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ABSTRACT

Background: Cervical cancer is the most common gynaecological cancer in South Africa, and
the burden of disease remains high across the developing world. Like with many other
cancers, treatment is limited due to drug resistance and adverse side effects. To overcome
these limitations, it has become of interest to inhibit multiple pathways that cancer cells are
reliant on, using combination therapies to induce maximal killing of cancer cells. Conventional
chemotherapies used in the treatment of cancer include Cisplatin and Doxorubicin, both first-
line drugs often used in combination with other treatments. Our laboratory has a focus on
identifying novel therapeutic targets and found that KpnB1, a member of the nuclear
transport protein family is overexpressed and necessary for the survival of cervical cancer
cells. Inhibition of KpnB1l with a novel Inhibitor of Nuclear Import; INI-43 inhibits Kpnp1-
associated nuclear import pathways and results in cancer cell death. This study investigated
the potential of Cisplatin and Doxorubicin when used in combination with INI-43 as an anti-

cancer approach.

Methods: Cervical carcinoma cell lines, Hela, ME-180 and SiHa, were treated with INI-43,
Cisplatin and Doxorubicin individually or in combination with each other at fixed ratios. Cell
viability was measured by the MTT assay and the Chou-Talalay method was adopted to
investigate the nature of the drug interactions in the combination treatments. The Caspase-
3/7 Glo Assay and Western blot analysis were performed to identify markers of apoptotic
death, Caspase-3/7 activation and PARP1 cleavage, respectively, in single and combination
treated cells. YH2AX was also investigated via western blot analysis to determine levels of

DNA damage in single and combination treated cells.
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Results: Combination index values were determined to be below 1 at all levels of cell death
after treatment with INI-43 and Cisplatin and INI-43 and Doxorubicin combinations, in Hela,
ME-180 and SiHa cell lines, indicating a synergistic effect. Additionally, enhanced levels of
PARP1 cleavage were detected in combination treated cells relative to those treated with
individual drug doses, indicating that the observed synergism is attributed to both decreased
cell viability and elevated levels of apoptotic cell death. Non-cancer ARPE-19 cells were
unaffected by single agent treatments and, more importantly, remained unaffected after
treatment with drug combinations which resulted in enhanced cell death in the cervical

cancer cell lines tested.

Conclusion: INI-43, when combined with Cisplatin or Doxorubicin, results in synergistic
cytotoxic effects in cervical cancer cells of different histological origins. These results suggest
that combining conventional chemotherapies with targeted inhibitors of nuclear import

pathways, has potential as an anti-cancer approach that warrants further investigation.

Key Words: Nuclear import inhibition, Combination therapy, Conventional chemotherapy,

Cisplatin, Doxorubicin, Cervical cancer
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CHAPTER 1

LITERATURE REVIEW

1.1 Cervical Cancer Incidence and Mortality

Globally, cancer is one of the leading causes of death and the incidence continues to rise
despite significant efforts and progress on the research, prevention, and treatment fronts
throughout the world!. In 2020 there were an estimated 19.3 million new cancer cases
worldwide, whereas just a decade prior there were 14.1 million. Furthermore, there is an
expected 47% rise in cancer incidence between now and 2040, meaning that a staggering 28.4

million cases are expected to challenge the global healthcare system that year?.

A large majority of cancer cases are the result of long-term accumulation of genotoxic stress-
induced mutations, with a multi-step and multi-gene model being generally accepted to
describe tumorigenesis. However, in some cases, infectious agents can be the primary cause
of cancer development, as is the case with Human Papillomavirus (HPV)-associated cervical
cancer3. HPV is the most common sexually transmitted virus and persistent HPV infection is
responsible for more than 95% of cervical cancer cases®. A better understanding of HPV, the
different genotypes and their respective carcinogenic risks, has led to improved prevention

of cervical cancer, most notably with the introduction of the first HPV vaccine in 2006.

Cancer of the cervix uteri (cervical cancer) is the fourth most common cancer among women

worldwide, but the second most common among women in Africa®. It is currently the most
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commonly diagnosed cancer in 23 countries and is the leading cause of cancer death in 36
countries?. The ten countries in the world with the highest incidence and death rates of
cervical cancer (as of 2020) are all African countries, with Malawi ranking 1% in both
categories?. Given the fact that 90% of new cervical cancer cases and deaths occur in low
human development index (HDI) countries, it is obvious that the global disparity in cervical
cancer incidence and mortality between low HDI and high HDI countries is immense®. In
contrast to a cervical cancer diagnosis rate in the US of approximately 7.8 per 100,000 women
per year, between 2015-2019, the rate was approximately 30 per 100,000 women per year in
countries in Southern Africa and South America. However, this disparity is not only seen
between low vs high HDI countries; it also presents within high HDI countries as those living
in the poverty-stricken regions in high HDI countries suffer the same consequences as those
living in low HDI countries. For example, the death rate of cervical cancer in the US (a high
HDI country) is 2-fold higher for women living in high poverty areas’. The cervical cancer
incidence and mortality rates worldwide are thus clearly influenced by socio-economic factors

and poverty.

Due to effective preventative tools for cervical cancer, including the HPV vaccine as well as
‘screen-and-treat’- initiatives, it is not surprising that high HDI countries have successfully
reduced cervical cancer incidence and mortality over the last two decades, compared to low
HDI countries where there has been no reduction in cervical cancer cases and deaths. The
uneven distribution of incidence and mortality of this disease correlates with the levels of
screening being performed in a country. Screening programs for cervical cancer aim to detect
HPV-positive cells, pre-cancerous lesions, or cancer as early as possible, while it may still be

curable. In the case of high income countries, where the burden of cervical cancer is relatively
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low, there are screening rates of over 60%. This statistic is in grave contrast to results from a
2017 World Health Survey which reported the coverage of cervical cancer screening to be
10% in Sub-Saharan Africa. Furthermore, the report found that <1% of women in four West
African countries had ever been screened for cervical cancer®. These statistics give further
insight into the striking disparity of this disease and the strong correlation between low

screening rates and high incidence and mortality rates of cervical cancer.

Since HPV vaccination (primary prevention) and screening and treatment of pre-cancerous
lesions (secondary prevention) is lacking or inadequate in the majority of African countries,
cervical cancer control mostly involves tertiary prevention which is defined as the diagnosis
and treatment of invasive cervical cancer. Sadly, patients usually present at late stage disease
at which the prognosis is poor and treatment options are limited®®. Thus, there remains an

urgent need for novel and/or improved therapeutic strategies for cervical cancer.

1.2 Common Therapeutic Strategies for Cervical Cancer: Surgery, Radiation and

Chemotherapy

Surgery is most effective when performed on early-stage cancers as a means of ‘curative’
therapy, for example, if the tumour is localized and the entire tumour can be removed. The
primary treatment for early stage cervical cancer patients is radical hysterectomy with pelvic
lymphadenectomy’®. When surgery is the primary treatment, adjuvant chemotherapy is often
administered to give the patient the best chance of remission, as this decreases the risk of

cancer recurrence by one third. In other instances, surgery is performed as a means of
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‘debulking’ a tumour in order to make another treatment modality such as chemotherapy or

radiation more effective.

Radiation therapy (RT) is the use of ionizing radiation to kill cancer cells by inducing
irreparable DNA damage. A study by Barton et al. (2006) revealed that approximately 50
percent of all cancer patients can benefit from RT in the management of their disease, thus
highlighting that RT is a critical element of an effective cancer treatment*'!2. For most stages
of cervical cancer, RT, a localized treatment modality, and chemotherapy, a systemic
treatment modality, are given simultaneously (concurrent chemoradiation), because the

chemotherapy enhances the effectiveness of the RT.

Chemotherapy drugs continue to be the backbone of cancer therapy. Chemotherapy involves
the use of cytotoxic chemical agents, which are categorized as either conventional or targeted
therapies!>!4. Conventional chemotherapies exert their anti-cancer properties by interfering
with fundamental cellular processes such as DNA synthesis and replication, thereby killing
rapidly dividing cells. Conventional chemotherapies are relatively non-specific in targeting
cancer cells because naturally proliferative non-cancer cells such as cells of the
gastrointestinal tract (GIT) are also affected by their actions, hence they have their limitations.
Common cancer chemotherapies used in the treatment of cervical cancer include Cisplatin

and Doxorubicin.
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1.3 Conventional chemotherapies: Cisplatin and Doxorubicin

1.3.1 Cisplatin

Over four decades ago, Cisplatin was approved by the FDA as the first platinum drug for the
treatment of cancer!>®. Cisplatin continues to be a mainstay therapeutic to treat a wide
range of sarcomas, carcinomas and germ cell cancers. Historically, Cisplatin has been the most
effective first-line chemotherapy for the treatment of cervical cancer?’. It is also often given
intravenously before a cervical cancer patient’s radiation session to sensitize the tumour to
radiation. A study by Peters et al (2000) provides evidence to support this as patients in a
randomized trial for locally advanced cervical cancer showed a survival advantage when
treated with Cisplatin and radiotherapy rather than radiotherapy alone!®. Therefore,
although Cisplatin is highly effective as a single agent, in this capacity it acts as an effective

radiosensitizer, which reiterates its broad, multi-faceted use in cancer therapy.

The mechanism of action of Cisplatin is well known, as it acts as an alkylating agent that
induces irreparable DNA damage through crosslinking (mainly intrastrand), thereby activating
the apoptotic pathway, leading to cell death'® (Figure 1.1). More recent evidence shows that
it may also exert its cytotoxic effect via a cytoplasmic component. The cytoplasmic cytotoxic
molecular mechanisms of Cisplatin have not been elucidated thus far but are suspected to

involve the accumulation of reactive oxygen species (ROS) and nitric oxide (NO)2%2%,
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Figure 1.1. The Mechanism of Action of Cisplatin

Cisplatin is internalized into the cell via passive diffusion through the CTR1 copper transporter and
aquated (bis-agauated). The highly reactive hydrated Cisplatin covalently binds to the DNA and forms
intrastrand adducts and interstrand crosslinks, inhibiting cell division as damaged DNA cannot repair
itself. When Cisplatin-induced DNA damage exceeds the DNA repair capacity, Cisplatin exerts anti-
cancer effects by inducing apoptosis. Copper efflux transporters ATP7A and ATP7B have been shown
to be involved in efflux of Cisplatin. [Created with Biorender]

17



1.3.2 Doxorubicin

Doxorubicin is a type of anti-tumour antibiotic called an anthracycline. A meta-analysis of
several randomized studies for breast cancer showed improved disease-free survival and
overall survival rates achieved with anthracycline-based versus non-anthracycline
chemotherapies. This supports Doxorubicin as the mainstay chemotherapy of current
adjuvant treatments for early-stage breast cancer??. For over three decades Doxorubicin has
also been a frontline conventional chemotherapy used to treat cancers such as cervical,

endometrial, pancreatic, lung and stomach, amongst others?3.

Several mechanisms have been proposed for the cytostatic and cytotoxic actions of
Doxorubicin. The two main ones being its intercalation into DNA and the generation of free
radicals. Doxorubicin has been shown to interact with and inhibit topoisomerase Il, which is
a common target for many families of DNA intercalating anti-cancer drugs®. In this way,
Doxorubicin distorts the DNA double helix, disrupting its uncoiling and inhibiting DNA and
RNA synthesis, leading to inhibition of DNA replication and transcription, resulting in cell
death (Figure 1.2). Additionally, the quinone structure of Doxorubicin lends itself to act as an
electron acceptor in reactions mediated by oxo-reductive enzymes such as NADH
dehydrogenase?. This free electron addition converts the quinones to semiquinone free
radicals which are then able to exert damage to DNA, as well as to form superoxides, hydroxyl
radicals and peroxides by interacting with molecular oxygen?®, causing lipid peroxidation and
membrane damage (Figure 1.2). Other mechanisms of how Doxorubicin exerts its cytotoxicity
have also been postulated, for example it has also been shown to disrupt iron metabolism by
binding to iron in cells and forming a drug:iron complex which induces the formation of highly

reactive hydroxyl radicals?’.
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Figure 1.2. Doxorubicin disrupts the normal catalytic action of topoisomerase 2, causing DNA double
strand breaks. Doxorubicin enters cell via the SLC22A16 transporter protein and intercalates into DNA,
leading to inhibition of topoisomerase 2 (TOP2A). Doxorubicin also generates free radicals, leading to
DNA and cell membrane damage. The ABC transporters (ABCC2, ABCC1 and ABCB1 are involved in
Doxorubicin efflux. [Created with Biorender]

1.4 Major limitations of conventional chemotherapeutics, specifically Cisplatin and

Doxorubicin

There are several shortfalls of traditional chemotherapies; one of the most notable being the
adverse side effects that not only have a physical but also a psychological and economic
impact on the patient’s life. Another significant limitation is the chemoresistance that more
often than not results from treatment with conventional chemotherapies such as Cisplatin

and Doxorubicin.
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Patients typically experience a favourable initial response to Cisplatin-based chemotherapy,
but later relapse because the emergence of acquired Cisplatin resistance significantly reduces
its clinical efficacy. Tissue culture studies investigating Cisplatin resistance suggest that the
mechanisms of resistance include (1) Decreased intracellular accumulation or increased
efflux, (2) drug inactivation, (3) alteration of drug target, (4) increased nucleotide excision-
repair activity, (5) decreased mismatch-repair activity, and (6) evasion of apoptosis?®293031,
Many drugs, including Cisplatin, enter cells via cell receptors or transporters and decreased
expression or mutation in these receptors or transporters results in impaired drug uptake. A
study by DW Shen (2012) showed how impaired influx via genetic knockdown of CTR1
resulted in cellular resistance to Cisplatin in vivo?®. Furthermore, ATP transporters are thought
to contribute to Cisplatin and Doxorubicin resistance via drug sequestration and efflux which

leads to reduced intracellular accumulation of the compounds3%33,

A study by Christowitz et al (2019) suggests that the MAPK/ERK pathway is involved in
Doxorubicin-induced drug resistance and tumour growth. The pathway is thought to achieve
this through its adaptive role in protecting tumour cells from oxidative stress34. This is
supported by other studies that have shown improved efficacy of Doxorubicin by inhibition
of the ERK signalling pathway3>3%3738 Another factor shown to contribute to Doxorubicin
resistance is the alteration of the drug’s target- topoisomerase 2. Various studies investigating
the responsiveness of breast cancers to Doxorubicin treatment associate increased sensitivity
with amplification of topoisomerase 2-alpha genes, whereas reduction in gene expression of
topoisomerase 2-alpha contributes to acquired resistance to Doxorubicin3>4°. Furthermore,
Doxorubicin treatment has also been shown to induce autophagy. In certain cases autophagy

has been shown to have a pro-survival role by preventing cellular damage and protecting
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cancer cells against apoptosis and therefore contributing to acquired chemoresistance to

Doxorubicin®!.

