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Abstract

In Vitro Evaluation of Anthracycline-induced Cardiotoxicity and

Mitigation by Perturbation of Angiotensin Signalling

Key words: Cardio-oncology, cardiotoxicity, anthracyclines, angiotensin signalling, hypertrophy,

xCELLigence, doxorubicin, angiotensin receptor blockers, toxicity mitigation.

Cardiotoxicity is a major complication of many anticancer therapies, particularly anthracyclines, which
impacts the quality of life and overall survival of patients. Manifesting as both an acute toxicity and more
frequently a chronic toxicity occurring months or years after conclusion of therapy, there is an urgent
need for greater understanding of the molecular mechanisms responsible for these toxicities and
identification of therapeutic strategies to mitigate and overcome this issue. Improved in vitro models for

accurate prediction and modelling of these cardiac liabilities is therefore of crucial importance.

Recently, clinical studies have demonstrated that drugs which perturb angiotensin signalling may reduce
the cardiotoxicity of anthracyclines. However, despite showing promise, the mechanism of toxicity is
unresolved and the molecular relationship to angiotensin signalling in the heart is currently unknown.
Furthermore, the majority of in vitro cardiotoxicity studies to date have either used inappropriate cell
models or utilised end-point assays, both strategies that fail to account for the physiological parameters

of cardiac cells and the progressive nature of human toxicity development.

This study has qualified the use of hiPSC-derived cardiomyocytes and the human AC10 cardiomyocyte cell
line paired with impedance-based systems (xCELLigence technology) for detection of both structural and
functional cardiotoxicity. A range of pharmacological and biological mediators were used to qualify these
technologies, with both structural hypertrophy and physiological contractility monitorable. A major
advantage of these systems over others is that longer-term real-time non-invasive experiments can be
conducted, thus allowing recapitulation of the progressive nature of human toxicity development and

subsequently a robust clinically relevant method for assessing drug-induced cardiotoxicity.

Using these models and technologies, this study demonstrates induction of cardiomyocyte hypertrophy
by anthracyclines which is reduced by blockade of angiotensin signalling, thus implying a relationship at
the cardiomyocyte level between anthracycline-induced cardiotoxicity and angiotensin signalling.
Furthermore, anthracycline-induced elevated expression of the angiotensin type | receptor and several
genes implicated in angiotensin Il signalling in this study provides further evidence for a direct molecular
relationship between anthracycline-induced cardiotoxicity and angiotensin signalling, with clear

translational potential for clinical mitigation of this dose-limiting toxicity in the treatment of cancer.
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Chapter 1: Introduction

1.1 Cancer

Cancer is a broad and complex family of diseases that can affect all tissues of the body. There
are more than 100 distinct types of cancer, and subtypes of tumours can be found within specific
organs. Although cancer has multiple causes and exhibits a wide range of genetic, physiological
and histological features, an acceptable clinical definition states that cancer is a set of diseases
characterised by upregulated cell growth leading to invasion of surrounding tissues and

metastasis to different parts of the body.>?

1.1.1 Increasing prevalence of cancer survivors

There are reportedly over 200 different pathological types of human cancer affecting all tissues
of the body, with approximately 350,000 new cases of adult and paediatric cancers diagnosed
per year in the UK. Furthermore, cancer is the second major cause of mortalities, responsible
for the deaths of approximately 163,000 people in the UK per year. Consequently, it is now
estimated that one person in two will be diagnosed with cancer during their lifetime and one in
four will die of cancer.> However, as a consequence of extended life expectancy and an increase
in the global population, it is predicted that over the next decade the prevalence of cancer would
significantly increase, but due to better prediction and treatment the number of deaths from
cancer should hopefully decrease. In this context, an upwards trend in both cancer incidence
and survival has been observed in the United Kingdom in recent years, with today’s cancer
patients benefitting from life expectancies ten times longer than their counterparts 40 years
ago.* In addition, future mortality rates are envisaged to decrease by 15.3% from 2014-2035,°
thereby further increasing the size of the cancer survivor group. The improved prognosis that

cancer patients now possess is prospectively due to both the general growth of the aging

1



population as a result of improved treatments for life shortening conditions, and more crucially,

advancements in cancer screening, diagnosis and treatments.®

The total number of cancer survivors in the United Kingdom has been predicted to escalate by
one million each decade from 2010 — 2040, assuming existing trends continue. According to
these predicted trends there will be three million cancer survivors in the United Kingdom in
2020, with varied and often complex care needs bringing additional challenges to healthcare

professionals.”

1.2 Management of cancer

Chemotherapy is the most widely used type of treatment for cancer and can be used at different
stages of disease progression. Conventionally chemotherapy is directed at disrupting cell
proliferation, targeting one or more of the hallmarks of cancer.! Currently, the majority of agents
in clinical use are systemic anti-proliferative agents that target cells undergoing rapid growth by
attacking DNA or the processes involved in DNA replication.? These established
chemotherapeutic agents can be categorised according to their mode of action including DNA
interacting agents, antimetabolites, antimicrotubule agents and topoisomerase inhibitors,

described below.

However, although these drugs are able to kill large numbers of tumour cells their efficacy is
limited by the damage they cause to proliferating normal cells such as in the cardiovascular
system, gastrointestinal tract and bone marrow.® The therapeutic window for tumour versus
normal tissue is modest with anti-proliferative compounds, toxic side effects are the norm and

the development of resistance often occurs.’



1.2.1 DNA interacting agents

Alkylating agents such as cyclophosphamide, together with the platinum based agents such as
cisplatin, act by covalently binding alkyl groups of cellular macromolecules such as DNA and
protein. Such agents react covalently with DNA bases to form DNA adducts and cross links which
disrupt the structure and processing of DNA leading to inhibition of replication, DNA mispairing

and consequently the induction of cell death pathways.°

Cyclophosphamide is used to treat a variety of cancers including haematological cancers and
solid tumours originating from the lung, breast, ovaries and brain. Due to the inability of these
drugs to differentiate from rapidly dividing tumour cells and rapidly dividing healthy cells, many
acute toxicities occur due to the drug’s effects on proliferating healthy cells. Reduction in the
numbers of white blood cells, platelets and red blood cells can cause an increased risk of
infection, bruising and anaemia respectively. Similarly, mucosal membranes are associated with
a high turnover rate and hence toxicities such as bladder irritation, mouth ulcers and vomiting
are also common. The hair, skin and nails can also be affected with side effects including hair

loss, dry skin, skin rashes, brittle nails, nail discolouration occurring in most patients.!

More serious side effects include decreases in fertility, development of secondary cancers and
disturbances in heart function. Cardiac toxicity is a less common side effect, and generally occurs
after a single cycle of a high dose regimen; causing a haemorrhagic necrosis that can be life
threatening and, on rare occasions, fatal. In contrast to the usual progressive nature of heart
failure, cardiac failure associated with cyclophosphamide can be seen as early as several days

following administration, which illustrates the severity of this side effect.%2

1.2.2 Topoisomerase interactive agents

Nuclear topoisomerase enzymes play a crucial role in the normal replication of DNA. In its

physiological state in the chromosome, the DNA helix is supercoiled and replication requires



transient relaxation and unwinding of the parent DNA. In order to achieve this, cleavage of the
DNA is required. This is mediated by the formation of a cleavable complex consisting of a
covalent intermediate between topoisomerase and DNA, allowing passage of the intact strand
and subsequent DNA unwinding, followed by re-ligation of the DNA strands.* This is crucial for
protein synthesis where strands of the DNA double helix must be uncoiled for transcription to

take place and subsequently recoiled.

Topoisomerase inhibitors prevent the re-ligation of the DNA strands by stabilising the complex
of topoisomerase enzyme and DNA. The most common class of topoisomerase inhibitor used in
the clinic are the anthracycline-class of topoisomerase Il inhibitors. The DNA damage and
fragments produced by these agents directly block cell replication and trigger cell death
pathways.'* Anthracyclines such as doxorubicin are among the most effective anti-cancer agents
introduced in the past 50 years, and are commonly used in treatment of cancers of the breast,
stomach and lung and also in haematological malignancies. Due to their inhibitory effect on DNA
replication, and therefore on all rapidly proliferating cells, anthracyclines are associated with

many of the acute toxicities associated with cyclophosphamide treatment described above.®

More serious side effects include peripheral neuropathy, development of secondary cancers and
disturbances in heart function.’® The most severe side-effect associated with anthracyclines is
the development of cardiotoxicity, so much so that it is considered the prototypical anti-cancer
drug to cause permanent therapy-induced cardiotoxicity. Unlike cyclophosphamide induced
toxicity which can occur rapidly, anthracycline induced cardiotoxicity is cumulative and related
to the maximum lifetime dose. Usually manifesting as left ventricular dysfunction, cardiotoxicity
can occur acutely, or more frequently the damaging effects are dormant until many years after
the completion of therapy and can culminate in heart failure.®!” Both the acute toxicities

associated with chemotherapy, and the more severe permanent cardiac liabilities have



prompted the search for therapies that are more specific towards tumour cells whilst sparing

healthy cells from toxicities.

1.2.3 Molecular targeted therapies

Over the past decade, a more advanced, although still primitive, understanding of the molecular
biology of cancer has contributed to the process of discovery and development of anticancer
agents from classical cytotoxic drugs to target-led, rationally designed agents. These compounds
are designed to expand beyond disrupting DNA replication and exploit defined abnormalities
responsible for the causation, maintenance or progression of human tumours such as genetic

instability, aberrant cell cycle control, invasion, angiogenesis and the ability to metastasise.®

The identification of aberrant signalling pathways in cancer has led to the development of
therapies that target specific oncogenic processes. The initial wave of molecular therapeutics
favour the receptor tyrosine kinase (RTK)- Ras- Raf-1- extracellular signal-regulated protein
kinase (ERK) signal transduction pathway.? This pathway was one of the earliest pathways to
be understood and is frequently deregulated in human cancer. Both epithelial growth factor
receptors (EGFR) and Ras genes often possess activating mutations which lead to the persistent
stimulation of downstream pathways essential for cancer progression. A number of RTK
inhibitors have been directed towards the EGFR and other RTKs implicated in signalling
pathways important in cancers.? Several RTK inhibitors are now used in the clinic: Trastuzumab
(Herceptin) for the treatment of HER2 positive breast cancers, Imatinib (Gleevec) for the
treatment of chronic myelogenous leukaemia (CML), gliomas and gastrointestinal-stromal
tumours, and Gefitinib (Iressa) for the treatment of non-small cell lung cancer (NSCLC). Other
agents currently undergoing phase I/l clinical trial in NSCLC include Nazartinib (EGF816) and
Avitinib (AC0010). The occurrence of developing resistance to RTK inhibitors is unfortunately

commonplace, often due to the acquisition of mutations that prevent the inhibitors binding to



their target.?! Nazartinib and Avitinib are third generation inhibitors and will hopefully remedy

issues of resistance associated with the existing RTK inhibitors used to treat NSCLC.?

In contrast to expectations, these molecular targeted agents exhibit a range of toxicities, albeit
different to the conventional DNA interacting agents. Often, the toxicities that occur are specific
to the class of targeted therapy. For example, inhibitors of the EGFR such as gefitinib (Iressa) are
associated with the development of skin, nail and hair reactions which occur in approximately
50% of patients. The most common of these adverse effects is an acneiform rash that usually
appears on the face or upper body.? Within the epidermis of the skin the EGFR plays a critical
role and is highly expressed in keratinocytes which form the majority of the epidermis.?*
Inhibition of EGFR signalling is thought to alter keratinocyte behaviour including proliferation,
differentiation, attachment and migration. Due to the importance of EGFR signalling in the skin,

the coincident inhibition of EGFR signalling in the skin may be responsible for the occurrence of

dermatological toxicities in cancer patients treated with EGFR inhibitors.2®

Specific toxicities also occur with therapies that target the vascular endothelial growth factor
receptor (VEGFR), termed angiogenesis inhibitors, such as Bevacizumab (Avastin). The primary
side-effect of this drug class is hypertension which occurs so frequently it is considered a
biomarker of therapeutic efficacy.?® VEGFR signalling is important in the normal vasculature and
plays a role in vascular density and generation of the vasodilatory mediator nitric oxide (NO).
Inhibition of this signalling by angiogenesis inhibitors used in cancer management results in
vascular rarefaction and decreased NO which both contribute to hypertension by increased

peripheral resistance and vasoconstriction.?”

Although usually not life-threatening, the toxicities that arise from targeted therapies can
decrease the quality of life for patients and can also require temporary treatment interruptions
which could reduce therapeutic efficacy. Fortunately, the toxicities are usually reversible, and

disappear upon the completion of treatment. This is especially pertinent with the occurrence



of toxicity to the cardiovascular system as the therapy-induced toxicity is less likely to adversely
affect their long-term health, and is associated with a more favourable prognosis compared to

cardiotoxicity induced by some chemotherapies.

1.3 Cancer therapy induced cardiotoxicity

Although increased understanding of the molecular basis of cancer over the past decade has
advanced cancer chemotherapy, and many of these medicines have significantly improved
cancer treatment and patient survival, it is now clear that their benefit is counterbalanced by
adverse toxic effects, particularly upon the cardiovascular system.?2° The improved success of
cancer treatment has in itself created issues regarding cardiovascular toxicity, as the prolonged
patient survival allows the patient to live long enough to encounter the long-term detrimental
effects of the particular therapeutic. The risk of patients developing cardiovascular related
health problems post cancer treatment represents an extra hurdle for both patients and health
professionals and can pose more of a threat to patients than the development of cancer
recurrence.?®3! A situation then arises in which cardiovascular toxicity can be the main
determinant of quality of life and potentially be responsible for premature death, as opposed to
cancer. In fact, the risk of death from cardiac related toxicities may exceed the risk of recurrence
for many forms of cancer® and cancer survivors are estimated to be 15 times more likely to
develop heart failure and 10 times more likely to develop coronary disease than their siblings.33
Both the probability of developing cancer therapy induced cardiotoxicity and the severity of the
problem depends on various patient specific factors such as age, sex and the presence of
cardiovascular co-morbidities. Consequently, challenges exist with respect to identifying,
managing or at least monitoring cancer-therapy related cardiovascular toxicity, to provide the
most beneficial cancer treatment, and ultimately improve patient outcomes and longer-term

healthcare.?*



1.3.1 Emergence of cardio-oncology

Increases in the survival rate of patients with cardiovascular diseases have also been observed
during the past three decades, which can be attributed to improved treatments and greater
awareness of risk factors.® As a result of the increased incidence and prevalence of both
cardiovascular disease and cancer, the number of patients that present with both conditions is
increasing.® Human diversity further complicates the issue, with cancer patients coming from
wide-ranging health backgrounds with varied baseline susceptibilities to cardiovascular toxicity.
Common risk factors for development of cardiovascular disease include hypertension, stress,
diabetes mellitus, obesity, lack of exercise and poor diet.*” Based on these environmental and
health factors, a higher likelihood for cardiovascular disease exists in the cancer population than

the general population.3®

Cardiovascular co-morbidities such as heart disease and hypertension can amplify the problem
of drug-induced cardiotoxicity, as patients already have a reduced cardiac reserve, making them
already one stop closer to developing complications with their heart function even before the
challenge of cancer and administration of a potentially cardiotoxic therapy. For these reasons it
is important that cardiovascular issues are identified and the associated risks are managed,
minimised and evaluated throughout a patients’ cancer treatment and beyond. This includes
assessment of cardiovascular risk factors at baseline and tailoring of a suitable treatment plan
that takes in to account both the existing damage and the amount of additional insults to the
cardiovascular system that could be tolerated. This information would allow for a more informed
decision on the type and amount of cancer therapy that could be given without causing
additional cardiovascular harm, whether administration of cardioprotective drugs is necessary
and how frequently monitoring of heart function and biomarkers indicative of early cardiac

damage should be assessed.®



This forms the basis of the emerging discipline termed cardio-oncology, which aims to develop
interdisciplinary expertise to effectively treat a patients cancer whilst minimising any collateral
damage to the cardiovascular system.*%*! Although cardiotoxicity is prevalent in the cancer
survivor group in general, sensitivity can vary greatly between individuals, suggesting differing
genetic variations or predispositions to drug-induced cardiovascular toxicity within the cancer
patient population.*? Therefore, in order to create safer yet still effective cancer treatments, a
much greater appreciation of the underlying molecular mechanisms by which current therapies
cause adverse effects upon the cardiovascular system and how to predict these toxicities before

they arise in the clinic is required.

1.4 The cardiovascular system

The average human body contains approximately five litres of blood that is constantly travelling
around the vascular system to provide an adequate supply of oxygen and nutrients to the
organs, whilst simultaneously removing waste products. Also responsible for the transport of
hormones and immune cells to their required sites of action; the cardiovascular system is multi-
functional and essential for sustaining life. As such, it is the first functional organ to develop
during embryonic development,* with a spontaneous heart beat arising by week four of
development. Within the cardiovascular system the heart and the peripheral vasculature form
a closed circulatory system where the heart is the central component. Structurally composed of
four chambers, the heart is formed from specialised striated cardiac muscle surrounded by a
dense coronary microvascular network that ensures the high metabolic requirements of the
myocardial tissue are met.** A heterogeneous mixture of support cells and cardiomyocytes
complete the myocardial tissue; in which the cardiomyocytes are the cell type responsible for

the generation of contractile force.



1.4.1 Cardiomyocytes: The contractile unit of the heart

The heart fulfils its role of maintaining constant circulation of blood through the vascular system
by its ability to continuously pump without interruption, cycling between relaxing (diastole) and
contracting (systole).** The capability to contract in this rhythmic manner is due to the close co-
ordination of cardiomyocytes which represent 30% of cells in the myocardium, the others being
cardiac fibroblasts, microvascular endothelial cells and pericytes (described below). Due to the
large size of cardiomyocytes, although they only constitute 30% of cell type, they are estimated
to make up approximately 85% of the volume of the myocardium.*® During embryogenesis the
appropriate signals initiate the differentiation of these specialised cells from stem cells, which
in their mature form contain an abundance of mitochondria and highly organised repeating
arrangements of myofilaments called sarcomeres (Figure 1.1).** The main components of
sarcomeres are thin actin filaments and thick myosin filaments, which shorten sarcomere length
by sliding past each other. This forms the basis of the sliding filament theory of muscle
contraction whereby the co-ordinated multi-sarcomere shortening triggers contraction of the
cardiomyocyte.”’” As the myocardium exists as a syncytium, co-ordinated cardiomyocyte
contractions occur which culminate in ventricular contraction and the expulsion of blood around

the body.
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Figure 1.1 Ultrastructure of cardiomyocytes
Cardiomyocytes are specialised muscle cells composed of myofibrils that contain repeating
arrangements of myofilaments called sarcomeres. T-tubules and sarcoplasmic reticulum are

specialised organelles required for contraction that can form a diad structure. Adapted from

reference.*®
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1.4.2 Generation of contractile force: Excitation-contraction coupling

Cardiac excitation-contraction coupling describes the series of events required to translate an
electrical impulse into mechanical contraction (Figure 1.2). This process is ultimately regulated
by of adenosine triphosphate (ATP) and calcium ions (Ca?*), where presence of the ions elicit

contraction, and subsequent dissociation causes relaxation of the myocardium.*

The pacemaker cells of the heart spontaneously initiate an electrical impulse in the form of an
action potential which propagates through the heart causing membrane depolarisation. The
action potentials utilise gap junctions to jump through cells, travel along the sarcolemma, and
penetrate the cells in deep invaginations of the sarcolemma known as transverse tubules (T-
tubules). The highly specialised extensive T-tubule network that cardiomyocytes possess allow
the action potentials to travel into the centre of the cell and facilitate entry of Ca?* through L-
type Ca?* channels (LTCC) which open due to membrane depolarisation. The Ca?* are then
sequestered by the ryanodine receptors (RyRs) of the nearby sarcoplasmic reticulum which acts
as a Ca?" storage unit within the cell.>® Activation of the RyRs via extracellular Ca%" binding
triggers the sarcoplasmic reticulum to open, thereby releasing a much greater amount of Ca?*

into the cell !

This process known as calcium induced calcium release (CICR), results in a rapid
increase in the level off free cytosolic Ca?* that activates myofilaments to initiate contraction of

the myocardium.>?

Initially the myosin binding sites of the actin filaments are uncovered as the inhibitory troponin
| is freed due to Ca?* binding to troponin C and triggering an allosteric change. The myosin heads
of the thick filaments can now form a cross-bridge to the binding sites of the thin filaments and
perform power strokes with the assistance of ATP hydrolysis. This results in the thick and thin

filaments sliding past each other, thereby shortening the sarcomere.*’4°

The contraction of the myocardium described above represents the systole phase where blood

is forced out of the heart. Following this the diastole phase occurs where relaxation of the

12



myocardium allows the heart to re-fill with blood. Here, Ca?* dissociates from troponin C and is
either removed from the cell via sodium-calcium exchangers (NCX) which trade one Ca** for
three sodium ions (Na*) or put back into storage in the sarcoplasmic reticulum by the
sarcoplasmic reticulum Ca2*ATPase (SERCA). The reduction of free Ca?* inhibits cross-bridge

formation and relaxation of the myocardium occurs.*

As the process of cardiac excitation-contraction coupling is a tightly regulated process involving
co-ordinated movement of ions, release of calcium and cross-bridge formation, any
perturbations to this process can result in disturbances to the cardiomyocyte contraction and
therefore cardiac rhythm, which compromises the function of the heart at pumping blood

around the body.
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1. Action potentials (AP) travel along the sarcolemma and enter T-tubules causing membrane

depolarisation 2. This opens L-type Ca?* channels (LTCC), Ca®* ions enter the cardiomyocytes and

bind to the ryanodine receptors (RyR) of the sarcoplasmic reticulum (SR) to cause Ca* release

(Calcium induced calcium release - CICR). 3. The Ca? binds to troponin C of the myofilaments

which initiates cardiomyocyte contraction. Upon repolarisation Ca?* are loaded back into the SR,

dissociates from troponin C causing cardiomyocyte

2+

transported out of the cell and Ca

and cellular contraction.

relaxation. The inset graph shows the relationship between AP, [Ca®'];
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1.4.3 Multicellular composition of the myocardium

Although cardiomyocytes are the contractile unit of the heart and therefore represent the
primary cell involved in maintaining cardiac rhythm, other cell types constitute 70% of cells in
the heart numerically* and also play important roles in myocardial regulation and homeostasis.
Cardiac function is reliant upon the dynamic interaction between the extracellular matrix (ECM)

and the various cell types that compose the heart.

1.4.3.1 Cardiac fibroblasts

Cardiac fibroblasts have been previously reported to constitute the majority of the support cells
of the heart, however more recent evidence suggests that they are less prominent and have an
abundance of 15%.>® These spindle shaped connective tissue cells are crucial for cardiac
remodelling and maintenance of the extracellular matrix (ECM); and are responsible for the
production of the majority of myocardial ECM proteins. Situated between cardiomyocytes, their
close proximity teamed with the capacity to influence ECM composition provides fibroblasts
with the ability to influence the phenotype of cardiomyocytes.>® Historically fibroblasts have
been considered a uniform collagen secreting cell type throughout the body, and therefore

compared to cardiomyocytes cardiac fibroblasts received only minor attention.

Recent studies have challenged this dogma, and cardiac fibroblasts are now thought to play a
more varied role in the heart, facilitating a plethora of events associated with the response of
the myocardium to mechanical, electrical, and chemical signals. Furthermore, communications
between cardiomyocytes may be supported by cardiac fibroblasts as they are reported to
possess unique contractile transduction abilities, a quality absent from non-cardiac fibroblasts.>®
Although cardiomyocytes have been the classic target for drug-induced cardiotoxicity, due to
the close relationship between cardiomyocytes and fibroblasts with respect to signal

transduction and the response of the myocardium to various stimuli, damage to fibroblasts
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could also indirectly impair cardiac contractility and function without a drug directly damaging
the cardiomyocytes. Cardiac fibroblasts may also play a role in receiving and responding to
distress signals from neighbouring cardiomyocytes following tissue damage. Rohde et al., have
shown that following tissue damage ischaemic cardiomyocytes release the Ca?* binding protein
S100A1 as a distress signal. This is then internalized by local cardiac fibroblasts which attempt
to maintain homeostasis by assuming an immunomodulatory role and activate anti-fibrotic
pathways. This interaction with local fibroblasts promotes the maintenance of tissue
homeostasis and protects against fibrosis.>® This illustrates the important interplay that exists
between cardiomyocytes and cardiac fibroblasts to maintain stability within the myocardium

even when challenged with environmental stress.

1.4.3.2 Cardiac microvascular endothelial cells

The cardiac microvascular endothelial cells are present both within the endocardium that forms
the inner lining of the heart chambers and in intramyocardial capillaries. Their primary function
is to supply cardiomyocytes with nutrients and oxygen and to ensure their high metabolic
demands are met.>” Recent evidence suggests that cardiac microvascular endothelial cells are
present at a higher abundance than previously reported, and have been estimated to be the
most prominent cell type in the myocardium accounting for 40% of the cells.>® In addition, it has
been estimated that there are three endothelial cells for each single cardiomyocyte in the
myocardium, which ensures a minimum distance for quick cellular diffusion and exchange of
oxygen and waste products.”” Other roles of cardiac endothelial cells include aiding the
adherence of immune cells, allowing inter-cellular signalling factors to be communicated and to
impede thrombus formation.>® Due to the crucial role of cardiac microvascular endothelial cells,
any damage would adversely affect cardiac contractility as the supply of oxygen, nutrients and

cellular signalling factors to cardiomyocytes would be compromised. The constant cycle of
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cardiac excitation-contraction coupling requires uninterrupted energy, which in part relies on

healthy endothelial cells allowing quick and efficient diffusion of oxygen.

1.4.3.3 Pericytes

Pericytes are contractile cells which wrap their elongated cellular processes around the
microvasculature to provide structural integrity. Located adjacent to endothelial cells, they
provide support to the microvasculature by means of direct physical contact and paracrine
signalling. In addition to providing structural integrity, pericytes are involved in vascular
homeostasis and are important regulators of vascular permeability, blood flow and
coagulation.”® The study referenced above by Pimto et al. revisited the cellular composition of
the myocardium, however pericytes were not included in their analysis. Nees et al. conducted
an extensive study on pericyte characterisation from various species and have suggested that
they are the second most abundant cell type In the heart after endothelial cells and that each
pericyte is associated with up to three endothelial cells.®® Given the prominence of this cell type
in the heart and their physiological significance with respect to regulating blood flow to the
extensively vascularised myocardium, these cells are a potential target with respect to
cardiotoxicity,®* as damage to the cells could compromise the provision of an adequate blood

supply to the heart.
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1.4.4 Myocardial cellular communications

1.4.4.1 Physical communications

The ability of the heart to rhythmically contract in a co-ordinated manner is aided by the
extensive number of cellular connections that the cells within the myocardium possess. Gap
junctions represent a major type of intercellular connection that are present on both
cardiomyocytes and support cells; where both homotypic (between same cell type) and
heterotypic connections occur. In virtually all human cells that touch each other, gap junctions

act as channels that permit direct intercellular transfer of ions and small molecules.®?

Gap junctions are important within the heart as rapid transfer of oxygen and nutrients from the
microvasculature to cardiomyocytes is essential to meet the energy requirements of this large,
highly demanding organ.”” In addition, gap junctions facilitate the conduction of electrical
impulses between cardiomyocytes that precede myocardial contraction. The connexin family of
gap junction proteins are critical in the rapid conduction of electrical impulses. Connexin-43
(Cx43) is the most abundant gap junction protein in cardiomyocytes and its presence is essential
for normal action potential propagation.®® As co-ordinated electrical activity is essential for
synchronous contractile activity of the heart, impairments to gap junctional communication
between neighbouring cardiomyocytes could result in disturbance to action potential
propagation and arrhythmias. Indeed mutations of Cx43 have been associated with atrial

fibrillation and more recently, sudden infant death.

1.4.4.2 Chemical communications
The role of gap junctions in cardiac cells is not limited to the spread of electrical currents through
the myocardium; exchange of chemical signals also occur in an autocrine and paracrine manner

which is vital for tissue function. A wide array of molecules are secreted through the dense
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complicated network that exists between cardiomyocytes and support cells that ultimately

regulate cardiac structure, function and performance.

A key example is nitric oxide (NO) which is a small gaseous signalling molecule that passively
diffuses into cells and regulates intracellular signalling.%> A regulator of vascular and cardiac
function, the physiological actions of cardiac NO include initiation of positive inotropy,
(increased myocardial contractility), modulation of intra-cardiomyocyte Ca* movements,
accelerated ventricular relaxation, vasodilation and regulation of cardiac metabolism.®® The
actions of NO in cardiac physiology are supported by tight regulation of the enzymes responsible
for its production — NO synthases. There are three NO synthases which act in unison to increase
and decrease the influence of NO as required. Loss of this balance by production of a high

amount of NO could result in cellular disturbances which could lead to heart failure.®®

1.4.5 Intracellular signalling pathways in cardiac cells

In addition to the extracellular communications and interdependencies between cell types
within the heart, cardiac contractility and physiological function is further regulated by cell-
surface receptors and their interaction with the local cellular environment. A plethora of specific
receptors and corresponding intracellular signal transduction machinery provides the heart with
a sophisticated mechanism to respond to extracellular stimuli. Signal transduction is crucial
during normal physiological functioning of the heart and perturbations of this signalling can lead
to pathological situations.®” The G-protein coupled receptors (GPCR) represent the largest group
of cell surface receptors that are heavily involved in signalling in the heart. Examples of GPCRs
include the angiotensin receptor, a- and B- adrenergic receptor and the ETs receptors, and
signalling which is orchestrated through these receptors can alter contractile strength, heart
rate and vascular tone.®® As GPCRs are expressed by both cardiomyocytes and the vasculature,

aberrant signalling through these receptors can promote atherosclerosis, hypertension and
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cardiac hypertrophy.®® Figure 1.3 outlines the process of signal transduction through GPCRs,

specifically relating to signalling via the angiotensin type 1receptor (ATR1).

Phosphorylation of proteins is an important component of all signal transduction cascades,
including GPCR signalling. Kinases phosphorylate protein substrates whereas phosphatases de-
phosphorylate them; a fine balance exists between activity of these signalling elements as
dysregulation can cause mayhem within the cells that can contribute to clinical disease. The
majority of signal transduction in eukaryotic cells can be attributed to protein kinases, of which
serine/threonine kinases represent a major group that add phosphate groups to either serine or
threonine amino acid residues; this results in a conformational change to the protein and
consequently a change in function or location.®’ For instance, protein kinase G (PKG) is a cyclic
guanosine monophosphate (cGMP) dependent kinase that is central to the regulation of the
pathway through which NO causes vasodilation. This involves, in part, the phosphorylation of
voltage dependent calcium channels which reduces intracellular Ca%" levels and therefore
deteriorates the ability of the vessel wall to contract.”® Protein phosphatases remove phosphate
groups from target proteins and hence reduce the signal transduction through kinase

pathways.®’
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Figure 1.3 Process of G-protein coupled receptor (GPCR) signal transduction
showing ATR1 signalling as an example
The GPCR signalling system contains a receptor, a heterotrimeric G-protein and an effector
molecule. The specific type of all of these components is dependent upon cell type, receptor
and agonist. In cardiovascular cells, angiotensin Il binding to the ATR1 causes activation of the
Gg/ll heterotrimeric G-protein, which stimulates activity of the effector molecule -
phospholipase C (PLC), whose enzymatic activity hydrolyses a membrane phospholipid to
generate inositol (1,4,5)-trisphosphate (IP3) and diacylglycerol (DAG). These second messengers
cause an increase in the intracellular Ca?* levels and activate protein kinase C (PKC). This then
leads to phosphorylation of intracellular proteins and a cellular response to the stimulus. The

physiological effects of angiotensin Il on the heart are shown inset on the figure.
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1.4.5.1 Adrenergic signalling pathways in cardiomyocytes

The adrenergic receptor signalling pathway mediates the response of cardiac cells to adrenaline,
involving B-adrenergic GPCRs. There are four subtypes of B-adrenergic receptors, B1 and B, are
found in the heart and comprise approximately 75% and 25% of cardiac B-adrenergic receptors
respectively. Each receptor type is associated with distinct signalling pathways and subsequent
cellular responses. For instance, Bi- adrenergic receptor stimulation of the heart is associated

with increased myocardial contractility and heart rate.”®

Following receptor activation, adenylate cyclase (effector molecule) generates increased cyclic
adenosine monophosphate (cAMP) levels (second messenger) which activates Protein kinase A
(PKA). PKA then co-ordinates the response and phosphorylates various substrates including
troponin |, ryanodine receptors and ion channels. This facilitates depolarisation and increases
intracellular Ca?* levels, thereby culminating in increased myocardial contractility and heart
rate.”? The B, adrenergic receptor is thought to have a similar role in increasing contractility,
however utilising mitogen-activated protein kinase (MAPK) signalling and phospholipase A2

rather than adenylate cyclase and cAMP.%’

Due to the known effects of adrenergic stimulation on the heart, disruption of this signalling is
a known pharmacological target, with drugs targeting these receptors being used clinically for
treatment of congestive heart failure (CHF). Reduced cardiac output in CHF, caused by a
reduction in the heart’s ability to pump efficiently, is followed by compensatory mechanisms
leading to increased heart rate and remodelling of the heart. The purpose of the remodelling is
to return cardiac output to the required level, however puts more strain on the myocardium,
further deteriorates pumping efficiency and increases the risk of arrhythmias and cardiac

arrest.”?

Beta-blockers are a class of drugs that disrupt adrenergic signalling and have utility in the

management of CHF. By decreasing the rate of myocardial contraction, B-blockers such as
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carvedilol, decrease the work-load on the heart which curbs remodelling, improves ventricular

filling and reduces further deterioration of cardiac function.”

1.4.5.2 Angiotensin signalling pathways in cardiomyocytes

The angiotensin receptor signalling pathway mediates the response of cardiac cells to
angiotensin Il, this involves angiotensin receptors (ATR), of which there are two subtypes — ATR1
and ATR2. The majority of the known physiological effects of angiotensin Il are mediated by the
ATR1 which are widely expressed throughout the body including the heart. Angiotensin I
mediates a myriad of physiological and pathological processes in the cardiovascular system
including vasoconstriction and blood pressure regulation, inflammation, atherosclerosis,
hypertension, and cardiac hypertrophy/remodelling.”> The physiological importance of
angiotensin Il in the cardiovascular system is paramount, as it is responsible for controlling
minute to minute changes in vascular tone and blood flow, therefore ensuring adequate
perfusion of the organs. Prolonged activation of ATR1 can cause the pathological effects of
angiotensin Il such as hypertension and cardiac hypertrophy to develop.”® The complex activities
of angiotensin Il are facilitated by a number of signalling mechanisms including classical G-
protein signalling (as outlined above in figure 1.3) and transactivation of other receptor types

and pathways (discussed below in section 1.4.5.3).

Due to the known effects of angiotensin Il on the heart and vasculature, disruption of this
signalling is a known pharmacological target, with drugs targeting this pathway being used
clinically for congestive heart failure (CHF). Reduced cardiac output in CHF, caused by a
reduction in the heart’s ability to pump efficiently, is followed by compensatory mechanisms
leading to remodelling of the heart and increased heart rate. The purpose of the remodelling is

to return cardiac output to the required level, however puts more strain on the myocardium,
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further deteriorates pumping efficiency and increases the risk of arrhythmias and cardiac

arrest.”?

Angiotensin receptor blockers (ARB) which prohibit the binding of angiotensin Il to the ATR1,
thereby disrupting angiotensin signalling, have utility in the management of CHF as they can
curb the remodelling of the heart and reduce blood pressure.”” Interestingly, the ARB valsartan
has been shown to simultaneously block signalling of ART1 and B2 adrenergic receptors in mice,
suggesting further complex receptor interactions and perhaps more use for angiotensin

signalling modulators in CHF.”®

1.4.5.3 Receptor cross talk within cardiac cells

Increasing evidence suggests that cross talk exists between GPCRs and receptor tyrosine kinases
(RTKs) which are another type of cell surface receptor. Growth factor receptors, such as those
for vascular endothelial growth factor (VEGF), and epidermal growth factor (EGF) are members
of the RTK family, where ligand binding promotes cell growth, proliferation and survival. Unlike
GPCR’s, these receptors possess intrinsic kinase activity which allows them to
autophosphorylate and recruit other proteins to trigger their downstream signalling pathways.
Within the cardiovascular system, RTKs are involved in signalling related to cellular

differentiation, proliferation and growth.®’

Evidence suggests that RTKs and GPCRs expressed on cells in the cardiovascular system can
“talk’” to each other as a means to co-ordinate intracellular signalling. Known as transactivation,
this novel form of signal transduction allows GPCRs to hijack the signal transduction machinery
of growth factor receptors for their own use. For example activation of the ATR1 GPCR by
angiotensin Il can directly induce cardiomyocyte growth by transactivating the EGFR which
triggers specific signalling events related to the regulation of hypertrophic gene transcription.

The specific signalling employed is the activation of a major protein kinase cascade called the
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mitogen activated protein kinases (MAPK) cascade, which allow for crosstalk, amplification and

branching of signals.®”7°

The examples in this section aim to highlight the complex nature of the signalling that occurs
within the myocardium, and represent the tip of the iceberg of what are very intricate regulatory
mechanisms. The vast network is important as it allows cells to rapidly respond in unison to
environmental changes and maintain homeostasis, even subtle changes to this network by

cardiotoxic drugs could be detrimental to cardiac function.

1.5 Drug-induced cardiotoxicity

In general, cardiotoxicity is drug induced damage to the heart that occurs either by direct
damage to the heart muscle or disturbances in cardiac electrophysiology or cellular pathways,
resulting in either cardiac failure or cardiac arrest.®° The disruption of the electrical machinery
of the heart ultimately culminates in the inability of cardiac muscle to sustain a progressive
contraction, resulting in dysrhythmia and eventually cardiac arrest.®! Conversely, drug effects
causing a perturbation in cardiomyocyte (or supporting cell) shape, orientation, or morphology
causes alterations in cardiac structure and function in terms of contractility and ability to
efficiently pump blood around the body. In this latter case, cardiomyocytes eventually lose
sufficient ability to contract effectively, leading to reductions in left ventricular ejection fraction

(LVEF) and potentially heart failure.®

1.5.1 Implications of drug-induced cardiotoxicity for drug development
In addition to drug-induced cardiotoxicity being a serious health problem, it is also the primary

t,83

cause of drug withdrawal and attrition during drug developmen which has significant

financial implications for the pharmaceutical industry. For instance, the non-steroidal anti-
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inflammatory drug (NSAID) rofecoxib is one of the most widely used drugs ever to be withdrawn
from the market, and was used worldwide by an estimated 80 million people to treat pain
conditions such as arthritis and dysmenorrhea. It was withdrawn from the market in 2004 due
to increased risk of heart attack and stroke; and its long term use is attributed to have caused
between 88,000 and 140,000 reports of serious heart disease.?*% Later research suggests that
the basis for rofecoxib toxicity may be related to its metabolism, specifically causing increases
in the oxidative modification of cell membrane lipids and human low density lipoprotein (LDL)
which is associated with the development of atherosclerosis,® which can lead to heart attack or
stroke. In addition to being responsible for significant health problems in patients, rofecoxib

caused controversy for Merck and cost billions of dollars in legal expenses.

Similarly, the first marketed non-drowsy anti-histamine, terfenadine, was also removed from
the market in the 1990s. In this case, the drug induced significant effects upon cardiac
electrophysiology as a consequence of blocking specific ion channels in cardiomyocytes which
disrupts the electrical rhythm of the heart. Terfenadine blocks the hERG potassium ion channel;
a common mechanism of cardiotoxicity for withdrawn medicines, it results in cardiac
arrhythmias caused by prolongation of the QT interval. Whilst terfenadine is cardiotoxic at high
doses, its major active metabolite is not. Therefore toxicity is more likely when the body’s ability
to remove terfenadine is reduced, possibly as a result of interaction with other medicines. The
resulting increase in plasma concentration of terfenadine can result in ventricular tachycardia

and the fatal condition Torsades de Pointes (TdP).%’

1.5.2 Drug-induced cardiotoxicity of oncology therapeutics

As described previously, cardiotoxicity is becoming a major issue in cancer therapy. Although
significant therapeutic success is now associated with the new generation of molecular targeted

therapeutics, it is very important to remember that the classical antiproliferative cytotoxic
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agents still underpin many treatment regimens, and are commonly delivered concurrently to
these revolutionary therapeutics. In this context, it is well established that these classical agents
have a broad range of systemic toxicities, often associated with an elevated risk for
cardiotoxicity. Subsequently, this led to the viewpoint that the observed cardiovascular toxicity
was purely a result of the generalised activity of the cytotoxic agent within the regimen
(commonly an anthracycline), and that the toxic effects would be removed with increased
targeting of cancer therapies. However, this simplistic hypothesis has now been invalidated due
to our greater understanding of molecular pharmacology and improved understanding of drug-
induced cardiovascular toxicity in cancer patients. Consequently, we now know that drug-
induced detrimental effects upon the heart are not limited to cytotoxic therapies or a single type

of therapeutic but are an inherent problem with many oncology agents.%

The range of possible cardiovascular damage caused by cancer therapies is broad (table 1.1),
and the mechanisms by which conventional chemotherapy and molecularly targeted therapies
cause cardiotoxicity appear to be distinct, and can be characterised into type | and type Il

cardiotoxicity depending on the effect of the drug on the heart.?>#
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Mechanism of Examples of
Examples of drugs . .
action cardiovascular damage
DNA CHF, LVD, acute myocarditis,
Anthracyclines
intercalation arrhythmia
. DNA
Conventional Capecitabine Ischemia, pericarditis, CHF
chemotherapy antimetabolite
Tubulin hypotension, CHF, ventricular
Paclitaxel
binding agent tachycardia
Imatinib TKI Arrhythmias, CHF, angioedema, LVD
Molecularly Sorafenib TKI Hypertension, arrhythmias
targeted — ; ;
therapies Sunitinib TKI Hypertension, arrhythmias
Trastuzumab MAb Arrhythmias, CHF, angioedema, LVD
Table 1.1 Possible cardiovascular damage caused by conventional

chemotherapies and molecularly targeted therapies

CHF = congestive heart failure, LVD = left ventricular dysfunction, TKI = tyrosine kinase inhibitor,

MAb = monoclonal antibody
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1.5.2.1 Type | Cardiotoxicity: Structural changes

Conventional chemotherapies reduce the growth and proliferation of all rapidly dividing cells
within the body. Due to their non-specific mechanism of action, unwanted toxicities in many
different organ systems often occur.®® Conventional chemotherapies are labelled as type |
cardiotoxicants, which cause irreversible dose-dependent morphological damage to
cardiomyocytes through necrosis or apoptosis. Myocardial injury may arise due to oxidative
stress, structural modifications to cells or changes in calcium homeostasis. The loss of viability
or decrease in functionality of cells within the myocardium can affect the pumping activity of
the heart which may lead to heart failure. The anthracycline class of anticancer chemotherapy
is strongly linked with the development of type | cardiotoxicity, so much so that it is considered
the prototypical anti-cancer drug to cause permanent therapy-induced cardiotoxicity.'®°! The
mechanism and manifestation of anthracycline-induced cardiotoxicity is discussed in detail in

section 1.7.

1.5.2.2 Type Il Cardiotoxicity: Functional changes

Type |l cardiotoxicity is caused by the newer generation of molecularly targeted therapies. These
therapies aim to be less destructive than conventional cytotoxic chemotherapy as they
specifically target cancer cells by inhibiting the action of proteins that are mutated or
overexpressed in cancer, thereby limiting toxicities to healthy cells.’® Although revolutionary in
the treatment of cancer, these treatments were not as specific as originally hoped and
unexpected toxicities including cardiotoxicity still occur.’? Rather than causing permanent
structural damage to cells within the myocardium, type Il therapies cause cardiotoxicity by
perturbation of signalling pathways that are important for normal myocardial function and
survival, thereby causing acute alteration of myocardial function.®?® An important difference

between the two types of cardiotoxicity is that type Il is usually reversible, and cardiovascular
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effects can disappear upon termination of treatment. Although this transient nature of
cardiotoxicity poses less of a long-term threat than permanent damage caused by type |
cardiotoxicants, the development of treatment related arrhythmias and the possibility of
targeted therapies accentuating the cardiotoxic effects of type | therapies makes this type of

cardiotoxicity a considerable problem.

Type | cardiotoxicity Type Il cardiotoxicity
Conventional chemotherapy Molecularly targeted therapies
(e.g. doxorubicin) (e.g. Sunitinib)

*  Predominantly cellular ¢  Predominantly cellular
destruction dysfunction

* Associated with biopsy changes * No typical Biopsy changes

* Dose-related * Not dose-related

* Irreversible damage * Reversible damage

Figure 1.4 Comparison of the characteristics of type | and type Il cardiotoxicity

1.6 Type Il cardiotoxicity: Molecularly targeted therapies

The development of targeted therapies has dramatically shifted the approach to cancer
treatment and for many patients has changed this once fatal disease into a survivable condition.
Due to their specific inhibition of proteins that are mutated or overexpressed in cancer,
unwanted toxicities are minimized in healthy cells. Although revolutionary in the treatment of
cancer, many targeted therapies were not as specific as originally hoped and unexpected

toxicities including cardiotoxicity still occur.®®

The Bcr-Abl tyrosine kinase inhibitor imatinib was the first oncology therapeutic that showed
promise for such targeted action, and has a remarkable 90% success rate in treating Philadelphia
chromosome positive chronic myelogenous leukaemia (CML).%* Approximately five years after

the introduction of imatinib in 2001, reports of cardiotoxicity began to emerge starting with
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Kerkela et al. who reported ten individuals had developed CHF whilst taking imatinib. Upon
closer inspection, cardiac biopsies of two patients revealed mitochondrial abnormalities and
vacuoles within the sarcoplasmic reticulum suggestive of toxic cardiomyopathy. Comparative
histological findings were also detected in imatinib treated mice and imatinib induced death in

isolated cardiomyocytes.%

Unfortunately, imatinib is not the only targeted therapy where unexpected cardiotoxicity
followed the initial cancer eradication triumph. Many more targeted therapies are now available
that treat a wide range of tumours, however clinicians often need to be vigilant to catch

potentially harmful cardiovascular effects.

1.6.1 Sunitinib: Mechanism of action

The process of angiogenesis is required to facilitate tumour growth, making the signalling
pathways involved in this process a popular target for new inhibitory drugs. The multi-targeted
tyrosine kinase inhibitor sunitinib is used primarily in the treatment of advanced renal cell

carcinoma (RCC) and gastrointestinal stromal tumors (GIST).%®

In order to sustain proliferation and metastasise around the body tumours must establish their
own blood supply, this is achieved by secretion of a number of pro-angiogenic factors including
VEGF which cause nearby blood vessels to sprout and vascularise the tumour. This process is
intrinsic to tumours becoming malignant and is hampered by sunitinib which inhibits multiple
receptor kinases including the primary target vascular endothelial growth factor receptors
(VEGFR) and platelet-derived growth factor receptors (PDGFR). Therefore sunitinib is both anti-
angiogenic and anti-proliferative, which has a cytostatic effect as tumours are starved of oxygen

and therefore unable to maintain adequate nourishment.>*?
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1.6.1.1 Cardiotoxicity of sunitinib

As a broad spectrum multi-targeted kinase inhibitor sunitinib is designed to inhibit a selection
of kinases that contribute towards the angiogenic process in tumours. However due to the
decreased selectivity of the drug and similarities in the structure of all kinases, sunitinib can

unintentionally inhibit other kinases, causing ‘off-target’ kinase inhibition.

Mpyocardial biopsies from patients who suffered from sunitinib induced cardiotoxicity have
revealed mitochondrial swelling which suggests that cardiac production of ATP may have been
compromised which could be linked to the toxicity.®® Cardiovascular energy homeostasis is
regulated mainly by protein kinases and any perturbations to the balance of energy production
and use can have consequences to cardiac function as beating cardiomyocytes require constant
energy supply. Adenosine monophosphate activated kinase (AMPK) plays a key role in
maintaining energy homeostasis in cardiomyocytes and is an ‘off-target’ kinase that is inhibited
by sunitinib. In times of cellular stress when energy levels are depleted, AMPK acts as a sensor
and is responsible for kick-starting production of energy to sustain normal functioning of the
cell.®® Studies using rat neonatal ventricular myocytes found that gene transfer of an activated
mutant of AMPK partially rescued the toxicity in the cells, suggesting that inhibition of AMPK

contributes to the cardiotoxicity.®

As the heart is very demanding in terms of energy requirements, inhibition of AMPK by sunitinib
could lead to blips in the supply of ATP which is needed to supply sarcomeres and ion channels
with the energy required to play their role in contraction. This could cause electrophysiological
abnormalities and ultimately lead to arrhythmias, which would be in addition to other adverse

effects of sunitinib on the heart.

Although inhibition of kinases relating to angiogenesis is beneficial with respect to halting
tumour progression, many of the target kinases of sunitinib play essential roles within the

cardiovascular system, therefore their inhibition is related to expected cardiotoxicity.
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Mpyocardial biopsies from patients who suffered from sunitinib induced cardiotoxicity have also
revealed hypertrophy of cardiomyocytes,?® which generally occurs as a result of an increased
pressure load, such as during hypertension. Hypertension is a common cardiovascular effect of
sunitinib which occurs due to inhibition of sunitinib’s primary target VEGF in the cardiovascular
system where it plays a crucial role in blood pressure regulation. Consequently, hypertension is
considered a biomarker of therapeutic efficiency,** with anti-VEGF induced hypertension being
initiated by effects on endothelial cells such as reduced density, increased stiffness and
increased vascular resistance.’®® In terms of evidence, a study conducted by Chu et al. found
that out of 75 patients 47% developed hypertension whilst taking sunitinib. As hypertension
causes an increased workload for the heart, it is thought to be responsible for the less common
but more severe cardiac toxicities of sunitinib which are reduced LVEF and heart failure which

were reported to occur in 19% and 8% of patients respectively.%®

Inhibition of PDGFR (a secondary target of sunitinib) may also contribute to the cardiotoxicity of
the drug. PDGFR signaling has recently been implicated as a regulator of the compensatory
cardiac response, with its expression increasing in the hearts of mice exposed to pressure
overload stress. In mice lacking PDGFR, exposure to pressure overload stress caused accelerated
cardiac remodeling, cardiac dysfunction and heart failure.'? As hypertension caused by VEGF
inhibition is a mechanism of pressure overload and PDGFR inhibition reduces the hearts ability
to adapt to the stress, it is likely that one or both of these factors plus the energy deficiency
caused by off-target AMPK inhibition contribute to clinical presentation of cardiotoxicity

accompanying sunitinib treatment.
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Figure 1.5 Cardiotoxicity mechanism of the multi-targeted tyrosine kinase
inhibitor sunitinib

1. Sunitinib disrupts VEGF signalling in endothelial cells causing impaired vascular function,

hypertension and thrombosis. 2. Sunitinib inhibits the PDGFR which affects the myocardial stress

response in cardiomyocytes. 3. Off-target inhibition of AMPK by sunitinib disrupts the regulation

of metabolism and energy homeostasis in cardiomyocytes.
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1.6.2 Trastuzumab: Mechanism of action

The human epidermal growth factor receptor 2 (HER2) specific monoclonal antibody
trastuzumab is a treatment for aggressive HER2-positive breast and gastric cancers.’® The HER2
receptor belongs to the EGFR family of receptors, which dimerizes with other members of the
EGFR family (EGFR3/HER3 and EGFR4/HER4) causing autophosphorylation of tyrosine residues
within the cytoplasmic tail of the receptors which initiates a variety of signalling pathways

involved in cellular proliferation.%

Over-expression of HER2 is observed in 20% of breast and gastric cancers leading to increased
signaling and subsequent activation of MAPK and phosphoinositide 3-kinase (PI3K) pathways
and increased cellular proliferation. Blocking these signaling pathways using trastuzumab
provides a treatment alternative in patients who otherwise would have had a poor prognosis,
however cardiotoxicity became evident during clinical trials for breast cancer where incidence

of heart failure was 5-8.5%.1%°

1.6.2.1 Cardiotoxicity of trastuzumab

Although inhibition of the HER2 receptor is beneficial for halting caner progression in tumours
overexpressing HER2, inhibiting these receptors in the heart may interfere with cardiac function
as the receptors have a crucial function in this location. The proposed mechanism responsible
for trastuzumab induced cardiotoxicity is thought to involve the neuregulin (NRG) signalling
pathway. Neuregulins are a ligand of the EGFR receptors, and NRG-EGFR signalling is involved in
cardiac development and physiology.’% In genetically engineered mice disruption of this
signalling leads to failure of cardiac development including lack of ventricular trabeculation (a
process necessary for development of the ventricular wall) and improper formation of heart
valves. Research in to the function of NRG-EGFR signalling in adult hearts was spurred by

occurrence of trastuzumab induced cardiotoxicity, and it was found that the signalling continues
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to play vital roles in the adult cardiovascular system relating to the physiological adaption to
stress, cardiomyocyte maintenance and vascular homeostasis. Conditional gene knockout mice
models were used to study the effects of a loss of NRG signalling in adult mice, with observations
such as spontaneous dilated cardiomyopathy, increased susceptibility to stress such as pressure
overload, thin myofilaments and increases in ventricular repolarisation time noted with loss of
EGFR2 and EGFR4.1071%8 Thijs suggests that the signalling pathway is related to the physiological
adaptation of the heart to changes in cardiac demand, which is supported by the potential for

neuregulins to be used as a treatment for heart failure.%®

As an individual therapy trastuzumab carries a relatively low risk of cardiotoxicity, and because
the perturbation of signalling in the heart causes myocardial dysfunction (not damage), this type
of toxicity has a high likelihood of being reversible and a low likelihood of causing late effects on
the cardiac system. However, the situation is different when used in combination with
chemotherapies such as anthracyclines, where the rate of cardiac dysfunction increased from

5% to 27%'% (discussed later in section 1.7.1).
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Figure 1.6 Cardiotoxicity mechanisms of the HER2 targeted therapy trastuzumab

1. Endothelial cells secrete neuregulin (NRG). 2. NRG-HER2 tyrosine kinase (TK) signalling is

required for normal cardiomyocyte growth, survival and homeostasis. 3. Trastuzumab prevents

HER2/HER4 coupling and therefore disrupts NRG-HER2 TK signalling and cardiomyocytes have

impaired myocardial response to stress.
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1.7 Type | cardiotoxicity: Anthracyclines

Anthracyclines (e.g. doxorubicin, epirubicin and daunorubicin) are probably the most common
cytotoxic treatments used in the clinic, which are used to treat a wide range of paediatric and
adult cancers.” Originally derived from the Streptomyces peucetius bacterium, daunorubicin
was the first member of the anthracycline family to be identified — followed by doxorubicin
which was found to be a more efficacious anticancer agent.%1° Anthracyclines exert their anti-
proliferative effects on cancer cells by intercalating between DNA base pairs, generating
damaging oxygen free radicals and inhibiting topoisomerase lla (Toplla), thereby causing DNA
double strand breaks. This culminates in an array of cellular injury including damage to cellular
components and disruption of DNA synthesis and replication.>'! Doxorubicin exhibits broad
spectrum activity against many different tumour types and therefore remains one of the

mainstays of oncological treatment (Figure 1.7).

