplatin-resistant responses to
cisplatin represented by * = p<0.05, ** = p<0.01 and *** = p<0.001.
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Using RNA-Seq Transcriptome Analysis, we identified genes that were
differentially expressed between the parental cell lines and their resistant sub-line
following cisplatin treatment. ATF3 was the most significant differentially induced gene
between the parental and their respective cisR1 sub-lines following treatment with
cisplatin (2pg/mL) for 24 hours (Figure 1.4A and B). This differential expression was
also observed at both the mRNA and protein levels (Figure 1.4C and D). In this study,
these parental cell lines and their respective cisplatin-resistant sub-lines were treated with
various drugs that have previously been identified as ATF3 inducers such as doxorubicin
(5uM), thapsigargin (1uM), vorinostat (10uM), lovastatin (10uM) and GGTI-298 (10uM)
in addition to cisplatin (1pg/mL). Following 24 hours of treatment, Western blot analysis
was performed to compare ATF3 expression between parental and cisplatin-resistant cell
lines (Figure 3.3). A 24 hour time point was chosen to evaluate ATF3 expression as
previous reports have shown its upregulation at that time following cisplatin treatment
[101,154]. Additionally, it was the time point used for the RNA-seq analysis, where
differential ATF3 expression was observed between the parental and cisR1 cell lines.
Cisplatin and doxorubicin treatments induced ATF3 expression in the parental cell lines
only. Thapsigargin and vorinostat induced ATF3 expression in both parental and cisplatin
resistant cell lines. Thapsigargin and vorinostat are known inducers of ATF3 through the
ISR pathway [122,126]. ATF3 induction was not observed in the Calu6 and Calu6cisR1
following treatment with lovastatin and GGTI-298, which target the mevalonate pathway
and induce metabolic stress [125,155]. A weak induction of ATF3 was observed in both
H23 and H23cisR1 following treatment with lovastatin. Overall, these preliminary results

obtained showed that the DNA damaging agents tested displayed differential induction of
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ATEF3 in the parental and resistant sub-lines but not the ISR and metabolic stress agents

tested.
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Figure 3.3. Evaluation of ATF3 expression between the parental cell lines Calu6 and
H23 and their cisplatin-resistant sub-lines, Calu6cisR1 and H23cisR1, after
treatment with various ATF3 inducers. All four cell lines were treated with 1pg/mL
cisplatin, 5uM doxorubicin, 1uM thapsigargin, 10uM vorinostat, 10uM lovastation and
10uM GGTI-298 for 24 hours. Following the treatment, western blot analysis was

performed in order to evaluate the ATF3 expression and PARP cleavage. Actin was used
as a loading control.
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3.2 Various pathways, including the DDR, ISR and MAPK signalling, play a role in
cisplatin induced ATF3 expression

A number of stress signalling pathways play a role in the induction of ATF3
[120]. These include the ISR mediated by ATF4 induced by reactive oxygen species
(ROS) [128], components of the MAPK pathway [127] and the DNA-damage response,
including ATM and p53 proteins [111,115]. To delineate the pathways regulating
cisplatin induced ATF3 expression, specific inhibitors of these pathways were employed.

Cisplatin has been previously shown to induce ROS formation following
oxidative stress leading to cell death [84]. Therefore, to evaluate the role of cisplatin-
induced ROS in the induction of ATF3 in NSCLC cells, Calu6 and H23 cell lines were
pre-treated for one hour with 10mM N-acetylcysteine (NAC), a ROS scavenger, followed
by treatment with cisplatin (0,1,2,4,8ug/mL) for 24 hours (Figure 3.4, A and B). Western
blot analysis was performed to evaluate ATF3 expression and PARP cleavage, a marker
of apoptosis [156]. In both cell lines, the induction of ATF3 was attenuated, particularly
at 4pug/mL in Calu6 and 2pg/mL in H23, which were the concentrations that induced the
highest ATF3 expression following cisplatin treatment alone in the respective cell lines.
Furthermore, higher levels of cleaved PARP (cPARP), were observed with cisplatin
treatments alone in both parental cell lines, compared to the co-treatments with NAC,
specifically at 2 and 4pg/mL in the Calu6 cell line and 8ug/mL in the H23 cell line,
suggesting a role for ROS in cisplatin-induced ATF3 expression and apoptosis. The lack

of ATF3 induction with 8ug/mL cisplatin can be attributed to increased cell death.
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Figure 3.4. The role of ROS in cisplatin cytotoxicity in Calu6 and H23 cell lines.
Calu6 (A) and H23 (B) were treated with 10mM NAC alone for 1 hour prior to co-
treatment with cisplatin for 24 hours. Western blot analysis was performed to evaluate
ATF3 expression and PARP cleavage. Cisplatin-induced ATF3 expression was
attenuated with NAC treatment in both cell lines. Actin was used as a loading control.
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The role of the DDR in cisplatin-induced ATF3 expression in NSCLC cells was
evaluated by using KU55933, an ATM inhibitor that induces G1 cell cycle arrest
allowing for repair of DNA damage [157]. As previously mentioned, ATM is a key
kinase in the DDR pathway that can lead to apoptosis [96]. Calu6 and H23 were pre-
treated with 10uM KUS55933 for 1 hour prior to co-treatment with cisplatin
(0,1,2,4,8ug/mL) for 24 hours. There was no pronounced difference between the ATF3
expression in both cell lines in the presence and absence of KU55933 following Western
blot analysis (Figure 4.5, A and B), while a modest decrease in cPARP was observed