Despite Cisplatin being a first-line therapeutic treatment in various cancers, it has limited
therapeutic response as a result of its serious side effects. The main dose-limiting toxicity is
nephrotoxicity, but others include ototoxicity, gastrotoxicity, myelosuppression, and allergic
reactions*2. Carboplatin and Nedaplatin are analogues of Cisplatin and were developed as less
nephrotoxic and neurotoxic treatment alternatives to Cisplatin. Patients treated with
Nedaplatin or Carboplatin may have less toxicity and therefore better treatment compliance
which would afford them to complete more chemotherapy cycles*. In the case of
Doxorubicin, the most significant long-term toxicity is cardiac dysfunction, but other major
toxicities have also been noted in the brain, kidney and liver — with over 40% of Doxorubicin-
treated patients experiencing some form of liver injury?*4. Taken together, it is clear that
the anti-cancer effectiveness of both drugs, like other conventional chemotherapies, is at the

expense of other healthy tissues and organs of the body.

As a mechanism to abrogate the nonspecific cytotoxicity of conventional chemotherapies
such as Cisplatin and Doxorubicin, different drug delivery/carrier systems have been
developed to specifically direct the cytotoxic effects at the tumour. More notably, research
into the discovery and development of conventional chemotherapies has plateaued whereas

targeted therapies have been at the forefront of cancer drug discovery over recent years.
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1.5 Targeted anti-cancer therapy

A deeper understanding of the complex and widely variable nature of cancer cells and the
tumour microenvironment, as well as vast improvements in biotechnological advances, have
brought about new anti-cancer strategies, one of them being targeted therapy. This new era
of anti-cancer therapy has prompted the identification of previously undescribed cancer
biomarkers and novel therapeutic targets. Newer treatment modalities such as targeted
therapy and immunotherapy, as opposed to traditional systemic chemotherapy, have
revolutionized cancer treatment in the past decade. Perhaps the most notable success story
is that of the kinase inhibitor, Imatinib, for patients with BCR—ABL driven chronic myeloid
leukaemia (CML) “6. Imatinib therefore brought the concept of targeted therapy to the

forefront of cancer research and became the ‘poster child’ for this new anti-cancer strategy.

In general, targeted therapies inhibit cancer-sustaining pathways that healthy cells are less
reliant on for survival, and as a result of this increased specificity are expected to have an
improved tolerability profile. Angiogenesis, for example, is a critical process in the
development and progression of many cancers (including cervical cancer) and has therefore
been one of the processes against which targeted therapies have been developed.
Bevacizumab, an anti-angiogenesis agent, emerged as a promising targeted therapy and it is
currently used as a first line treatment in combination with conventional chemotherapies
such as Cisplatin and Paclitaxel to treat women with advanced cervical cancer?’. The addition
of Bevacizumab to combination chemotherapy in patients with recurrent, persistent, or
metastatic cervical cancer was associated with an improvement of 3.7 months in median

overall survival®.
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Identifying therapeutic targets critical for cervical cancer maintenance is crucial to improve
the treatment response. In 2021, an antibody-drug conjugate directed against tissue factor,
Tisotumab vedotin, was granted accelerated approval by the FDA for the treatment of
recurrent or metastatic cervical cancer. Tisotumab vedotin works by binding to a novel clinical
target, tissue factor, which is overexpressed on several solid tumours and has been linked to
tumour promoting pathways*°°. Tisotumab vedotin is therefore a very recent example of a
novel targeted therapy which is currently showing clinically significant and long-lasting
remission with controllable and tolerable safety in a ‘difficult-to-treat’ group of cervical

cancer patients®?.

In an effort to identify and develop other targeted therapies, research in our laboratory has a
focus on identifying novel cancer biomarkers and therapeutic targets. As a result, multiple
members of the nuclear transport system have been identified; their overexpression as well
as their importance for cancer cell survival and function have been shown in several cancer

types, including cervical cancer®?.

1.6 Targeting the nuclear transport system as a novel anti-cancer approach

A family of proteins showing great promise as targets for novel anti-cancer targeted therapies
is the Karyopherin protein family of nuclear transport receptors. Nuclear transport machinery
strictly regulates the trafficking of macromolecules across the nuclear membrane®3.
Karyopherins, which are further subdivided into the Karyopherin-a and Karyopherin-8

subfamilies, facilitate the movement of cargo proteins/macromolecules and certain RNAs
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across the nuclear pore complex (NPC) and are therefore crucial in orchestrating the nuclear
transport process. Recent years have seen a rise in interest in the nucleo-cytoplasmic
trafficking system as a novel anti-cancer target due to its association with cancer>*°>>°%, The
dysfunction and dysregulation of this cellular process has been reported in a wide variety of

tumou |,-557,58,59,60,61

Overexpression of Karyopherin proteins in cancer cells has been linked to enhanced transport
efficiency, thereby benefiting tumour cells by means of stimulating oncogenic signalling and
supporting the high metabolic and proliferative demands of the cancer phenotype®?.
Exportins are the group of Karyopherin proteins responsible for transporting protein
complexes out of the nucleus and they have been extensively studied for their potential role
in cancer by transporting key mediators of oncogenesis across the nuclear membrane in
cancer cells. Over-expression of the nuclear export protein XPO1 has been reported in several
solid tumours and in haematological malignancies, including acute myeloid leukaemia (AML)
and it is associated with advanced disease states and poor patient prognosis®. Small
molecule inhibitors of XPO1 tested in vitro, in vivo and in preclinical models of AML exhibit
potent antileukemic activity®. Furthermore, a study by Luo et al (2018) investigating XPO1 in
diffuse large B-cell lymphoma revealed that higher XPO1 expression was correlated with a
worse prognosis®. Although importins have not been as thoroughly investigated as exportins
for their role in cancer, it was found that elevated expression of Importin-11 predicted poor
survival of muscle-invasive bladder cancer patients®®. A more recent study by Mis et al. (2019)
revealed that Importin-11 levels are frequently overexpressed in human colorectal cancers.
Furthermore, inhibiting the activity of Importin-11 suppressed the growth of tumours formed

by APC mutant cancer cells isolated from patients®’. Taken together, exportins and importins
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both show promise as anti-cancer targets for a wide range of tumour types. The primary

importin protein in the cells, KpnB1, is also being investigated in this regard.

1.7 KpnpB1 as an anti-cancer therapeutic target

Karyopherin-B1 (KpnB1, also known as Importin B) is classified as an importin because it
facilitates the transport of nuclear localisation signal (NLS)-containing proteins from the
cytoplasm into the nucleus via the NPC®. Although KpnB1 has been shown to function
independently, the more common “classical” import pathway also involves Karyopherin-a
(Kpna), which recognizes the NLS on the cargo protein, binds to it and thereafter binds to
KpnB1. In this transport process Kpna therefore acts as the link/adaptor protein between the

cargo protein and KpnB1°® (Figure 1.3).
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Figure 1.3. Simplified schematic showing the Karyopherin-B1/a mediated nuclear import cycle.
Karyopherin-B1, Karyopherin-a and import cargo containing a nuclear localisation signal (NLS) form a
trimeric complex in the cytoplasm. This complex transits through the nuclear pore complex (NPC) into
the nucleus and binding of RanGTP dissociates the complex and releases the cargo. In the cytoplasm,
hydrolysis of RanGTP releases Karyopherin-B1. [Created with Biorender]

A study by van der Watt et al (2009) in our laboratory showed that Kpnf1, is highly
overexpressed in cervical cancer tumour biopsies and cell lines and is important for cancer
cell survival and function®. As a result, potential inhibitors of KpnB1 were identified using a
high-throughput in silico screen. The small molecule inhibitor of nuclear import-43 (INI-43)

was investigated further as it interfered with the nuclear localization of KpnB1 and known
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KpnB1 cargoes, NFAT, NFKB, AP-1 and NFY>®. INI-43 treatment was also shown to inhibit
oesophageal and cervical tumour growth in cancer xenograft models. Importantly, rescue
experiments showed that Kpnp1l over-expression reverted/rescued the repressed nuclear
import of NFkB-p65 as a result of INI-43 treatment, as well as the cell death induced by INI-

43, suggesting that the nuclear import inhibitory effect of INI-43 is exerted through Kpnp179:°¢,

KpnB1 has also been shown to be important for the invasion and migration of cervical cancer
cells, where its inhibition using siRNA or INI-43 resulted in significantly reduced cervical cancer
cell migration and invasion. Its inhibition has also been shown to be associated with reduced
expression of proinflammatory genes®2. In small cell lung cancer, oncogenic drivers ASCL1 and
NEUROD1 were found to be imported into the nucleus via KpnB17:. Kpnp1 inhibition was
shown to impair ASCL1 nuclear import, gene expression and small cell lung cancer growth.
These studies broaden the support for targeting nuclear transport, specifically nuclear import

via KpnB1, as an anti-cancer therapeutic strategy and a novel approach for targeted therapy.

1.8 The limitations of targeted therapy

While recent studies have identified key oncogenic players as targets for anti-cancer drugs
(including nuclear transport proteins), concerns have also arisen over the effectiveness of
targeting single proteins in cancer therapy. Since the early success of Imatinib, many targeted
therapies which have been tried and tested as single agents, such as IGF-1R inhibitors, have
been shown to fail to exhibit single agent activity and this has resulted in what some would

argue as the ‘premature’ cessation of the development of these agents’2. Ultimately, the idea
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of a ‘one genetic abnormality - one drug’ drug development paradigm has proved
disappointing, as a large number of targeted drugs (such as PI3K, AKT, MET and IGFR
inhibitors) have not been successful in providing reproducible improvements in patient
survival when used as single agents’3. This is largely due to the development of

chemoresistance.

While intrinsic and/or acquired chemoresistance is known to compromise the effectiveness
of cancer chemotherapies, the issue of drug resistance is not unique to conventional
chemotherapies. Despite many cancers starting out being susceptible to targeted and
conventional chemotherapies, over the course of treatment they can develop resistance via

numerous mechanisms, and this is referred to as acquired resistance.

It has become apparent that the full potential of targeted agents has not been realised due
to the presence of de novo resistance, often resulting from compensatory signalling pathways
or the development of acquired resistance. Mutations may occur in the target protein and
therefore prevent drug-target interactions. In this manner, their characteristic specificity
seems to also present as a weak spot to which cancer cells are able to adapt to and overcome
by undergoing clonal evolution against the selective pressures of treatment. For example,
overexpression of epidermal growth factor receptor (EGFR) has been shown in certain cancers
such as colorectal and lung, making it an attractive anti-cancer target, however a study by
Russo, Crisafulli and Sogari et al (2019) found that colorectal cancer cells treated with an EGFR
inhibitor resulted in increased mutagenesis’®. This drug driven mutagenesis is what helps the
cancer cells gain resistance to the targeted therapy. Unfortunately, this has shown to be the

case for various targeted therapies whereby the stress response translates to increased
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mutagenesis in the cancer cells’>’¢. Another mechanism by which the efficacy of targeted

therapy is compromised is via compensatory signalling pathways in response to treatment’”’.

Overall, whether it be conventional or targeted therapies, resistance poses a major problem
in oncology. Although various mechanisms by which cancer cells develop resistance to
chemotherapies have been well elucidated, how to circumvent this resistance to improve

anti-cancer efficacy remains to be defined.

1.9 Combination therapy approaches to treat cancer

The time consuming and expensive process of developing new anti-cancer drugs coupled with
the ever-present burden of chemoresistance has resulted in the investigation of new
treatment strategies such as combination therapy. Combination therapy can be defined as a
treatment modality that involves combining two or more therapies in order to reduce

treatment dose, which will limit drug resistance as well as toxicity against normal host cells’®.

Deploying a multi-therapeutic agent arsenal when fighting cancers is anticipated to hold an
even greater chance of overcoming resistance when the drugs used have non-overlapping
mechanisms of action, therefore inducing maximum cell death in the heterogenic tumour
population’®. On the other hand, when using monotherapies, the heterogenic nature of the
tumour population increases the likelihood of subsequent resistant subpopulations, whereas
this phenomenon may be circumvented by using drug combination regimens. Another

advantage of combination therapy is that each drug can be used at its optimal dose, therefore
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minimizing possible side effects. Not only is it beneficial to use a combination of drugs with
different mechanisms of action, but because chemotherapy drugs often affect cancer cells at
different points in the cell cycle, using a combination of drugs may further increase the chance

that all of the cancer cells will be eliminated.