However, despite this class of agent being potent and widely used cancer therapeutics, their use
is undeniably associated with detrimental effects upon the cardiac system and significant

concerns are now being raised regarding the aftermath of anthracycline-treatment.!®

Malignancies commonly treated with Doxorubicin

* Malignant lymphoma * Thyroid carcinoma
* Bronchogenic carcinoma « Gastric carcinoma
* Soft tissue and bone *  Wilms’ tumour
sarcoma * Neuroblastoma
* Acute lymphoblastic * Qvarian carcinoma
leukaemia * Breast cancer
* Transitional cell bladder
carcinoma

Figure 1.7 Malignancies commonly treated with doxorubicin
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1.7.1 Cardiotoxicity of anthracyclines

The cardiotoxic effects of anthracyclines were first reported in 1973 by Lefrak et al., who
observed transient electrocardiographic changes in 11% of patients treated with doxorubicin,
with an additional 3% developing severe congestive heart failure (CHF).1*2 The importance of
cumulative dose as a determinant for development of CHF was identified shortly after by Von
Hoff et al. who conducted a retrospective analysis of over 4000 patients treated with
anthracyclines. The major risk factor for development of doxorubicin-induced cardiac
dysfunction is now known to be the cumulative drug exposure, with the incidence of congestive
heart failure increasing from 1.7% at a cumulative dose of 300 mg/m? to almost 50% at 650
mg/m2.1*3 Although the initial Von Hoff study has been critiqued due to sole utilisation of
clinician identified symptoms of CHF, a sudden rise in the prevalence of CHF was observed at a
cumulative dose of 550mg/m?, which is slightly higher than the current maximum recommended

cumulative lifetime dose of 450mg/m?2.°

A retrospective analysis of three clinical trials conducted by Swain et al. further investigated the
importance of cumulative dose in relation to anthracycline-induced cardiotoxicity (AIC), and
reported the prevalence of CHF in patients who were exposed to a range of cumulative doses of
anthracycline. The incidence of CHF was found to increase with cumulative dose, with estimated
incidence of 5%, 26% and 48% with 400mg/m?, 550mg/m? and 700mg/m? cumulative dose
respectively. Interestingly, the study also found an increased risk of cardiotoxicity with lower
amounts of doxorubicin (<300 mg/m?) which were previously not linked with left ventricular
dysfunction.’” Although the most significant risk factor for anthracycline-induced late onset
cardiotoxicity is the cumulative dose, other contributory risk factors include the dosing rate and
schedule, patient age, female gender, hypertension, and previous cardiovascular disease

(Discussed in section 1.7.13).
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1.7.1.1 Doxorubicin cardiotoxicity mechanisms

Although AIC has been classified as the most noted chemotherapy-induced cardiotoxicity to
date,! it is still unclear as to how anthracyclines cause irreversible damage to cardiomyocytes.
The cardiotoxicity appears to be distinguishable from the therapeutic mechanism of action of
anthracyclines as cardiomyocytes in general are not proliferative, and Toplla (a primary target

of anthracyclines) is expressed at much lower levels in quiescent tissues such as the heart.!®®

Collective evidence suggests that the cardiomyopathy initiated by doxorubicin is a progressive
and multi-factorial process. Microscopy has indicated that treatment with doxorubicin causes
cytoplasmic vacuoles, mitochondrial membrane disruption and disorder of myofibril
arrangement.!® Possible mechanisms of doxorubicin-induced cardiomyopathy include impaired
calcium handling, altered gene and protein expression, DNA breakage via inhibition of
topoisomerase |IB (TopllB), and the formation of oxygen free radicals that damage the

mitochondria of the cells.?634

1.7.1.1.1 Iron and free radical hypothesis

The iron and free radical hypothesis is the most widely accepted, whereby the formation of
doxorubicin-iron complexes causes free radical formation on the inner membrane of
cardiomyocytes mitochondrion. It is estimated that cardiac mitochondria occupy 40% of the

7

volume of cardiomyocytes,'t” making these organelles powerhouses for the generation of

reactive oxygen species (ROS) from doxorubicin.

Doxorubicin binds to the mitochondrial membrane protein cardiolipin which leads to
mitochondrial accumulation of the drug. Here, redox cycles occur which generate a substantial
amount of ROS including ‘0,- which is converted to H,0,. In the presence of iron (Fe?*), H,0; is

converted into the extremely reactive -OH.111118
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Perturbations to cellular iron metabolism are an important feature of this toxicity whereby
doxorubicin and its metabolite doxorubicinol interfere with iron homeostasis, resulting in
increased formation of doxorubicin-iron complexes and availability of Fe* to facilitate
generation of ‘OH.19120 Specifically, doxorubicin disrupts the activity of iron regulatory proteins
(IRPs) which regulate the activity of intracellular iron. As a consequence of the increased
intracellular iron, levels of the iron carrier protein transferrin have been found to increase
following doxorubicin treatment which is thought to protect against oxidative injury and ROS
formation. Due to the increased polarity of doxorubicinol it accumulates at higher levels than
doxorubicin in the heart and is also more potent at dysregulating iron homeostasis which

contributes to the generation of ROS.118120

Cardiomyocytes are especially prone to damage by ROS as the myocardium possesses a limited
capacity for detoxification. Doxorubicin further hinders this detoxification capacity as it inhibits
glutathione peroxidase and catalase which are necessary for the breakdown of H,0; into water
and oxygen.'?! This entire process leads to a surge in oxidative stress which is extremely harmful
to cardiomyocytes. The cellular damage includes oxidative modifications of cellular components,
degradation of the sarcomere, mitochondrial dysfunction, DNA damage and the induction of
apoptotic pathways.”! The significance of this cardiotoxicity mechanism has been demonstrated
using transgenic mice, where overexpression of the detoxification enzyme superoxide
dismutase 2 (SOD2) attenuated the cardiotoxic effects of doxorubicin, whilst deletion of SOD2

potentiated them.??

1.7.1.1.2 Topoisomerase-dependent cardiotoxicity hypothesis

DNA topoisomerases are enzymes involved in the unwinding of DNA necessary for transcription
and DNA replication to occur. Topoisomerase lla (Toplla) is a marker of cellular proliferation,

and its overexpression in tumour cells is a major target for the anticancer activity of
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doxorubicin.!®>'2 Unlike Toplla that has low expression in quiescent cells, topoisomerase 1B
(ToplIB) is present in non-proliferating cells including cardiomyocytes. Here, a complex is formed
consisting of doxorubicin — Topll8 — DNA that cause double strand breaks in the DNA and
ultimately cardiomyocyte death. Studies in cardiomyocyte specific ToplIf knockout mice treated
with doxorubicin showed that cardiomyocytes were protected from DNA double strand breaks
and changes in transcription of genes that may be related to ROS formation and apoptosis.’?* In

addition, more recent research has investigated the role of mitochondrial topoisomerase |

(Toplmt) in doxorubicin induced cardiotoxicity.

The mitochondria within mammalian cells contain their own DNA genome (mtDNA), as well as
specific processes for DNA replication and protein synthesis. The mtDNA encodes important
proteins that are part of the mitochondrial electron transport chain responsible for oxidative
phosphorylation and therefore production of ATP in the cell. Relaxation of the circular, double-
stranded mtDNA relies on the presence of topoisomerase activity within the mitochondria,
which enables transcription and protein synthesis to occur.!?® Therefore any perturbations to
topoisomerase activity could impede energy production in cardiomyocytes which would affect
the normal functioning of the myocardium. As mitochondrial dysfunctions and mtDNA lesions

126

are a feature of human hearts exposed to doxorubicin®*® and Toplmt is involved in mtDNA

homeostasis, it is possible that Top1mt is also a target for doxorubicin in the heart.

Khiati et al. investigated the role of Toplmt using Toplmt knockout (KO) mice and found that
after 8 weeks treatment with doxorubicin the Toplmt KO mice had increased mtDNA damage,
mitochondrial cristae disorganisation and were unable to maintain the mitochondrial electron
transport chain. These mitochondrial defects also caused an increase in damaging ROS and
myofibrillar damage. These results suggest that Toplmt is critical for cardiac tolerance to

doxorubicin and the adaptive response to doxorubicin cardiotoxicity.'?’
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1.7.1.1.3 Alterations in multidrug resistance efflux proteins

The ATP-binding cassette (ABC) family of membrane transporters are responsible for
translocation of substances across membranes. Multidrug resistance (MDR) proteins are a
member of the ABC family that remove foreign potentially harmful substances from cells and
are involved in regulating the efflux of anthracyclines from cardiomyocytes. Polymorphisms of
the MDR1 gene have been associated with cardiotoxicity, and reduced expression of the gene
was detected in cancer patients who later developed AIC.}?® As patients may be taking other
medications that can block the MDR proteins, this has clinical significance as the intracellular

levels of anthracyclines may be increased further, thereby increasing the risk of cardiotoxicity.

1.7.1.1.4 Impaired calcium handling

Doxorubicinol is a metabolite of doxorubicin that accumulates in cardiomyocytes, causing
inhibition of Ca?* uptake into the sarcoplasmic reticulum by the sarcoplasmic reticulum
Ca?*ATPase (SERCA).1® As efficient calcium recycling is required for successful contraction and
relaxation of cardiac muscle, this causes a considerable delay in the activation and inactivation

of cardiomyocyte contractility.
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Figure 1.8 Anthracycline cardiotoxicity mechanisms

Anthracyclines damage cardiomyocytes through a variety of mechanisms: 1. Oxidative stress
induces production of damaging reactive oxygen species (ROS) in the mitochondria which are
damaging to cells, 2. Disrupted topllf and toplmt activity causes double strand breaks in the
DNA, 3. Increased intracellular concentration of anthracyclines due to alterations in MDR efflux
proteins, 4. Decreased uptake of Ca?* into the sarcoplasmic reticulum (SR) causes disturbances
to myocardial contractility and 5. Decreased mesenchymal and circulating progenitor cells

reduces the regenerative capacity of the heart following damage.
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1.7.1.1.5 Impact of anthracycline metabolism and metabolites on cardiotoxicity

Upon clinical administration doxorubicin is rapidly cleared from the blood and widely distributed
into tissues. The drug undergoes triphasic elimination with mean half-lives of 12 minutes, 3.3
hours and about 30 hours. Doxorubicin is metabolised primarily by the liver, and the main
metabolite is doxorubicinol which is an active metabolite.> Doxorubicinol is important with
respect to cardiotoxicity as due to its polarity it more readily accumulates in cardiomyocytes

where it causes dysregulation of iron homeostasis and alterations in calcium handling*%2° (

see
section 1.7.1.1.1 and 1.7.1.1.4). The impact of doxorubicinol on cardiotoxicity is exemplified by

studies which have shown that genetic polymorphisms in the enzymes that form doxorubicinol

lead to increased levels of cardiotoxicity.*°

Other anthracyclines follow similar metabolism and elimination patterns. For example the
primary metabolites of daunorubicin and epirubicin are daunorubicinol and epirubicinol which
are both pharmacologically active.*3>!32 Epirubicinol is also an active metabolite however it has
been reported to be formed in lower quantities than doxorubicinol in the human myocardium
which may relate to the more favourable toxicity profile of epirubicin.!** Epirubicin also has a
different pharmacokinetic profile to doxorubicin characterised by a higher clearance rate and a

shorter half-life, which may also contribute to the reduced toxicity of the drug clinically.®!

1.7.1.2 Clinical manifestation of anthracycline induced cardiotoxicity

In terms of clinical presentation, AIC is classified into three types (discussed in detail below):
symptomatic acute toxicity occurring soon after administration, and early- and late-onset

chronic toxicity, occurring before or after one year of treatment, respectively.
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1.7.1.2.1 Clinical manifestation of chronic anthracycline induced cardiotoxicity

Early- and late-onset chronic progressive cardiotoxicity are associated with electrophysiological
changes and left ventricular dysfunction (LVD), and tend not to be reversible. However, if
undetected or not-treated, these chronic forms of cardiotoxicity will progress and lead to a

reduction in cardiac function with time.***

Early-onset chronic cardiotoxicity is the most prevalent manifestation of AIC. Symptoms usually
present approximately one year following treatment as dilated cardiomyopathy which can lead
to heart failure. Recently, Cardinale et al. conducted a clinical study whereby patients receiving
anthracycline treatment underwent heart function monitoring at regular intervals in an attempt
to elucidate the incidence and clinical features of early-onset chronic AIC. A key finding was that
9% patients developed AIC, with 98% of these cases occurring within the first year after
treatment. Upon clinical recognition of significant reductions in left ventricular ejection fraction
(LVEF) indicative of AIC (primary endpoint), treatment with the heart failure therapy enalapril
was initiated and the potential for recovery from AIC was determined (secondary end point).
The study demonstrated that initiation of heart failure therapies is beneficial for restoration of
cardiac function with 71% patients demonstrating partial recovery and 11% demonstrating

complete recovery.!®

Delayed cardiotoxicity (also called late onset chronic cardiotoxicity) is particularly relevant in
adult survivors of childhood cancer, whereby cardiotoxicity arises decades after exposure to
doxorubicin after a long asymptomatic period.’*® Due to their younger age at the time of
treatment, childhood survivors are in a developmental stage that makes them more vulnerable
to adverse health effects from potentially toxic therapies, which become clinically apparent
years later. Recent evidence suggests that anthracyclines decrease the number of cardiac
mesenchymal and circulating progenitor cells, thereby reducing the regenerative capacity of the

heart in response to damage (Figure 1.8). This may provide an explanation for the delayed
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cardiotoxicity observed in children who are treated with anthracyclines.’®”138 |n these survivors,
cardiovascular related disease has been identified as the leading cause of morbidity and

31

mortality after development of cancer recurrence,® with echocardiographic abnormalities

indicative of impairments to left ventricular contractility estimated to occur in up to 65% of

patients.’*®

A retrospective analysis of the childhood cancer study conducted by Mulrooney et al. assessed
the incidence and risk of cardiovascular events in 14,358 five year survivors of childhood
cancers.®® Compared to their siblings, cancer survivors were more likely to suffer from cardiac
events including CHF, pericardial disease and valvular disease. For example, at an average age
of 27 years old 248 cancer survivors reported CHF and 101 had suffered a myocardial infarction;
this is of particular note as such events are generally rare in young adults. The probability of
developing CHF was identified to be related to cumulative dose as the risk increased from 2.4

fold higher risk at doses of up to 250mg/m? to 5.2 fold higher risk at doses >250mg/m?2.3°

A similar study investigated the long-term cardiac mortality among 34,489 childhood cancer
survivors diagnosed and treated across seven decades (1940-2006) in the United Kingdom. In
concordance with the findings of Mulrooney et al.; the number of cardiac deaths was 3.4 times
the expected amount and the risk of developing CHF was 5.9 times greater than expected.
Interestingly, the risk of death due to heart failure was greatest amongst survivors who were
diagnosed 1980-1989; with 28.9 times more excess deaths reported than those diagnosed from
1990. This decline in the risk of cardiac death that was observed post-1990 suggests that the use
of alternative drugs, lower cumulative doses and more frequent monitoring for cardiac liabilities

has proved beneficial as a means to reduce cardiotoxicity.*

47



1.7.1.2.2 Clinical manifestation of acute anthracycline induced cardiotoxicity

Due to the often asymptomatic nature of acute cardiotoxicity, which presents as rhythm
disturbances, transient reductions in myocardial contractility, and/or hypotension, and the fact
that it is reversible by discontinuation of treatment, this adverse effect is commonly not

identified.

Acute toxicity as a consequence of anthracycline treatment is rare and typically occurs in the
two weeks succeeding a single treatment; usually manifesting as pericarditis, transient
arrhythmias or LVD.'#1%2 |n contrast to the chronic and delayed cardiotoxicity discussed above,
the deterioration to left ventricular function is not permanent as improvements in cardiac
function have been documented in some patients.’*? In addition, the mechanism of acute
cardiotoxicity may differ from delayed cardiotoxicity as it is thought to involve an inflammatory

response.l®

1.7.1.3 Risk factors for anthracycline-induced cardiotoxicity

Several risk factors have been reported to increase susceptibility to developing AIC including
extremes of age, concurrent treatments and pre-existing cardiac disease. A retrospective
analysis of three clinical trials identified age as an important risk factor related to doxorubicin
induced CHF as at a cumulative dose of 400mg/m? patients over 65 years old showed a greater
incidence of CHF than younger patients.**® Similarly, paediatric patients are more susceptible to
delayed cardiotoxicity, and it is estimated that more than 50% childhood cancer survivors
treated with doxorubicin develop some form of cardiotoxicity years after finishing cancer
treatment!®. Concurrent treatment with other cancer drugs can also exacerbate cardiotoxicity,
for example the combination of anthracyclines with the monoclonal antibody trastuzumab
increases cardiotoxicity risk,'® as does concurrent radiation therapy.}** In 1977 Minow et al.

identified heart disease which results in an increased cardiac work-load, such as hypertension
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as a risk factor for doxorubicin induced cardiotoxicity. Hypertension can cause the heart to
hypertrophy; thereby reducing contractile capacity which may lower the dose of doxorubicin

required to cause CHF.'%

The lower cumulative doses required for patients with pre-existing risk factors can decrease
oncological efficacy; which creates a challenge for clinicians to ensure a balance between

antineoplastic effects and minimising cardiotoxicity.

1.7.1.4 Detection of anthracycline-induced cardiotoxicity

AIC is usually detected post cancer treatment when patients show signs and symptoms of heart
failure. The loss of functionality becomes evident as cardiomyocyte injury or impairment has
occurred to a level whereby the heart can no longer compensate for the loss of contractility and

so becomes a less efficient pump.146:136

The lack of consensus regarding the definition of cardiotoxicity adds to the problem of detection
and management of AIC. Cardiotoxicity is generally defined as “toxicity that affects the heart”
although a more precise definition is lacking overall.** The cardiac review and evaluation
committee overseeing the supervision of clinical trials for the molecular targeted
chemotherapeutic trastuzumab provided perhaps the most accurate definition of drug-

associated cardiotoxicity to date, whereby a patient must have one or more of the following:!*’

1) Cardiomyopathy characterised by a reduction in LVEF, either globally or specific to the septum

2) Signs or symptoms related to CHF

3) Reduced LVEF from baseline that is 5% to < 55% alongside accompanying HF signs or

symptoms

4) A reduced LVEF of 10% to <55% without any additional HF signs or symptoms.
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This definition relies narrowly upon changes in LVEF and development of symptomatic CHF
which are indicative of systolic function; however does not encompass subclinical cardiotoxicity
that occurs with AIC, where patients can develop cardiac abnormalities histologically but remain
asymptomatic under general observations. Detection of damage at the earlier subclinical stage
would allow for appropriate risk assessments to be made and interventions to be put in place to
prevent further cell loss and resulting impairments to heart function.'*® Frequent imaging using
techniques such as echocardiograms (ECHO) and radionuclide ventriculography multi-gated
acquisition scan (MUGA) may assist with earlier detection of cardiotoxicity as they allow

clinicians to check the structure of the heart and assess ventricular function.#®

A new promising echocardiographic approach, Doppler myocardial imaging (DMI), has been
shown to detect abnormal myocardial activity as early as one week after completion of an
anthracycline therapy.'* Analysis of biomarkers, such as cardiac troponins also represent a
means to identify cardiotoxicity. The wide diagnostic window, high specificity and high
sensitivity make cardiac troponins an ideal biomarker that can be assessed quickly using a simple
blood test. This is highlighted by Cardinale et al. (2006) who identified cardiac troponin | (cTnl)

as a useful biomarker in terms of identifying patients at high risk of developing AIC.1%%151

1.7.2 Mitigation of anthracycline-induced cardiotoxicity

In recent years, there has been a shift in focus from the recognition and treatment of
cardiotoxicity to prevention. Understanding the aetiology of AIC has driven the development of
preventive strategies to protect the heart from permanent cardiac damage caused by

anthracyclines. 28152153

Dexrazoxane is the first and only drug to be licensed for anthracycline related cardioprotection.
Dexrazoxane contains EDTA within its structure; EDTA is a chelating agent that can sequester

metal ions such as Ca?*, Mg* and Fe?* which causes a decrease in their activity. When co-
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administered with anthracyclines, dexrazoxane chelates iron which reduces the amount of iron
that can complex with the anthracycline. This interferes with iron-mediated free radical
generation that is thought to play a role in the development of AIC.2* Although a recent meta-
analysis concluded that adjuvant dexrazoxane treatment is associated with a decreased risk of
heart failure,’> use is restricted to adult patients as controversial clinical trial data has been
generated including increasing the rate of secondary malignancies and acute myelogenous

leukaemia (AML) in paediatric patients.>®

Other strategies that have been explored for mitigation of AIC include the use of statins and -
blockers.?® Statins possess both anti-inflammatory and anti-oxidative properties and are
routinely used for the prevention of cardiovascular diseases. Thought to interfere with the
generation of ROS and inhibition of ToplIP associated with AIC, a small randomised controlled
trial (RCT) found prophylactic atorvastatin protected patients from declines in LVEF,**” and a
larger RCT called ‘Preventing anthracycline cardiovascular toxicity with statins (PREVENT)’ is

currently underway.®

B-blockers such as carvedilol are used for the treatment of CHF and angina. Carvedilol
antagonises beta (B1, B2) and alpha (a;) adrenergic receptors and is unique amongst B-blockers
as it also possesses anti-oxidant properties.”*** Whereas selective B-blockers decrease the rate
and force of myocardial contraction, the additional a; blockade properties of carvedilol are
related to vasodilation, this is associated with reduced blood pressure and as a result carvedilol
is more effective at treating CHF than the conventional selective B-blockers. With respect to
reduction of AIC, the anti-oxidant properties of carvedilol may also be beneficial. Studies
comparing the efficacy of carvedilol and atenolol at protecting cultured rat cardiomyocytes from
AIC in vitro showed that carvedilol was able to decrease the production of damaging free radicals
and prevent apoptosis of cardiomyocytes, whereas atenolol was not.'®® This suggests that

carvedilol may possess the ability to protect the heart from AIC and as such it has been employed
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in a number of small studies where its prophylactic effects on AIC have been investigated with
encouraging results.’>? The first such study was conducted by Kalay et al. who concluded that
carvedilol may protect both systolic and diastolic functions of the left ventricle in patients

undergoing anthracycline therapy.1®

1.7.2.1 Angiotensin blockade for cardioprotection

There is a growing body of evidence that administration of angiotensin converting enzyme
inhibitors (ACEi) or angiotensin receptor blockers (ARB) can also protect the heart from the
deleterious effects of anthracyclines (See table 1.2 below). ACEi are routinely used for the
treatment of CHF and hypertension, and ARB are used for the treatment of hypertension and to
prevent cases of stroke and myocardial infarction.'6>163 Both prevent the physiological activity
of angiotensin 1l (angll); ACEi prevent the formation of angiotensin Il whereas ARB stop
angiotensin Il binding to the ATR1 (figure 1.9). Angiotensin signalling has a variety of effects
within the cardiovascular system including vasoconstriction and blood pressure regulation,
inflammation, atherosclerosis, hypertension, and cardiac hypertrophy/remodelling.” (See

section 1.4.5.2).
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Figure 1.9 Angiotensin Il synthesis and pharmaceutical inhibition

Following formation of angiotensin | by cleavage of angiotensinogen by renin, angiotensin | is
cleaved by angiotensin converting enzyme (ACE) to form angll. The production of angll can be
prevented using angiotensin converting enzyme inhibitors (ACEi), and the activity of angll can
be inhibited using angiotensin receptor blockers (ARB) which prevent angll from binding to the

ATR1.
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Table 1.2 summarizes the methods and findings of a selection of clinical studies that have
assessed anthracycline containing chemotherapy regimes in combination with either an ACEi or

ARB alone, or with adjuvant B-blocker therapy.

Studies using Angiotensin converting inhibitors (ACEi)
Cardiac
Study Study objective = Prophylaxis assessment Study findings
modalities
To examine the Physical
effects of examination, ECG, In high-risk patients
enalapril ECHO at baseline with increased cTnl
Cardinale | treatmentin and 1,3, 6,and 12 levels, early
etal. patients with Enalapril months after the treatment with
(2006)**° high cTnl end of Cx. cTnl enalapril prevented
following one measurements the development of
month of Cx performed regularly | late cardiotoxicity
C=58,T=56 during Cx
To investigate ECHO and CMR .
the efficacy of . . . Enalapril and
. imaging studies .
Bosch carvedilol and carvedilol protected
. were performed at .
enalapril at . . patients from
etal. . Enalapril, baseline and 6 o .
164 preventing LVSD . significant declines
(2013) ; . . carvedilol months. cTnl and .
in patients with biomarker analvsis in LVEF that were
OVERCOME haematological v seen in the control
. . was also performed
malignancies regularly during Cx group at 6 months
C=45T=45 gularly auring
. . ECHO performed at | LVEF did not change
To investigate baseli 46 . laoril t
Janbabai | the efficacy of aseline an in enalapril group a
L . months. cTnl 6 months, but
etal. enalapril in the Enalapril o
. measured 1 month significantly
(2017)*%>  prevention of AIC o K
after the initiation of | decreased in control
C=35,T=34
Cx group
Table 1.2A  Summary of clinical studies investigating the use of ACEi for

cardioprotection during anthracycline containing regimens
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Studies using Angiotensin receptor blockers (ARB)
Cardiac
Study Study objective Prophylaxis assessment Study findings
modalities
Valsartan prevented
To investigate transient changes to
Nakamae whether valsartan ECHO and ECG at the left ventricular
et al can inhibit acute AIC Valsartan baseline and on end-diastolic
’ in patients with non- diameter and QT
'2005)*5¢ days 3, 5,and 7
( Hodgkin’s lymphoma Y533, interval that were
C=20,T=20 observed in the
control group
As the dose of EPI
increased, strain
To assess the ECHO, tissue rate (indication of
rotective effects of Doppler, strain ventricular
’,caelmisartan on EPI rate imaging and impairment)
Cadeddu i duced earl ROS were deteriorated in
etal. ventricular ¥ Telmisartan | assessed at control group but
(2010)*%’ impairment usin baseline and 7 normalised in the
escpalatin dosesg days after every telmisartan group.
C=24 Tg_ 25 new EPI dose of Increases in ROS
Ten T 100mg/m? were not observed
in the telmisartan
group
. . . CMR, blood .
To investigate if am Iesooh sical Adjuvant breast
candesartan (Cn) or exanF':ina'tiF:Jn\g ang | cancer treatment is
metoprolol (M) can ’ associated with a
lleviate decli . ECHO performed decline in LVEE that
Gulati alleviate declines in at baseline. after ecline in a
etal LVEF associated with Candesartan | first and fin’al is alleviated by
2016 1es | anthracycline- Metoorolol | cveles of Cx. and concomitant
( ) containing regimens P f(;/r those ! blockade with
PRADA in breast cancer concerned. at candesartan. No
patients C = 30, (T: com Ietior'1 of improvement to
Cn/M =28, Cn =32, P LVEF were observed
trastuzumab or .
M =30 L with metoprolol
radiation therapy
Table1.2B  Summary of clinical studies investigating the use of ARB for

cardioprotection during anthracycline containing regimens

AIC = anthracycline-induced cardiotoxicity, C = number of patients on control arm of trial, CMR

= cardiac magnetic resonance, c¢Tnl = cardiac troponin, Cx = chemotherapy, ECG =
electrocardiogram, ECHO = echocardiogram, EPI = epirubicin, LVEF = left ventricular ejection
fraction, LVSD = left ventricular systolic dysfunction, ROS = reactive oxygen species, T = number

of patients on experimental treatment arm of trial.
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Limitations of the studies outlined include short follow up time of patients (ranging from 1 week
— 1 year) and the low number of patients enrolled. A follow on study aimed to address the short
follow up time of patients and assess if the cardioprotective effects of telmisartan observed by
Cadeddu et al. would be maintained long-term. Their results showed that telmisartan exhibited
protective effects for at least 18 months and so may be useful in preventing anthracycline-
induced early onset chronic cardiotoxicity which typically presents 1-2 years following
treatment.!®® The authors have indicated that this study is still ongoing and they intend to
continuously monitor the patients for at least 3 years to evaluate whether the global cardiac
function is similar between the two groups or whether the telmisartan group have better global

cardiac function and thus a better clinical outcome.

Larger phase Il and phase lll clinical studies are currently underway that aim to assess the
cardioprotective potential of ACEi/B-blocker combinations'’® and ACEi alone!” in breast cancer
patients receiving anthracycline treatment. These clinical trials will hopefully support the
findings of the smaller studies and provide additional information regarding the optimal

cardioprotective strategies and monitoring schedules for detection of sub-clinical damage.

The potential for reversal of AIC by ACEi has also been investigated in long-term cancer survivors.
Enalapril therapy commenced seven years after completion of doxorubicin chemotherapy in
survivors of childhood cancer reported benefits initially, however these improvements
deteriorated after six years.}? These transient benefits exemplify the permanent nature of
damage caused by doxorubicin and supports the current view that concomitant angiotensin
blockade alongside anthracycline treatment is the most effective way to use these agents as

cardioprotectors.

The mitigation of AIC with therapeutics that limit angiotensin signalling suggests a role for the

angiotensin signalling pathway in mediating this toxicity; therefore it isimperative to understand
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downstream signalling events of the ATR1 and how these signalling events may interplay with

mechanisms of AIC. This is discussed in chapter 6 of this thesis.

1.8 Combination therapies

Using a combination of therapies represents a potent method of cancer treatment as cancer
cells are attacked using a variety of mechanisms. For example the regimen ‘R-CHOP’ consists of
the targeted therapy rituximab, the conventional chemotherapies cyclophosphamide,
doxorubicin hydrochloride, vincristine (Oncovin) and the steroid prednisolone. Rituximab is a
monoclonal antibody used to treat leukaemia and lymphomas and specifically targets the CD20
cell surface receptor that is present on both healthy and cancerous B cells, leading to apoptosis
of the cells. Cyclophosphamide, doxorubicin and vincristine are conventional chemotherapies
that attack proliferating cells by interacting with DNA, inhibiting enzymes required for DNA
replication and preventing microtubule assembly respectively.!”® All of these therapies
individually are associated with different cardiotoxicities such as acute arrhythmias and
progressive development of heart failure. Although beneficial for reducing tumour burden,
combination therapies may have a synergistic effect which increases the severity and likelihood

of developing therapy induced cardiotoxicity.>?

1.8.1 Clinical effect of co-administration of type | and type Il cardiotoxic

therapies

In clinical trials of trastuzumab the incidence of heart failure was 5-8.5%, a figure which
increased dramatically to 27% with concurrent anthracycline therapy.’® Following analysis of
the pivotal clinical trials in this therapeutic area, previous anthracycline exposure and

concurrent anthracycline use were listed as risk factors related to trastuzumab cardiotoxicity.'”*
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As discussed previously, anthracyclines such as doxorubicin cause direct damage to
cardiomyocytes which leads to impairment of cardiomyocyte function (See section 1.7.1).
Anthracyclines are an example of a type | cardiotoxicant, whereby the agent causes permanent
dose-related structural damage to cardiomyocytes which can impact the pumping ability of the
ventricles therefore causing left ventricular dysfunction. In contrast trastuzumab is a type Il
cardiotoxicant, which causes cellular dysfunction (not damage) of cardiomyocytes which is not
dose-dependent and usually reversible upon termination of treatment. An important distinction
between the cardiotoxicity of the two drugs is that anthracyclines are associated with chronic
and delayed forms, where patients are asymptomatic for years before disturbance to ventricular
function becomes apparent, whereas trastuzumab is generally not associated with causing long-

term cardiac sequelae, 689105

A cumulative lifetime dose of doxorubicin has been established at 450mg/m?in attempt to
reduce the risk of cardiotoxicity in patients.’®> However before alterations to cardiac function
become clinically apparent, sub-clinical cardiomyocyte injury occurs that creates a population
of vulnerable cardiomyocytes that are reliant on repair mechanisms to minimise the damage
and resume normal function.”® The mechanism of trastuzumab cardiotoxicity has been
postulated to involve inhibition of neuregulin signalling which has vital roles in the adult
cardiovascular system relating to the physiological adaption to stress and cardiomyocyte
maintenance (See section 1.6.2.1). Conditional gene knockout mice models were used to study
the effects of a loss of neuregulin signalling in adult mice, with observations such as spontaneous
dilated cardiomyopathy, increased susceptibility to stress such as pressure overload, thin
myofilaments and increases in ventricular repolarisation time noted.'® This suggests that the
signalling pathway is related to the physiological adaptation of the heart to changes in cardiac
demand, which is a change that occurs with anthracycline therapy. Therefore trastuzumab’s
interference with this critical survival signalling pathway in cardiomyocytes which reduces the
repair capacity of vulnerable cardiomyocytes may increase severity of anthracycline toxicity as
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the cells are less able to repair the sub-clinical damage caused by the type | cardiotoxicant.”®
Consistent with this proposed mechanism of toxicity, disrupted HER2 signalling in mice
exacerbates anthracycline cardiotoxicity and myocardial HER2 is up-regulated following

anthracycline exposure in humans.'’®

1.9 Currentin vitro models for identification and study of drug-
induced cardiotoxicity
Cardiotoxicity is assessed during all stages of the drug development process, starting in the early
pre-clinical stages of drug discovery. As defined in the ICH S7 guidelines, pre-clinical assessment
of drug-induced cardiac liabilities is a regulatory requirement.'’” Historically, cardiac liabilities
were initially determined via assessment of drug effects upon the hERG potassium channel, a
known toxicity target with relationships to clinical effects. This assay utilised an in vitro cell
system whereby a non-cardiac cell line was engineered to artificially express a functional hERG
channel.”” The in vitro evaluation against hERG was then followed by assessment of the drug in
vivo against a larger mammalian species, primarily dog. However, although successfully
identifying several drugs with cardiac liabilities, the complexity of the cardiac system and
involvement of several ion channels in cardiomyocyte contractility was such that many drugs
progressed into animal studies, and occasionally clinical trials, unnecessarily.?’®17®
Consequently, there is an urgent need for development of in vitro assays to robustly detect such

effects reliably. This has now led to the development of the CiPA initiative (comprehensive in

vitro proarrhythmia assay).®°
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1.9.1 The CiPA initiative and pre-clinical evaluation of drug-induced

cardiotoxicity

The ICH S7B guidelines have proven successful in preventing the introduction of drugs that are
potentially torsadogenic to the market, however the focus on the ability of drugs to block the
hERG potassium channel and cause QT prolongation as the sole determinants of cardiotoxicity
risk needs revising.'®! The cardiac action potential is governed by activity of many ion channels,
and cardiotoxicity itself can be caused by other factors (e.g. structural damage); as such
potential cardiotoxicants could slip under the radar with the current screen if they cause
structural damage, whereas others may appear hazardous with respect to hERG block but pose

little actual risk for TdP in the clinic.

The Comprehensive in Vitro Proarrhythmia Assay (CiPA) initiative aims to develop a new
paradigm for assessing proarrhythmic risk, utilising new technologies and an expanded
understanding of cardiotoxicity beyond hERG block.'® Development and validation of a set of
predominantly pre-clinical assays is currently underway that is envisaged to enable a more

precise prediction of clinical proarrhythmia risk using the three pillars of CiPA.

These are:
i) Assessment of drug effects on the critical human ventricular ion channel currents
ii) in silico integration of the ion channel effects to determine the net effects on the

cardiac action potential
iii) A check for discrepancies in fully integrated biological systems (in vitro cardiomyocyte

models).

The third pillar of CiPA involves evaluating the acute effects of drugs on the electrical activity of
induced pluripotent stem cell derived cardiomyocytes (iPSC-CMs) using high throughput

approaches such as microelectrode arrays and impedance technology that enable more
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comprehensive and robust assessments earlier in the drug discovery process. These cell types

and approaches are discussed in detail in the following sections.

1.9.2 In vitro cardiomyocyte cell line models

A variety of models are available including primary cells, cell lines and induced pluripotent stem
cell derived cardiomyocytes (iPSC-CMs).'®? Perhaps the most frequently used model, the
immortalised rat cardiomyoblast H9c2 cell line was derived in 1976 and has since been widely
used to assess cardiac biology and electrophysiology. Although morphologically distinct from
cardiomyocytes and without contractile ability, they do express relevant contractile proteins,
ion channels and fuse to form multinucleated myotubes.'®® The cells have been successfully
utilised as an in vitro model to measure the cardiac hypertrophic effect of several agents such
as doxorubicin and sunitinib.'®* !> This is because the H9c2 cells showed almost identical

hypertrophic responses to those observed in primary cardiomyocytes.8

Another cell model is the HL-1 murine atrial cardiomyocyte cell line model. This cell line
expresses relevant ion channels and forms organised sarcomeric structures and therefore
spontaneously contracts in vitro, whilst maintaining proliferative capacity.®” Their energy
metabolism differs from cardiomyocytes and due to the differences between the mouse and

human cardiac action potential limited toxicity screening has been conducted.

Although growing in culture, the major issue with these cell lines is their rodent derivation,
degree of maturity, originating cell type, and their subsequent inability to fully represent or
recapitulate a human cardiac cell model. In this context, a series of cell lines (AC1, AC10, AC12,
AC16) were created via fusion of immortalised SV40 protein transformed human fibroblasts with
primary human ventricular cardiomyocytes.'® Based on their human origin and immortality
these cells were postulated as being useful as an in vitro screening model. However current data

remains limited, the cells are reportedly in a pre-contractile state, but with expression of many
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cardiac specific transcription factors, contractile proteins and functional gap junctions.’® As a
series of immortalised cell lines, AC cells may be applicable for use in high-throughput screening
assays for detection of structural toxicity, and complement data obtained for the more

physiologically relevant induced pluripotent stem cell derived cardiomyocytes (iPSC-CMs).

1.9.2.1 Induced pluripotent stem cell derived cardiomyocytes
The discovery that somatic cells can be reprogrammed into pluripotent stem cells,*®® and the
subsequent development of the processes required to differentiate these cells into functional

190 instigated the growing preference of human iPSC-CMs for pre-clinical

human cardiomyocytes
cardiotoxicity assessment of new drugs. Although iPSC-CMs possess many favourable features
such as the ability to spontaneously contract, responsiveness to cardioactive drugs and
expression of important cardiac ion channels and receptors;'*! It is has been frequently noted
that these cells resemble embryonic cardiomyocytes and are described as having an immature

phenotype. Robertson et al. reviewed this subject in depth and discussed the differences

between embryonic and adult cardiomyocytes.%?

With reference to size, embryonic cardiomyocytes are approximately 30um in length making
them approximately 80% smaller than adult cardiomyocytes that are large, cylindrical and
approximately 150um long. Differences in organelle size and number have also been noted, for
example adult cardiomyocytes are usually bi- or multinucleated, whereas embryonic
cardiomyocytes are mononucleated. In adult cardiomyocytes the contractile apparatus and
mitochondria constitute around two thirds of the cytoplasmic space, this is reduced in
embryonic cells where much smaller sarcomeres and fewer mitochondria are seen. With respect
to contractile function, contractile strength is reduced due to the lack on an extensive T-tubule
network in embryonic cells.’®? This results in slower excitation-contraction coupling and calcium

entry primarily through the sarcolemma rather than released from the sarcoplasmic reticulum
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through CICR. Long term experiments appear to improve the phenotype to having a higher level
of maturity, including increased use of the sarcoplasmic reticulum, increased multinucleation

and improved myofibrillar arrangement.?

Despite the immature phenotype of human iPSC-CMs, they are still considered more clinically
and physiologically relevant than other in vitro models such as the rat H9c2 cell line. In addition,
these cells represent a source of human adult cardiomyocytes that can be cultured easily for
long periods of time and are readily available for routine drug testing - A feature absent from
other human derived in vitro models.’®* Therefore these cells have become fundamental to
many in vitro cardiotoxicity assays, and have shown considerable promise to accurately detect
cardiac liabilities in drugs with known cardiac effects on a number of platforms. Another
potentially exciting advancement, is the development of patient-specific iPSC-CMs which can be

used to study drug effects in the context of a particular risk factor or disease.'*®

Although commonly used as a confluent spontaneously beating monolayer, the use of iPSC-CMs
is now expanding to 3D models. Various types of 3D cell culture techniques have been
developed, some use scaffolds, whilst others rely upon the innate interactions of cells. All of
these models were developed with the aim of more accurately recapitulating in vivo cellular
morphology and physiology than that of the more commonly used 2D cell models.'*® Although
3D cell culture techniques have existed for some time, it is only since the recent development
iPSC-CMs that efforts have been directed towards utilizing these techniques to potentially
increase model maturity for cytotoxicity screening. Many 3D models incorporate different cell
types, often cardiomyocytes, fibroblasts and endothelial cells which usually approximate the
ratios found in the human heart (See section 1.4.3)*” Such models have been used to measure
cardiac hypertrophy and structural cardiotoxicity; where increases in the size of spheroids and

perturbations to mitochondrial function (measured as ATP level) in response to cardiotoxicants
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are visible using microscopy. Therefore 3D spheroid models have applications in improving pre-

clinical cardiotoxicity screening.!%®

1.9.3 In vitro cardiotoxicity assays

The requirement of in vitro cardiac cell assays and the identification of new cardiac cell lines and
advent of iPSC-CMs has led to a surge in the development of new high-throughput assays that
allow the structural and functional activity of cardiomyocytes to be assessed. The driving
principle of these assays is the measurement of electrophysiological changes that precede
contraction or quantification of the contraction itself. Traditionally, monitoring
electrophysiological fluctuations of excitable cells was carried out using patch clamping.'®®
Although this technique allows for the activity of single ion channels to be assessed, it is labour
intensive, limited to isolated cardiomyocytes, and evaluates cell effects at a snapshot in time,

making this technique unsuitable for high-throughput screening.

1.9.3.1 Microelectrode arrays

Microelectrode arrays (MEAs) are plate based assays whereby electrically active cells such as
iPSC-CMs are seeded into the wells of specialised plates that have a series of electrodes on the
bottom of the wells. Once the cells form a cohesive monolayer and begin to spontaneously
contract, their electrophysiological profile is captured by the electrodes in real-time allowing
parameters such as beat rate, field potential duration, amplitude and conduction velocity to be
assessed.?” |n contrast to the traditional patch-clamp approach, MEAs measure the total
extracellular change of ions and therefore assess changes in all major ion channels implicated in
the action potential. A recent blinded study by Blinova et al. assessed the ability of iPSC-CMs to

detect drug-induced arrhythmias using an MEA platform. The results were promising, drugs that
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block key potassium and calcium channels were positively identified, there was however more

variable success at detecting sodium channel blockers.%!

1.9.3.2 lonOptix

Cardiac tissue is characterised by the appearance of bands within the individual cardiomyocytes
known as sarcomeres. These are the basic unit of muscle and contain the contractile proteins
and molecular machinery responsible for cardiac contractility (See section 1.4.1). The rate and
size of sarcomere shortening and lengthening provide important information relating to cellular
contractility and changes in inotropy and chronotropy induced by drugs. Changes in
cardiomyocyte contractility can be monitored using the lonOptix cell geometry system which
monitors sarcomere movements in real-time using video-based detection.?’? A perfused
cardiomyocyte monolayer is observed using a microscope which collects optical intensity data
representing the light and dark bands present within the sarcomere. Contraction of the cells
results in the movement of these bands which translates into transients of peaks and troughs
which are then analysed to provide quantification of contractility. This technique was recently
used by Pointon et al. who evaluated the ability of iPSC-CMs to detect changes in contractility
by 11 reference compounds (8 negative inotropes, 2 positive inotropes and 1 inactive
compound). All of the negative isotopes and the inactive compound were positively detected,
however although the positive inotropes were detected by the system, they exhibited a negative

rather than positive inotrope response.?%

1.9.3.3 Calcium fluctuation
As Ca? is intrinsically involved in cardiomyocyte contraction, measurement of intracellular Ca®*
transients can also be used as a surrogate measure of contraction. Calcium specific fluorescent

dyes are added to monolayers of cells in a plate based format, and as the iPSC-CMs
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spontaneously beat and their intracellular Ca%* levels fluctuate, the peaks and troughs in
fluorescence intensity are recorded.?** This technique allows changes in contraction force and
frequency to be quantified, however it should be noted that compounds which affect the
contractile machinery, such as the myosin Il inhibitor blebbistatin will not be detected and the

toxicity of the dyes limits how long drug effects can be monitored.

1.9.3.4 Cellular impedance assays

Cellular impedance technology allows for real-time, label free monitoring of cardiomyocyte
viability and beating over sustained periods. Minute cardiomyocyte movements that occur
during contraction cause transient changes in impedance; these small morphological changes to
cardiomyocytes are detected by electrodes which creates a surrogate pattern based on the
contractility of the cells. In addition to changes in contractility, this technology can detect
changes in cellular viability and morphology as impedance readings also provide a measure of
overall cell health and therefore may be useful in detecting structural changes. These features
allow for sensitive and robust monitoring of the effects of compounds on cardiomyocyte

function and health in a high-throughput approach that is reflective of clinical exposures.29>206

As cardiomyocyte contraction is downstream of the cardiac action potential and calcium flux in
cardiac excitation-contraction coupling (See section 1.4.2 and figure 1.2), the surrogate
measurement of contractility generated by cellular impedance technology has the potential to
detect drug induced disturbances to the action potential, calcium flux and mechanical
contraction. For example, the reduced contraction strength caused by the myosin Il inhibitor
blebbistatin can be demonstrated using impedance technology, however effects of the drug are
absent using both MEAs and calcium fluctuation assays which measure endpoints higher in the

cascade.?”’
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As a result, cellular impedance technology has the potential to detect both functional and
structural drug-induced cardiotoxicity, which could lead to earlier cardiovascular hazard
identification in the drug development process. A recent study by Doherty et al. assessed if a
multi-parameter in vitro screen could detect cardiotoxicity across multiple drug classes with
known clinical cardiac risks. A range of studies were carried out, however the most sensitive test
was the impedance based xCELLigence cardio system which detected 16/18 known
cardiotoxicants as cardiotoxic.?® Similarly Gou et al. compared the utility of MEA and the
impedance based xCELLigence cardio system to detect functional changes in iPSC-CMs following
treatment with 28 different compounds with known cardiac effects and attained comparable
results from both sytems,?”’ therefore highlighting illustrating the utility of impedance-based

technology at accurately detecting cardiac liabilities in iPSC-CMs.
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1.10 Rationale and aims

The cardioprotective potential of therapies that act on the angiotensin signalling pathway has
been demonstrated in recent clinical studies, which strongly suggests that a relationship exists
between anthracycline-induced cardiotoxicity and angiotensin signalling. Although a number of
in vivo studies have added further support for the cardioprotective nature of these drugs, there
is a lack of in vitro studies, and the molecular mechanisms underpinning the cardioprotective

mechanisms are currently unclear.

The aim of this study was to investigate the structural and functional cardiotoxicities caused by
anthracyclines using in vitro models paired with novel impedance-based technologies, and to
ascertain if toxicity mitigation was detectable in these models upon concomitant administration

of angiotensin receptor blockers.

This thesis is divided into four sections:

i) Development and qualification of in vitro cardiac cell models (AC10 cardiomyocyte cell
line (AC10-CMs) and hiPSC-CMs) for the in vitro assessment of drug-induced cardiotoxicity, using
impedance-based methodologies. Changes in cellular viability, morphology and functionality will
be assessed using impedance-based detection (xCELLigence technology) in response to drugs

and cardiac regulatory factors.

ii) Assessment of the mechanistic basis for cardiotoxicity induced by anthracyclines

iii) Assessment of the potential for the adverse toxicological effects of anthracyclines to be

mitigated by perturbation of the angiotensin signalling pathway.

iv) Identification of the mechanistic basis for the effects of anthracyclines upon the cardiac

system and the impact of angiotensin signalling in mediating this toxicity

Specific aims are detailed in each section.
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Chapter 2: Materials and Methods

All reagents were obtained from Sigma-Aldrich Company Ltd (UK) unless otherwise stated.

Plastic tissue culture materials were supplied by Sarstedt (UK).
2.1 Cell lines and tissue culture

2.1.1 Cell lines

The proliferating human cardiomyocyte cell line AC10 was originally derived by fusion of adult
ventricular heart cells with SV40 transformed fibroblasts as described by Davidson et al.;'% these
cells were kindly donated by Dr Barbara Savoldo from Texas Children’s Hospital, Texas, USA. The
H460 cell line is an immortalised human cancer cell line from non-small cell lung cancer (NSCLC)

origin that was originally obtained from American tissue culture collection (ATCC).

2.1.2 Cell culture and maintenance of cells

Cell lines were grown as monolayers in vitro and incubated at 37°C in a constant humidified
atmosphere of 5% carbon dioxide. The AC10 cell line was maintained in Dulbecco’s modified
eagle medium (DMEM) -F12 medium (Life technologies) supplemented with 12.5% foetal bovine
serum (FBS), 1% L-glutamine and 1% penicillin/streptomycin. The H460 cell line was maintained
in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% FBS and 1% L-
glutamine. Cells were passaged when flasks were ~75-80% confluent by washing the monolayer
with hanks balanced salt solution (HBSS) and addition of 0.25% trypsin-EDTA, a pellet was then
obtained by centrifugation at 1000g for 5 minutes and the cells were re-suspended in fresh

medium and passaged into a new flask or cell pellets were stored at -20°C for molecular analysis.
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2.1.3 Cell counting

Cell number was determined using a haemocytometer where 10ul of cell suspension was
pipetted under a coverslip and the number of cells counted in five Imm? sections. Due to the
dimensions of the haemocytometer the average value of cells (N) in the five sections equates to

N x10*cells/ml.

2.1.4 Cryopreservation of cells

Cells that were not passaged were frozen for future use. Confluent AC10 cells were trypsinised
and centrifuged at 1000g for 5 minutes, the supernatant was then removed and the cells were
re-suspended in 1ml of fresh medium. Cells were transferred to a 1.5ml cryovial and 10%
dimethyl sulfoxide (DMSO) was added before the tubes were placed in a cryogenic freezing
container in a -80°C freezer. The following day cells were transferred to a liquid nitrogen storage

dewar for long term storage.

2.2 Cellular viability assays

The MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) assay is a
colourimetric assay that relies upon mitochondrial conversion of a soluble tetrazolium dye to
insoluble purple formazan crystals, whereby the amount of purple crystals created reflects the

number of viable cells.?®®

Following determination of the optimum cell seeding density (AC10 exponential = 2x103
cells/well; AC10 plateau = 3.5 - 4x10* cells/well; H460 exponential = 5x10%/well) cells were
seeded in flat-bottomed 96 well plates which were left in the incubator to adhere overnight, one
lane of the plate contained medium only to act as a cell blank control. The cells were then

treated with drug solutions and a vehicle control as required throughout the experiment, with
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the DMSO vehicle concentration being no higher than 0.1% per well. Following the total
incubation period for the experiment the medium was removed and replaced with medium
containing a 1:10 dilution of MTT (5mg/ml), and incubated for an additional 4 hours to allow the
formation of formazan crystals. Following removal of the MTT solution the crystals were
dissolved in DMSO and the absorbance of each well was read at 550nm using a UV-Vis
spectrophotometer plate reader. A vehicle control lane of 0.1% DMSO was used to ensure that
any observed effect was due only to the drugs added and not an effect of the vehicle. Analysis
of absorbance readings was conducted using Microsoft excel; the average absorbance for each
treatment group was determined from which the average of the blank lane was deducted, and
average absorbance’s relating to treatment with a compound expressed as a percentage of the

vehicle control (0.1% DMSO).

All experiments were performed in triplicate, ICso values were determined by implementing
curve fitting by non-linear regression on GraphPad Prism (Version 7.04, GraphPad Software,
Inc.). Statistical analysis on ICso values was conducted where necessary using a One way analysis
of variance (ANOVA) test, and a post-hoc Dunnett’s test when required on GraphPad Prism

(Version 7.04, GraphPad Software, Inc.).

2.3 xCELLigence real-time cell analyser

The xCELLigence DP16 real-time cell analyser (RTCA) is an in vitro impedance-based cell analysis
system that allows changes in cell survival, morphology and drug response to be evaluated on
adherent cell lines in real time using 16 well electrode plates (E-plates).2?® In wells containing
only medium the electric current can flow freely, thus completing the circuit between the
electrodes. However as cells adhere and begin to proliferate on the electrode the current flow
between the electrodes is impeded — This provides very accurate information relating to
changes in cell number, morphology and attachment (Figure 2.1).
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Figure 2.1 Principle of impedance based cell detection

In wells containing only medium the electric current can flow freely, thus completing the circuit
between the electrodes (left). However when cells are added and adhere to the bottom of the
wells the current flow between the electrodes is impeded (right). Once cells begin to proliferate
on the electrode the current flow between the electrodes is impeded further, therefore

impedance increases. Image courtesy of ACEA biosciences.

