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Abstract

Cardiovascular disease is a common side effect of cancer treatment, particularly in
those who have been disease-free for over 10 years. Several studies have shown
that radiation and chemotherapeutics, such as Doxorubicin and Cisplatin, can induce
cardiovascular disease. Currently, little is understood about the mechanisms behind
this phenomenon. The JNK pathway, a key intracellular signalling pathway, has been
shown to be activated by both treatment options. Therefore, this could provide a
novel target for treatment and prevention.

Human Umbilical Vein Endothelial Cells (HUVECs) were exposed to Sunitinib,
Doxorubicin, Cisplatin and irradiation kinetic parameters and concentration
response curves were established. The effect of these treatments on JNK activation
was observed using western blots and cell viability assays. Doxorubicin and Cisplatin
were shown to activate JNK, whilst radiation and Sunitinib were found to have no
effect on the pathway. Phosphorylation of JNK by Doxorubicin and Cisplatin were
found to be delayed and sustained, an observation linked to cell death. FACS
analysis then indicated substantial cell damage with an increase in apoptosis and
necrosis. Further investigation of the pathway utilised inhibitors, a pharmaceutical
inhibitor SP600125, an adenovirus Adv.NLS-1 MKP-2 and CRISPR knockout cell lines.
It was shown that the inhibitors did not affect cell viability. However, when
investigating a novel cell death mechanism pyroptosis it was found that Adv.NLS-1
MKP-2 reduced LDH levels. It was also observed that this inhibitor reduced
pCaspase-3 and GSDME levels, key proteins in pyroptosis. linking JNK to endothelial
cell damage.

Here it has been observed that Doxorubicin and Cisplatin are linked to JNK
activation and cell death. However, the inhibition of INK did not reduce cell viability

indicating further investigation is required to fully understand the phenomenon.
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Chapter One

Introduction



1. Introduction

Currently in the UK 1 in 2 people are expected to be diagnosed with cancer in their
lifetime (Ahmad et al., 2015). Cancer can be defined as a genomic change to cells
that allows them to overcome their own defence mechanisms (Hanahan and Robert,
2011). There are currently 6 hallmarks of cancer; sustaining proliferative signalling,
evading growth suppressors, activating invasion and metastasis, enabling replicative
immortality, inducing angiogenesis and resisting cell death (Hanahan and Weinberg,
2000). All these factors are required for the cancerous cells to thrive, with the
resulting cells overcoming the body’s internal defence mechanisms and culminating
in tumour spread and metastases. This understanding has led to the development of
effective treatments and early detection, which is thought to lead to over 5 million
survivors in the UK alone by 2040 (Maddams et al., 2012). These advances have
already shown a 27% drop in cancer associated deaths between 1991 and 2016
(Siegel et al., 2019). Therefore, more people are surviving cancer than ever before,

and the long-term effects of cancer treatment are becoming more prevalent.

There are two main therapeutic approaches that can support surgical procedures.
Excluding haematological cancers, these are the major treatment strategies,
chemotherapy and radiotherapy (Debela et al., 2021). Chemotherapy usually
involves a series of intermittent treatments often with 2 or 3 agents across a 3-to-6-
month period which can abolish residual cancer cells (Ganai, 2017, Iveson et al.,

2019).

Radiotherapy is an effective cytotoxic therapy used to treat solid tumours (Najafi et
al., 2021). This is where energy, usually x-rays, is targeted at the tumour (Vaidya,
2021). Treatment is usually delivered externally and using improved targeted
systems focused directly on the tumour, avoiding organs and important vessel
(Vaidya, 2021). These beams are made up of photons allowing them to reach deep

into the body, damaging the DNA in the cell preventing repair (Vaidya, 2021).



1.1. Cardiovascular problems due to cancer therapy

Unquestionably, a serious long-term effect of anti-cancer treatment is
cardiovascular toxicities. The problem is evident in childhood cancer survivors, who
are at 10 times greater risk of developing cardiovascular disease (CVD) including
ischaemic heart disease and stroke (Chow et al., 2018). Furthermore, the incidence
of cardiovascular toxicities occurrence has also been shown to vary depending on
the treatment; anthracyclines >51%, cyclophosphamides >43%, and tyrosine kinase
inhibitors (TKls) >47% (Swain et al., 2003, Yeh and Bickford, 2009, Dempke et al.,
2023, Wang et al., 2023, Iqubal et al., 2019). Other studies looking at the effect of
radiation treatment have found that a third of all patients show signs of heart
disease 10 years post treatment (Siaravas et al., 2023). This data highlights the
potential severity of anti-cancer treatment on cardiovascular health and the
importance of understanding the mechanism of such side effects. This will, in turn,
enable the future development of preventative and effective treatments for this

problem.

One of the world leading forms of cancer, particularly in women, is breast cancer
with over 2 million new cases diagnosed in 2018 alone (Bray et al., 2018). Statistics
show that in 2019 5-year survival rate for breast cancer was estimated to be 90% in
the United States (Siegel et al., 2019). This significant improvement in survival rate
allows studies to examine the effect of prolonged survival has on the development
of CVD. In breast cancer, patients are susceptible to cardiovascular toxicities from
both chemotherapeutic agents and radiotherapy (Darby et al., 2003). Patients who
were treated for cancer of the left breast, with radiotherapy, have been shown to be
at a significantly greater risk of myocardial infarction than those treated for cancer

on the right (Darby et al., 2003).

Goody et al, 2013 have also shown that cardiovascular disease is more prominent in
patients irradiated on the left side for breast cancer. It has also been shown that
modern radiation techniques, whilst limiting damage to normal tissues, also result in

such side effects (Demirci et al., 2009).



However, it has been shown that if radiation is given after breast conservation
surgery at an early stage, there is no significant difference in cardiovascular toxicities

between left and right sided tumours (Darby et al. 2003).

Aleman and colleagues found that on average CVDs were diagnosed 19 years after
treatment (Aleman et al., 2007). They also found that 66-80% of cardiovascular
disease cases in their cohort were caused by the anthracycline chemotherapy and
radiation treatment of Hodgkin Lymphoma (Aleman et al., 2007). Though 78% of
patients diagnosed with myocardial infarction were non-fatal, the risk of CVD was
found to be 7 times higher with radiotherapy (Adams et al., 2003, Aleman et al.,
2007). Van den Belt-Dusebout and co-researchers found similarly that 64% of
patients treated for testicular cancer were diagnosed with myocardial infarction.
Indicating that irradiation of the chest is not necessarily the cause of such damage,
but further highlights how treatment induced cardiovascular toxicities is a systemic

issue (van den Belt-Dusebout et al., 2006).

Interestingly, studies have shown the potential protective effect of statins. Statins
are hydroxymethyl glutaryl coenzyme A reductase (HMG-CoA) inhibitors (Ramkumar
et al., 2016). They are known clinically to reduce cardiovascular disease due to anti-
oxidative, anti-inflammatory properties (Ramkumar et al., 2016). They have also
been shown to inhibit Ras GTPases implicated in anthracycline treatment
(Henninger and Fritz, 2017). It has therefore been suggested that statins may be
used to reduce the side effects of radiotherapy and protect healthy tissue. Patients
treated with statins have shown a reduction in cardiovascular toxicities by up to 50%
(Obasi et al., 2021). This may reflect effects at a cellular level (see section 1.5), in
particular Lovastatin has been shown to reduce the Doxorubicin stimulated stress
responses, e.g. JINK and NFKappaB by reducing DNA strand breaks without effecting

reactive oxygen species (ROS) formation (Damrot et al., 2006, Woijcik et al., 2015).

Taken together these studies show the potential damaging effects of anti-cancer
therapies and radiotherapies with respect to the cardiovascular system and

importantly, the effect of cardiovascular toxicities.



1.2. Cardiovascular toxicities

Cardiovascular toxicities is a prominent long term side effect of cancer treatment,
that can develop up to 20 years post treatment (Clark et al., 2016). There are many
definitions for Cardiovascular toxicities, however the American Society of
Echocardiology and the European Association of Cardiovascular Imaging have both
defined it as when the left ventricular ejection fraction (LVEF) is less than 53% (Plana
et al., 2014). There are a number of methods used to diagnose and monitor
cardiovascular toxicities which include LVEF, echocardiographic monitoring, nuclear
imaging and endomyocardial biopsy (Ruggeri et al., 2018). Biopsies were once the
gold standard for diagnosis, but their usage has declined with improvements in
much less invasive methods, such as biomarkers, which includes troponin and brain

natriuretic peptides (Ruggeri et al., 2018, Plana et al., 2014, Tan and Lyon, 2018).

The clinical focus of heart disease involves using the ejection fraction to determine
left ventricular remodeling, this method however only determines heart failure that
follows expected characteristics (McLean et al., 2019). McLean et al (2019) discuss
how cancer therapy may not follow this pattern and therefore this method may not
be effective in detecting heart failure as a result of anti-cancer treatment (McLean

et al., 2019).

Cardiovascular toxic effects as a result of cancer treatment include heart failure,
ischaemia, hypertension thrombosis and arrhythmias (Abdul-Rahman et al., 2023).
Although there are other documented side effects that include thromboembolism
and hypertension (Abdul-Rahman et al., 2023) Conditions such as cardiomyopathy
are asymptomatic and can occur in up to 20% of cancer survivors 5-20 years post-

treatment (Mulrooney et al., 2009).

Lubberts et al (2023) found that 64% of patients treated for testicular cancer were
diagnosed with myocardial infarction, whilst 28% presented with coronary artery

disease, after Cisplatin treatment (Lubberts et al., 2023).



As the incidence of cancer increases, with 5 million survivors predicted by 2040, it is
vital that the mechanisms underpinning treatment induced cardiovascular toxicities
are better understood to enable preventative and effective treatments (Maddams et

al.,, 2012).

A number of chemotherapeutic agents have shown to directly impact the heart, due
to the resultant cell death, which leads side effects such as angiogenesis and growth
suppression (Florescu et al., 2013). Along with anthracyclines, platinum based and
tyrosine kinase inhibitors, there are a number of other classes of chemotherapy
known to have the same side effects (Abdul-Rahman et al., 2023). PARP inhibitors
(poly(ADP-ribose) polymerase) mainly used for ovarian breast and prostate cancers
the BRCA1/BRCA2 mutation (Palazzo et al., 2023). Palazzo et al (2023) have
determined that the use of PARP inhibitors increases the risk of hypertension and
thromboembolic events by 17.5% and 4.1% respectively. However, hypertension has
been shown in 70% of patients treated with anti-VEGF drugs such as sunitinib
(Abdul-Rahman et al., 2023) In one study of breast cancer patients, 63% of patients
who were treated with 500mg/m?2 of anthracyclines in a clinical study showed LV
dysfunction 10 years post treatment (Cardinale et al., 2010). The main mechanism
of chemotherapeutic agents is to prevent the proliferation of cancer cells; however,
cancer cells require endothelial cells to do this (Wojcik et al., 2015). Therefore, it is
hypothesised that endothelial cell damage may be contributing to the
cardiovascular toxicities of chemotherapy. Woijcik et al (2015) have shown that
cancer patients have poor endothelial function 20 years post treatment which has
been linked to anthracycline use (Wojcik et al., 2015). Doxorubicin has also been
shown to induce endothelial cell apoptosis which has been linked to increased

production of ROS (Vasquez-Vivar et al., 1997, Wang et al., 2004).