Both targeted and conventional chemotherapies are used in combination and have also
shown to interact and collectively disrupt a number of cancer-related pathways. For example,
recurrent or metastatic cervical cancer is often treated with a platinum-based chemotherapy
in combination with the targeted agent Bevacizumab. A clinical trial with Bevacizumab used
in combination with Cisplatin and Paclitaxel showed an improvement of 3.7 months in overall
survival, compared to Cisplatin and Paclitaxel alone*®. However, the biggest challenge of
developing successful combination regimens is the narrow therapeutic index of each drug
owing to overlapping toxicities’. Although, in the treatment of malignant melanoma with
different combinations of targeted therapies, it was discovered that by combining Dabrafenib
and Trametinib, and Vemurafenib and Cobimetinib it was possible to utilize the full dose of
each targeted agent at the original schedule®882 Furthermore, in a study of four breast
carcinoma cell lines, the addition of sulbactam (B8-lactamase inhibitor) enhanced the
cytotoxicity of Doxorubicin by blocking its efflux, thus triggering apoptosis in the breast cancer
cells®3. Results from a double blind, phase Ill trial also support the use of a targeted therapy
in combination with conventional chemotherapy as patients with persistent, recurrent or
metastatic cervical cancer who were treated with an immunotherapy in addition to platinum
based chemotherapy (with or without Bevacizumab) had significantly longer progression-free

and overall survival®.
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Nevertheless, combination therapy is not guaranteed to optimise therapy sensitivity and
potentially enhanced toxic effects need to be taken into account. In 2010, a report of a phase
Il clinical trial showed no improved progression-free survival or overall survival in ovarian
cancer patients treated with the addition of Gemcitabine (a targeted therapy) to Carboplatin-
Paclitaxel, compared to those treated with only Carboplatin-Paclitaxel. The addition of
Gemcitabine was also associated with more frequent Grades 3 to 4 hematologic toxicity and
decreased quality of life®. Pre-clinical studies investigating inhibitors of oncogenes MEK and
AKT in combination, revealed that sub-maximal inhibition of MEK and AKT pathways did not
cause a significantly greater growth inhibition compared with growth inhibition caused by

maximal MEK or AKT inhibition alone?8®.

When chemotherapies are used in combination there are several possible outcomes of the
interactions which may occur. There may be an additive, synergistic or antagonistic
interaction. An additive interaction is when the effect of the combination is equal to the sum
of the individual effects. A synergistic interaction is when the effect of the combination is
greater than the sum of the individual effects and an antagonistic interaction is when the
effect is less than the sum of the individual effects®’. An ideal combination of anti-cancer
drugs would result in a synergistic interaction and conversely an antagonistic interaction
would be highly undesirable. These interactions are important considerations to take into

account when designing drug or cancer treatment combinations.

In depth investigations need to be conducted prior to combination treatments of relevant
cytotoxic agents. Prior knowledge of the mechanism of action for each drug is required as

well as the nature of the drug interaction (additive, synergistic or antagonistic). Other factors
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that need to be considered are the scheduling of administration and maintenance, as well as
the balance between therapeutic benefit and harmful side effects. Each combination needs
to be independently and objectively investigated and validated as these factors will vary from
case to case. When the above specified factors are taken into consideration, combination
therapy may be a powerful strategy when combining novel targeted therapies with

conventional cytotoxic agents to improve treatment outcome.

1.10 Combination treatments involving nuclear transport inhibitors

The most extensively studied inhibitors of nuclear transport are the selective inhibitors of
nuclear export (SINE), which been investigated in pre-clinical (animal) and clinical (human)
studies. SINE compounds are currently being tested in combinations with various anti-cancer
agents such as Doxorubicin and proteosome inhibitors (PI’s). Treatment with SINE compounds
leads to an accumulation of tumour suppressors in the nucleus of cancer cells and therefore
reduces the amount of oncogene products which drive cell proliferation, ultimately triggering
apoptosis . Another important benefit to this type of treatment is that normal cells appear
to be spared by SINE treatment. Selinexor is a first-in-class SINE compound and with the FDA’s
fast track was granted approval in 2020 for use in combination treatments with
Dexamethasone with or without Bortezomib (PI) for relapsed or refractory multiple myeloma
patients. The combination of Selinexor and a Pl such as Bortezomib results in synergistic
cytotoxic effects in vitro (sarcoma cells) and in vivo (mice xenograft), as revealed in various

studies®.
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While nuclear export inhibitors are in preclinical and clinical development, and are being
tested in combination with other therapeutics, more research is required to investigate the
potential of nuclear import inhibitors in combination therapy. However, preliminary research
indicates that concurrently targeting important nuclear import mechanisms can increase the
effectiveness of available chemotherapies. CCAAT/enhancer-binding protein delta (CEBPD) is
a well-known transcriptional factor that is activated by inflammatory cytokines and anti-
cancer drug treatment; by inhibiting Importin 4-mediated nuclear import of CEBPD,
chemosensitivity to Cisplatin was enhanced by DNA damage repair repression in cervical
cancer cells and mice xenograft models®®. Furthermore, cervical cancer cells that were pre-
treated with the KpnP1 inhibitor, INI-43, were sensitized to Cisplatin®’. These cells were
treated sequentially, rather than concomitantly. In addition, Importazole, similar to INI-43,
specifically blocks importin-B-mediated nuclear import, and was shown to sensitize resistant
chronic myeloid leukaemia cells to the targeted therapy Imatinib by significantly inhibiting
proliferation and enhancing apoptotic cell death. Thus, various studies have indicated the
potential of nuclear import inhibitors to act synergistically with conventional chemotherapies

or targeted therapies such as Imatinib.
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1.11 Aim

This study aims to investigate whether the inhibition of nuclear import by INI-43 in
combination with conventional chemotherapies, Cisplatin and Doxorubicin, has improved in
vitro therapeutic efficacy relative to each agent as a monotherapy. The use of this type of
combination strategy may alleviate some of the limitations of current cancer therapies such

as chemoresistance and off target effects.

1.12 Objectives

(i) To determine the optimal cell killing concentrations of the nuclear import
inhibitor, INI-43, in combination with Cisplatin and Doxorubicin.

(ii) To determine whether the effects of combination treatments are additive,
synergistic or antagonistic using the Chou Talalay method.

(iii) To determine the effect of combination treatments on the viability of cancer and
non-cancer cells.

(iv) To investigate the mechanism of cancer cell death upon treatment with inhibitors,
by investigating PARP1 cleavage, Caspase-3/7 activity and YH2AX expression

levels.
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CHAPTER TWO

MATERIALS AND METHODS

2.1 MATERIALS

2.1.1 Cell lines

Three human cervical carcinoma cell lines, Hela, SiHa and ME-180, and one non-cancer
human retinal pigment epithelial cell line, ARPE-19, were used in this study. HelLa (HPV18) is
derived from an adenocarcinoma of the uterine cervix and SiHa (HPV16) and ME-180 (HPV18)
both originate from squamous epithelial carcinomas of the uterine cervix. The cervical cancer
cell lines as well as the normal cell line were obtained from American Type Culture Collection
(ATCC) (Rockville, MD, USA). The use of non-cancer cervical epithelial cells is the ideal for
comparison to cancer. Non-cancer primary cervical epithelial were not available at the time
of this study. Such cell cultures have the added complication of growing in culture for a limited
period of time and requiring special media and supplements to aid their growth. For this
reason ARPE-19 cells which are able to grow in the laboratory were used for comparative
purposes. Although of retinal origin, ARPE-19 cells are non-cancer epithelial cells and are
therefore a satisfactory control for the cancer cells which are all of epithelial origin.
Furthermore, they do not require additional supplements and use similar media to that used

by the cancer cells.
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2.1.2 Chemical Compounds

Two conventional chemotherapy drugs, Cisplatin and Doxorubicin, and one small molecule
inhibitor, INI-43, were used in this study. INI-43, an inhibitor of nuclear transport, was
purchased in powder form from Sigma Aldrich (St, Louis, MO, USA) and dissolved in DMSO to
a stock concentration of 25 mM and stored at room temperature. Cisplatin (CDDP) was
purchased from Sigma Aldrich (St, Louis, MO, USA) in powder form, dissolved to a stock
concentration of 1 mg/ml (3.3 mM) in ddH20, filtered using a 0.22 uM filter and stored at
room temperature in the dark. The ICsp obtained using Cisplatin dissolved in water was
compared to that obtained when Cisplatin was dissolved in 0.9 % NaCl and no significant
difference in I1Cso was observed. Doxorubicin was purchased from Sigma Aldrich (St, Louis,
MO, USA) in powder form, dissolved to a stock concentration of 50 mg/ml in ddH,0 and kept

refrigerated at 4°C.

Table 2.1. Small molecule inhibitor: INI-43

Inhibitor of Nuclear Import (INI1-43)

IUPAC name (3-(1H-benzimidazol-2-yl)-1-(3-dimethylaminopropyl)pyrrolo[5,4-

blquinoxalin-2-amine)

Empirical Formula C22H23N7
Molar Mass (g/mol) 385.46
Structure /
N
){" ~
M __,Nrf
I~
N
HN )
e
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Table 2.2. Conventional chemotherapies: Cisplatin and Doxorubicin

Cisplatin Doxorubicin

IUPAC name cis- (75,95)-7-[(2R,4S,5S,6S)-4-amino-5-hydroxy-6-
Diamminedichloroplatinum
methyloxan-2-yl]oxy-6,9,11-trihydroxy-9-(2-
hydroxyacetyl)-4-methoxy-8,10-dihydro-7H-

tetracene-5,12-dione

Empirical [Pt(NH3)2Cl3] Co7H29NO11
Formula
Molar Mass 301.1 543.5
(g/mol)
Structure o0 OH o
OH
e ;
H3N/ \CI oH
NH,
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2.2 METHODS

2.2.1. Cell culture

The cervical cancer cell lines, Hela, SiHa and ME-180, were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Invitrogen, USA), the non-cancer cells were cultured in Dulbecco’s
Modified Eagle’s Medium F-12 Nutrient Mixture (Invitrogen, USA), and both were
supplemented with 10% heat inactivated fetal calf serum (Gibco, Paisley, Scotland) and
penicillin streptomycin (100 pg/ml). All cell lines were grown in 100 mm cell culture dishes

and incubated at 37°C at a constant 95% air and 5% CO; humidified atmosphere.

2.2.2. Mycoplasma testing

In order to confirm the cells were free of mycoplasma contamination, mycoplasma testing
was routinely performed by growing the cells in penicillin-free and streptomycin-free
Dulbecco’s Modified Eagle’s Medium (DMEM) for three or four days. The cells were then
plated onto coverslips and fixed and stained with Hoechst fluorescent DNA-binding stain
before mounting and visualization using the EVOS M5000 Imaging System (Thermo Fisher

Scientific, Waltham, MA, USA).

2.2.3. Cell Viability Assays

2.2.3.1 MTT assay to determine ICso values
Cells were seeded in triplicate into 96-well plates at a density of 5000 cells per well in 90 ul

culture medium and incubated overnight. All MTT experiments included wells with only
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culture medium as the cell-free control (media blanks). The cells were then treated with 10
uL of a range of concentrations of the drug (INI-43, Cisplatin, Doxorubicin) for 24 hours, after
which 10 pL MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Sigma
Aldrich, USA) solution was added to the cells. The formazan crystals were then solubilized
four hours later using Solubilisation Solution (10% SLS in 0.01 mol/L HCL). The following day a
BioTek microplate spectrophotometer was used to determine absorbance at 595nm. The
absorbance reading is directionally proportional to the number of live cells in culture. ICso
curves were generated using GraphPad Prism 9 (GraphPad Software Inc., San Diego, CA, USA)
as follows: ODsgsnm readings were base-line corrected against media blanks and plotted
against Log(x) transformed drug concentrations to produce sigmoidal dose-response curves,

from which ICsp values and respective 95% confidence intervals were calculated.

2.2.3.2 Combination Index determination

To assess whether the cytotoxicity was enhanced when INI-43 was used in combination with
either Cisplatin or Doxorubicin at fixed ratios, the Chou-Talalay method was adopted. Cell
viability was measured by MTT assay and ODsgsnm, readings (mean SEM, n=3) were converted
to fraction affected (Fa) values, as indicated below, which represent the fraction of cells killed
at a specific drug concentration. Fa values and corresponding drug doses (for single and
combination treatments) were entered into CompuSyn software (CompuSyn, Inc., Paramus,
NJ) to generate a report consisting of combination index values (Cl). Cl < 1 indicates synergism,

Cl = 0 indicates additive effects and Cl > 1 indicates antagonism.

mean OD595nm treated

Fa=1-
mean OD595nm control (untreated)
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2.2.3.3 Cell proliferation assays

To investigate the proliferation of cells after individual drug treatment or combination drug
treatment, cervical cancer cells were plated in triplicate at 1500 cells per well and ARPE-19
cells were plated in triplicate at 3000 cells per well (due to their slower proliferation rate) in
96-well plates and left to adhere overnight. The cells were then treated with DMSO (control)
or individual treatments, or individual treatments and their respective combinations, after
which cell proliferation was analysed every 24 hours for four days, using the MTT method.
ODsgsnm readings were converted to relative cell proliferation values and plotted against time

in days on Excel to produce cell proliferation curves.