2.3.1 Experimental set-up

The RTCA software was started and experiments were set up as per manufacturer’s guidance
notes (ACEA Biosciences, San Diego). The layout of the plate was outlined with information
including cell type, cell number and compounds to be added to each well. The length of the
experiment and number and frequency of impedance readings to be taken (sweeps) was also

input into the experimental schedule page.

2.3.2 Cell seeding

Prior to cell seeding 100ul of DMEM-F12 medium was added to all wells of a 16 well E-plate
which was then put to one side to allow the medium and E-plate to achieve equilibrium. A
suspension of AC10 cells was then created and the number of cells contained in the solution was

determined using a haemocytometer. The cell concentration was then adjusted to contain
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5x10%ells/ml for experiments examining cells in the exponential growth phase or to

10x10%cells/ml for experiments requiring cells to be in the plateau phase of growth.

The 16 well E-plate was transferred in to the cradle of the RTCA instrument and the background
impedance reading was taken. After completion of the background measurement 100ul of cell
suspension was to the wells, with one pair of wells left with medium only. The E-plate was then
left for 30 mins at room temperature to allow the cells to settle in an evenly distributed manner
at the bottom of the wells. Following this the E-plate was transferred back into the cradle and

impedance measurements were recorded every 30 mins.

2.3.3 Cell maintenance and compound addition

Following attachment of the cells compounds were added as required. For experiments
examining the effects of compounds to cells in exponential growth phase compounds were
added at 24 hours and after. For experiments examining the effects of compounds to cells in
plateau growth phase compounds were added once the growth and therefore impedance
readings (designated as cell index) became stable (Usually around 72 hours). When the effects
of a single compound were to be assessed, double strength compounds were prepared and
added by removing 100ul of medium from the wells and replacing with 100ul of the double
strength compound. On all subsequent additions of that compound 100ul of drug solution was

removed from the wells and replaced with 100pl of single strength compound.

All experiments were performed in triplicate unless stated otherwise. Statistical analysis on
normalised cell index values was conducted where necessary using a one way analysis of
variance (ANOVA) test, and a post-hoc Dunnett’s test when required on GraphPad Prism

(Version 7.04, GraphPad Software, Inc.).
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Figure 2.2 Cell growth monitoring using the xCELLigence impedance-based system
Schematic showing the output on the xCELLigence impedance-based system when monitoring
cellular growth and response to cytotoxic drugs, whereby cell index (measurement of

impedance) is related to the phase of cellular growth and the cell density in the wells.



2.4 xCELLigence cardio system

The xCELLigence RTCA Cardio is an in vitro impedance-based cell analysis system that allows
changes in cell survival, morphology, drug response and contractility to be evaluated in human
iPSC-derived cardiomyocytes (hiPSC-CMs).2%>21  Experiments were conducted as per
standardised protocol produced by Axiogenesis, who supplied the hiPSC-CMs used throughout

these studies.?*?

2.4.1 Experimental set-up

The RTCA Cardio software was started and experiments were set up as per manufacturer’s
guidance notes (ACEA biosciences, San Diego). The layout of the 96 well Cardio E-plate was
outlined with information including cell type, cell number and compounds to be added to each
well. The length of the experiment and number and frequency of impedance readings to be

taken (sweeps) was also input into the experimental schedule page.

24.1.1 Fibronectin coating of E-plate

Prior to cell seeding the E-plate was coated with fibronectin to facilitate cellular adhesion. A
10pg/ml fibronectin coating solution was prepared by diluting 60ul fibronectin stock solution
(Img/ml) in 6ml PBS with Ca?* and Mg?*, 50ul of which was added to each well of the E-plate

and incubated overnight at 4°C.

2.4.1.2 Background measurement

The following day the fibronectin coating solution was carefully aspirated from the E-plate and

180 pl pre-warmed Cor.4U culture medium (axiogenesis) was added to each well using a multi-
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channel pipette. The E-plate was then transferred into the cradle of the RTCA Cardio instrument

and incubated for 5 minutes before the background reading was taken.

2.4.1.3 Seeding of cardiomyocytes

A vial containing 4 x 108 Cor.4U hiPSC-CMs (axiogenesis) was removed from liquid nitrogen and
transferred on ice to a 37°C water bath and thawed for approximately 2 minutes. The cell
suspension was then carefully pipetted into 3ml of pre-warmed Cor.4U medium, and the cryovial

washed with a further 1ml of medium, resulting in a total cell suspension volume of 5ml.

The number of live cardiomyocytes was ascertained by performing a cell count with trypan blue.
A 1:1 mixture of trypan blue and cell suspension was created and 10ul was applied to a

haemocytometer and the number of viable (clear) and dead (blue) cells was determined.

The number of cells in the suspension was then calculated taking into account the chamber
factor (1x10%), dilution factor (2) and total volume (5). The cell suspension was adjusted to

contain 3 x108 viable cells in 18ml of Cor.4U medium.

The E-plate was disengaged from the RTCA cardio instrument and put inside the cell culture
cabinet. The medium in the wells of E-plate was carefully aspirated and 180ul of the cell
suspension was added to each well from a sterile reagent reservoir using a multi-channel
pipette. This equates to a plating density of 3 x10* cardiomyocytes per well. The E-plate was then
left for 30 mins at room temperature to allow the cells to settle in an evenly distributed manner
at the bottom of the wells. Following this the E-plate was transferred back into the cradle and

the recording of impedance measurements was initiated.
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2.4.2 Maintenance of cardiomyocytes

The following day the culture medium was exchanged twice — Once in the morning
approximately 18 hours after seeding and then again in the evening approximately 26 hours
after seeding. For each medium change a 100% medium replacement was performed in four
steps — Whereby 90ul of medium was removed from all wells and the same amount of fresh
medium was added from a sterile reagent reservoir. For a complete medium change 36ml of
pre-warmed of Cor.4U culture medium was required to repeat the process four times.
Subsequently a 100% medium change was performed once daily until the addition of

compounds.

2.4.3 Compound treatments

Compounds were added to the cardiomyocytes once the cell growth had plateaued and stable
baseline beating was observed. The following criteria were checked before commencing with
compound addition: An absolute cell index >3, beat rate of 40-100bpm and beat amplitude of

>0.02.

Approximately 2 hours prior to compound addition a 100% medium change was performed as
described above. The compounds to be added were prepared at double the concentration
required in Cor.4U growth medium, and at least 110ul of compound was added to each well of
a 96 well plate in the defined plate layout. The 96 well plate containing the compounds was put
in to the cell culture incubator for 30 minutes to equilibrate, and immediately prior to addition
of the compounds an 11 minute baseline beating measurement was performed. The E-plate was
then disengaged and taken to the cell culture cabinet together with the compound plate;
compounds were added by removal of 90ul medium from the top each well followed by addition

of 90ul of the appropriate double concentrated compound. Once all compounds were added
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the E-plate was transferred back into the cardio instrument and the measurements were

resumed.

On subsequent days compounds were added again by removing 90ul compound solution from
the top of the well followed by addition of 90ul of the appropriate single concentrated

compound, or compounds were washed out using the four step medium change method.

2.4.4 Data analysis

Parameters relating to contractility of hiPSC-CMs such as beat frequency and beat amplitude

were analysed using the data analysis function of the RTCA Cardio software V1.0.

Statistical analysis on normalised cell index, normalised beat rate and normalised beat
amplitude were conducted using a one way analysis of variance (ANOVA) test, and a post-hoc
Dunnett’s test when required. Where only two data groups were compared a paired T-test was
used. Statistical analysis was performed using GraphPad Prism (Version 7.04, GraphPad

Software, Inc.).
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Chapter 3: Qualification of In Vitro Models

for Cardiotoxicity Evaluation

3.1 Introduction

Cardiotoxicity is a leading cause of drug attrition and withdrawal, and is categorised as the
second leading toxicity responsible for 16% of withdrawals according to the WITHDRAWN
database.?®® The current method of pre-clinical testing for cardiac liabilities outlined by the ICH-
S7B guidelines focusses narrowly on the ability of compounds to block the human ether-a-go-go
related gene (hERG) potassium channel in vitro, followed by evaluation of the ability to prolong

ventricular repolarisation and therefore prolong the QT-interval in vivo.'”’

Contractility of cardiomyocytes involves coordinated regulation and activity of a multitude of
ion channels, transferring potassium, calcium and sodium ions into and out of the cell, resulting
in an action potential and cardiomyocyte contraction (Figure 3.1). One of these channels, the
rapid delayed rectifier potassium current (IKr) or hERG1 channel, is essential for ventricular
repolarisation and therefore essential to maintain normal cardiac rhythmicity. Prevention of the
flow of potassium ions through this channel can result in arrhythmogenicity and possible
development of fatal disorders such as long QT syndrome and Torsades de pointes (TdP) 214215
(Figure 3.2). These conditions can both occur due to drug inhibition of the hERG channel, with

several drugs such as terfenadine and cisapride now withdrawn from the market due to

prolongation of the QT interval via hERG channel inhibition.®
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Figure 3.1 Relationship between the ventricular action potential and ionic
currents
Schematic representation of the ventricular action potential with phases 0-4 indicated and the

ionic currents responsible for the action potential phases. Adapted from reference.?!®
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Figure 3.2 Effect of hERG channel inhibition on cardiac rhythm
Schematic representation of a normal ECG trace and an ECG trace with a prolonged QT interval,
with waves, segments, and intervals labelled (Left). Schematised ECG strip showing a normal

rhythm and a Torsades de Pointes rhythm (Right). Adapted from reference.?’
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3.1.1 Limitations of hERG channel screening during drug development

Although inhibition of the hERG channel is responsible for approximately half of drug
withdrawals related to appearance of cardiac adverse effects,®® drugs can disturb cardiac
function in a host of other ways including structural damage to the myocardium, perturbation
of signalling pathways relating to cardiac homeostasis, function and survival, and modulation of
other ion channels important for generating the cardiac action potential that precedes

cardiomyocyte contraction.®

Such cardiotoxicities are overlooked as the hERG channel screen is too simplistic, as it evaluates
a single channel in isolation, and therefore not representative of the complex nature of
cardiomyocyte electrophysiology and function. Although many of these disturbances, if not
detected via hERG screening, could be identified using subsequent telemetric analysis in vivo if
they culminate in a change to cardiac rhythm. However, in vivo models are costly, and are

somewhat of an unethical substitute for a poor in vitro assay,*®

which do not always translate
to humans due to differences in electrophysiology.?%° As such, there is an urgent need for better
pre-clinical models that are able to accurately capture information on a compound’s ability to

cause both functional and structural cardiotoxicity, which would ideally start during the in vitro

phase of safety testing.®!

3.1.2 Pre-clinical evaluation of cardiac effects during development of

oncology drugs

In contrast to development of ‘conventional’ drugs, a degree of toxicity risk is generally accepted
during the development of oncology drugs. By definition these agents do not have a safety
margin and therefore must be screened using a paradigm focused on mechanism of action and

monitorability, as defined in the ICHS9 guidelines.??® Such a strategy aims to identify
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cardiovascular side effects during discovery and identify and mitigate the occurrence of

undesirable cardiovascular toxicities in oncology drug development.

Furthermore, in addition to measurement of drug-induced proarrhythmia induced during and
directly after initiation of oncology treatment, these drugs are now known to also cause latter
chronic forms of toxicity including pathological cardiac changes.?>??! Moreover, since chronic
progressive cardiomyopathies are now a major concern for clinical use of cancer drugs, there is
a need to build upon our improved understanding of mechanisms of drug-induced cardiotoxicity

to explore and predict long-term effects of many anticancer therapeutics.®

In light of the inherent cardiac risks of treatment with cancer therapeutics and the increasingly
sensitive patient population, as with other drug classes, improved screening paradigms are also

required for the development of oncology drugs.

3.1.3 Improved in vitro models for evaluation of drug-induced cardiac

effects

Historically, there has been a lack of in vitro cardiac models that were both clinically and
physiologically relevant i.e. human derived cells that exhibit a cardiac phenotype and possess
contractile ability. Such models are essential for detection of drug effects upon cardiac cells,
including both structural and functional changes. Several studies have addressed the use of
primary human cardiomyocytes for this purpose, and methodologies have been developed for
their maintenance in culture which allow spontaneous beating in a synchronised manner for
brief periods. However, barriers to supply and the existence of a narrow window by which to
monitor cardiomyocyte contraction limits their applicability for routine screening.’®*
Consequently, new cellular models are required with the ability to monitor drug effects in a

cardiac and physiological relevant manner, and with capability for longer-term assessment.
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3.1.3.1 The AC10 human ventricular cardiomyocyte cell line

AC10 cardiomyocytes (AC10-CMs) are a recently developed cell line derived by fusing human
ventricular cardiomyocytes with fibroblasts transformed with SV40 virus and devoid of
mitochondrial DNA.!8 Although other cell lines with capability for long-term in vitro culture
exist, such as the HL-1 mouse atrial cardiomyocyte cell line,*®” and the H9c2 rat cardiomyoblast
cell line,’® these cells being non-human have limited use in examining effects of ventricular
cardiomyopathies in humans. Conversely, the AC10-CM cell line, despite being in a pre-
contractile state, express many cardiac specific transcription factors, contractile proteins and
possess functional gap junctions.'® As an immortalised cell line, AC10-CMs may be applicable
for use in high-throughput screening assays for detection of structural toxicity, however current
data remains limited. The cells have been used for toxicity studies focussed on the effects of
methylmercury on mitochondrial bioenergetics and cell viability??> and also to investigate
pathways relating to cellular hypertrophy of cardiomyocytes.?® The major limitation in the use
of this cell line is its lack of contractility, meaning that it may have applicability for structural but

not functional contractile studies.

3.1.3.2 Human induced pluripotent stem cell derived cardiomyocytes

The recent development of hiPSC-derived cardiomyocytes (hiPSC-CMs) provides a resolution to
assessment of drug-induced functional changes in cardiomyocytes, as they are functionally
active and spontaneously contract in vitro, and importantly are easily obtainable as they are
created from human pluripotent stem cells.®1%° These cells address the concerns related to the
simplistic nature of the hERG channel screen, as they are more representative of the complex
nature of cardiomyocyte electrophysiology and cardiac cell function and therefore have the

potential to detect both structural and functional cardiotoxicity.
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Although hiPSC-CMs possess many favourable features, It is has been frequently noted that
many current available models resemble embryonic cardiomyocytes and are described as having
an immature phenotype. Robertson et al. reviewed this subject in depth and discussed the

2 which are outlined in section

differences between embryonic and adult cardiomyocytes®®
1.8.2.1. Despite the immature phenotype of hiPSC-CMs, they are still considered more clinically
relevant than other in vitro cardiac cell models, such as the rodent cell lines H9c2 and HL-1, and

the non-contractile human AC10 or AC16 cell lines, which have been utilised in preliminary

cardiac studies in vitro.'%?

The hiPSC-CM model represents a physiologically relevant source of human adult
cardiomyocytes that can be cultured easily for long periods of time and are readily available for
routine drug testing - A feature absent from other human derived in vitro models.’®* Therefore
hiPSC-CMs and their inherent contractile activity have become applicable to many in vitro
cardiotoxicity assays, and have shown considerable promise to accurately detect cardiac
liabilities in drugs with known cardiac effects on a number of platforms.?°*2% The success of this
cell model will have significant potential for a further exciting advancement, the development
of patient-specific hiPSC-CMs which can be used to study personalised and precision medicines

in the context of a particular risk factor or disease.®®

The increased use of hiPSC-CMs within cardiac safety assessment studies has caused a surge in
the development of new high-throughput assays that allow the functional activity of
cardiomyocytes to be assessed, such as video microscopy, microelectrode arrays and
impedance-based assays. These assays measure the electrophysiological changes that precede
contraction or quantify the contraction itself. Impedance-based cellular analysis is an innovative
method of assessing the contractility of hiPSC-CMs and has emerged as an exceptional platform

for monitoring cardiomyocyte beating and viability.
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3.1.4 In vitro technologies for determination of cardiac cell contraction

Traditionally, monitoring electrophysiological fluctuations of excitable cells was carried out
using patch clamping. Although this technique allows for the activity of single ion channels to be
assessed, it is labour intensive, limited to isolated cardiomyocytes, and evaluates cell effects at
a snapshot in time, making this technique unsuitable for high-throughput screening.!®®
Microelectrode arrays (MEAs) are plate based assays whereby hiPSC-CMs are seeded into the
wells of specialised plates that have a series of electrodes on the bottom of the wells. Once the
cells form a cohesive monolayer and begin to spontaneously contract, their electrophysiological
profile is captured by the electrodes in real-time allowing parameters such as beat rate, field
potential duration, amplitude and conduction velocity to be assessed.?”® In contrast to the
traditional patch-clamp approach, MEAs measure the total extracellular change of ions and
therefore assess changes in all major ion channels implicated in the action potential.
Cellular impedance-based assays measure the contraction of hiPSC-CMs, and therefore also
assess changes in the activity of all ion channels in addition to the monitoring of other factors

that may affect contractility.?%®

3.14.1 Cellular impedance technology

Cellular impedance technology allows for real-time, label free monitoring of cardiomyocyte
viability and beating over sustained periods (As described previously in section 1.8.3.4). Minute
cardiomyocyte movements that occur during contraction cause transient changes in impedance;
these small morphological changes to cardiomyocytes are detected by electrodes which creates
a surrogate pattern based on the contractility of the cells. These features allow for sensitive and
robust monitoring of the effects of compounds on cardiomyocyte function and health in a high-

throughput approach that is reflective of clinical exposures.?%®
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As cardiomyocyte contraction is downstream of the cardiac action potential and calcium flux in
cardiac excitation-contraction coupling, the surrogate measurement of contractility generated
by cellular impedance technology has the potential to detect drug induced disturbances to the
action potential, calcium flux and mechanical contraction (Figure 3.3). Whereas patch clamping
and MEA technologies would be applicable to detection of electrophysiological cellular changes,
these technologies are unable to detect alterations in intracellular signalling leading to
modulation in cardiomyocyte contractility. For example, the reduced contraction strength
caused by the myosin Il inhibitor blebbistatin can be demonstrated using impedance technology,
however effects of the drug are absent using both microelectrode arrays (MEAs) and calcium
fluctuation assays which measure endpoints higher in the cascade.?”” As a result, impedance
technology has the potential to detect both functional and structural drug-induced
cardiotoxicity, which could lead to both earlier cardiovascular hazard identification in the drug

development process and robust assessment of mechanisms of drug interactions.
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A recent study by Doherty et al. assessed if a multi-parameter in vitro screen could detect
cardiotoxicity across multiple drug classes with known clinical cardiac risks. A range of studies
were carried out, however the most sensitive test was the impedance based xCELLigence cardio
system which detected 16/18 known cardiotoxicants as cardiotoxic.2?® The results from this
study support the development of the new cardio safety paradigm Comprehensive in vitro
Proarrhythmia Assay (CiPA) which is currently being developed (see section 1.9.1). The overall
goal of CiPA is to develop a new screening strategy that places greater emphasis on the accurate
prediction of cardiotoxicity using various in vitro high-throughput hiPSC-CM assays combined
with patch clamp assays and in silico simulations. If successfully implemented CiPA could avoid
the unwarranted attrition of useful drugs, accelerate the development of safe drugs and reduce

development costs. 80181
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3.1.5 Aims and objectives

The aim of this chapter is to characterise the suitability of the AC10 cardiomyocyte
cell line (AC10-CMs) and hiPSC-derived cardiomyocytes (hiPSC-CMs) for detection of structural

and functional cardiotoxicity, in order to qualify their use for in vitro screening paradigms.

Specifically:

i) Characterisation of the cardiac phenotype of AC10-CMs. The expression of cardiac specific
proteins and markers of cellular proliferation will be determined followed by examination of

their growth kinetics and optimisation of cytotoxicity protocols.

ii) Optimisation of AC10-CMs for detection of structural cardiotoxicants. In AC10-CMs, viability
and morphology of cells exposed to the hypertrophic mediator angiotensin Il and the structural
and functional cardiotoxicant sunitinib will be determined using the xCELLigence RTCA and the

MTT assay.

iii) Optimisation of the hiPSC-CM model for detection of structural and functional
cardiotoxicants in vitro. The initial growth and contractility of these cells will be monitored on
the impedance based xCELLigence cardio instrument, followed by assessment of their
responsiveness to drugs with known cardiac effect once stable beating is detected. The
established methodology will then be qualified using the hypertrophic mediator angiotensin I
and the structural and functional cardiotoxicant sunitinib, with survival, contractility and cellular

morphology monitored using the xCELLigence cardio system.

Similar to the optimisation and qualification of hiPSC-CMs described within this chapter, an
additional study was conducted using Axol hiPSC-CMs which was later published in Nature

Methods Application Notes in November 2016 (Appendix 2).
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3.2 Materials and methods

3.2.1 Immunostaining

AC10 cardiomyocytes (AC10-CMs) were immunostained to verify the expression of a variety of
cardiac specific proteins including contractile proteins and transcription factors. The
immunostaining protocol detailed below was developed by Dr Gavin Richardson (Newcastle

University) who kindly provided reagents, antibodies and assistance with this technique.

A suspension of AC10-CMs was created and cell number determined using a haemocytometer.
The cell number was adjusted and cells were seeded in chamber cell culture slides (NUNC, USA)
at a density of 1x10° cells per chamber. The cells were left overnight to adhere to the slide

surface.

Cells were washed with PBS and then incubated with 1ml 4% paraformaldehyde (PFA) at room
temperature for 20 minutes. Following this the cells were washed once with PBS and incubated
in PBS at 4°C until commencing staining. Slides were then incubated in 0.4% triton-X-100 for 20
minutes and then blocked with 20% FBS for 30 minutes. Following addition of primary antibody
(1:200 dilution in PBS) or no antibody control (PBS alone) the slides were incubated overnight at
4°C. Slides were washed (3 x 5 minutes) in PBS and then incubated at room temperature for one
hour with the relevant secondary antibody (1:500 dilution in PBS, see table 3.1 below for
antibody details) and the nuclear stain 4',6-diamidino-2-phenylindole (DAPI; 1:500 dilution in
PBS). For no secondary antibody control chambers, PBS and DAPI were used. Slides were then
washed in PBS (3x 5 minutes), and antifade solution and the coverslips added. Slides were
subsequently visualised on a Nikon Eclipse Ti confocal fluorescence microscope and images

captured using NIS elements software V4.2.
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Table 3.1

Primary Antibody Secondary | Fluorescent | Colour
antibody type antibody* tag emitted
Troponin | Goat Anti-goat Alexa 594 red
polyclonal
Troponin C Goat Anti-goat Alexa 488 green
polyclonal
Tropomyosin Rabbit Anti-Rabbit | Alexa 488 green
polyclonal
Alpha actinin Rabbit Anti-Rabbit | Alexa 488 green
polyclonal
NKX2.5 Rabbit Anti-Rabbit | Alexa 488 green
polyclonal
BMP-2 Goat Anti-goat Alexa 488 green
polyclonal
PCM1 Rabbit Anti-Rabbit | Alexa 488 green
polyclonal
Ki-67 Murine Anti-mouse | Alexa 594 red
monoclonal
Vimentin Chicken Anti-chicken | Alexa 594 red
monoclonal
a-smooth Rabbit Anti-Rabbit | Alexa 488 green
muscle actin | polyclonal

*All secondary antibodies sourced from Invitrogen

Antibodies used for immunostaining evaluation of cardiac phenotype

of AC10 cardiomyocytes
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3.2.2 Validation of the MTT assay

Cell suspensions of AC10-CMs were created containing 4x10* and 3x10* cells/ml. These were
serial diluted in 2-fold increments to obtain a range of 9 concentrations (4x10%, 3x10%, 2x10%,
1.5x10% 1x10% 7.5x103, 5x103, 3.55x10° and 2.5x103 cells/ml) which were added to 8 wells of a
96-well plate in 100ul volumes equating to plating densities of 4,000, 3,000, 2,000, 1,500, 1,000,
750, 500, 375 and 250 cells/well. The following day 1:10 MTT was added and absorbance

readings were obtained and analysed as described in section 2.2.

3.2.2.1 Growth curve analysis determined by the MTT assay

Cell suspensions of AC10-CMs were created containing 1x10%, 2x10% 1x10° and 2x10° cells/ml;
each density was seeded in to 6 wells of five 96-well plates at 100ul volume equating to plating
densities of 1,000, 2,000, 10,000 and 20,000 cells/well. MTT solution was added to one plate
every day for the next 5 days and absorbance readings obtained and analysed as described in
section 2.2. From the growth curve analysis a plating density of 2,000 cells/well was chosen for

experiments using AC10-CMs in the exponential growth phase.

3.2.2.2 Determination of cell number required for confluence within 24 hours

A suspension of AC10-CMs was created containing 6x10° cells/ml, this was diluted accordingly
to obtain suspensions at an additional 10 densities, reducing by 50,000 cells each time. Seeded
at 100ul per well in 8 wells of a 96-well plate, this equated to plating densities of 60,000, 55,000,
50,000, 45,000, 40,000, 35,000, 30,000, 25,000, 20,000, 15,000 and 10,000 cells/well. The
following day the wells were observed under a microscope to check for gaps in the monolayers
and attainment of confluence, MTT solution was then added and absorbance readings were
obtained and analysed as described in section 2.2. Based on the results a plating density of 35-

40,000 cells/well was chosen for experiments using AC10-CMs in the plateau growth phase.
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3.2.3 Analysis of growth kinetics of AC10 cardiomyocytes using the
XCELLigence RTCA system

The growth kinetics of AC10-CMs were analysed using the xCELLigence real-time cell analyser
(RTCA) to identify the optimum seeding density of AC10-CMs for future experiments. The
protocol was carried out as described in section 2.3 except a serial dilution of cells was created
starting with 2x10° cells/ml which was then serial diluted in 2 fold dilution increments five times
to obtain a total range of six cell concentrations (2x10°, 1x10°, 5x10% 2.5x10% 1.25x10* and
6.25x10° /ml), 100ul of each was added in duplicate to a 16 well E-plate. Following cell seeding
a 1:2 medium change was performed every 48 hours until termination of the experiment by
removing 100ul of medium from the wells and adding 100ul of fresh medium. A seeding density
of 5000 cells/well (5x10%cells/ml) was chosen as the optimum seeding density for cells in the
exponential phase of growth. For experiments requiring cells to be in the plateau phase of
growth, cells were plated at of 10,000 cells/well (10x10°cells/ml) and left for approximately 72

hours for the cells to reach confluence.

3.2.4 Determination of cellular viability of AC10-CM following exposure

to angiotensin Il

AC10-CMs were seeded into 96-well plates as previously described in section 2.2 for exponential
phase studies. Concentrations of angiotensin Il were prepared ranging from 600-200pM which
were applied to AC10-CMs the following day. The experiment was terminated following 96 hours
exposure to angiotensin Il by addition of MTT solution, absorbance readings were obtained and

analysed as described in section 2.2.
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3.2.5 Determination of cellular viability of AC10-CM following exposure

to sunitinib

AC10-CMs were seeded into 96-well plates as previously described in section 2.2 for exponential
and plateau phase studies. After 24 hrs, sunitinib was added to cells by performing a 1:2 serial
dilution across the wells, resulting in final concentrations ranging from 20uM to 0.078uM. The
experiment was terminated after 96 hours exposure to sunitinib by addition of MTT solution,
absorbance readings were obtained and analysed as described in section 2.2 and ICso values
were determined by implementing curve fitting by non-linear regression on GraphPad Prism

(Version 7.04, GraphPad Software, Inc.).

3.2.6 Determination of morphological changes induced by angiotensin Il

and sunitinib in AC10-CM using the xCELLigence RTCA

Experiments were set up as described in section 2.3. For studies in exponential growth phase,
Angiotensin Il or sunitinib addition commenced at 24 hours and continued at 24 hour intervals
until the experiment was complete (96 hours exposure for angiotensin Il and 72 hours exposure
for sunitinib). For studies in plateau growth phase, sunitinib addition commenced once the cell
index demonstrated confluence (approximately 72 hours) and continued at 24 hour intervals
until a total of 72 hours exposure. All experiments were performed in triplicate and statistical
analysis on normalised cell index values was conducted using a One way analysis of variance
(ANOVA) test, and a post-hoc Dunnett’s test when required using GraphPad Prism (Version 7.04,

GraphPad Software, Inc.).
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3.2.6.1 Evaluation of viability of AC10-CMs following exposure to angiotensin Il
and sunitinib at specific time points, determined using the MTT assay

Cellular viability was also determined following exposure to angiotensin Il and sunitinib at
specific time points to complement data obtained using the xCELLigence RTCA. For these
studies, cells were plated for exponential phase studies as previously described and 200pM and
300pM angiotensin Il was added to cells every 24 hours for 4 consecutive days. Experiments
were terminated at 96 hour exposure, and absorbance readings were obtained and analysed as

described in section 2.2.

For determination of cell viability of sunitinib exposed AC10-CMs, cells were plated for
exponential phase and plateau phase studies as previously described and 50nM, 250nM and
500nM sunitinib was added to cells the following day. Experiments were terminated following
24 hour exposure to sunitinib, and absorbance readings were obtained and analysed as

described in section 2.2.

3.2.7 Imaging of AC10-CMs treated with angiotensin Il and sunitinib

For studies involving angiotensin Il, AC10-CMs were seeded into T25 flasks at a density of 2.5 x
10% cells. After 24hrs, 300pM angiotensin |l was added every 24 hours for 4 consecutive days. At

96 hours exposure the cells were fixed using 4% PFA as previously described (see section 3.2.1).

For studies involving sunitinib AC10-CMs were plated at a density of 5x10* cells/well in 6 well
plates. The following day 500nM sunitinib was added to 2 wells and following 24 hours exposure
cells were fixed using 4% PFA (detailed in section 3.2.1). All experiments included a time
matched vehicle control. Cellular images were collected using a Leica DIC DMI6000B inverted

microscope and analysed using the Leica application suite. All studies were repeated in triplicate.
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3.2.8 Evaluation of drug-induced cardiotoxicity in hiPSC-CM using the

XCELLigence Cardio system

The xCELLigence cardio system was used to analyse the initial growth and contractility of Cor.4U
hiPSC-derived cardiomyocytes (hiPSC-CMs). Briefly, this involved set up of the experiment on
the RTCA cardio software as per manufacturer’s guidelines, fibronectin coating of the e-plate
and seeding of hiPSC-CMs at a density of 30,000 cells/well. The day after cell seeding a full
medium exchange was performed twice and then once daily thereafter. Full experimental
details are described in section 2.4. Once stable beating was detected investigation of the effects
of the B-adrenergic agonist isoproterenol and the hERG potassium channel blocker E-4031 on
contractility was determined. Changes in morphology and contractility were also evaluated
following addition of sunitinib and angiotensin I, which were added at 24 hour intervals over 72
hours. For the first addition of a compound, half the media (90ul) was removed from each well
and replaced with media containing twice the required drug concentration. For all subsequent
compound additions, half the drug solution (90ul) was removed from each well and replaced
with media containing required drug concentration. The protocol followed for use of the

xCELLigence cardio system can be found in section 2.4.

Statistical analysis on normalised cell index, normalised beat rate and normalised beat
amplitude were conducted using a one way analysis of variance (ANOVA) test, and a post-hoc
Dunnett’s test when required. Where only two data groups were compared a paired T-test was
used. Statistical analysis was performed using GraphPad Prism (Version 7.04, GraphPad

Software, Inc.).
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3.3 Results

The purpose of this phase of the project was to determine the suitability of the AC10
cardiomyocyte cell line (AC10-CMs) and human hiPSC-derived cardiomyocytes (hiPSC-CMs) for
detection of structural and functional cardiotoxicity. Following characterisation of growth
kinetics in both cell types, cytotoxicity protocols were optimised for AC10-CMs and the response
of hiPSC-CMs to drugs with known cardiac effects was determined. The established
methodology was then qualified using the hypertrophic mediator angiotensin Il and the

structural and functional cardiotoxicant sunitinib.

3.3.1 Confirmation of the cardiac phenotype of the AC10 cardiomyocyte

cell line

The AC10-CMs are a proliferative cell line created by fusion of healthy human ventricular
cardiomyocytes with SV40 transformed fibroblasts devoid of mitochondrial DNA.®
Immunocytochemical analyses were used to determine the expression of cardiac proteins
(Figure 3.4), markers of cellular proliferation, mesenchymal specific proteins and vascular

proteins (Figure 3.5).

Expression of the contractile proteins troponin I, troponin C, tropomyosin and a-actinin were
detected in addition to the cardiac specific transcription factor NKX2.5 and bone morphogenetic
protein 2 (BMP-2) which is involved in cardiac cell differentiation (Figure 3.4). The cellular
proliferation markers pericentriolar material 1 (PCM1) and Ki-67 were also present, as was the
mesenchymal protein vimentin. Negative expression was obtained for alpha smooth muscle

actin, which is the predominate form of actin found in vascular muscle cells. (Figure 3.5).
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Troponin | Troponin C

Tropomyosin a-actining

Figure 3.4 Immunostaining of AC10 cardiomyocytes for cardiac proteins
Positive staining for troponin |, troponin C, tropomyosin, a-actinin, NKX2.5 and BMP-2. Proteins
of interest are stained red or green, nuclei are stained blue with DAPI. Images shown are at

either high (x40) or low (x10) magnification with 50uM scale bar shown on images.
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Figure 3.5 Immunostaining of AC10 cardiomyocytes for other proteins of interest
Positive staining for the proliferative markers PCM1 and Ki-67 and the mesenchymal marker
vimentin. Negative staining was obtained for alpha smooth muscle actin. Proteins of interest are
stained red or green, nuclei are stained blue with DAPI. Images shown are at either high (x40) or

low (x10) magnification with 50uM scale bar shown on images.
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3.3.2 Optimisation of cell viability assays using AC10 cardiomyocytes

The MTT assay as a methodology for quantifying cell number was validated by investigating the
relationship between cell number, determined manually, and MTT conversion via quantification
of absorbance at 550nm. Figure 3.6 shows a linear relationship between cell number of AC10-

CMs and absorbance, exemplified by the R?value of 0.9944.
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Figure 3.6 Validation of the MTT assay in AC10 cardiomyocytes
Cell number vs absorbance at 550nm of various densities of AC10-CMs 24 hours after cell

seeding. Data points show average values + SD, R?=0.9944.
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3.3.2.1 Measurement of growth kinetics of AC10 cardiomyocytes using the MTT

assay

Cells were seeded at various densities (1000, 2000, 10,000 and 20,000 cells/well) and the
absorbance quantified for the MTT assay on five consecutive days (Figure 3.7). Cells seeded at
1,000 cells/well shows little proliferation over 5 days, whereas seeding densities of 10,000 and
20,000 cells/well showed immediate exponential growth and lack of a lag phase of cell growth,
with cells approaching confluence after 72 hours. Cells seeded at an initial density of 2,000
cells/well showed a relatively short lag phase, with exponential growth beginning after 1 day
and lasting the duration of the experiment. Subsequently, a seeding density of 2000 cells/well

was chosen for MTT studies of cells in the exponential growth phase.

In order to identify the optimal seeding density to obtain plateau cellular growth within 24
hours, AC10-CMs were seeded at densities between 10,000 and 60,000 cells/well. Analysis of
absorbance using MTT assay revealed the absorbance to be relatively stable at cell densities
above 30,000 cells (figure 3.8), therefore a density of 35-40,000 cells was chosen as the seeding

density for MTT studies in the plateau growth phase.
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Figure 3.7 Growth curves of AC10 cardiomyocytes generated using MTT assay
Absorbance at 550nm of AC10-CMs seeded at 1,000, 2,000, 10,000 and 20,000 cells/well over a

time course of 5 days. Data points show average values + SD.
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Figure 3.8 Optimisation of seeding density for MTT studies in plateau growth
phase

Cell number vs absorbance at 550nm for various densities of AC10-CMs 24 hours after cell

seeding. Data points show average values + SD.
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3.3.2.2 Measurement of growth kinetics of AC10 cardiomyocytes using
XxCELLigence real time cell analyser

The xCELLigence RTCA was used to assess the proliferation of ACL0-CMs in real-time. The growth
of cells plated at high density (20,000, 10,000 and 5,000 cells/well) and low density (2,500, 1,250
and 625 cells/well) are shown in Figures 3.9A and 3.9B, respectively. Cells plated at higher
densities reached the plateau phase of growth sooner than cells plated at lower density and
showed a much shorter lag phase. The longer lag phase observed with cells plated at low density
resulted in a delay in exponential growth that was not seen in cells plated at higher densities.
Based on these findings a seeding density of 5,000 cells was chosen for exponential growth
phase studies, as this cell number exhibited a short lag phase and long exponential phase (until
100 hours), maintaining cells in exponential growth for the duration of experiments. When cells
were required to be confluent (plateau growth phase), cells were plated at a density of 10,000

cells and left to proliferate for approximately 72 hours before beginning experimental protocols.
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Figure 3.9 Growth kinetics of AC10 cardiomyocytes
xCELLigence traces showing time (hours) vs cell index for A. AC10-CMs plated at high density
(20,000, 10,000 and 5,000 cells/well) and B. AC10-CMs plated at low density (2,500, 1,250 and

625 cells/well) Data is representative of n=2, data points show average values + SD.
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3.3.3 Optimisation and characterisation of hiPSC-derived

cardiomyocytes for the xCELLigence Cardio RTCA system

The hiPSC-derived cardiomyocytes (hiPSC-CMs) used in this study were the Cor.4U cells
(Axiogenesis, Germany). These cardiomyocytes have been well characterised and express critical
contractile proteins, possess functional ion channels, form functional syncytia and contract in
vitro. The cardiac phenotype of these cells is shown by positive expression of the sarcomeric

protein a-actinin (Figure 3.10).

Figure 3.10 Immunostaining of Cor4u hiPSC-derived cardiomyocytes for cardiac

proteins
Positive staining for a-actinin (green) with nuclei stained blue with DAPI. Image courtesy of

Axiogenesis, Germany.
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3.3.3.1 Establishment of contractile syncytium and measurement of cellular
contraction of hiPSC-derived cardiomyocytes using the xCELLigence

Cardio RTCA system

Cor.4U hiPSC-CM cells were seeded at 30,000 cells/well, as per standardised protocol produced
by Axiogenesis.?? Figure 3.11 shows the growth of the cells gradually increases over time, with
cells fully confluent at approximately 75 hours. The arrows on the figure indicate the points of

medium exchange.

Throughout the initial growth period the contractility of the cells was monitored at regular
intervals. Figure 3.12 shows example traces taken from a representative well at 12, 24, 36, 48,
and 72 hours. Primitive beating is seen at 36 hours, with stable beating observed in the

hiPSC-CMs at 72 hours
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Figure 3.11 Initial growth hiPSC-derived cardiomyocytes
xCELLigence cardio trace showing time vs. cell index for Cor.4U hiPSC-CMs plated at 30,000
cells/well. Arrows indicate points of medium exchange, data points show average values of 4

representative wells £ SD.
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Figure 3.12  Assessment of initial contractility of hiPSC-derived cardiomyocytes

XCELLigence cardio traces showing contractility of Cor.4U hiPSC-CMs over a time course of 12,

24, 36, 48 and 72 hours. Data was obtained from one representative well.
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3.3.3.2 Confirmation of drug-induced perturbation of hiPSC-derived
cardiomyocytes

hiPSC-CMs as a contractile confluent monolayer were exposed to the B-adrenergic agonist
isoproterenol and the hERG potassium channel blocker E-4031. Traces showing stable baseline
beating and beating 2 hours after compound addition are shown in figures 3.13A and 3.13B
respectively. No visible changes were observed between the two control traces, however
addition of isoproterenol caused the beat rate to increase and E-4031 caused both beat

amplitude and beat rate to decrease. These effects are summarised in figures 3.14A and 3.14B.

3.13A Baseline beating

o LTI
o VY

3138 2h after compound addition
30nM |
sopreterenol [T
250nM

E-4031 VT ¥V VYTV VoY V

Figure 3.13  Effect of isoproterenol and E-4031 on contractility of hiPSC-derived
cardiomyocytes
A. Traces of stable baseline beating before compound addition, B. Traces of beating 2 hours

after compound addition
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Figure 3.14  Analysis of the effect of isoproterenol and E-4031 on contractility of
hiPSC-derived cardiomyocytes

A. Bar graph showing beating rate/minute before compound addition and 2 hours after

compound addition. B. Bar graph showing beat amplitude before compound addition and 2

hours after compound addition. Data obtained from one representative well for each treatment

group, m control, m isoproterenol, m E-4031.
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3.3.4 Qualification of ability of cardiomyocyte cell models to detect

structural changes, determined following exposure to Angiotensin Il

Angiotensin 1l has pleiotropic roles within the cardiovascular system and causes
vasoconstriction, increases in heart rate and cardiac remodelling.”® As a well known mediator of
cardiac hypertrophy, it was used to qualify the in vitro models used in this study for detection of

structural cardiotoxicity.

Prior to investigating morphological effects, the effect of angiotensin Il on viability of ACIO-CMs
was ascertained using the MTT assay. Figure 3.15 shows that exposure to clinically relevant
concentrations of angiotensin Il for 96 hours caused no significant change to cellular viability of
AC10-CMs. For future experiments concentrations of 200pM and 300pM angiotensin Il were

used.
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Figure 3.15  Effect of angiotensin Il on viability of AC10 cardiomyocytes
Dose response curve showing the effect of 600pM — 200pM angiotensin 1l on cell viability
following 96 hour exposure, expressed as % cell survival relative to vehicle control. Data is

representative of n=3 + SE.
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3.34.1 Angiotensin Il induces morphological changes in AC10 cardiomyocytes

The xCELLigence RTCA was used to assess the effect of angiotensin Il on the morphology of AC10-
CMs. As shown in figure 3.16A, when normalised to the point of first angiotensin Il addition, cell
index gradually increased higher than the level of control in cells exposed to angiotensin I, with
the greatest difference in cell index following 96 hours exposure (figure 3.16B). To ascertain if
this increase in cell index was due to increased cellular proliferation or a change to cellular
morphology, an MTT assay was carried out — AC10-CMs exposed to angiotensin Il in an identical
manner showed no difference in viability (figure 3.16C), indicating that the increase in cell index

observed using xCELLigence was likely due to a change in morphology (figure 3.16D).
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Figure 3.16  Angiotensin Il causes hypertrophy of AC10 cardiomyocytes

A. xCELLigence trace showing time (hours) vs normalised cell index of AC10-CMs exposed to
angiotensin Il with points of angiotensin Il (arrows) and exposure time indicated, data
representative of n=3, data points shown are average + SD. B. Normalised cell index following
96h exposure to angiotensin Il, data is n=3 £ SE. C. Relative cell number following 96h exposure
to angiotensin Il measured by MTT assay, data is n=3 + SE and D. Images of untreated and
angiotensin Il treated AC10-CMs showing a change in morphology. Images were taken at 40x
magnification following 96h exposure angiotensin Il.

m control, m 200pM Angiotensin Il, m 300pM Angiotensin II.
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3.34.2 Angiotensin Il induces morphological changes and functional
disturbances in hiPSC-derived cardiomyocytes

Stably beating Cor.4U cells were exposed to angiotensin Il every 24 hours for a total of 72 hours,
and the effects on cell behaviour were monitored in real-time. As shown in figure 3.17A, when
normalised to the point of first angiotensin Il addition, cell index increased higher than the level
of control in cells exposed to 200pM angiotensin Il, with the greatest difference in cell index
approximately 72 hours after angiotensin Il was initially added (figure 3.17B), indicating that

angiotensin Il induced a morphology change to the cells.

Assessment of the effect of angiotensin Il on contractility of hiPSC-CMs was carried out after 72
hours exposure to angiotensin Il, as the cells showed the greatest degree of hypertrophy at this
time-point. The representative traces of contractility shown for control and angiotensin Il
treated cells in figure 3.18A show no visible changes in contractility with angiotensin Il addition.

Detailed analysis of beat rate and amplitude is shown in figures 3.18B and 3.18C respectively.

Assessment of the effect of angiotensin Il on contractility of hiPSC-CMs was also carried out
immediately after the first addition of angiotensin Il. The representative traces of contractility
shown for control and angiotensin |l treated cells in figure 3.19A show visible changes to
increases to beat rate and decreases to beat amplitude immediately after angiotensin Il
addition. Detailed analysis of beat rate and amplitude is shown in figures 3.19B and 3.19C

respectively.
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Figure 3.17  Effect of angiotensin Il on morphology of hiPSC-derived cardiomyocytes

A. xCELLigence trace showing time (hours) vs normalised cell index of hiPSC-CMs exposed to

angiotensin Il with points of angiotensin Il addition (arrows) and exposure time indicated, data

representative of n=2, data points shown are average + SD. B. Normalised cell index at 170 hours

following 72 hours exposure to angiotensin Il. Data points show average of 3 wells + SE.

* p< 0.05, m control, m 200pM Angiotensin Il.
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Figure 3.18 Effect of 72 hours angiotensin Il exposure on contractility of hiPSC-
derived cardiomyocytes

A. Representative traces showing contractility of control cells and cells following exposure to

200pM angiotensin Il for 72 hours, B. Beating rate/min following 72 hours exposure to

angiotensin |l, data points show average of 3 wells £ SE and C. Beating amplitude following 72

hours exposure angiotensin Il. Data points show average of 3 wells + SE.

m control, m 200pM Angiotensin II.
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Figure 3.19 Immediate effect of angiotensin Il exposure on contractility of hiPSC-
derived cardiomyocytes

A. Representative traces showing contractility of control cells and cells immediately after

angiotensin Il addition, B. Beating rate/min immediately after angiotensin Il addition, data

points show average of 3 wells + SE and C. Beating amplitude immediately after angiotensin Il

addition. Data points show average of 3 wells £ SE, * p< 0.05.

m control, m 200pM Angiotensin II.
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3.3.5 Sunitinib to qualify in vitro models for detection of functional

cardiotoxicity

Sunitinib is a cancer therapy that targets multiple tyrosine kinases including the vascular
endothelial growth factor receptor (VEGF-R) which is its primary target. As such, it is mainly
indicated for the treatment of highly vascularised malignancies such as renal cancer; although
successful at inhibiting angiogenesis and halting tumour growth its use is associated with
numerous cardiotoxicities including development of arrhythmias, hypertension and
impairments to ventricular function.’® As a well-known functional cardiotoxicant and mediator
of cardiac hypertrophy, it will be used to qualify the in vitro models used in this study for

detection of functional and structural cardiotoxicity.

3.3.5.1 Effect of sunitinib on viability of AC10 cardiomyocytes

Prior to investigating morphological effects, the toxicity profile of sunitinib in ACIO-CMs was
determined in both the exponential and plateau growth phases. Figure 3.20 shows the
sensitivity of AC10-CMs exposed to a range of sunitinib concentrations (20uM - 0.078uM)
continuously for 96 hours, with the Cvaxindicated by the dashed line. At concentrations below
the Cuaxlittle cell death occurred in both growth phases, however above the Cuax varying degrees
of response to the sunitinib were seen, with cells in exponential growth showing increased
sensitivity. The 1Cso values obtained for both growth phases are shown in table 3.2, the value
calculated for exponential growth phase was 10.7 + 1.5uM, this value at least doubled for cells

in the plateau phase to greater than 20uM.
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Figure 3.20 Chemosensitivity studies with sunitinib in AC10 cardiomyocytes
Dose response curves showing the effect of sunitinib on cell viability expressed as % cell survival
relative to vehicle control for cells in exponential and plateau growth phases. The dashed line

represents the C,_ of sunitinib (253nM)?***, data is representative of n=3 + SE.

IC, of sunitinib £ SE (M)

Plateau growth phase >20

Table 3.2

Exponential growth phase

10.7+1.5

ICs0 values of sunitinib in AC10 cardiomyocytes
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3.3.5.2 Quualification of ability of cardiomyocyte cell models to detect functional
changes following exposure to sunitinib

Cells in exponential and plateau growth phase were exposed to varying concentrations of
sunitinib, and the effects on cell behaviour were monitored in real-time. As shown in figure
3.21A and summarised in figure 3.21B following 24 hours sunitinib exposure, when normalised
to the point of first sunitinib addition, cells in exponential growth phase exposed to 500nM and
250nM sunitinib exhibited an immediate increase in cell index that was maintained throughout
the experiment, whereas the cell index of cells exposed to 50nM was unaffected. To ascertain if
this increase in cell index was due to increased cellular proliferation or a change to cellular
morphology an MTT assay was carried out — AC10-CMs exposed to sunitinib for 24 hours showed
no major differences in viability (figure 3.21C), indicating that the increase in cell index observed
using xCELLigence was due to a change in morphology (figure 3.21D). A parallel study conducted
in cells in the plateau phase of growth showed similar findings, the results of which are shown
in figure 3.22A-C. An additional finding in the plateau growth phase studies was that the cells
exposed to 50nM sunitinib also showed immediate increases in cell index that were maintained
throughout the experiment (figure 3.22A), with dose-dependent increases in cell index observed

after 24 hours exposure (figure 3.22B).
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Figure 3.21  Effect of sunitinib on morphology of AC10 cardiomyocytes in
exponential growth phase

A. xCELLigence trace showing time (hours) vs normalised cell index of AC10-CMs in exponential
growth phase exposed to sunitinib with points of sunitinib addition (arrows) and exposure time
indicated, data representative of n=3, data points shown are average * SD. B. Normalised cell
index following 24 hours exposure to sunitinib, data is n=3 £ SE. C. Relative cell number following
24 hours exposure to sunitinib measured by MTT assay, data is n=3 + SE and D. Images of
untreated and sunitinib treated AC10 cardiomyocytes showing a change in morphology. Images

were taken at 40x magnification following 24 hours exposure to sunitinib. * p< 0.05, ** p< 0.001

(treatment groups compared to control). m control, m 50nM sunitinib, m 250nM sunitinib,

m 500nM sunitinib.
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Figure 3.22  Effect of sunitinib on morphology of AC10 cardiomyocytes in plateau
growth phase

A. xCELLigence trace showing time (hours) vs normalised cell index of AC10-CMs in plateau

growth phase exposed to sunitinib with points of sunitinib addition (allows) and exposure time

indicated, data representative of n=3, data points shown are average * SD. B. Normalised cell

index following 24 hours exposure to sunitinib, data is n=3 + SE. and C. Relative cell number

following 24 hours exposure to sunitinib measured by MTT assay, data is n=3 + SE. * p< 0.05,

*x* p< 0.005 (treatment groups compared to control), m control, m 50nM sunitinib,

m 250nM sunitinib, m 500nM sunitinib.
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3.3.5.3 Sunitinib induces morphological changes and functional disturbances in
hiPSC-derived cardiomyocytes

The xCELLigence cardio system was used to assess the effect of sunitinib on the morphology and
contractility of hiPSC-CMs. As shown in figure 3.23A, when normalised to the point of first
sunitinib addition, cell index immediately increased higher than the level of control in cells
exposed to 50nM, 250nM and 500nM sunitinib in a dose-dependent manner, with the greatest
difference in cell index approximately 72 hours after sunitinib was initially added (figure 3.23B),

indicating that sunitinib induced a morphology change to the cells.

Assessment of the effect of sunitinib on contractility of hiPSC-CMs was carried out after 72 hours
exposure to sunitinib as the cells showed the greatest degree of hypertrophy at this time-point.
The representative traces of contractility shown for control and sunitinib treated cells in figure
3.24A show visible changes in contractility, with beat number decreasing with increasing
concentrations of sunitinib and increased amplitude with 500nM sunitinib. Detailed analysis of

beat rate and amplitude is shown in figures 3.24B and 3.24C respectively.
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Figure 3.23  Effect of sunitinib on morphology of hiPSC-derived cardiomyocytes

A. xCELLigence trace showing time (hours) vs normalised cell index of hiPSC-CMs exposed to

sunitinib with points of addition (arrows) and exposure time indicated, data points shown are

average + SD. B. Normalised cell index following 72 hours exposure to sunitinib, data points

show average of 3 wells £ SE. * p< 0.0001 (treatment groups compared to control).

m control, m 50nM sunitinib, m 250nM sunitinib, m 500nM sunitinib.
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Figure 3.24  Effect of 72 hours sunitinib exposure on contractility of hiPSC-derived
cardiomyocytes

A. Representative traces showing contractility of control cells and cells exposed to sunitinib for

72 hours, B. Normalised beating rate/minute following 72 hours exposure to sunitinib, data

points show average of 3 wells + SE and C. Normalised beat amplitude following 72 hours

exposure to sunitinib, data points show average of 3 wells + SE. * p< 0.001 (treatment groups

compared to control). m control, m 50nM sunitinib, m 250nM sunitinib, m 500nM sunitinib.
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3.4 Discussion

Cardiotoxicity is a leading cause of drug withdrawal, and its occurrence related to the use of
cancer therapies is a considerable problem;7®?%> suggesting that the current in vitro methods
for identification of cardiotoxicity are inadequate. The purpose of this phase of the project was

to determine the suitability of the AC10 cardiomyocyte cell line (AC10-CMs) and hiPSC-derived

cardiomyocytes (hiPSC-CMs) for detection of structural and functional cardiotoxicity.

3.4.1 Suitability of the AC10 cardiomyocyte cell line

AC10 cardiomyocytes (AC10-CMs) are a recently developed cell line created by Davison et al.,
whereby human ventricular cardiomyocytes were fused with fibroblasts transformed with SV40
virus and devoid of mitochondrial DNA. The cells were well characterised by Davison et al. and
although they are in a pre-contractile state, they express many contractile proteins.’®® In
agreement with Davison et al., positive expression of troponin | and a-actinin was detected in
AC10-CMs in this current study in addition to the contractile proteins troponin C and
tropomyosin. The pattern of immunostaining observed is distinct from what would be expected
in mature cardiomyocytes, there is minimal indication of filamentous protein structure and no
evidence of sarcomeres. Due to the lack of organised contractile machinery and functional ionic
currents, the AC10-CMs are unable to spontaneously contract and are described as being in a

pre-contractile state.