Cisplatin has also been implicated with endothelial dysfunction, in testicular cancer
patients where endothelial function and cardiovascular biomarkers were measured,
such as triglycerides, low density lipoprotein and von Willebrand factor (Cameron et
al., 2020). Endothelial damage was shown from 24 hours up to 7 years post
treatment (Cameron et al., 2020). Cisplatin has been shown to cause cardiovascular
toxicities that can go from asymptomatic arrhythmias to cardiomyopathy, and even
paroxysmal supraventricular tachycardia, a rare form of arrhythmia (Raja et al.,
2013). Yavas et al (2008) have shown 66.7% of patients treated with Cisplatin
showed acute arrhythmia. They also showed that this was independent of changes
in electrolyte levels and may be due to the effect on cardiac sodium channels which
increased the QT dispersion (Yavas et al., 2008). In addition, Altena et al have shown
in prostate cancer that 7 years post Cisplatin treatment patients presented with a

decline in diastolic function (Altena et al., 2011).

Analysis of the Childhood Cancer Survivor Study (CCSS) has shown that radiation
particularly to the chest elevates the risk for ischaemic heart disease, heart failure
and stroke (Chow et al., 2018). As all the structures of the heart are subject to
potential radiation damage, the myocardium, pericardium, valves and coronary
arteries, the use of chemotherapeutics such as anthracyclines increases the risk of
cardiomyopathy and heart failure (Chow et al. 2018). Whilst many studies have
shown a decrease in heart mass due to cancer-induced cachexia (McLean et al.,
2019, Tichy and Parry, 2023, Wiggs et al., 2022). Cancer cachexia results in
progressive muscle wasting, this has also been linked to impaired cardiac
contractility and relaxation (Von Haehling et al., 2017). However, there are few
studies that have investigated cancer cachexia of the heart muscle (Wiggs et al.,

2022).

In addition to direct cardiovascular toxicities, accumulating evidence indicates an
increased incidence of CVD because of the anti-cancer treatments including both
chemotherapy and radiotherapy. Radiotherapy, particularly in left breast cancer
patients, has been found to cause an increase in cardiac problems more so than

patients with cancer in the right breast (Stewart et al., 2013).



The left-hand side of the heart also presented severe damage compared to the right,
due to increased pressure of systemic circulation (Stewart et al., 2013). Radiation
damage can cause inflammation of the arteries which leads to the development of
fibrosis (Adams et al., 2003, Yu et al., 2023). Such damage leads to obstruction of
the lumen and thrombi of platelets and fibrin to the capillary endothelial cells.
Healthy endothelial cells then replicate but cannot generate enough unobstructed
capillaries (Yu et al., 2023). This leads to ischaemia and ultimately myocardial cell
death (Yu et al., 2023). Therefore, it is believed such damage starts within the

endothelium.

The endothelium lines the blood vessels and has many functions such as the
regulation of vascular tone and maintaining homeostasis as well as controlling
adhesion (Mailloux et al., 2001, Drozdz et al., 2023, Gimbrone and Garcia-Cardefia,
2016). Cancer treatments are believed to induce endothelium dysfunction, where
the endothelium has the inability to cope with changes in the functional phenotype

of the endothelial cells (Gimbrone and Garcia-Cardefia, 2016).

1.3. Pathogenesis of endothelial dysfunction

With respect to understanding the effect of anti-cancer therapies on the
endothelium, it is essential to understand the normal physiology and pathology of
this important cell type. The endothelium is the barrier between flowing blood,
vessels, and organs, allowing the control of coagulation, adhesion, and invasion of
immune cells (Mailloux et al, 2001). The vascular endothelium has many functions
and is known as a paracrine, endocrine and autocrine organ that regulates vascular
tone and maintains homeostasis (Hadi Ar et al., 2005). When healthy, the
endothelium expresses very little proinflammatory factors and maintains a relaxed
vascular tone, ensuring blood fluidity (Brouns et al., 2020, Huot et al., 1997). The
endothelium prevents cell adhesion by maintaining blood flow and producing

endothelium derived relaxing factors such as nitric oxide (NO).



NO prevents the activation of flowing platelets and subsequent adhesion of these

and other white blood cell types (Brouns et al. 2020).

Only when the endothelial cell layer is disrupted due to tissue damage is the
coagulation/adhesion process initiated, as shown in figure 1.1 (Noonan et al., 2022).
This is largely temporary, but essential for wound healing and blood vessel
reconstruction (Yau et al., 2015). However, due to risk factors that include; smoking,
aging, genetic factors, diabetes, high blood pressure and high cholesterol,

endothelial dysfunction can occur (Boueiz and Hassoun, 2009).

There is no standard definition for endothelial dysfunction (ED), however, it was
described by Gimbrone and Garcia-Cardefia (2016) as an inability to cope with
changes in the functional phenotype of the endothelial cell (Gimbrone and Garcia-
Cardefia 2016). The dysfunction can be defined by a reduction in vasodilators, NO
and increased endothelium derived contracting factors, such as endothelin which

together impair the endothelium (John et al., 2020, Liischer et al., 1992).

ED incorporates all changes whether acute or chronic, systemic or localized
dysfunction of the cells (Gimbrone and Garcia-Cardefia 2016). These changes result
in damage, such as impaired barrier function, impaired antithrombogenic properties
and inability to regulate vascular smooth muscle cell tonicity (Boueiz and Hassoun,
2009, Celermajer et al., 1992). Such changes lead to acute inflammation and
chronic inflammatory diseases which include atherosclerosis, microangiopathies or
pulmonary fibrosis (Boueiz and Hassoun, 2009). These are all linked with endothelial
damage, and feature in many of the pathologies of chemotherapeutic agents and
radiation (Mailloux et al. 2001; Vasquez-Vivar et al. 1997). ED results in a
proinflammatory, proliferative and prothrombotic state, which are all factors of
atherosclerosis, a well-defined disease of the endothelium that can ultimately be

fatal (Qiao et al., 2020, Raitoharju et al., 2011).



ED is the first detectable sign of atherosclerosis, a disease of the vascular intima,
known to follow the same pathogenesis as ED (Chatterjee et al., 2009). Initially the
endothelium recruits monocytes from the circulating blood in the damaged areas,

lesions and sites of inflammation as shown in figure 1.1 (Qiao et al. 2020).

These monocytes then differentiate into macrophages and internalise oxidised low-
density lipoproteins becoming foam cells (Qiao et al. 2020). Foam cells then utilise
different forms of programmed cell death including apoptosis, autophagy and
pyroptosis, which aids the formation of necrotic cores of atherosclerotic plaques
(Gui et al., 2022). Cytokines and growth factors are also secreted which accelerates
inflammation (Raitoharju et al., 2011). This induces proliferation of vascular smooth
muscle cells, and synthesis of extracellular matrix forming a fibrous plaque
(Raitoharju et al. 2011). These plagues then line the endothelium narrowing the
diameter of the vessel causing conditions such as angina, however due to the high
pressure of the blood flow, these plaques can also breakaway and lead to cardiac

infarction and strokes (Chatterjee et al. 2009; Raitoharju et al. 2011).
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Figure 1.1 Progression of atherosclerosis and endothelial dysfunction.

Representation of differing stages of atherosclerosis from healthy to damaged vessel.
Depicting the initiation of damage due to stimuli and mechanisms such as changes in shear
stress and recruitment of immune cells. Resulting in the formation of atherosclerotic

plaques due to recruitment of macrophages and formation foam cells. Ultimately leading to

an cardiovascular event (Noonan et al., 2022).
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ED is also known to cause oedemas and impact organ function by allowing water
and proteins to move from the vascular system into tissues (Watanabe et al., 1991,
Wolf and Baynes, 2006). A lack of NO, caused by free radicals, leads to such damage,
causing the barrier between vessels to become more permeable which causes
toxins to pass through to tissues and an accumulation of leukocytes (Rajendran et
al., 2013, Rubanyi and Vanhoutte, 1986). A disruption of NO levels is one of the
main features of ED (Ray et al., 2023).

NO is a signalling molecule formed from the guanidino nitrogen of L-arginine
(Giroud et al., 2010). It has a number of important actions that include modulating
blood flow and inhibiting adhesion to cellular immunity via macrophages (Kubes et
al., 1991, Palmer et al., 1988, Takeuchi, 2004). It is synthesised in mammals by nitric
oxide synthase (NOS) of which there are 3 isoforms, endothelial (eNQOS), neuronal
(nNOS) and inducible (iNOS) (Forstermann and Sessa, 2012). These are expressed by
a number of cells including endothelial cells (Khatsenko et al., 1993, Lantoine et al.,
1998). The level of NO is usually low, determined by its rate of formation and
deactivation by superoxide (Kubes et al. 1991). A number of different cell types are
able to produce NO including vascular endothelial cells, smooth muscle cells and
macrophages (Khatsenko et al. 1993). Under normal conditions moderate levels of
NO, formed in endothelial cells, are stimulated by shear stress which promotes an
increase in intracellular Ca%* (Takeuchi, 2004). The activation of the Ca?*-dependent
eNOS isoform to enable a sustained activation of NO formation (Takeuchi et al.

2004).

The systemic concentration of NO can increase due to injury, either physical or
biochemical, for example by acetylcholine or shear stress (Tran et al., 2022,
Takeuchi, 2004). During ED a large increase of NOS results in inflammation and
apoptosis (Takeuchi et al. 2004). This is because a decrease in NO synthesis or
increase in its activation results in an increase in ROS leading to oxidative stress

within the endothelium (O'Riordan et al., 2005).
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Oxidative stress also increases the permeability of the endothelium and allows
leukocyte adhesion (Hadi Ar et al. 2005). Oxidative stress is a common trigger and
cause of endothelial dysfunction which is well-documented as a side effect to anti-

cancer therapeutics (Scioli et al., 2020, Terwoord et al., 2022).

1.4. Anti-cancer drug effects on endothelial cell function

The main mechanism of an anti-cancer drug is to prevent proliferation of cancer
cells, prevent DNA damage repair and promote cell death such as apoptosis (Tilsed
et al., 2022). However, it has been shown that anti-cancer drugs are also toxic to
endothelial cells as well as cancer cells themselves. Grant et al (2003) have shown
HUVECs treated with taxanes, Paclitaxel and Docetaxel, cause significant damage
both in vivo and in vitro. They used nude mice in in vivo and ex vivo assays, as well
as in vitro cell death studies, to show that endothelial cells are up to 100-fold more
sensitive to Paclitaxel and Docetaxel than tumour cells (Grant et al., 2003, Wolf and
Baynes, 2006). Anthracyclines, alkylating agents, vascular endothelial growth
inhibitors and radiation all result in cardiovascular toxicity and endothelial damage
(Hsu et al., 2021). Endothelial damage is a result of inhibiting proliferation, survival
and signalling resulting in conditions such as myocardial infarction,
atherothrombosis and hypertension (Hsu et al, 2021). 25% of cancer patients
treated with such agents presented with hypertension of which the pathophysiology
is not understood (Hsu et al., 2021). A number of mechanisms have been proposed
for this damage which include a reduction in vasodilator production and nitric oxide,
an increase of vasoconstrictors, vascular tone and rarefaction (Hsu et al., 2021). A
change in the balance between NO (vasorelaxant) and Endothelin-1
(vasoconstrictor) is a sign of endothelial dysfunction with an important role in

vascular disease (Lim et al., 2009).
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NO is known to be protective to the cardiovascular system, however, when
combined with ROS peroxynitrite radicals are generated promoting inflammation
and cell death mechanisms, such as apoptosis and necrosis (Lim et al., 2009). It is
therefore believed that endothelial cell damage may contribute to the

cardiovascular toxicities of chemotherapy.