with 10uM KUS55933 in the H23 cell line (Figure 3.5B).
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Figure 3.5. The role of the DDR pathway in cisplatin cytotoxicity in Calu6 and H23
cell lines. Calu6 (A) and H23 (B) were treated with 10uM KU55933 (ATM inhibitor) for
1 hour prior to co-treatment with cisplatin for 24 hours. Western blot analysis was
performed to evaluate ATF3 expression and PARP cleavage. No pronounced difference
was observed with KU55933 in both cell lines. Actin was used as a loading control.
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The MAPK signalling pathway has been identified to play a role in cisplatin
cytotoxicity as well as ATF3 expression [83,101,127]. Moreover, our laboratory
previously linked these two events by identifying ATF3 as a key target of cisplatin
cytotoxicity through the MAPK signalling pathway [101]. Work done previously in our
laboratory showed that the JNK pathway played a role in cisplatin-induced ATF3
expression [104]. To evaluate this further, Calu6 and H23 cell lines were pre-treated with
25uM  SP600125, a JNK inhibitor, followed by co-treatment with cisplatin
(0,1,2,4,8ug/mL) for 24 hours. Western blot analysis performed following this treatment
displayed attenuated ATF3 expression in the H23 cell line (Figure 3.6B), while it was not
as pronounced in the Calu6 cell line (Figure 3.6A). No pronounced differences were seen
in the expression levels of PARP cleavage with and without the JNK inhibitor. The
differential phosphorylation levels of c-Jun were assessed as a control for SP600125
activity. As a member of the AP-1 family, c-Jun can be induced in response to genotoxic
stress, which includes DNA damaging agents such as cisplatin [158,159]. Furthermore,
upon its activation by phosphorylation, the ubiquitination of c-Jun is reduced which leads
to its stabilization [160]. This provides a potential explanation regarding the increasing

levels of total c-Jun that is observed in Figure 3.6.

49



Calu6

s S S Cadi I
> N - S ) > NG NN
T TS & ST
S AT ART W oY (@ AT AR R N

ATF3 - el . .. -

p-c-Jun -!! S —
Total c-Jun s s ... L

PARP e tins s s s aie D S5 e s
cPARP — D W — . — D w— —

actin YD TS S S G S G S

+ 25uM sp600125

B H23

O O O O O O
L S S S S S S
& o;“‘\) & o‘\)&" & & & of\) & &
CF A¥% AN% W% (N0 (D WP AR GNP oY
NTERREE L
p-c-Jun - = = o 0D B

Totale-Jun ~ e S G ED .. o =&

PARP (s i e S c. ot & & cun S v
CPARP v s s S S i s s —— —

actin

+ 25puM sp600125

Figure 3.6. The role of the MAPK pathway in cisplatin cytotoxicity in Calu6 and
H23 cell lines. Calu6 (A) and H23 (B) were treated with 25uM SP600125 (JNK
inhibitor) for 1 hour prior to co-treatment with cisplatin for 24 hours. Western blot
analysis was performed to evaluate ATF3 expression and PARP cleavage. Cisplatin-
induced ATF3 expression was attenuated following SP600125 treatment in both cell
lines. Phosphorylation of c-Jun was used as a control for SP600125 efficacy and actin
was used as a loading control.
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3.3 ATF3 inducers, vorinostat and topotecan, enhance cisplatin cytotoxicity

ATF3 can be induced by a variety of different pathways and its sustained
induction can drive apoptosis [119,120]. Thus combining ATF3 inducers with cisplatin
has the potential to be an effective therapeutic approach through enhancing and
sustaining ATF3 expression. In order to identify such novel ATF3 inducers, our
laboratory employed a chemical library of 1200 FDA approved compounds, obtained
from Prestwick Laboratories, to identify compounds that enhance cisplatin cytotoxicity in
Calu6 cells. Calu6 cells was pre-treated with 1uM of the library agents for 24 hours,
followed by a 0.4pg/mL cisplatin for 48 hours, for a total treatment duration of 72 hours.
The cytotoxicity of the combination was evaluated by MTT assays and compounds that
displayed an enhanced cisplatin cytotoxicity of at least 20% were identified as hits (Table
la). Secondly, it was of interest to identify compounds whose cytotoxicity is also
dependent on ATF3. In this screen, wild type and ATF3-/- MEFS were treated with SuM
of the library agents for 48 hours and evaluated employing MTT assays. Compounds
whose cytotoxicity between the wild type and ATF3-/- MEFS differed by at least 20%
were identified as hits (Table 1b). Two compounds that were identified as hits in both
screens were the HDACi vorinostat, and topoisomerase I inhibitor topotecan.
Interestingly, our lab previously identified another HDACi, M344, as an ATF3 inducer
that enhances cisplatin cytotoxicity [126]. Vorinostat and topotecan were further
evaluated as potential ATF3 inducers and in combination with cisplatin as potential
enhancers of this important chemotherapeutic drug.