The cardiac specific transcription factors GATA4, MYCD and NFATc4 that are involved in cardiac
development and function were identified using real-time polymerase chain reaction (qRT-PCR)
by Davison et al., in this study the transcription factor NKX2.5 was also found to be expressed in
AC10-CMs by immunostaining. NKX2.5 is involved in cardiogenesis in early cardiac development
and has been shown to interact with GATA4, the presence of cardiac specific transcription
factors in the cells are useful markers of cardiac myogenesis and provide further evidence that
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AC10-CMs are committed to a cardiac-like phenotype.

In contrast to Davison et al. who found bone morphogenetic protein 2 (BMP-2) only upon
silencing of the SV40 gene, BMP-2 was detected in AC10-CMs in this study without SV40
silencing. Due to the involvement of BMP-2 in cardiomyocyte differentiation, its presence
suggests that the AC10-CMs may be further into the process of cardiomyocyte differentiation

and exist at an intermediate stage of development.

In accordance with their proliferative potential, the cellular proliferation markers pericentriolar
material 1 (PCM1) and Ki-67 were also present, as was the mesenchymal protein vimentin.
Vimentin is found in mesenchymal cells such as fibroblasts and would not be found in primary
cardiomyocytes, indeed the study by Davison et al. reported that vimentin was not present in
the AC10-CMs. However as the cells are a fusion cell line of cardiomyocytes and fibroblasts, this
may explain why positive expression of vimentin was found in this study. As discussed in section
1.4.3 although cardiomyocytes form the bulk of the myocardium, they are outnumbered by
support cells of the myocardium which make up 70% of the cells in the heart; 15% of which are
fibroblasts.>® Fibroblasts are responsible for a plethora of events in the myocardium including
cardiac remodelling and maintenance of the ECM,>* therefore the presence of vimentin within
the AC10-CMs may favour studies investigating morphological changes induced by
cardiotoxicants. An additional positive feature of these cells is their ability to form functional
gap junctions, although not investigated within this study, Davison et al. reported the presence
of functional gap junctions exemplified by expression of Cx-40, Cx-43 and dye coupling

studies. 88

Despite the cells inability to spontaneously contract, their expression of contractile proteins,
cardiac specific transcription factors and the presence of functional gap junctions demonstrate
that the AC10-CMs are committed to the cardiac lineage and therefore suitable for studies into

structural cardiotoxicity and viability following exposure to cardiotoxicants.
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As cardiomyocytes in the heart are terminally differentiated and possess limited capacity for
regeneration, studies throughout this research were conducted, where necessary, in both the
exponential and plateau phases of growth in an attempt to recapitulate the adult human heart
and investigate if different responses are obtained in each growth phase. For MTT studies this
equated to seeding densities of 2,000 cells/well for exponential growth phase studies and 35-
40,000cells/well for studies in the plateau growth phase. Analysis of the proliferation of AC10-
CMs using the xCELLigence RTCA showed that the cells were able to adhere to the plates and
their proliferation rate was monitored in real time. The growth kinetics analysis allowed
identification of 5,000 cells/well and 10,000/cells as appropriate seeding densities for
conducting studies in the exponential and plateau phases of growth respectively, where
exponential studies would begin 24 hours after seeding and plateau studies would commence

once the cells reach the plateau phase of growth (at approximately 72 hours).

As the xCELLigence RTCA uses impedance to monitor the behaviour of cells, it is a suitable
platform for evaluation of structural cardiotoxicity and viability following exposure to
cardiotoxicants, as decreases to cell index may represent cytotoxicity or reduction in cell size,
whereas increases to cell index may represent increased proliferation or increases in cell size.
The use of complimentary MTT studies and imaging would provide a comprehensive assessment
of cellular status at a specific time-point and therefore allow for identification of structural

cardiotoxicity.

3.4.2 Suitability of hiPSC-derived cardiomyocytes

The growth and contractility of Cor.4U hiPSC-CMs (axiogenesis) was monitored using the
impedance based xCELLigence cardio system, once cells were fully confluent and stable beating
was observed hiPSC-CMs were exposed to the B-adrenergic agonist isoproterenol and the hERG

potassium channel blocker E-4031.
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Isoproterenol exhibits both positive inotropy and chronotropy, meaning that clinically it causes
an increase in both the force and rate of contraction. Analysis of contractility 2 hours after the
addition isoproterenol showed an increased rate of contraction, however the amplitude of the
beats (an indication of the strength of contraction) was slightly less, meaning that positive
inotropy was not observed. Similar results were reported by Pointon et al. who found that the
positive inotropes digoxin and isoproterenol altered contraction strength measured by lonOptix,
however the direction was reversed with negative inotropy rather than positive inotropy being

detected.?®?

These discrepancies may be due to the immature phenotype of hiPSC-CMs. As discussed in
section 1.9.2.1 there are many differences between adult and embryonic cardiomyocytes,
including smaller sarcomeres, reduced numbers of mitochondria, lack of an extensive T-tubule
network and reduced SERCA and RyR expression. Consequently, the dynamics of calcium
handling are different in embryonic cardiomyocytes, which results in calcium entry primarily
through the sarcolemma rather than released from the sarcoplasmic reticulum and slower
cardiac excitation-contraction coupling.’®® The reduced contractile capacity of hiPSC-CMs
compared to adult cardiomyocytes may render them unable to increase their contractile

strength in response to positive inotropes such as isoproterenol.

Efforts to develop maturity in these cells, perhaps by co-culture with support cells, may help to
detect positive inotropy in hiPSC-CMs. Work in this area has been conducted by ACEA
biosciences who demonstrated that electrical pacing of hiPSC-CMs for three weeks prior to
exposure to positive inotropes reverses the negative-force frequency relationship of hiPSC-CMs
and increases in beat amplitude are observed. Although further characterisation of the paced
cells is required, improved sarcomeric structure and better localisation of RyRs may be

responsible for the observed improvements to contractility.?%®

128



E-4031 blocks the rapid delayed rectifier outward potassium current (Ikg) and thereby delays
ventricular repolarisation, which increases the duration of the myocardial contraction. Analysis
of contractility 2 hours after the addition of E-4031 showed the expected result of decreases to
both beat number and amplitude. As therapeutic inhibition of the hERG channel is associated
with arrhythmogenesis and fatal disorders such as Torsades de pointes (TdP),%4?1> accurate
detection of the contractile deficits caused by these inhibitors pre-clinically is of great

importance, and demonstrates the utility of these cells in future screening for cardiac liabilities.

This study has demonstrated that hiPSC-CMs monitored on the xCELLigence cardio system are
able to spontaneously contract after approximately 72 hours, and irrespective of their immature
phenotype are responsive to positive chronotropy (isoproterenol) and negative chronotropy
and inotropy (E-4031), and is therefore a suitable platform for the assessment of changes in
cardiomyocyte contractility. Changes in viability and morphology will also be possible using
hiPSC-CMs grown on the xCELLigence cardio system. Similar to the xCELLigence RTCA, increases
in cell index may represent increases to cell size, and decreases to the cell index may be due to

cytotoxicity or decreases in cell size.

3.4.3 Qualification studies with angiotensin Il

As a well-known mediator of cardiac hypertrophy angiotensin Il was used to qualify the in vitro
models developed for detection of structural cardiotoxicity. A hypertrophic response was
detected in AC10-CMs using the xCELLigence RTCA following repeated addition of clinically
relevant doses of angiotensin I, which was confirmed using cellular viability studies and imaging.
A similar response was observed in hiPSC-CMs using the xCELLigence cardio system, with
immediate increases in cell index occurring following addition of 200pM angiotensin Il. Many
groups have reported cardiomyocyte hypertrophy upon angiotensin Il addition in vivo and in

vitro and have attempted to identify other contributory factors to angiotensin Il induced
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hypertrophy. Studies using isolated neonatal rat cardiomyocytes have detected angiotensin Il
induced hypertrophy and assessed the impact of TAK-1 and Smad2/3,%?” whilst studies using
isolated adult rat cardiomyocytes compared the hypertrophic response of cardiomyocytes from
normal and post-infarcted rats when cultured in angiotensin 11.22 The potential of fibroblasts to
augment angiotensin Il induced hypertrophy was also investigated by Gray et al., who isolated
neonatal rat cardiomyocytes and fibroblasts and conducted co-culture experiments. The results
showed that co-culture of cardiomyocytes with fibroblasts enhanced cardiomyocyte
hypertrophy due to paracrine signalling,??® thus illustrating the crucial role of support cells such

as fibroblasts within the myocardium.

This study is the first to show that angiotensin Il induced hypertrophy can be detected using
impedance based systems in vitro using the human derived models AC10-CMs and hiPSC-CMs.
This has significant implications in terms of 3R’s benefits, as it demonstrates that the human
derived in vitro models used are able to respond as expected to the hypertrophic mediator and
therefore may replace or reduce the use of primary cardiomyocytes from animal sources for

these purposes which require difficult culture techniques and animal sacrifice.?®

The use of these in vitro models for detection of hypertrophy also extends towards improved
pre-clinical testing of pharmaceuticals as a means for early identification of structural
cardiotoxicity. As previously mentioned, the current method of pre-clinical testing for cardiac
liabilities focusses narrowly on the ability of compounds to block the hERG potassium channel
in vitro, followed by evaluation of the ability to prolong ventricular repolarisation and therefore
prolong the QT-interval in vivo.'”” This screening strategy overlooks the development of
structural changes, which are associated with a number of cancer therapeutics with the
potential to cause cardiovascular liabilities.** Structural changes can have a huge impact on the
pumping ability of the heart, therefore early identification of the problem is of crucial

importance.
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The initiation of hypertrophy in response to angiotensin Il suggests both the presence of the
ATR1 on AC10-CMs and hiPSC-CMs and functional signalling cascades that upon receptor
activation cause cellular hypertrophy. Angiotensin signalling via the ATR1 receptor has been

outlined in section 1.4.5.2 and figure 1.3.

In hiPSC-CMs, further analysis to contractility found that hypertrophy induced by 72 hours
exposure to angiotensin Il did not affect contractility of the cells in terms of amplitude and beat
number, however immediately after angiotensin Il addition increases in beat number and
decreases to beat amplitude were detected. Positive chronotropy and negative inotropy has
been previously detected in isolated rat cardiomyocyte cultures, in addition to increases in
calcium flux into the cells following a few minutes exposure to angiotensin 11.2%° The lack of
contractile changes reported in this study following long-term exposure may be due to the short
half-life of angiotensin I, in circulation the half-life of angiotensin Il can be as short as 30 seconds
which can increase to 30 minutes in tissues.?®! It is difficult to determine in the presented studies
how long angiotensin Il remained active in vitro, but it is likely that effects on contractility will
only occur up 30 minutes following addition so only acute responses can be observed. It is worth
noting that although changes to contractility were detected immediately after angiotensin I
addition, hiPSC-CMs are particularly sensitive to changes in temperature, so following return of
the cells to the incubator transient reductions in beat number are seen on the whole. For this

reason changes in contractility are usually assessed 2 hours after drug addition at the earliest.

3.4.4 Qualification of cellular models to detect drug-induced functional

changes in cardiomyocyte contractility

Sunitinib is an angiogenesis inhibitor used in the treatment of highly vascularised malignancies
such as renal cancer. Although successful at halting tumour growth its clinical use is associated

with numerous cardiotoxicities including development of arrhythmias, hypertension and
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impairments to ventricular function.®® As a well-known functional cardiotoxicant and mediator
of cardiac hypertrophy, it was used to qualify the in vitro models used in this study for detection

of functional and structural cardiotoxicity.

The toxicity profile of sunitinib was determined in both the exponential and plateau phases of
growth in AC10-CMs following 96 hours exposure to varying concentrations of sunitinib. Cells in
both growth phases showed no toxicity at the Cwmax Of sunitinib, (250nM). Interestingly, at
concentrations higher than the Cuax cells in exponential growth exhibited increased sensitivity
to sunitinib with an I1Csp of 10.7 £ 1.5uM, this value at least doubled for cells in the plateau phase
to greater than 20uM. This could be due to the mechanism of action of sunitinib. As a tyrosine
kinase inhibitor, sunitinib has the ability to suppress the growth of rapidly proliferating cells such
as cancer cells by inhibiting growth factor signalling. This results in decreases to cell growth,
proliferation and angiogenesis in tumours and may explain the increased sensitivity of AC10-
CMs in the exponential growth phase, as it is possible that these cells express higher levels of

sunitinib’s targets than the non-proliferating cells in plateau phase.

Analysis of morphological changes to AC10-CMs using the impedance based xCELLigence RTCA
showed induction of dose-dependent hypertrophy in both the exponential and plateau phases
of growth following repeated addition of sunitinib. Clinically relevant concentrations of sunitinib
(500nM = 2x Cpmax, 250nM = Cmax and 50nM = 0.2 Cuax) Were used, with all except 50nM causing
hypertrophy in the exponential growth phase and all three concentrations causing hypertrophy
in the plateau phase of growth. Occurrence of hypertrophy was verified using cellular viability
studies and imaging following 24 hours exposure to sunitinib. A similar pattern of hypertrophy
was observed in hiPSC-CMs with all three concentrations of sunitinib causing an immediate

increase in cell index that was sustained throughout repeated addition of sunitinib.

Other groups have also reported hypertrophy as a result of sunitinib treatment in vivo and in

vitro. For example, Chu et al. found evidence of hypertrophy in myocardial biopsies taken from
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the myocardium of patients who had developed chronic heart failure post-sunitinib treatment.*®
In hiPSC-CMs, addition of 3uM sunitinib for 48 hours caused an enlarged, hypertrophic like cell
shape.?? Investigations in the rat H9c2 cell line, concluded that application of 1, 2.5 and 5uM
sunitinib induced cellular hypertrophy.® The mechanism of sunitinib induced hypertrophy to
cardiomyocytes is currently unclear but it is thought to be at least partially due to inhibition of
PDGFR by sunitinib (see section 1.6.1.1). Evidence from the H9c2 cell line also implicates
involvement of the aryl hydrocarbon receptor, as antagonism of this receptor was found to

reduce sunitinib induced hypertrophy.1®

This study is the first to demonstrate sunitinib induced hypertrophy using impedance based
systems in vitro with the human derived models AC10-CMs and hiPSC-CMs. In contrast to
previous studies, where hypertrophy was detected at higher sunitinib concentrations, this study
identified sunitinib hypertrophy at lower clinically relevant doses over prolonged periods that
are more reflective of clinical exposures. This illustrates the utility of the xCELLigence systems to
detect morphology changes to AC10-CMs and hiPSC-CMs in a manner that is translational to the

clinical setting.

Analysis of contractility in the hiPSC-CMs revealed that sunitinib caused dose-dependent
decreases in beat number and increased beat amplitude with sunitinib following 72 hour
exposure. Other groups have reported changes to contractility following sunitinib exposure
using the xCELLigence cardio system. For example, Doherty et al. also found dose-dependent
reductions in beat rate following 2 hours and 24 hours exposure to 625nM, 2.5uM and 10uM
sunitinib. Although beat amplitude was not measured by Doherty et al., the effects of sunitinib
on ionic currents was assessed by patch clamping, where sunitinib was found to inhibit the hERG
channel with an ICsp of 500nM, and inhibit specific sodium (Nav1.5) and calcium (Cav1.2)

currents at higher concentrations.?*? It is possible that the increase in beat amplitude observed

133



in this current study with sunitinib is due to inhibition of one or a mixture of these ion channels.

3.4.5 Conclusion

The aim of this phase of the study was to determine the suitability of the AC10 cardiomyocyte
cell line (AC10-CMs) and hiPSC-derived cardiomyocytes (hiPSC-CMs) for detection of structural
and functional cardiotoxicity. The Induction of hypertrophy that was observed in AC10-CMs and
hiPSC-CMs following exposure to angiotensin Il and sunitinib qualifies the use of these cell
models for detection of structural cardiotoxicity and supports the use of these cells on an
impedance-based platform in screening assays for detection of structural toxicity. The
contractility assessments of hiPSC-CMs exposed to isoproterenol, E-4031, angiotensin Il and
sunitinib support the use of the impedance-based xCELLigence cardio system to detect changes

in cardiomyocyte contractility by assessment of transient changes to impedance.
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Chapter 4: In Vitro Evaluation of

Anthracycline-induced Cardiotoxicity

4.1 Introduction

An integral component of multiple chemotherapy regimes since their introduction in the 1960’s;
their widespread use makes anthracyclines (e.g. doxorubicin, daunorubicin and epirubicin) one
of the most successful drug categories. Anthracyclines are potent cytotoxic drugs whose broad
spectrum activity makes them suitable for use as single agents or alongside other drugs where
they are used in a curative, adjuvant or palliative manner.?® Their anti-proliferative effects are
exerted on cancer cells by intercalating between DNA base pairs, generating damaging oxygen
free radicals and inhibiting the DNA replicative enzyme topoisomerase lla. (Toplla) thereby
causing DNA double strand breaks. This culminates in an array of cellular injury including damage
to cellular components and disruption of DNA synthesis and replication.!! Despite the
oncological success of anthracyclines in treating a wide range of adult and paediatric
malignancies, their use is hampered by the occurrence of acute, chronic and delayed

cardiotoxicity which considerably limits their clinical usefulness.t®

Strategies employed in an effort to reduce the cardiotoxicity of anthracyclines include
development of less toxic analogues, modification to dosing schedules, creation of new delivery
and nano-formulations, enzymatic pro-drug conjugates to restrict anthracycline location to the
tumour site, concurrent administration of cardioprotective therapies and improved imaging
modalities and approaches to assess cardiac function.?®°1233 These modifications and strategies
all fall under the umbrella of cardio-oncology, a new multi-disciplinary approach that aims to
effectively treat a patients’ cancer whilst minimising the collateral damage to the cardiovascular

SyStem .41,153,234

135



4.1.1 Cardiotoxicity of the anthracycline doxorubicin

Doxorubicin is the most well studied of the anthracyclines, exhibiting broad spectrum activity
against many different tumour types, and thus is considered the standard anthracycline to which

).1> The cardiotoxic effects of

all of the other family members may be compared (Figure 4.1
anthracyclines were first reported by Lefrak et al. in 1973, who observed heart failure in patients
following doxorubicin treatment.!!? Although doxorubicin-induced cardiotoxicity has been

114

classified as the most noted chemotherapy-induced cardiotoxicity to date,™'* it is still unclear as

to how anthracyclines such as doxorubicin cause irreversible damage to cardiomyocytes.

Collective evidence suggests that the adverse cardiac effects initiated by doxorubicin is
progressive and multi-factorial. From a tissue and cellular level, doxorubicin is reported to cause
significant cytotoxicity of post-mitotic differentiated cardiomyocytes (and supporting cells, such
as fibroblasts) and subsequent loss of cellular mass.'* Tissue changes to the myocardium
include widespread areas of myocardial interstitial fibrosis, fibroblast proliferation, increased
macrophage infiltration and scattered vacuolated cardiomyocytes with a loss of regular
shape.?> At the subcellular level doxorubicin causes cytoplasmic vacuoles, mitochondrial
membrane disruption and disorder of myofibril arrangement.!'® From a molecular perspective,
mechanisms of doxorubicin-induced cardiomyopathy include impaired calcium handling, altered
gene and protein expression of key pathways involved in cardiomyocyte survival and function,
DNA breakage via inhibition of cellular topoisomerase 1B (ToplIB), intracellular collation of iron,
inhibition of mitochondrial topoisomerase | (Toplmt) and consequent function, and the
16,34,118,124,127 These

formation of oxygen free radicals that damage the mitochondria of the cells.

mechanisms of doxorubicin-induced cardiotoxicity are discussed in detail in section 1.7.1.1.
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4.1.1.1 Clinical manifestation of doxorubicin-induced acute cardiotoxicity

Acute cardiotoxicity can occur within weeks of treatment, although this is fairly rare and usually
self-limiting and reversible.’® The incidence of acute cardiotoxicity has been estimated at
approximately 11% and presents as drug-induced pericarditis and perturbations in cardiac
contractility causing cardiac dysrhythmias.’*?23> Doxorubicin-induced electrophysiological
disturbances are centred around non-specific ST-T changes and decreased amplitude of the QRS
complex. A case study by Steinberg et al. evaluated the cardiac function of 29 patients post-
doxorubicin treatment and concluded that arrhythmias in the first hour after doxorubicin
treatment are very uncommon, however occur more commonly over the next 23 hours, usually
in the form of ventricular premature beats and non-sustained ventricular tachycardia.’*! In
addition, the mechanism of acute cardiotoxicity is thought to involve an inflammatory response,
shown by Pecoraro et al. who observed increased levels of pro-inflammatory cytokines with a
concomitant reduction of the anti-inflammatory cytokine IL-10 in a 24 hour mouse study of

acute doxorubicin cardiotoxicity.?%®

Despite in many cases these early toxicities not posing an immediate threat or necessitation of
treatment interruption, they may ‘prime’ the heart to subsequent remodelling and occurrence
of the move severe forms of delayed toxicity. Acute cardiotoxicity as a consequence of

doxorubicin treatment is discussed in section 1.7.1.2.2.

4.1.1.2 Clinical manifestation of doxorubicin-induced delayed and chronic

cardiotoxicity

The cardiotoxicity demonstrated by anthracyclines, including doxorubicin, is largely irreversible
and related to the total cumulative dose that patients have been exposed to. The importance of
cumulative dose as a determinant for development of heart failure was identified by Von Hoff

et al. who conducted a retrospective analysis of over 4000 patients treated with anthracyclines.
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Although this study has been critiqued due to sole utilisation of clinician identified symptoms of
heart failure, a sudden rise in the prevalence of heart failure occurred at a cumulative dose of
550mg/m?,3 which is slightly higher than the current maximum recommended cumulative
lifetime dose of 450mg/mZ2.%> A retrospective analysis of three clinical trials conducted by Swain
et al. further investigated the importance of cumulative dose in relation to anthracycline-
induced cardiotoxicity (AIC), and reported the prevalence of heart failure in patients who were
exposed to a range of cumulative doses of anthracycline. The incidence of heart failure was
found to increase with cumulative dose, with estimated incidence of 5%, 26% and 48% with
400mg/m?, 550mg/m? and 700mg/m? cumulative dose, respectively. Interestingly, this study
also found an increased risk of cardiotoxicity with lower amounts of doxorubicin (<300 mg/m?)

which were previously not linked with left ventricular dysfunction.?’

The notable short and long term effects of doxorubicin on the cardiac system are development
of left ventricular dysfunction (LVD) which can lead to heart failure (HF). This progressive form
of drug-induced cardiotoxicity usually occurs following completion of treatment, either within
one year of treatment (chronic cardiotoxicity) or decades after chemotherapy has been
completed (delayed cardiotoxicity).’3* Chronic cardiotoxicity is the most prevalent and clinically
relevant manifestation of anthracycline-induced cardiotoxicity. Symptoms usually present
approximately one year following treatment as dilated cardiomyopathy a prerequisite for heart
failure.'*®

Delayed cardiotoxicity is particularly relevant in adult survivors of childhood cancer, whereby
cardiotoxicity arises decades after exposure to doxorubicin after a long asymptomatic period.'%®
Due to their younger age at the time of treatment, childhood survivors are in a developmental
stage that makes them more vulnerable to adverse health effects from potentially toxic
therapies, which become clinically apparent years later. In these survivors, cardiovascular
related disease has been identified as the leading cause of morbidity and mortality after

development of cancer recurrence.?!
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4.1.2 Cardiotoxicity of the anthracycline epirubicin

Epirubicin is a derivative of doxorubicin (Figure 4.1), used in the treatment of many tumour types
including haematological malignancies and cancers of the breast, lung, ovary and bladder.**! Its
use has been evaluated mainly in breast cancer patients where it is preferred over doxorubicin
due to its more favourable toxicity profile. These ‘safer drug’ benefits of epirubicin compared to
doxorubicin include reduced neutropenia and nausea, making this drug more tolerable for
patients which may allow for greater dose escalation and combination with other potentially
cardiotoxic therapies.??” However, although disease free and overall survival was improved for
patients who received 5-flurouracil/epirubicin/cyclophosphamide (FEC) compared to those who
received methotrexate instead of epirubicin, the rate of heart failure increased from 0.3% to
1.4% in epirubicin treated patients.?®® A retrospective analysis conducted by Ryberg et al. in 1998
evaluated the influence of cumulative dose, dose intensity and schedule on the development of
heart failure in 469 breast cancer patients treated with epirubicin.?®* The study found, similar
to doxorubicin, that the risk of developing heart failure is linked to cumulative lifetime exposure,
with 7.2% patients developing heart failure after a median follow-up of 75 months, with toxicity
risks increasing alongside higher cumulative doses. The risk was 4% at 900mg/m?, increasing to
15% at 1000mg/m? 3 therefore the maximum recommended cumulative dose for epirubicin is
clinically recognised at 900mg/m?,3! which could be considered analogous to receiving 450 -
550mg/m? doxorubicin.”®” Many randomised controlled trials (RCTs) have been conducted
comparing epirubicin and doxorubicin at equimolar doses, where epirubicin was found to

possess similar oncological efficacy to doxorubicin but was less cardiotoxic.?’

139



4.1.3 Cardiotoxicity of the anthracycline daunorubicin

Daunorubicin was the first anthracycline to be identified (Figure 4.1), and was isolated from the
Streptomyces peucetius bacteria in the 1950’s.1% Daunorubicin is used much less frequently than
other anthracyclines, mainly in the treatment of acute leukaemia in children and leukaemia in
adults, often as part of a combination regimen. Much like the other anthracycline agents,
cardiotoxicity is a major limitation of daunorubicin use and clinically the maximum cumulative
dose is 550mg/m? in adults or 300mg/m? in children.’3? The first clinical trial to assess the
cardiotoxic potential of daunorubicin was conducted by Halazun et al. in 1974 who compared
schedules consisting of methotrexate, vincristine, mercaptopurine, prednisolone +/-
daunorubicin in children with acute lymphocytic leukaemia. The study found that heart failure
occurred suddenly in patients treated with daunorubicin, where the incidence was 9.9%. A wide
range of doses were used throughout the study (360 — 1260mg/m?), all of which caused
cardiotoxicity — however in general incidence increased with increasing doses of
daunorubicin.?*® Studies comparing daunorubicin to doxorubicin are not as plentiful as
daunorubicin is used far less frequently than other anthracyclines, however analogous to
epirubicin, daunorubicin is believed to be less cardiotoxic than doxorubicin. A study conducted
using data pooled from various studies analysed 15,815 survivors of childhood cancer and found
that heart failure was less prevalent in daunorubicin treated patients than those treated with
doxorubicin.?** This has potential implications because if the two anthracyclines are equally
efficient at killing cancer cells in a patient population, then daunorubicin may represent a better

option in terms of preservation of cardiac function in paediatric cancer cases.
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4.1.4 Risk factors for anthracycline-induced cardiotoxicity

Whilst the notion of total lifetime cumulative dose exists to protect patients from developing
anthracycline induced cardiotoxicity, it has become evident that some patients develop
cardiotoxicity following exposure to lower cumulative doses, whereas others are able to
withstand much higher amounts of drug without developing cardiac abnormalities. Several risk
factors have been reported to increase susceptibility to developing AIC including extremes of
age, concurrent treatment with the molecular-targeted agent trastuzumab or radiation therapy

and pre-existing cardiac disease.6195144145 Risk factors for AIC are discussed in section 1.7.1.3.
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Figure 4.1 Structures of the anthracyclines doxorubicin, epirubicin and
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4.1.5 Aims and objectives

The occurrence of cardiac liabilities following anthracycline treatment is well established
clinically, particularly doxorubicin induced cardiotoxicity. The aim of this phase of the study is to
use the in vitro models and methods that were qualified in chapter 3 to determine if the
structural and functional acute cardiotoxicity induced by anthracyclines in the clinic can be

detected using these in vitro cardiomyocyte models.
Specifically:

i) Determination of the sensitivity of AC10 cardiomyocytes (AC10-CMs) to doxorubicin, with
clinically relevant doses of the drug used to assess structural changes to cells using the
xCELLigence RTCA system. Parallel studies will be conducted using human induced pluripotent
stem cell derived cardiomyocytes (hiPSC-CMs) where functionality and morphology following

exposure to doxorubicin will be monitored using the xCELLigence cardio system.

ii) Studies will be conducted in AC10-CMs to investigate the differential effects of an
anthracycline panel comprised of doxorubicin, daunorubicin and epirubicin. Investigations will
be conducted in both the exponential and plateau phases of growth for 24 hours and 96 hours
exposure times to assess the sensitivity of the cells to the anthracycline panel and elucidate the

effects of proliferative capacity and exposure time on cell sensitivity to the drugs.

iii) Structural changes following addition of clinically relevant doses of the anthracycline panel
will be assessed using the xCELLigence RTCA on AC10-CMs in both the exponential and plateau
phases of growth. Parallel studies will be conducted using hiPSC-CMs where functionality and
morphology following exposure to the anthracycline panel will be monitored using the

xCELLigence cardio system.
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4.2 Materials and methods

4.2.1 Evaluation of viability of AC10-CMs following anthracycline

treatment determined using the MTT assay

AC10-CMs were seeded into 96-well plates as previously described in section 2.2 for exponential
and plateau phase studies. After 24 hours the anthracyclines doxorubicin, daunorubicin and
epirubicin were added to cells in separate plates, with a 1:5 serial dilution performed across the
wells, resulting in final concentrations ranging from 5uM to 128pM, 2uM to 25nM or 1uM to
2nM, respectively. Following 24 hours exposure, drugs were removed and media replaced with
fresh medium. For 96 hour exposure studies, cells were exposed to the drugs for the duration
of the experiment. After 96 hours post drug addition, cell viability was assessed using the MTT
assay (see section 2.2). All studies were repeated a minimum of three times and ICso values
determined by implementing curve fitting by non-linear regression on GraphPad Prism (Version

7.04, GraphPad Software, Inc.).

4.2.2 Investigations of morphological changes to AC10-CMs induced by

anthracyclines using the xCELLigence real-time cell analyser

Experiments were set up as described in section 2.3. For continuous exposure studies in
exponential growth phase, doxorubicin was added at 24 hours and cells were exposed to 50nM,
100nM, 250nM and 500nM doxorubicin for 96 hours. For studies analysing 24 hours exposure
in exponential growth phase, anthracyclines (doxorubicin, daunorubicin and epirubicin; 50nM
and 500nM) were added at 24 hours and replaced with fresh medium following 24 hours
exposure. For studies in plateau growth phase, anthracyclines (doxorubicin, daunorubicin and
epirubicin; 50nM and 500nM) were added once the cell index demonstrated confluence
(approximately 72 hours) and replaced with fresh medium following 24 hours exposure. All

experiments were performed in triplicate and statistical analysis on normalised cell index values
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was conducted using a one way analysis of variance (ANOVA) test, and a post-hoc Dunnett’s test

when required using GraphPad Prism (Version 7.04, GraphPad Software, Inc.).

4.2.2.1 Evaluation of viability of AC10-CMs following anthracycline treatment
at specific time points determined using the MTT assay

In parallel, cellular viability was determined to complement data obtained using the xCELLigence
real-time cell analyser (RTCA). AC10-CMs were seeded into 96-well plates as previously
described in section 2.2 for exponential and plateau phase studies. For continuous exposure in
exponential growth phase, doxorubicin (50nM, 100nM, 250nM and 500nM) was added 24 hours
after cell seeding and experiments terminated following 48 hours exposure. For studies
analysing 24 hours exposure in both exponential and plateau growth phase, anthracyclines
(doxorubicin, daunorubicin and epirubicin; 50nM and 500nM) were added 24 hours after cell
seeding and experiments terminated after 24 hours exposure. Absorbance readings were

obtained and analysed as described in section 2.2. All experiments were performed in triplicate.

4.2.3 Imaging of AC10-CMs treated with doxorubicin

AC10-CMs were plated at a density of 5x10* cells/well in 6 well plates. The following day 50nM
doxorubicin was added to 2 wells and following 48 hours exposure the cells were fixed using 4%
PFA (see section 3.2.1). All experiments included a time matched vehicle control. Cellular images
were collected using a Leica DIC DMI6000B inverted microscope and analysed using the Leica

application suite. All studies were repeated in triplicate.
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4.2.4 Evaluation of anthracycline-induced cardiotoxicity in hiPSC-CMs

using the xCELLigence cardio system

hiPSC-CMs were plated into a cardio E-plate at a density of 30,000cells/well, in wells pre-coated
with fibronectin (Cell plating and maintenance described in section 2.4). Once stable beating
was detected, half the media (90ul) was removed from each well and replaced with media
containing twice the required drug concentration. Doxorubicin was added to a final
concentration of 50nM, 100nM and 250nM, whereas epirubicin and daunorubicin were added
at 50nM only. Changes to the cell index and contractility following drug addition were analysed
at various points throughout 24 hours exposure to the drugs, as per standard xCELLigence assay.
Following 24 hours exposure to anthracyclines the drugs were washed out using the four step
medium change method (see section 2.4.2) and cells were re-challenged with the same

anthracycline 96 hours later.

Statistical analysis on normalised cell index, normalised beat rate and normalised beat
amplitude were conducted using a one way analysis of variance (ANOVA) test, and a post-hoc
Dunnett’s test when required. Statistical analysis was performed using GraphPad Prism (Version

7.04, GraphPad Software, Inc.).
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4.3 Results

The purpose of this phase of the study was to apply the methodologies previously established
to investigate the structural and functional cardiotoxicity related to anthracyclines. Initially the
sensitivity of AC10 cardiomyocytes (AC10-CMs) to doxorubicin was evaluated, followed by
investigations into morphological changes to these cells and changes to the morphology and
contractility of hiPSC-derived cardiomyocytes (hiPSC-CMs) after exposure to doxorubicin.
Comparative studies using the anthracyclines doxorubicin, daunorubicin and epirubicin were
then convened using the same methodology to investigate if the observed responses were

specific to doxorubicin or are a ubiquitous effect related to the anthracycline class.

4.3.1 Cardiomyocyte cell types are differentially sensitive to doxorubicin

Prior to investigating morphological effects, the effect of doxorubicin on viability of AC10-CMs
in the exponential growth phase was ascertained using the MTT assay. Figure 4.2 shows that
exposure to concentrations of doxorubicin ranging from 5uM to 12.8pM for 96 hours caused a
dose-dependent decrease in the cellular viability of AC10-CMs, with an ICso of 14.66 = 3.31nM.
The Cwmax of doxorubicin is 1.1uM (indicated on the graph), for future experiments investigating
the morphological changes to cells, concentrations of 0.5, 0.25, 0.1 and 0.05 Cuax Were used,

which equates to concentrations of 500nM, 250nM, 100nM and 50nM doxorubicin.
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Figure 4.2 Effect of doxorubicin on viability of AC10 cardiomyocytes
Dose response curve showing the effect of doxorubicin on cell viability following 96 hours
exposure expressed as % cell survival relative to vehicle control for cells in exponential growth

phase. The dashed line represents the C,,  of doxorubicin (1.1uM), data is representative of n=3

+ SE.
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4.3.1.1 Doxorubicin induces morphological changes in AC10 cardiomyocytes

The xCELLigence RTCA was used to assess the effect of doxorubicin on the morphology of
AC10-CMs. As shown in figure 4.3A and 4.3B, when normalised to the point of doxorubicin
addition, cell index initially increased higher than the level of control in cells exposed to
doxorubicin. The cell index of cells treated with 250nM and 500nM doxorubicin then declined
(figure 4.3B), whereas the cell index of cells treated with 50nM and 100nM doxorubicin
continued to increase, with the highest cell index observed at 48 hours exposure to 50nM
doxorubicin (figure 4.3A). This data is summarised in figure 4.3C. To ascertain if the increases in
cell index was due to increased cellular proliferation or a change to cellular morphology an MTT
assay was carried out. With respect to AC10-CMs treated with 50nM and 100nM doxorubicin, if
cell index were based purely on cell number then treatment with 50nM doxorubicin would
increase cell number, and treatment with 100nM doxorubicin would not impact cell number
significantly. However, AC10-CMs exposed to 50nM and 100nM doxorubicin in an identical
manner showed dose-dependent decreases in cell viability (figure 4.3D), indicating that the
increase in cell index observed using xCELLigence was due to a change in morphology (figure

4.3E).
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Doxorubicin induces morphological changes in AC10 cardiomyocytes (1)

A/B. xCELLigence traces showing time (hours) vs normalised cell index of AC10-CMs in

exponential growth phase exposed to doxorubicin with point of doxorubicin addition (arrow)

and exposure time indicated, data representative of n=3, data points shown are average + SD
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Figure 4.2 Doxorubicin induces morphological changes in AC10 cardiomyocytes (2)
C. Normalised cell index following 48 hours exposure to doxorubicin, data is n=3 £ SE. D. Relative
cell number following 48 hours exposure to doxorubicin measured by MTT assay, data is n=3 +
SE and E. Images of untreated and doxorubicin treated AC10 cardiomyocytes showing a change
in morphology. Images were taken at 10x magnification following 48 hours exposure to
doxorubicin. m control, m 50nM doxorubicin, m 100nM doxorubicin, m 250nM doxorubicin,

m 500nM doxorubicin.
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4.3.1.2 Doxorubicin induces morphological changes and functional
disturbances in hiPSC-derived cardiomyocytes

Stably beating Cor.4U cells were exposed to doxorubicin for 24 hours and the effects on cell
morphology and contractility were monitored in real-time. As shown in figure 4.4A, when
normalised to the point of doxorubicin addition, cell index immediately increased higher than
the level of control in cells exposed to 50nM, 100nM and 250nM doxorubicin, with the greatest
difference in cell index approximately 6 hours after doxorubicin was initially added (figure 4.4B),

indicating that doxorubicin induced a morphology change to the cells.

Assessment of the effect of doxorubicin on contractility of hiPSC-CMs was carried out after 6
and 24 hours exposure, as these time points represent the greatest degree of hypertrophy and
maximum exposure to the drug respectively. The representative traces of contractility shown
for control and doxorubicin treated cells in figure 4.5A show no visible changes in contractility
following 6 hours exposure, however visible changes to both beat rate and amplitude are
evident following 24 hours exposure. Detailed analysis of beat rate and amplitude is shown in

figures 4.5B and 4.5C respectively.

152



4.4A

| 50nM doxorubicin
os £l 100nM doxorubicin
t| 250nM doxorubicin
;| Control _

Normalized Cell Index
=
X

08 I . . . . 1 . . . . 1 . . . . 1

1213 1263 1313 136.3 1413
Time (in Hour) -- RTCA

4.4B
1.1 4
oo .S
£5 |
g3
= o
o x
1
=
82
O q
28
= 009
£3
o ¢
2 © 4
0.8 -
—
[Doxorubicin]

Figure 4.4 Doxorubicin induces morphological changes in hiPSC-derived
cardiomyocytes

A. xCELLigence trace showing time (hours) vs normalised cell index of hiPSC-CMs exposed to

doxorubicin with point of doxorubicin addition (arrow) and exposure time indicated, data

representative of n=2, data points shown are average + SD. B. Normalised cell index following 6

hours exposure to doxorubicin, data points show average of 4 wells + SE. * p< 0.0001 (treatment

groups compared to control). m control, m 50nM doxorubicin, m 100nM doxorubicin, m 250nM

doxorubicin.
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Figure 4.5 Doxorubicin induced changes to contractility of hiPSC-derived

cardiomyocytes are greater following 24 hours exposure
A. Representative traces showing contractility of control cells and cells exposed to doxorubicin
(DOX) for 6 and 24 hours. B. Normalised beating rate following 6 and 24 hours exposure to
doxorubicin, data points show average of 3wells +SE. C. Normalised beat amplitude
following 6 and 24 hours exposure to doxorubicin, data points show average of 3 wells + SE.

x p< 0.001, xx p< 0.0001 (treatment groups compared to control). m control, m 50nM

doxorubicin, m 100nM doxorubicin, m 250nM doxorubicin.
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4.3.2 Anthracyclines exhibit similar toxicity profiles in cardiomyocyte cell

models

Prior to investigating morphological changes, the effect of doxorubicin, daunorubicin and
epirubicin on viability of ACIO-CMs was investigated in the exponential and plateau phases of
growth for both 96 hours continuous exposure and 24 hours exposure plus a 72 hours recovery
period. Figure 4.6 shows the viability of AC10-CMs following 24 hours exposure (plus recovery
period) to the anthracyclines in both the exponential and plateau phases of growth. In general,
similar chemosensitivity profiles were obtained in both growth phases, with cells in the
exponential growth phase being slightly more sensitive to all of the anthracyclines, as evidenced
by the ICso values (table 4.1). In contrast, following 96 hour exposure to anthracyclines, AC10-
CMs in the exponential phase of growth were more sensitive compared to cells exposed to 24
hours anthracyclines only (Figure 4.7). The increased exposure time did not affect the sensitivity
of cells in the plateau growth phase, with similar 1Csp values obtained for 24 and 96 hours
exposure times (table 4.1 and 4.2). For future experiments investigating the morphological
changes to cells, exposure times of 24 hours were chosen as the current studies suggest that the

majority of anthracycline induced damage occurs within this timeframe.

As the data presented in table 4.1 includes a 72 hour recovery period following 24 hours

anthracycline exposure the 1Cs values presented are not true ICsovalues.
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Figure 4.6 Anthracyclines exhibit similar toxicity profiles in AC10 cardiomyocytes

following 24 hours exposure and a 72 hour recovery period
Dose response curves showing cell viability expressed as % cell survival relative to vehicle control
for cells in exponential and plateau growth phases exposed for 24 hours to A. Doxorubicin,

B. Daunorubicin and C. Epirubicin. The dashed line represents the C, of the drug (daunorubicin

= 430nM,?*2 doxorubicin = 1.1uM,?*? epirubicin = 766nM?**). Data is n=3 * SE, ICs values shown

inset in table 4.1.
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Figure 4.7 AC10 cardiomyocytes in the exponential growth phase are more

sensitive than those in plateau growth phase to anthracyclines
following 96 hours exposure
Dose response curves showing cell viability expressed as % cell survival relative to vehicle control
for cells in exponential and plateau growth phases exposed for 96 hours to A. Doxorubicin,

B. Daunorubicin and C. Epirubicin. The dashed line represents the C,,_ of the drug (daunorubicin

= 430nM,2*? doxorubicin = 1.1uM,?*? epirubicin = 766nM?*). Data is n=3 * SE, ICso values shown

inset in table 4.2.
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4.3.2.1 Anthracyclines induce morphological changes in AC10 cardiomyocytes

Cells in exponential and plateau growth phase were exposed to 50nM (~0.05 Cuax) and 500nM
(~0.5 Cmax) anthracyclines for 24 hours, and the effects on cell behaviour were monitored in real-
time. As shown in figure 4.8A/B following 24 hours anthracycline exposure, when normalised to
the point of anthracycline addition, cells in exponential growth phase exposed to 50nM and
500nM anthracyclines exhibited an immediate increase in cell index. The cell index continued to
increase following 24 hours exposure to 50nM anthracyclines whereas with exposure to 500nM
anthracyclines the cell index began to decrease at approximately 18 hours exposure. The
normalised cell index following 24 hours exposure to anthracyclines is summarised in figure
4.8C. To ascertain if the increases in cell index were due to increased cellular proliferation or a
change to cellular morphology an MTT assay was carried out - AC10-CMs exposed to 50nM and
500nM anthracyclines for 24 hours showed dose-dependent decreases in viability (figure 4.8D),
indicating that the increases in cell index observed using xCELLigence was due to a change in
morphology. A parallel study conducted in cells in the plateau phase of growth showed similar
findings, however in this growth phase 500nM anthracyclines resulted in a higher cell index than
50nM anthracyclines following 24 hours exposure. The cell index began to decrease after 24
hours exposure to 500nM anthracyclines, whereas with 50nM anthracyclines the cell index
remained steady after this time point (Figure 4.9A/B). The results of this study are shown in

figure 4.9A-D.
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Figure 4.8 Anthracyclines induce morphological changes of AC10 cardiomyocytes in
exponential growth phase

A/B. xCELLigence traces showing time (hours) vs normalised cell index of AC10-CMs in exponential growth

phase exposed to A. 50nM and B. 500nM anthracyclines with point of anthracycline addition (arrow),

anthracycline removal (round-headed arrow) and exposure time indicated, data representative of n=3, data

points shown are average + SD. C. Normalised cell index following 24 hours anthracycline exposure, data is n=3

+ SE and D. Relative cell number following 24 hours anthracycline exposure measured by MTT assay, data is

n=3 + SE. % p< 0.05 (treatment groups compared to control). m control, m 50nM doxorubicin, m 50nM

daunorubicin, m 50nM epirubicin.
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Figure 4.9 Anthracyclines induce morphological changes of AC10 cardiomyocytes

in plateau growth phase

A/B. xCELLigence traces showing time (hours) vs normalised cell index of AC10-CMs in plateau growth phase
exposed to A. 50nM and B. 500nM anthracyclines with point of anthracycline addition (arrow), anthracycline
removal (round-headed arrow) and exposure time indicated, data representative of n=3, data points shown are
average + SD. C. Normalised cell index following 24 hours anthracycline exposure, data is n=3 + SE and D.
Relative cell number following 24 hours anthracycline exposure measured by MTT assay, data is n=3 £ SE.

* p< 0.05, * p< 0.01 (treatment groups compared to control). m control, m 50nM doxorubicin, m 50nM

daunorubicin, m 50nM epirubicin.
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4.3.2.2 Anthracyclines induce similar morphological changes and functional
disturbances in hiPSC-derived cardiomyocytes

Stably beating Cor.4U cells were exposed to 50nM anthracyclines for 24 hours and the effects
on cell morphology and contractility were monitored in real-time. As shown in figure 4.10A,
when normalised to the point of anthracycline addition, cell index immediately increased higher
than the level of control in cells exposed to all of the anthracyclines, with the greatest difference
in cell index approximately 6 hours after the anthracyclines were added (figure 4.10B), indicating

that all of the anthracyclines induced a morphology change to the cells.

Assessment of the effect of the anthracyclines on contractility of hiPSC-CMs was carried out
after 6 and 24 hours exposure to anthracyclines, as these time points represent the greatest
degree of hypertrophy and maximum exposure to the drug respectively. The representative
traces of contractility shown for control and anthracycline treated cells in figure 4.11A show no
visible changes in contractility following 6 hours exposure, however visible changes to both beat
rate and amplitude are evident following 24 hours exposure. Detailed analysis of beat rate and

amplitude is shown in figures 4.11B and 4.11C respectively.
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Figure 4.10 Anthracyclines induce morphological changes in hiPSC-derived
cardiomyocytes

A. xCELLigence trace showing time (hours) vs normalised cell index of hiPSC-CMs exposed to

anthracyclines with point of addition (arrow) and exposure time indicated, data points shown

are average + SD. B. Normalised cell index following 6 hours exposure to anthracyclines, data

points show average of 4 wells £+ SE. * p< 0.0001 (treatment groups compared to control).

m control, m 50nM doxorubicin, m 50nM daunorubicin, m 50nM epirubicin.
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Figure 4.11 Anthracycline induced changes to contractility of hiPSC-derived
cardiomyocytes are greater following 24 hours exposure

A. Representative traces showing contractility of control cells and cells exposed to

anthracyclines (DOX = doxorubicin, DAUN = daunorubicin and EPI = epirubicin) for 6 and 24

hours. B. Normalised beating rate following 6 and 24 hours exposure to anthracyclines, data

points show average of 3 wells + SE and C. Normalised beat amplitude following 6 and 24 hours

exposure to anthracyclines, data points show average of 3 wells * SE. * p< 0.05 (treatment groups

compared to control). m control, m 50nM doxorubicin, m 50nM daunorubicin, m 50nM epirubicin.
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4.4 Discussion

The occurrence of cardiac liabilities following anthracycline treatment is well established
clinically, particularly doxorubicin induced cardiotoxicity. The challenge addressed in this phase
of the study was to utilise the previously characterised in vitro models to determine if the
structural and functional cardiotoxicity induced by anthracyclines in the clinic can be detected

using in vitro cardiomyocyte models.

4.4.1 In vitro assessment of doxorubicin-induced cardiotoxicity

Doxorubicin is the most frequently used anthracycline and is notoriously associated with
cardiotoxicity;'® hence is considered the archetypal anthracycline for comparison of other
anthracyclines. Following 96 hours exposure, the ICsp value of doxorubicin in AC10
cardiomyocytes (AC10-CMs) in the exponential growth phase was 14.66 + 3.31nM. This is
considerably less than the Cuax of doxorubicin in humans (1.1uM), however is clinically relevant
as following administration doxorubicin is quickly cleared from the blood, metabolised by the
liver and distributed into tissues, therefore the concentration of active drug that contacts the
myocardium will be lower than the Cuvax.™® In a study using five cancer cell lines originating from
different tissues, the ICsovalues of doxorubicin ranged from 20 — 420nM,?** and in the rat H9c2
cardiomyoblast cell line, Chularojmontri et al. reported an ICso value of 142nM following 48

hours exposure of the cells to doxorubicin.?*®

Exposure to four clinically relevant concentrations (50nM, 100nM, 250nM and 500nM) of
doxorubicin initiated a hypertrophic response in AC10-CMs, which was confirmed using cellular
viability studies and imaging. At 48 hours exposure a dose-dependent response was observed in
cell index, with 50nM doxorubicin showing the highest cell index and 500nM showing the lowest
cell index, this paired with the viability studies conducted at this time point illustrate that the
cell index values depict a balance between cell death and hypertrophy. Studies in hiPSC-CMs
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using the xCELLigence cardio system showed a similar response to doxorubicin, with immediate
increases in cell index occurring following addition of 50nM, 100nM and 250nM doxorubicin,

indicating that doxorubicin had also induced hypertrophy in this cell type.

Many groups have reported cardiomyocyte hypertrophy upon doxorubicin addition in vivo and
in vitro. Myocardial biopsies performed in human hearts after doxorubicin treatment revealed
an increase in both the size of the cells and the sarcoplasmic reticulum and T-tubules following
24 hours exposure.?*” Studies using the rat H9c2 myoblast cell line also reported doxorubicin
induced hypertrophy?*® and morphological alterations, including alterations to fibrous structural
proteins, mitochondrial damage and membrane blebbing with associated with changes to
cellular shape.'® The results in this study progress these preliminary findings and have now
confirmed this morphological and phenotypic change, in a clinically applicable manner and using

novel methodologies permissive of real-time and physiologically relevant analyses.

Despite the activity of hiPSC-CMs being investigated following doxorubicin treatment previously,
the main focus was primarily on identifying changes to beat parameters using higher doses of
doxorubicin, thus lacking clinical significance. For example, a recent study by Koci et al. used a
range of doxorubicin concentrations from 0.3uM - 100uM and monitored contractility over 72
hours. Changes in contractility were seen with all concentrations of doxorubicin used by 72
hours, however cell death occurred quickly with all concentrations so hypertrophy would be
difficult to ascertain.?*® The use of high doses of doxorubicin caused a rapid loss of
cardiomyocytes in the study by Koci et al., demonstrated by sharp declines in cell index. The
majority of the concentrations of doxorubicin used in the aforementioned study are much higher
than the level exposed to the body and lack relevance as the acute cardiotoxicity response to
doxorubicin is associated with inflammation rather than a loss of tissue mass. In contrast, the
current study used much lower clinically relevant concentrations and found initiation of

morphological changes and altered contractility with all doses of doxorubicin applied within 24
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hours. At the point when cells showed the greatest degree of hypertrophy (6 hours exposure)
following exposure to doxorubicin at 50nM and 100nM no changes in contractility were
observed, however in cells treated with 250nM doxorubicin (close to the lowest dose used by
Koci et al.) a reduction in beat frequency was observed. This illustrates that it is possible to
detect changes in the contractility of hiPSC-CMs with low clinically relevant doses of doxorubicin

following a much shorter exposure time of 6 hours.

In the same cells following 24 hours exposure to doxorubicin, hiPSC-CMs treated with all doses
used in this study exhibited alterations to their contractility. Treatment with 50nM doxorubicin
caused decreases in beat frequency and amplitude which were further decreased in cells
challenged with 100nM doxorubicin. Interestingly, treatment with 250nM doxorubicin caused a
large decrease in beat amplitude paired with a large increase in beat frequency relative to
control. As the highest dose used in the study, 250nM doxorubicin was toxic to cells as shown
by the decrease in cell index and hence decrease in beat amplitude following 24 hours exposure.
The beat frequency of the cells would also be anticipated to decrease (as was the case with the
lower doses used), however it increased. This may be due to the toxicity of the drug causing cell
death resulting in gaps in the syncytium. A fully formed syncytium is essential for efficient
monitoring of contractility using xCELLigence technology, and any disturbances could cause the

system to detect ‘flutters’ of the disrupted syncytium rather than organised cellular contraction.

Nevertheless, the results of the current work have shown that it is possible to detect both
hypertrophy and contractile disturbances in human derived cell types using in vitro impedance
based systems, with cellular changes occurring in response to clinically relevant concentrations
of doxorubicin in as little as 6 hours. These changes potentially relate to the acute cardiotoxicity
of doxorubicin, which in humans manifests as transient arrhythmias and inflammation4142

which may be involved in increasing susceptibility to the more severe chronic form of

doxorubicin-induced cardiotoxicity.
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4.4.2 Comparative studies using the anthracyclines doxorubicin,

daunorubicin and epirubicin

The studies indicative of induction of doxorubicin-induced hypertrophy in AC10-CMs and hiPSC-
CMs, led to comparative studies using the anthracyclines doxorubicin, daunorubicin and
epirubicin to investigate if this response is specific to doxorubicin or is a ubiquitous effect related

to the anthracycline class.