Wojcik found that cancer patients have poor endothelial function 20 years post
treatment which has been linked to anthracycline use (Wojcik et al., 2015). This
research has been ongoing for many years with Vasquez-Vivar et al (1997) showing
that Doxorubicin binds to the reductase domain of eNOS, causing the formation of
superoxide and the decrease in NO (Vasquez-Vivar et al., 1997). Endothelial cell
apoptosis has been linked to increased ROS production, in response to Doxorubicin
(Clayton et al., 2020a). Clayton et al (2020a) found that excessive ROS mediated
endothelial dysfunction in mice treated with Doxorubicin (10mg/kg) (Clayton et al.,

2020a).

ROS are by products of metabolic reactions and generated by aerobic metabolism
(Hadi Ar et al. 2005). ROS is generated at sites of inflammation or injury on the
endothelium, which at low concentrations act as regulating signalling molecule that
are fundamental in cell growth and response (Hadi Ar et al. 2005). However, at high
concentrations ROS can cause cell injury and death(Villalpando-Rodriguez and
Gibson, 2021, Lum and Roebuck, 2001). The vascular endothelium regulates the
movement of macromolecules from the blood to tissue, which is a major target for
oxidative stress (Lum and Roebuck 2001). Oxidative stress ultimately results in
changes to endothelium signalling and redox regulated transcription factors (Lum
and Roebuck 2001). These processes have also been linked to the MAPK pathways,
ERK has been associated with endothelial cell survival, whereas inflammation and
apoptosis of endothelial cells has been shown to be due to the P38 and JNK

pathways (Pan, 2009).
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1.5. Cellular mechanisms of anti-cancer treatments

Many underlying mechanisms have been linked to the use of anti-cancer
treatments, some of which have already been mentioned. Therefore, it is important
to understand their mechanism(s) of action and implications in cardiovascular

toxicities.

1.5.1. Chemotherapy

Radiation aside, chemotherapy is one of the most versatile and utilised treatment
options for eradicating cancer (Anand et al., 2024). There are many
chemotherapeutic agents used currently, which can be administered independently
or in combination with each other. For this thesis, Doxorubicin, Cisplatin and
Sunitinib have been highlighted as chemotherapeutic agents used to treat solid
tumours. However, they have been shown to mediate cardiovascular toxicities and
endothelial damage side effects in surviving cancer patients, albeit with differing

mechanisms of action.

1.5.1.1. Sunitinib

Sunitinib malate (Sutent®) is a relatively new anti-cancer agent in comparison with
the aforementioned compounds having been approved by the FDA in 2006 (figure
1.3) (Ebrahimi et al., 2023). Sunitinib is part of a targeted therapy approach that
targets receptor tyrosine kinases, transmembrane receptors that promotes growth
and proliferation (Ebrahimi et al., 2023). Tyrosine Kinase inhibitors ((TKls) were
invented in the early 2000s and are effective in the treatment of solid and
haematological tumours (Shyam Sunder et al., 2023). The aim is for TKls to influence

pathways regulating malignant growth (Zhao et al., 2019).
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TKls such as Sunitinib have an immunosuppressive activity, which is well
documented in the treatment of breast cancer amongst many others (Zhao et al.,
2019). Tyrosine kinases can activate processes such as angiogenesis and cell
proliferation (Bantscheff et al., 2007). This is by the transfer of phosphatase groups
from adenosine triphosphate (ATP) to specific signalling proteins, which are part of
growth factor and cytokine signalling pathways (Bantscheff et al., 2007). Sunitinib is
known to have over 50 targets including growth factor receptors such as PDGFR
(platelet derived growth factor receptor), VEGFR1 and 2 (vascular endothelial
growth factor receptor) and cytosolic tyrosine kinases such as Abl, Src and Fes

(Siveen et al., 2018, Wang et al., 2020, Li et al., 2024).

Over expression of these growth factors have been implicated in several cancers. For
example an increase in VEGF is associated with several solid tumours such as breast
cancer and colorectal cancer, whereas Abl is linked with leukaemia (Greuber et al.,
2013, Hicklin and Ellis, 2005). TKls are therefore an important class of anti-cancer
agent and can be effectively used in combination with both traditional
chemotherapies (Chatziathanasiadou et al., 2019). More recently, monoclonal
antibodies such as anti-PD-1 and bevacizumab to prevent cellular activation

(Bazarbashi et al., 2023, Chatziathanasiadou et al., 2019, Qi et al., 2020).

Sunitinib was initially approved for the treatment of renal cell carcinoma treatments
and then gastrointestinal cancers (Chatziathanasiadou et al. 2019; Motzer et al.
2007). It inhibits many growth factor receptor kinases such as VEGF, PDGFR and
EGF, which impairs angiogenesis tumour growth and metastasis formation
(Chatziathanasiadou et al. 2019; Motzer et al. 2007; Paech et al. 2018; Truitt et al.
2018). It is well established that both VEGF and PDGFR are both expressed on
endothelial cells (Huang et al., 2010). VEGF members are important for
physiological angiogenic processes as well as conditions such as cancer (Nilsson and
Heymach, 2006). VEGF ligands activate angiogenic programs for example VEGFR-1
binds VEGF, VEGF-B and PIGF-1,2 (Nilsson and Heymach, 2006).
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This complex promotes endothelial progenitors and monocyte migration, whilst
VEGFR2 is known to regulate endothelial cell proliferation and survival as shown in
figure 1.2 (Nilsson and Heymach, 2006). Receptor tyrosine kinases are a vital part in
pathogenesis of clear cell carcinoma through interactions with VHL (von Hippel-
Lindau) tumour suppression genes (Motzer et al. 2007). This tumour suppressor
gene encodes protein regulation in VEGF and PDGF stimulating angiogenesis and
metastasis (Motzer et al. 2007). VEGF and VEGFR (VEGF receptor) regulate several
functions including lymphangiogenic processes (Kodera et al., 2011). Kodera has
shown that Sunitinib blocks VEGFR-3 and VEGFR-2 signalling in lymphatic
endothelial cells, therefore suppressing lymph angiogenesis and inhibiting

metastasis via the lymph nodes in breast cancer (Kodera et al., 2011).
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Figure 1.2 Signalling pathways induced by VEGFR activation.

VEGFR is activated by VEGF and mechanisms such as shear stress. This leads to processes
such as endothelial cell growth, differentiation, adhesion and vasodilation (Touyz et al.,

2017).
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The principal action of Sunitinib is the inhibition of angiogenesis, by reducing
VEGFR1, VEGFR2 and PDGFR beta signalling (Mena et al., 2010, Roskoski, 2007).
These tumour vessels are unstable, leaky and inefficient in oxygen delivery,
ultimately leading to hypoxia in the tumour (Hicklin and Ellis, 2005). This in turn
promotes the formation of VEGF through the presence of HIF-1 binding sites on the
VEGF promotor region (Schoch, 2002). As VEGF mediated endothelial proliferation
and migration is a prime pathway for angiogenesis, the inhibition of these cellular
outcomes underpins Sunitinibs’ overall mechanism of action (Bantscheff et al.,
2007) . Atthe molecular level, Sunitinib occupies the ATP binding pocket in the
catalytic portion of the receptor tyrosine kinase preventing phosphorylation, and
therefore inhibiting the activation of downstream substrates (Bantscheff et al.,
2007). Sunitinib inhibits this mechanism by reducing signalling through VEGFR1,
VEGFR2 and PDGFRp (Roskoski 2007). VEGF inhibition increases mitochondrial
superoxides and decreases nitric oxide production (Shyam Sunder et al., 2023).
However, Sunitinib is susceptible to off target effects as the ATP binding site is
shared between a number of different kinases and proteins, leading to side effects

such as cardiovascular toxicities (Bantscheff et al. 2007).

Sunitinib is understood to be a relatively safe drug, although it is linked with
cardiovascular toxicities and is associated with liver failure, causing fatalities in 0.3%
of patients (Paech et al. 2018). Toxicities have been linked to both on and off target
effects due to the inhibition of multiple other kinases due to selectivity (Shyam
Sunder et al., 2023). These toxicities can be treated, however it can disrupt
treatment and even necessitate a dose reduction (Truitt et al. 2018). It is believed
that these toxicities are caused by the lack of specificity of Sunitinib, similar effects

are also seen in a number of other chemotherapeutic agents (Cooper et al., 2018).
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sunitinib

Figure 1.3 Sunitinib

Molecular structure of the tyrosine kinase inhibitor Sunitinib (Motzer et al., 2007, EI-

Awady et al., 2011).

Cardiovascular complications are thought to be the result of off target inhibition of
receptor tyrosine kinases and mitochondrial function (Shah et al., 2013). TKls such
as Sunitinib affect vascular endothelial cells, cardiomyocyctes and post mitotic cells
(Gomez, 2022{Wang, 2019 #672). Cardiovascular complications are thought to be
the result of off target inhibition of tyrosine kinase activity and mitochondrial
function (Wang et al., 2019). Off target effects include inhibition of AMP-activated
protein kinase and activation of calcium/calmodulin dependent protein kinase, both
linked to cardiac dysfunction (Mcmullen et al., 2021). It is also well documented that
inhibiting VEGF leads to microvascular changes that reduce the myocardial capillary
network which leads to rarefaction (Shyam Sunder et al., 2023). Rarefaction is the
loss of capillary density, which has been linked to hypoperfusion and impaired
contractility (Shyam Sunder et al., 2023, Karpurapu et al., 2024). VEGF inhibition has
also resulted in increased atherosclerosis, where mice models have also shown

reduced endothelial NO reduces vasorelaxation (Thijs et al., 2015)

Sunitinib is closely linked to hypertension, but it is still not understood whether it
causes LV dysfunction or lowers the threshold for the drug (Truitt et al., 2018 ).
Hypertension affects 8-47% of patients treated in this way, whilst 28% of which

suffer from left ventricular dysfunction (Wang et al., 2019).
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Not only this but endothelial dysfunction and cardiovascular damage has been seen
as a long-term effect of treatment (Lai et al., 2020). Clinical studies looking at 20
patients have shown early signs of endothelial dysfunction, with a reduction in the
flow-mediated vasodilation of the brachial artery (Lai et al., 2020). Reduced left
ventricular ejection fraction and myocardial infarction have all be seen as a result of

Sunitinib based treatments (Escalante et al., 2016)

There have been a number of studies trying to understand the mechanism
underpinning the cellular and organ damage caused by Sunitinib. In mice models, it
has been demonstrated that Sunitinib induces mitochondrial damage and
cardiomyocyte apoptosis (Cooper et al., 2018). Other studies, for example, by Xu et
al (2022b) have shown that autophagic degradation of cellular communication
network factor 2 has been linked to the cardiotoxic effects of Sunitinib (Xu et al.,
2022b). They found, using Atg7/* heterozygous mice, resistant to Sunitinib, and
human embryonic cardiac tissue-derived cell lines, that the autophagy induced by

Sunitinib results in cardiomyocyte death (Xu et al., 2022b).

ROS is also known to be an important mediator in cardiovascular damage.
Accumulation of ROS has resulted in functional effects such as hypertrophy and
impaired contraction (Mcmullen et al., 2021). The increase of ROS triggers oxidative
stress leading to cellular dysfunction (Mir et al., 2020, Li et al., 2024). ROS levels are
controlled through antioxidants which can be both enzymatic and non-enzymatic
such as GSH (glutathione) and SOD (superoxide dismutase) (Li et al., 2024). ROS is
well established mechanism of endothelial damage as a result of TKI use, as its
accumulation enables the production of toxic metabolites resulting in tumour lysis
and cytokine release (Shyam Sunder et al., 2023). Li et al (2024) have also shown
that ROS is linked a new regulated cell death ferroptosis, which together are
implicated in sunitinib cardiovascular toxicities (Li et al., 2024). Using H9c2
cardiomycocytes and mouse models they were able to show Sunitinib caused an
increase in ROS, impaired cardiac function and caused structural injuries to the
heart (Li et al., 2024). They showed that increased levels of ROS reduced Nrf2 levels

which activates ferroptosis (Li et al., 2024).
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Indicating a link between oxidative stress and Nrf2-dependent ferroptosis
cardiovascular toxicity caused by Sunitinib (Li et al., 2024). There are a number of
factors linked to such damage, showing that more research is required to prevent

the long-term effects found clinically for this treatment.