MTT cell viability assays were performed in wild type and ATF3-/- MEFs in

order to evaluate their sensitivity to vorinostat (0-10uM) and topotecan (0-10uM) after 48
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hours to validate the screen data. Differential sensitivity was observed between the two
cell lines with both vorinostat and topotecan (Figure 3.7, A and B) as a decrease in
sensitivity was observed in the ATF3-/- MEFs compared to their wild type counterpart,
thus suggesting a role for ATF3 in vorinostat and topotecan induced cytotoxicity. Calu6,
H23 and their cisplatin-resistant sub-lines were treated with vorinostat (0-10uM) and
topotecan (0-4uM) for 48 hours and evaluated using MTT assays, in order to assess
whether these NSCLC parental and cisplatin-resistant cell lines display differential
sensitivity to these compounds. Both cisR1 sub-lines displayed less sensitivity to
vorinostat compared to their respective parental cell lines (Figure 3.7, C and D).
Differential sensitivity to topotecan was observed between the parental and cisR1 sub-

lines but the difference in cell viability was modest (Figure 3.7, E and F).
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Figure 3.7. Vorinostat and topotecan cytotoxicity evaluated in wild type and ATF3-/- MEFs
and NSCLC cell lines by MTT cell viability assay. The sensitivity of wild type and ATF3-/-
MEFs to 0-10uM vorinostat (A) and 0-10uM topotecan (B) was assessed by MTT cell viability
assay following treatment for 48 hours. The ATF3-/- MEFS displayed less sensitivity to
vorinostat and topotecan compared to their wild type counterparts. Sensitivity to vorinostat (0-
10uM) and topotecan (0-4uM) was assessed in Calu6 and Calu6cisR1 (C and E) as well as H23
and H23cisR1 (D and F) by MTT cell viability assay following treatment for 48 hours. Cell
viability was determined against untreated cells, which were assigned to represent 100%.
Differential sensitivity to vorinostat was observed between the parental and cisplatin-resistant cell
lines. Differential sensitivity to topotecan was observed between the parental and cisR1 sub-lines
as well but the difference in cell viability was modest. Error bars represent SD from the mean of
n=3 experiments. Significant differences represented by * = p<0.05, ** = p<0.01 and *** =
p<0.001.
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Furthermore, Western blot analysis displayed a dose-dependent increase in ATF3
expression and PARP cleavage in Calu6 and H23 as well as their cisplatin-resistant
counterparts, Calu6cisR1 and H23cisR1 following treatment with vorinostat
(0,1,2,5,7.5,10uM) for 24 hours (Figure 3.8A). The levels of ATF3 expression and PARP
cleavage induced following vorinostat treatment were reduced in the cisplatin-resistant
cell lines compared to the parental cell lines. Western blot analysis also showed a dose
dependent induction of ATF3 in Calu6, H23 and their respective cisplatin-resistant sub-
lines following treatment with topotecan (0,1,2,5,7.5,10uM for Calu6 and Calu6cisR1,
0,0.01,0.05,0.1,0.5,1uM for H23 and H23cisR1) (Figure 3.8B). However, lower
concentrations of topotecan were used for the H23 and H23cisR1 cell lines due to a
difference in sensitivity compared to Calu6 and Calu6cisR1. The levels of ATF3
expression and PARP cleavage were relatively lower in H23cisR1 compared to H23
following treatment with topotecan, while no difference was seen between the Calu6 and

Calu6cisR1.
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Figure 3.8. Induction of ATF3 expression by vorinostat and topotecan in Calu6, H23
and their cisR1 sub-lines. All four cell lines were treated vorinostat (0-10uM) (A) and
topotecan (0-10uM for Calu6 and Calu6cisR1, 0-1uM for H23 and H23cisR1) (B) for 24
hours. Western blot analysis was performed to evaluate ATF3 expression and PARP
cleavage. A dose-dependent induction of ATF3 expression was observed in all four cell

lines. Actin was used as a loading control.
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Next, combinations of cisplatin and vorinostat were evaluated in the parental
Calu6 and H23 cell lines along with cisplatin-resistant sub-lines. These treatments
consisted of 24 hour pre-treatments with vorinostat (1,2,5uM) followed by a combination
of cisplatin (0-4pug/mL) and vorinostat for 48 hours, for a total duration of 72 hours
treatments, which represents the same sequence of drug treatment that was previously
performed in the library screen. MTT cell viability assays showed enhanced cytotoxicity
with the combination compared to cisplatin treatment alone in all four cell lines tested
(Figure 3.9). A combination index (CI) analysis determined that the combination of
cisplatin and vorinostat resulted in a synergistic effect, especially with 2uM vorinostat, in
both parental and cisplatin-resistant cell lines (Figure 3.10). The analysis was performed
using the Calcusyn software, which is based on the method described by T-C Chou [161].
A CI value greater than 1 signifies an antagonistic interaction, a CI value of 1 signifies an