Viability studies conducted using AC10-CMs in the exponential and plateau phases of growth for
both 24 and 96 hours continuous exposure showed comparable levels of toxicity. In general,
similar chemosensitivity profiles were obtained in both growth phases, with cells in the
exponential growth phase being slightly more sensitive to all of the anthracyclines, and
increased sensitivity following 96 hours exposure compared to 24 hours exposure only - as
evidenced by the ICso values. Owing to the mechanism of action of anthracyclines in cancer cells,
which cause disruption of DNA synthesis and replication in proliferating cells, increased toxicity
would be expected in cells in the exponential growth phase as the anthracyclines would be able
to interfere more readily with DNA replication and topoisomerase Il than in cells in the plateau
growth phase, as these cells would be in a more quiescent state and therefore have reduced
levels of proliferation. Increased duration of exposure would also be expected to increase
toxicity as the drugs have more time to induce cellular damage, as was the case with the current

study.

As the effects on viability were detectable within 24 hours exposure to anthracyclines,
subsequent studies investigating the morphological changes to cells were focused on this
timeframe, which also reflects the plasma half-life of the anthracyclines. Taking doxorubicin as
an example, the drug undergoes rapid metabolism by the liver and undergoes triphasic
elimination with a terminal half-life of approximately 30 hours.'® This means that its takes

approximately 30 hours for 50% of doxorubicin to be eliminated from the body, and a total of 6
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half-lives (approximately one week) for one intravenous administration of doxorubicin to be
completely eliminated from the body. In this study AC10-CMs were exposed to high (500nM)
and low (50nM) clinically relevant concentrations of anthracyclines for 24 hours, as this
represents the different stages following clinical administration of anthracyclines, specifically

soon after administration and a few days into the elimination process.

Exposure of AC10-CMs to all of the anthracyclines used showed hypertrophy in both the
exponential and plateau growth phase which was confirmed using cellular viability studies.
These results demonstrate the interplay that exists between cell death and hypertrophy in
response to anthracyclines in the exponential growth phase and the influence of proliferative
capacity in the plateau growth phase. In the plateau phase of growth addition of 500nM
anthracyclines resulted in a higher cell index than 50nM anthracyclines following 24 hours
exposure, whereas in exponential growth phase the cells exposed to 500nM anthracyclines had
already began to die by this time point, thus demonstrating that cells in the plateau growth
phase are less sensitive to anthracycline toxicity in terms of occurrence of cellular death due to
their quiescent state, but perhaps are more affected by the damaging effects of the drugs in
terms of changes to cellular structure. This illustrates that this growth phase may more

accurately model the cardiomyocytes of the human heart.

A similar response was observed in hiPSC-CMs using the xCELLigence cardio system, with
immediate and sustained increases in cell index occurring following addition of 50nM of all
anthracyclines used, indicating that the anthracyclines also induced hypertrophy in this cell type.
As previously discussed, cardiomyocyte hypertrophy in response to doxorubicin has been
described using different in vitro cardiomyocyte models, however studies using other
anthracyclines are scarcer. Until now, the only studies into this area have used animal derived
cell lines such as the H9c2 rat cardiomyoblast cell line, where its use identified morphological

changes following treatment with daunorubicin.?*® Although effects on morphology were not
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assessed, an interesting study by Toldo et al. compared the effects of doxorubicin and epirubicin
in the HL-1 mouse atrial cell line with respect to reactive oxygen species (ROS) generation, DNA
damage and apoptosis. The study found that both anthracyclines exhibited similar toxicity
profiles, however reduced toxicity was observed with a liposomal formulation of doxorubicin.??
The results in this study build on these findings and have now confirmed that morphological
changes occur in both doxorubicin and epirubicin treated human derived cardiomyocyte cells at
comparable levels using novel methodologies permissive of real-time and physiologically

relevant analyses.

As previously discussed, the majority of studies undertaken to date using hiPSC-CMs have
utilised higher doses of anthracyclines and focussed on changes to beat parameters. For
example, Doherty et al. reported that 5uM daunorubicin caused 20% decreases to beat rate and
amplitude of hiPSC-CMs which were preceded by increases to ROS, suggesting that the
generation of ROS contributes to the early cardiotoxicity of daunorubicin.??® Studies in isolated
rat cardiomyocytes conducted by Chan et al. compared contractility following 20 minutes
exposure to 10uM doxorubicin and epirubicin and found that all indices of contractility were
decreased in equal amounts, and that the antioxidant enzymes superoxide dismutase and
catalase afforded protection against these changes to contractility.?>? The exposure time of 20
minutes used in the aforementioned study does not accurately reflect clinical exposure times,
therefore the current study has used an increased exposure time of 24 hours and much lower
doses to provide a more clinically relevant analysis of the effects of anthracyclines on

contractility.

Upon addition of 50nM of the anthracyclines to hiPSC-CMs minimal changes to contractility
were seen following 6 hours exposure (when the cells showed the greatest degree of
hypertrophy). However following 24 hours exposure, hiPSC-CMs treated with all anthracyclines

used in this study exhibited alterations to their contractility. Treatment with 50nM doxorubicin
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caused decreases in beat frequency and amplitude which were decreased slightly more in cells

challenged with epirubicin and daunorubicin.

4.4.3 Translatability of in vitro comparative anthracycline studies

The studies by Toldo et al. and Chan et al. both compared doxorubicin and epirubicin using in
vitro cardiomyocyte models and reported no differences between the two anthracyclines with
their ability to structurally damage cells and induce contractility changes.?®%%? The work
presented herein has confirmed anthracycline induced hypertrophy in AC10-CMs and hiPSC-
CMs, both human relevant models, at clinically relevant concentrations and in an in vitro model
system. However, there was a lack of substantial differences between the degree of hypertrophy
observed with any of the anthracyclines, as was also the case with the ICso values that were

determined using chemosensitivity studies.

These results are not in line with the current clinical view that epirubicin is less cardiotoxic then
doxorubicin.?®’ Randomised controlled clinical trials conducted in breast cancer patients
comparing epirubicin and doxorubicin at equimolar doses found epirubicin possesses similar
oncological efficacy to doxorubicin but is significantly less cardiotoxic as fewer patients
developed heart failure on the epirubicin arm of the trials compared to the doxorubicin treated
patients. Therefore epirubicin is preferred over doxorubicin as it is currently perceived to
possess a more favourable toxicity profile including reduced risk of cardiotoxicity and
neutropenia and a lower incidence of nausea and vomiting. The effects of anthracyclines on
cardiac function in humans is dependent on many factors in addition to induction of damage to
cardiomyocytes, which may explain why little differences have been observed between
anthracyclines using in vitro cardiomyocyte models. For example, epirubicin has a different
pharmacokinetic profile to doxorubicin characterised by altered drug metabolism, a higher

clearance rate and a shorter half-life, all of which may contribute to the reduced toxicity of the
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drug clinically.®2%” An in vitro study by Ramanathan et al. investigated the interaction of
doxorubicin and epirubicin with blood components and assessed their binding to erythrocytes,
haemoglobin and plasma proteins and found that epirubicin was more able to bind to
haemoglobin and therefore sits inside erythrocytes, whereas doxorubicin was less able to bind
to haemoglobin and remained on the surface of the erythrocytes. These differences may
influence the disposition of the drugs in the bloodstream and affect their cardiotoxic profiles in

patients.?3

Finally, whilst cardiomyocytes are the classic target for anthracycline-induced cardiotoxicity,
damage can also occur to the support cells of the myocardium, which is not assessed using in
vitro cardiomyocyte models such as those utilised in this study. Fibroblasts, constitute 15% of
the myocardium, and are crucial for cardiac remodelling and maintenance of the ECM.>® Kania
et al. exposed human fibroblast cell lines to the anthracyclines aclarubicin, daunorubicin and
idarubicin and reported morphological changes, increases to intracellular calcium levels and
activation of caspase-3 which is related to apoptosis.?** Studies in cardiomyocytes, endothelial
cells and fibroblasts isolated from neonatal rat hearts found that fibroblasts and endothelial cells
were more sensitive to doxorubicin-induced cardiotoxicity than cardiomyocytes, thus
illustrating that adverse effects following anthracycline exposure also in occur in support cells
such as fibroblasts and endothelial cells.?>> Due to the crucial role of cardiac endothelial cells,
any drug-induced damage would adversely affect cardiac function as the supply of oxygen,
nutrients and cellular signalling factors to cardiomyocytes would be compromised. Likewise,
fibroblasts have the ability to influence the phenotype of cardiomyocytes, receive and respond
to distress signals from neighbouring cardiomyocytes following tissue damage, and therefore

potentially play a role in the development of anthracycline induced cardiotoxicity.
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4.4.4 Conclusion

In summary, the Induction of hypertrophy that was observed in AC10-CMs and hiPSC-CMs
following exposure to anthracyclines demonstrates the detection of structural cardiotoxicity and
provides additional data to support the use of these cells on an impedance-based platform in
screening assays for detection of structural toxicity. The contractility assessments of hiPSC-CMs
suggest that the hypertrophy induced by low-dose (50nM) anthracyclines does not affect the
contractility of the cells following 6 hours exposure, however changes became evident following
24 hours exposure, which were more pronounced with higher doses of doxorubicin. These
changes potentially relate to the acute cardiotoxicity of doxorubicin, which in humans manifests
as transient arrhythmias and inflammation which may be involved in increasing susceptibility to
the more severe chronic form of doxorubicin-induced cardiotoxicity. The lack of
distinguishability between the severity of toxicity induced by the anthracyclines does not
correspond with the toxicity profile displayed in the clinic, however there are many factors that
influence the development of anthracycline-induced cardiotoxicity in patients that are not

accounted for using in vitro cardiomyocyte models.
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Chapter 5: In Vitro Evaluation of Angiotensin
Blockade as a Strategy to Minimise

Anthracycline-Induced Cardiotoxicity

5.1 Introduction

Anthracycline-induced cardiotoxicity (AIC) has been classified as the most noted chemotherapy-
induced cardiotoxicity to date, and many strategies have been explored for reducing the
associated cardiotoxicity such as modification of dosing schedules, the use of liposomal
formulations and concurrent administration of cardioprotective therapies.’®? The formation of
damaging free radicals and oxidative stress are implicated as central mechanisms underlying the
cardiotoxic nature of doxorubicin.’>8 |n this context, many experimental drug treatments have
been evaluated to ameliorate the toxicity focussed on the use of anti-oxidants and iron chelators
such as dexrazoxane.’®5 Unfortunately due to controversial clinical trial data, the use of
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dexrazoxane has been contraindicated in paediatric patients,™® and barriers to the use of anti-

oxidants include difficulty achieving constant plasma concentrations coupled with poor uptake

by the myocardium in humans.?*®

5.1.1 Clinical studies investigating cardiotherapeutic drugs to mitigate

anthracycline-induced cardiotoxicity

The use of clinically-utilised therapeutics focused on the cardiac system have also been

evaluated in terms of AIC, such as statins and B-blockers.!?

Statins, which are used clinically to inhibit cholesterol synthesis and treat ischaemic heart

disease possess both anti-inflammatory and anti-oxidative properties. Thought to interfere with
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the generation of ROS and inhibition of Topoisomerase IIB (ToplIB) associated with AIC, a small
randomised controlled trial (RCT) found prophylactic atorvastatin protected patients from
declines in LVEF,%” and a larger RCT called ‘Preventing anthracycline cardiovascular toxicity with

statins (PREVENT)’ is currently underway.®

With regards to B-blockers, their negative chronotropic and inotropic properties induce declines
in the myocardial consumption of oxygen and nutrients, thus reducing the workload of the heart
in patients with cardiovascular diseases. Carvedilol is unique amongst B-blockers as it possess
additional vasodilatory and anti-oxidant properties.”**° With respect to reduction of AIC, the
anti-oxidant properties of carvedilol may be beneficial. Studies comparing the efficacy of
carvedilol and atenolol at protecting cultured rat cardiomyocytes from AIC in vitro showed that
carvedilol was able to decrease the production of damaging free radicals and prevent apoptosis
of cardiomyocytes, whereas atenolol was not.'® This suggests that carvedilol may possess the
ability to protect the heart from AIC and as such it has been employed in a number of small
studies where its prophylactic effects on AIC have been investigated with encouraging results.'>?
The first such study was conducted by Kalay et al. who concluded that carvedilol may protect

both systolic and diastolic functions of the left ventricle in patients undergoing anthracycline

therapy.!¢?

5.1.1.1 Clinical studies investigating angiotensin blockade for cardioprotection
against anthracycline-induced cardiotoxicity

There is a growing body of evidence that administration of angiotensin converting enzyme
inhibitors (ACEi) or angiotensin receptor blockers (ARB) can protect the heart from the damaging
effects of anthracyclines.?®152 ACEi and ARB are routinely used in the management of congestive
heart failure (CHF) and hypertension.!62163 Both prevent the physiological activity of angiotensin
Il; ACEi prevent the formation of angiotensin Il and therefore decrease circulating levels,

whereas ARB stop angiotensin Il binding to the angiotensin type | receptor (ATR1). Angiotensin
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Il'is the principal effector of the renin—angiotensin system (RAS), which plays a crucial role in the
pathogenesis of several cardiovascular events including vasoconstriction, cardiac hypertrophy
and cardiac remodelling.”>’® The mechanism and clinical use of these agents is addressed in

section 1.4.5.2.

As previously described, AIC manifests primarily as heart failure and cardiac remodelling (section
1.7.1.2.1), factors which also show a physiological relationship to activity of the angiotensin
signalling pathway. Consequently, it was hypothesised that perturbation of this pathway may
be a viable strategy for treatment of AIC. Several studies have now been conducted to evaluate
this potential therapeutic intervention. Prophylactic use of the ACEi enalapril has been shown in
several studies to produce positive results against mitigation of AIC, mainly in the area of
preventing declines in left ventricular function.'>%64185 Similarly, studies investigating the use of
ARB such as valsartan, telmisartan and candesartan have also yielded similar positive results,
including alleviations to decline of left ventricular function, prevention of acute transient rhythm
abnormalities and decreases in the levels of damaging ROS.1%671%8 The outcomes of these studies

are summarised in section 1.7.2.1 (table 1.2).

Although findings of these studies was primarily positive overall, they are not without limitations
which include short follow up time of patients (ranging from 1 week — 1 year) and the low
number of patients enrolled. Larger phase Il and phase Ill clinical studies are currently underway
that aim to assess the cardioprotective potential of ACEi/B-blocker combinations (SAFE clinical
trial)”® and ACEi alone (PROACT Trial — Newcastle University)*? in breast cancer patients
receiving anthracycline treatment. These clinical trials will hopefully support the findings of the
smaller studies and provide additional information regarding the optimal cardioprotective

strategies and monitoring schedules for detection of sub-clinical damage.

In addition to prophylactic or preventative use of ACEi and ARB against AIC, the potential for

reversal of established AIC using ACEi has also been investigated in long-term survivors of
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childhood cancer, where only transient benefits were reported.’? This exemplifies the
permanent nature of damage caused by anthracyclines and supports the current view that
concomitant angiotensin blockade alongside anthracycline treatment is the most effective way

to use these agents as cardioprotectors.

5.1.2 Pre-clinical in vivo studies investigating angiotensin blockade for

cardioprotection

Further to the encouraging results clinically with ACEi and ARB against AIC, a considerable
number of studies have also been investigated with these agents against AIC in vivo have also
been undertaken, to ascertain optimal therapeutic strategies and provide mechanistic
information. In mice, the ARB candesartan showed a cardioprotective effect against
daunorubicin, reversing deteriorations to left ventricular function and myocardial pathological
changes.?” A study investigating telmisartan against doxorubicin-induced cardiotoxicity in rats
showed histological disruption of cardiac tissues in the doxorubicin treated group which was
reduced with telmisartan treatment.?® Furthermore, telmisartan treatment decreased lipid
peroxidation in cardiac tissue and elicited a significant decrease in the activities of the
antioxidant enzyme catalase in comparison with the doxorubicin treated group.?*® However,
some of these effects are likely to be a consequence of telmisartan also being a partial
peroxisome proliferator activated receptor-y (PPARy) agonist, as such telmisartan possesses
additional anti-inflammatory and antioxidant properties.?*® More recently, a study involving the
novel ARB fimasartan also reported similar positive cardioprotection against AIC, and
additionally made a distinction between high and low dose fimasartan which improved survival
rates accordingly with 100% and 75% survival rates respectively, compared to 50% survival in

rats treated with doxorubicin only.?® Echocardiography showed preserved left ventricular
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function in the high fimasartan group and that cardiac remodelling was attenuated in both the

low and high fimasartan groups compared to the doxorubicin only treated rats.%°

Similar to studies with ARB, treatment using ACEi have also generated positive results in pre-
clinical studies. For example, treatment with the ACEi captopril and enalapril before doxorubicin
administration was found to decrease the level of lipid peroxidation compared to the
doxorubicin only treatment group, and also prevented decreases in superoxide dismutase 2
(SOD2) that occurred in the doxorubicin only treated rats.?®! A more recent study evaluated the
mitochondrial function of rats treated with enalapril and doxorubicin, in addition to changes in
cardiac contractility and generation of ROS. In this study, rats pre-treated with enalapril were
protected from losses in left ventricular contractility and increases in ROS formation compared
to rats treated with doxorubicin only, and were also protected from decreases in mitochondrial

function associated with doxorubicin treatment.?%?

A comparison between the ability of the ACEi captopril and the ARB telmisartan to improve
cardiac outcomes in doxorubicin treated rats showed co-administration of telmisartan and
captopril equally ameliorated the cardiotoxic effects of doxorubicin on all parameters measured,
suggesting that both drug types provide equivalent protection against doxorubicin induced
cardiotoxicity, thus implying that angiotensin Il signalling plays a role in the development of

doxorubicin induced cardiotoxicity.??
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5.1.3 Aims and objectives

Despite mitigation of anthracycline-induced cardiotoxicity being demonstrated by ACEi and ARB
both pre-clinically in vivo and clinically, the direct effects upon, and involvement of the cardiac
system, as well as the molecular mechanism involved have yet to be resolved. The aim of this
stage of the project is to address these issues and determine if the previously discussed
structural and functional cardiotoxicity induced by anthracyclines can be mitigated by the

addition of ACEi and ARB using in vitro cardiomyocyte models.

Specifically:

i) The mitigation of AIC with therapeutics that limit angiotensin signalling suggests a role for the
angiotensin signalling pathway in mediating this toxicity; therefore initially the sensitivity of
AC10 cardiomyocytes (AC10-CMs) to doxorubicin alone and in the presence of angiotensin Il will
be evaluated, followed by investigations into morphological changes to these cells and changes
to the morphology and contractility of hiPSC-derived cardiomyocytes (hiPSC-CMs) following

simultaneous treatment with doxorubicin and angiotensin II.

ii) This will then be expanded to investigate the differential effects on viability of AC10-CMs
following treatment with doxorubicin alone and in combination with angiotensin targeting
drugs. Morphological changes to AC10-CMs and changes to the morphology and contractility of
hiPSC-CMs following simultaneous treatment with doxorubicin and ACEi/ARB will then be
assessed to determine the impact of ACEi and ARB on mitigating the structural and functional

changes associated with doxorubicin treatment.

iii) Where applicable, the differential effects on viability of H460 lung cancer cells will be
determined following treatment with doxorubicin alone and in combination with ARB and/or

ACEi.
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5.2 Materials and methods

5.2.1 Determination of viability of proliferating AC10-CMs in response to

different drug treatment protocols using the MTT assay

The MTT assay (previously detailed in section 2.2) was used to determine the cytotoxic
sensitivity of AC10-CMs to a combination of doxorubicin and angiotensin Il, and also to
investigate the effects on viability of the test drugs (enalapril, enalaprilat, telmisartan and
losartan) alone and in combination with doxorubicin in AC10-CMs. Similar experiments involving

doxorubicin and telmisartan/losartan were also conducted in H460 lung cancer cells.

5.2.1.1 Evaluation of viability of AC10-CMs following treatment with
doxorubicin and angiotensin Il

Briefly, AC10-CMs were seeded into 96-well plates as previously described in section 2.2. Cells
were dosed over three days as follows: Day 1 - Angiotensin Il (150pM — 500pM) was added to
cells; day 2 — Angiotensin Il was added in addition to 50nM doxorubicin, alongside a doxorubicin
only treatment group (absence of angiotensin Il); day 3 — doxorubicin was removed and
angiotensin Il was added as per day 1 (doxorubicin only treated cells received medium only).
Experiments were terminated following 96 hours from the point of first angiotensin Il addition
and the MTT assay conducted as described in section 2.2. All experiments were performed in

triplicate.

5.2.1.2 Investigations into viability of AC10-CMs following treatment with
drugs targeting the angiotensin pathway

AC10-CMs were seeded into 96-well plates as previously described in section 2.2. The following
day cells were exposed to the ACEi enalapril and enalaprilat or the ARBs telmisartan and

losartan, with a 1:2 serial dilution in drug concentration performed across the plate, resulting in
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final concentrations ranging from 10uM to 78nM. Drug exposures were repeated on a daily basis
and cell viability ascertained at 96 hours by MTT assay, as described in section 2.2. All

experiments were performed in triplicate.

5.2.1.3 Investigations into viability of AC10-CMs following combination
treatment with angiotensin targeting drugs and doxorubicin

AC10-CMs were seeded into 96-well plates as previously described in section 2.2. The following
day cells were exposed to enalapril (1uM/10uM), enalaprilat (1uM/10uM), telmisartan
(1uM/5uM) and losartan (1uM/5uM) - One plate per drug, half plate for each concentration,
one plate containing medium only. Following 24 hours exposure, a 1:5 serial dilution of
doxorubicin was applied to all plates resulting in final concentrations of 5uM —0.32nM. The cells
un-exposed to test drugs were exposed to doxorubicin only, whereas the test drugs were added
to the previously pre-treated cells. Following 24 hours exposure to doxorubicin, drug dilutions
were removed and replaced with either medium (doxorubicin only treated cells), or appropriate
test drugs. Cell viability was determined at 96 hours exposure from the first test drug addition
as described in section 2.2. All experiments were performed in triplicate and ICso values were
determined by implementing curve fitting by non-linear regression on GraphPad Prism (Version
7.04, GraphPad Software, Inc.). Statistical analysis of I1Cso values was conducted using a one way
analysis of variance (ANOVA) test, and a post-hoc Dunnett’s test when required using GraphPad

Prism (Version 7.04, GraphPad Software, Inc.).

5.2.1.4 Investigations into viability of H460 lung cancer cells following
combination treatment with telmisartan/losartan and doxorubicin

H460 lung cancer cells were seeded into 96-well plates as previously described in section 2.2.
The following day cells were exposed to telmisartan (1uM/5uM) and losartan (1uM/5uM) - One
plate per drug, half plate for each concentration, and one plate containing medium only.
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Following 24 hours exposure, a 1:5 serial dilution of doxorubicin was applied to all plates
resulting in final concentrations of 5uM — 0.32nM. The cells un-exposed to test drugs were
exposed to doxorubicin only, whereas the test drugs were added to the previously pre-treated
cells. Following 24 hours exposure to doxorubicin, drug dilutions were removed and replaced
with either medium (doxorubicin only treated cells) or appropriate test drugs. Cell viability was
determined at 96 hours exposure from the first test drug addition as described in section 2.2.
All experiments were performed in triplicate, and ICso values were determined by implementing
curve fitting by non-linear regression on GraphPad Prism (Version 7.04, GraphPad Software,
Inc.). Statistical analysis of 1Csp values was conducted using a one way analysis of variance
(ANOVA) test, and a post-hoc Dunnett’s test when required using GraphPad Prism (Version 7.04,

GraphPad Software, Inc.).

5.2.2 Determination of morphological changes to proliferating AC10-CMs
in response to different drug treatment protocols using the

XCELLigence real-time cell analyser

The xCELLigence real-time cell analyser (RTCA) was used to investigate the effects a combination
of doxorubicin and angiotensin Il on the morphology of AC10-CMs, and also to assess the effects
of telmisartan and losartan alone and in combination with doxorubicin on the morphology of

AC10-CMs. The protocol followed for use of the xCELLigence RTCA is detailed in section 2.3.

5.2.2.1 Investigations into morphology of AC10-CMs following combination
treatment with doxorubicin and angiotensin Il

Experiments were set up as described in section 2.3. Cells were dosed over three days as follows:
Day 1 — 200pM angiotensin 11/50nM doxorubicin and 50nM doxorubicin alone was added to

cells; day 2 and day 3 —200pM angiotensin |l was added to the cells previously treated with
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doxorubicin/angiotensin Il and medium added to the cells treated with doxorubicin only. All
experiments were performed in triplicate and statistical analysis on normalised cell index values
was performed between treatment groups using a paired T-test on GraphPad Prism (Version

7.04, GraphPad Software, Inc.).

5.2.2.1.1 Evaluation of viability of AC10-CMs following treatment with
doxorubicin and angiotensin Il at specific time points determined using
the MTT assay

Separate experiments were performed to complement data obtained from the xCELLigence
RTCA at both 24 hours and 48 hours exposure times. Cells were plated for exponential studies
and dosed as follows: For 24 hours exposure — 200pM angiotensin/50nM doxorubicin and 50nM
doxorubicin alone was added to cells and viability determined following 24 hours exposure; for
48 hours exposure — angiotensin Il and doxorubicin were added as above, following 24 hours
exposure 200pM angiotensin Il was added to the doxorubicin/angiotensin Il treated cells and
medium was added to the cells exposed to doxorubicin only. Following 48 hours exposure, cell
viability was determined as described in section 2.2. All experiments were performed in

triplicate.

5.2.2.2 Investigations into morphology of AC10-CMs following treatment with
telmisartan and losartan

Experiments were set up as described in section 2.3. Cells were exposed to telmisartan
(1uM/5uM) and losartan (1uM/5uM) the following day which was repeatedly added every 24

hours until termination of the experiment. All experiments were performed in triplicate.
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5.2.2.3 Investigations into morphology of AC10-CMs following combination
treatment with telmisartan/losartan and doxorubicin

Experiments were set up as described in section 2.3. Cells were dosed over three days as follows:
Day 1 — Cells were exposed to telmisartan (1uM/5uM) or losartan (1uM/5uM); day 2 — 50nM
doxorubicin was added to the pre-treated cells and to previously untreated cells, telmisartan
(1uM/5uM) or losartan (1pM/5uM) was added to the previously pre-treated cells; day 3 —
Telmisartan (1uM/5uM) or losartan (1uM/5uM) was added to the previously pre-treated cells
and medium added to the cells treated with doxorubicin only. All experiments were performed
in triplicate and statistical analysis on normalised cell index values was performed using a one
way analysis of variance (ANOVA) test, and a post-hoc Dunnett’s test when required using

GraphPad Prism (Version 7.04, GraphPad Software, Inc.).

5.2.3 Evaluation of contractility and morphology of hiPSC-CMs following
exposure to different treatment protocols using the xCELLigence

cardio system

The xCELLigence cardio system was used to analyse changes in morphology and contractility of
hiPSC-derived cardiomyocytes (hiPSC-CMs) following addition of a combination of 50nM
doxorubicin and 200pM angiotensin Il, and to assess the effects of telmisartan and losartan
alone and in combination with 50nM doxorubicin on the morphology and contractility of hiPSC-
CMs. hiPSC-CM cells were plated into a cardio e-plate at a density of 30,000cells/well, in wells
pre-coated with fibronectin (described in section 2.4). Once stable beating was detected, half
the media (90ul) was removed from each well and replaced with media containing twice the
required drug concentration. Final concentrations are as follows: doxorubicin - 50nM;
telmisartan - 1uM; losartan - 1uM and angiotensin Il — 200pM. The treatment protocol included
24 hours pre-treatment with losartan, telmisartan and angiotensin Il, followed by 24 hours

exposure to the same pre-treatment compound plus 50nM doxorubicin. Changes to the cell
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index and contractility following drug addition were analysed at various points throughout 24
hours exposure to the doxorubicin. Following the treatment protocols drugs were washed out
using the four step medium change method (see section 2.4.2) and cells were re-challenged with
the same treatment protocol 96 hours later. The protocol followed for use of the xCELLigence

RTCA can be found in section 2.4.

Statistical analysis on normalised cell index, normalised beat rate and normalised beat
amplitude were conducted between treatment groups using a paired T-test. When more than
two groups were compared a one way analysis of variance (ANOVA) test was performed,
followed by a post-hoc Dunnett’s test when required. Statistical analysis was performed using

GraphPad Prism (Version 7.04, GraphPad Software, Inc.).
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5.3 Results

The objective of this stage of the project was to utilise the previously reported in vitro
cardiomyocyte models to determine if the structural and functional cardiotoxicity induced by
anthracyclines can be mitigated by the addition of angiotensin converting enzyme inhibitors
(ACEi) and angiotensin receptor blockers (ARB), and evaluate the direct involvement of
cardiomyocytes, and subsequently elucidate the direct relationship between the angiotensin

signalling pathway and mitigation of anthracycline-induced cardiotoxicity (AIC).

5.3.1 Angiotensin Il does not alter the sensitivity of AC10 cardiomyocytes

to doxorubicin

Initially the sensitivity of AC10 cardiomyocytes (AC10-CMs) to doxorubicin alone and in the
presence of angiotensin Il was evaluated using MTT assay. This study has shown previously that
angiotensin Il had no effect on the viability of AC10-CMs at clinically relevant concentrations
(Section 3.3.4); here a range of concentrations of angiotensin Il were added to a subclinical dose
(50nM) of doxorubicin to assess if angiotensin |l alters the sensitivity of the cells to doxorubicin.
Figure 5.1 shows that simultaneous exposure of 150pM — 500pM angiotensin Il with 50nM
doxorubicin did not affect the sensitivity of cells as compared to cells treated with doxorubicin

only.
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Figure 5.1 Angiotensin Il does not alter the sensitivity of AC10 cardiomyocytes to
doxorubicin
Dose response curve showing the effect of a combination of 150pM — 500pM angiotensin Il and

50nM doxorubicin on cell viability following 96 hour exposure, expressed as % cell survival
relative to vehicle control. The dashed line represents the % cell survival of AC10-CMs treated

with 50nM doxorubicin only, data is representative of n=3 + SE.
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5.3.2 Angiotensin Il does not affect the morphology of AC10

cardiomyocytes exposed to doxorubicin

Previous studies have confirmed the ability of the AC10 in vitro model to detect angiotensin Il
induced hypertrophy (section 3.3.4.1) and the induction of cellular hypertrophy as a response
to doxorubicin exposure (section 4.3.1.1). The effect of combination of angiotensin Il and
doxorubicin upon cellular morphology and behaviour were thereby monitored in real-time using
the xCELLigence RTCA. Cells in exponential growth phase were exposed to angiotensin Il for a
total of 72 hours, within which cells were exposed to doxorubicin for 24 hours. Figure 5.2A shows
that when normalised to the point of doxorubicin addition, cell index increased higher than the
level of control in cells in both treatment groups, with very little difference observed in the cell
index of both treatment groups throughout the experiment (Figure 5.2B). To ascertain if the
changes to cell index were accompanied by changes to cell number, MTT assays were
simultaneously performed — AC10-CMs exposed to doxorubicin only and doxorubicin plus
angiotensin Il in an identical manner, showed no difference in viability following 24 hours and
48 hours exposure (figure 5.2C), indicating that the addition of angiotensin Il to doxorubicin

treated cells did not induce further morphological changes or effects upon cellular viability.

Although not shown below in figure 5.2, previous studies have confirmed the ability of the AC10

in vitro model to detect Angiotensin Il induced hypertrophy (section 3.3.4.1).
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Figure 5.2 Angiotensin Il does not affect the morphology of AC10 cardiomyocytes
exposed to doxorubicin
A. xCELLigence trace showing time (hours) vs normalised cell index of AC10-CMs exposed to
doxorubicin and angiotensin Il with points of angiotensin Il addition (grey arrows), doxorubicin
addition (black arrow), doxorubicin removal (round headed arrow) and exposure time
indicated, data representative of n=3, data points shown are average + SD. B. Normalised cell
index following 24h and 48h exposure, data is n=3 + SE. C. Relative cell number following 24h
and 48h exposure measured by MTT assay, data is n=3 + SE. m control, m 50nM doxorubicin,

m 50nM doxorubicin + angiotensin II.
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5.3.3 Effect of a combination of angiotensin Il and doxorubicin on

morphology and contractility of hiPSC-derived cardiomyocytes

The previous studies had shown angiotensin Il and doxorubicin both individually induced
morphological and contractile changes of hiPSC-CMs (section 3.3.4.2 and 4.3.1.2). The
xCELLigence cardio system was therefore used to assess whether combination of these two

agents would result in further effects upon morphology and contractility of hiPSC-CMs.

Stably beating Cor.4U cells were exposed to angiotensin Il and doxorubicin for 24 hours and the
effects on cell behaviour were monitored in real-time. As shown in figure 5.3A, when normalised
to the point of doxorubicin addition, cell index increased higher than the level of control in cells
exposed to 50nM doxorubicin alone and in combination with 200pM angiotensin II, with cells
treated with doxorubicin only showing a greater increase in cell index. The greatest difference
in cell index was approximately 6 hours after angiotensin Il and doxorubicin were added (figure
5.3B), indicating induction of morphology changes to the cells, however the cells were not

imaged as E-plates have a metal base which does not allow for visualisation of the monolayer.

Assessment of the effect of angiotensin Il and doxorubicin on contractility of hiPSC-CMs was
evaluated after 6 hours and 24 hours exposure to these agents, as these time-points represent
the highest degree of hypertrophy observed and maximum exposure time. The representative
traces of contractility shown for control and cells treated with doxorubicin +/- angiotensin Il in
figure 5.4A show no visible changes in contractility between the two treatment groups following
6 hours exposure, however following 24 hours exposure, decreases in beat amplitude can be
seen with angiotensin Il addition. Detailed analysis of beat rate and amplitude is shown in figures

5.4B and 5.4C respectively.
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Figure 5.4 Effect of a combination of doxorubicin and angiotensin Il exposure on
contractility of hiPSC-derived cardiomyocytes

A. Representative traces showing contractility of control cells and cells exposed to doxorubicin

(DOX) +/- 200pM angiotensin Il (ANGII) for 6 and 24 hours, B. Normalised beating rate following

6 and 24 hours exposure to doxorubicin +/- 200pM angiotensin |l, data points show average of

3 wells £ SE and C. Normalised beat amplitude following 6 and 24 hours exposure to doxorubicin

+/- 200pM angiotensin Il, data points show average of 3 wells + SE. * p< 0.001 (comparison

between treatment groups). m control, m 50nM doxorubicin, m 50nM doxorubicin + angiotensin II.
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5.3.4 Cytotoxicity of angiotensin receptor blockers and angiotensin

converting enzyme inhibitors against AC10 cardiomyocytes

The sensitivity of AC10-CMs in the exponential growth phase to both ARB (telmisartan and
losartan) and the ACEi enalapril and its active form enalaprilat were evaluated using MTT assay.
Figure 5.5 shows that exposure to concentrations of the test drugs ranging from 10uM to 78nM
for 96 hours did not significantly affect viability of AC10-CMs, with the exception of the highest
dose used of the ARB telmisartan and losartan. The Cwmax values of the test drugs are
approximately 265nM, 86nM, 330nM and 685nM for enalapril, enalaprilat, telmisartan and
losartan respectively?®* (indicated on the figure). For future experiments investigating the
effects of the test drugs on viability of AC10-CMs exposed to doxorubicin, concentrations of
1uM/10uM were used for enalapril and enalaprilat and concentrations of 1uM/5uM were used
for telmisartan and losartan as these concentrations are greater than the Cwvaxand therefore

should allow complete blockade of the targets whilst not causing toxicity to the cells.
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Figure 5.5 Cytotoxicity of angiotensin receptor blockers and angiotensin
converting enzyme inhibitors against AC10 cardiomyocytes

Dose response curves showing the effects on cell viability following 96 hour exposure to

10uM — 78nM of A. Enalapril, B. Enalaprilat, C. Telmisartan and D. Losartan. Results are

expressed as % cell survival relative to vehicle control. The dashed line represents the C,,_ of

the drugs, data is representative of n=3 + SE.

193



5.3.5 Angiotensin receptor blockade increases the viability of AC10

cardiomyocytes treated with doxorubicin

The MTT assay was used to investigate the effect of the angiotensin targeting drugs on viability
of AC10-CMs in the exponential growth phase treated with a serial dilution of doxorubicin for
96 hours. Figure 5.6 shows that exposure to both enalapril and enalaprilat at 1uM and 10uM did
not affect the sensitivity of the cells to doxorubicin (5.6A and B), whereas exposure to the ARBs
telmisartan and losartan at 1uM and 5uM did affect the sensitivity of the cells to doxorubicin,
as the dose response curves for these treatment groups were shifted to the right of the
doxorubicin only curve. This is shown by the higher ICso values compared to doxorubicin only

treated cells in table 5.1

5.3.6 Angiotensin receptor blockade does not decrease the therapeutic

efficacy of doxorubicin in H460 lung cancer cells

As the ARBs telmisartan and losartan were found to increase the viability of AC10-CMs treated
with doxorubicin, a parallel experiment was conducted to assess the effect of these drug
combinations on H460 non-small cell lung cancer cells to ensure that concomitant ARB
treatment would not reduce the therapeutic efficiency of doxorubicin. Figure 5.7 shows that
exposure to both telmisartan and losartan at 1uM and 5uM did not decrease the therapeutic
efficacy of doxorubicin in H460 cells, and treatment with 1uM and 5uM telmisartan increased
the sensitivity of the cells to doxorubicin. The ICsovalues for all treatment groups are shown in

table 5.1.

194



A. Enalapril ~* Doxorubicin B. Enalaprilat ~ —=— Poxorubicin

_ _ —e— Doxorubicin + 1uM 1 —e— Doxorubicin + 1uM
[} . - .
'2100 i enalapnl. . g 100 4 enalaprll.atv
s —e— Doxorubicin + 10uM g —e— Doxorubicin + 10uM
; i enalapril : ] enalaprilat
= 80 - S 80 1

[] <

> [ _

g ] °

2 60 A * 60 4

> ]

k= 2

o E w® E

: 5

s 40 1 I 40 A

2 ©

I 1 2 i

2 20 g

— T 7

) = 20 +

S 3

X i

o 0 i °\°

0——|—rrm'rn—|—r|'rn'rr|—|—rrrn'rn—|—rrrmr|—|—rrrmn—|—rn

0.00001 0.001 0.1
0.00001 0.001 0.1
Concentration of doxorubicin (uM) Concentration of doxorubicin (LM)
C. Telmisartan —e— Doxorubicin D. Losartan —e— Doxorubicin
- —120 1~

—e— Doxorubicin + 1uM
Telmisartan

—e— Doxorubicin + 5uM

Telmisartan

—e— Doxorubicin + 1uM
Losartan

—se— Doxorubicin + 5uM

Losartan

100 A

[y

o

o
1

< B
g 8
9 4]
] ©
= 80 A = i
g | $ 80 -
8 8
v 60 - o i
2 2
g | = 60 A
g °
— 40 - pa—
3 2 40 A
2 2
=3 E 4
7] i 7]
= 20 = 20 1
o . (")
® < |
0 R B A B AL B B 0 T T
0.0002 0.025 2.5 0.00025 0.025 2.5
Concentration of doxorubicin (uM) Concentration of doxorubicin (M)

Figure 5.6 The effect of a combination of angiotensin targeting drugs and
doxorubicin on viability of AC10 cardiomyocytes

Dose response curves showing the effect on cell viability following 96 hour exposure to

5uM - 32pM doxorubicin alone and in combination with A. Enalapril, B. Enalaprilat,

C. Telmisartan and D. Losartan. Results are expressed as % cell survival relative to vehicle

control, data is representative of n=3 + SE.
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Figure 5.7 Angiotensin receptor blockade does not decrease the therapeutic
efficacy of doxorubicin in H460 lung cancer cells

Dose response curves showing H460 cell viability following 96 hour exposure to 5uM —0.32nM

doxorubicin alone and in combination with A. Telmisartan and B. Losartan. Results are

expressed as % cell survival relative to vehicle control, data is representative of n=3 + SE.

|C50 (nM)
AC10 Cardiomyocytes H460 L”“?
cancer cell line
Doxorubicin 14.66 £ 3.31 21.33+1.78
Doxorubicin + 1uM Losartan 65.67 + 18.92 15.66 + 1.78
Doxorubicin + 5uM Losartan 71.33+£27.44 19+ 1.69
Doxorubicin 14.66 + 3.31 40.66 + 13.81
Doxorubicin + 1uM Telmisartan 96.67 £ 27.32 23+4.96
Doxorubicin + 5uM Telmisartan 90 £30.03 10.66 £ 2.76
Table 5.1 ICs0 values of AC10 cardiomyocytes and H460 lung cancer cells treated

with doxorubicin alone and in combination with 1uM/5uM telmisartan

and losartan for 96 hours, data is representative of n=3 + SE.
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5.3.7 Angiotensin receptor blockade reduces morphology changes

induced by doxorubicin in AC10 cardiomyocytes

Following the viability studies that showed angiotensin blockade increased the survival of AC10-
CMs treated with doxorubicin, but did not affect the therapeutic efficacy of doxorubicin in lung
cancer cells, doxorubicin and the ARB telmisartan were combined and the effects on
morphology and behaviour of AC10-CMs were monitored in real-time using the xCELLigence
RTCA. Cells in exponential growth phase were exposed to telmisartan for a total of 96 hours,
within which cells were exposed to doxorubicin for 24 hours. Figure 5.8A shows that when
normalised to the point of doxorubicin addition, cell index increased higher than the level of
control in cells in both treatment groups, however cells treated with doxorubicin and
telmisartan showed reduced cell index compared to doxorubicin alone from 48 to 96 hours
(Figure 5.8B). Paired with the dose response curves shown above in figure 5.6C where AC10-
CMs treated in an identical manner had improved viability with concurrent angiotensin blockade
(summarised in figure 5.8C), this suggests that angiotensin blockade concurrent to doxorubicin
treatment improves viability of AC10-CMs and reduces hypertrophy. Telmisartan alone was also
added to AC10-CMs for 72 hours and had no effect on the cell index when normalised to the
point of first telmisartan addition, as the readings obtained were similar to that of control (inset

- figure 5.8A).
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Figure 5.8 Angiotensin receptor blockade reduces morphology changes induced

by doxorubicin in AC10 cardiomyocytes

A. xCELLigence trace showing time (hours) vs normalised cell index of AC10-CMs exposed to doxorubicin
and telmisartan with points of telmisartan addition (grey arrows), doxorubicin addition (black arrow),
doxorubicin removal (round headed arrow) and exposure time indicated, data points shown are average
+ SD. A (inset) xCELLigence trace showing time (hours) vs normalised cell index of AC10-CMs exposed to
telmisartan with points of addition (grey arrows) and exposure time indicated, data representative of n=3,
data points shown are average + SD. B. Normalised cell index following 96h exposure to 50nM doxorubicin
+/- telmisartan, data is n=2 * SE and C. % AC10-CM cell survival relative to vehicle control following 96h

exposure to 40nM doxorubicin +/- telmisartan measured by MTT assay, data is n=3 + SE. * p< 0.05

(Doxorubicin treatment group compared to doxorubicin/telmisartan treatment groups) m control, m

50nM doxorubicin, m 50nM doxorubicin + 1uM telmisartan, m 50nM doxorubicin + 5uM telmisartan.
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5.3.8 Angiotensin receptor blockade reduces doxorubicin-induced
changes to morphology but does not affect contractility of hiPSC-

derived cardiomyocytes

In chapter 4, doxorubicin was found to induce morphology and contractility changes to hiPSC-
CMs when used alone. Using the xCELLigence cardio system the effect of a combination of

doxorubicin plus ARB on the morphology and contractility of hiPSC-CMs was evaluated.

Stably beating Cor.4U cells were exposed to doxorubicin +/-telmisartan/losartan for 24 hours
and the effects on cell behaviour were monitored in real-time. As shown in figure 5.9A, when
normalised to the point of doxorubicin addition, cell index increased higher than the level of
control in all three treatment groups, however the addition of telmisartan/losartan to 50nM
doxorubicin resulted in less of an increase to cell index compared to 50nM doxorubicin alone.
The greatest difference in cell index was approximately 6 hours after doxorubicin +/-
losartan/telmisartan were added (figure 5.9B), indicating that the addition of the ARB
telmisartan and losartan may have reduced the hypertrophy induced by doxorubicin.
Telmisartan and losartan alone were also added to hiPSC-CMs and had no effect on the cell index
when normalised to the point of drug addition, as the readings obtained were similar to that of

control (inset - figure 5.9A).

Assessment of the effect of doxorubicin +/- telmisartan/ losartan on contractility of hiPSC-CMs
was carried out after 6 hours and 24 hours, as these time-points represent the highest degree
of hypertrophy observed and maximum exposure time. The representative traces of contractility
shown for control and cells treated with doxorubicin +/- telmisartan/losartan in figure 5.10A
show no visible changes in contractility following 6 hours exposure, however following 24 hours
exposure, decreases in beat number and amplitude can be seen. Detailed analysis of beat rate
and amplitude is shown in figures 5.10B and 5.10C respectively where there were no changes

between doxorubicin +/- ARB treated cells.
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Figure 5.9 Angiotensin receptor blockade reduces doxorubicin-induced changes to

morphology of hiPSC-derived cardiomyocytes
A. xCELLigence trace showing time (hours) vs normalised cell index of hiPSC-CMs exposed to
doxorubicin +/- the ARBs telmisartan and losartan with point of addition (arrow) and exposure
time indicated, data points shown are average + SD. A (inset) xCELLigence trace showing time
(hours) vs normalised cell index of hiPSC-CMs exposed to telmisartan and losartan with point of
addition (arrow) and exposure time indicated, data points shown are average + SD.
B. Normalised cell index following 6 hours exposure to doxorubicin +/- the ARBs telmisartan and

losartan, data points show average of 3 wells + SE. * p< 0.0001 (Doxorubicin treatment group

compared to Doxorubicin/telmisartan treatment groups) m control, m 50nM doxorubicin,

®m 50nM doxorubicin + 1uM telmisartan, m 50nM doxorubicin + 1uM losartan.
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Figure 5.10 Angiotensin receptor blockade does not affect contractility of hiPSC-
derived cardiomyocytes exposed to doxorubicin
A. Representative traces showing contractility of control cells and cells exposed to doxorubicin
(DOX) +/- the ARB telmisartan (TEL) and losartan (LOS) for 6 and 24 hours. B. Normalised beating
rate following 6 and 24 hours exposure to doxorubicin +/- the ARB telmisartan and losartan,
data points show average of 3 wells + SE and C. Normalised beat amplitude following 6 and 24
hours exposure to doxorubicin +/- the ARB telmisartan and losartan, data points show average
of 3wells + SE. m control, m 50nM doxorubicin, m 50nM doxorubicin + 1uM telmisartan,

m 50nM doxorubicin + 1uM losartan.
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5.4 Discussion

The occurrence of cardiac liabilities following anthracycline treatment is well established
clinically, particularly doxorubicin induced cardiotoxicity.'® The mitigation of these toxicities
using drugs that perturb angiotensin signalling has been investigated in both clinical studies and
pre-clinically in vivo with encouraging results,>> however the number of in vitro studies in this
area remains limited. In addition, the direct effects upon and involvement of the cardiac system,
as well as the molecular mechanism of cardioprotection have yet to be resolved. The aim of this
stage of the project is to address these issues and determine if the previously discussed
structural and functional cardiotoxicity induced by anthracyclines can be mitigated by the

addition of ACEi and ARB using in vitro cardiomyocyte models.

5.4.1 Synergistic effects of angiotensin Il and doxorubicin treatment

Accumulating evidence supports the role of the renin-angiotensin system as a modulator of
cardiovascular remodelling; via interaction with the angiotensin type | receptor (ATR1),
angiotensin Il is a mediator of both cardiomyocyte growth and left ventricular hypertrophy.’>23!
The mitigation of anthracycline-induced cardiotoxicity (AIC) with therapeutics that limit
angiotensin signalling suggests a role for the angiotensin signalling pathway in also mediating
this toxicity; therefore initially the synergistic effects of angiotensin Il and doxorubicin treatment

were assessed in AC10 cardiomyocytes (AC10-CMs) and hiPSC-derived cardiomyocytes (hiPSC-

CMs) following simultaneous treatment with doxorubicin and angiotensin II.

A relationship between angiotensin signalling and doxorubicin induced cardiomyopathy has
previously been established by Toko et al. using ATR1 knockout mice (AT1K0).2% In this elegant
12 week study, doxorubicin administered to wild type (WT) mice was found to impair cardiac
function and cause histopathological abnormalities such as myofibrillar loss, increased numbers
of apoptotic cells and cytoplasmic vacuolisation, however these changes were absent in the
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AT1KO mice group and WT mice treated with an ATR1 antagonist. The protection afforded to
the AT1KO mice and the mice treated with an ATR1 antagonist suggests that there is interplay

between the angiotensin signalling pathway and doxorubicin-induced cardiomyopathy.?°

As the aforementioned study by Toko et al. was conducted in mice, it is more challenging to
ascertain the mechanism of cardioprotection in the mice with ablated angiotensin signalling. In
addition to the effects of angiotensin signalling on remodelling activities in the heart,
angiotensin Il also has systemic effects in other organs such as the kidneys and blood vessels
where it is involved in the absorbance of water and salt, and vasoconstriction respectively.2®®
These activities have the overall effect of increasing blood pressure which could partially
contribute to the improved cardiac function of the AT1KO mice treated with doxorubicin. In
contrast, the current study focussed on isolated cardiomyocytes found that addition of a
physiologically relevant dose of angiotensin Il, previously found to induce hypertrophy of AC10-
CMs, did not alter the toxicity profile of doxorubicin or augment the doxorubicin-induced
hypertrophy of AC10-CMs when co-administered with doxorubicin. This may be due to the use
of shorter exposure times that did not allow for the accumulation of further structural damage,
or the use of a more simplistic in vitro model that does not fully represent the complexity of the

cardiovascular system and human body.

Similar findings were observed in hiPSC-CMs exposed to a combination of angiotensin Il and
doxorubicin with respect to hypertrophy, however some changes were observed in the beat
characteristics of the cells. Assessment of the effect of angiotensin Il and doxorubicin on
contractility of hiPSC-CMs was carried out after 6 hours and 24 hours, with 24 hours exposure
resulting in a decrease in beat amplitude of the cells compared to cells treated with doxorubicin
only. As a decrease in beat amplitude relates to negative inotropy (reduced force of muscle
contraction), the reduction observed in beat amplitude observed following 24 hours exposure

to doxorubicin and angiotensin Il may be due to increased impairment to the contractile
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machinery of the cells and myofibrillar loss. This would be in alignment with the findings from
the study by Toko et al.,, where AT1KO mice were protected from myofibrillar loss and
cytoplasmic vacuolisation induced by doxorubicin treatment, as determined by electron
microscopic analysis; thus supporting the notion that angiotensin signalling plays a role in AIC.2%°
The results from the current study illustrate the advantages of hiPSC-CMs as an in vitro model

that is capable of determining changes in contractility in a clinically relevant manner.

5.4.2 Synergistic effects of doxorubicin with concurrent angiotensin
converting enzyme inhibitor and angiotensin receptor blocker

treatment

Promising results from both clinical and in vivo studies utilising angiotensin receptor blockers
(ARB) and angiotensin converting enzyme inhibitors (ACEi) point towards these medicines as a
potential route for mitigation of AIC.»>2 In the current study the ACEi enalapril and its active form
enalaprilat did not augment the sensitivity of AC10-CMs to doxorubicin cytotoxicity. The lack of
protection observed in AC10-CMs that were co-administered with enalapril and enalaprilat may
be due to a combination of two factors: the use of an in vitro model and the mechanism of action
of these compounds. In the human body, angiotensin converting enzyme (ACE) is required to
convert angiotensin | to angiotensin Il which has a variety of effects including vasoconstriction

which increases blood pressure.

As an ACEi, enalaprilat, which is the active metabolite of enalapril, reduces production of
angiotensin |, leading to decreased vasoconstriction and decreased blood pressure.?®’ This
process requires the starting peptide angiotensin | which is produced by cleavage of
angiotensinogen by an enzyme called renin. Although these proteins are thought to primarily
originate from the liver and kidneys respectively, more recent evidence points toward the

existence of a local renin-angiotensin-system in the myocardium which produces all the

204



necessary elements to create angiotensin Il except renin which is sequestered from the

bloodstream.?3%.268

D Locally expressed by
cardiomyocytes

Angiotensinogen

Cleavage products

Enzyme

-

Undetectable in cardiomyocytes

Therapeutic agents to decrease
angiotensin signalling
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Angiotensin | ‘
Angiotensin |l ‘

ARB
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Figure 5.11  Angiotensin Il synthesis in the myocardium

ACE

The pathway of angiotensin Il production showing components expressed by the myocardium

(green), pathway enzymes (yellow), cleavage products (grey) and therapeutic agents used to

decrease angiotensin signalling (blue). The myocardium expresses all the necessary elements to

produce angiotensin Il except renin (red) which is sequestered from the bloodstream, therefore

it is unlikely that in vitro cardiomyocyte cell models are able to produce angiotensin II.
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Preliminary studies using reverse transcriptase polymerase chain reaction (RT-PCR) in the
current study, detected gene expression of angiotensinogen and ACE in AC10-CMs, however
expression of renin was not detected in the cells (See Appendix 5). With this is mind, it is unlikely
that the AC10-CMs used in this study could produce angiotensin |, therefore the
enalapril/enalaprilat added to this artificial system had no function as any ACE enzyme that was
present would likely be inactive. The lack of direct interaction of enalapril/enalaprilat with
cardiomyocytes is illustrated in toxicity studies where the compounds were added alone and the
effects upon viability of AC10-CMs determined. At the highest concentration of 10uM the drugs
exhibited negligible toxicity, with survival rates of approximately 94% for both compounds
relative to vehicle control. In contrast, addition of the ARB telmisartan and losartan at 10uM
yielded survival rates of 84% and 70% respectively which suggests direct interaction with the
drugs’ target, the ATR1. Indeed, preliminary studies using RT-PCR found positive expression of
the ATR1 in AC10-CMs (See appendix 5) and the previously described results of angiotensin Il

induced hypertrophy (Section 3.3.4.1) suggests expression of the ATR1 in the AC10-CM cell line.