1.5.1.2. Cisplatin

There are many drugs known to cause cardiovascular toxicities, Cisplatin (Cis-
dichlorodiammine-platinum (II)/CDDP) is a major contributor to this effect (figure
1.4). Cisplatin is a well-established anti-cancer agent commonly used by the NHS
that has shown cardiovascular toxicities in surviving patients. It is a small molecule
platinum compound that was first discovered 40 years ago (El-Awady et al., 2011).
The cytotoxic effect is thought to be through its interactions with DNA, as it forms
covalent adducts between some bases and the platinum compound (Yousef et al.,
2009). This well documented anti-tumour agent is prescribed in the treatment of
solid tumours associated with advanced and reoccurring cancers such as breast,
testicular and bladder (El-Awady et al. 2011). This potent drug has a 90% success
rate in treating testicular cancer (ElI-Awady et al. 2011). Cisplatin is a
chemotherapeutic agent that is widely used as a single chemotherapeutic or in
combination therapy strategies (EI-Awady et al. 2011). However, when combined
with other cancer drugs such as Fluorouracil or Docetaxel it has been associated
with lethal cardiomyopathy and nephrotoxicity, bone marrow suppression and many
others (Tsvetkova and Ivanova, 2022, Yousef et al., 2009). Cisplatin is also widely
known for its dose limiting factors nephrotoxicity and cardiovascular toxicities, with
symptoms such as congestive heart failure (Lieberthal et al., 1996, Al-Majed et al.,
2006). Combining this treatment with a number of other anti-cancer agents such as
Doxorubicin and Methotrexate has resulted in lethal cardiomyopathy (Al-Majed et

al., 2006).
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Figure 1.4 Cisplatin

The Molecular structure of Cisplatin Image modified from Kishimoto et al, 2019.

The prevalence of resistance however is a significant issue for Cisplatin treatment
and increases with its use in combination therapies (Fuertes et al., 2003). One way
involves the decreased uptake accelerated DNA repair and the inactivation of
nucleophilic substances such as glutathione (EI-Awady et al., 2011). However,
inhibiting glutathione synthesis results in tumour cell death as well as increasing
normal cell toxicity (EI-Awady et al. 2011). This also generates ROS and has shown to
lower antioxidants in plasma leading to antioxidative defense mechanism failure (El-

Awady et al., 2011).

1.5.1.2.1. Mechanism of action of Cisplatin

Cisplatin is activated once inside the cell, whilst in the cytoplasm Cisplatin chloride
atoms are displaced (Dasari and Bernard Tchounwou, 2014). As shown in figure 1.5,
when Cisplatin enters the intracellular environment of the cancer cell, it hydrates
due to the low chloride, becomes positively charged and then reacts with the
nuclear DNA and nucleophilic species (Yang et al., 2006). This cellular uptake is
mediated by copper transporters (Kiss et al., 2021). These include sulfhdryl groups
on proteins and nitrogen donor on nucleic acids (Kiss et al., 2021). Cisplatin binds to
N7 on the purine residues causing DNA damage in cancer cells preventing cell

division and causing cell death (Dasari and Bernard Tchounwou 2014).
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The cytotoxic effect is hypothesised to be through its interactions with DNA, as it
forms covalent adducts between some bases and the platinum compound (Yousef et
al., 2009). It was originally thought that this interaction caused cytotoxicity, however
it has been shown that this is caused by apoptosis and not DNA interactions (Yang et
al. 2006).. The mechanism of how the bonding of Cisplatin and DNA result in
apoptosis is not widely understood (Yang et al. 2006). Apoptosis and necrosis have
been seen to induce cell death once treated with Cisplatin (Dasari and Bernard
Tchounwou 2014). However, it is also understood that Cisplatin induces oxidative
stress and modulates calcium signalling (Dasari and Bernard Tchounwou 2014). The
increase in ROS due to Cisplatin also aids its function by targeting the mitochondria
reducing its function and triggering cell death (Saad et al., 2004). This increase in
oxidative stress has shown to be linked with a decrease in mitochondrial gluthione
(GSH) and Nicotinamide adenine dinucleotide (NADH) (Aggarwal, 1998). It is
required to maintain mitochondrial function, this causes an influx of calcium from

the mitochondria resulting in disrupted cell function (Aggarwal, 1998).

Apoptosis causes shrinkage of the cytosol and nucleus; and condensation of nuclear
chromatin (Sdnchez-Pérez et al., 2000). However, no impact on the plasma
membrane or mitochondria has been shown (Lieberthal et al. 1996; Yousef et al.
2009). The condensed nuclei disintegrate into apoptotic bodies and are
phagocytosed (Dursun et al., 2006). Caspases and calpain, intracellular cysteine
proteases, have been found to induce Cisplatin-mediated cell death (Dursun et al.,
2006). Dursun et al. (2006), found that caspase, a major apoptosis mediator can also
cause necrosis, and that inhibiting calpain can protect from this. Calpain has also
been shown to be implicated in endothelial injury caused by Cisplatin (Eguchi et al.,

2010).
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Figure 1.5 Cisplatin Mechanism of Action

Showing Cisplatin uptake via copper transporters and the activation in the
cytoplasm that leads to nuclear damage and mitochondrial damage. Cisplatin binds

to GSH reducing GSH levels. This leads to an increase in ROS inducing apoptosis (Kiss

et al., 2021).
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1.5.1.2.2. Cisplatin effect on endothelial cells

Cisplatin has been shown to cause endothelial cell injury and even death (Eguchi et
al. 2010). Interestingly, they did Eguchi et al (2010) show using both three-
dimensional blood vessels lined with HUVECs, and monolayer cell culture, two
differing results. In 3-D cultures calpain was involved in endothelial injury, and the
breakdown of the tube (Eguchi et al., 2010). However, they did not show any
evidence of DNA damage, whereas the monolayer did show evidence of DNA
damage along with apoptosis (Eguchi et al. 2010). Mitochondrial damage is
thought to be the mediator of toxicity including gastrotoxicity and nephrotoxicity

(Nuver et al., 2010).

With the use of the immortalized human dermal micro-vascular endothelial cell line
(HMEC-1), Nuver et al (2010) were able to show that Cisplatin altered endothelial
function, proliferation and inflammation. This was assessed by cytotoxicity and
apoptosis assays (Nuver et al., 2010). It is hypothesised that patients treated with
Cisplatin may be impacted by atherosclerosis, caused by endothelial dysfunction as
a direct result of the treatment (Sekijima et al., 2011). Sekijima et al (2011)
investigated the impact of Cisplatin on vascular endothelial dysfunction by
measuring arterial stiffness on women treated with Cisplatin for ovarian cancer.
Theyalso used HUVECs as an in vitro model for endothelial dysfunction. They found
Cisplatin directly caused vascular endothelial dysfunction, and ultimately could lead

to atherosclerosis (Sekijima et al., 2011).

Jiang et al (2014) found that cisplatin induced severe damage to blood vessel walls.
They investigated the effect of Cisplatin on contractile function in thoracic aortic
rings from Sprague-dawley rats. This was determined using 200uM of Cisplatin and
electron microscopy analysis in vivo (Jiang et al., 2014). It was also found that
Cisplatin inhibited (ATP)-induced intracellular Ca®*levels increase in HUVECs. Jiang et
al then determined that Cisplatin does affect contractile function of thoracic aortas

(Jiang et al., 2014).
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A clinical study looking at patients with testicular cancer, treated with Cisplatin, have
found that this treatment induces acute and transient endothelial dysfunction
(Cameron et al., 2020). As well as nephrotoxicity in early treatment (Cameron et al.,

2020).

As discussed, Sunitinib and Cisplatin are one of many chemotherapeutic
compounds found to elicit such side effects. Another largely reported compound

that has been implicated in such side effects is Doxorubicin.

1.5.1.3. Anthracycline/Doxorubicin

Anthracyclines are a group of antibiotics that have been widely used to treat cancer
patients since the 1960s (Mattioli et al., 2023). However, its link to cardiovascular
toxicities has majorly restricted its use (Heger et al., 2013, Sawyer et al., 2010).
Anthracycline induced cardiomyopathy is a well-known side effect, which has been
reported in up to 48% of patients (Swain et al., 2003). This is reported to be initiated
by endothelial cell damage, which has been previously discussed (Sonowal et al.,
2018). Several ways to minimise this side effect have been investigated, including
limiting its dose and encapsulating the drug in liposomes to limit myocardial uptake
(Sawyer et al. 2010). Despite these efforts, the mortality and morbidity rates are
high due to anthracycline-induced heart failures, partly because the mode of action

is not fully understood (Sawyer et al. 2010).

Doxorubicin (figure 1.6) is an anthracycline anti-cancer drug is one of the oldest
chemotherapeutic agents currently used (Chatterjee et al., 2010, McGowan et al.,
2017, Corremans et al., 2019). It is the principal drug in a group discovered from
streptomyces peuceticus (Chatterjee, 2010, McGowan et al, 2017, Corremans et al
2019). Doxorubicin is used to treat solid tumours and haematological malignancies,

for example leukaemia, breast and lung (Volkova and Russell, 2011).
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Chemical structure of Doxorubicin (Li et al., 2022b).

1.5.1.3.1. Mechanism of Action of Doxorubicin

The cytotoxicity of Doxorubicin in cancer cells is mediated through several
mechanisms, mainly by intercalating the DNA helix (Heger et al., 2013, Corremans et
al., 2019). Firstly, by inhibiting DNA replication and RNA transcription (Thorn et al.,
2011). Free radicals are generated that damage DNA or lipid peroxidation, direct
membrane damage because of lipid oxidation and DNA cross linking and alkylation
(Thorn et al., 2011). Anthracycline has also been shown to interfere with DNA
unwinding, strand separation and the inhibition of topoisomerase Il (TOP2) (Sawyer
et al., 2010). These modes of actions have been shown to inhibit tumour growth
(Sawyer et al., 2010, Corremans et al., 2019). Inhibiting TOP2 is known to result in
oxidative damage of the DNA, which causes toxicity to endothelial cells and

cardiomyocytes (Wolf and Baynes 2006).
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Doxorubicin, known as a TOP2 poison which targets proliferative cancer cells (Nitiss,
2009, Corremans et al., 2019). Its role is to induce single and double strand breaks
regulating topological changes that occur during DNA replication, transcription,
recombination, and remodelling (McGowan et al., 2017). TOP2 is an adenosine
triphosphate dependent enzyme, which can be expressed as two enzymes, TOP2a
and TOP2 (Zhang et al., 2012a). Of which TOP2a is deemed to be the molecular

basis of Doxorubicin anti-cancer mechanism (Zhang et al., 2012a).