additive interaction and CI values less than 1 signifies a synergistic interaction.
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Figure 3.9. Combination of cisplatin and vorinostat cytotoxicity evaluated in Calu6,
H23 and their cisR1 sub-lines by MTT cell viability assay All four cell lines were
treated with a combination of 1,2 or 5SuM vorinostat and 0-4pg/mL cisplatin for 72 hours
(24 hours vorinostat pre-treatment + 48 hours cisplatin and vorinostat combination). Cell
viability was determined against untreated cells, which were assigned to represent 100%.
Enhanced cytotoxicity was observed with the combinations compared to cisplatin
treatment alone. Error bars represent SD from the mean of n=3 experiments. Significant
differences represented by * = p<0.05, ** = p<0.01 and *** = p<0.001, while ns = not
significant.
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Figure 3.10. Fa-CI plots for cisplatin and vorinostat combination in Calu6, H23 and their
cisplatin-resistant sub-lines. Combination index analysis of cisplatin and vorinostat (1 and 2uM)
based on MTT cell viability assays (24 hours vorinostat pre-treatment + 48 hours of cisplatin and
vorinostat combination). Vorinostat and cisplatin displayed a synergistic effect. The Fa-CI plots
were generated using the CalcuSyn software. A CI value greater than 1 signifies an antagonistic
interaction, whereas a CI value of 1 signifies an additive interaction and a CI value less than 1
signifies a synergistic interaction.
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Similarly, MTT assays were performed to evaluate the combination of cisplatin
and topotecan in these NSCLC cell lines. The parental cell lines, Calu6 and H23, and
their respective cisR1 sub-lines, Calu6cisR1 and H23cisR1, were treated with topotecan
(0.01,0.02 and 0.04uM) for 24 hours, followed by a combination of cisplatin (0-4pg/mL)
and topotecan for 48 hours, for a total treatment time of 72 hours. MTT assays were used
to evaluate the cytotoxicity of the combination. The combination of cisplatin displayed
enhanced cytotoxicity compared to cisplatin alone (Figure 3.11). Combination index
analysis of this treatment further displayed a synergistic effect at several cisplatin doses

in these cell lines (Figure 3.12).
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Figure 3.11. Combination of cisplatin and topotecan cytotoxicity evaluated in Calu6,
H23 and their cisR1 sub-lines by MTT cell viability assay. All four cell lines were
treated with a combination of 0.01,0.02 or 0.04uM topotecan and 0-4pg/mL cisplatin for
72 hours (24 hours topotecan pre-treatment + 48 hours cisplatin and topotecan
combination). Cell viability was determined against untreated cells, which were assigned
to represent 100%. Enhanced cytotoxicity was observed with the combinations compared
to cisplatin treatment alone. Error bars represent SD from the mean of n=3 experiments.
Significant differences represented by * =p<0.05, ** = p<0.01 and *** = p<0.001, while
ns = not significant.
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Figure 3.12. Fa-CI plots for cisplatin and topotecan combination in Calu6, H23 and
their cisplatin-resistant sub-lines. Combination index analysis of cisplatin and
topotecan (0.02 and 0.04puM) based on MTT cell viability assays (24 hours topotecan pre-
treatment + 48 hours of cisplatin and topotecan combination). Topotecan and cisplatin
displayed a synergistic effect at certain doses. The Fa-CI plots were generated using the
CalcuSyn software. A CI value greater than 1 signifies an antagonistic interaction,
whereas a CI value of 1 signifies an additive interaction and a CI value less than 1
signifies a synergistic interaction.
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Following assessing the cytotoxicity of the combinations, Western blot analysis was
performed to evaluate the ATF3 expression following pre-treatment with SuM vorinostat
for 24 hours, followed by the addition of cisplatin (2,4 pg/mL) for another 24 hours, for a
total of 48 hours. The rationale behind the time points used was to recapitulate the 24
hours pre-treatment with vorinostat performed in the library screen, followed by the
combination of vorinostat and topotecan. However, the combination was evaluated for 24
hours instead of 48 hours in the Western blot analyses due to the increased cell death
preventing the assessment of ATF3 expression levels. Following the treatments, Western
blot analysis displayed an increase in ATF3 expression with the combination of cisplatin
and vorinostat in both cisplatin-resistant cells compared to cisplatin and vorinostat
treatments alone, thus suggesting that this combination is rescuing the aberrant ATF3
induction in these cells (Figure 3.13A). Similarly, the cisplatin-resistant cell lines were
pre-treated with topotecan (0.5uM for Calu6cisR1, 0.1uM for H23cisR1), followed the
addition of cisplatin (2 and 4pg/mL for Calu6cisR1, 1 and 2pg/mL for H23cisR1) for
another 24 hours, for a total of 48 hours of treatment. Western blot analysis was
performed and the combination of cisplatin and topotecan also displayed an enhanced
ATEF3 expression compared to cisplatin and topotecan alone in the Calu6cisR1 sub-line
(Figure 3.13B). In the H23cisR1 sub-line, enhanced ATF3 expression was observed with
lug/mL cisplatin in combination with 0.1uM topotecan, compared to each of those
concentrations alone (Figure 3.13B). This also suggests that the combination of cisplatin

and topotecan is rescuing the aberrant ATF3 induction in the cisplatin-resistant cell lines.
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Figure 3.13. Induction of ATF3 expression by cisplatin in combination with
vorinostat and topotecan in the cisR1 sub-lines. A) To evaluate the combination of
cisplatin and vorinostat, Calu6cisR1 and H23cisR1 were treated with vorinostat (48
hours), cisplatin (24 hours) and a combination of cisplatin and vorinostat (48 hours).
Western blot analysis was performed, where the combination of cisplatin and vorinostat
displayed enhanced ATF3 induction compared to each treatment alone. B) The
combination of cisplatin and topotecan was evaluated by treating Calu6cisR1 and
H23cisR1 with topotecan (48 hours), cisplatin (24 hours) and a combination of cisplatin
and topotecan (48 hours). Western blot analysis displayed that the combination of
cisplatin and topotecan resulted in enhanced ATF3 induction compared to each treatment
alone. Although doublet bands are shown, ATF3 expression is represented by the bottom
band, while the top band consists of non-specific background detection. Actin was used
as a loading control.