Unlike the ACEi enalapril and its active form enalaprilat, the ARB telmisartan and losartan were
able to protect AC10-CMs from doxorubicin induced toxicity as evidenced by the increased ICso
values when cells were co-treated with telmisartan/losartan and doxorubicin compared to cells
treated with doxorubicin alone. In relation to this, a recent study conducted by Gergely et al.
used high-throughput screening to identify a novel compound with ability to protect H9c2 rat
cardiomyocytes from doxorubicin induced damage.° Out of a library of 10,000 compounds only
one was found to be convincingly cardioprotective —the compound is called EODB and possesses
a benzimidazole moiety, which is also a feature of the ARB telmisartan. It is possible that the
cardioprotection provided by EODB in this study was also related to ATR1 blockade, however
further studies would be needed to elucidate the exact mechanism of cardioprotection. The
authors of the study also investigated the effect that EODB had on cancer cell lines, as it is
imperative that cardioprotectants do not compromise the anti-cancer activity of doxorubicin.
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Encouragingly, it was found that EODB did not hamper the anti-cancer activities in cancer cell
lines originating from the lung, bone and blood cells.?®® The same consideration was made in the
current study, where no decreases to doxorubicin’s anti-tumour efficacy was observed with
telmisartan and losartan when added in tandem with doxorubicin to the H460 lung cancer cell
line. In fact, 5uM telmisartan appeared to increase the sensitivity of H460 cells to doxorubicin
as evidenced by the ICso values which reduced from 40.66nM when cells were treated with
doxorubicin alone, to 10.66nM when a combination of doxorubicin and 5uM telmisartan was

added to the cells.

Having considered the ability of telmisartan and losartan to protect AC10-CMs from doxorubicin
induced cell death without affecting therapeutic efficacy in H460 lung cancer cells, the impact
of angiotensin blockade on cellular morphology of doxorubicin treated AC10-CMs and hiPSC-
CMs was determined. Simultaneous to increased viability of AC10-CMs, blockade of the
angiotensin receptor was also found to reduce the hypertrophic response induced by

doxorubicin in both AC10-CMs and hiPSC-CMs.

A number of clinical studies have provided strong evidence that use of ARB alone can reduce left
ventricular hypertrophy including the Losartan Intervention for Endpoint Reduction in

Hypertension (LIFE) study?”°

and the Swedish Irbesartan Left Ventricular Hypertrophy
Investigation versus Atenolol (SILVHIA) study.?’! Both of these studies compared the use of ARB
to the B-blocker atenolol and found that the ARB achieved a significantly greater reduction in
left ventricular hypertrophy compared to atenolol, despite similar reductions in blood pressure.
This suggests that blockade of the ATR1 may be a more efficient approach to curb the cardiac
remodeling that occurs due to pressure overload and further supports the role of angiotensin Il
in development of pathogenic hypertrophy. In line with the symptoms of ordinary heart failure,

the chronic and delayed forms of doxorubicin-induced cardiotoxicity are also associated with

impairments to left ventricular function and changes to cardiomyocyte structure.'** This links
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with the findings from the current study which have shown using in vitro cardiomyocyte models
that mitigation of the cardiomyocyte hypertrophy induced by doxorubicin is possible through

blockade of the ATR1 by ARB.

Unlike the LIFE and SILVHIA clinical studies mentioned above, the current study was conducted
in vitro and therefore is focussed on direct evaluation of cardiomyocyte behaviour independent
of systemic effects. The reduction in cardiomyocyte hypertrophy observed in this study
demonstrates that perturbation of angiotensin signalling in the context of doxorubicin-induced
cardiotoxicity has direct protective effects on cardiomyocytes. This may relate to a reduction in
the acute cardiotoxicity response which potentially primes cardiomyocytes for the more severe

forms of cardiotoxicity that involve cardiac remodelling and ventricular hypertrophy.

A further implication of using in vitro cardiomyocyte models is that the cells used in this study
were not exposed to circulating levels of angiotensin Il that would ordinarily bind to the ATR1
and initiate signalling cascades. Evidence suggests that biomechanical stress (such as exposure
to doxorubicin) to cardiomyocytes in vitro can induce changes to cardiomyocytes including the

induction of ATR1 activation independent of agonist binding,*’?

which may also be responsible
for ATR1 activation in the current study. Considering this, in addition to exposure of a patient’s
myocardium to doxorubicin causing hypertrophy (biomechanical stress) and subsequent ATR1
activation independent of angiotensin I, patients also have their own circulating angiotensin Il
which regrettably may increase further due to the oxidative stress caused by exposure to
doxorubicin. The doxorubicin-induced biomechanical stress and increased levels of angiotensin

Il could thereby likely further increase stimulation of ATR1 thus increasing the activity of this

potentially cardiotoxic signalling cascade.
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5.4.3 Conclusion

The findings from this chapter provide further evidence to the existing in vivo and clinical studies
that support the use of drugs that interfere with angiotensin signalling as a means to mitigate
AIC. As this study was conducted in vitro using AC10-CMs and hiPSC-CMs, this suggests that
direct interaction of the ARB with the ATR1 on cardiomyocytes may be at least partially
responsible for the protection afforded by ARB against AIC. As it is unlikely that the in vitro
models used in this study produce angiotensin I, it is possible that an alternative mechanism of
cardioprotection may exist that is independent of angiotensin signalling. Further work into
clarifying the involvement of the ATR1 in the cardioprotective response observed is required
and could be obtained using siRNA techniques. In addition to facilitating improved survival and
reduced hypertrophy of cardiomyocytes treated with doxorubicin, telmisartan and losartan did
not reduce the therapeutic efficacy of doxorubicin in H460 lung cancer cells, which is essential
if ARB are to be used for cardiotoxicity mitigation in cancer treatment. The protection given to
the cardiomyocytes used in this study is likely due to direct interaction of the ARB with the ATR1
on cardiomyocytes, however may occur via an off-target mechanism. This may relate to a
reduction in the acute cardiotoxicity response which potentially primes cardiomyocytes for the
more severe forms of cardiotoxicity that involve cardiac remodelling and ventricular
hypertrophy. The interaction between angiotensin signalling and doxorubicin-induced

cardiotoxicity will be investigated further in the following chapter.
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Chapter 6: Molecular relationship
between the angiotensin signalling
pathway and anthracycline-induced

cardiotoxicity

6.1 Introduction

In terms of heart failure, the reduction in the heart’s ability to maintain sufficient cardiac output,
compensatory mechanisms lead to cardiac remodelling and increases in cardiac beat rate. The
purpose of this remodelling is to increase the stroke volume and cardiac capacity in order to
return cardiac output to the required level. However, the alteration in cardiac structure
decreases cardiac efficiency and increases myocardial strain, further deteriorating cardiac
output, exasperating cardiac failure, and increasing the risk of arrhythmias and cardiac

arrest 32273

6.1.1 Angiotensin signalling pathways in the cardiac system

An important physiological mediator of cardiac output and cardiac stroke volume is the renin-
angiotensin system. This system has an overall role in regulating blood pressure through altering
blood volumes, via alteration of renal water retention, and perturbation of vascular resistance
and cardiac tone.?312% Angiotensin I, the major effector of the RAS, is an octapeptide formed
by sequential cleavage of angiotensinogen to angiotensin | by renin, followed by cleavage of
angiotensin | to angiotensin Il by angiotensin converting enzyme (ACE). The angiotensin receptor

signalling pathway mediates the cellular response to angiotensin Il through the angiotensin
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receptors (ATR), of which there are two subtypes — ATR1 and ATR2 receptors.?’* The majority of
the known physiological effects of angiotensin Il are mediated by the ATR1 receptors.”>’®
Consequently, disruption of the RAS signalling pathway is a known pharmacological target, with
drugs targeting this pathway used clinically for management of hypertension and heart failure

(see section 1.4.5.2).162263

Although the RAS system is predominantly systemic in activity and function, culminating in
changes in blood volume and pressure, there is substantial evidence to also support a direct
involvement of angiotensin signalling upon cardiac tissue.2%® The heart contains a variety of
cell types including cardiomyocytes, fibroblasts, endothelial cells and pericytes (See section
1.4.3). These cell types play specific roles within the heart and rely on an array of signalling
cascades to communicate and maintain optimal cardiac function. (See section 1.4.5). The heart
is equipped with sophisticated mechanisms to respond to extracellular stimuli such as changes
to cardiac demand, including G-protein coupled receptors such as the ATR.%° The physiological
importance of angiotensin Il in the cardiovascular system is paramount, as it is responsible for

regulating changes in vascular tone and blood flow to maintain cardiac output and function.

6.1.2 Perturbation of the angiotensin signalling pathway as a therapeutic

strategy

Interruption of angiotensin signalling is a clinically utilised strategy for management of heart
failure and hypertension, through either reducing the amount of circulating angiotensin Il or

preventing its binding to ATR.162163

Inhibition of ACE is a frontline approach in this respect, preventing conversion of angiotensin |
to Il. The second strategy is through the use of angiotensin receptor blockers (ARB) which retard
the binding of angiotensin Il to ATR1, thereby disrupting angiotensin signalling. In contrast to

ACE inhibition which has a general systemic effect and subsequent indirect effect upon cardiac
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tissue, blockade of ATR1 is known to bind to receptors in the heart and directly curb angiotensin-
induced changes such as cardiomyocyte hypertrophy and cardiac remodelling.?’%%"
Interestingly, the ARB valsartan has been shown to simultaneously block signalling of ATR1 and
B2 adrenergic receptors in mice, suggesting further complex receptor interactions and perhaps

more use for angiotensin signalling modulators in heart failure.”®

6.1.3 Inhibition of Angiotensin signalling for mitigation of anthracycline-

induced cardiotoxicity

This project has previously demonstrated anthracyclines, such as doxorubicin, are associated
with severe dose-limiting cardiotoxicity (see section 1.7.1.2).2 As a result, many different
strategies to reduce the occurrence of cardiotoxicity have been explored including iron
chelators, liposomal formulations and co-administration of heart therapies such as those that
augment angiotensin signalling.2#*>2 The use of ARB and ACEi for reducing anthracycline-induced
cardiotoxicity (AIC) has been investigated in clinical studies which have reported positive results,
mainly in the area of preventing declines in left ventricular function associated with
anthracycline treatment.'>%1641%8 The findings of these studies are summarised in section 1.7.2.1

and table 1.2.

Although some of the cardioprotective properties of reducing angiotensin signalling can be
attributed to a systemic reduction in blood pressure, it is likely that reduction of angiotensin
signalling also affords some direct protection to cardiomyocytes. However, the mechanism by
which anthracyclines, such as doxorubicin, induce structural and functional changes to

cardiomyocytes has yet to be fully identified.

Collective evidence suggests that the cardiomyopathy initiated by doxorubicin is a progressive
and multi-factorial process. At the subcellular level, exposure to doxorubicin causes cytoplasmic

vacuoles, mitochondrial membrane disruption and disorder of myofibril arrangement.116144
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From a molecular perspective, mechanisms of doxorubicin-induced cardiomyopathy include
impaired calcium handling, altered gene and protein expression of key pathways involved in
cardiomyocyte survival and function, DNA breakage via inhibition of cellular topoisomerase I
(ToplIB), intracellular collation of iron, inhibition of mitochondrial topoisomerase 1 (Toplmt)
and consequent function, and the formation of oxygen free radicals that damage the
mitochondria of the cells.}634118124127 These mechanisms of doxorubicin-induced cardiotoxicity

are discussed in detail in section 1.7.1.1.

Several studies have reported that angiotensin Il promotes the generation of reactive oxygen
species (ROS) from the mitochondria, a process involving activation of NADPH oxidase and
mitochondrial ROS-induced ROS release (RIRR), and subsequent oxidative stress within
cardiomyocytes.?’>?’® |n relation to anthracyclines, doxorubicin is also known to bind to the
mitochondrial membrane protein cardiolipin, causing the accumulation of the drug within the
cardiomyocyte, redox cycling and generation of substantial ROS.°* Subsequently, the presence
of iron (Fe?*) fuels the process and production of further damaging reactive species, termed the

iron and free radical hypothesis.!®

Therefore, anthracycline-induced free radical production and angiotensin-mediated signalling is
likely to result in exacerbation of oxidative stress, providing a possible rationale for the
mitigation of cardiotoxicity by pharmaceutical agents that reduce angiotensin signalling. Such a
hypothesis was addressed in a murine study by Taskin et al. who administered doxorubicin in
the presence or absence of the ACEi captopril and/or the renin inhibitor aliskiren.?”” In this study
doxorubicin decreased mitochondrial membrane potential and ATP levels in cardiomyocytes, a
process shown to involve increased oxidative stress.?’”® Whereas treatment with doxorubicin in
the presence of ACE or renin inhibition resulted in much higher ATP levels and little change in
the mitochondrial membrane potential, by a process postulated to involve decreased oxidative

stress and inhibition of angiotensin Il production.?”’
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Another suggested mechanistic basis for the cardiotoxic effects of doxorubicin and involvement
of angiotensin signalling is provided by the induction of mechanical stretch and subsequent
physical stress by doxorubicin treatment. This hypothesis proposes that this drug-induced
cardiomyocyte stretch further increases circulating levels of angiotensin I, a concept
investigated by Okumura et al. who determined ACE activity in hamsters treated with
doxorubicin.?’® Following two weeks treatment, activity of cardiac ACE increased in doxorubicin
treated hamsters, suggesting cardiac ACE may play an important role in development of AIC,
causing increased production of angiotensin Il and exacerbated cardiac hypertrophy.?”®
Increased levels of angiotensin Il has the additional detrimental effect of down-regulating
essential neuregulin signalling in cardiomyocytes.'’® As previously discussed in section 1.6.2.1
neuregulin signalling is involved in cardiac development and physiology, with studies in
conditional gene knockout murine models demonstrating spontaneous dilated cardiomyopathy
and increased susceptibility to stress such as pressure overload.'® In terms of cardiotoxicity of
oncology therapeutics, trastuzumab-induced cardiotoxicity reportedly involves inhibition of the
neuregulin signalling pathway;® therefore it is possible that altered neuregulin signalling may

play a role, alongside elevated angiotensin Il levels and oxidative stress, in AIC.

With regards to angiotensin signalling and AIC, increased oxidative stress, decreases in survival
signalling pathways and cardiac remodelling are areas of clear overlap. However, it is still unclear
as to how the angiotensin signalling pathway and anthracycline-treatment interact to facilitate
cardiotoxicity and the underpinning molecular mechanisms. Ultimately, greater understanding
of the temporal and spatial involvement of the angiotensin-signalling pathway in this
cardiotoxicity, at the level of the cardiomyocyte, will assist in the understanding of this toxicity

and its detection and management.
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6.1.4 Aims and objectives

This study has previously confirmed that ARB can mitigate anthracycline-induced structural
changes in cardiomyocytes, utilising qualified in vitro models. The aim of this phase of the study
is to interrogate the molecular mechanisms of the angiotensin-signalling pathway associated
with anthracycline-induced cardiotoxicity, potentially indicating a molecular relationship

between the angiotensin Il signalling pathway and anthracycline-induced cardiotoxicity.

Specifically:

i) Studies will be conducted to evaluate the involvement and regulation of ATR1 in doxorubicin-

induced cardiotoxicity using the previously qualified in vitro cardiomyocyte models.

ii) Molecular pathways perturbed by doxorubicin in cardiomyocytes at the genetic level will be
examined and the relationship to the angiotensin-signalling pathway and cardiotoxicity will be

addressed.
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6.2 Materials and methods

Solution and gel compositions used for western blotting are outlined in Appendix 4.

6.2.1 Evaluation of protein expression by western blotting:

Cell lysate preparation of AC10 cardiomyocytes

AC10 cardiomyocytes (AC10-CMs) were seeded in 6-well plates at a density of 300,000 cells per
well and cultured for 24 hours in complete culture medium. Cells were then incubated with
doxorubicin (50-500nM) for a further 24 hours. Following culture media removal and cellular
trypsinisation, the number of cells was adjusted to 500,000 cells per sample. After centrifugation
for 5 minutes at 1000rpm, cell pellets were lysed by addition of 50ul of lysis buffer containing
both protease and phosphatase inhibitors. The resultant cell lysates were centrifuged at
1000rpm and the supernatant (soluble fraction) transferred to a fresh tube, or the cell lysates
were not centrifuged and the whole cell lysates (soluble and insoluble fraction) were stored at -

20°C.

The amount of protein in the cell lysates was quantified using the Bradford assay.?®° A series of
protein standards (0-1ug/ul) were made using bovine serum albumin (BSA) diluted in lysis
buffer. 10ul of the test samples and standards were added to a 96 well plate in duplicate. To
each well, 200ul of Bradford Reagent (BioRad, UK) diluted 1:5 in deionised water was added, the
plate incubated at room temperature for 5 minutes to allow the reaction to occur, and the
absorbance of the samples at measured at 595nm using a spectrophotometer plate reader
(MultiSkan GO, Thermo Scientific, USA). The concentration of test samples was then calculated

using the standard curve. Cell lysates were stored at -20°C until required.
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6.2.1.1 Evaluation of protein expression by western blotting:

Polyacrylamide gel electrophoresis and membrane transfer

Protein samples were diluted to a final concentration of 1ug/ul by mixing the calculated volume
of cell lysate, water and 4x sample buffer (Containing 10% B-mercaptoethanol), heated at 95°C

for 5 minutes to denature proteins, before transfer onto wet ice.

Protein samples (30ug) were separated through a 10% polyacrylamide SDS resolving gel and a
5% stacking gel using a BioRad mini-gel electrophoresis rig (BioRad, UK) filled with running
buffer. For size determination, 5ul Precision Plus protein ladder (BioRad, UK) was also loaded
into the gel. Proteins were separated at 200V for 1 hour or until the dye front reached the end

of the gel.

Western blotting was conducted as per the methodology of Towbin et al.?! Briefly, gels were
removed from the tank and the proteins transferred from the polyacrylamide gel to a
polyvinylidene difluoride (PVDF) membrane (Amersham Hybond, GE Healthcare Life Sciences,
UK), as follows. Prior to use the PVDF membrane was activated by soaking in methanol for 15
seconds and then placed in transfer buffer. The western transfer cassette was assembled as

shown in figure 6.1.

The resultant cassette was placed in a transfer tank (BioRad, UK) containing transfer buffer,

immersed in wet ice and the proteins transferred at 300mA for 1 hour.
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Figure 6.1 Gel and PVDF membrane sandwich for protein transfer

218



6.2.1.2 Evaluation of protein expression by western blotting:

Antibody probing and protein detection

After completion of protein transfer, PVDF membranes were incubated in a solution of 5% non-
fat dried milk in Tris-buffered saline with Tween-20 (TBS-T), for 1 hour at room temperature with
agitation to block non-specific antibody binding. To probe for expression of specific proteins,
‘blocked’ membranes were then incubated overnight at 4°C with the respective primary
antibody (table 6.1), diluted in 1% milk in TBS-T in a 50ml sample tube on a rotating mixer (Bibby

Scientific, UK).

Primary Tvpe Companv | Dilution Secondary Molecular
antibody P pany antibody weight (kDa)
Rabbit - Anti-rabbit
ATR1 oolyclonal Millipore 1:250 (1:2000) 43
B-actin Mouse Sigma | 1:10000 | Anti-mouse 42
monoclonal g ' (1:2000)

Table 6.1 Characteristics of antibodies used in this study

After overnight antibody exposure, membranes were washed three times in TBS-T for 15
minutes on a shaker at room temperature to remove unbound antibody. The PVDF membranes
were then incubated in the appropriate HRP-conjugated secondary antibody diluted in 1% milk
in TBS-T (table 6.1) for 1 hour at room temperature. Membranes were than washed for 15

minutes on a rocker at room temperature to remove unbound secondary antibodies.

Antibody binding was detected by chemiluminescence, using a pre-mixed enhanced
chemiluminescence solution (ECL) and left to react in the dark for 3 minutes. Excess ECL was
removed by dabbing membranes onto tissue paper, before placing the membrane in a small
plastic bag and marking the location of the protein ladder. Bands were detected using a
ChemiDoc MP System (BioRad, UK). Exposed membranes were stored at 4°C for further analysis

of protein expression.

219



Blots were stripped and re-probed for B-actin to ensure equal loading of all samples. Briefly, the
membranes were incubated in acid stripping buffer for two 30 minute incubations and then the
acid was neutralized by triplicate three minute washes in PBS. The membrane was blocked for 1
hour as previously described and then incubated in primary antibody diluted in 1% milk in TBS-
T (table 6.1) for 1 hour and binding detected as previously described. Protein expression was
analysed semi-quantitatively using densitometry on the Image) image processing package
(National institute of Health, USA), with fold change in respective protein expression relative to

vehicle control calculated.

Statistical tests were conducted on densitometry values using a one way analysis of variance
(ANOVA) test. Statistical analysis was performed using GraphPad Prism (Version 7.04, GraphPad

Software, Inc.).

6.2.2 Analysis of anthracycline-induced changes to gene expression

relating to cardiotoxicity and angiotensin signalling

PCR arrays were used to analyse changes in expression of a panel of pathway specific genes to
be profiled in cells following drug treatment. The PCR arrays used for these studies were the
Human Cardiotoxicity array (PAHS-095Z) and the Human GPCR Signalling Pathway Finder (PAHS-

071Z) (SABiosciences, Qiagen, Germany) using the previously described methodology.?®

6.2.2.1 Production of cDNA from AC10 cardiomyocytes

AC10-CMs were seeded in 6-well plates at a density of 300,000 cells per well and grown for 24
hours prior to the addition of 50nM doxorubicin or 0.1% DMSO. After drug exposure for 24

hours, media was removed and the cells scraped in PBS and collected into a microcentrifuge
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tube. Following centrifugation for 5 minutes at 1000rpm at 4°C (VWR, Micro Star 17R) cell pellets

were stored at -20°C prior to RNA extraction.

RNA was extracted from AC10-CMs using the RNeasy mini kit, following the manufacturer’s
instructions (Qiagen, Germany).?® Briefly, cell pellets were thawed, 350l RLT buffer added, and
the pellet homogenized using a QlAshredder spin column. RNA was precipitated from the lysate
by addition of 350ul 70% ethanol. The RNA was isolated from the sample using an RNeasy spin
column and then on column DNA digestion performed using an RNase-Free DNase set, by
washing in RW1 buffer, digestion of DNA using RDD buffer and DNase | for 15 mins, and a final
wash in RW1 and RPE buffers to remove unwanted biomolecules and salts. RNA was eluted by

addition of RNase free water and centrifugation of the column. RNA was stored at -80 °C.

The quality and concentration of RNA in the samples was determined using the NanoDrop 2000c
(Thermo Scientific, USA), analysing 1ul RNA sample relative to an RNase free water blank. The
concentration of RNA in the samples was recorded, with a 260:280 absorbance ratio of greater

than 1.8 confirming RNA quality.

cDNA was synthesised using the RT? First Strand Kit (Qiagen, Germany), according to the
manufacturer’s instructions.?®* Briefly, RNA was combined with genomic elimination (GE) and
RNase-free water, to a total volume of 10ul, incubated at 42°C for 5 minutes, and then
immediately placed on wet-ice ice. The reverse transcription reaction was developed by
combination of the RNA sample (10ul) with Buffer BC3 (4pl), Control P2 (1pl), RNase-free water
(3ul) and reverse transcriptase mix (2ul). The mixture was incubated at 42°C for 15 minutes and
then rapidly incubated at 95°C for 5 minutes to halt the transcriptase reaction. The volume of
reaction was then adjusted to a final amount of 111l through addition of RNase-free water,

and the cDNA stored at -20°C until required.
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6.2.2.2 Pre-array verification of cDONA quality

Before undertaking real-time PCR (qRT-PCR), the quality of the cDNA was ascertained by
checking the expression of the GAPDH house-keeping gene using semi-quantitative reverse-
transcriptase PCR (RT-PCR). A PCR amplification mixture was created containing 10ul Tag MM
(x2; New England Biolabs) 0.2l GAPDH forward primer (5’-CCACCCATGGCAAATTCCATGGCA-3’),
0.2ul GAPDH reverse primer (5'-TCTAGACGGCAGGTCAGGTCCACC-3’) (Invitrogen, UK), 2ul cDNA
and 7.6l RNase-free water. RT- PCR was then carried out using a thermocycler (Prime, Fischer

Scientific, UK) on the samples using the following cycling conditions:

Step Temp (°C) Duration

Initial denaturation and

activation of polymerase 94 S5minutes

Denature 94 30Seconds

Primer annealing 54 30seconds 30 cycles
Extension 68 90seconds

Final extension 68 5 minutes

The PCR products were analysed by separation through a 1% (w/v) agarose gel, containing 0.01%
ethidium bromide. Samples were combined with 10% loading dye (30% glycerol, 0.25%
bromophenol blue) to allow sample visualisation and loaded into the gel alongside a DNA ladder
(QuickLoad 100bp DNA ladder, New England Biolabs). Electrophoresis was performed in Tris-
Acetate EDTA buffer (TAE; 40mM Tris, 20mM acetic acid and 1mM EDTA) at 100V for

approximately 1 hour. The gel was viewed using a ChemiDoc MP System (BioRad, UK) and
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Imagelab software (BioRad, UK). The expected PCR product size was 598bp, cDNA quality was

deemed suitable if discrete bands of comparable intensity were observed.

6.2.2.3 Real-time PCR of Gene expression arrays

The gRT-PCR protocol and methodology was as per the manufacturers protocol.?* A reaction
mixture was produced by combination of 102l test cDNA, 1048l RNase-free water and 1150pl
RT2SYBR Green ROX FAST 2x mastermix (Qiagen, Germany). To each well of the respective RT?
Rotor-Disc 100 gene array, 20ul of the PCR mixture was added to each of the 100 wells. The
plate was sealed, clipped into loading disc and locking ring, and inserted into the Rotor-Gene
instrument (Qiagen, Germany). The associated RT? Rotor-Gene template was loaded into the
Rotor-Gene Q software (V2.0) and the programme initiated. After the gRT-PCR run, the baseline
was automatically defined and the threshold cycle value (CT) determined for each well. Changes
in gene expression for control and doxorubicin treated cDNA samples were analysed using the
SABiosciences data analysis web based software. Data was normalised using automatic selection
from the housekeeping gene panel on the gRT-PCR Array. The CT values for these genes were
then used for the AACT calculations. This is normalized gene expression expressed as fold change
and is calculated by dividing CT values from the test sample by the control sample values. Fold
change values greater than one indicate an up regulation and fold change values less than one

indicate down regulation.
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6.3 Results

6.3.1 Optimisation of western blotting for detection of the ATR1

Initially, the soluble supernatant fraction of cellular lysis was analysed for expression of the
angiotensin type | receptor (ATR1). At all protein concentrations tested no band corresponding
to ATR1 expression (43kDa) was detected in these samples (Figure 6.2A), however detection of
B-actin expression (42kDa) confirmed the successful transfer of proteins to the membrane

(Figure 6.2B).

Conversely, expression of ATR1 was detected in the whole cell lysates, containing both the
soluble and insoluble proteins, at a level relative to the concentration of protein in the samples
(Figure 6.3). This latter observation is indicative that the ATR1 is present in the insoluble fraction

of the protein samples and whole cell lysates should be used for further experiments.
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Figure 6.2 The ATR1 is absent from the soluble fraction of AC10 cardiomyocyte

cell lysates
A. Western blot showing various concentrations of the soluble proteins from AC10-CM probed
for the ATR1, expected band size 43kDa B. The same blot stripped and re-probed for B-actin,
expected band size 42kDa. Protein concentration for each lane indicated on the top, arrows
indicate location where bands would be expected, molecular markers for protein size are shown

on the left.
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Figure 6.3 The ATR1 is present in the insoluble fraction of AC10 cardiomyocyte cell
lysates

Western blot showing various protein concentrations of the whole cell lysate from AC10-CM

probed for the ATR1, expected band size 43kDa, arrow indicates location where bands would be

expected. Protein concentration for each lane indicated on the top, molecular markers for

protein size are shown on the left
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6.3.2 Doxorubicin increases the expression of the ATR1 in AC10

cardiomyocytes

The whole cell lysates of AC10-CMs treated with various concentrations of doxorubicin for 24
hours showed an increase in the expression of ATR1 expression relative to vehicle control (Figure
6.4A). Densitometric analyses of the ATR1/B-actin expression ratio shows that ATR1 expression
is approximately 2-3 fold higher in AC10-CMs treated with doxorubicin, with the highest increase
in expression in AC10-CMs treated with 250nM doxorubicin showing a 4.1 fold increase (Figure
6.5). Although treatment with 500nM doxorubicin did increase ATR1 expression relative to
vehicle control, the levels were lower than that observed with 250nM doxorubicin. This
observation is similar to that observed when evaluating cytotoxicity (section 4.3.1), suggesting

a relationship to cellular viability.
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Figure 6.4 Doxorubicin increases the expression of the ATR1 in AC10
cardiomyocytes

A. Representative western blot showing whole cell lysates of AC10-CMs treated with various

concentrations of doxorubicin for 24 hours probed for the ATR1, B. The same blot stripped and

re-probed for B-actin. Concentration of doxorubicin applied to AC10-CMs in each lane indicated

on the top (VC = vehicle control), molecular markers for protein size are shown on the left,

arrows indicate location where bands would be expected. All images are representative of n=4.
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Figure 6.5 Doxorubicin treatment increases the expression of the ATR1 in AC10
cardiomyocytes — Densitometric analysis

Densitometric analysis of 4 individual repeats of the western blot shown in Figure 6.4, showing

fold change in ATR1 expression relative to vehicle control (normalised to B-actin expression)

(n=4). Errors are calculated as standard errors of the mean.
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6.3.3 Pre-array verification of cDNA quality

Prior to conducting qRT-PCR gene arrays, the cDNA quality was ascertained by examining gene
expression of a house-keeping gene in the control and treated samples using reverse
transcriptase PCR (RT-PCR). Figure 6.6 shows that GAPDH was detected at visibly equal levels in
cDNA samples generated from untreated and doxorubicin treated AC10-CMs and therefore is

suitable for use in gene array experiments.

Control

800 m—

700 m—

600 m—

500 m—

Figure 6.6 GAPDH was detected at equal levels in cDNA generated from
untreated and doxorubicin treated AC10 cardiomyocytes
Reverse-transcriptase PCR showing expression of GAPDH in cDNA generated from untreated and
doxorubicin treated AC10-CMs, expected band size 598bp. Molecular markers for determination

of product size shown on the left.
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6.3.4 Doxorubicin alters expression of genes associated with

cardiotoxicity in AC10 cardiomyocytes

Changes in gene expression in 84 genes involved in drug induced or chemical cardiotoxicity were
assessed following exposure of AC10-CMs to 50nM doxorubicin for 24 hours, of which 21 genes
showed greater than 2-fold changes to gene expression (Figure 6.7). This is outlined in figure 6.8

and the full name and function of the proteins encoded by these genes is shown in table 6.2.

01 02 03 04 05 06 07 08 0% 10 n 12
A ABHDZ  ABRA ACTAI ADRA2A|  AIFMI AK3 ASHIL ATPS) CAT BGN BSM BTG2
-1.04 1.72 -1.04 -12.13 1.07 -1.73 -2.00 1.14 -1.65 1.9 -1.16 .47
8 ccL7 CCR1 cD14 CFD CH25H | CKM COL15A1 COL3A1  CREM CSNK2A2 | DUSPS EGR1
-1.28 -13.45 -2.60 -1.53 2.77 125 -1.66 -1.95 -1.54 112 -14.62 -3.20
c FCGR2E | FHL1 FOSLI GlAl GPMEA [ HamP H5PA2 HSPH1 IFTZ0 IGFEPS L6 TPR2
2.1 166 -1.52 -1.40 1.25 371 1.33 -1.30 -1.04 1.01 1.88 -1.60
- KLHL41 | KLHL40| KCMI12 | MCMé MTIF NEXN NFIE PD¥4 FICN2 PLA2G4A  PLAU FLN
-1.20 4.53 1.25 -2.55 2.57 -1.12 1.25 -1.45 -1.51 -1.73 -1.28 -1.62
E BPIFAT POSTM FPBP PPRIR14C  PRKABZ FSMAZ PSMD7 PUMZ FVR RBM3 REG3G RND1
1.25 236 1.25 1.25 BT 2.10 1.62 1.66 235 1.01 1.25 127
- RPS&KE1  S1PR2 SERPINE1  SIK1 SLC4A3 | SOX4 SPR TCF4 TGFE2 THRAPZ | TlaM1 TP
1.60 1.7 1.03 1.59 -1.43 -4.17 2.4 1.58 1.60 1.04 -4.89 1.14
c TUBSS TXNIP UBAS UBXN2A | UCK2 UCP1 VCAN VEGFA VIM WIPI INF148  INF23
-1.34 1.29 1.99 2.38 113 1.3 -1.16 1.89 2.04 1.64 1.67 1.93

Figure 6.7 Changes in gene expression profile of 84 genes involved in
cardiotoxicity following doxorubicin exposure in AC10 cardiomyocytes

Out of 84 genes analysed, 21 showed more than a 2-fold change in gene expression. Increases

in gene expression were recorded for 10 genes (green), and decreases in gene expression were

recorded for 11 genes (blue) following exposure to 50nM doxorubicin for 24 hours
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Figure 6.8 Doxorubicin alters expression of genes associated with cardiotoxicity in
AC10 cardiomyocytes

Clustered bar graph showing genes with more than a 2-fold change in gene expression. Increases

in gene expression were recorded for 10 genes (green), and decreases in gene expression were

recorded for 11 genes (blue) following exposure to 50nM doxorubicin for 24 hours
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Gene Full name Function
UCP1 Uncoupling protein 1 Carries anions and protons between inner
(mitochondrial, proton carrier) and outer mitochondrial membrane
KLHL40 Kelch repeat and BTB (POZ) Involved in protein-protein interactions,
domain containing 5 including actin and cullin 3 ubiquitin ligases
HAMP Hepcidin antimicrobial peptide Iron regulation and metabolism
PSMA2 mzrcor:[;aasi?\;nsil(ozrr?ii?;s;na Mediates ubiquitin—ind(?pendent protein
degradation
type, 2
Lipid metabolism - Catalyses the formation
CH25H Cholesterol 25-hydroxylase of 25-hydroxycholesterol from cholesterol
MT1E Metallothionein 1F Metal binding prc?tein, plays a role in
oxidative stress
SPP1 Secreted phosphoprotein 1 Increased during myocardial dysfunction
UXBN2A UBX domain protein 2A Ubiquitin r.eguilaftor\‘/ proteins within the
ubiquitination pathway
POSTN Periostin, osteoblast specific ECM protein that supports cellular adhesion
factor and migration
VIM Vimentin Mesenchymal intermediate filament
Dephosphorylates and therefore inactivates
DUSP8 Dual specificity phosphatase 8 target kinases, such as MAPKs which are
involved in proliferation
CCR1 Chemokine (C-C motif) GPCR involved in recruitment of immune
receptor 1 cells to site of inflammation
ADRA2A | Adrenergic, alpha-2A-, receptor GPCR involved in adrenergic signalling
TIAM1 T-cell ymphoma invasion and Regulate RHO-like GTPases which are
metastasis 1 involved in actin dynamics
SRY (sex determining region Y)- | Transcription factor involved in embryonic
SOX4 .
box 4 development and determination of cell fate
EGR1 Early growth response 1 Transcription factor
CD14 CD14 molecule Immune system related co-receptor
MCM6 Minichromosome maintenance Essential for DNA replication, part of DNA
complex component 6 unwinding enzyme complex
.. Involved in establishment of intercellular
PVR Poliovirus receptor . .
adherens junctions
FCGR2B Fe fraﬁr;jerr;izglgf,(é%v;;)ﬁm|ty Immune system related co-receptor
ASHIL Ash1 (absent, small, or Transcriptional activator, regulates gene
homeotic)-like (Drosophila) expression
Table 6.2 Doxorubicin alters expression of genes associated with cardiotoxicity in

AC10 cardiomyocytes
Full name and function of the genes with more than a 2-fold change in gene expression.
Increases in gene expression were recorded for 10 genes (green), and decreases in gene
expression were recorded for 11 genes (blue) following exposure to 50nM doxorubicin for 24

hours
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6.3.5 Doxorubicin alters expression of genes associated with GPCR

signalling in AC10 cardiomyocytes

Changes in gene expression in 84 genes involved in G-protein coupled receptor (GPCR) signalling

were assessed following exposure to 50nM doxorubicin for 24 hours, of which 40 genes showed

greater than 2-fold changes to gene expression (Figure 6.9). This is outlined in figure 6.10 and

the full name and function of the proteins encoded by these genes is shown in table 6.3.

01 02 03 04 05 06 07 02 09 10 1 12

a ADCYS ADORAZA| ADRBE1 ADRB2 AGT AGTRI AGTR2 AGTRAP AKT1 ARFB1 ARRE2 ADGFRB1
-1.29 -5.35 -3.63 1.2¢9 1.16 -1.45 -1.29 -2.31 -2.30 -1.82 -1.68 -1.29

B BCL2 BCL211 CALCR CALCRL CASR CClL2 CCL4 CCND1 CCNE1 CCNE2 CDKN1A | COKNIB
-1.99 -2.85 -1.29 -5.50 -5.39 -1.29 -1.78 1.15 -4.72 -1.35 1.16 -2.13

c CFLAR COL1AT CRHR1 CRHR2 CTGF CYF19A1 DRD1 DRDZ2 DUSP1 4 EDN1 EGR1 ELK1
-2.25 -2.81 7.31 -1.29 -3.43 -1.29 -1.29 -1.2¢ -1.84 223 -2.45 -12.55

D ELK4 FGF2 FOS GALR2 GCGR GMNAQ GMNAS GRMI GRM2 GRM4 GRMS GRMT
-1.61 -7434.40| | -5.62 -3.038 -1.29 -2.33 -3.29 -2.75 -1.2¢9 -3.89 -1.29 -1.29

E ICANMT iLg ILTRY ILTR2 2 JUN JUNB LHCGR LPART LPARZ MAX MMPR
-2.91 -1.48 -3.94 1.19 -1.29 -4.35 -6.92 -1.35 -2.57 -207 -2.17 3.03

P MYC NOS2 OFfD1 OPRK1 PDPFK1 FIK3CG PRKCA PTCODR PTGS2 FTHIR RGS2 RHO
-1.39 -1.20 -1.29 -1.29 -4.77 -1.29 -2.39 128 20 5.43 2.93 -1.04

c S1PRY S1PR2 S1PR3 SCTR SERFINE]| | SOCS1 TNF TSHR Ucpt VCAMI VEGFA YWHAZ
1.0 -1.95 2.1¢9 -1.29 2.64 2.95 -1.29 2,55 1.85 14.83 411 1.83

Figure 6.9 Changes in gene expression profile of 84 genes involved in GPCR

signalling following doxorubicin exposure in AC10 cardiomyocytes

Out of 84 genes analysed, 40 showed more than a 2-fold change in gene expression. Increases

in gene expression were recorded for 11 genes (green), and decreases in gene expression were

recorded for 29 genes (blue) following exposure to 50nM doxorubicin for 24 hours. The gene

shown in red was omitted due to the unusually large fold change recorded.
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Figure 6.10 Doxorubicin alters expression of genes associated with GPCR signalling
Clustered bar graph showing genes with more than a 2-fold change in gene expression. Increases
in gene expression were recorded for 11 genes (green), and decreases in gene expression were

recorded for 29 genes (blue) following exposure to 50nM doxorubicin for 24 hours.
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Gene Full name Function
Cell adhesion molecule that is also
VCAM1 | Vascular cell adhesion molecule 1 | involved in signal transduction in epithelial
cells
Corticotropin releasing Important mediators in the stress
CRHR1
hormone receptor 1 response
PTH1R Parathyroid hormone 1 receptor | GPCR involved in calcium ion homeostasis
Vascular endothelial Signalling protein that stimulates
VEGFA . .
growth factor A angiogenesis
, Invol in the degradation of the
MMP-9 Matrix metalloproteinase 9 nvolved.i 8 I.
extracellular matrix
f kine signalli L .
SOCS1 Suppressor o cylto e signalling Down-regulate cytokine signalling
Regul f G- in signalli . .
RGS2 egulator of G-protein signalling Increases activity of the Ga subunit
2, 24kDa
- . i hibi I ‘ ‘
Serpm‘peptldas.e n |b|tor,. clade Inhibitor of tissue plasminogen activator
SERPINE1 | E (nexin, plasminogen activator (tPA)
inhibitor type 1), member 1
TSHR Thyroid stimulating hormone Stimulates production of thyroxine and
receptor trilodothironine
P fth i
EDN1 Endothelin 1 recursor of t evas_oconstrlctor
endothelin
S1PR3 Sphingosine-1-phosphate GPCR involved in vascular endothelial cell
receptor 3 function
ELK1 ELK1, member of ETS oncogene Transcription factor involved in MAPK
family signalling
Component of the AP-1 transcription
JUNB Jun B proto-oncogene P ‘Pt
factor
-phosphoinositi . o .
PDPK1 3-phosp 0|n95|t!de dependent Kinase involved in signal transduction
protein kinase-1
FOS FBJ murine osteosarcoma viral Component of the AP-1 transcription
oncogene homolog factor
CALCRL Calcitonin receptor-like GPCR involved in calcium ion homeostasis
CASR Calcium sensing receptor GPCR involved in calcium ion homeostasis
ADORA2A Adenosine A2a receptor GPCR involved in vasodilation
CCNE1 Cyclin E1 Co-ordination of the cell cycle
JUN Jun proto-oncogene Transcription factor
. tokine receptor involved in
IL1R1 Interleukin 1 receptor, type | v . ! ceptorinvolvedt
inflammatory response
Table 6.3 Doxorubicin alters expression of genes associated with GPCR signalling

in AC10 cardiomyocytes (1)
Full name and function of the genes with more than a 2-fold change in gene expression.
Increases in gene expression were recorded for 11 genes (green), and decreases in gene
expression were recorded for 29 genes (blue) following exposure to 50nM doxorubicin for 24

hours.
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Full name Function

Gene
Glutamate receptor, Linked with inhibition of cyclic AMP
GRM4 . . .
metabotropic 4 signalling
ADRB1 Adrenergic, beta-1-, receptor GPCR involved in adrenergic signalling
ECM protein invol i Il adhesi
CTGF Connective tissue growth factor pro ?m myo ved in Fe a.d esion,
proliferation and migration
GNAS GNAS complex locus Component of a G-protein alpha sub-unit
GALR2 Galanin receptor 2 Neuromodulatory GPCR
ICAM1 Intercellular adhesion molecule 1 Stabilises cell-cell interactions
BCL2L1 BCL2-like 1 Apoptosis regulation
COL1A1 Collagen, type |, alpha 1 Component of connective tissue
Glutamate receptor, Linked with inhibition of cyclic AMP
GRM1 . . .
metabotropic 1 signalling
LPAR1 Lysophosphatidic acid receptor 1 | GPCR involved in encouraging cell division
EGR1 Early growth response 1 Transcription factor
PRKCA Protein kinase C, alpha Protein kinalse in\{olved in diverse cellular
signalling pathways
Guani leotide bindi . - . .
GNAQ u.anme nue ?0 ae bin |ng‘ Involved in activation of G-protein subunits
protein (G protein), g polypeptide
AGTRAP Ang|oter.15|n ] receptor— Negatively regulatgs angiotensin I
associated protein signalling
AKT1 V-akt murine thymoma viral Protein kinase involved in diverse cellular
oncogene homolog 1 signalling pathways
ASP FADD-lik i
CFLAR CASP8 and Ike apoptosis Regulator of apoptosis
regulator
MAX MYC associated factor X Transcription factor
Cyclin-dependent kinase inhibitor s .
DKN1B Il I h
C 18 (p27, Kip1) Cell cycle inhibitor protein
LPAR2 Lysophosphatidic acid receptor 2 GPCR involved in Calcium mobilisation
Table 6.3 Doxorubicin alters expression of genes associated with GPCR signalling

in AC10 cardiomyocytes (2)

Full name and function of the genes with more than a 2-fold change in gene expression.

Increases in gene expression were recorded for 11 genes (green), and decreases in gene

expression were recorded for 29 genes (blue) following exposure to 50nM doxorubicin for 24

hours.
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6.4 Discussion

The purpose of this phase of the project was to build on evidence indicating that blockade of the
angiotensin type 1 receptor (ATR1) reduces anthracycline-induced hypertrophy of in vitro
cardiomyocyte models. By appreciating the molecular changes involved in these activities the
objective is to better understand the interaction between angiotensin signalling and

anthracycline-induced cardiotoxicity (AIC).

The reduction in structural changes is thereby postulated to be due to direct interaction of
angiotensin receptor blockers (ARB) with the ATR1 on cardiomyocytes. This is supported by
observations in earlier phases of this study including angiotensin Il induced hypertrophy of
AC10-CMs and reduction of doxorubicin induced hypertrophy by angiotensin receptor blockade.
Embedded within the cell membrane, the ATR1 is a G-protein coupled receptor (GPCR)

responsible for mediating cellular responses to angiotensin 11.7523!

6.4.1 Analysis of ATR1 expression in AC10 cardiomyocytes

In order to address this hypothesis is was thus important to evaluate selective expression of
ATR1. The structural similarities between receptors that constitute the GPCR receptor family is
reported to complicate their individual analysis, so this study evaluated ATR1 expression using
an antibody against the extracellular N-terminus of the receptor, an epitope associated with part
of ATR1 responsible for binding angiotensin Il. Several studies have shown many of the residues
that form this section of the receptor to be unique to ATR1,25 unlike other receptor areas (such
as the intracellular loops and C-terminus), as these areas are more structurally similar to other

GPCRs.?®

The ATR1 receptor protein was undetectable in the soluble fraction of the cell lysate of AC10-

CMs; however was easily detectable when the whole cell lysate (which contains both soluble
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and insoluble proteins) was used, with bands of expected size detected in samples containing as
little as 20ug of protein from the whole cell lysate of AC10-CMs. Analysis of the expression of
the ATR1 following exposure of AC10-CMs to doxorubicin for 24 hours revealed that the
expression of the ATR1 relative to the vehicle control was approximately 2-3 fold higher in AC10-
CMs treated with doxorubicin, with the highest increase in expression in AC10-CMs treated with
250nM doxorubicin where a 4.1 fold increase was observed. Although treatment with 500nM
doxorubicin did increase ATR1 expression relative to vehicle control, the levels were lower than
that observed with 250nM doxorubicin. This observation is similar to that observed when
evaluating cytotoxicity suggesting a relationship to cellular viability. The increase in expression
of the ATR1 in cells treated with doxorubicin may also cause increased levels of angiotensin

signalling which will be discussed further later.

A recent study conducted by Huang et al. also reported upregulation of the ATR1 following
doxorubicin treatment in the rat myoblast H9c2 cell line.?®” The increase in ATR1 expression was
also found to occur in both a time dependent and dose dependent manner, albeit it at levels
significantly higher than clinical cardiac exposures. These findings are in accordance with the
results of the current study, however using a rodent rather than human derived cell line. The
rodent study also provided further direct evidence of an interaction between doxorubicin-
induced cardiotoxicity and increased angiotensin signalling, as levels of the G-protein Gaq also
increased after doxorubicin treatment, substantiating the involvement of angiotensin signalling

in doxorubicin induced cardiotoxicity.?’
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6.4.2 Molecular interactions between angiotensin signalling and

anthracycline-induced cardiotoxicity

In order to elucidate the mechanisms by which anthracyclines facilitate angiotensin
involvement, as being either direct induction of ATR1 or a consequence of perturbation of a
subcellular signalling pathway, it was important to examine doxorubicin effects upon
cardiomyocyte pathways. Changes in gene expression of 84 genes involved in drug induced or
chemical cardiotoxicity were assessed following exposure of AC10-CMs to subclinical levels of
doxorubicin, of which 21 genes showed greater than 2-fold changes to gene expression.
Additionally, of the 84 genes involved in GPCR signalling evaluated, doxorubicin-induced greater
than 2-fold changes relative to control cells in 40 genes. For the purposes of this project a
selection of genes were chosen from each array and appraised with respect to their potential

impact on anthracycline-induced cardiotoxicity (AIC) and relationship to angiotensin signalling.

6.4.2.1 Gene changes relating to anthracycline-induced cardiotoxicity
mechanisms

It is well reported that doxorubicin induces oxidative stress within cardiomyocytes.*34%1 One of
the highest changes in gene expression was observed in UCP1, an uncoupling protein and
mitochondrial transporter responsible for decreasing the proton gradient associated with
oxidative phosphorylation.?®® Therefore, unsurprisingly, doxorubicin alters mitochondrial

bioenergetics and alters proteins involved with physiological regulation of ROS.

Similarly, doxorubicin increases expression of the regulator of iron homeostasis Hepcidin
antimicrobial peptide (HAMP), involved in inhibiting the iron transport protein ferroportin and
transport of iron outside the cell.?® Disruption of this gene is indicative of altered cardiomyocyte
iron handling, culminating in formation of doxorubicin-iron complexes, formation of ROS

through its association with the inner mitochondrial membrane (See section 1.7.1.1.1), further

240



adding to cardiomyocyte oxidative stress and the effects manifested through UCP1

dysregulation.

Doxorubicin changes in cardiomyocyte structure and subsequent cardiac hypertrophy are also
reflected in genetic changes observed in treated AC10-CMs. The reduced expression of dual
specificity phosphatase 8 (DUSP8) is associated with increased activity of MAPK signalling
pathways, strongly associated with regulation of cardiac hypertrophy and remodelling in
response to increased workload or pathological insults.?® Similarly, increased gene expression
of the proteasomal subunit PSMA2 and proteins involved in the ubiquitination pathway
(UXBN2A) following doxorubicin treatment indicates an increase in cellular proteolytic activities,
linked to restructuring of contractile and structural proteins in cardiomyocytes.”®® The
observation that expression of the transcription factor SOX4 was downregulated also adds to
the cardiac remodelling aspects of doxorubicin-induced toxicity, through its role in controlling

cell fate and cardiac development, and thus cardiomyocyte differentiation and sensescence.?*?

Transcriptional repression is also an effect of anthracycline treatment, which can affect the
expression of critical genes in cardiomyocytes.?>> For example, JUNB is reported to be essential
in maintenance of sarcomeric Z-disc structure and therefore crucial in maintaining sarcomere
architecture and function.?®* Indeed in the current study the transcription factors ELK1, JUNB,
FOS and EGR1 showed reduced expression which may relate to reductions in the expression of

genes that are essential for cardiomyocyte function.

6.4.2.2 Gene changes relating to anthracycline-induced cardiotoxicity and
angiotensin signalling

The induction of matrix metalloproteinase-9 (MMP-9) gene expression by doxorubicin adds to
the structural remodelling activities of doxorubicin. The MMPs are central mediators of cellular

remodelling such as ventricular dilation in the clinic.”®® Indeed, increased MMP activity is
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associated with chronic doxorubicin cardiotoxicity and a recent study has linked acute
doxorubicin treatment to increases in MMP-2 activity.?®® Unfortunately, MMP-2 was not
evaluated in the current study. Importantly for this study, angiotensin Il treatment is also
reported to increase expression of MMP-9 in a monocyte cell line,?” and also in rats in the
context of cardiac hypertrophy?®® thus the increase in MMP-9 gene expression in the current

study supports synergism between AIC and angiotensin signalling.

Corticotropin-releasing hormone receptor 1 (CRHR1) is also upregulated by doxorubicin in
cardiomyocytes, with an involvement in the response to stress. Although this protein is primarily
located in the nervous system, it is expressed at lower levels in other tissues including the
heart.?®® Many studies have related angiotensin Il exposure increases expression of CRHR1 or its
agonist corticotrophin releasing hormone (CRH), and found that antagonism of the ATR1
reduces the levels of the receptor and agonist.3 In addition CRHR1 has been linked to local
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inflammatory responses,®* which links ATR1 activation with the occurrence of doxorubicin-

induced hypertrophy in the current study.

One of the greatest genes upregulated in AC10-CMs following doxorubicin exposure when
analysing the GPCR signalling pathway is vascular cell adhesion molecule 1 (VCAM1). This gene
codes for an adhesion molecule on endothelial cells, with a central role in atherosclerotic lesion
formation.3%? Interestingly, Pueyo et al. have shown angiotensin Il stimulates both gene and
protein expression of VCAM-1 via signalling through the ATR1 and relates to induction of
intracellular oxidative stress.3®® Consequently, this suggests a mechanism for activation of the
ATR1 as a response to doxorubicin independent of angiotensin Il activity. As stimulation of
VCAM-1 is associated with induction of intracellular oxidative stress which is a cardiotoxicity

mechanism of anthracyclines this also suggests a link between angiotensin signalling and AIC.
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6.4.2.3 Gene changes relating to angiotensin signalling

Changes in gene expression of components required for angiotensin signalling were also
observed following exposure to doxorubicin. For example the regulator of G-protein signalling 2
(RGS2) which is involved in increasing activity of the Ga subunit3®* showed increased expression.
This is in agreement with the study by Huang et al. who reported that the levels of the G-protein
Gaq increased after doxorubicin treatment, substantiating the involvement of angiotensin
signalling in doxorubicin-induced cardiotoxicity.?®” Similarly in the current study, expression of
Angiotensin |l receptor-associated protein (AGTRAP) decreased; AGTRAP is believed to
negatively regulate angiotensin signalling®®® therefore decreased expression suggests an
increase in angiotensin signalling in response to doxorubicin treatment. However some genes
that would be associated with increased angiotensin signalling decreased following doxorubicin
treatment, such as GNAS and GNAQ which form components of G-protein alpha sub-units3*°® and
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are involved in the activation of G-protein subunits®®’ respectively.

Genes usually stimulated by angiotensin Il were also found to increase following doxorubicin
treatment which suggests a link between angiotensin signalling and AIC. For example
endothelin-1 gene expression increased following doxorubicin exposure; endothelin-1 is a

vasoconstrictor that was found to be stimulated by angiotensin Il in rat smooth muscle cells.3%

Similar to the study described above, angiotensin Il has been found to stimulate expression of
Parathyroid hormone receptor 1 (PTH1R) via the ATR1 in the kidney where it has damaging
effects®®® and angiotensin Il also stimulates VEGF gene expression in rat heart endothelial cells,
inhibited by addition of the ATR1 antagonist losartan.?1? In this study, both PTHR1R and VEGFA
were found to be upregulated following doxorubicin treatment, thereby providing further

evidence for upregulation of angiotensin signalling as a consequence of doxorubicin therapy.