Anthracyclines inhibit TOP2 preventing DNA repair, due to the formation of a ternary
complex between DNA, TOP2 and anthracycline forming the TOP2-Doxorubicin-DNA
cleavage complex (Heger et al., 2013, Corresman et al., 2019, Zhang et al., 2012a).
This inhibits DNA resealing and results in DNA breaks, consequently preventing DNA
replication and inducing apoptosis (Corresman et al., 2019). Doxorubicin prevents
DNA resealing and stabilises the reaction when DNA strands are cut, where they
covalently bond to the tyrosine residues of TOP2 (Heger et al., 2013). This results in
damage to non-proliferating cells such as the heart muscle, which leads to heart
muscle failure (This phenomenon will be covered in more detail in section 1.5.1.3.2)
(Heger et al., 2013). This occurs when TOP2f is prevalent, in quiescent cells and
cardiomyocytes, as TOP2a is more predominant in proliferating cells (McGowan et
al, 2017, Corresman et al, 2019). However, expression of TOP2a in these cells varies
during the cell cycle, as it is required for chromosomal segregation it is more
prevalent (McGowan et al, 2017). Drugs that are known to target TOP2 generate
enzyme mediated DNA damage (Nitiss, 2009). TOPa induced DNA damage is usually
followed by an arrest in G1 and G2 in the cell cycle (Heger et al, 2013). On the
contrary when Doxorubicin is bound to TOP2B it activates mitochondrial dysfunction
by suppressing PPAR (peroxisome proliferator-activated receptor). This leads to a
number of sequences such as the activation of the P53 tumour suppressor pathway,
impaired calcium handling, mitochondrial dysfunction and increased apoptosis.
However, without TOP2B Doxorubicin cannot bind to DNA, Zhang et al have shown
the removal of TOP2PB can protect against the cardiovascular toxicities of

Doxorubicin (Zhang et al., 2012a).
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In breast cancer specifically, a study has linked Doxorubicin treatment to
cardiovascular toxicities in up to 48% of patients, whilst Lotrionte et al. (2013) have
shown occurrence in 35% of breast cancer patients (Lotrionte et al., 2013, Swain et

al., 2003).

1.5.1.3.2. Cardiotoxic effect of Doxorubicin

The cardiotoxic effect of the drug is well established. In 1979 von Hoff et al. (1979)
showed that 2.2% of 4000 patients treated with Doxorubicin developed clinical signs
of heart failure (Von Hoff et al., 1979). Whereas a study demonstrated that 65% of
patients, with childhood malignancy, show left ventricular contractile abnormalities
linked to its use (Volkova and Russell 2011). A study in Spain found that 37.5% of
patients experienced Doxorubicin induced cardiotoxicity, 2 years post treatment
(Lopez-Senddn et al., 2020). Cardiotoxic side effects diagnosed include arrhythmias,
ventricular dysfunction, and congestive heart failure (Wojcik et al. 2015). It has been

proposed that this damage affects the coronary endothelium (Wojcik et al. 2015).

At high doses Doxorubicin has been shown to cause apoptosis, and at low doses it
induces telomere dysfunction, which results in stress-induced premature
senescence (SIPS) (Spallarossa et al., 2010). Doxorubicin associated cardiomyopathy
can be asymptomatic and occurs in 20% of cancer survivors, 5-20 years after
treatment (Spallarossa et al., 2010). As a result of changes in the expression of
proteins, required for cell cycle regulation, cytoskeletal and cellular architecture, this
impaired function leads to apoptosis (Volkova and Russell, 2012). Clinical signs and
symptoms of heart failure and a decrease in the left ventricular function, have been
shown to be Doxorubicin induced (Volkova and Russell, 2012). Volkova and Russell
have shown that if the cardiovascular toxicities remained moderate, asymptomatic
LEVF formation would stabilise with the discontinuation of Doxorubicin (Volkova and
Russell, 2011). The specific mechanism of action and the involved pathways that
lead to cardiovascular toxicities are not currently fully understood (Chatterjee et al.

2010, Corremans et al. 2019, McGowan et al. 2017).
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However proposed mechanisms include mitochondrial dysfunction, calcium

dysregulation, inflammation and oxidative stress (Linders et al., 2024).

A mechanism of action of Doxorubicin linked to cardiovascular toxicities is oxidative
stress. The quinone moiety of anthracyclines is known to induce the formation of
ROS, it can also be generated by nitric oxide (NO) synthase (Forstermann et al.,
2017, Shi et al., 2023)NO is also known to induce membrane damage of all tissue
not just the heart redox cycling and ROS generation (Sawyer et al., 2010, Zhang et
al., 2012a, Shi et al., 2023) . Oxidative stress may be caused by the release of free
radicals from Doxorubicin, resulting in DNA damage and cell death (Kong et al.,
2022). Doxorubicin is part of the quinone family, and this structure allows the
molecule to act as electron acceptors in oxoreductive enzyme activate reactions
(Vitale et al., 2024). Semiquinone radicals may facilitate free radical injury to DNA
particularly if reacted with molecular oxygen generating superoxides (Cappetta et

al., 2017).

Calcium overload has been described as a potential mechanism of toxicity
(Shinlapawittayatorn et al., 2022). Wu et al. (2022a) found using Langendorff guinea
pig hearts that Doxorubicin had differing effect on intracellular calcium. In hearts
with a sinus rhythm, Doxorubicin resulted in calcium underload, which has been
hypothesised as related to contractile dysfunction in cardiomyopathy (Wu et al.,
2022a). However, it can lead to calcium overload in tachypaced hearts, which

potentially causes calcium overload related toxicities (Wu et al., 2022a)

Anthracyclines exposure has been shown to result in myocyte death (Kong et al.,
2022). The heart has a limited threshold for regeneration, once this threshold has
been breached multiple forms of cardiac injury may occur via ventricle remodelling
(Sawyer et al., 2010).. Biopsies have shown evidence of mitochondrial swelling and
chromatin contractions markers of apoptosis (Sawyer et al., 2010). The
measurement of cardiac sarcomeric troponins can be used for the detection of

myocyte death further validates the theory (Sawyer et al., 2010).
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The implications that the drug induces myocyte cell death has been shown in cells,
animal models and humans (Kong et al., 2022). Experimentally it has been shown
that the mechanism of cell death depends on the dose administered, with a low
concentration of drug causing apoptosis and a high concentration necrosis (Vu et al.,
2020). When investigating leukaemia, using SC, U-937 and MOLM-13 cells, Vu et al.
(2020) found that high concentrations of Doxorubicin resulted in higher levels of

necrosis compared to lower concentration (Vu et al., 2020).

As it has been said previously, anthracyclines produce cellular oxidative stress, which
is thought to play a part in myocyte cell death (Narezkina et al., 2021). The presence
of hydroxyl radicals in the heart increased with anthracycline use, however they can
be inhibited by SOD (superoxide dismutase) (Sawyer et al., 2010). SODs such as
catalase and dexrazoxane both suppress the anthracycline induced death (Sawyer et
al., 2010). It has been shown in mouse models that over expression of SOD in
myocytes increase metabolic vasodilation and mitochondrial function
demonstrating a protection from mitochondrial damage (Yen et al., 1996, Kang et

al., 2015).

The FDA (Food and Drug administrations) has approved Dexrazoxane as the only
drug to prevent anthracycline-induced heart injury (Sawyer et al, 2010). Dexraoxane
suppresses anthracycline-induced troponin elevation, a marker for myocyte cell
death and cardiovascular toxicities (Sawyer et al, 2010). It has been demonstrated in
vitro that oxidative stress induced myocyte apoptosis is closely related to

anthracycline cardiovascular toxicities (Sawyer et al, 2010).

Doxorubicin cardiovascular toxicities has also been linked closely with endothelial
cell damage, leading to conditions such as atherosclerosis (Bar-Joseph et al., 2011).
Although the original damage is asymptomatic, the deteriorating condition of the
endothelium leads to hyperlipidemia a condition closely linked to atherosclerosis
(Luu et al., 2021). As previously discussed, an increase in ROS is linked with
cardiotoxic effects of Doxorubicin. This mechanism increases the damage of the

mitochondria which leads to endothelial cell loss via apoptosis (Monti et al., 2013).

32



Monti et al. (2013) found that an angiotensin-converting enzyme inhibitor was able
to reduce endothelial cell apoptosis by inhibiting p53 and caspase-3 activation
(Monti et al., 2013). Not only this Doxorubicin has also been linked with
compromising tight junctions in the coronary microvasculature which leads to an
increased permeable endothelium barrier (Monti et al., 2013). This increased
permeability leads to infiltration of immune cells, as well as increased permeability
of Doxorubicin itself (Wilkinson et al., 2018). Wilkinson et al. (2018) found that the
preincubation of statins with human cardiac microvascular cells prevented
Doxorubicin induced reduction of tight junction formation preventing the increase in
permeability (Wilkinson et al., 2018). This increased permeability and increase in
infiltration, as previously discussed, promote atherosclerosis (Davignon and Ganz,

2004).

Although there have been a number of investigations into the effect of Doxorubicin,
it is still an effective anti-tumour compound used today. Many of these compounds
can be utilised individually and in combination to increase anti-tumour effectiveness

(Bayat Mokhtari et al., 2017).

1.5.1.4. Radiotherapy

Radiotherapy has been a successful form of treatment for cancer patients, which
can be given as a main treatment, prior to surgery to reduce tumour size and after
to remove cancerous cells that may remain (Castaneda and Strasser, 2017). Its first
use for cancer treatment was reported in the 1930s, in which radium needles and
external beam with X-rays were utilised to treat breast cancer (Bradley and
Mendenhall, 2018). In more recent times it can be delivered from an external beam
which is known to damage normal tissue and can cause skin damage such as burns
(Chan et al., 2014). Radiotherapy can also be administered as a drug, the
radiolabelled drug is a radionucleotide attached to molecules that specifically bind
to molecules expressed in malignant cells, where all toxicity has been shown to be

reversible (Divgi, 2011, Stéen et al., 2018).
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It causes DNA breaks and that leads to abnormal DNA base pairing, cellular damage

and ultimately cell death (Borrego-Soto et al., 2015).

Within the vasculature, radiotherapy increases the generation of ROS that activates
the pro-survival state causing impaired healing and endothelial dysfunction (Caron
and Nohria, 2018). Radiotherapy damage can result in the inflammation of the
arteries, leading to the development of neutrophilic infiltrate throughout the heart
and fibrosis (Adams et al., 2003). Such effects in turn lead to the obstruction of the
lumen and thrombi of platelets and fibrin to the capillary endothelial cells (Adams et
al. 2003). Healthy endothelial cells then replicate but cannot generate enough
unobstructed capillaries, leading to ischaemia and ultimately myocardial cell death

(Adams et al. 2003).

It is also implicated with the bystander effect (see section 1.5.1.4.1), where the
ionizing radiation triggers degradation of cell membranes (Boyd et al., 2006).
Therefore, activating several signalling pathways because of the DNA damage of
both targeted and the neighbouring cells (Boyd et al., 2006, Hara et al., 1998). The
bystander effect is known to impact several generations of cells after initial
treatment (Buonanno et al., 2011). This persistence can have detrimental long term
health effects including second malignancies (Buonanno et al., 2011). They are also
usually delayed, and in some cases are not noticed for many years after treatment.
This has been seen in vitro and in vivo, however due to the nature of in vitro
techniques it is difficult to study the effect of radiation on cells over the 10 plus
years it can take for symptoms to be noticed clinically (Hargitai et al., 2021, Jabbari

et al., 2019).

Modern radiotherapy techniques from 2000 onwards have reduced exposure to
cardiovascular structures (Stewart et al., 2013). Abnormal narrowing of the entire
vascular tract has been shown in cases of radiotherapy exceeding 40Gy (Adams et
al., 2003). Whereas modern techniques of radiotherapy including IMRT (intensity-
modulated radiotherapy) exposes the whole body to 2-3Gy, doses such as these

have been shown to increase the risk of CVD (Stewart et al., 2013).
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Patients who received treatment prior to these modern techniques have a higher

risk of cardiac mortality over 10 years after treatment (Stewart et al., 2013).