63



3.5 ATF3 is induced in ex vivo NSCLC tumors

In order to evaluate ATF3 expression following treatments in a more relevant clinical
model, ex vivo NSCLC tumors and adjacent normal lung tissue from patients underdoing
lobectomy were employed. The ex vivo NSCLC tumors as well as their adjacent normal
tissue were first treated with cisplatin (0, 4, 8 pg/mL) for 48 hours. ATF3 expression was
then evaluated using RT-qPCR, where ATF3 induction of greater than 5 fold of untreated
tissues was observed in 3 out of the 6 tumors (Figure 3.18). However, no significant

induction of ATF3 expression was observed in the normal tissue.
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Figure 3.14. ATF3 mRNA expression levels in human NSCLC tumors and adjacent
normal tissue following cisplatin treatment. Six NSCLC tumors and their adjacent
normal tissue were treated with cisplatin (0,4,8 pg/mL) for 48 hours. RT-qPCR was
performed to determine ATF3 mRNA expression. Three of six NSCLC tumors displayed
ATF3 expression, while no induction of ATF3 was seen in the normal tissue The
untreated normal tissue was used to normalize each sample and GAPDH was used as an
endogenous control. Experiment was done with the assistance of Shaad Hasim.
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Chapter 4: Discussion

Lung cancer is a global health issue responsible for the majority of the cancer-
related morbidities and mortalities worldwide [1,4]. NSCLC accounts for 85% of lung
cancer diagnoses, and is often diagnosed at later stages of the disease due to the lack of
effective screening methods [5,162]. Platin-based doublet chemotherapy is the standard
treatment regimen used against advanced NSCLC, with cisplatin being commonly
employed in this setting [36]. Agents used in combination with cisplatin include
paclitaxel, docetaxel, and gemcitabine [16], however, these combinations have been
determined empirically, without fully understanding their underlying mechanisms [145].
Furthermore, the use of cisplatin is limited due to toxic side effects as well as the
development of resistance, thus many patients are exposed to it without receiving any
clinical benefits [36,52]. This is further confirmed at the clinical level since the five-year
survival rate of this disease is lower than other commonly diagnosed cancers [2].
Therefore, alternative rational therapeutic combinations against NSCLC are urgently
required.

Previously our laboratory identified ATF3, an important regulator of cellular
stress responses, as a target of cisplatin cytotoxicity, regulated mainly through the MAPK
pathway [101]. In this study, the role of ATF3 as a novel therapeutic target in cisplatin
cytotoxicity was further investigated using various in vitro cellular models including wild
type and ATF3-/- MEFs as well as NSCLC cell lines Calu6 and H23, and their cisplatin-
resistant sub-lines, Calu6cisR1 and H23cisR1, which were previously developed in our
laboratory. There are various cellular pathways activated by cisplatin, leading to DNA

damage and the production of ROS, which are known to induce ATF3 [84,129,163]. The
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role of ROS, DDR, specifically the ATM kinase, and the MAPK pathway, specifically
the JNK component, in cisplatin’s induction of ATF3 were evaluated by employing
specific inhibitors in NSCLC cell lines. Furthermore, vorinostat and topotecan were
evaluated as enhancers of cisplatin cytotoxicity and ATF3 inducers, following their
identification from a 1200 FDA approved library screen. Both compounds enhanced
cisplatin cytotoxicity in both parental and cisR1 sub-lines. Furthermore, the level of
ATF3 expression was enhanced following the combination of cisplatin with either
vorinostat or topotecan, compared to each agent alone in the cisR1 cells, suggesting that
ATEF3 could have a role in overcoming cisplatin resistance. Finally, ATF3 expression was
evaluated in ex vivo patient lung tumors and their adjacent normal tissues following
treatment with cisplatin. The approach of identifying ATF3 expression using RT-qPCR
was determined to be feasible as none of the normal tissue evaluated displayed ATF3
expression, while three of the six lung tumors displayed increase levels of ATF3
expression. Overall, this study highlights ATF3’s potential role in cisplatin resistance as

well as its potential to be targeted to enhance cisplatin cytotoxicity in resistant disease.

4.1. ATF3’s role in cisplatin cytotoxicity

In order to be able to identify more rational combination therapies against
NSCLC, it is important to understand the mechanisms underlying cisplatin’s cytotoxicity.
Our laboratory has previously identified ATF3, a stress inducible gene, as a key player in
cisplatin cytotoxicity in various cancer cell lines [101]. The role of ATF3 in platin
cytotoxicity was further confirmed in this study using wild type and ATF3-/- MEFs,
where the ATF3-/- MEFs displayed less sensitivity to platins compared to their wild type

counterparts. Importantly, no difference in cytotoxicity was observed in wild type and
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ATF3-/- MEFs following treatment with docetaxel, a tubulin stabilizer [153]. The
knockdown of ATF3 in the NSCLC cell line A549 has previously been shown to reduce
sensitivity to cisplatin [101]. ATF3’s role in both cell proliferation and apoptosis have
been demonstrated in various studies [137,138]. However, the experiments and the
cellular context used in this study further support ATF3 as a mediator of apoptosis as its
absence decreased sensitivity to cisplatin. Overall, this suggests some specificity for
ATF3 in regulating cisplatin-induced cytotoxicity. A knockout approach, such as the
CRISPR/Cas9 system, employing NSCLC cell lines could further substantiate ATF3’s
role in cisplatin cytotoxicity in NSCLC as a future direction.