Alarge decrease in gene expression of the a2A-adrenergic receptor (ADRA2A) and B1 adrenergic

receptor (ADRB1) was reported in the current study following doxorubicin treatment. This may
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also relate to angiotensin signalling as previous work in neonatal rat cardiomyocytes concluded
that angiotensin Il down-regulated mRNA levels of the alA-adrenergic receptor, which was
ATR1 dependent.?!! This also suggests a mechanism for activation of the ATR1 as a response to

doxorubicin independent of angiotensin Il activity.

Although some of the changes in gene expression are more difficult to specifically relate to
angiotensin signalling or doxorubicin cardiotoxicity, the results in this section provide
preliminary evidence that treatment of AC10-CMs with doxorubicin causes changes in gene
expression that relate both to the cardiotoxicity mechanisms of anthracyclines and increased
levels of angiotensin Il signalling. In addition, there appears to be some areas of overlap between
genes involved in anthracycline cardiotoxicity and genes stimulated by angiotensin signalling,
which cause similar cellular effects (Figure 6.11). This implicates angiotensin signalling as having
a direct effect on cardiomyocytes and potentiating the pathogenesis of doxorubicin mediated
cardiotoxicity. As these results are preliminary, further work is needed to verify the changes in
gene expression discussed, the work described herein is indicative of dysregulated pathways

however further analyses are required to ascertain significance.
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Figure 6.11 Molecular changes in doxorubicin treated AC10 cardiomyocytes that
potentially signify a relationship between anthracycline-induced

cardiotoxicity and the angiotensin signalling pathway via the ATR1
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6.4.3 Conclusion

The purpose of this phase of the project was to build on evidence from the previous chapter
indicating that blockade of the angiotensin type | receptor (ATR1) reduces doxorubicin induced
hypertrophy and increases survival of in vitro cardiomyocyte models. Treatment of AC10-CMs
with doxorubicin caused a 2-3 fold increase in the level of ATR1, activation of which may occur
due to the biomechanical stress caused by doxorubicin-induced hypertrophy. In addition to
increased expression of the ATR1, doxorubicin treatment also caused changes in gene
expression relating to the drug’s mechanisms of cardiotoxicity and indicative of induction of

angiotensin signalling.

In addition, there appears to be some areas of overlap between genes with altered expression
that are involved in both anthracycline cardiotoxicity mechanisms and genes stimulated by
angiotensin signalling; which cause similar cellular effects including increased oxidative stress,
cellular remodelling and hypertrophy. Although further work is needed to verify and add to the
changes in gene expression discussed, the work described implicates angiotensin signalling as
having a direct effect on cardiomyocytes and potentiating the pathogenesis of doxorubicin
mediated cardiotoxicity. This suggests synergism between doxorubicin induced cardiotoxicity
and angiotensin signalling and supports the use of these pharmaceuticals such as angiotensin

receptor blockers for protection against doxorubicin-induced cardiotoxicity.
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Chapter 7: Final discussion

The cardioprotective potential of therapies that act on the angiotensin signalling pathway has
been demonstrated in recent clinical studies,*>? which strongly suggests that a relationship exists
between anthracycline-induced cardiotoxicity (AIC) and angiotensin signalling (See table 1.2).
Although a number of in vivo studies have added further support for the cardioprotective nature
of these drugs,®72°8260:263 there is a lack of in vitro studies, and the molecular mechanisms
underpinning the cardioprotective mechanisms are currently unclear. The overall aim of this
study was to investigate the structural and functional cardiotoxicities caused by anthracyclines
using in vitro models paired with impedance-based technology, and to ascertain if toxicity
mitigation was detectable in these models upon concomitant administration of drugs that

perturb angiotensin signalling.

Initially the in vitro cardiomyocyte cell models (AC10 cardiomyocyte cell line (AC10-CMs) and
hiPSC-derived cardiomyocytes (hiPSC-CMs)) were developed and qualified for use in the in vitro
assessment of structural and functional drug-induced cardiotoxicity, using impedance-based
methodologies.??>?1% Changes in cellular viability, morphology and functionality were assessed
using impedance-based detection (xCELLigence technology) in response to the cardiac
regulatory factor angiotensin Il and the anti-cancer drug sunitinib. Overall, both cell models
responded as clinically expected to both agents and both structural cardiotoxicity and functional

changes to cell behaviour were observed.

As a well known mediator of cardiac hypertrophy angiotensin Il was used to qualify the in vitro
models for detection of structural cardiotoxicity.??® Changes in morphology indicative of a
hypertrophic response was detected in AC10-CMs and hiPSC-CMs following addition of
physiologically relevant doses of angiotensin Il, and analysis of contractility of hiPSC-CMs

uncovered functional disturbances immediately after angiotensin Il addition. The increases in
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beat number and decreases in beat amplitude observed immediately after angiotensin I
addition are in agreement with previous studies which reported positive chronotropy and
negative inotropy in isolated rat cardiomyocyte cultures following exposure to angiotensin Il for

a few minutes.?°

The anti-cancer drug sunitinib is associated with numerous cardiotoxicities including
development of arrhythmias, hypertension and impairments to ventricular function.®® As a well
known functional cardiotoxicant and mediator of cardiac hypertrophy, it was used to qualify the
in vitro models used in this study for detection of functional and structural cardiotoxicity.
Induction of dose-dependent hypertrophy was observed following repeated addition of clinically
relevant concentrations of sunitinib in AC10-CMs and hiPSC-CMs, with all three concentrations
of sunitinib causing an immediate and sustained increase in cell index. Analysis of contractility
in the hiPSC-CMs revealed that sunitinib also caused dose-dependent decreases in beat number
and increased beat amplitude with 500nM sunitinib following 72 hour exposure. The changes
observed in cell morphology and contractility are in agreement with other studies, for example
Doherty et al. reported an enlarged hypertrophic like cell shape of hiPSC-CMs following
exposure to 3uM sunitinib for 48 hours, and dose-dependent reductions in beat rate following

2 hours and 24 hours exposure to 625nM, 2.5uM and 10uM sunitinib.??

This study is the first to demonstrate both angiotensin Il induced hypertrophy and sunitinib
induced hypertrophy using impedance based systems and the in vitro AC10-CM and hiPSC-CM
using human derived cell models. Previously, many in vitro studies involving angiotensin Il have
been conducted on primary cardiomyocytes from animals. Therefore the findings from the
current study possess significant 3R’s benefits as they demonstrate that the human derived in
vitro models used are able to respond as expected to the hypertrophic mediator and therefore
may replace or reduce the use of primary cardiomyocytes from animal sources for these

purposes which require difficult culture techniques and animal sacrifice.?8
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In contrast to previous studies, where hypertrophy was detected at higher sunitinib
concentrations, this study identified sunitinib hypertrophy at lower clinically relevant doses over
prolonged periods that are more reflective of clinical exposures. This illustrates the utility of the
xCELLigence systems to detect morphology changes to AC10-CMs and hiPSC-CMs in a manner
that is translational to the clinical setting. The use of these in vitro models for detection of
hypertrophy extends towards improved pre-clinical testing of pharmaceuticals as a means for
early identification of structural cardiotoxicity. As mentioned in earlier chapters, the current
method of pre-clinical testing for cardiac liabilities focusses narrowly on the ability of
compounds to block the hERG potassium channel in vitro, followed by evaluation of the ability
to prolong ventricular repolarisation and therefore prolong the QT-interval in vivo.Y” This
screening strategy completely overlooks the development of structural changes, which are
associated with a number of cancer therapeutics with the potential to cause cardiovascular
liabilities.?®3* Structural changes can have a huge impact on the pumping ability of the heart,

therefore early identification of the problem is of crucial importance.

Further qualification for the use of the methods developed in chapter 3 for identification of
structural cardiotoxicity is necessary and could be achieved by comparison of the effects of a
known cardiotoxicant (such as sunitinib) and a drug that is not associated with clinical
cardiotoxicity using the methods developed in chapter 3. A recent paper by Sharma et al. used
hiPSC-CMs generated from 11 healthy individuals and 2 patients receiving cancer treatment, to
screen tyrosine kinase inhibitors (TKI) for cardiotoxicities by measuring alterations in
cardiomyocyte viability, contractility, electrophysiology, calcium handling, and signalling. Using
this data, a cardiac safety index was generated to reflect the cardiotoxicities of the TKls tested.3?
In agreement with clinical observations and the current study, sunitinib was assigned a relatively
low cardiac safety index score, indicating that it has a high association with cardiotoxicity.

Interestingly axitinib, a TKI with similar therapeutic targets to sunitinib, was not associated with
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any cardiotoxicity occurrence, and therefore may be a suitable choice for future studies to

further qualify these models for identification of structural cardiotoxicity.

Although cardiomyocytes are the cell type in the heart responsible for contraction and therefore
gain a lot of attention in the area of pre-clinical screening for cardiotoxic effects, there are other
cell types in the heart which may also be a target of drug-induced cardiotoxicity.> Pericytes were
identified as a cellular target associated with sunitinib cardiotoxicity by Chintalgattu et al., where
sunitinib treated mice developed coronary microvascular dysfunction and exhibited an impaired
cardiac response to stress. These physiological changes were accompanied by a substantial
depletion of coronary microvascular pericytes; whose function is dependent on platelet derived
growth factor receptor (PDGFR) signalling. Sunitinib induced pericyte depletion and coronary
microvascular dysfunction were recapitulated by a structurally distinct PDGFR inhibitor
therefore confirming the role of PDGFR in pericyte survival and PDGFR inhibition in pericyte

2 On a similar note, the co-culture of rat

related sunitinib induced cardiotoxicity.?
cardiomyocytes with fibroblasts was found to enhance cardiomyocyte hypertrophy in response
to angiotensin 1122 These examples illustrate both the importance of paracrine signalling in
normal physiological functioning of the heart and the crucial role of support cells such as
fibroblasts and pericytes which are also a target for drug-induced cardiotoxicity. The inclusion
of other cell types in addition to cardiomyocytes in pre-clinical cardiotoxicity screening would

allow for a more complete assessment of the cardiotoxic potential of drugs, and would be useful

to include within screening paradigms.

The previously developed in vitro models and methods were used to determine if the structural
and functional acute cardiotoxicity induced by the notoriously cardiotoxic anthracyclines can be
recapitulated in vitro. Changes in cellular viability, morphology and functionality were assessed

using impedance-based detection (xCELLigence technology) in response to the anthracyclines
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doxorubicin, daunorubicin and epirubicin. Overall, all of the anthracyclines induced structural

changes in both cell models and functional changes to cell behaviour were also observed.

The induction of hypertrophy that was observed in AC10-CMs and hiPSC-CMs following
exposure to clinically relevant doses of doxorubicin demonstrates the detection of structural
cardiotoxicity which may relate to the inflammatory acute cardiotoxicity response of
doxorubicin. This manifests as transient arrhythmias and inflammation and may be involved in
increasing susceptibility to the more severe chronic forms of cardiotoxicity.}*!% The
morphological changes to hiPSC-CMs were paired with altered contractility within 24 hours for
all doses of doxorubicin used, and changes in contractility with the highest dose (250nM) applied
were detected following just 6 hours exposure. Although the effects of doxorubicin on hiPSC-
CMs has been assessed by many groups previously, the main focus was primarily on identifying
changes to beat parameters using higher doses of doxorubicin.?*® This approach lacks clinical
significance as the doses used are much higher than exposure levels in the body and are toxic to
cells; therefore cell death occurs which makes acute toxicity responses such as hypertrophy
difficult to ascertain. The results of the current work have shown that it is possible to detect
both hypertrophy and contractile disturbances in human derived cell types using novel
methodologies permissive of real-time and physiologically relevant analyses; with cellular
changes occurring in response to clinically relevant concentrations of doxorubicin in as little as
6 hours. Thus providing additional data to support the use of these cells on an impedance-based

platform in screening assays for detection of structural toxicity.

Very similar results were obtained when clinically relevant concentrations of doxorubicin,
epirubicin and daunorubicin were compared using the same methodology. Little distinction was
observed between the toxicity profiles attained for these anthracyclines where studies revealed
similar ICso values in AC10-CMs, similar levels of hypertrophy in AC10-CMs and hiPSC-CMs and

similar aberrations to contractility following 24 hours exposure to anthracyclines. The lack of
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distinction between the severity of toxicity induced by the anthracyclines does not align with
the current clinical view that epirubicin is less cardiotoxic than doxorubicin.?” However there
are many additional factors, both pharmacokinetic and pharmacodynamic, that influence the

253 which are not accounted for using in vitro

development of clinical cardiotoxicity,
cardiomyocyte models. An interesting addition to the current study would be to utilise 3D
cardiomyocyte spheroid models and imaging techniques to assess if anthracycline treatment
causes enlargement (hypertrophy) of the spheroids.’®® Spheroid models more accurately
recapitulate the in vivo cellular morphology and physiology than that of the more commonly
used 2D cell models and are often developed to constitute different cell types (such as
fibroblasts and endothelial cells).®” Studies in cardiomyocytes, endothelial cells and fibroblasts
isolated from neonatal rat hearts found that fibroblasts and endothelial cells were more
sensitive to doxorubicin-induced cardiotoxicity than cardiomyocytes, thus illustrating that
adverse effects following anthracycline exposure also in occur in other cell types of the heart.?*®

Therefore the use of multicellular spheroid models would allow for the influence of these cell

types on anthracycline-induced hypertrophy in a physiologically relevant manner.

Following detection of anthracycline-induced hypertrophy using in vitro cardiomyocyte models
the possibility of using pharmaceuticals to reduce the hypertrophy and improve cell survival was
explored. The mitigation of doxorubicin-induced cardiotoxicity using drugs that perturb

135,152,164,166,167

angiotensin signalling has been investigated in both clinical studies and pre-

257.258,260,263 yith encouraging results, however the number of in vitro studies in

clinically in vivo
this area remains limited. In addition, the direct effects upon and involvement of the cardiac
system, as well as the molecular mechanism of cardioprotection have yet to be resolved. To
address these issues the formerly developed in vitro models and methods were used to
determine if the previously elucidated structural and functional acute toxicity induced by
doxorubicin in these models can be reduced by drugs that reduce angiotensin signalling.

Changes in cellular viability, morphology and functionality were assessed using impedance-
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based detection (xCELLigence technology) in response to the doxorubicin alone and in
combination with drugs that augment angiotensin signalling. Angiotensin receptor blockers
(ARB) increased cell viability of AC10-CMs and reduced the hypertrophic responses of both cell
models treated with doxorubicin, whereas angiotensin converting enzyme inhibitors (ACEi) had

no protective effects.

Due to the mechanism of action of ACEi it is unlikely that they would have been functionally
active in the cell models used in this study (Discussed in section 5.4.2), therefore the protective
effects that have been previously demonstrated in clinical and in vivo studies were not present
in this in vitro study. This is because in more complex models (in vivo) all of the elements
required for angiotensin synthesis would be present, therefore in these models ACEi would be
able to decrease angiotensin signalling, whereas in the current study the ACEi had no cellular
target.?32%8 The lack of direct interaction of ACEi with cardiomyocytes is illustrated in toxicity
studies where the compounds alone exhibited negligible toxicity to AC10-CMs. In contrast,
addition of the ARB telmisartan and losartan at 10uM vyielded survival rates of 84% and 70%
respectively which suggests direct interaction with the drugs’ target, the angiotensin type |
receptor (ATR1).%%* Indeed treatment with these ARB improved the viability of AC10-CMs
treated with doxorubicin, whilst reducing hypertrophic responses in AC10-CMs and hiPSC-CMs,

and importantly did not interfere with the efficacy of doxorubicin at killing cancer cells.

Because the current study was conducted in vitro, unlike previous studies it is focussed on direct
evaluation of cardiomyocyte behaviour independent of systemic effects. The reduction in
cardiomyocyte hypertrophy and improved viability observed in this study demonstrates that
perturbation of angiotensin signalling in the context of doxorubicin-induced cardiotoxicity has
direct protective effects on cardiomyocytes. This may relate to a reduction in the acute
cardiotoxicity response which potentially primes cardiomyocytes for the more severe forms of

cardiotoxicity that involve cardiac remodelling and ventricular hypertrophy.1?314* Other work
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has demonstrated that perturbation of angiotensin signalling is also useful for protecting
endothelial cells from anthracycline-induced damage.3'®* Due to the crucial role of cardiac
endothelial cells in maintaining heart function, protection of these cells from AIC provides and
additional benefit of reducing angiotensin signalling in patients treated with anthracyclines; in
addition to systemic effects and the direct effect on cardiomyocytes demonstrated in the

current study.

Further work to confirm that the reduction of doxorubicin-induced hypertrophy of
cardiomyocytes by administration of ARB occurs via an ATR1 specific mechanism could
encompass the use of siRNA to silence expression of the ATR1 in AC10-CMs, and then challenge
the cells with doxorubicin and ARB in an identical manner. If the reduction in hypertrophy is
absent and cell viability is not improved in cells with silenced ATR1 then this would illustrate that
the protection afforded by ARB in doxorubicin-induced cardiotoxicity is ATR1 specific and further

implicates angiotensin signalling in facilitation of the toxicity.

Another interesting addition to the current work would be to utilise patient specific hiPSC-CMs.
A recent paper by Burridge et al. demonstrated that patient specific hiPSC—CMs can recapitulate
individual patients’ predilection to doxorubicin-induced cardiotoxicity at the cardiomyocyte
level.3!* Cells derived from breast cancer patients who suffered clinical doxorubicin-induced
cardiotoxicity were consistently more sensitive to doxorubicin toxicity, demonstrating
decreased cell viability, increased sarcomeric disarray and impairments to contractility
compared to hiPSC-CMs from patients who did not experience doxorubicin-induced
cardiotoxicity. With reference to the current study, it would be useful to use cells such as those
derived by Burridge et al. to investigate whether the cells from patients who suffered
doxorubicin-induced cardiotoxicity are a) More prone to doxorubicin-induced hypertrophy and
b) If ARB therapy is able to reduce hypertrophy in all or just some patient cells. This would help

to uncover how relevant doxorubicin-induced hypertrophy of hiPSC—-CMs is and therefore also
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the importance of the acute toxicity response with respect to the risk of developing clinical
chronic cardiotoxicity, and to what extent ARB treatment may be helpful. Patient specific hiPSC—
CM models such as this would be a useful tool for continuation of work in this area in a
translational manner to further clarify the role of angiotensin signalling in doxorubicin-induced

cardiotoxicity.

The response of the AC10 in vitro cardiomyocyte model to anthracyclines +/- ARBs in this study
was evaluated using mainly a combination of the MTT cellular viability assay and impedance-
based technologies. As the toxicity mechanisms of anthracyclines involve perturbations to
mitochondrial function (See section 1.7.1.1) and the MTT assay relies on mitochondrial
conversion of tetrozolium to formazan as a measure of cell viability, the readings may not have
been wholly accurate of viable cells as some cells may have still been viable but suffered reduced
mitochondrial activity due to anthracycline treatment. Therefore, it may be useful to pair the
MTT assay with other measures of cellular viability such as ATP assays, protease assays or trypan
blue exclusion assays. Trypan blue exclusion assays allow identification of both viable and dead
cells which would thereby complement and verify of the viability assessments from MTT assays.
The response of hiPSC-CMs to anthracyclines +/- ARBs was evaluated using impedance-based
technology only. As impedance readings are a measure of cellular contact with electrodes on
the bottom of the wells, increases in impedance can represent either increased cell number or
cell size, whereas decreases in impedance represent reductions in cell number or decreases in
cell size. The occurrence of cellular hypertrophy of in vitro cardiomyocyte models upon
anthracycline treatment and reduction with concomitant ARB treatment was a key finding from
impedance-based technology in this study — Which in AC10-CMs was verified using a
combination of the MTT assay and imaging. It would be worthwhile to perform similar studies
with hiPSC-CMs to verify the occurrence of hypertrophy (i.e. check that the increased impedance
is not due to increased cellular proliferation) as this would complement the hiPSC-CM data set
presented in this study and confirm the findings. A further consideration for the use of
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impedance-based technology for determination of cellular hypertrophy is that as well as
increases in cellular dimensions on a 2D level (well plate surface) which is detectable by
impedance changes, it is likely that cells would also increase on a 3D level (i.e. vertically). This
would not be detectable by impedance-based technology therefore use of 3D spheroid models

may be applicable for further work in this area.

Because the mitigation of doxorubicin-induced cardiotoxicity by drugs that perturb angiotensin
signalling suggests a direct role of angiotensin Il in facilitating this toxicity, the effects of co-
administration of angiotensin Il and doxorubicin with respect to changes in cellular viability,
morphology and functionality were assessed in this study. Overall, the combination of
angiotensin Il and doxorubicin did not affect viability and morphology of AC10-CMs and hiPSC-
CMs any more than cells treated with doxorubicin alone. This may be due to the use of short
exposure times that did not allow for the accumulation of further structural damage, or the use
of simplistic in vitro models that do not fully represent the complexity of the cardiovascular
system and human body. Altered contractility, however, was observed following 24 hours
exposure to doxorubicin and angiotensin Il, where a decrease in beat amplitude of hiPSC-CMs
was seen compared to cells treated with doxorubicin only. As a decrease in beat amplitude
relates to negative inotropy (reduced force of muscle contraction), the reduced beat amplitude
may be due to increased impairment to the contractile machinery of the cells and myofibrillar

loss, however more work would be needed to clarify this.

Further work in elucidating the link between angiotensin signalling and doxorubicin-induced
cardiotoxicity focussed on molecular changes that occur in AC10-CMs following doxorubicin
treatment which may relate to angiotensin signalling, thereby indicating an interaction between
angiotensin signalling and doxorubicin cardiotoxicity. Treatment of AC10-CMs with doxorubicin
caused a 2-3 fold increase in the level of ATR1 expression and also induced changes in gene

expression that relate both to the cardiotoxicity mechanisms of anthracyclines and increased
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levels of angiotensin Il signalling. In addition, there appears to be some areas of overlap between
genes with altered expression that are involved in both anthracycline cardiotoxicity mechanisms
and genes stimulated by angiotensin signalling; which cause similar cellular effects including
increased oxidative stress, cellular remodelling and hypertrophy. Although further work is
needed to verify and add to the changes in gene expression discussed, the work described
implicates angiotensin signalling as having a direct effect on cardiomyocytes and potentiating

the pathogenesis of doxorubicin mediated cardiotoxicity.

As the current study was conducted in vitro, the cardiomyocytes were not exposed to circulating
levels of angiotensin Il that would ordinarily bind to the ATR1 and initiate signalling cascades.
Evidence suggests that biomechanical stress (such as exposure to doxorubicin causing
hypertrophy) to cardiomyocytes in vitro can induce changes to cardiomyocytes including the

induction of ATR1 activation independent of agonist binding,?”2

which may also be responsible
for ATR1 activation in the current study. Considering this, in addition to exposure of a patient’s
myocardium to doxorubicin causing hypertrophy (biomechanical stress) and subsequent ATR1
activation independent of angiotensin Il, patients (unlike an in vitro system) will also be exposed
to circulating angiotensin Il which will further magnify and become additive to effects caused by
anthracyclines, further exaggerating cardiac stress. However, the observations described in this

study are focused specifically on the direct effects upon the cardiomyocyte and thereby

elucidate the underpinning molecular mechanisms.

This has clinical implications as the level of angiotensin Il that patients have is determined by
the genotype of their angiotensin converting enzyme (ACE), which is responsible for the final
step of angiotensin Il production. There are three ACE genotypes: /1, I/D and D/D, which are
associated with low, medium and high levels of angiotensin Il respectively.3!® Evidence suggests
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that the D/D genotype is a risk factor for heart disease,*'® and therefore this risk factor may

extend to doxorubicin-induced cardiotoxicity. Therefore in addition to using patient derived
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hiPSC-CMs for investigating if those who suffered doxorubicin-induced cardiotoxicity are more
prone to doxorubicin-induced cardiomyocyte hypertrophy and evaluating if ARB therapy is able
to reduce hypertrophy, it would also be useful to link this information to patient genotype and
identify the impact of ACE genotype and angiotensin Il levels to the risk of developing

doxorubicin-induced cardiotoxicity.

7.1 Conclusion

The current study has qualified the AC10-CM and hiPSC-CM in vitro cardiomyocyte cell models
for detection of structural and functional cardiotoxicity using impedance-based technologies
and determined that anthracyclines induce hypertrophy of these cells which may relate to the
acute cardiotoxicity response. The doxorubicin induced hypertrophy of in vitro cardiomyocyte
models is associated with amplified expression of the ATR1 paired with increased expression of
genes that would normally be stimulated by angiotensin Il; therefore implicating angiotensin
signalling as having a direct effect on cardiomyocytes and potentiating the pathogenesis of
doxorubicin-induced cardiotoxicity. As it is possible that the observed cardioprotection occurs
via an ATR1 independent mechanism, the aforementioned further work into clarifying the
involvement of the ATR1 in the cardioprotective response is required and could be obtained
using siRNA techniques. The mitigation of doxorubicin-induced hypertrophy by angiotensin
blockade suggests that reduced angiotensin signalling protected cardiomyocytes from the
additive toxicity caused by angiotensin signalling. This implicates synergism between
doxorubicin induced cardiotoxicity and angiotensin signalling and further supports the use of
these pharmaceuticals for protection against doxorubicin-induced cardiotoxicity. Furthermore,
it is possible that the ACE genotype plays a role in susceptibility to doxorubicin-induced
cardiotoxicity and may represent an additional risk factor that could be determined at the time

of diagnosis to help guide appropriate cardioprotective strategies.
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Appendix 1: Conference Abstracts

Characterisation of novel molecular mechanisms involved in

anthracycline-induced cardiotoxicity
Rockley KL, Richardson G and Gill JH

Cardiotoxicity is a major complication of many anticancer therapies, impacting the
quality of life and overall survival of patients, manifesting as both an acute toxicity and
frequently a chronic toxicity occurring months/years after conclusion of therapy.
Consequently, greater understanding of the molecular mechanisms responsible for
these toxicities, or identification of therapeutic strategies to mitigate and overcome
these toxicities are significantly important. Recently, clinical studies have demonstrated
administration of angiotensin-converting enzyme inhibitors (ACEi) and/or B-blockers
may reduce the cardiotoxicity of anthracyclines. However, despite showing promise, the
molecular mechanisms responsible for toxicity mitigation are currently unknown.
Furthermore, the majority of studies to date have either used inappropriate cell models
or utilised end-point assays to evaluate this mechanism, both strategies that fail to
account for the progressive nature of human toxicity development. In this study, using
a human adult cardiomyocyte cell line and in vitro real-time impedance-based cell
analyses (xCELLigence technology) we demonstrate the induction of cardiomyocyte
hypertrophy by doxorubicin, and through its reduction by blockade of the angiotensin
pathway, implicate synergism between doxorubicin-mediated toxicity and direct activity
of angiotensin Il upon cardiomyocytes. The methodologies in this study offer a robust
clinically relevant model for assessing drug-induced cardiotoxicity, with the study

identifying a novel mechanism for anthracycline-induced cardiotoxicity.

Presented at the British toxicology society (BTS) annual symposium held in

Manchester in April 2016
Awarded a student bursary to attend the BTS annual symposium

Won annual best poster presentation prize
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Characterisation of novel molecular mechanisms
involved in anthracycline-induced cardiotoxicity

Rockley KL, Richardson G2 and Gill JH!

1School of Medicine, Pharmacy and Health, Durham University, Stockton-on-Tees, UK

A28
QP Durham

University

Institute of Genetic Medicine, Newcastle University, International Centre for Life, Newcastle-upon-tyne, UK

Cardiotoxicity is a major complication of many anticancer therapies, often impacting the quality of life and overall survival of patients.
Consequently, greater understanding of the molecular mechanisms responsible for these adverse effects and identification of therapeutic
strategies to mitigate the underpinning toxicities are of the upmost importance. Recent clinical studies have demonstrated that
medicines acting upon the angiotensin signalling pathway may reduce anthracycline-induced cardiotoxicity and improve clinical
outcomes. However, despite showing promise, the molecular mechanisms and pathways responsible for angiotensin-mediated mitigation

of anthracycline toxicity are currently unclear.

STUDY AIMS
o The aim of this study was to investigate the molecular mechanisms of anthracycline-induced cardiotoxicity and identify the role of angiotensin Il.
o Using in vitro real-time impedance-based cell analyses (xCELLigence system) changes in cell survival, morphelogy and drug response were evaluated
against a human adult ventricular cardiomyocyte cell line (AC10).
o The response of cardiomyocytes to angiotensin I, doxorubicin {anthracycline), and blockade of the angiotensin Il receptor in the presence/absence
of doxorubicin were then evaluated.
METHOD
Figure 1. Overview of xCELLigence Real Time Cell Analysis (RTCA) technology Figure 2. Characterisation of cardiac phenotype of AC10 cells
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z=2 \
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are seeded inside @ 16 well E-plate which is kept inside ~ FIGUre 1B. Principle of impedance based cell Positive staining for A, tropamyosin, B. tropanin I, C. troponin €, D. NKX2.5 and
the cradle detection E. a actinin, Negative staining for F. a-smooth muscle actin.
RESULTS
Figure 3. Angiotensin Il induces hypertrophy of AC10 cardiomyocytes Figure 4. Doxorubicin induces hypertrophy of AC10 cardiomyocytes
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(representative of n=3) doxarubicin addition at 24 hours (n=3SE), **p<0.01
B. Normalised cell index at 120 hours following daily addition of angiatensin Il (n=31SE) *p<0.05 B. Relative cell number at 72 hours following doxorubicin treatment measured by
C. Relative cell number at 120 hours following daily addition of angiotensin Il measured by MTT assay (n=3+SE] MTT assay (n=345E) *p<0.05, **p<0.01
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Figure 5. Blockade of the angiotensin receptor reduces toxicity of doxorubicin Figure 6. The angi in receptor blocl | tan reduces
in cardiomyocytes, but does not affect efficacy of doxorubicin in cancer cells doxorubicin-induced cardiomyocyte hypertrophy
A. — CARDIOMYOCYTE CELL LINE 5B.— LUNG CANCER CELL LINE o . . e S
= Doxarubicin : = Doxorubicin ‘l(-”"‘"" h._‘*?inrvl doxorubicin
i Desorubicin 1 1pM 1 Dosoruticin + 1uM A Bl e
i 5 h i
i ~ s o
1 H - i
. H 3 500M doxorubicin
! ] . . + 1uM tetmisartan
t R : H Telmisartan '
e teamnsenion w— R e /f
A, % cell survival of ACLO cells treated with 8. % cell survival of lung cancer cells treated .l, e
doxarubicin +- IpM telmisartan (n=34SE) with dexorubicin +/- 1uM telmisartan (n=335E) S
1Cso (1] / Doxoribicin
5 acn €. Telmisartan reduces cardiatoicity of R o wdded o e
Cardiomyocytes  “WIEGMErcellling  Goxorubicin in AC10 cardiomyacytes o E - P - P =
Doxorubicin 16 +12.02 37.33 £11.58 at both low and high concentrations
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Doxorubicin + 5uM Telmisartan | 80:+30.03 * 195255 *pe0,05 addition at 48 hours. Telmisartan was added at 24, 48 and 72 hours.
CONCLUSION
o Angiotensin Il and doxorubicin induce cardiomyocyte hypertrophy.
o Blockade of the angiotensin receptor by telmisartan mitigates the hypertrophic and cardiotoxic effects of doxorubicin, but does not affect anti-cancer efficacy.
o Reduction of doxorubicin induced cardiomyocyte hypertrophy by blockade of the angiotensin pathway strongly implies a relationship between doxorubicin-

mediated toxicity and direct activity of angiotensin Il upon cardiomyocytes.

o These data support blockade of angiotensin signalling as a therapeutic strategy for managing anthracycline-induced cardiotoxicity.

ACKNOWLEDGMENT: We would like to thank Durham University for providing funding to support this project.
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Characterisation of novel molecular mechanisms involved in

anthracycline-induced cardiotoxicity

Rockley KL, Richardson G and Gill JH

Recent advances in cancer treatment have improved cancer survivorship; however as a
result the incidence of cancer therapy induced cardiotoxicity has increased. This major
complication can present both as an acute toxicity or a chronic toxicity and can impose
substantial detriment to both the quality of life and survival of patients. Consequently,
greater understanding of the molecular mechanisms responsible for these toxicities, and
identification of therapeutic strategies to mitigate and overcome these toxicities are
significantly important. Recently, clinical studies have demonstrated that
administration of drugs that act upon the angiotensin system may reduce the
cardiotoxicity of anthracyclines. However, despite showing promise, the molecular
mechanisms responsible for toxicity mitigation are currently unknown. This study has
utilised a variety of human cardiomyocyte in vitro models and real-time impedance-
based cell analyses (xCELLigence technology) to demonstrate induction of
cardiomyocyte hypertrophy by doxorubicin, and through its reduction by blockade of
the angiotensin pathway, implicates synergism between doxorubicin-mediated toxicity
and angiotensin signalling in cardiomyocytes. Beat characteristics of iPSC derived
cardiomyocytes have also been assessed using xCELLigence Cardio technology during
exposure to doxorubicin alone and during angiotensin blockade in an attempt to
elucidate the effects of cardiomyocyte hypertrophy on contractility of these cells. The
methodologies used in this study offer a robust clinically relevant model for assessing
drug-induced cardiotoxicity, with the study identifying a novel mechanism for

anthracycline-induced cardiotoxicity.

Presented at the Safety Pharmacology Society (SPS) annual meeting and the ACEA

cardio symposium both held in Vancouver in September 2016
Awarded a student travel bursary to attend the SPS annual meeting

Awarded 1%t place in the SPS junior investigator poster competition

278



133{04d 5743 40ddns 01 Buipunf Sulpnold 10f AS1I0U[) WDYIRQ U OF il PINOM W LNINITIIMONNIY

"A121X0301paeD paonpul-aulpAdesyiue Suieuew Joj ASaeais anasdessys e se Suljjeudis uisuajoiBue jo spexdo|q Joddns exep asay) ©

‘AJIAIIDE || Ulsu10i8ue pue AN21X0) pajelpawW-uRignioxop uaamiag diysuonelad e saljdwi Aj3uoJls Aemyied uisualolfue ayi Jo apeyao|q Ag AydospadAy 21A20AW0|pIED PAINPU] UIGNIOXOP JO UORINPaY ©
"AdED1Y4D J93UED-1UE 1D9)JE 10U SSOP INg ‘UIDIGNIOXOP JO S19848 JIXololpied pue olydoJliadAy sy salediiw uenesiw|s) Aq Jo1dadal uisualoidue ayi Jo apeyoo|g

"AN|119B1IU0I 123448 10U Op pue $3IAI0AWOIPIRI PAALISP-ISdI pue 0TIV Ul AydosiadAy 31A20AW0IpIRd 3NPU UIIGNIOXOP pue || uisuajolduy ©

NOISNIINOD

cp'0>d, (I5TE=U) aunje LBIGNIOXOP O} :
aniej) suoRERUIILCD YEIY PUE MO| 430G I8 S2A0MLICIRIEY saylohwolpies bbb i
sataokwopsed (e i LR

QT2¥ U UPIQRICKOp Jo ALDXDIOIPIE) SEINPAA UELICSIWEL D panIap-354! (A e
paiean  upgnioxop PIMIOP-ISAI  PRIERN UPRIANICHOP pappe
TEFEET VEOOEF 06 pue  onuoa o dupeag  aigels @ unigniaxog ———
EALL O 0E T O pue [CE pappe ueesuE 0 }
E.muu i3 ZELEL996 | ueEspaL WL+ upiqnickog 1o Sunesa slaeis S e o —, UORIpPE UEGNIOXDR 30 [T -
T L = uonIppe uIgnIoxop e i nod 24 oL pasel KPul |22 T e
23 s3ues Sumy oo o wied  ap L i sa awn Sumoys ydesd aURBTIEIN v [
e 8 o1 pasiewiou xapul uPaNIOKoR WUODT | g
(23 54 own Suwmoys P : : A :
(357E=U) URLIZSIWD3 IATTT -/ UIDIGRIOHOP Y (357€=U) UeLiES| W31 1T -+ upIgnIoNOp Ydesd  BUOBTIIN W v H|139e13U00 1I34je J0U S30p pue sajhdoAwiolples
palean §|[20 133UEd Funj JO [BANANS |92 % 8 Yl po1eas S|[9 0TIV 40 [BAIMIDS 193 % Y BALIBP-ISd! Jo AydoaypadAy saonpul upignioxoq ' aandiy
. Annoesjuod payse Jou saop pue AydospadAy aihsohwolpies P P o 4 P ,.:_no”‘_o%__ SsohwopEs
0 seoaTe . ;
o = PaALIaP-)Sd! PAINPUI-UIIGNIOXOP SBINPaJ UBMESIWIBY £ aandiy S3INPUJ UPIGNIOXOP 1Y) SSIEJIPUI [EALAINS [|20 U] 2SEAINAP B UM X3pu] [[23 Paseaidu]
: $IN0Y 72 PUB 8 ‘T 18 PIPPE SEM UBLIESIWBL "SINOY B 100344y 'S0°0>du

(35F€=u) ABSSEe | | A AQ P2UNSEILW JUDWIEAL) UIDIGRIOXOP BUiMO|[0) SINOY Z4 1B Jaquinu [j22 annejay ‘g
10°0>d,, (35¥€=u) sinoy
2 18 UOIIPPE UPIGNIOXAP J0 JUI0d 3y} O PASIEWIOU X3PUI |33 SA SWN Bumoys ydes8 SusSITIIIX ¥
o
i

12 uoRippe wIgRIOKEp Jo Juiod By 0} PASIEWIOU X3PUI (|3 SA SwR Sumoys ydesd uIFNTIHN

Fappe

upignuoxog I

WL+ ugEnIorog

[REPET———

e

- & ! HE

sameeo . 4 LB | . fegi

ANIT 1132 HAONVD DN - "85 AN 133 ALAOANOIONYD - 'YS - — e =4 | - fe g F)
JERE ooy 2 . bk

= = e H | - T lvgd

S$]|92 432UE3 Ul UIIGNIOXOP e ignaonop piugs ™t ) B T - b [ * adr toEg

Jo Ade211a 129)e J0U 530p INQ ‘591A20ALWIOIPIRD U UBIGRIOXOP AydosyradAy s3h0Awolpaes 9TV pa I-uIgnIOXop - i ! v P ”U <w

L
10 Apixoy saonpas 103d3331 uisuaiolFue 3y) Jo spexiojg ‘g aunSiy $22Npa. UBMES|W|3) 43)20]q J0}dadas uisuajoidue ayl "9 aindiy sa1A0AwoIpIed OTIY Jo AydaspadAy saanpuj upignioxoq "¢ aan3j4
“U1IB 2SN LI00WS-1 J O} FUIUILIS 3ANESaN UIUNIE D ]

533AI0AWOIPIEY PANISE-DSI PAIEa] || UISUaIOIBUE pue |GJUe) JO Buneag 3|gels ‘g ‘Aydediadiy
wontppe i AdoAwolpied saonpuy || uy 1ue Jeyy pUl JBGINU |23 U] BSERIU| INOYIM XBPU] |83 paseasdu]
W Jo auod syl o1 pasiewsou xapul @2 sa awn Sumoys ydesd sausEMIIOX W {3s%e=u) Aesse 11|y Aq paunseaw || ujsualo(Eue jo uoppe Ajlep Buime||0) SINOY OZT 38 JaqUinu |30 3AE[aY
" B " a 50°0>d, (357E=u) 11 wisuICIBUE JO LOIIIPPE AER BuIMO| |04 SINDY OZT 38 XBPUI ||32 PasIEWLON 8

: (€=U jo anneuasaidal)
sinoy g Je uemppe | uisusjoidue Jsiy Jo juiod al} O} PasIEWUOU ¥apul (33 SA awp Buwoys ydesd aouaBMIIX ¥

UIID 3PS I00WS-D

i |
w 1
b ﬁ ! pappe
.ﬁ |, e [ ususiaiy :.
. o , .. = o
A[132e13U02 P3Ye 10U s20p Ing sarkoAwiolpIed e J o L nuemosuy weoos | vz | tjuodosy
panLiap-sd1 4o AydonsadAy saanpuy || uisualoliuy g aindly 7 ahooAuio|pies 0TaY 40 AldonuadAy s2npul || uisU0BuY  *Z 24n3i4 ReSI[e0 OTOY 40 adAjouayd JelpIe) T angly

SLINS3Y

"Pa1EN|EAS UBY] BI8M UIDIQNIOXOP Jo 83uasqe/aiussald ayl ul jo1dadasy || uisusloiBue syl Jo ape3do|q puE ‘(aulpAdelyiue) uignioxop ‘|| ujsualoidue 0] s81A20AwoIp.ed 8say] Jo asuodsal ay |
“wie)sAs 32ua8IT130% OIQY VD 3Yy Buisn asuodsas Snup pue ASojoydiow ‘Ajjioesuod ur safueyd o) pajen|eAa os|e a1am (SISINIDO0IXe) Sa1A00AWOIpIed paALIBP-)Sd!
192 93A20AWOIpIRD JBINILIIUSA J NPE UBWNY B JsUleSe palen|eAd aJam asuodsad 3nip pue ASojoydiow ‘|ealaIns |22 U saSueyd (WwalsAs 9auad730x) sasAjeue |32 paseq-2auepadu) awy-|eal oJ4yA Uf Buisn
*[1 UIsU1013UR JO 2|04 3L AJILIP] PUB AUDIX0I0IRJED PIINPUI-BUIIAIRIYIUE JO SLISIURYIIW JRINIJ|OW 3U1 238135aAU| 01 SEM APNIS SIU3 JO Wie dyL

SNV AQNLS
ueapun Ajjuadind aJe A1D1x0) sulpAdelyiue Jo uonedijiw pajelipaw-uisuayoldue 1oy aqisuodsal sAemyied pue
SWISIUBYIDW Je|ndajow Y3 ‘asiwold Suimoys 931dsap JoASMOH "SaWOo23No |edluljd arosdwi pue A1121x0101pJed paanpul-aulpAdelyiue aonpad Aew Aemyled Suljjeusis uisuajoiSue ayy uodn Buijoe sauldIpaw
1Y} PIIRIISUCLUIP IARY SIIPNIS [BIIUID JUSD3Y "dduepodwi jsowdn ay) Jo ale s %0} Suluuidiapun ay1 sediiw o3 saifaies oixnadesayl JO UCIIEIYIUSP! PUE 513448 ISIAAPE 3SaY] Jo) 3|qisuodsas
swisiueydaw Jenasjow ay3 Jo Suipuelsiapun Jareass ‘Ajjusnbasuo) "syuaned Jo [BAIAINS |[e4aA0 pue 8yl| jo Aljenb ayl Sunoedwi ueyjo ‘saidelsy) Jeouedljue Auew jo uonedljdwod Jofew e s AJ21X0101pIeD)
3N ‘aukl-uodn-aRSEOMAN "Byl 10} 313USD [EUONEUIRIL| ALSIBAIUN B[ISRIMBN ‘BUIDIPAIA INBUSD JO AINIISUL, M $88L-UO-U0RY2015 RUSIBAILN WEYING 'YI|BaH PUE AJBLIIEYJ "BURIPBIA] JO [004IS,

|

tHI 111D pue ;9 uospieydry ‘(1 Aspjpoy
(]

o 0 Q0 0

Ajd1x0301pJEd PadNpuUl-aulPAIRIYIUER Ul PAAJOAU] SLUSIUBYIIW JB|NID|OW [SA0U JO UOlIesiId}IeIRY)

279



In vitro assessment of anthracycline-induced cardiotoxicity and mitigation

through angiotensin blockade

Rockley KL, Pointon RA, Triffitt KL, Richardson G and Gill JH

Cardiotoxicity is a major complication of many anticancer therapies, particularly
anthracyclines, impacting the quality of life and overall survival of patients.
Consequently, greater understanding of the molecular mechanisms responsible for
these toxicities, and identification of therapeutic strategies to mitigate and overcome
these toxicities are significantly important. Recently, clinical studies have demonstrated
that administration of drugs that act upon the angiotensin system may reduce the
cardiotoxicity of anthracyclines. However, despite showing promise, the molecular
mechanisms responsible for toxicity mitigation are currently unknown. Furthermore,
the majority of studies to date have either used inappropriate cell models or utilised
end-point assays to evaluate this mechanism, both strategies that fail to account for the
progressive nature of human toxicity development. This study has utilised a variety of
human cardiomyocyte in vitro models and real-time impedance-based cell analyses
(xCELLigence technology) to demonstrate induction of cardiomyocyte hypertrophy by
anthracyclines. Through its reduction by blockade of the angiotensin pathway, a
relationship between anthracycline-mediated toxicity and angiotensin signalling in
cardiomyocytes is demonstrated. The effect of angiotensin and the anthracyclines is also
shown to be independent of cardiomyocyte contractility, as assessed be changes in
cellular impedance (xCELLigence Cardio technology). The methodologies used offer a
model for assessing drug-induced cardiotoxicity that is robust, clinically relevant and
animal-free, with the study identifying a novel mechanism for anthracycline-induced

cardiotoxicity.

Presented at the NC3Rs/Safety Pharmacology Society regional meeting: The use of human

tissues for safety assessment held in Coventry in May 2017
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In vitro assessment of anthracycline-induced cardiotoxicity and mitigation

through angiotensin blockade U] ]
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Cardiotoxicity is a major complication of many anticancer therapies, often impacting the quality of life and overall survival of patients.
Consequently, greater understanding of the molecular mechanisms responsible for these adverse effects and identification of therapeutic
strategies to mitigate the underpinning toxicities are of the utmost importance. Recent clinical studies have demonstrated that medicines
acting upon the angiotensin signalling pathway may reduce anthracycline-induced cardiotoxicity and improve clinical cutcomes. However,
despite showing promise, the molecular mechanisms and pathways responsible for angiotensin-mediated mitigation of anthracycline toxicity
are currently unclear.

STUDY AIMIS

o The aim of this study was to investigate the molecular mechanisms of anthracycline-induced cardiotoxicity and identify the role of angiotensin II.

o Using in vitro real-time impedance-based cell analyses (xCELLigence system) changes in cell survival, morphology and drug response were evaluated
against a human adult ventricular cardiomyocyte cell line (AC10).

o iPSC-derived cardiomyocytes (Cor.4U - axiogenesis) were also evaluated for changes in contractility, morphology and drug response using the
CARDIO xCELLigence system.

o The response of these cardiomyocytes to angiotensin II, anthracyclines (doxorubicin), and blockade of the angiotensin Il receptor in the
presence/absence of doxorubicin were then evaluated.

RESULTS
Figure 1. Characterisation of Cardiac phenotype of AC10 cardiomyocytes Figure 2.  Angiotensin Il induces hypertrophy of AC10
A B c - et F cardiomyocytes 28. L
e v
Tropomyasin Troponin | Troponin€ -5MA 300pM Angi1

»

Angiotensin |l treated cells

Positive staining for A, tropomyosin, B, traponin |, C. tropanin C, D. NKX2.5 and E. « actinin. Negative staining for F. a-smooth muscle actin. Mormalised cell index at

=

v Cell Humber

120 hours following daily

'ﬁgure 3. Angiotensin Il induces hypertrophy of iPSC- Figure 4. Anthracyclines exhibit similar toxicity addition of angiotensin I

derived cardiomyocytes but does not affect contractility | | profiles on AC10 cardiomyocytes in both the . :\’::ﬁ:'ﬁu amber ot 120 T o m 0 e
exponential and plateau phases of growth " haurs following daily Increased cell index without increase in

A contran Anglotensin i 4A, Danorubicin .. @B.Doxorubicn addition of angiotensinil €@l number indicates that angiotensin

{n=3+5E) Il induces cardiomyocyte hypertrophy.

added

1 —
i l, w4 L Figure 5. Anthracyclines induce hypertrophy of AC10
i = ) cardiomyocytes in exponential and plateau growth phase
- - . "
5 3A. (1) Exponential \ 38.(1)
P Ay 50nM doxorubicin 1 |
. 50nM daunorubicin [N
[——— 20 - |0 =21nM W
A, xCELLigence graph showing time vs cell index normalised to the point of Cou= 8800 : Control e
first angiotensin 1l addition e ama o G - ot e v 1" PR Anthracycline
B, Stable beating of control and angiotensin Il treated  iPSC-derived g [ ¥ anthracycline added | | removed
cordiomyoctes 46 Epirublcin 4. % cell survival of AC10 :
" — - . o 138.(2)
Figure 6. Doxorubicin induces hypertrophy of iPSC- = 1 ;:”;a‘%h”“’s “"””""'”3 A |(2) Platesu : : -
N . ™ S . OUr exposure to
derived Cardiomyocytes and does not affect contractility o : A Daunorubicin ) et i
sn' 100nM doxorul ” i . B. Doxorubicin and i b - (il
- - g C. Epirubicinin both In Flb H-1l2F il
Contrel w“ exponential and plateau 1 Anthracycline 1l
R R e T LA phases of growth (n=34SE) | € added 1
it pt=—k=| 1 | 105 = 160 . with approximate ICy, - = '
T ) 1 o 1G= 51nM1 »  values indicated A. xCELLigence graph showing time vs cell index normalised to the
°"::'":“'" -1 e 2 a1 point of anthracycline addition in (1) cells in expanential growth
adde
Concentationaf Epiucin ) phase and (2) cells in plateau growth phase
. B. Relative cell number at 24 hours following anthracycline treatment in
i ; T ; —
A Figure 8. Angiotensin blockade reduces toxicity 11) cells in exponential growth phase and (2) cells in plateau grawth
K : cew ) nsh i e sed toth ) ; of doxorubicin in cardiomyocytes, but does not phase measured by MTT assay (n=3SE)
. xCELLigence graph showing time vs cell index normalised to the point of ) i : N .
dm,mmgbicin agdd::iun e ! ! ' Pl affect efficacy of doxorubicin in cancer cells Increased cell index with a decrease in cell survival indicates
B. Stable beating of control and doxorubicin treated iPSC-derived 8A. — CARDIOMYOCYTE CELL LINE that anthracyclines induce cardiomyocyte hypertrophy.
cardiomyocytes e = A % cell survival

- - = — of ACI0 cells Figure 9. Angiotensin blockade reduces
Figure 7. Angiotensin blockade reduces doxorubicin- W w treated with doxorubicin-induced AC10 cardiomyocyte hypertroph
induced iPSC-derived cardiomyocyte hypertrophy and E :’?“""‘ ﬂ”:jw":‘; R R V! ,v o v
- losartan an
does not affect contractility « B - relmisartan ¥ gy, S00M doxorubicin
<[ 50nM doarubicin ! . ! 'EL £ (n=3£SE) e
7A.f 50nM doxorubicin + 1uM telmisartan e g B A,.VHJ—‘L-
& 3 . & control At )
Control ANE— g : f "
P 1T ‘ ! : Pl 50nM doorubicin
5 [ e o R S e 8B. - LUNG CAl Telmisartan ‘lf e + 1uM telmisartan
PF it @ B. % cell survival £ added
Doxorubicin and H of lung cancer - ‘L
telmisanan losanan seded | 50 cells treated with o
i a0 doxorubicin /- B .
h‘r‘i"" g lesartan and // BD:‘:::I:“"
B o R = o " telmisartan TR o R
A. wCElLligence graph showing time ws cell index normalised to the point of 20 (n=343E) et .
dosorubicin adeition 6. xCELLigence graph showing time vs cell index narmalised to the point of
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CONCLUSION
o Angiotensin Il and anthracyclines induce cardiomyocyte hypertrophy in AC10 and iPSC-derived cardiomyocytes and do not affect contractility.
o Blockade of the angiotensin receptor by telmisartan and losartan mitigates the hypertrophic and cardiotoxic effects of doxorubicin, but does not affect anti-
cancer efficacy.
o Reduction of doxorubicin induced cardiomyocyte hypertrophy by blockade of the angiotensin pathway strongly implies a relationship between
doxorubicin-mediated toxicity and direct activity of angiotensin Il upon cardiomyocytes.
o These data support blockade of angiotensin signalling as a therapeutic strategy for managing anthracycline-induced cardiotoxicity.

Miss Kimberly Rockley  k.lL.rockley@durham.ac.uk  Final year PhD student
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The use of xCELLigence systems to detect structural and functional

cardiotoxicities of cancer therapies

Rockley KL, Brown S, Pointon RA and Gill JH

Recent advances in cancer treatment have improved cancer survivorship; however the
cardiac safety of cancer therapeutics has lagged behind in comparison. Accurate
predication of structural and functional cardiac liabilities pre-clinically is therefore of
crucial importance. Both of these toxicities can be detected using iPSC-derived
cardiomyocytes (iPSC-CMs) on the xCELLigence cardio system, and the similar
xCELLigence real-time cell analyser (RTCA) system can detect morphology changes to
cardiomyocyte cell lines such as AC10 cardiomyocytes (AC10-CMs). Both of these
systems have the advantage that long-term experiments can be conducted, thus
allowing recapitulation of the progressive nature of human toxicity development. This
study has utilised these systems to demonstrate induction of cardiomyocyte
hypertrophy by the tyrosine kinase inhibitor sunitinib and the notoriously cardiotoxic
anthracyclines, with changes in contractility also detected with sunitinib addition. The
sensitivity of these systems at detecting changes in cellular morphology is evidenced by
concurrent anthracycline and angiotensin receptor blocker (ARB) treatment, where
reductions in hypertrophy were observed. Recent clinical studies have demonstrated
that administration of drugs that act upon the angiotensin system may reduce the
cardiotoxicity of anthracyclines, thus the reduction of anthracycline-induced
hypertrophy by ARBs shows the translational potential of these systems. The
methodologies used offer a model for assessing drug-induced cardiotoxicity that is
robust, clinically relevant and animal-free, with the study identifying both structural and
functional cardiotoxicities and a novel mechanism for anthracycline-induced

cardiotoxicity.