1.5.1.4.1. Bystander effect

lonizing radiation triggers degradation of cell membranes and activates several
signalling pathways due to the DNA damage, both the targeted cells and the
neighbouring cells that were not irradiated, this is known as the bystander effect
(Boyd et al., 2006, Hara et al., 1998). The bystander effect is hypothesised to be a
result of intracellular communication mediated through intercellular gaps and ROS
(Yin et al., 2015). This mechanism of using intercellular gaps is not universally
accepted, however another hypothesis is that molecular factors are expressed into
the extracellular medium and diffuse via concentration gradients (Peng et al., 2018).
This is the result of low dosage radiation from external sources such as a, although
it has also been seen in y x-rays and low dose internal targeted nucleotides (Boyd et
al., 2006, Konopacka et al., 2011). Once irradiated, DNA undergoes severe structural
changes and double bond cleavage (Chen et al., 2018). The bystander effect is the
result of molecular signals that are released by irradiated cells transmitted through
intracellular communication (Konopacka et al., 2011). Studies have shown that
media collected from radiated cells used with unirradiated cells have shown genetic
changes in the non-irradiated cells (Konopacka et al., 2011). This effect can impact

radio sensitivity and radioprotection (Chen et al., 2018).

The bystander effect is known to impact many generations after initial treatment
(Buonanno et al., 2011). This persistence can have detrimental health effects in the
long term which include second malignancies (Buonanno et al., 2011). It is believed
that irradiated cells release signalling molecules such as ROS, cytokines, NO, and
small molecules such as amino acids (Chen et al., 2018). These molecules released
activate pathways such as the MAPK (JNK) and p53, they have also been seen to

activate ATM (ataxia telangiectasia mutated protein) (Chen et al., 2018).
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The different cascade reactions can impact healthy cells in a multiple of different
ways, such as chromosomal damage, apoptosis, and cell cycle arrest (Chen et al.,
2018). It is not yet understood if bystander effects from low linear energy transfer or

high, that produce the same or different biological effects (Chen et al., 2018).

However, Chen et al. (2018) have shown that different forms of radiation induce

different bystander effects. They found gamma radiation activated the ERK pathway,
unlike the lithium heavy ion radiation treatment that only activates the p53 pathway
(Peng et al., 2018). It has also been reported that the bystander effect influenced by

dose, cell type, spatial and temporal modulation, and dose rate (Peng et al., 2018).

Bystander effects are usually delayed and in some cases are not noticed for many
years after treatment (Peng et al., 2018). The delayed bystander effect has been
shown in vitro and in vivo, however due to the nature of in vitro techniques it is hard
to study the effect of radiation on cells over the 10 plus years it can take for
symptoms to be noticed clinically (Peng et al., 2018). The main technique in studying
the bystander effect is culture medium transfer, where cell to cell interactions can
also be analysed (Chen et al., 2018). It is hypothesised that the radiation does not
directly interact with DNA, but results in mutations, chromosomal aberrations, and
long-term genetic instability (Boyd et al., 2005). This effect is not the result of
proteins, as when Boyd et al. (2006) heated media from radiated cells to denature
the proteins, the bystander effect was still shown in the next generation of cells
(Boyd et al., 2006). Therefore, the implication of the effect on healthy cells and
bystander mechanism requires further investigation with respect to cardiovascular

toxicities.
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1.5.1.5. Combination Treatments

Combination treatments are a common use of available techniques and multiple
chemotherapeutic agents (Najafi et al., 2021). This allows for multiple mechanisms
of action to be utilized simultaneously. For most solid tumours surgery is always the
method of choice for tumour removal (Najafi et al., 2021). Radiotherapy,
neoadjuvant and adjuvant chemotherapy is given to shrink tumours and remove/kill
any cells remaining before and after surgery (Zhang and Zhang, 2019, Vaidya, 2021).
Chemoradiotherapy, the practice of concurrent chemotherapy and radiotherapy

treatment has been shown to be effective.

Chemotherapy has been shown to induce the radio sensitivity of the cells, whilst
radiotherapy induced damage can increase the incorporation of the drug into the
cells (Eyck et al., 2018). Apoptotic cell death has also been seen in combination
treatments due to the enhanced ROS, which reduced the mitochondrial membrane

potential in Hela cells (Kang, 1994).

These drugs are an important anti-cancer agent and are effectively used in
combination with monoclonal antibodies (Chatziathanasiadou et al., 2019). It
inhibits many receptors associated kinases, such as VEGF PDGFR, which impairs
angiogenesis tumour growth and metastasis formation (Chatziathanasiadou et al.,

2019).

1.6. Cellular pathways mediating the effects of anti-cancer
treatments

Given the damaging effects of chemotherapy and radiation on cells of the
cardiovascular system, an important strategy is to identify the signalling pathways
mediating these actions. And determine if any of these pathways can be
therapeutically targeted to prevent the damage to the cells. This is underpinned by

a clear understanding of pathways linked to cellular destruction and inflammation.
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1.6.1. ATM

A key protein involved in the damaging effect of anti-cancer therapy is Ataxia
telangiectasia mutated (ATM., First discovered in 1995 by Savitsky et al., whilst
studying ataxia telangiectasia, an autosomal recessive disorder (Savitsky et al.,
1995). ATM is a ser/thr protein kinase, a member of the phosphatidylinositol-3-OH-
kinases (P13K) family along with ATM-and-Rad3 related (ATR) kinases (Lavin, 2008,
Kozlov et al., 2011). These proteins have domain motifs classically seen in the lipid

kinase phosphatidylinositol 3-kinase (PIKKs) (Shiloh, 2003).

Their main function is to maintain genome stability, control cell cycle and cellular
responses to DNA damage (Banin et al., 1998). There are 5 mammalian members of
PI13K group ATM, ATR, mTor/FRAP, ATX/SMG-1 and DNA-PKcs (Mordes and Cortez,
2008). PI3Ks phosphorylates key proteins such as AKT, resulting in activating
response pathways as a result to numerous stresses (Hemmings and Restuccia,

2012, Shiloh, 2003).

ATM is known to be the primary response to double strand breaks coordinating the
DNA Damage Response by activating key molecules in numerous response pathways
(Ahmed and Li, 2007). It is found in the nucleus of dividing cells, where it either
activates or inhibits downstream processes (Shiloh 2003). A study found that in
undamaged cells ATM lies as dimers, inactivated blocking the kinase domain with
the FAT (FRAP-ATM-TRAPP) domain (Garcia et al., 2022). After damage, ATM
phosphorylates other ATM on serine residue 1981 in the FAT domain,
phosphorylation releases 2 molecules forming fully activated monomers (Bakkenist
and Kastan, 2003). This fast reaction can activate most ATM, and soon after the DSB
ATM binds to the DSB site, where it divides between chromatin bound and free in
the nucleus (Garcia et al., 2022). After DSB ATM promotes a number of cellular
mechanisms such as; apoptosis cell cycle arrest, senescence and metabolic

reprogramming (Garcia et al., 2022). This activation has been associated with
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radiation and chemotherapy treatment. It has been shown in cell lines that ATM
knockouts become more sensitive to radiation, therefore there has been research
into the effect inhibiting ATM would have radiotherapy treatments (Jette et al.,
2020).

However, ATM has also been implicated in cardiovascular toxicities. Using ATM
knockout mice Zhan et al. (2016) have shown that fibroblasts mediate Doxorubicin
induced cardiovascular toxicities through ATM (Zhan et al., 2016). A further study by
Yoshida have also reported that Doxorubicin induced cardiovascular toxicities is
mediated through ATM-p53-apoptosis pathway activated by oxidative DNA damage
(Yoshida et al., 2009).

There have been a number of papers reporting a link between ATM and JNK
activation related to autophagy and programmed cell death, therefore indicating
JNK could be activated downstream due to ATM activation (Mavrogonatou et al.,
2022, Wang et al., 2021). Further investigation into this link and cardiovascular

toxicities could aid the findings of preventative measures.

1.6.2. NF-kB

The Nuclear factor-kB (NF-kB) pathway is renowned for its ability to regulate several
genes involved in a number of biological responses including apoptosis, immune
and inflammatory responses (Liu et al., 2017, Paul et al., 2018). The family
comprises of 5 members p105/p50, p100/p52, p65 (RelA), RelB and c-Rel, which
were initially discovered as inflammation activated factors (Picco and Pages, 2013).
These are inducible transcription factors known to regulate genes involved in a
number of mechanisms (Liu et al., 2017). The NF-kB members are held in the
cytoplasm when inactive by inhibitory proteins, which includes IkB (Vallabhapurapu

and Karin, 2009).

Activation of the pathway involves the canonical and the non-canonical pathway,

however they both regulate inflammatory and immune responses (Liu et al., 2017).
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The pathway is activated with the release of IKB molecules, due to the proteasomal
degradation of the inhibitors (Hoesel and Schmid, 2013). The canonical pathway
results in a fast transient transcription to regulate proinflammatory genes Yu et al.,
2020). Whilst the non-canonical pathway occurs through tumour necrosis factor
receptors. This means the resulting activation is slower but more persistent, to aid

immune cell development and immune response (Yu et al., 2020).

When the canonical pathway is activated, it is well known that p65 and p50 are
responsible for transcription of target genes Yu et al., 2020). They are sequestered in
the cytoplasm by IKB proteins that consist of three groups IkBa, IKBB and IkBg, p100
and p105 and other IKB proteins IkBZ, BCL-3 and IkBNS Yu et al., 2020).

The signal-induced phosphorylation of such IKB molecules by IKK activates the
pathway. IKK has 2 catalytic subunits IKKa (non-canonical) and IKKB (canonical) with
IKKy as a regulatory subunit (Yu et al., 2020). IKKB activation leads to IkB protein
phosphorylation causing the degradation of IkBs releasing NFKB dimers from the
cytoplasm. Once released these dimers translocate to the nucleus to enable the

transcription of target genes (Yu et al., 2020).

NF-kB, particularly the canonical pathway, has been implicated in chronic
inflammatory diseases, for example asthma and rheumatoid arthritis (Lawrence,
2009). As this pathway is widely associated with inflammation it has been the
primary focus of anti-inflammatory drugs (Lawrence, 2009). NF-kB has been shown
to play a role in cardiovascular diseases such as myocarditis and heart failure
(Matsumori, 2023). It has also been implicated with atherosclerosis where NF-kB
has been detected in the nuclei of macrophages within the lesion (Brand et al.,

1996, Matsumori, 2023).
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1.6.2.1. Effect of Doxorubicin and Cisplatin on NF-kB

A limited number of studies have examined the effect Doxorubicin and Cisplatin
have on the NF-kB pathway particularly with its roles in inflammation and cell
survival. Doxorubicin has also been linked to heart disease and Doxorubicin induced
cardiovascular toxicities. It has been reported that Doxorubicin activates the NF-kB
pathway and studies have shown that by inhibiting NF-kB they have shown to
protect from Doxorubicin induced cardiac damage (EI-Agamy et al., 2019). Similarly,
Nozaki et al. (2004) used mice models showing Toll like receptors (TLRs) that are
known to activate the NF-kB contributed to Doxorubicin induced cardiovascular
toxicities as a result of oxidative stress (Nozaki et al., 2004). Doxorubicin has also
been shown to induce NF-kB activation in H9c2 embryonic rat cardiac cells; cells
were treated for up to 90 minutes with 5uM of Doxorubicin to activate pp-65 (Guo
et al., 2013). The study also linked the p38 and NF-kB pathways with the induction

of Doxorubicin induced inflammatory response (Guo et al., 2013).