To further study the role of ATF3 in cisplatin resistance, our laboratory derived a
variety of cisplatin-resistant sub-lines, including Calu6cisR1 and H23cisR1. ATF3 was
identified as the most significantly differentially induced gene whose expression was
abrogated in the Calu6cisR1 and H23cisR1 compared to their parental counterparts
following cisplatin treatment. This further highlights ATF3’s role in cisplatin resistance
as the cisR1 sub-lines also displayed less sensitivity to cisplatin in comparison to the
parental cell lines. Additionally, the activation of the MAPK component JNK was
identified to be abrogated in the cisR1 sub-lines [104]. Although the pathways driving the
induction of ATF3 expression following cisplatin treatment are abrogated in the cisplatin-
resistant cell lines, the induction of ATF3 still occurred in these cells from other cellular
pathways, suggesting a possible strategy to overcome cisplatin-resistance.

Our laboratory previously identified the components of the MAPK pathway as
playing a role in cisplatin’s induction of ATF3 [101], however, other mechanisms are

also activated following treatment with cisplatin that have also been linked to the ATF3
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induction. Cisplatin can cause oxidative stress in cells, which leads to the accumulation
of ROS [84]. ATF3 can be induced by ATF4, a mediator of the ISR, whose induction can
be induced by ROS [128]. NAC, a ROS scavenger, in combination with cisplatin
inhibited cisplatin-induced ATF3 in NSCLC cells, which indicates that a pathway
involving ROS is playing a role in cisplatin’s induction of ATF3. Wu et al. have shown
that NAC inhibits cisplatin’s induction of the death receptor and mitochondrial apoptotic
pathways [164]. The involvement of ROS in cisplatin cytotoxicity through the induction
of ATF3 warrants further study. As previously discussed, activated cisplatin in the cell
has an affinity for thiol-containing molecules, such as GSH [60]. NAC is a precursor for
GSH, which suggests that pre-treatment with NAC results in increased intracellular levels
of GSH, which could also bind with cisplatin [49,165]. This binding can limit the active
cisplatin that is available to form DNA-adducts as the cisplatin-GSH compound tends to
be exported from cells [72]. This could represent an alternative mechanism explaining the
absence of ATF3 expression observed following treatment with NAC and cisplatin in the
NSCLC cell lines. Evaluating the effect of cisplatin on cell viability in the presence and
absence of NAC will also provide a more in depth understanding of role of ROS in
cisplatin-induced cytotoxicity. Furthermore, MAPK signalling pathways have been
linked to the regulation of cisplatin cytotoxicity as well as the induction of ATF3
[101,83]. The JNK pathway was previously determined to be abrogated in the
Calué6cisR1 and H23cisR1 cell lines and the addition of a hyperactive JNK construct was
able to enhance its sensitivity to cisplatin [104]. Additionally, the Calu6 cell lines were
previously treated with cisplatin (1 and 4pg/mL) with and without SP600125, where a

significant increase in viability was observed in the presence of the JNK inhibitor [104].
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In this study, reduced ATF3 expression was observed with the JNK inhibitor, which is
further suggesting a role for the MAPK signalling pathway in regulating cisplatin

cytotoxicity and resistance that may be related to ATF3 expression.

4.2 Enhancing cisplatin cytotoxicity in combination with other ATF3 inducers

Our laboratory employed a library screen comprised of 1200 FDA approved
compounds in order to identify 1) agents that enhance cisplatin cytotoxicity in the
NSCLC cell line Calu6 and 2) agents that require functional ATF3 to induce cytotoxicity
comparing wild type and ATF3-/- MEFs. Two candidates that were identified as hits in
both screens were vorinostat and topotecan.

Vorinostat is a HDAC inhibitor that targets class I and I HDACs, which are zinc-
binding enzymes [149]. Vorinostat is considered to be a pan-HDAC inhibitor due to the
fact that it targets more than one class of HDACs [149]. HDACs are responsible for
catalyzing the removal of acetyl groups from histones, which results in transcriptional
repression [147]. Vorinostat inhibits these enzymes by binding to the zinc atom that is
located on the catalytic site of the HDACS, resulting in an accumulation of acetylated
proteins, including histones [147]. The aberrant expression and activity of HDACs have
been identified in a number of cancers, including solid tumors [149,166]. Therefore,
HDAC inhibitors, including vorinostat, have generally been associated with anticancer
activity by inducing apoptosis and cell cycle arrest, as well as interfering with
angiogenesis [146]. Furthermore, vorinostat has been FDA approved for the treatment of
cutaneous T cell lymphoma and is in clinical trials for use as both monotherapy and
combination therapy with other anticancer agents [149,150]. The mechanisms underlying

vorinostat’s mode of action are not completely understood, however, treatment with

70



vorinostat has been shown to selectively alter 2-10% of gene expression through
upregulation as well as downregulation [149]. In a study by Wilson et al., ATF3 was
shown to be induced by HDAC inhibitors in a panel of colon cancer cell lines [167].
Furthermore, our laboratory previously established ATF3 as a target of M344, an HDAC
inhibitor, in various human cancer lines [126].