Presented at the ACEA cardio symposium held in Berlin in September 2017
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The use of impedance-based systems to detect the structural and
functional cardiotoxicity of cancer therapies

Accurate predication of cardiac liabilities pre-clinically is of crucial importance, with
current methodologies proving inadequate, evidenced by drug withdrawals and the
association of many cancer therapeutics with occurrence of cardiotoxicity. The adverse
effects of cancer therapies on the heart can be broadly classified into structural and
functional cardiotoxicities, both of which can be detected using iPSC-derived
cardiomyocytes (iPSC-CMs) on the real-time impedance-based xCELLigence cardio
system. Due to the rapid data acquisition and ability to record the transient minute
movements of iPSC-CMs via changes in impedance, information on overall cell health,
morphology and contractility can be monitored. Using a similar system, the xCELLigence
real-time cell analyser (RTCA), changes in morphology can be detected on
cardiomyocyte cell lines such as AC10 cardiomyocytes (AC10-CMs), showing the
potential of this platform for detection of structural cardiotoxicities. Both of these
impedance-based systems have the advantage that long-term experiments can be
conducted, thus allowing recapitulation of the progressive nature of human toxicity
development. This study has utilised these real-time impedance-based xCELLigence
systems to demonstrate induction of cardiomyocyte hypertrophy by the tyrosine kinase
inhibitor sunitinib and the notoriously cardiotoxic anthracyclines, with changes in
contractility also detected with sunitinib addition. The sensitivity of these systems at
detecting changes in cellular morphology is evidenced by concurrent anthracycline and
angiotensin receptor blocker (ARB) treatment, where reductions in hypertrophy were
observed. Recent clinical studies have demonstrated that administration of drugs that
act upon the angiotensin system may reduce the cardiotoxicity of anthracyclines, thus
the reduction of anthracycline-induced hypertrophy by ARBs shows the translational
potential of these systems. The methodologies used offer a model for assessing drug-
induced cardiotoxicity that is robust, clinically relevant and animal-free, with the study
identifying both structural and functional cardiotoxicities and a novel mechanism for

anthracycline-induced cardiotoxicity.

Oral presentation at the IVTS annual meeting held in London in November 2017
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Appendix 2: Axol application note

Similar to the qualification of Cor.4U hiPSC-CMs (axiogenesis) described in Chapter 3 (Section
3.3.3), a study was conducted using Axol hiPSC-CMs which was published in Nature Methods
Application Notes in November 2016.

Application note

Non-invasive impedance monitoring of
contractility in Axol Human iPSC-Derived

Cardiomyocytes

The ability to monitor cardiomyocyte beat rate in real time
is a powerful tool for drug discovery research, particularly
when used in conjunction with human induced pluripotent
stem cell (iPSC)-derived cells. This offers a physiologically
relevant model in which to reliably assess cardiac liability,
enabling lead compounds to be identified sooner, thereby
reducing the rate of drug attrition and adverse reactions
such as proarrythmias. To do this, human iPSC-derived
cardiomyocytes (iPSC-CMs) (Axol Bioscience Ltd.) were
cultured in a non-invasive impedance monitoring system
(xCELLigence®) to assess cardiotoxicity and cell contractility
in a 96-well plate format.

Materials and methods

Cardiomyocyte media preparation

Contents of the Axol Cardiomyocyte Maintenance
Medium Kit (ax2530-500) were thawed overnight at 4°C.
The supplement was then added to the Cardiomyocyte
Maintenance Medium to make the complete medium. To
make the plating medium, 10% fetal bovine serum (FBS)
was added to an aliquot of complete Cardiomyocyte
Maintenance Medium.

Plate preparation

50 pL of fibronectin coating solution (10 pg/mL in phosphate
buffered saline (PBS) containing Ca®* and Mg*) was added
to each well of the E-Plate® Cardio 96 (ACEA Biosciences,
Inc.), and incubated overnight at 4°C. The following day,
excess fibronectin was aspirated, 180 pL of pre-warmed
plating medium was added to each well and the plate was
equilibrated in a 5% CO, incubator at 37°C. After 30 mins, the
plate was transferred to the xCELLigence®™ RTCA Cardio in
the incubator and background impedance measured as per
the manufacturer’s protocol.

Cell seeding

Four vials (1x10° cells/vial) of Axol Human iPSC-Derived
Ventricular Cardiomyocytes (ax2505) were removed from liquid
nitrogen storage and placed on dry ice before being thawed
rapidly in a 37°C water bath. The vials were swirled constantly

and once only a small ice

clump was evident, the vials were

transferred to a sterile laminar flow

hood. The contents of all four vials were transferred to a
sterile centrifuge tube containing 6 mL of pre-warmed plating
medium. The cell suspension was centrifuged at 200 x g for
5 mins and the resulting cell pellet carefully resuspended in
10 mL of fresh plating medium. Cell viability was calculated via
trypan blue exclusion using a hemocytometer. Plating medium
was used to achieve a final concentration of between 2.4x10%
and 3.0x10° viable cells in a total volume of 18 mL. All media
was aspirated from the plate and 180 pL of cell suspension
was added to each well resulting in a total of 2.4x10* to 3.0x10*
cells per well. The plate was left in the laminar flow hood for
30 mins to allow the cells to settle and attach after which it
was fransferred to the xCELLigence® RTCA Cardio in the
incubator. Impedance readings were automatically recorded
every 30 mins.

Cardiomyocyte maintenance

Once a day, the instrument was paused and the plate
transferred to the laminar flow hood in a transfer module at
which point 90 pL of medium was removed and replaced
with an equal volume of fresh, pre-warmed medium. This
was repeated three times before retuming the plate to the
xCELLigence® RTCA Cardio in the incubator. The iPSC-CMs
were cultured using plating medium until cell growth kinetics
demonstrated a plateau, indicative of cell coverage of the
well and proliferation cessation (approximately 72-96 hrs
post-plating). Upon achieving a stable cell index, all plating
media was carefully removed from the plate and replaced
with complete Cardiomyocyte Maintenance Medium (i.e.
serum-free).

Drug application

After approximately 24-72 hrs in serum-free complete
medium, a stable synchronous beat rate should be observed.
After an additional 72 hrs, a range of concentrations of the
B-adrenergic receptor agonist (isoproterenol) or antagonist
(carvedilol) were added to selected wells and the iPSC-CMs
response evaluated.
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Application note

Results
Initial impedance readings 6.0, i o
Prior to plating, the background reading of 5. KHHHHHHHHHHHHH
all wells within the E-plate® Cardio 96 were :
found to be within the acceptable range and i *0,
therefore suitable for the addition of cells %3‘0—

o

and further study evaluation. Post-plating, €,
impedance readings strongly indicated
attachment of viable cells to the fibronectin.

Cell growth 050 00 200 300 400 500 800 700 _ 800 900
Time (hrs)

Dunr.'lg the po.st-seedlng. p.enod in plating Figure 1: Increased cell index of iPSC-CMs over time. Each well contained 2.4x10*
medium, an increase in impedance (as celis in plating medium. Exponential cell growth was demonstrated over the initial 93
determined by cell index) was measured hrs post-seeding. Cell index (impedance) values plateaued after 93 hrs indicating
in all wells within the plate. This increase confluency and cessation of cell proliferation.

was indicative of cell growth and continued

viability, with a plateau and cessation of

growth reached by 93 hrs (Figure 1).

Cell contractility and synchronous beating

All wells were monitored for

evidence of contractility and 1.108

synchronicity throughout sub- 3 g L AL 1 ;

sequent phases of the study. At %H%_ B B "

24 hrs post-plating, an indication ~ © fﬁ‘(%ﬁﬁﬁ‘ﬂ%’ &LQMMWWMW *W#M&@lﬁ%
1409 -t :

of primitive cell contractility

was observed (Figure 2a), with Time
indicative contractility observed Figure 2a: Primitive asynchronous cell contraction at 24 hrs post-plating in plating medium.

by 48 hrs (Figure 2b) and
synchronous cell contractility at

120 hrs (Figure 2c). % g " o lebicith @?Waﬁw%
o, A
i it o, B e «‘-‘F%WW

2472

Cell Index
(I

Time

Figure 2b: Indicative evidence of cell contractility at 48 hrs post-plating in plating medium.

VZTW\"""*#\"‘-“-«\'W\N"\“. \‘\“\.‘:\WK\F Y

£ A

4469""-\\5\\\"\ \\-j\"w\\'j\'\w\\\\\\\\

Cell Index
B
=

Time

Figure 2c: Indicative evidence of synchronous cell contractility at 120 hrs post-plating (24 hrs
in complete Cardiomyocyte Maintenance Medium).
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Evaluation of drug effect on 7.357

cardiomyocyte contractility

w"\q“"‘!‘""‘\’*“"‘ﬂl"”‘«‘;’*\""‘ﬁ"“'ﬁ[ﬂ‘\%’\i"\‘{*\

H
1

Isoproterenol

mrmsmwy W~

o 300nM

!

A range of isoproterenol and carvedilol

NSNS

%ﬁwhhth%w

30nM

concentrations were added to selected . R A [T A
i . E7871
wellls.. The |.PSC CMs responded to tlhe 3 '“"-1*"- ‘HP‘NM%(‘MM’MMM'\NHMI&H i
addition of isoproterenol and carvedilol 7508
as expected and in a dose-dependent Time
manner (Figure 3). This strongly
indicates the ‘clinical’ relevance of these Carvediol
cells and their utility for drug screening 7580
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Figure 3: Effect of isoproterenol and carvedilol upon cardiomyocyte contractility.

Conclusions

Axol iPSC-CMs are suitable for use on the xCELLigence®
RTCA Cardio instrument when cultured in the E-Plate®
Cardio 96 pre-coated with fibronectin. Initial plating of the
cells requires the use of a serum-rich plating medium. The
iPSC-CMs demonstrate potential for excitation-contraction
in the plating medium, but culture of the IPSC-CMs in
complete Cardiomyocyte Maintenance Medium (without
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Inhibitors. ChemPlusChem, 2016.

Jasmine M. Cross, Natalie Gallagher, Jason H. Gill, Mohit Jain, Archibald W. McNeillis, Kimberly L.
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Dalton Transactions, 2016

288



\9* ChemPubSoc
Neer? Europe

b

Anticancer Ru" and Rh" Piano-

Histone Deacetylase Inhibitors

DOI: 10.1002/cplu.201600413

CHEMPLUSCHEM
Communications

Stool Complexes that are

Jasmine M. Cross,” Tim R. Blower,” Natalie Gallagher, Jason H. Gill," Kimberly L. Rockley,"?

and James W. Walton*®?

The first examples of Ru" and Rh'"" piano-stool complex histone
deacetylase (HDAC) inhibitors are presented. The novel com-
plexes have antiproliferative activity against H460 non-small-
cell lung carcinoma cells that is comparable to the clinically
used HDAC inhibitor suberoylanilide hydroxamic acid (SAHA).
Strong evidence for HDAC inhibition as a primary mechanism
of action is provided. The complexes reported here represent
an important step towards the design of highly active and se-
lective HDAC inhibitors.

Historically the treatment of advanced or disseminated cancer
has involved the systemic administration of cytotoxic com-
pounds targeting nucleic acid replication or synthesis, many of
which have been approved for clinical use since the 1960s."
Mechanistically these agents do not exclusively target cancer
cells, and will also attack any rapidly proliferating cell type,
commonly resulting in dose-limiting toxicity.” Over the past
decade, increased understanding of the molecular basis of
cancer has advanced cancer therapy into an era of "targeted
molecular therapeutics”.” This new class of targeted drugs ex-
hibit a broad range of therapeutic mechanisms, including in-
hibition of extracellular growth receptors? activation of cell
death pathways,” retardation of cell motility,® kinase inhibi-
tion,” and toxin delivery,™ to name a few. Subsequently, inhib-
ition of enzymes associated with key regulatory pathways in
cancer is an attractive alternative to targeting DNA.”! In princi-
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ple, “molecularly targeted” agents are highly selective agents
against the growth and survival of tumour cells, whilst sparing
normal cells,

The histone deacetylases (HDACs) are a class of enzymes re-
cently shown to be suitable molecular targets for anticancer
activity.'” HDACs, working in tandem with histone acetylase
transferases, control the extent of acetylation of e-lysine resi-
dues in the tail of histone proteins"” and several other cellular
proteins, such as tubulin"¥ In terms of histones, deacetylation
leads to a positively charged histone core, which interacts
strongly with DNA, leading to a condensed chromatin struc-
ture. As a consequence, transcription of tumour-suppressor
genes is repressed and cancer cell survival is promoted." Con-
sequently, HDAC inhibitors have received much attention as
drug candidates, with suberoylanilide hydroxamic acid (SAHA,
Figure 1) approved for clinical use against cutaneous T-cell
lymphoma."* The hydroxamic acid group in SAHA binds to
a Zn*" ion located at the bottom of a hydrophobic cavity in
the active site of HDAC enzymes.

spacer - fills a narrow

head .
hydrophobic channel
group yrop Zn binding
2 group
LS ven
bf AR NHOH
H 0
SAHA

M=Ru", arene = p-cymene
M= Rh'", arene = Gp*

o] this study

Figure 1. The HDAC inhibitor SAHA and the piano-stool complexes featured
in this study. Cp* = pentamethylcyclopentadienyl.

It is known that the HDAC protein family is comprised of
several sub-families demonstrating a wide range of roles
across the cell, in addition to modulation of histone-regulated
gene transcription.'” Therefore there is significant interest in
the development of HDAC inhibitors with the capability of se-
lectively targeting a specific enzyme or sub-family"® with the
objective of avoiding HDACs involved in normal physiclogical
function and drug-induced toxicities.

1276 @ 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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In terms of selectivity, although the enzymatic cavity is rela-
tively comparable between HDACs, there is clear variability in
the protein structure towards the entrance of the cavity. The
phenyl headgroup of enzyme-bound SAHA sits in this region
and offers scope for modification toward the development of
HDAC-selective agents or more potent drugs through greater
chemical affinity. In recent years, HDAC inhibitors have been
developed in which the phenyl headgroup is replaced or func-
tionalised with a metal complex. Examples include ferroce-
ne-""" platinum-"® rhenium-"" and ferrocifen-based™ inhibi-
tors. In each case the pharmacological effects are retained and,
in some cases, improved cytotoxicity relative to SAHA was ob-
served. Luminescent octahedral polypyridyl-metal complexes
have also been developed.”" The advantages of metal com-
plexes over purely organic compounds in enzyme inhibition in-
clude: 3D metal geometries, allowing simultaneous access to
multiple areas of the active site; exchangeable ligands, for
in situ activation and potential binding to amino acid residues
in the active site; simple and modular syntheses, allowing
rapid determination of structure-activity relationships.

To be a successful selective headgroup, the metal complex
would ideally have scope and functionality amenable to modi-
fication for optimising the interactions with the cavity en-
trance. One such class of metal-based compounds demonstrat-
ing these characteristics is the piano-stool complexes, compris-
ing a d* low-spin metal core capped by a m° or 1’ aromatic
ligand. Functionality is varied at the three remaining coordina-
tion sites of the pseudo-octahedral complexes, which are occu-
pied by mono-, bi- or tri-dentate ligands. A large number of
metal complexes based on this motif have been investigated
for their anticancer activity,”” with modification of each com-
ponent leading to dramatic changes in activity. However, Ru'"
and Rh"' piano-stool complexes have not previously been in-
vestigated as HDAC inhibitors.

Herein, we present the first examples of Ru" and Rh"' piano-
stool complexes that show effective HDAC inhibition and anti-
proliferative activity against H460 non-small-cell lung carcino-
ma cells. Our initial biological studies indicate that these com-
plexes inhibit class | and Il HDAC enzymes, but show no cova-
lent binding to DNA.

We chose to use a substituted phenanthroline moiety, as
this ligand is known to form stable chelates with the platinum
group metals.”* %! Following a literature procedure,?'™ 1,10~
phenanthrolin-5-amine and methyl 8-chloro-8-oxooctanoate
were reacted to give a methyl ester intermediate. Without fur-
ther purification, this intermediate was converted to ligand L1
by the addition of hydroxylamine (50% aqueous solution) and
catalytic base (Scheme 1). Upon neutralisation, L1 precipitated
and was collected by filtration and dried under high vacuum.
Complexation of L1 with selected metal dimers ([(arene)MCl,],)
was achieved using a 2:1 ratio of L1/metal dimer in anhydrous
methanol. After removing the excess solvent, the crude prod-
uct was purified by recrystallisation by dropping a concentrated
CH,Cl, solution into stirred Et,0 in a dry-ice/acetone bath
(Scheme 1). Formation and purity of the complexes was con-
firmed using 'H NMR spectroscopy, mass spectrometry and ele-
mental analysis (see the Supporting Information for details).
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Scheme 1. Preparation of piano-stool complexes of Ru" (1) and Rh" (2).

'H NMR spectroscopy in [D,JDMSO confirmed the presence of
the intact hydroxamic acid, with broad resonances at 10.30
and 8.63 ppm corresponding to the hydroxamic acid OH and
NH protons of complex 1, respectively (10.38 and 8.63 ppm for
complex 2). These resonances are near identical to those of L1,
confirming that chelation to Ru occurs only through the phe-
nanthroline N donors. In contrast, the resonances for protons
H2 and H9, adjacent to the phenanthroline N atoms, shift by
almost 1 ppm upon complexation.

To assess the aqueous stability of the complexes, a solution
of complex 1 in D,0 was monitored by 'H NMR spectroscopy
over the course of 96 h, After 1 h, an equilibrium was estab-
lished between the chlorido complex 1 and the aqua species,
in which the chlorido ligand has exchanged with D,O. The
chlorido/D,0O ratio is approximately 9:1 and remains un-
changed over the course of 96 h (see the Supporting Informa-
tion for full details). These results show that the complex is
stable in aqueous solution and likely to remain intact as the
chlorido species in biological media.

With the new complexes in hand, we first examined their
ability to inhibit the proliferation of the H460 non-small-cell
lung carcinoma cell line in vitro. Cells were exposed for 96 h to
each new complex, the ligand L1 and the known HDAC inhibi-
tor, SAHA, at concentrations ranging from 0.01 to 200 pm. Cell
survival was then determined by the MTT assay®! and the 1C;,
(concentration of compound required to inhibit cell prolifera-
tion by 50%) was calculated from the resulting dose-response
curve (see the Supporting Information for full details). The re-
sults (Table 1) show that the new complexes are able to effec-
tively inhibit cell growth. The Ru" complex with the capping p-
cymene ligand (complex 1) has an ICs, value of approximately
20 pm, which is comparable to that found in cytotoxicity stud-
ies of many other Ru piano-stool complexes”® but is 15-fold
higher than for SAHA. However, the much lower cytotoxic effi-
cacy (ICs,: 4 pum) demonstrated by the Rh" complex, capped
with a Cp* ligand (complex 2) is comparable with the most
active Rh" piano-stool complexes reported to date.” The
lower IC;, value of complex 2 and the fact it is approaching
that of the clinically approved anticancer agent, SAHA (IC;;:

1277 @ 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. IC;, values measured using the MTT assay (96 h) against the
non-small-cell lung carcinoma H460 cell line, and are reported as the
mean value from at least three experiments.

Compound Arene-metal 1Cs, [pm]
1 p-cymene-Ru' 2146

2 Cp*-Rh" 41+04
L - 1.5+02
SAHA - 14+02

1.4 pm), gives us encouragement that piano-stool complexes
have the potential to act as HDAC inhibitors. Within experi-
mental error the ligand L1 has the same activity as SAHA.

To investigate whether these complexes act by HDAC inhibi-
tion, as proposed, we carried out enzyme inhibition assays,
using a commercially available assay kit*® Fluorescence meas-
urements were used to determine the extent of HDAC activity,
with no fluorescence indicating complete HDAC inhibition. The
known inhibitor SAHA, L1 and each new complex were incu-
bated at 0.1 and 1 pum with a nuclear extract source of HDACs,
prior to the addition of an acetylated substrate. As a positive
control, the assay was also run in the absence of any inhibitor.
Results are presented as a percentage of HDAC activity, relative
to the positive control (Table 2). For all compounds tested at

Table 2. HDAC activity in presence of potential inhibitors at 0.1 and 1 um
concentration, measured using a commercially available assay kit. Values
are reported as percentage activity relative to a positive control (no inhib-
itor),

Inhibitor conc” [um]  Control [%]  SAHA [%] 1[%] 2[%] L1[%]
1 100 0.5 16 1.1 49
01 100 6.3 173 15.4 107

1 pum concentration, HDAC activity is low (< 5% activity), show-
ing that these species are effective HDAC inhibitors. At 0.1 pm,
HDAC activity is increased, but remains low, supportive of the
inhibitory potency of these compounds. Although all tested
compounds inhibit HDAC activity to the same order of magni-
tude, the extent of HDAC inhibition at the lower concentration
follows the order SAHA >L1>2>1. This order mirrors the in
vitro anticancer activity, which supports the hypothesis that
HDAC inhibition is a putative mechanism of action of these
species. Beyond this empirical observation, there are some in-
teresting features within the results. Firstly, complex 2 showed
a fourfold greater cytotoxic potency than complex 1, but com-
parable HDAC inhibitory activity. This would suggest that the
lower anticancer activity of the Ru' complex is not entirely
down to weaker HDAC inhibition. More likely, variation in pro-
cesses such as cell uptake, localisation and egress of the com-
pounds lead to the observed differences in cytotoxicity. A
second observation from the data is that, despite being more
active at 0.1 um, at the higher concentration of 1 um, the
ligand L1 leads to less enzyme inhibition than the complexes 1
and 2. This might be due to aggregation of the planar aromat-
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ic L1 at higher concentration,”” leading to a reduction in com-
pound available to bind to the enzyme, or might be due to
lower solubility in the assay medium.

As a control, we measured the extent of HDAC inhibition by
the known complex [(,:J—cymene)Flu(phen)Cl]Cl.DEI As expected,
this complex shows no significant inhibition (100% HDAC ac-
tivity at 1 um complex), confirming that the hydroxamic acid
moiety is essential for HDAC inhibition.

The HDAC assays clearly indicate that the new complexes
are effective inhibitors of these enzymes. However, we wanted
to determine whether this was the only mechanism of action
that led to the observed cytotoxicity. Indeed, the majority of
anticancer Ru' piano-stool complexes are postulated to act
through covalent binding to DNA. To test whether the com-
plexes investigated herein interact with DNA, either through
covalent modification or intercalation, DNA binding assays
were performed. Firstly, to probe the ability of the complexes
to covalently modify DNA, supercoiled pSG483 plasmid DNA
was exposed to increasing concentrations of complex 2 and
the resulting products were separated by agarose gel electro-
phoresis (Figure 2A). In comparison to a selvent only control
(Figure 2 A, lane 1), the migration of the supercoiled DNA is un-

A Complex 2 (M)

0 031063125 25 5 10 20

P e - -

B Cisplatin (pM)

0 031063125 25 5 10 20

Figure 2. Covalent modification of DNA as determined by migration of sub-
strate DNA during agarose gel electrophoresis. Supercoiled plasmid DNA
was treated with increasing concentrations of complex 2 (A) and cispla-

tin (B). SC = supercoiled DNA.

affected by complex 2. As a comparison, the known DNA-bind-
ing complex cisplatin was examined under identical conditions
(Figure 2B). As the concentration of cisplatin was increased,
the compound formed covalent adducts with DNA that migrat-
ed more slowly, reaching a maximal shift at 2.5 pm. Above this
concentration, the DNA signals became more disperse, likely
indicating degradation of the DNA at higher concentrations of
the compound. It is clear from this comparison that complex 2
does not covalently bind DNA.

Having confirmed that covalent binding to DNA is not fav-
oured for complex 2, we next explored the possibility of inter-
calation. Assays were run in which nicked pSG483 plasmid
DNA was incubated with potential intercalators, then treated
with DNA ligase (Figure 3). The ligase acts to re-seal the nicked
DNA, trapping the current supercoiling state of the plasmid. In-

1278 @ 2016 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Complex 2 (M) AQ (M) form is at the forefront of research in this area.
+ligase Jigase +ligase Piano-stool complexes, such as 2, provide a platform
SC N 0 12525 5 10 20 40 80 80 0 125 from which selective HDAC inhibitors can be de-

signed and synthesised with comparative ease. The
use of selective inhibitors should provide more in-
sight into the physiological roles of the HDAC iso-
forms and might reveal undiscovered functions of
this important enzyme.
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Figure 3, Intercalation of DNA demonstrated by the production of supercoiled DNA.

Nicked plasmid DNA was treated with increasing concentrations of complex 2 and a posi-
tive control, acridine orange (AQ). The supercoiled state was trapped by the addition of
DNA ligase, where indicated. N/R = nicked/relaxed DNA, SC=supercoiled DNA, L=linear

DNA.

tercalating compounds induce increased supercoiling within
plasmid DNA, whereas non-intercalated nicked DNA treated
with ligase will be sealed in a distribution of relaxed DNA top-
oisomers (Figure 3, lane 3). No intercalation was observed for
concentrations of complex 2 below 20 um, indicating that in-
tercalation was not occurring at concentrations capable of
causing HDAC inhibition or cytotoxicity. At higher doses, 20—
80 pm of complex 2, moderate intercalation could be ob-
served. As a positive control, the known DNA intercalator acri-
dine orange was tested at 1.25 pm, producing supercoiled
DNA and demonstrating that in comparison, complex 2 does
not intercalate DNA (Figure 3, lane 13),

From the assays carried out to determine one or more
mechanism(s) of action, it is clear that HDAC inhibition is a po-
tential therapeutic mechanism of anticancer activity in vitro.
The results of our biological assays rule out covalent binding
to DNA in a manner akin to cisplatin or many other Ru'" piano-
stool complexes. Similarly, complex 2 does not intercalate with
DNA at efficacious concentrations, as might be expected from
a complex incorporating a planar aromatic ligand. Hence, we
can be confident that a viable mechanism of anticancer activity
of the new Ru" and Rh"" complexes is through HDAC inhibition.

In conclusion, we have presented the first examples of Ru"
and Rh" piano-stool complexes that inhibit HDAC enzymes,
leading to growth inhibition of a lung carcinoma cell line.
These complexes have comparable activity to the clinically ap-
proved inhibitor SAHA. The key advantage to using 3D piano-
stool complexes for this application is the ease in which the
structure of the metal complex can be varied. For example, the
capping arene group or monodentate halide can be readily
modulated to form 3D structures that might access new areas
on the enzyme surface, leading to more efficient binding. This
so-called “escape from flatland"” is much harder to envisage
for the purely organic inhibitors, the synthesis of which would
require longer and more challenging pathways. We are cur-
rently using computational modelling to aid in the design of
more efficient piano-stool complex HDAC inhibitors.

Furthermore, whereas SAHA is a pan-HDAC inhibitor, the
design of inhibitors that are selective towards a particular iso-
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Pyridylphosphinate metal complexes: synthesis,
structural characterisation and biological activityt

Jasmine M. Cross,? Natalie Gallagher,® Jason H. Gill.” Mohit Jain,®
Archibald W. McNeillis, Kimberly L. Rockley,” Fiona H. Tscherny,?
Natasha J. Wirszycz,® Dmitry S. Yufit® and James W. Walton*?

For the first time, a series of 25 pseudo-octahedral pyridylphosphinate metal complexes (Ru, Os, Rh, Ir)
has been synthesised and assessed in biological systems. Each metal complex incorporates a pyridylphos-
phinate ligand. a monodentate halide and a capping n®-bound aromatic ligand. Solid- and solution-state
analyses of two complexes reveal a structural preference for one of a possible two diastereomers. The
metal chlorides hydrolyse rapidly in D-O to form a 1: 1 equilibrium ratio between the agua and chloride
adducts. The pK; of the aqua adduct depends upon the pyridyl substituent and the metal but has little
dependence upon the phosphinate R group. Toxicity was measured in vitro against non-small cell lung
carcinoma H460 cells, with the most potent complexes reporting ICsp values around 50 pM. Binding
studies with selected amino acids and nuclecbases provide a rationale for the variation in toxicity
observed within the series, Finally, an investigation into the ability of the chelating amino acid L-His to dis-
place the phosphinate O-metal bond shows the potential for phosphinate complexes to act as prodrugs
that can be activated in the intracellular environment.

Introduction

In the field of bioinorganic chemistry, platinum group metal
complexes have found application in cellular imaging,' in
enzyme inhibition” and as molecular probes of biological
activity.® The therapeutic anticancer activity of these complexes
is also often probed both in vitre and in vivo." In the context of
therapeutics, the advantages that metal complexes offer over
purely organic species include: a variety of metal geometries and
coordination numbers, allowing access to intricate 3-dimen-
sional structures; numerous metal oxidation states, allowing
redox-activated drugs; tuneable ligands to vary sterics and elec-
tronics about the metal centre; exchangeable ligands, for in situ
activation and binding to biomolecules; simple and modular
syntheses, allowing rapid determination of structure to activity
relationships. Despite the wide-spread clinical use of the plati-
num-based drugs, cisplatin, oxaliplatin and carboplatin,” there
remains issues associated with side-effects, including dose-limit-
ing systemic toxicities” and acquisition of drug resistance, which
reduce the efficacy and clinical utility of these drugs.”

“Depariment of Chemistry, Durham University, South Road, Durham, DH1 3LE, UK.
E-mail: james.walton@durham. ac.uk

School of Medicine, Pharmacy and Health, Durham University, Wolfson Research
Institute, Queen’s Campus, Stockton on Tees, TS17 6BH, UK

T Electronic supplementary information (ESI| available: Full experimental pro-
cedures and X-ray structural data. CCDC 1457275 and 1457276, For ESI and crys-
tallographic data in CIF or other electronic format see DOI: 10.1039/c6dt01264g
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One class of metal complexes that has shown great promise
as alternatives to Pt drugs are the pseudo-octahedral piano stool
complexes,” in which a low-spin d® metal ion is capped by an
n®phenyl or n’-cyclopentadienyl ligand, with the remaining 3
coordination sites occupied by tri- bi- or mono-dentate ligands.

Over the past decades, many examples of piano stool metal
complexes have been reported that show excellent in vitre” and
in vivo'® activity against cancers (Fig. 1). Variation of each com-
ponent of the piano stool arrangement alters the activity of the
complex. For example, in the series [(n°-arene)Ru(en)CI]PF; a
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I/\\f Iy e % N
R TR R
this st(zay‘ in®-arene)Ru(eniCi|™ RAPTA-C W
25 examples
-
: \N'plil?x x=cl1 FN”N“.\C\ M= Ru, Oa
ST "1
Nivle,

[{n-p-cymiM(picolinate)C1]
[(°-p-cym)Rufp-Azny-NMe X"

Fig. 1 Examples of metal complexes assessed for their anticancer
activity.
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3-fold increase in activity against human ovarian cancer cell
line A2780 is observed when the arene is varied from benzene
to biphenyl.'" Similarly, modulation of the mono-dentate
halide in the series [(n*-p-cym)Ru(p-Azpy-NMe,)X|PF, from
chloride to iodide results in a decrease in 1Cs,, the concen-
tration of complex required to inhibit cell proliferation by
50%, from 13 pM to 0.69 pM in the A2780 cell line.'? Finally,
complexes with the same ligand can vary in activity, depending
upon the central metal. In the [(n°p-cym)M(picolinate)Cl]
series, 1Cs, values (A2780 cell line) of 45 pM (ref. 13) and
4.5 pM (ref. 14) were reported for the Ru and Os complexes,
respectively. Beyond Ru(n) and Os(n), there are also a host of
Ir(m) and Rh(m) piano-stool complexes, whose activity often
surpasses that of related Ru(n) complexes."” Although often
not well understood, the mechanism of action of these com-
plexes may involve DNA binding,'® interactions with histone
proteins,'” redox modulation'® or enzyme inhibition.™”

The vast majority of reported piano stool complexes in the
bioinorganic chemistry field incorporate polypyridyl, carboxy-
late or halide ligands. Only rarely are ligands explored that
include elements other than C, N and O. However, there are a
host of alternatives that may offer significant advantages over
the more traditional ligand systems. In this study we present a
novel ligand for platinum group metal complexes: the pyridyl-
phosphinates. We report the synthesis, structural characteris-
ation, aqueous properties and biological activities, including
in vitro cytotoxicities, of a series of piano stool metal com-
plexes incorporating the pyridylphosphinate ligand (Fig. 1).
Lanthanide complexes incorporating this ligand have found
application in cellular imaging.?” However, the piano stool pyr-
idylphosphinate complexes have never been studied. Advan-
tages of the  pyridylphosphinate ligand  include:
biocompatibility; the presence of a *'P-NMR spectroscopic
handle; control over lipophilicity at phosphorus; modular syn-
thesis allowing rapid structure-activity relationship profile
and, finally, the presence a stereogenic phosphorus, which
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presents an opportunity to develop enantiomerically pure
metal-based complexes.”*

Despite the host of piano stool complexes that have been
reported, there is often a lack of information on biological be-
haviour, such as interactions between biologically relevant
molecules (amino acids, proteins and nucleobases) and the
metal complexes. This information is needed as the changes
in structure of the complexes that take place in the cellular
environment will have a profound effect upon the biological
activity. Herein, we interrogate the behaviour of the novel pyri-
dylphosphinate complexes in biological systems, by monitor-
ing metal-halide hydrolysis, measuring pK, values of the
resultant aqua complexes and carrying out detailed binding
studies with selected biomolecules.

Synthesis and structural characterisation

A series of complexes were synthesised in order to assess the
factors that determine aqueous biological behaviour. Systema-
tic variation in the metal-arene combination, the metal-bound
halide, the phosphorus R’ group and the pyridyl R group led to
a library of 25 new compounds (Scheme 1). Synthesis involves
Pd-catalysed coupling of the phosphinate (HPO(OEt)R') and
bromo-pyridyl precursors.”* Quantitative hydrolysis of the phos-
phinate ester was followed by neutralisation with NaOMe and
complexation with the appropriate metal dimer [(arene)MX,],.
Purification by recrystallisation from CHCL/Et,O gave the final
complexes with 30-50% yields.}

The synthesis of complexes 7 and 8 (Scheme 2) proceeds via
the 4-fluoropyridylphosphinate intermediate L1, which under-
goes nucleophilic aromatic substitution to form the electron-
rich 4-OCD;- or electron-poor 4-Cl-pyridylphosphinate ligand,
depending upon hydrolysis conditions.

Single crystals suitable for X-ray diffraction studies were
grown of complexes 3 and 20 (Fig. 2A and 3). Complex 3 crys-
tallises in the monoclinic crystal system and the P2,/c space
group and displays the expected pseudo-tetrahedral geometry,
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Scheme 1 General synthetic pathway and list of new complexes.
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with the n®p-cymene occupying one vertex. Ru-Cl (2.4155(6)
A), Ru-O (2.0809(14) A) and Ru-N (2.1109(17) A) bond lengths
are almost identical to those reported for the analogous picoli-
nate complex [(n®p-cym)Ru(picolinate)Cl],"> however, the
N-Ru-O bite angle is slightly larger in complex 3, at 80.50(6)°
(bite angle in picolinate complex is 77.95(7)°), reflecting the
larger size of the phosphinate group. Intriguingly, of the four
possible stereoisomers (R or § at Ru and P, denoted Ruygs and
Pys, respectively), only one enantiomeric pair is observed in
the solid state structure - RusPg and RugPs. "H-NMR indicates
that a single diastereomer is also present in solution, evi-
denced by one set of diastereotopic p-cymene protons in the
region 5-6 ppm (Fig. 2B). The origin of this stereoselectivity,
which has also been observed in lanthanide pyridylphosphi-
nate complexes,™ can be rationalised in terms of the steric
interactions between the p-cymene ligand and the P-phenyl
group, which are minimised in the observed diastereomer.
Weak intramolecular hydrogen bonds between the P=0 and
p-cymene methyl-H (2.587 A) and the P-phenyl and pyridyl
methyl-H (3.065 A) may also influence the observed stereo-
chemistry. In solution, slight broadening of the pyridyl Me
peak reflects its proximity to the P-phenyl aromatic system, but
the presence of a sharp singlet peak for the p-cymene Me

View Article Online
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Fig. 3 X-ray crystal structures of Ir complex 20.

group suggests free rotation of the p-cymene ligand, as is
expected for n®-arene-metal bonds.*

The solid state structure of the Cp*~Ir complex 20 (Fig. 3)
shows several differences from complex 3, including a Cc
space group, longer bond lengths between the central metal
and coordinated ligands and a wider N-metal-O bite angle of
82.00(11)°. Despite the presence of the less sterically challen-
ging P-methyl phosphinate ligand, once again only a single
diastereoisomer is observed - IrgPp and IrgP;. No intra-
molecular H-bond interactions can be observed in the crystal
structure, which presents further questions over the origin of
this stereoselectivity. It may be that stereoselectivity originates
from the initial attack of the phosphinate ligand on the metal
dimer, during the formation of the complex.

Aqueous behaviour of the complexes

To gain an understanding of the intracellular behaviour of
metal complexes with biological application, it is essential to
have an appreciation of the aqueous behaviour of new com-
pounds. Upon dissolving complex 1 in a D,0:CD;0D (9:1)
mix, equilibrium is established between the chloride (complex
1) and aqua (complex 1a) species (Fig. 4). "H-NMR of the
p-cymene protons indicates that an approximate 1:1
(chloride : aqua) equilibrium is reached within 5 min and does

2 | ’
) )
|
,,,,.L|‘Jdluw‘l‘\_nll_'L | {
(B) | . )
n‘u’ /) J,",‘!’ _,‘I ‘\ le’r I“I‘ “‘, . ) j, . “ ) |
—J NKJUU | JU“- ;‘f A b L.__‘ s ) ;lL\ JJL
: : ; ; : ,4 : : 1
5/ ppm

Fig. 2 (A) X-ray crystal structure of complex 3 and (B) *H-NMR spectrum (CD3OD, 298 K, 400 MHz,), with expansions of the single set of diastereo-

topic p-cymene protons and of the two methyl groups.
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Fig. 4 'H-NMR spectra (D;0:CDsOD 9:1, 298 K, 400 MHz) of (A)
complex 1 and la at approximately 1:1 equilibrium ratio, (B) chloride
complex 1, following addition of 100 mM NaCl and (C) aqua complex 1a,
following addition of AgNO; and filtration of AgCL

not shift over the course of 24 h (Fig. 4A). To confirm that the
observed species are the chloride and aqua adducts, the
complex was dissolved in 100 mM NaCl (Fig. 4B) and in
aqueous AgNO;, followed by filtration of AgCl (Fig. 4C),
leading to the selective formation of the chloride and aqua
adducts, respectively, each showing a characteristic set of dia-
stereotopic protons. The analogous Ru-iodide complex also
undergoes rapid hydrolysis with around 60% of the complex
remaining as the intact iodide species.

At the extracellular chloride concentration (approx.
100 mM), the pyridylphosphinate complexes remains intact as
the chloride adduct, but at lower intracellular chloride concen-
tration (approx. 20 mM in cytoplasm)*” significant amounts of
the aqua adduct are present. With this in mind, we sought to
measure the pK, of the bound water molecule and to establish
how the pK, varies with the choice of central metal and co-
ordinated ligands. pK, (pK, measured in D,0) values were
measured by monitoring the *'P- and 'H-NMR spectra of
selected aqua complexes in D,0: CD;0D (9:1) as a function of
pH* (pH values in D,O solution, Fig. 5), according to estab-
lished procedures® (see ESIF for full details). pK, values were
converted to  pK, values using the  equation
pK, = 0.929pK; + 0.42.%° By comparing pK, values of selected
aqua complexes (Table 1), it is apparent that a more electron
donating pyridyl ligand leads to a higher pK,. This is shown by
the increase in values in the order 5a < 3a < 7a for complexes
with 4-Me, 3-Me and OCD; pyridyl substituents, respectively.
This order reflects the higher pH required to deprotonate H,O
bound to a more electron-rich metal centre. The phosphorus-
bound R’ group has little effect on pk,, as can be seen by com-
paring values for 3a and 4a. Finally, as expected, the pK, value
for the Ir complex 20a is lower than that of the equivalent Rh
complex 25a, reflecting the increased metal-oxygen bond
strength of the heavier congener.”” For each of the studied Ru
complexes, the hydroxyl-bridged dimer D1 (Fig. 5) forms at

12810 | Dalton Trans., 2016, 45, 12807-12813

View Article Online

Dalton Transactions

1+

=<7 —=< — <
! R‘ H =11 /R\u\
Ru e AN pH =

ok =n 1LUOH HG OHOH
N —

e e P

4'en G Ph >_<i‘)_
Sa D1
42

E n

o

a

~ 40

=

PR

w0
38
37 T . T

20 4.0 5.0 80 10,0
pH*

Fig. 5 Measurement of the pK] of agua complex 5a by monitoring the
3'p-NMR spectrum (D;O: CD;OD 9:1, 298 K, 162 MHz) as a function of
pH*. For Ru complexes, at approx. pH* >11 formation of the hydroxy-
bridged dimer D1 is observed.

Table 1 pK, values for selected aqua complexes (D,0:CD;0OD 9:1,
298 K). pK; values were measured by monitoring changes in *'P-NMR
and 'H-NMR spectra and converted to pK, using the equation
pK, = 0.929pK;, + 0.427¢

Complex R R’ {M(arene)} pK.

3a 3-Me Ph {Ru(p-cymene)} 9.34 = 0.04
4a 3-Me Me {Ru(p-cymene)} 9.18£0.19
5a 41-Me Ph {Ru(p-cymene)} 7.76£0.13
7a 4-0CD; Ph {Ru(p-cymene)} 10.08 = 0.05
20a 4-Me Me {Ir(Cp*J} 9.31+0.07
25a 4Me Me {Rh(Cp*)} 10.95 = 0.04

strongly basic pH (typically >pH 11), with concomitant loss of
the pyridylphosphinate ligand.f The formation of this dimeric
species from Ru piano stool complexes at elevated pH has
been observed previously and the dimer is known to be non-
cytotoxic.”® NMR experiments indicate that dimer formation is
partially reversible upon lowering the pH, but that complete
regeneration of the starting complex does not take place.

Cytotoxicity studies

The toxicity of each complex was assessed against non-small
cell lung carcinoma H460 cells. Each complex was incubated
with H460 cells for 96 h at concentrations ranging from 0.1 to
200 puM (aqueous media containing 0.1% DMSO) and ICs,
values were measured using the MTT assay (see ESIT for
details). The solubility of complexes at these concentrations
was assessed to ensure the compounds are fully dissolved (see
ESIf for details). Selected results are shown in Table 2 and rep-
resent the mean value for data from at least three experiments.
All Ru complexes incorporating chloride ligands are non-toxic
up to 200 pM. The most cytotoxic species are the iridium-Cp*
complexes 21 and 22, each with 1Cs, values of 50 + 5 pM,
respectively. The presence of the iodide ligand appears to play

This journal is © The Royal Society of Chemistry 2016
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Table 2 ICs, values for selected complexes measured using the MTT
assay (96 h) against the non-small cell lung carcinoma H460 cell line.
Entries are the mean value for data from at least three experiments.
Complexes not included were found to have ICsq > 200 pM

Complex R R’ M Arene X 1C50/pM
1 H Ph Ru cym cl 200

10 H Ph Ru cym I 65+ 12
i1 H Me Ru cym I =200

18 H Ph Ir Cp* cl =200

19 H Me Ir Cp* cl =200

20 4-Me Me Ir Cp* cl 140 = 40
21 H Ph Ir Cp* I 52+12
22 H Me Ir Cp* I 53+4
25 4-Me Me Rh Cp* cl 135 £17
Cisplatin — — — — — 0.80 + 0.01

an important role in the observed toxicity, as the analogous
chloride complexes, 18 and 19, gave ICs, values =200 pM. Com-
paring complexes 21 (P-phenyl] and 22 (P-methyl), it would
appear that the phosphorus-R group has little influence upon
the toxicity. However, this is not the case when comparing the
Ru-p-cymene complexes 10 and 11, for which the P-phenyl ana-
logue has significantly greater cytotoxicity than the P-methyl
complex. A comparison with cisplatin (ICs, = 0.80 £ 0.01 under
the experimental conditions), shows that in general this class
of complexes have low cytotoxicity. While ineffective as cyto-
toxic agents, this feature may bode well for uses in appli-
cations such as enzyme inhibitors.

A general feature within this series is that the complexes
incorporating monodentate iodide ligands have higher toxici-
ties than the corresponding chloride complexes. The extent of
hydrolysis of the iodide complexes is less than that of the
chloride complexes, leading to the conclusion that a mechan-
ism of action involving hydrolysis and DNA binding, as is
often proposed for piano stool metal complexes, may not be
the main mechanism of action operating for this series of
complexes. Whatever the mechanism, the observation of
higher toxicity for iodide complexes is consistent with pre-
viously published reports'**° for both Ru- and Os-based anti-
cancer complexes. Studies are ongoing to elucidate a potential
mechanism of action for these species.

Binding studies

In general, the Ru complexes herein have IC;, values greater
than 200 pM. In an attempt to understand this low cytotoxicity,
binding studies were carried out with several biomolecules.
Addition of AgNO, to complex 1 dissolved in D,0, followed by
filtration of the resulting AgCl precipitate, gave the aqua
adduct, 1a. Mass spectrometry and NMR spectroscopy ('H and
“1p) were used to identify the presence and extent of biomole-
cule binding after addition of one and two equivalents of bio-
molecule to 1a, at 1 h and 16 h time-points (Fig. 6 and
Table 3). The biomolecules selected for investigation were
r-alanine (1-Ala), r-threonine (1-Thr), r-histidine (1-His), imida-
zole and 9-ethylguanine (9-EtG). No evidence for binding
between 1a and 1 equivalent of amino acids 1-Ala and -Thr

This journal is @ The Royal Society of Chemistry 2016
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Fig. 6 Mass spectra for complex 1a in the presence of (A) L-alanine, (B)
9-ethylguanine, (C) L-histidine and (D) imidazole. Peaks labelled a—f cor-
relate to peaks in Table 3.

Table 3 Proposed species that give rise to mass peaks in Fig. 6, upon
addition of selected biomolecules. Tabulated m/z values a—f correspond
to mass peaks in Fig. 6

Biomolecule miz species
o
1-Ala @ 454,3 [1a-H,0]* »'w/?{',‘
g
g Ph
[1a - H,0]"
[1a - H,0]"

g
9-EtG Ru O
©: 632.9 SN & SN NH

e:454.0

Imidazole fi522.4

was observed after 1 h, In contrast, addition of 1 equivalent of
9-EtG led to a peak in the mass spectrum corresponding to the
9-EtG adduct of 1a, following loss of H,0. 'H-NMR analysis
indicated the formation of a bond between Ru and N7 on

Dalton Trans.. 2016, 45, 12807-12813 | 12811
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Fig. 7 'H-NMR spectra (D;O:CD;OD 9:1, 298 K, 400 MHz) of (A)
uncomplexed pyridylphosphinate ligand and (B) products of addition of
2 equivalents of L-His to complex 1a, showing the decomplexation of
the pyridylphosphinate ligand and the formation of L-His complex, 1c.

9-EtG, with around 50% bound complex in solution. This mode
of binding is consistent with previous reports that have pro-
posed a mechanism of action for the anticancer behaviour of
Ru complexes to involve DNA binding, leading to apoptosis.'®

Upon addition of 1 equivalent of r-His, an adduct was
observed, consistent with replacement of H,O for r-His,
binding though an imidazole N. When the sample was sub-
jected to a second equivalent of 1-His and left to equilibrate
over 16 h, a species formed in which the pyridylphosphinate
ligand is displaced and the 1-His binds x* (Fig. 7). The
observed Ru-(1-His) complex, 1c¢, is known to be non-cyto-
toxic™ and its formation presents a potential explanation of
the low cytotoxicity of Ru chloride complexes described in this
report. It follows that the higher cytotoxicity of the iodide-com-
plexes, 10, 21 and 22, is due to the metal-iodide bond being
less labile towards aquation and therefore less likely to
undergo decomplexation by chelating biomolecules. It should
be noted that the only tested biomolecule able to displace the
pyridylphosphinate ligand was 1-His. Addition of 2 equivalents
of imidazole (16 h) leads to 1: 1 adduct formation, with loss of
H,0, but no ligand displacement. The cytotoxicity of the dis-
placed ligand of complex 1 (shown in Fig. 7A) was assessed
using the MTT assay and found to by non-cytotoxic up to
200 pM. In future studies it may be possible to tune the lability
of pyridylphosphinate ligands, so that the complexes remain
intact in the high chloride concentration of the extracellular
medium but are able to release some useful payload within
the cell where the chloride concentration is lower.

Conclusions

A series of 25 new piano-stool pyridylphosphinate complexes
has been synthesised, characterised and assessed in biologi-
cally-relevant systems. The properties of the complexes depend
upon their various components - metal ion, arene, pyridyl sub-
stituent and P-alkyl group - which can be varied with relative
ease. Aqueous solubility and stability is good. Ru-Cl complexes
are non-toxic up to 200 pM, which bodes well for their use as a
scaffold for metal-based enzyme inhibitors. Ir-1 complexes are
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more toxic to cells, so may have the potential to act as anti-
cancer agents, although toxicity remains low compared to cis-
platin. It was discovered that decomplexation of the ligand
from complex 1 occurs in the presence of excess 1-His, follow-
ing hydrolysis of the Ru-Cl bond. This has the potential to be
exploited in the form of complexes that deliver and release
useful payloads to the cell. The rate of aquation and the pK, of
the resulting aqua species can be tuned by varying the pyridyl
substituent and the judicious choice of metal-halide combi-
nation. Studies are ongoing to investigate the cell uptake,
localisation and any potential antimetastatic behaviour of
these exciting new complexes and to exploit the lability of the
phenylphosphinate Ru bond to design responsive biologically
active complexes.
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Appendix 4: Solutions and gels

Solution and gel compositions for Western blotting

Composition of MRC lysis buffer

Stock lysis buffer was stored at -20°C until required

Chemical Concentration
Tris HCl pH 7.5 50mM
EGTA 1mM
EDTA 1mM
Sodium orthovanadate 1mM
B-glycerol phosphate 10mM
Sodium fluoride 50mM
Sodium pyrophosphate 5mM
Sucrose 0.27M
Triton x100 1% (v/v)
B-mercaptoethanol 0.1%
Mini protease inhibitor 1 tablet per 50ml of
tablet (Roche, Germany) lysis buffer

Composition of 4x Sample buffer

SDS-sample buffer was stored at room temperature and 10% (v/v) B-mercaptoethanol
was added prior to use.

Chemical Concentration
Tris HCI pH 6.8 240mM
SDS 8% (w/v)
Glycerol 40% (v/v)
Bromophenol blue 0.04% (w/v)

Composition of 10% resolving gel

Chemical Concentration
Bis/acrylamide 10% (v/v)
Tris HCI pH 8.8 375mM

SDS 0.1%
Ammonium persulfate 0.1%
TEMED 0.4ul/ml
Water To volume

301



Composition of 5% stacking gel

Chemical Concentration
Bis/acrylamide 5% (v/v)
Tris HCI pH 6.8 125mM

SDS 0.1%
Ammonium persulfate 0.1%
TEMED 1pl/ml

Water To volume

Composition of running buffer

Chemical Concentration
Trizma Base 250mM
Glycine 190mM
SDS 0.1% (w/v)
Water To volume

Composition of transfer buffer

Chemical Concentration
Trizma Base 20mM
Glycine 150mM
Methanol 20% (v/v)
Water To volume

Composition of Tris-buffered saline with Tween-20 (TBS-T)

Chemical Concentration
Trizma Base 20mM
NacCl 150mM
Tween-20 0.1% (v/v)
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Composition of Enhanced chemiluminescence solution (ECL)

Prior to use solution 1 and solution 2 were mixed in equal volume

Chemical Concentration

Solution 1 Luminol 2.5mM
p-Coumaric acid 0.4mM
Tris HCI pH 8.5 100mM

Water To volume

Solution 2 H.02 30% (v/v)
Tris HCl pH 8.5 100mM

Water To volume

Composition of Acid Stripping Buffer

pH to 2.2 with concentrated HCI

Chemical Concentration
Glycine 3% (w/v)
SDS 0.2% (w/v)
Tween-20 2% (v/v)
Water To volume
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Appendix 5: Preliminary RT-PCR studies

As discussed in Chapter 5 (Section 5.4.2) preliminary studies using reverse transcriptase
polymerase chain reaction (RT-PCR) detected gene expression of angiotensinogen, angiotensin
converting enzyme (ACE) and the angiotensin type | receptor (ATR1) in AC10 cardiomyocytes

(AC10-CMs), however expression of renin was not detected in the cells.

The method used for RT-PCR can be found in Chapter 6 (Section 6.2.2.1 Production of cDNA from
AC10 cardiomyocytes and Section 6.2.2.2 Pre-array verification of cDNA quality), except the cells
were not exposed to doxorubicin. The same cycling conditions were used as outlined for analysis
of GAPDH gene expression in section 6.2.2.2, however different annealing temperatures were

optimised for each primer set.

The primers used, annealing temperature, expected product size and example gel are shown

below:

Annealing | Product AC10-CM

Primer target Primer sequence R . .
temp (°C) size expression

. . F TCCACCTCGTCATCCACA
Angiotensinogen R GGCTCCCAGATAGAGAGA 53 329 YES

F CCGATCTGGCAGAACTTC
ACE R GTGTTCCAGATCGTCCTC >2 314,408 YES

F GATGATTGTCCCAAAGCTGG
ATR1 R TAGGTAATTGCCAAAGGGCC >4 255 YES

. F AAATGAAGGGGGTGTCTGTGG .
Renin R AAGCCAATGCGGTTGTTACGC 60 397 NO

500

400

300

200

100

Angiotensinogen ACE ATR1 Renin

*Annealing temperature from paper by Wagner et al. (1996), positive expression was

not detected for renin in this study.
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