Ho et al. (2005) have shown however that in breast cancer cell lines MDA-MB-231,
MDA-MB-435s and also HEK293 that IkBa is degraded with Doxorubicin whilst there
is no p65 phosphorylation (Ho et al., 2005). Indicating that any NF-kB involvement is
to reduce transcription (Ho et al., 2005). Another study has shown that NF-kB
activation mediates Doxorubicin induced cell death in human neuroblastoma cell
lines such as SH-EP1 (Bian et al., 2001). In accordance with Ho et al. (2005) it was
found that IkBa was degraded and SH-SY5Y expressed a repressor form of |-kB

resistant to Doxorubicin induced cell death.

Similarly, there have been studies looking into the effect of Cisplatin on the NF-kB.
Cisplatin has been shown to activate NF-kB in the kidney, assessed using C57BL mice
and a mice proximal tubular cell line (Ozkok et al., 2016). Kim et al. (2006) have
shown in head and neck cancers NF-kB activation is important in Cisplatin induced

apoptosis (Kim et al., 2006).
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They showed that Cisplatin induced IkBa degradation and NF-kB transcriptional
activation, following 4 hours of treatment with 40uM of Cisplatin and linked this to
cell death in human head and neck squamous cell carcinoma cell lines which include

HN3 and HN4 (Kim et al., 2006).

NF-kB has been implicated in Cisplatin resistance. As NF-kB is important in
determining apoptotic insult, it is thought NF-kB will play an important role in
Cisplatin resistance (Lagunas and Meléndez-Zajgla, 2008). It is believed that anti-
cancer agents activate NF-kB after over an hour compared to TNF-a which takes a
matter of minutes (Lagunas and Meléndez-Zajgla, 2008). It is believed that an
increase in total NF-kB levels, nuclear and cytoplasmic translocation of IkBa and its

degradation is involved in the resistance process (Chuang et al., 2002).

When looking into lung cancer Ryan et al have shown that NF-kB as an inflammatory
mediator of Cisplatin resistance. They showed using a range of isogenic Cisplatin
resistant cell lines (e.g A549, H460) have dysregulated NF-kB targets compared to
wild type cells using proteomic analysis, identifying NF-kB as a target for Cisplatin

resistance (Ryan et al., 2019).

NF-kB has also been linked with the ATM and JNK pathways. ATM has also been
shown to directly activate IKKa and the NF-kB pathway by binding and
phosphorylating Ser 85 of IKKy (Fang et al., 2014). An ATM-IKKy complex is then
formed which in turn activates IKK and ultimately NF-kB (Fang et al., 2014). NF-kB
and JNK have be shown to interact by a number of groups including Smeale et al.
(2001) where they show that NF-kB down regulates the JNK pathway (De Smaele et
al., 2001). Therefore, further investigation of this phenomenon could provide

further insight into JNKs role in endothelial cell damage.
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1.6.3. MAPK

The Mitogen-activated protein kinase family is a member of the largest superfamily
of proteins — eukaryotic protein kinase family (Kultz, 1998). It was identified as an
ultraviolet-responsive protein kinase and was first discovered in 1987 by Ray and
Sturgill (Gu et al., 2018). They found that these kinases originally called microtubule
associated protein kinases, regulate chemical and physical extracellular signals into
intracellular responses (Brott et al., 1998). These protein kinases are found to be
ubiquitous and regulate many important activities such as cell proliferation,

differentiation, and apoptosis (D'Souza et al., 2008).

The MAPK family contains of a three-kinase cascade involving; MAPK, MAPK Kinase
(MAPKK) and MAPK Kinase Kinase (MAPKKK) (Cargnello and Roux, 2011). These
individual kinases both phosphorylate and activate downstream to establish a
complex signalling cascade which is highly regulated. MAPKKK phosphorylates
MAPKK which phosphorylates and activates the MAPK as illustrated in figure 1.7
(Cargnello and Roux, 2011). These Ser/Thr kinases themselves are frequently
activated by phosphorylation or interaction with GTP-binding proteins such as
Ras/Rho (Willoughby, 2003). MAPKKK activation initiated by external stimuli
stimulates MAPKK activation which leads to the activation of MAPK due to the dual
Thr/Tyr residue phosphorylation (Willoughby, 2003).
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Figure 1.7 lllustration of MAPK signalling cascade.

[llustration of the MAPK signaling cascade following activation of extracellular
stimuli. This cascade principle is utilised by all MAPK family members, where the
activation of MAPKKK ultimately results in MAPK activation (Cargnello and Roux,
2012, Wang and Xia, 2012).
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There are 14 members of the MAPK family in mammals, with distinct and
overlapping functions. These functions include proliferation, differentiation and
death (Wang and Xia, 2012). Members of the MAPK family include extracellular
signal- regulated kinases (ERK), p38 and JNK (Cargnello and Roux, 2011). Each of
these are activated by the dual phosphorylation of the Tyrosine and Threonine
residues via the Threonine-X-Tyrosine motif (Thr-X-Tyr). The difference in the amino
acid within the motif allows for the activation of specific substrates, for example
p38s amino acid is glycine (Mittelstadt et al., 2009). The deregulation of this
pathway leads to a number of diseases which include cancer, diabetes,
inflammatory disorders and neurodegenerative diseases (for reviews see Bubici and

Papa, 2014, Johnson and Nakamura, 2007, Kumar et al., 2015, Wu et al., 2019.).

1.6.4. JNK

c-Jun NH2-terminal kinase (JNK) is a member of the MAPK (mitogen activated
protein kinase) family (Yan et al., 2024). JNK was discovered in the 1990s and is
known as a stress activated protein kinase (SAPK) (Yan et al., 2024). It regulates a
number of processes including cell death signalling, metabolism and immune

responses (Yan et al., 2024).
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Figure 1.8 Activation of the JNK pathway.
Simplified model of JNK activation showing many different stimuli such as cytokines,
and growth factors. These then activate MAPKKK such as ASK-1 to initiate the MAPK

cascade where MAPKK (MKK4/7) is phosphorylated which then phosphorylates JNK.



Once activated JNK translocates into the nucleus to activate transcription factors.

Simplified diagram signaling pathway of JNK modified from (Bubici and Papa, 2014).

JNK comprises three family members JNK1 (MAPKS8), 2 (MAPK9) and 3 (MAPK10) of
which there are 10 splice variants (Dreskin et al., 2001). JNK 3 is mainly found in the
brain and testes, whereas JNK1 and 2 are ubiquitous. Recognised as a stress
activated kinase, JNK can be stimulated by a number of signals both cellular and
extracellular, including osmotic and heat shock, U.V radiation, ischaemic and hypoxic
stress as well as cytokines, some growth factors and agonists at a number of GPCRs
(Wang et al., 2012). These genes are also known to have distinct functions although
some overlap, for example JNK1 has been shown to promote proliferation in MEFs
and can activate c-Jun (Sabapathy et al., 2004, Wood et al., 2018). JNK2 however,
has been shown to be a negative regulator by promoting c-Jun degradation and
slows fibroblast proliferation (Sabapathy et al., 2004, Wood et al., 2018). As with all
MAPKS, JNK is activated via a MAPK kinase complex.

JNK1, 2 and 3 have very similar structures with JNK1 and 3 having 75% identical
amino acids, whilst JINK1 and 2 are 73% identical (Park et al., 2015). JNK1 (46kDa)
and JNK2 (55kDa), are 83% similar in function, however their interaction with c-Jun
is very different (Park et al., 2015). JNK2 is 25 times more efficient at binding to c-
Jun than JNK1 (Kallunki et al., 1994). This difference has been deduced to be a small
B strand near the catalytic pocket (Kallunki et al., 1994). The similarity in structure
at the ATP binding site however is 98%, these high similarities is causing difficulties
in producing specific drugs to affect INK (Kallunki et al., 1994). This specificity is not
only impaired between the 3 isoforms but also other MAPKs, as p38 at the ATP
binding pocket has an 80% similarity to JNK (Park et al., 2015). The similarity of
MAPKs can also be seen with the use of MKPs, these are enzymes that
dephosphorylates MAPKS (Lawan et al., 2012). MAPKs including JNK, have a nuclear
localization sequence (NLS) within the C-terminus, this allows MKPs to

dephosphorylate the different MAPKS (Lawan et al., 2012).
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These have a primary subcellular location of the nucleus, this dephosphorylation
occurs by removing the phosphoryl moiety on both threonine and tyrosine residues

on the activation loop (Cadalbert et al., 2010).

Specificity is defined by the Kinase interacting site (KIM) domain whilst the NLS or
nuclear export sequence (NES) define the subcellular location (Lawan et al., 2012).
There are 10 known homologues of this in mammals, each of which have different
MAPK substrate specificities (Lawan et al., 2012). MKP-1 is located in the nucleus
and active against ERK, JNK and p38. However, it has been shown to have a higher
specification for p38 and JNK than ERK (Lawan et al., 2012). Similarly, MKP-2, also
known as DUSP4, has been shown to be specific to ERK and JNK. It has been shown

to be specific for INK or ERK depending on the cell line (Lawan et al., 2012).

To activate the JNK pathway however, the MAPK cascade, illustrated in figure 1.8, is
utilised. This tiered system allows for pathway crosstalk allowing multiple pathways
to coordinate a response (Figure 1.8) (Liu et al., 2011). MKK7/4 (MAPKKs) are
upstream isoforms of JNK and activate JNK by dual phosphorylation of the Thr and

Tyr in response to several stimuli (Liu et al., 2011).

To facilitate the activation of MAPKKs by MAPKKKs scaffold proteins are utilised
(Willoughby, 2003). Scaffold proteins help bind components of the pathway whilst
regulating their location and activity (Willoughby, 2003, Stebbins et al., 2008).
Several scaffold proteins can facilitate the activation of MAPKKs by MAPKKKs. An
example of this is JIP-1 (JNK-interacting protein 1) scaffold protein binds to MKK7
and an MLK family member (Willoughby, 2003).

As figure 1.8 shows, MKK4 and MKK7 are MAPKKs, they are upstream of JNK and
activate the pathway by dual phosphorylation (Gu et al., 2018). This activation leads
to the phosphorylation of transcription factors and activating transcriptional
regulation by forming other transcriptional factors, for example c-fos (Gu et al.,
2018). Both MKK4 and 7 behave differently, with MKK4 has been shown to activate
JNK and p38, which is primarily activated by environmental stimuli and preferably

phosphorylates the tyrosine amino acid (Lin et al., 1995).
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Whilst MKK7 has been shown to be specific to JNK, it is also activated by cytokines
such as TNFa, and phosphorylates the Thr (Lin et al., 1995).

1.6.4.1. JNK activation and cell responses

The JNK pathway is activated in multiple situations dependent on the cell type and
stimuli. With respect to cell growth and proliferation, it has a number of diverging
roles (Gutierrez et al., 2010). For example, JNK is activated during G2 and the
beginning of mitosis, it directly phosphorylates human Cdh1 preventing the
activation of APC/C during G2. Gutierrez et al. (2010) have shown that APC/Ccdh1
regulates nuclear localized JNK during late-stage mitosis and G1 (Gutierrez et al.,
2010). By inhibiting JNK degradation during the cell cycle, abnormal spindle and

chromosomal dynamics cause impaired entry to mitosis (Xu et al., 2015).