In this study, vorinostat was evaluated as a single agent as well as in combination
with cisplatin against NSCLC. Differential sensitivity was observed between the wild
type and ATF3-/- MEFs as well as between the parental Calu6 and H23 and their
cisplatin-resistant counterparts, Calu6cisR1 and H23cisR1 following MTT assays,
confirming the role of ATF3 in vorinostat cytotoxicity. ATF3 induction was abrogated in
the cisR1 sub-lines compared to their parental cell lines, thus further suggesting a role for
ATEF3 in the differential cytotoxicity observed. Importantly, combinations of vorinostat
and cisplatin generally induced a synergistic cytotoxic response in both the parental and
their cisplatin resistant sub-lines. Our laboratory has previously showed that the HDAC
inhibitor M344 enhanced cisplatin cytotoxicity in ovarian and breast cancer cells [126].
Additionally, vorinostat has also been shown to enhance cisplatin-induced apoptosis in
SCLC cells [168].

The other agent that was identified as a hit from the library screens performed was
topotecan. Topotecan, also known as Hycamtin, is topoisomerase inhibitor that has also
been FDA approved as a chemotherapeutic agent for a variety of cancers, including
ovarian and small-cell lung cancer [151,169]. Topotecan’s interference between the
topoisomerase I enzyme and DNA results in irreversible DSBs, which leads the cell

towards apoptosis [152]. A synergistic interaction has been previously been observed

71



with the combination of cisplatin and topotecan in primary cultures of human tumor cells
of different diagnoses [170]. Differential sensitivity was similarly observed between wild
type and ATF3-/- MEFs, suggesting a role for ATF3 in regulating topotecan-induced
cytotoxicity. Both parental and cisplatin-resistant cell lines displayed sensitivity to
topotecan. While there was a statistically significant difference between the parental and
resistant cell lines at lower concentrations, the difference in cell viability was modest as
both cell lines displayed relatively high levels of cell death. However, the combination of
these two agents displayed enhanced ATF3 expression compared to cisplatin and
topotecan alone, which was also observed with the cisplatin and vorinostat combination.
This suggests a role for ATF3 in overcoming cisplatin resistance.

Overall, the combination of cisplatin with vorinostat and topotecan provides
evidence in support of the hypothesis that combining two agents that induce ATF3
through different pathways that induces synergistic or enhanced cytotoxicity may present
a rational combination therapeutic approach. Additionally, several cellular signalling
pathways, specifically ROS, MAPK pathway and the DDR, which could potentially be
underlying vorinostat and topotecan’s induction of ATF3 expression, were evaluated
(Supplemental Figures 1-4). It would be of interest in the future to delineate the
mechanisms that result in the enhanced ATF3 expression and synergy following the
combination of cisplatin with vorinostat and topotecan.

The cytotoxic effects of the various agents used throughout this thesis, mainly
cisplatin, vorinostat and topotecan, were evaluated using the MTT cell viability assay.
MTT is a colorimetric assay that is commonly employed to screen cell viability following

drug treatments [140]. However, a limitation associated with MTT assays is that the

72



readout obtained is based on the metabolic activity of the cells [140]. Thus, compounds
affecting the metabolism of the cell, such as ROS production, could result in variant
measures of cell viability. Therefore, PARP cleavage was also evaluated by Western blot
analysis as another measure of apoptosis in cells, as it is a commonly employed marker of
apoptosis [156]. An alternative to the MTT assay is the trypan blue exclusion assay,
which measures cell viability on the basis of the permeability of their cell membrane,

rather than metabolic activity [171].

4.3 ATF3 expression in NSCLC patient tumor samples

Resistance limits the use of cisplatin in the clinical setting [36]. Approximately
30-50% of patients display intrinsic resistance to platins [172], therefore, large number of
patients are exposed to the toxicities of this agent without clinical benefits. Therefore,
identifying predictive biomarkers for patient’s response to platins is an ideal strategy in
order to provide the best treatment approach for patients. Currently, targeted therapies are
being employed in NSCLC, against tumors with predictive markers, such as EGFR
mutations and ALK rearrangements [173,174]. The presence of EGFR mutations acts as a
predictor of response to EGFR TKIs, which have displayed efficacy as a first-line
treatment for NSCLC patients [24]. Additionally, the presence of ALK rearrangement in
NSCLC patients can also be used as a predictor of response to ALK inhibitors [31].
However, patients with EGFR mutations and ALK rearrangements represent a small
portion of NSCLC patients, therefore platins continue to be used as a standard treatment
regimen against NSCLC [25,36]. Therefore, the identification of a marker that can
predict response to platins presents an ideal strategy to identify patients that are sensitive

and will receive its clinical benefits, as well as those who are resistant.
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Our laboratory identified ATF3 as a gene that is differentially induced between parental
and cisplatin-resistant cell lines. Following cisplatin treatment, ATF3 was induced in 3 of
6 NSCLC tumors that were surgically excised from patients underdoing lobectomy. No
ATEF3 induction was observed in the adjacent normal lung tissue. Taking the differential
ATF3 induction observed in cisplatin resistant sub-lines along with its induction in
NSCLC ex vivo tissue, the induction of ATF3 may represent a biomarker of response to
cisplatin that can be evaluated in ex-vivo patient samples that may be employed if

warranted by future studies to inform treatment options in NSCLC patients.