2.2.3.4 Colony formation assay

1000 cells were plated in 6-well plates at single cell density and left to adhere overnight. The
following day, cells were treated with single agent treatments of INI-43, CDDP or DOX for 24
hours and cells treated with DMSO served as control. After 24 hr drug treatment, the drug
containing media was removed and replaced with fresh media. Every two days (48 hours) the
media was replaced and after eight days the cells were rinsed with cold PBS and fixed with
fixation solution for five minutes at room temperature and then stained with 0.5% crystal
violet solution (Sigma-Aldrich) and incubated at room temperature for 2 hours. After a 2 hr
incubation, the crystal violet solution was removed and plates were rinsed in tap water. Plates
were left to air-dry overnight and the next day images were captured with a standard camera.
Crystal violet stain was then solubilized using 33% glacial acetic acid, transferred to a 96-well
plate and absorbance was measured at ODsgsnm Using a Biotek microplate spectrophotometer

(Winooski, VT, USA).
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2.2.4 Apoptosis assays

2.2.4.1 Caspase 3/7 assay

Cells were plated in 96-well plates at a density of 5000 cells per well in 90 ul cell culture
medium and left to adhere overnight. The next day the cells were treated with 10 pl of INI-
43, Cisplatin and Doxorubicin, individually or in combination. 24 hr post treatment, 50 ul of
media was removed from each well and 50 pl of Caspase-Glo reagent (Promega, Madison, W],
USA) was added to each well. The plate was then covered with foil and left at room
temperature for 30 minutes. After 30 minutes, 90 ul from each well was transferred to a white
plate. Luminescence was measured using the Veritas microplate luminometer (Promega) and

normalized to ODsgsnm readings of MTT experiments performed in parallel.

2.2.4.2 Western blot analysis

2.2.4.2.1 Protein extraction

Cancer cells were plated at 300 000 and normal cells were plated at 500 000 cells per 60 mm
cell culture dish and the following day the cells were treated using the specified drug
concentrations for 24 hours. The following day the cell floaters were collected by collecting
the media from each dish into corresponding 14 ml cell culture tubes. Cell floaters were
collected because PARP cleavage occurs as a late event in apoptosis, hence apoptotic cells
might be starting to detach from the dish. In addition, INI-43 induces mitotic arrest (van der
Watt et al., 2015), hence INI-43-treated cells round up and are less firmly attached to the cell
culture dish and can easily detach. Two successive washes of 1 ml cold 1 X PBS were
performed and then also added to the corresponding 14 ml cell culture tubes and then

centrifuged. The supernatant was then suctioned off and 60 uL RIPA was added to the cell
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pellet. 60 pl cold RIPA containing 1 X protease and phosphatase inhibitors was added to each
dish to lyse the cells and the cells were scraped using a cell scraper and then pipetted into the
corresponding Eppendorf tube with the resuspended cell floater pellet. While cells were being

scraped from one dish the other dishes were kept on ice.

2.2.4.2.2 Sample Processing
Eppendorf tubes were sonicated for 10 seconds, followed by a 10 000 rpm centrifugation for
10 minutes at 4°C. The supernatant was then transferred to a new Eppendorf tube (on ice)

and was used as the protein sample (as the pellet contains the cell debris).

2.2.4.2.3 Protein Quantification using the BCA assay

Protein quantification of the harvested protein samples was performed in a 96-well plate
using the BCA (Bicinchoninic Acid) Assay (Pierce® BCA Protein Assay kit, Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Protein
concentration was measured using a standard curve from a serial dilution of bovine serum
albumin (BSA) standards, with concentrations ranging from 0 to 2000 pg/ml. After 30 minute
incubation at 37°C, absorbance was read at ODsgsnm using a Biotek microplate

spectrophotometer (Winooski, VT, USA).

2.2.4.2.4 Preparation and electrophoresis of gels
The 10% and 15% resolving and the 4% stacking gel were prepared as outlined in the tables
below. The resolving gel was poured into the gel casting plates and 1 ml of isopropanol was

added on top in order to create a straight gel. Once the gel had set the isopropanol was
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removed and the gel was gently rinsed and then the stacking gel was poured on top and the

comb was inserted to create the wells.

Tables 2.3 A and B. Preparation of 15% and 10% resolving gels and 4% stacking gel

A) Resolving gels 15% 10% B) Stacking gel 4%
dH,0 33ml | 2.75ml dH,0 3.65 ml
IM TrispH 8.8 | 3.9ml | 3.75 ml 1M Tris pH 6.8 625 ul

10% SDS 150 pl | 100 pl 10% SDS 50 ul
30% Acrylamide | 7.5 ml | 3.35 ml 30% Acrylamide 650 pl

10% APS 150 ul | 200 pl 10% APS 60 ul

TEMED 15 pl 20 ul TEMED 6 ul

After the stacking gel had set, 4 X loading dye was added to the protein samples and then
they were denatured by heating at 90°C for 5 minutes using a heating block. Equal amounts
of protein (25 pg) were loaded onto the SDS-polyacrylamide gels and run in 1 X running buffer
at 150 V through the stacking gel, then 180 V for approximately 1 hr. 5 pl of broad range
protein ladder was loaded in the first lane to be used as a marker to determine the size of the
protein bands. After electrophoresis, the proteins were transferred to a nitrocellulose
membrane in cold 1 X transfer buffer at 100 V for 70 minutes. After transfer, the membrane
was blocked in 5% skimmed milk powder/TBST for 1 hr at room temperature. For PARP1

analysis: the membrane was cut just below the 72 kDa mark (red marker) to probe for PARP1
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(116 kDa) and cleaved PARP1 (89 kDa) above this mark and loading control GAPDH (35 kDa)
below this mark. For yH2AX analysis: the membrane was cut at the 20 kDa mark (blue marker)
to probe for GAPDH above this mark and YH2AX below this mark (15 kDa). GAPDH was used
in this study because it is a constitutively expressed protein, meaning it is typically present at
relatively constant levels across various cell types and experimental conditions, ensuring that
differences in signal intensity are primarily attributed to changes in the protein of interest,

not loading variations.

2.2.4.2.5 Immunoblotting

Primary antibody was added (as indicated in Table 2.4 below) and the membranes were left
overnight at 4°C on a gentle horizontal shaker. The following day the membranes were
washed in TBST and placed on the shaker three times for 5 minutes at room temperature.
After washing, the membranes were incubated in secondary antibody on a gentle shaker for
1hr at room temperature. The membranes were then washed again three times for 5 min in

TBST at room temperature.

Table 2.4. Antibodies and incubation conditions for detection of proteins of interest

Protein Primary Antibody Condition Secondary Condition
Antibody
PARP Rabbit aPARP1/2 (Cell 1:1000 in Goat aRabbit 1:5000 in
(116 kDa) | Signaling Technology #9542) TBST (BioRad) TBST
GAPDH Rabbit aGAPDH (Sigma 1:10000 in Goat aRabbit 1:5000 in
(37 kDa) #G9545 ) TBST (BioRad) TBST
YH2AX Rabbit aP-Histone H2A.X 1:500in Goat aRabbit 1:5000 in
(15 kDa) (Cell Signalling #2577) TBST (BioRad) TBST
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2.2.4.2.6 Visualisation and densitometry

The protein bands of interest were detected using chemiluminescent LumiGLO Substrate
(KPL, USA) by mixing the required amount of substrate in the ratio 1:1 reagent A to reagent
B. The substrate was applied to the membrane upon visualization and the digital image was
obtained using the iBright FL1500 Imaging System and the band intensities were quantified

relative to the loading control using ImagelJ software.

2.2.5 Observation of morphological changes and cell photography

Images of Hela, ME-180 and SiHa cells treated with monotherapies and combination
therapies of INI-43, Cisplatin and Doxorubicin for 24 hours were captured using the EVOS
M5000 Imaging System (Thermo Fisher Scientific, USA) at 10X magnification and 70%
confluency. Cell morphology changes observed under the microscope following 24 hr

treatments were noted.

2.2.6 Statistical analyses
The Student’s t test was used to compare mean values when comparing 2 groups and the
ANOVA technique was used when comparing mean values between 3 groups. P value <0.05

was considered statistically significant.
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CHAPTER 3

INVESTIGATING THE EFFECT OF INI-43, CISPLATIN AND DOXORUBICIN AS
SINGLE AGENT TREATMENTS

3.1 INTRODUCTION

Extreme biological heterogeneity between different cancers as well as within a specific type
of cancer has made it exceptionally challenging to understand and treat this complex disease.
Although conventional chemotherapies have had some success in treating cancer, they seem
to reach a plateau of efficacy and this, coupled with a better understanding of cancer biology,
has led to the development of targeted anti-cancer drugs. Hence, over the past 30 years, the

focus of new drug development has been on targeting known oncogenic drivers?®.

However, conventional chemotherapies such as Cisplatin and Doxorubicin are still the first
line therapeutics for many cancers, including cervical cancer and breast cancer, amongst
others. Conventional chemotherapies like these lack specificity in targeting cancer cells and
are restricted in their efficacy by dose-limiting toxicities. On the other hand, molecularly
targeted agents exploit the oncogene addictions and specific hallmarks of cancer cells. In this
way, the hallmarks and oncogene addictions of cancer cells become the vulnerabilities to

which targeted agents are developed.

Previous work in our lab involved a structure-based virtual screen in which 12 million chemical

compounds were screened to identify small molecules with potential to bind and inhibit

46



KpnB1, a nuclear import receptor that has been shown in our lab to be overexpressed at both
mRNA and protein levels, and is essential for cervical cancer cell survival and proliferation>?.
Through this computational screen, and subsequent in vitro testing, compound 43 (INI-43)
was identified. In contrast to the general cytotoxicity of Cisplatin and Doxorubicin, rescue
experiments in our laboratory have shown that INI-43 exerts its effects primarily via inhibiting
KpnB1, thus classifying it as a targeted therapy. Due to the success of combining targeted and
conventional chemotherapies in combination therapy, it is of interest to determine whether
INI-43 and Cisplatin/Doxorubicin could be useful combinations. To this end, the effects of the
drugs as single agents needed to first be determined. In this chapter the effects of INI-43,
Cisplatin and Doxorubicin as monotherapies were investigated on cell sensitivity, cell
proliferation, reproductive (colony-forming) ability and apoptosis, using cervical cancer cell

lines, Hela, SiHa and ME-180, and the non-cancer epithelial cell line ARPE-19.
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3.2 RESULTS

3.2.1 ICso determination for INI-43, Cisplatin and Doxorubicin as single agent treatments in

cervical cancer cells

Cell line sensitivities of Hela, SiHa and ME-180 to INI-43, Cisplatin (CDDP) and Doxorubicin
(DOX) as single agent treatments were assessed by determining the ICsp values, which is
the effective concentration at which 50% cell death is observed. Cells were treated with a
range of concentrations of either INI-43, CDDP or DOX for 24 hours and cell viability was
measured using the MTT assay. Absorbance readings (ODsgs) were plotted against Log(x)
transformed drug concentrations to generate sigmoidal dose-response curves, from which
ICso values were determined (Fig. 3.1). The average ICsoresults with 95% confidence intervals

are tabulated in Table 3.1.

As shown, the three cervical cancer cell lines HelLa, ME-180 and SiHa had ICso values of
approximately 10.6, 11.3 and 14.9 uM respectively for INI-43 (Table 3.1), indicating that at
these concentrations there was half maximal cell kill. Interestingly, it was observed that INI-
43 exerts its cytotoxicity rapidly as cell death was observed under the microscope within a
few hours post treatment. In addition, there appears to be a very narrow concentration
window in which INI-43 kills the cells, as seen by the steep hillslopes of the representative
curves in Figure 3.1 (A, D, G) (a very small difference in INI-43 concentration is needed for less

than 50% cell kill versus near or complete cell death).
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The ICso values for the two conventional chemotherapies CDDP and DOX were also similar
across the three cancer cell lines. The ICso values for CDDP in HelLa, ME-180 and SiHa were
34.4, 36.5 and 41.7 uM respectively. For DOX, the ICso values in HelLa, ME-180 and SiHa cell
lines, were 1.1, 1.2 and 1.8 uM respectively. Interestingly, the respective ICso for INI-43, CDDP
and DOX was higher in SiHa cells compared to the other cervical cancer cell lines, in line with

its classification as a more chemo-resistant cell line.
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Figure 3.1. Representative survival curves demonstrating sensitivities of cervical cancer cell lines to
INI-43, Cisplatin and Doxorubicin as monotherapies. Cervical cancer cell lines: HeLa, ME-180 and SiHa
were treated with a range of INI-43 (A,D,G), Cisplatin (B,E,H) or Doxorubicin (C,F,l) concentrations for
24 hours and cell viability was quantified using the MTT assay. Dose-response curves were generated
and ICspvalues were calculated using Graph Pad Prism software. ICso determination experiments were
performed at least 3 independent times in triplicate and individual data points of representative

curves are depicted as the mean ODsgsnm reading £ SEM.
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Table 3.1. Average IC5q values of INI-43, Cisplatin and Doxorubicin in cervical cancer cell
lines.

INI-43 (uM) 95% Ci CDDP (uM) 95% CI DOX (uM) 95% CI
Hela 10.6 8.2-14.4 34.4 28.5-38.4 1.1 0.5-2.2
ME-180 113 9.1-16.6 36.5 29.9-42.3 1.2 0.8-2.6
SiHa 14.9 12.8-19.8 41.7 30.1-48.9 1.8 0.3-3.0

3.2.2 Effect of approximate ICso concentrations of INI-43, Cisplatin and Doxorubicin on

non-cancer cells

The non-cancer cell line, ARPE-19, was next treated with INI-43, CDDP and DOX, at the
approximate ICso concentrations obtained for the cervical cancer cell lines and cell viability
was determined using the MTT assay. Treatment of the cancer cell lines with an approximate
ICs0 of 10 uM for INI-43 had significant cell killing effects in HeLa, ME-180 and SiHa cells, while
the non-cancer cell line was insensitive to this concentration (Fig. 3.2 A). The non-cancer cell
line was also insensitive to the approximate ICso concentrations of 30 uM CDDP (Fig. 3.2 B)
and 1 uM DOX (Fig. 3.2 C), in contrast to the significant cell killing effect seen in the cancer
cell lines. For INI-43, CDDP and DOX treatment in the non-cancer cells, no signs of cell death
were visible and 100% cell viability was determined (Fig. 3.2 A, B, C), thus ARPE-19 cells
exhibited a significantly reduced sensitivity to the three drugs compared to the cancer cell

lines.
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Figure 3.2. The effect of INI-43, CDDP and DOX on the viability of cervical cancer and non-cancer
epithelial cells. Cells were plated at 5000 per well in a 96-well dish and allowed to settle overnight,
followed by incubation with 0 uM, 10 uM INI-43, 15 uM CDDP or 1 uM DOX for 24 hours. Viable cells
were determined using the MTT reagent and represented as % of total cell viability (100%). Results
shown are mean * SEM of experiments performed in 3 replicates and repeated at least two
independent times, *p < 0.05.
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3.2.2 Effect of single agent treatments on proliferation of cervical cancer cells and non-

cancer epithelial cells

Having shown that INI-43, CDDP and DOX selectively reduced cervical cancer cell viability, we
next investigated their individual effects on anchorage-dependent cell proliferation. Hela,
SiHa, ME-180 and ARPE-19 cells were treated with the vehicle control (DMSQ), % ICsp values
and ICsp values of INI-43, CDDP and DOX and cell proliferation was monitored for four days

using the MTT assay.

5 uM (% ICsp) INI-43 had little effect on the proliferation of the three cancer cell lines as well
as non-cancer ARPE-19 cells. HeLa, ME-180 and SiHa cells treated with 10 uM (ICsp) INI-43
treatment showed significant inhibition of proliferation and this effect was sustained for the
four-day period with no recovery observed. Proliferation of the non-cancer ARPE19 cells, on

the other hand, was not affected by 10 uM INI-43 (Fig. 3.3 A).

15 uM (% ICs0) and 30 uM (ICso) CDDP-treated cancer cells showed significant inhibition of cell
proliferation from day 1 until day 4. For DOX, % ICs0 (0.5 uM)-treated cells showed significantly
reduced proliferative abilities and 1Cso (1 uM)-treated cells showed complete cell death from
day 2 to day 4 with no recovery observed for all three cancer cell lines. Non-cancer ARPE-19
cells remained unaffected by all single agent treatments tested. This supports earlier findings
that cancer cells are more sensitive to INI-43, CDDP and DOX treatment compared to non-

cancer cells.
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Figure 3.3. Proliferation of cervical cancer and non-cancer cell lines treated with INI-43, CDDP and
DOX over 4 days. Cells were seeded at 1500 cells per well in 96-well plates and treated with 0 uM, 5
#M INI-43, 10 uM INI-43, 15 uM CDDP, 30 uM CDDP, 0.5 pM DOX or 1 uM DOX the following day.
Proliferation was examined every 24 hours using the MTT reagent for 4 days and normalized to the
viable cells on day 0. Results shown are mean + SEM of 3 replicates, and each experiment was repeated

at least two independent times.
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3.2.2 Effect of single agent treatments on colony formation of cervical cancer cells

We next tested the effect of INI-43, CDDP and DOX on cervical cancer cell colony formation,
by performing the anchorage-dependent colony formation assay. This assay is also an in vitro
cell survival assay but different from the proliferation assay because it assesses the ability of
the cells to form colonies after the drug-containing media has been removed. This assay is
based on the ability of a single cell to grow into a colony, where a colony is defined as 50 cells

or more?2.

Cells were sparsely seeded and treated with the concentrations previously used for the
proliferation assay; that is, the approximate % ICso and 1Cso values for INI-43, CDDP and DOX,
and treatment was for a 24 hr period. The drug-containing growth media was then removed
and replaced with fresh media. After 8 days incubation, with growth media replaced every 48
hours, viable cells were fixed and stained with crystal violet and macroscopic colonies were

visually examined.

In all three cancer cell lines, there was no observable difference in colony formation between
untreated cells and 5 uM INI-43-treated cells (Fig. 3.4 A). For 10 uM INI-43 treated cells
however, there were no visible colonies (Fig. 3.4 A). There were also no visible colonies for
0.5 uM and 1 uM DOX treated cells (Fig. 3.4 B), as well as 15 uM and 30 uM CDDP treated
cells (Fig. 3.4 C). Colonies were solubilised and absorbance was measured to quantify cancer
cell colonies. These findings, when coupled with the proliferation assay results, demonstrated
that 10 uM INI-43, 1 uM DOX and 30 uM CDDP effectively inhibited cancer cell survival and

growth.
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Figure 3.4. Colonies of HeLa, ME-180 and SiHa cells formed after INI-43, CDDP and DOX exposure.
Cells were plated sparsely at 1000 per dish followed by treatment at approximate % ICso or 1Cso of each
drug. After 24 hours, drug containing media was removed and media was replenished every second
day for 8 days. Viable colonies were fixed and stained with crystal violet, images were captured and
absorbance was measured after solubilisation with acetic acid. Images are representatives of
experiments performed in triplicate and repeated two independent times. Quantified results are
mean + SEM experiment performed in triplicate, *p < 0.05.
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3.2.3 Single agent treatments of INI-43, Cisplatin and Doxorubicin result in activation of

the apoptotic cell death pathway

Next, a defining characteristic of the apoptotic pathway was investigated, namely PARP1
cleavage. The PARP1 antibody detects endogenous levels of full length PARP1 (116 kDa), as
well as the large fragment (89 kDa) of PARP1 resulting from Caspase cleavage. HelLa, ME-180
and SiHa cells were treated with % ICso or ICso concentrations of each agent individually for
24 hours. Proteins were harvested and Western blot analysis was performed to detect PARP1
cleavage and GAPDH was used as a loading control. The ratio of cleaved PARP1 (89 kDa) to
uncleaved PARP1 (116 kDa) normalised against GAPDH (the loading control) was quantified

using Image J analysis and represented in Figure 3.5.

A dose-dependent increase in levels of cleaved PARP1 after treatment with drugs was
observed for all three cancer cell lines. Hela cells appeared to be the most sensitive to INI-43
as 5 uM INI-43 induced some PARP1 cleavage (Fig. 3.5 A) but this concentration of INI-43 had
no effect on PARP1 cleavage in ME-180 (Fig. 3.5 B) and SiHa cells (Fig. 3.5 C). However, after
treatment with 10 uM INI-43, similar levels of cleaved PARP were detected in HeLa and ME-
180 cells and there was some cleaved PARP1 induced in the SiHa cells as well. In Hela and
ME-180 cells, PARP1 cleavage was also induced to a similar level after DOX and CDDP
treatments (Fig. 3.5 A and B), while in SiHa cells PARP1 cleavage was slightly less pronounced
but still evident at the higher concentrations of DOX and CDDP (Fig. 3.5 C). This confirms that

the cells are undergoing apoptosis.
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Figure 3.5. PARP1 cleavage after individual treatment of cervical cancer cells with INI-43, Cisplatin
and Doxorubicin. (A) Hela, (B) ME-180 and (C) SiHa cells were treated, for 24 hours, with either no
drug, 5 UM or 10 pM INI-43, 0.5 pM or 1 uM DOX, 15 pM or 30 pM CDDP (% ICso and ICso of each
drug). 24 hours later, proteins were harvested and Western blot analysis was performed to identify
uncleaved PARP (116 kDa) and cleaved PARP (cl. PARP, 89 kDa) using an aPARP1 antibody. GAPDH was
used as the loading control. Band intensity was measured using the ImagelJ software and the ratio of
cl. PARP to PARP (normalized against GAPDH) was plotted for each treatment group. The experiment

was repeated twice in each cell line.
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3.3 DISCUSSION

In this chapter the effects of individual treatments of INI-43, CDDP and DOX on cervical cancer
and non-cancer ARPE-19 cells were investigated using multiple techniques. This chapter
focused on identifying the ICso value of each drug in each cell line and exploring cell
proliferation and reproductive (colony-forming) ability after 24 hr monotherapy treatments.
This chapter also investigated the effect the single agent treatments had on PARP1 cleavage
as a measure of apoptosis and this was achieved by performing the analytical technique,

Western blotting.

ICs0 values were determined for INI-43, CDDP and DOX by performing the MTT assay. The ICsg
values for each single agent were similar across the three cervical cancer cell lines, with SiHa
cells being slightly more resistant to INI-43 (~15 uM compared to ~10 uM), CDDP (~40 uM
compared to ~30 uM ) and DOX treatment (~1,8 UM compared to ~1 uM). This is in agreement
with previous studies of cell morphology, MTT and colony formation assays which revealed
SiHa cells to be less sensitive to CDDP compared to CasKi and Hela cells®*°4%, Furthermore,
Hela cells were the most sensitive to CDDP compared to Caski and SiHa cells, which is in line
with results from this study which found Hela cells to be the most sensitive and SiHa cells to
be slightly less affected by CDDP, demonstrated by SiHa cells having a higher I1Cso value than
HelLa and ME-180 cell lines. A study by Hafiza and Latifah (2014) found the CDDP ICsovalue in
SiHa cells to be approximately 40 pM®¢, which supports the 1Cso values determined in this
study. In addition, a study by Funaoka et al. (2006) investigated the resistance of SiHa cells to
CDDP and proposed that the levels of p21 play a role, whereas a study by Venkatraman et al.

(2005) attributed the CDDP resistance to NFkB activity in SiHa cells. Hence, SiHa cells are
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widely used in the literature as a chemo-resistant cell line and thus it is interesting that results
from this study identify them as being more resistant to INI-43 than the other cervical cancer
cell lines used in this study, namely HeLa and ME-180. The longer doubling time of SiHa cells
(+2.6 days compared to 1/1.5 days for HelLa and ME-180 respectively®’) may partially explain
why they are slightly less sensitive to INI-43 than HelLa and ME-180 cells. SiHa cells replicate
at a slower rate and therefore fewer cells will be affected by its anti-mitotic activity in a given

24 hr treatment period.

DOX treatment resulted in the lowest ICsp concentrations, exhibiting cytotoxicity in
concentrations between 1 uM and 2 uM for all three cancer cell lines, which is in line with
what previous studies have found in cervical cancer cells (ICsp 1.66 + 0.30)°8°°, The ICso values
determined for the three cervical cancer cell lines used in this study are also similar to ICsg
results in breast cancer cells treated with DOX (Mcf-7 DOX ICsp 2.2+4.3)*%, The ‘Genomics of
Drug Sensitivity’ database describes SiHa cells to be more resistant to DOX than HelLa and ME-
180 cells!?!, A study by Filippova et al. (2014) supports the DOX ICsp results in this study as it
showed SiHa cells to be more resistant to DOX than CaSki cells, and linked the
chemoresistance of SiHa cells to a higher level of anti-oxidant acting proteins'2. This is in line
with the higher ICso values determined in this study for SiHa cells compared to HelLa and ME-

180 cell lines.

Most importantly, this study identified all three chemotherapies to be significantly more
cytotoxic to cancer cells in comparison to a non-cancer epithelial cell line. In contrast to the
three cancer cell lines, cell viability was unaffected for ARPE-19 cells treated at 10 uM INI-43,

30 uM CDDP and 1 uM DOX; doses that killed all three cancer cell lines used in this study.
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Both in vitro cell survival assays; cell proliferation and colony formation, showed similar
trends after 24 hr single agent treatments. For both assays, results after 5 uM INI-43
treatment were not significantly different to untreated cells and 10 uM INI-43 had significant
inhibitory effects in the HelLa, ME-180 and SiHa cell lines. This is in line with a recent study by
Kelenis et al. (2022) which showed that Kpnf1 inhibition obliterated the proliferation and
colony formation of lung cancer cells’!. A study by Zhu et al. (2018) showed similar results in
a glioblastoma cell line where after KpnB1 knockdown, cell proliferation and colony formation
were inhibited'%3. Treatment with 0.5 pM DOX and 15 pM CDDP also showed complete
inhibition of colony formation. The DOX result is supported by a recent study by Mehraj et al.
(2022) which showed significant reduction of colonies formed in triple negative breast cancer
cells after treatment with DOX at less than a tenth of the concentration that was used in this
study'%4. The CDDP result is in line with results from a study by Wu et al. (2016) which showed
the proliferation and colony formation of SiHa cells after CDDP treatment to be significantly

reduced.