4.4 Conclusions

Cisplatin resistance plays a significant role in limiting the utilization of this important
therapeutic agent in NSCLC patients [80]. Delineating the mechanisms underlying
cisplatin resistance will provide therapeutic options to overcome this resistance and
provide more refined therapeutic options in a clinical setting. In this study, we established
ATF3 as a key regulator of cisplatin-induced cytotoxicity and therapeutic target in
NSCLC cell lines whose induction is abrogated in resistant cells. We further provide
evidence that combining inducers of ATF3, specifically vorinostat and topotecan, with
cisplatin will not only enhance its cytotoxicity, but may potentially help alleviate
cisplatin resistance in NSCLC. ATF3 expression induced by cisplatin, vorinostat and
topotecan suggested roles for ROS, DDR (ATM), and JNK pathways. These results also
suggest a novel therapeutic strategy of combining inducers of ATF3 expression to drive
tumor cell apoptosis that requires further study. Finally, ATF3 may represent a predictor
of platin response, which should be further evaluated in patients undergoing a platin

treatment.
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- The library screen done in the Calu6 cell line (Table 1.1a) was performed by
Stefanie Reid.
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- The RT-qPCR for the ex vivo lung samples (Figure 3.14) was performed with the
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Appendix: Supplementary Data
Calu6

BN = N
& & & & & & & & 2
= - ) S S ) ) S S S
S &S & $ & TS S
N ST TS Ty T s &
‘\\ ~° ‘0 *\\ \- \~ ‘o io Q,Q ‘_e \~ \,
S XIS IS SN SS
C N AN X AT W AN X AT
AT 0L R e e e
PARP o o e o t— c— a— c— —, w—, sy
cP‘.\RP —— -  — —
actin PP S S
+ 10mM NAC
X ~
> ~ > ~
& & & &S & &SNS
N N S S S N
& &S &S &S
MO AR N
S & &SN WY SN
< -~ -~ -~ @ \ < -~ -~ -~ % N
FA I A ITEIITI NS
Sy 2> 8 LSS S N ®
CVAY AY o AT Y (F AY AY oY AT
IRTEREE e
P e—————e—e e
cPARP -— - — —
AT i — G e w— e - — G S, -
+ 10pM KUS5933
A\ N
.\9\ -\'3\ .\'>\ \“""\.} o.-,\Q\ _\'b\ _\~>\ A\‘)‘ \‘-1-\‘; \\'__\"}\
= ) S ) = = &
s STE TS & TS S
S & & TSNS TS S S
AN XN T IT™NNyN &8
AW AY Y AT S (T8 AN Y T
ATF3 -— - - - -

P-C-JUN M s e .-
Total c-Jun S s S S SHE SR o e - - - —

PARDP o v cn v v— — —— — -:
CPARP & s e - S e w—— —

actin

+ 25uM sp600125

Supplemental Figure 1. Evaluating the pathways underlying vorinostat cytotoxicity
in the Calu6 cell line. Calu6 cells were treated with A) 10mM NAC, B) 10uM ATM
inhibitor KU55933 and C) 25uM JNK inhibitor SP600125 prior to co-treatment with
vorinostat for 24 hours. Western blot analysis was performed to evaluate ATF3
expression and PARP cleavage. No pronounced attenuation in the ATF3 expression was
observed following the co-treatment of vorinostat with NAC, KU55933 and SP600125.
Actin was used as a loading control.
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Supplemental Figure 2. Evaluating the pathways underlying vorinostat cytotoxicity
in the H23 cell line. H23 cells were treated with A) 10mM NAC, B) 10uM ATM
inhibitor KU55933 and C) 25uM JNK inhibitor SP600125 prior to co-treatment with
vorinostat for 24 hours. Western blot analysis was performed to evaluate ATF3
expression and PARP cleavage. ATF3 expression was attenuated following in the
presence of NAC and KU55933, while the attenuated was not as pronounced with
SP600125. Actin was used as a loading control.
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Supplemental Figure 3. Evaluating the pathways underlying topotecan cytotoxicity
in the Calu6 cell line. Calu6 cells were treated with A) 10mM NAC, B) 10uM ATM
inhibitor KU55933 and C) 25uM JNK inhibitor SP600125 prior to co-treatment with
topotecan for 24 hours. Western blot analysis was performed to evaluate ATF3
expression and PARP cleavage. No pronounced attenuation in the ATF3 expression was
observed following the co-treatment of topotecan with NAC, KU55933 and SP600125.
Actin was used as a loading control.
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Supplemental Figure 4. Evaluating the pathways underlying topotecan cytotoxicity
in the H23 cell line. H23 cells were treated with A) 10mM NAC, B) 10uM ATM
inhibitor KU55933 and C) 25uM JNK inhibitor SP600125 prior to co-treatment with
topotecan for 24 hours. Western blot analysis was performed to evaluate ATF3
expression and PARP cleavage. No pronounced attenuation in the ATF3 expression was

observed following the co-treatment of topotecan with NAC, KU55933 and SP600125.
Actin was used as a loading control.
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