Western blot analysis supported the results obtained in the cell proliferation and colony
formation assays. PARP is a DNA repair protein cleaved in mid/late stage apoptosis, thus
cleaved PARP1 was used as a measure of Caspase cascade activation and execution of the
apoptotic process. Cleaved PARP1 was observed after single agent treatment using ICso
concentrations of the drugs (10 uM INI-43, 1 uM DOX and 30 uM CDDP). For Hela cells,
unexpectedly, a faint cleaved PARP1 band is seen in the untreated group, however, when the
cleaved PARP1 band is quantified relative to the uncleaved PARP1 band, the amount of
cleaved PARP1 is not significant. Also, when compared in relation to the bands for treatment

groups, it is not significant. An underlying level of apoptosis is expected to be found in a Hela
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cell culture, due to the fast-growing nature of the cells. Although Hela cells exhibited an
increase in the level of cleaved PARP1 at a concentration of 5 uM INI-43, this effect was not
nearly as apparent as at 10 uM INI-43 treatment. As expected, treatment with the
approximate ICso concentrations, 10 uM INI-43, 1 uM DOX and 30 uM CDDP, showed higher
levels of cleaved PARP1 compared to their respective lower concentrations that were tested.
Hela cells showed the most prominent cleaved PARP1 bands compared to ME-180 and SiHa
cells, supporting the findings from 3.2.1 and 3.2.2 which show Hela to be more sensitive than
ME-180 and SiHa cells and SiHa cells to be most resistant to all three single agent treatments.
Although INI-43 was not used specifically, the study by Zhu et al. (2018) showed that Kpnp1
knockdown induced significant, dose-dependent PARP cleavage in glioblastoma cells'03,

Additionally, a study by Suh et al. (2010) showed PARP cleavage following DOX treatment in

CaSki and C33A cervical cancer cell lines19,

This study explored the biological effects of single agent treatments of INI-43, CDDP and DOX
in cervical cancer cell lines. Since 24 hr treatment with INI-43 at concentrations below 10 uM,
specifically 5 uM INI-43, had minimal or no effect on cervical cancer cell viability, this sublethal
concentration was next used to investigate whether INI-43 could enhance the efficacy of the
conventional chemotherapies CDDP and DOX, including their apoptotic effects and DNA-
damaging abilities. Chemoresistance that develops after single agent chemotherapy is a
critical factor as to why it is necessary to find a combination therapy whereby one drug can

sensitise the cancer cells to CDDP/DOX — this is what we aim to determine using INI-43.
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CHAPTER 4

INVESTIGATING THE EFFECT OF INI-43, CISPLATIN AND DOXORUBICIN IN
COMBINATION TREATMENTS

4.1 INTRODUCTION

Adverse chemotherapy side effects and the complexity of acquired drug resistance suggests
that targeted and combination therapies may offer improved efficacy in treating cancers in
the clinic’”’. Novel therapeutic agents that can act synergistically with existing, conventional
therapies are anticipated to improve the likelihood of successful therapy response and
survival rates!®, The addition of molecularly targeted treatments to conventional therapies,
such as platinum-based regimens, is a relatively recent anti-cancer subject of study®*. For
example, a recent clinical trial found the addition of the angiogenic inhibitor, Bevacizumab,
to Carboplatin and Paclitaxel combination chemotherapy yielded higher response rates and
increased overall survival'?’. Thus, although it is a relatively new anti-cancer strategy, there
are already successful cases, whereby combining a targeted therapy with conventional

chemotherapies results in an improved treatment response.

In both combinatorial and single agent research there have been more studies of exportins
and their inhibitors compared to importins and their inhibitors!®®. Specifically, targeting
Exportin 1 (CRM1/XP0O1) has been extensively studied as a single agent therapy as well as part
of combination treatments in preclinical and clinical trials'%10111  Although significant

preclinical and clinical work is currently being carried out for inhibitors of Exportin 1, such as
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the recently FDA-approved Selinexor, studies of nuclear import inhibitors are still in the early
stages and investigations into their anti-cancer effects are limited to preclinical models.
However, preliminary research indicates that concurrently targeting nuclear import pathways

can increase the effectiveness of available chemotherapy drugs!*2.

This chapter investigates the combined effects of the targeted nuclear import inhibitor, INI-
43, with conventional chemotherapies, either Cisplatin or Doxorubicin, in cervical cancer cell
lines representative of squamous cell cervical carcinoma (ME-180 and SiHa) and

adenocarcinoma of the cervix (Hela), and ARPE-19 non-cancer cells.
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4.2 RESULTS

4.2.1 Determining effective ratios to be used in combination experiments

Since ICsovalues for INI-43, CDDP and DOX in each cell line had been determined (Fig. 3.1), we
next investigated the effects of INI-43 in combination with either CDDP or DOX. In order for
each drug to induce a similar level of cell kill when used in combination, ratios were
constructed based on the approximate single agent ICso values. The combinations were
designed using the equipotent constant-ratio design (or diagonal technique) as proposed by

Chou and Talalay, (1984)!13,

For experimental conditions, 5000 cells per well were plated in a 96-well plate and the next
day the cells were treated with single agent and combination treatments in constant ratios.
For the INI-43:CDDP combination, a ratio of 1:3 (INI-43:CDDP) was chosen as it aligned with
the ICso values previously determined, which were approximately 10uM for INI-43 and 30 uM
for CDDP. For the DOX combination, a ratio of 5:1 (INI-43:DOX) was chosen, based on
approximate, previously determined ICsp values. The fixed ratios of nuclear import inhibitor:
chemotherapeutic agent and the range of concentrations that was used to treat the cells is

outlined below in Table 4.1 and 4.2.
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Table 4.1. INI-43 and Cisplatin concentrations used for Combination Index determination
experiments. Cells were treated with INI-43 and Cisplatin in combination at a fixed 1:3 ratio

using the concentrations indicated below.

INI-43 (uM) | Cisplatin (uM)
Ratio 1:3 |

1 3

2.5 7.5
5 15

7.5 22.5

10 30

12 36

13.5 40.5

Table 4.2. INI-43 and Doxorubicin concentrations used for Combination Index
determination experiments. Cells were treated with INI-43 and Doxorubicin in combination

at a fixed 5:1 ratio using the concentrations indicated below.

INI-43 (uM) Doxorubicin (uM)

Ratio 5:1 |
0.5 0.1
2.5 0.5
5 1
7.5 15
10
15

4.2.2 Investigating the effect of combination treatments with fixed ratios of INI-

43:Cisplatin and INI-43: Doxorubicin.

Hela, ME-180 and SiHa cells were treated with INI-43 and CDDP/DOX at the tabulated
concentrations (Table 4.1 and 4.2) and cell viability was measured 24 hours after treatment
using the MTT assay. Absorbance values were entered into CompuSyn software, a programme

designed by Chou and Martin (2005) for quantitation of synergism and antagonism.
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Combination index (Cl) values were generated to determine the degree of drug interaction,
based on the Chou-Talalay method. Combination index values generated by Compusyn were
plotted against the fraction of affected cells (Fig. 4.1 and 4.2). As described by Chou et al.
(2006), a Cl value of less than 1 is defined as synergism, with values closer to 0 being described
as strongly synergistic. A Cl value greater than 1.10 is defined as antagonistic and Cl values

that fall between 1 and 1.10 are indicative of an additive interaction®’.

4.2.2.1 Effect of combining INI-43 and Cisplatin on cervical cancer cell viability

After 24 hr INI-43 and CDDP combination treatment, HelLa, ME-180 and SiHa cells showed a
similar trend of interactions when Cl values were plotted against fraction affected (Fa). For
Hela and SiHa cells, synergistic drug interactions were observed for all combinations of INI-
43 and CDDP tested (Fig. 4.1 A and C). The most prominent effects of synergism were
observed when the Fa>0.5, which is a promising finding as stronger synergism at a higher Fa
value (>0.5) is most desirable in terms of clinical translation. At Fa=0.5 ME-180 cells showed
an additive relationship but at higher Fa values a synergistic relationship prevailed (Fig. 4.1B).
Since higher Fa values are more clinically relevant, it is important to acknowledge the
improved drug interactions as Fa values increased. The combination index values obtained
were maintained well below 1 at all levels of cell death in Hela and SiHa cell lines, indicating
a strong synergistic effect when the targeted agent (INI-43) was used in combination with
conventional chemotherapy CDDP in these cell lines. The effects of INI-43:CDDP combinations
in comparison to single treatments on cell viability for all three cell lines are shown in Fig. 4.1
A, B and C. These results show that the combination of INI-43 and CDDP caused a much
greater inhibition on Hela, ME-180 and SiHa cervical cancer cell viability compared to

treatment with either single agent.
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4.2.2.2 Effect of combining INI-43 and Doxorubicin on cervical cancer cell viability

INI-43 in combination with DOX at a fixed 5:1 ratio displayed moderate synergistic effects in
the Hela, ME-180 and SiHa cell lines (Fig. 4.2). The Cl values were below 1 for HeLa and ME-
180 cell lines at all concentration points tested, indicating a synergistic interaction with the
combination of INI-43 and DOX (Fig. 4.2 A and B). SiHa cells, however, showed increasing Cl
values as Fa values increased (Fig. 4.2 C). The combination treatment therefore resulted in
synergistic interactions but at Fa=0.5, this changed to an additive interaction (CI=1). The effect
of INI-43:DOX combinations in comparison to single treatments on cell viability for all three
cell lines are shown in Fig. 4.2 A, B and C. These results show that the combination of INI-43
and DOX caused a more pronounced inhibition on HelLa, ME-180 and SiHa cervical cancer cell

viability compared to treatment with either single agent.

The Compusyn software is also able to predict dose reduction index (DRI) values for
experimental and non-experimental data points. The DRI is a measure of the extent to which
the dose of one or more agents in the combination can be lowered while still achieving the
same cell kill effect comparable with those achieved with single agents. A DRI greater than 1
indicates a favourable dose reduction and the DRI was another way in which the combinations
of the drugs were assessed. The software calculated that for Hela cells treated with the INI-
43 and CDDP combination, ~8 fold less CDDP was required, when combined with INI-43, to
achieve 50% inhibition. A dose-reduction was similarly achieved when INI-43 was combined
with DOX, however, the effect was not as pronounced as with CDDP. For Hela cells treated
with the INI-43 and DOX combination, ~2 fold less DOX was required, when combined with
INI-43, to achieve 50% inhibition. Similar dose reduction results were found in the ME-180

and SiHa cell lines.
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Figure 4.1. Effect of combination treatments of INI-43 and Cisplatin in HeLa, ME-180 and SiHa cell
lines. (A) Hela, (B) ME-180 and (C) SiHa cells were treated, for 24 hours, with a range of INI-43 and
CDDP concentrations as single agents or in combination with each other at a fixed ratio of 1:3 (INI-43:
CDDP). ClI plots for (A) HeLa and (B) ME-180 and (C) SiHa cell lines were constructed by plotting Cl
values against Fa. Fa = 1 indicates complete cell death and Fa = 0 indicates no cell death. Cl < 1 indicates
synergism, Cl = 1 indicates additive effects and CI>1 indicates antagonism. Data points plotted
represent actual experimental results generated by the CompuSyn software. Relative Cell Viability
graphs were plotted on GraphPad Prism 8. Results shown are of experiments performed in triplicate
and repeated at least two independent times.
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Figure 4.2. Effect of combination treatments of INI-43 and Doxorubicin in HeLa, ME-180 cells and in
SiHa cell lines. (A) Hela, (B) ME-180 and (C) SiHa cells were treated, for 24 hours, with a range of INI-
43 and DOX concentrations as single agents or in combination with each other at a fixed ratio of 5:1
(INI-43: DOX). Cl plots for (A) HeLa and (B) ME-180 and (C) SiHa cell lines were constructed by plotting
Cl values against Fa. Results shown are of experiments performed in triplicate and repeated at least

two independent times.
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4.2.3. Effect of combination treatments on cell morphology

To provide visual evidence of the combined effects determined in the Compusyn/cell viability
experiments, images of cervical cancer cells 24 hr post treatment were captured using a digital
inverted microscope. Changes in cell number and morphology after treatment were noted. In
both combinations (INI-43 with both CDDP and DOX), a notable decrease in cell number was
observed for all three cell lines; HeLa, ME-180 and SiHa (Fig. 4.3 A, B and C). In addition,
morphological changes in the size and shape of the treated cells were observed. Following
treatment, the cells appeared to have shrunk and adopted a more rounded shape. The
rounded up cells also had more extracellular vesicles (a sign of apoptotic blebbing), suggesting

that cell death in the combination treatment was as a result of apoptosis.

A) Hela
INI-43 + CDDP INI-43 + DOX

UNTREATED COMBO COMBO
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B) ME-180

INI-43 + CDDP INI-43 + DOX
UNTREATED COMBO COMBO

c) SiHa
INI-43 + CDDP INI-43 + DOX

UNTREATED COMBO COMBO

Figure 4.3. Effect of combination treatment on cervical cancer cell morphology. (A) Hela, (B) ME-
180 and (C) SiHa cells were treated with control (DMSO) or combination therapies of INI-43 and
Cisplatin and INI-43 and Doxorubicin for 24 hours. Images were captured using the EVOS M5000
Imaging System (Thermo Fisher Scientific, USA) at 10X magnification and 60/70% confluency. The
zoomed in area in combination treatments is representative of cells with rounded up appearance and
showing signs of membrane blebbing Results are representative of experiments performed in
triplicate and repeated at least two independent times.
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4.2.4 Determining the levels of PARP1 cleavage and Caspase 3/7 activation in cervical
cancer cells treated with INI-43 and Cisplatin in combination and INI-43 and Doxorubicin in

combination

Since significant inhibition of cell viability and visible signs of cell death was observed upon
combination treatment, we next investigated whether the enhanced cell death in the
combination treated cells was as a result of increased apoptosis. Markers of apoptosis, such
as PARP1 cleavage and Caspase 3/7 activation, were assayed as they represent two different
stages of the apoptotic pathway. Hela and ME-180 cells were treated with % ICso
concentrations individually (5 uM INI-43, 15 uM CDDP, 0.5 uM DOX) or their combinations (5
UM INI-43 + 15 uM CDDP, 5 uM INI-43 + 0.5 uM DOX) for 24 hours, after which apoptosis
assays were conducted. PARP1 cleavage was evaluated by Western blot analysis and the
amount of cleaved PARP1 present under each experimental condition was analysed and

expressed relative to uncleaved PARP1.

4.2.4.1 Effect of combination treatments on PARP1 cleavage

During apoptosis, PARP1 is cleaved into two fragments of 89 kDa and 24 kDa. The levels of
the 89 kDa cleaved PARP1 fragment were measured as an indication of apoptosis and
expressed relative to total levels of uncleaved PARP1 which decreases upon cleavage.
Densitometrical analysis of PARP1 Western blots was used to quantify cleaved PARP1 (89 kDa)
relative to uncleaved PARP1 and normalised to GAPDH. Results from Western blot
experiments for the cervical cancer cell lines; HeLa and ME-180 showed enhanced relative
cleaved PARP1/uncleaved PARP1 after combination treatment compared to the respective

individual treatments (Fig. 4.4 A and 4.5 A). Quantification of the cleaved PARP1 relative to
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uncleaved PARP1 and normalised to the loading control GAPDH revealed an increase in
cleaved PARP1 in the INI-43 and CDDP combination treatments to be greater than the sum of
the effects observed after individual treatments (Fig. 4.4 B and 4.5 B). Similar results were

observed for the INI-43 and DOX combination (Fig. 4.4 C and 4.5 C).
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Figure 4.4. Effect of combination treatments of INI-43 and Cisplatin and INI-43 and Doxorubicin on
apoptotic cell death in cervical cancer cells. Hela cells were treated, for 24 hours, with no drug, 5 uM
INI-43, 0.5 uM DOX, 15 uM CDDP or 5 uM INI-43 + 0.5 uM DOX or 5 uM INI-43 + 15 uM CDDP. Protein
was harvested and Western blot analysis was performed to determine relative levels of uncleaved
PARP1 (116 kDa) and cleaved (cl) PARP1 (89 kDa) using an aPARP1 antibody. GAPDH was used as the
loading control. Band intensity was determined using Imagel analysis software and the ratio of cl
PARP1 to uncleaved PARP1 (normalized against GAPDH) was plotted for each treatment group. (A)
Western blots shown are representative results of experiments repeated 3 independent times in each
cell line. (B, C) Bar charts represent the mean * SEM of experiments performed three independent
times. *=p<0.05
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Figure 4.5. Effect of combination treatments of INI-43 and Cisplatin and INI-43 and Doxorubicin on
apoptotic cell death in cervical cancer cells. ME-180 cells were treated, for 24 hours, with no drug, 5
UM INI-43, 0.5 uM DOX, 15 uM CDDP or 5 uM INI-43 + 0.5 uM DOX or 5 uM INI-43 + 15 uM CDDP.
Protein was harvested and Western blot analysis was performed to determine relative expression
levels of uncleaved PARP1 (116 kDa) and cleaved (cl) PARP1 (89 kDa) using an aPARP1 antibody.
GAPDH was used as the loading control. Band intensity was determined using ImagelJ analysis software
and the ratio of cl PARP1 to uncleaved PARP1 (normalized against GAPDH) was plotted for each
treatment group. (A) Western blots shown are representative results of experiments repeated 3
independent times in each cell line. (B, C) Bar charts represents the mean +/_ SEM of experiments
performed three independent times. *=p<0.05
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4.2.4.1 Effect of combination treatments on Caspase 3/7 activity

To independently determine the effects of the combination treatments, Caspase 3/7 assays
were used as a proxy for apoptosis. For the Caspase-Glo 3/7 Assay, a luminogenic Caspase 3/7
substrate which is cleaved by active Caspases to produce luminescence serves as an indicator
of apoptosis-related Caspase 3/7 activity. MTT assays for viable cells were set up concurrently
and Caspase 3/7 results were normalized to the MTT results to control for possible differences
in cell number between conditions. The Caspase-Glo 3/7 assay results show that individual
INI-43 treatments resulted in negligible Caspase 3/7 activation while individual treatments
with CDDP and DOX significantly increased Caspase 3/7 activation (Fig. 4.7 A, B and C). The
combination treatments resulted in the greatest Caspase 3/7 activity, which was significantly

greater than that observed after individual treatments.

Together, the data suggest that combined treatment of cervical cancer cells with INI-43 and

Cisplatin/Doxorubicin results in enhanced apoptosis, compared to treatment with drugs on

their own.
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Figure 4.7. Caspase 3/7 activity following individual and combination treatments. Caspase 3/7
activity was determined and normalized to viable cells as measured using the MTT assay for (A) Hela,
(B) ME-180 and (C) SiHa cells. Results shown are the mean SEM of the experiments performed in
triplicate, *=p<0.05
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4.2.5 Determining if combination treatments associate with DNA damage

Next, we wanted to investigate whether the increased levels of apoptosis, as characterized
by increased levels of cleaved PARP1 and enhanced Caspase 3/7 activity, associated with
enhanced DNA damage upon drug treatment. Phosphorylation of histone H2AX, forming
YH2AX, is well-described in the literature as a sensitive molecular marker for DNA damage
(specifically, double strand breaks)!'4. Therefore, yH2AX levels following single and

combination treatment were analysed by Western blot analysis.

Results showed that YH2AX levels were enhanced upon CDDP treatment in all three cell lines;
Hela, ME180 and SiHa cells (Fig. 4.8 A, B, C), and upon DOX treatment in ME180 and SiHa cells
(Fig. 4.8 B, C), indicating that these conventional chemotherapies induce a DNA damage
response in the cells upon treatment, albeit to different extents in the different cell lines.
Interestingly, however, INI-43 was not able to further enhance the phosphorylation of H2AX,
in Hela and SiHa cells, while in ME180 cells, the addition of INI-43 was found to enhance

yYH2AX levels induced by DOX (Fig. 4.8 B). Since YH2AX as a marker of DNA damage is expected

to be detected before PARP1 cleavage in the apoptotic pathway, it was proposed that yH2AX
might be enhanced at a shorter time point, therefore an 8 hr timepoint was chosen to
investigate this in the INI-43:CDDP combination. However, at this timepoint as well, YH2AX
levels in HelLa, ME-180 and SiHa cells after the INI-43:CDDP combination treatment were not
enhanced compared to 15 uM CDDP on its own (Appendix B 1). While the experiment may
still need further optimisation, in terms of drug concentration and time, these results suggest
that the synergistically enhanced cell death upon combination treatment with INI-43 and

CDDP, and INI-43 and DOX, is likely not due to enhanced levels of DNA damage upon co-
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treatment with drugs, but rather via another mechanism. While the results show that there
is no induction of H2AX phosphorylation upon combination treatment, additional
experimentation is required to definitively rule out DNA damage as a contributing factor to

the cell death observed.

5uM 0,5uM  15uM DOX CDDP

OuM  |Nl43  DOX CDDP COMBO COMBO

A
— W e— - yH2AX
N — R - GAPDH

B
- W - YH2AX
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C
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Figure 4.8. Levels of yH2AX after INI-43, DOX and CDDP treatment individually and in combination
in cervical cancer cells. (A) Hela, (B) ME-180 and (C) SiHa cells were treated, for 24 hours, with no
drug, 5 uM INI-43, 0.5 uM DOX, 15 uM CDDP or DOX combo (5 uM INI-43 + 0.5 uM DOX) or CDDP
combo (5 uM INI-43 + 15 uM CDDP). Proteins were harvested and Western blot analysis was
performed to determine relative levels of YH2AX (15kDa). GAPDH was used as the loading control.
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4.2.6 Effect of combination treatment on non-cancer cells

Since our results showed that INI-43 treated in combination with CDDP or DOX exhibited
synergistic interactions in the cervical cancer cell lines HelLa, ME-180 and SiHa, we next
wanted to determine if the combinations that had inhibitory effects on the proliferation of
cancer cells would have any effect on a non-cancer cell line, ARPE-19. Previously we showed
that single agent treatments, at concentrations that killed the cancer cell lines, had no effect
on ARPE-19 cell proliferation/viability, hence it was of interest to determine if the ARPE-19
cells were sensitive to combination treatments at drug concentrations that resulted in

synergistically enhanced cervical cancer cell death.

For the proliferation assay, ARPE-19 cells were plated at ~3000 cells per well and treated with
either the vehicle control (DMSO), % ICso values (taken from cancer cell results) of INI-43 (5
UM) or CDDP (15 uM) or DOX (0.5 uM) or their respective combinations, whereafter cell
proliferation was monitored daily for four days using the MTT assay. The results show that
individual treatments of 5 uM INI-43 and 15 uM CDDP as well as the combination treatment
had no effect on cell proliferation (Fig. 4.9 A). Similar results were obtained for DOX, where
both individual and the INI-43 and DOX combination had no effect on the proliferation of
ARPE-19 cells (Fig. 4.9 B). These results show that non-cancer ARPE-19 cells remained
unaffected by single drug treatments, but importantly also remain unaffected by combination
drug treatments that have significant inhibitory effects on Hela, ME-180 and SiHa cervical

cancer cell lines.
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Figure 4.9. Cell proliferation of ARPE-19 cells following combination treatment. Non-cancer ARPE-
19 cells were seeded at 3000 cells per well in 96-well plates and treated with (A) % I1Cso INI-43 or % 1Cso
CDDP or their combination, or (B) % ICso INI-43 or % 1Cso DOX or their combination. Proliferation was
examined every 24 hours using the MTT reagent for 4 days after treatment and normalized to the
viable cells on day 0. Results shown are mean + SEM of experiments performed in triplicate and
repeated three independent times.
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PARP1 and yH2AX levels were also evaluated after individual and combination treatment of
ARPE-19 cells. ARPE-19 cells were treated with the same concentrations of drugs used in the
proliferation assay and after 24 hours protein was harvested, and Western blot analysis was
performed to determine relative cleaved PARP1 and YH2AX (15 kDa). Protein lysates obtained
from combination treated Hela cells were included concurrently to draw comparison
between expression levels in cancer and non-cancer cell lines, essentially serving as a positive
control. Results showed that there was no visible cleaved PARP1 after treatment of ARPE19
cells, and only very faint bands were visible for yYH2AX in the ARPE-19 cells. (Fig. 4.10 A and
B). These results support the fact that the drug combinations that induce apoptosis in cervical

cancer cells, have no observable effect on the non-cancer cells.
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4.3 DISCUSSION

In order to address acquired drug resistance and the side-effects of anti-cancer agents, recent
research has focused on finding novel combinations of anti-cancer agents with non-
overlapping mechanisms of action. In line with this, this study focused on the use of a novel
anti-cancer small molecule, INI-43, in combination with front line chemotherapeutic agents,
CDDP and DOX. This chapter focused on investigating whether cytotoxicity could be
synergistically enhanced when treating cervical cancer cells with the combination of drugs

compared to the respective monotherapies.

Firstly, combination index (Cl) values were determined using Compusyn software. Compusyn
generates a combination index value by comparing the effect resulting from the combination
of two drugs directly to the effect of its individual components. The Cl value is thus a
guantitative measure of whether the drug combination is synergistic, antagonistic or additive.
Since the three cancer cell lines (HeLa, ME-180 and SiHa) were relatively similar in their
sensitivities to INI-43, CDDP and DOX (as determined by ICsp experiments in Chapter 3), the
same ratios were employed for the three cell lines for subsequent combination index (Cl)
determination experiments. An effective combination was defined as a synergistic one,
whereby there was an increase in effectiveness following drug combination therapy as
compared to the drug treatments alone. Synergism thus demonstrates the combination's
superiority to each of its individual components. As shown in the Cl vs Fa plots, synergistic
combination index values were determined after combining INI-43 with both CDDP and DOX.
Several combination studies involving either CDDP or DOX with other anti-cancer compounds,

including targeted therapies, have outlined synergistic interactions similar to those seen in
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the combination index plots of this study. Recently a study by Mehraj et al. (2022) showed
that DOX worked synergistically with Adapalene, a retinoid found to have anti-cancer
potential, in triple negative breast cancer cells'%. Another combination study published in
2022 showed that pancreatic cancer cells treated with DOX in combination with a potent
targeted therapy, Sildenafil, resulted in Cl values below 1 which represent a synergistic
interaction!®®. Interestingly, this same compound was also found to act synergistically with
CDDP to enhance cell toxicity in human breast adenocarcinoma cells*. Additionally, a recent
study by Sarwar et al. (2022) in Hela cells showed CDDP and a phytochemical used in
combination resulted in synergistic effects'’’. Thus, both conventional chemotherapies
determined in this study to have synergistic effects with INI-43, have been found in multiple
previous studies to act synergistically with different types of compounds including anti-cancer

drugs and natural compounds.

Many mainstay chemotherapies mediate their cytotoxicity via enhanced induction of
apoptotic cell death; thus, in this study we investigated whether there were increased levels
of well-known apoptotic markers, namely cleaved PARP1 and activated Caspase 3/7,
following combination treatments. Our study showed enhanced levels of cleaved PARP1 in all
three cervical cancer cell lines after combination treatments which indicates an increased
level of apoptosis occurring in combination treated cells. The Western blot results were
supported by the Caspase 3/7 results which show significantly increased activity of Caspase
3/7 in combination treatments compared to the monotherapies. Importantly, the sum of the
increase in Caspase activity for the monotherapies (INI-43 and either CDDP or DOX) was less
than the increase in Caspase activity in the respective combination treated cells, thus

indicating a synergistic effect which supports the synergistic interaction. In line with this, a
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study by Gamen et al. (1997) showed that Caspases 3 and 7 were both activated in Jurkat
(leukemia) cells following treatment with DOX. Importantly, they showed that the apoptotic
process induced after DOX treatment was mediated by these Caspases!®. In this study, DOX
induced the activity of these Caspases at a concentration previously identified in the literature
(0.5 uM). A study by Gamen et al. (2000) showed that DOX treatment resulted in the
disruption of the mitochondrial membrane potential, along with Caspase activation to
promote the apoptotic pathway!!°. CDDP has also been shown to synergize with a novel anti-
cancer agent, caffeic acid, which increased Caspase 3 and 7 activity in two cervical cancer cell
lines (HeLa and CaSki) to a greater degree than using either agent alone'?°. Furthermore, a
study targeting Exportin 1 using the inhibitor LMB in combination with CDDP revealed
increased levels of apoptosis in SiHa cells. The ICsp values determined for CDDP in that study
were reduced by more than 10-fold with the addition of the Exportin 1 inhibitor®®. Taken
together, the enhanced apoptosis shown via increased levels cleaved PARP1 as well as
increased activity of Caspase 3/7 following combination treatments in all three cervical cancer
cell lines, suggest that the synergistic interaction of the drugs occurs via interplay during the

apoptotic pathway.

We next wanted to investigate a potential mechanism from which the synergistic cell death
occurs. A study by Chi et al. (2021) demonstrated enhanced YH2AX levels when SiHa cells that
had been pre-treated with INI-43 were treated with CDDP, however the experimental design
of our study differed in that treatment with INI-43 and the conventional chemotherapies was
concurrent rather than sequential. Results from our study differ in that YH2AX levels assayed
24 hours after treatment, were not different between combination treated and single agent

treated, suggesting that the enhanced levels of apoptosis observed were not due to increased
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DNA damage in these conditions. While we also investigated YH2AX levels at an earlier time
point (8 hours post-treatment), it is possible that the induction of yH2AX foci could occur
even earlier than that, and that enhanced levels of H2AX phosphorylation might be observed
after combination treatment at earlier time points. Sears et al. (2016) showed that treatment
of non-small cell lung cancer H460 cells with CDDP resulted in nuclear H2AX phosphorylation
30 minutes after treatment!?, It is possible that investigating YH2AX levels at an earlier time
point might result in different findings, and thus further optimisation of the experiment is
required before we can rule out DNA damage as a player in the INI-43-induced sensitisation

of cells to CDDP and DOX.

Since conventional chemotherapies have very limited therapeutic indices, it was necessary to
test whether the combinations which led to enhanced cell death in cervical cancer cells also
had an effect on non-cancer cells. Non-cancer ARPE-19 cells were therefore treated with the
INI-43:CDDP or INI-43:DOX combinations and there was no effect on the rate of cell
proliferation when ARPE-19 cells were treated with the combination therapies, compared to
untreated cells. Furthermore, no increase in cleaved PARP1 supported the fact that the
combination did not induce apoptosis in the non-cancer cell line (Appendix B, Figure B.2).
There was also no visible DNA damage, as shown with no yH2AX expression, in the
combination treated cells. It is therefore promising that INI-43:CDDP and INI-43:DOX
combinations do not appear to affect non-cancer cell proliferation, apoptosis, or degree of

DNA damage, while the same combinations induce cervical cancer cell death.

Both CDDP and DOX have narrow therapeutic indices, owing to their severe toxicities as well

as the emergence of drug resistance. As a result, there is a need to find innovative drugs that
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enhance their effectiveness while minimizing their toxicity to normal cells. Combination
therapies allow simultaneous targeting of crucial molecular mechanisms, which is suspected
to reduce therapeutic resistance as cancers rely on a limited number of essential molecular
mechanisms for their survival and growth. In this chapter, we describe that INI-43, at a sub-
lethal dose, significantly increased CDDP and DOX-induced apoptosis. Similar levels of
synergism were observed when INI-43 was combined with both CDDP and DOX. Further work
is required to investigate the mechanisms driving the synergistic response, and to determine
whether similar effects are observed in different cancer types. It will also be of interest to
determine whether other nuclear import inhibitors, such as Importazole, are similarly able to

sensitise cancer cells to chemotherapy drugs; CDDP and DOX.
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CHAPTER 5

CONCLUSION

5.1 Main conclusions

There is adrive in the field of cancer research to combat drug toxicity and limit intrinsic and/or
acquired chemoresistance. Novel targeted anti-cancer agents, such as INI-43 used in this
study, are of growing interest because of their enhanced specificity and lower toxicity.
Furthermore, combination therapies have been shown to combat drug resistance by
inhibiting multiple pathways that cancer cells are reliant on and thus induce maximal cancer
cell kill effect. In fact, the model of independent drug action suggests that due to patient-to-
patient variability, combining drugs with different mechanisms of action can increase the
number of positive responses simply by providing more than one opportunity for the patient
to benefit from monotherapies!?2. Importantly, identifying a drug combination that exhibits
synergy has the added benefit of allowing the same level of efficacy to be achieved at lower
drug doses. Targeted therapies have been found to be particularly effective in the context of
combination treatments, therefore this study set out to investigate the combined effects of
the targeted agent INI-43 with conventional chemotherapies, Cisplatin or Doxorubicin, and to
determine whether synergistic interactions exist between the drugs, and whether, ultimately,

these are good drug combinations to pursue in further studies.

The anti-cancer effects of INI-43, Cisplatin and Doxorubicin as monotherapies were first

investigated. Importantly, results from this study showed the three cervical cancer cells to be
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significantly more sensitive to INI-43, Cisplatin and Doxorubicin treatments compared to the
non-cancer ARPE-19 cells. In contrast to the three cervical cancer cell lines, cell viability was
unaffected for ARPE-19 cells treated with the approximate ICso doses of the cancer cell lines

used in this study.

The focus of the study was to determine whether cancer cell death could be enhanced when
combining INI-43 with either Cisplatin or Doxorubicin. To assess this, combination index (Cl)
values were determined using the Chou Talalay method. Combination index values were
determined to be near or below 1 at all levels of cell death after treatment with INI-43 and
Cisplatin and INI-43 and Doxorubicin combinations, in HelLa, ME-180 and SiHa cell lines,

indicating a synergistic effect.

In investigating the effect of individual and combination treatments on the apoptotic process,
a dose-dependent increase in the levels of cleaved PARP1 was observed in all three cancer
cell lines after treatment with INI-43 or Cisplatin or Doxorubicin as monotherapies. A more
noteworthy finding was that PARP1 cleavage was significantly enhanced after combination
treatments compared to the individual treatments in all three cancer cell lines. Apoptosis was
also investigated via the Caspase-Glo 3/7 assay which showed significantly increased levels of
Caspase 3/7 after combination treatments compared to single treatments. Interestingly, the
sum of the increase in Caspase 3/7 activity in single treatments was less than the increase in
Caspase 3/7 activity in the combination treated cells, therefore indicating synergism. Thus,
both the Western blot and Caspase-Glo 3/7 assay results suggest that INI-43 treatment

enhances the anti-cancer effect of Cisplatin and Doxorubicin via enhancing apoptosis, a
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desired pathway for cell death in anti-cancer therapy. Importantly, the enhanced apoptotic

effect was observed even though sub-lethal concentrations of INI-43 were used.

The effect of the combined treatment on non-cancer cells of epithelial origin was investigated
and there was no significant difference in the proliferation of untreated and combination
treated ARPE-19 cells. Additionally, there was no PARP1 cleavage after any of the treatments.
Thus, the non-cancer cell line tested in this study was insensitive to the combination
treatments that resulted in significant cell death in the three cancer cell lines. This is promising
in that the sparing of non-cancer cells suggests that drug toxicity might be minimal, however,
findings were limited to one cell line, and non-cancer cells of various origins (including fast-

dividing non-cancer cells) need to be tested before accurate conclusions can be drawn.

In conclusion, our study demonstrates that concomitant treatment of cervical cancer cells
with conventional chemotherapies, Cisplatin or Doxorubicin, together with a small molecule
targeted against nuclear import, INI-43, results in synergistic anti-cancer effects. To our
knowledge, this study using cervical cancer cells grown in tissue culture conditions is a first to

show synergistic interactions between INI-43 and conventionally used chemotherapies.

Synergism cannot be determined in humans, hence preclinical studies like this, using cancer
cell lines, are critical in determining which combinations to pursue in further studies. If in vivo
work were to validate these results, it would suggest that using the combination treatments
in the clinic could allow for doses to be lowered as well as reducing the possibility of drug

resistance developing.
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5.2 Limitations and future work

Results of this study warrant further investigation into the mechanism of cell death and the
impact of synergistic drug concentrations on additional cancer and non-cancer cells as a novel
anti-cancer approach. While three cervical cancer cell lines (HeLa, ME-180 and SiHa) were
used in this study to circumvent cell line specific effects, we only had access to one non-cancer
cell line, a retinal epithelial cell line (ARPE-19). A non-cancer epithelial line of cervical tissue
origin would have been ideal but was not available during the course of this study. Future
work will include a panel of cancer (not only cervical cancer cell lines) to determine if the
synergistic effects observed in cervical cancer cells can be extended to other cancer types. In
addition, a panel of normal cell lines, preferably including non-cancer cervical cells, to rule

out that the effects seen are not cell line specific can be included in a larger study.

Further research should also include investigations into the proteins that KpnB1 imports and
their expression levels in the nucleus before and after single and combination treatments as
this will provide insights into the mechanisms underlying the synergistic relationship between
INI-43 and Cisplatin/Doxorubicin, and as such point to which cancers/patients are likely to
benefit from these combinations. This is important in the worldwide drive towards precision
medicine. Understanding the molecular mechanisms involved could also allow for the

determination of which other drugs might similarly work well with INI-43.

This study was limited to in vitro work, and it is therefore imperative that future studies
include in vivo testing of the drug combinations in an animal model. If in vivo work were to

validate the results obtained in this study, it would provide supportive evidence that the
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combination treatments could have value in a clinical setting allowing for doses to be lowered

as well as reducing the possibility of drug resistance developing.

Finally, it will be interesting to determine whether the addition of another drug to the
combinations investigated in this study might further enhance the anti-cancer effects.
Ultimately, tackling tumour heterogeneity using multiple agents and minimising drug
resistance by inhibiting multiple pathways is key to providing the greatest chance of

therapeutic success.
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APPENDIX A

A.1.Tissue culture solutions

Cell freezing media
70% DMEM

20% Fetal Calf Serum
10% DMSO

10 X PBS

40g NaCl

1 g KCl

5.75 g Na;HPO4.7H,0

1 g KH2PO4

Up to 500 ml with dH,0

MTT (5 mg/ml)

100 mg MTT

20 ml 1 X PBS

Vortex and incubate at 37°C for 15min

Filter through a 0.2 um filter

Worap in foil and store at 4°C for up to 1 month

Solubilisation Reagent
25 g SLS

Up to 250 ml with dH,0
Add 76.6 ul conc HCI

Fixation Solution
12.5 ml glacial acetic acid
87.5 ml methanol

Crystal Violet Solution
500 mg crystal violet
25 ml methanol

75ml dH,0

A.2. Protein solutions

RIPA Buffer

150 mM Sodium Chloride
1% Trition X-100

1% Sodium Deoxycholate
0.1 % SDS

10 mM Tris-Cl, pH 7.4
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4% Stacking gel

3.65 ml dH20

625 ul 1M Tris pH 6.8
50 ul 10% SDS

650 pl 30% Acrylamide
60 pl 10% APS

6 ul TEMED

10% Resolving gel

2.75 ml dH,0

3.75 ml 1M Tris pH 8.8
100 pl 10% SDS

3.35 ml 30% Acrylamide
2000 ul 10% APS

20 pl TEMED

15% Resolving gel

3.3 ml dH,0

3.9 ml 1M Tris pH 8.8
150 pl 10% SDS

7.5 ml 30% Acrylamide
150 ul 10% APS

15 ul TEMED

10 X Running buffer

20 g Glycine

31.6 g Tris

50 ml 10% SDS

Up to 500 ml with dH,0

10 X Transfer buffer

72 g Glycine

19 g Tris

Up to 500 ml with dH,0

1X Transfer buffer

100 ml 10 X Transfer buffer
200 ml Isopropoanol/Methanol
700 ml dH,0

Stripping buffer
15 g Glycine
1gSDS

10 ml Tween-20
Adjust pH to 2.2
Up to 1L with dH,0
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TBST

50 mM Tris-Cl, pH7.5
150 mM NaCl

0.05% Tween-20

A.3. PROTEIN MARKER

kDa
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Figure A.1. Protein molecular weight marker: Color Prestained Protein Standard (10-250 kDa).
Ladder used to determine the molecular weight of proteins subjected to polyacrylamide gel
electrophoresis (10 and 15% SDS-PAGE gels). (New England Biolabs, US)
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APPENDIX B

Hela
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Figure B.1. Levels of YH2AX after INI-43 and CDDP treatment individually and in combination. (A)
Hela (B) ME-180 and (C) SiHa cells were treated, for 8 hours, with no drug, 5 uM INI-43, 5 uM CDDP,
10 pM CDDP, 15 uM CDDP and 5 uM INI-43 + 5 pM CDDP, 5 uM INI-43 + 10 uM CDDP, 5 pM INI-43 +
15 uM CDDP. Proteins were harvested and Western blot analysis was performed to determine relative
levels of YH2AX (15 kDa). GAPDH was used as the loading control.
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Figure B.2. PARP1 cleavage and yH2AX levels following combination treatment in ARPE-19 cells.
Non-cancer ARPE-19 cells were treated, for 24 hours, with no drug, 5 uM INI-43, 0.5 uM DOX, 15 uM
CDDP or 5 uM INI-43 + 0.5 uM DOX or 5 uM INI-43 + 15 uM CDDP. Protein was harvested and Western
blot analysis was performed to determine relative levels of (A) uncleaved PARP1 (116 kDa) and cleaved
PARP1 (89 kDa) using an aPARP1 antibody, as well as (B) YH2AX using an aPhospho-Histone H2A.X
antibody. GAPDH was used as the loading control for both experiments. HelLa extracts from cells
treated with 5 uM INI-43 + 15 uM CDDP were used as a positive control for PARP1 cleavage and
induction of YH2AX. Western blots shown are representative results of experiments repeated at least
2 independent times.
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