When activated, phosphorylated JNK translocates into the nucleus by binding to
heterodimers of importin 3 with either importin 7 or 9 (Maik-Rachline et al., 2018)..
This causes apoptosis by increasing gene expression of pro-apoptotic genes such as
Bax (Bcl2-associted X protein) and PUMA (p53 up-regulated modulator of apoptosis)
(Maik-Rachline et al., 2018). This is due to the activation of p73 a member of the
p53 transcription factors family which also induces apoptosis (Dhanasekaran and
Reddy, 2017, Jones et al., 2007) Once JNK has been phosphorylated, c-Jun helps to
regulate gene expression in response to stimuli such as growth factors and cytokines
(Cui et al., 2007). C-Jun is also an upstream activator of activator protein 1 (AP-1).
AP-1is a heterodimer made up of transcription factors such as c-Jun and c-fos to
form an AP-1, this complex then effects apoptosis (Yang et al., 1997). AP-1 is
regulated by JNK and once activated it can trans activate many mitogen and stress
related genes (Chadee et al., 2002). This is through transactivation of transcription

factors or through the modulation of mitochondrial proteins (Xu et al., 2015).
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JNK can induce apoptosis via a mitochondria-dependent caspase activation
(Tobiume et al., 2001). The MAPKKK, ASK-1 (Apoptosis signal-regulating kinase), is
activated by TNFa, H,0; and Fas which then activates MKK4 which can trigger
continuous expression of ASK-1 which causes apoptosis through the mitochondrial-

dependent cascade (Hatai, 2000, Tobiume et al., 2001).

The over expression of the ASK-1 can also inhibit TNFa and activate the Fas ligand to

induce cell death (Sarker et al., 2003).

1.6.4.2. JNKin Disease

1.6.4.2.1. JNKn cancer

JNK activation has been implicated in several diseases including cancer and
cardiovascular disease. The role of JNK isoforms within cancer is complex and
renowned for their function as both oncoproteins and tumour suppressors. This role
also differs depending on the cell type, as it can initiate cell proliferation and
morphological changes (Wagner and Nebreda 2009). JNK has also been reported to
be activated by key cancer treatments, such as radiation and chemotherapy

(Stulpinas et al., 2024).

Cancer cells are known to use the JNK pathway to enable proliferation invasion and
ultimately survival (Wagner and Nebreda, 2009). As AP-1 expression contributes to
cell proliferation it is believed that the JNK pathway leads to an increase in cell
proliferation, and when dysregulated can ultimately lead to cancer (Cellurale et al.

2011).

With respect to cancer, there have been several studies looking at the role of JNK
using mouse models. Studies have found that JNK1 deficient mice display a decrease
in carcinogen induced skin cancer whilst JINK2 deficient mice showed an increase

(Cellurale et al., 2011).
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In some cancer types, such as breast and pancreatic, MKK4 has been shown to be a
tumour suppressor, as genetic inactivation of MKK4 on chromosome 17p (Wang et
al., 2017a). When looking at breast cancer in particular, studies have shown that
JNK pathway can suppress and drive tumour development (Cellurale et al., 2012,
Chen et al., 2010). Cellurale et al. (2012), found that JNK deficiency led to an

increased presence of breast cancer tumours in mammary glands in mice.

This suggested that JNK does play a role in the formation of mammary tumours.
Whereas Chen et al. (2010) found that mice with JNK2 knockout express polyoma
middle T antigen transgene, an oncogene that activates P13K and JNK, and have
increased tumour with a reduced response to DNA damage (Chen et al., 2010). This
all indicates that JNK does play an important role in cancer pathogenesis and the

different isoforms have their own roles.

JNK has been implicated with both Doxorubicin and Cisplatin treatment of cancer
(Brozovic et al., 2004, Kim and Freeman, 2003, Wu et al., 2019). Kim et al. (2003)
have shown in breast cancer, using MCF-7 cells, that JNK plays an important role in
Doxorubicin induced apoptosis and cell cycle withdrawal. By inhibiting JNK1 and c-
Jun they were able to block differentiation and apoptosis therefore highlighting the
role JNK can play in cancer treatments (Kim and Freeman, 2003). It is believed that
Doxorubicin also initiates apoptosis by inducing AMP-activated protein kinase which
activates p53 and JNK. Whilst p53 downregulates Bcl-2 and Bax proteins, JNK is
believed to also mediate these proteins ultimately regulating apoptosis (Meredith
and Dass, 2016). Bcl-2 is bound to the surface of mitochondria of which it has been
linked to Doxorubicin JNK activation. Hoang et al. (2022) have suggested that
mitochondrial ROS is the cause of Doxorubicin induced JNK activation. This was
achieved through the blocking of JNK activation with an antioxidant that is selective

for mitochondria in lung cancer cells (Hoang et al., 2022).
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When looking into Cisplatin treatment of cancer, INK is thought of as a double-
edged sword, where it is responsible for cancer cell apoptosis but also resistance.

As with Doxorubicin it has been documented that Cisplatin-mediated JNK activation
is linked with p53 (Yan et al., 2016). Cisplatin treatment results in the increase of
p53 which is activated by JNK resulting in cell cycle arrest and apoptosis. JNK is
known to be activated by both the cis and transforms of Cisplatin which promotes
the formation of complex between JNK and p73 leading to apoptosis (Jones et al.,
2007). This has been reported in cases where tumours show inactive p53 resulting in

an p73 mediated apoptotic response (Jones et al., 2007).

An example of this is a study by Jones et al. (2007) where H1299 cells a human lung
cancer cell line, which lack p53, show that p73 is required for JNK-induced apoptosis
(Jones et al., 2007). Also utilising wild type and JNK deficient MEFs (mouse
embryonic fibroblasts) Jones et al. (2007) were used to illustrate that JNK is needed
for p73 stabilisation and mediated apoptosis as a result of Cisplatin (Jones et al.,

2007).

As previously mentioned, the accumulation of ROS activates p53 through JNK as
shown in Doxorubicin. This activated p53 also increases ROS levels through pro-
oxidant genes, further activating JNK thus resulting in apoptosis (Diao et al., 2010,
Shi et al., 2014). Thus, sustained activation of JNK has been shown in ovarian
carcinoma cells in response to Cisplatin where p53 is known to induce pro-apoptosis

(Mansouri et al., 2003).

1.6.4.2.2. JNK in other diseases

Aside from cancer, diabetes is known to induce oxidative stress leading to the
activation of JNK, resulting in the suppression of insulin biosynthesis and the
inability of insulin to function properly (Kaneto et al., 2005). JNK levels have also
been found to be abnormally elevated in obesity and JNK1 has been shown to be

involved with the development of type 2 diabetes (Jaeschke, 2004).
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Obesity is known to cause JNK to phosphorylate adapter protein insulin receptor
substrate, inhibiting the insulin receptor signals. JNK has therefore been implicated
with the development of type 2 diabetes (Jaeschke, 2004). Jaeschke et al. (2004)
have shown that the JNK interacting protein 1 scaffold is vital for JNK activation in
the adipose tissue of obese mice. This link between JNK activation and diabetes
could enable a target to prevent the development of diabetes. Similarly, Lanuza-
Masdeu et al. (2013) were able to show that JNK activation could prevent insulin
signalling in pancreatic  cells causing insulin resistance, without causing cell death
(Lanuza-Masdeu et al., 2013). However, when JNK has been downregulated, insulin
sensitivity is improved, indicating that JNK performs a crucial role in obesity and

insulin resistance (Hirosumi et al., 2002).

Jaeschke et al. (2005) have also shown that JNK2 plays a role in type 1 diabetes, that
is caused by autoimmune destruction of the B cells. They have shown that by
disrupting the MAPK9 (the gene that encodes JNK2) there was an overall decrease in

insulitis and reduced disease progression (Jaeschke et al., 2005).

1.6.4.2.3. JUNK in cardiovascular diseases

JNK has also been linked with heart disease, a major cause of mortality worldwide.
It is believed that JNK is activated in ischaemic heart disease by oxidative stress
caused by the generation of ROS, and in rat hearts JNK translocated into the nucleus
during ischaemia and is phosphorylated during reperfusion (Clerk, 1998, Mizukami
and Yoshida, 1997). Enhanced activation of JNK and p38 have also been observed in
left ventricular tissue from patients with ischaemic heart disease, indicating it may
play a role in the pathophysiology of the disease (Cook et al., 1999). Hypertrophic
remodelling is a result of acute and chronic injury to the heart, of which signalling
regulation is hypothesized to be the underlining cause. Cardiac hypertrophy is due
to JNK activation inhibiting NFAT (nuclear factor of activated T- cell) (Liu et al., 2009).
Maillet et al. (2009) have also shown that inhibiting the calcineurin NFAT activity

reduced hypertrophy and can prevent heart failure (Maillet et al., 2009).
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They achieved this by showing that cdc42 activated by JNK reduces calcineurin NFAT
activity using mouse models with a cdc42 cardiomyocyte deletion (Maillet et al.,
2009). Similarly, Kaiser et al. (2005) found that sustained JNK activation or inhibition
both showed cellular protection, though they hypothesised that this was due to a
different mechanism (Kaiser et al., 2005). Ischaemia/reperfusion injury is known to
induce organ dysfunction in many disease states that include angina and myocardial
infarction (Hreniuk et al., 2001). Hreniuk et al. (2001) found that the inhibition of
JNK1 resulted in cardiac myocyte protection from ischaemia induced apoptosis,

whereas JNK2 had no effect (Hreniuk et al., 2001).

The reperfusion injury has been linked to a number of mechanisms which include
the generation of oxygen free radicals, postischaemis inflammation and calcium

hemostasis (Ambrosio and Tritto, 1999, Hreniuk et al., 2001).

MKK7 has been shown to be vital in protecting cardiomyocytes against overload
pressure (Liu et al., 2011). MKK7 knockout mouse models show increased ROS and
in turn an increase in cardiomyocyte apoptosis (Liu et al., 2011). It is believed that
JNK is activated in ischaemic heart disease by oxidative stress, caused by the
generation of ROS (Clerk, 1998, Mizukami and Yoshida, 1997). It has been seen in rat
hearts that JNK translocates to the nucleus during ischaemia and is phosphorylated

during reperfusion (Clerk, 1998, Mizukami and Yoshida, 1997).

As already discussed, JNK plays a large role in cardiovascular disease, it has also
been shown in endothelial damage and atherosclerosis (Amini et al., 2014). Li et al.
(2021) investigated the link between endoplasmic reticulum/mitochondrial damage
and endothelial dysfunction. They determined using HUVECs that endoplasmic
reticulum markers such as CHOP and PERK were elevated in response to oxidised
low-density lipoprotein. This also increased mitochondrial ROS levels and was found
to activate the JNK pathway (Li et al., 2021). The levels of oxidised low-density
lipoprotein were blocked by melatonin, and subsequently the activation of JNK

protecting the endothelial cells from damage.
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JNK has also been largely linked with atherosclerosis, where all cell types involved in
atherosclerosis express JNK 1 and 2, endothelial, smooth muscles and T cells for
example (Craige et al., 2019). Studies have shown JNK2 promoted atherosclerosis by
increasing macrophage uptake of lipids, causing the formation of foam cells (Ricci et
al., 2004). Whilst Liu et al. (2022) found that suppressing the ASK1-JNK signalling
could reduce atherosclerosis. Using wild type and myeloid major vault protein
knockout mice, they found that myeloid major vault protein prevented JNK

signalling and alleviate unstable plaque formation (Liu et al., 2022).

JNK has been implicated in several diseases as already explored. For a number of
these conditions the idea of inhibiting JNK has been studied from cardiovascular
toxicities to neurological disorders. Studies have found that by inhibiting JNK signals
it decreased apoptosis seen in both cardiomyocytes and endothelial cells (Bennett
et al., 2001, Xu et al., 2015). Due to the implication of JNK in apoptosis inhibiting JNK
could be an effective therapeutic tool (Nadel et al., 2023). As outlined in this
section, JNK has been implicated with endothelial cell damage after cancer
treatment. Therefore, it is important to investigate these effects in the aim to find a

novel therapeutic target.
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1.7. Aims

As discussed, cardiovascular toxicities are a significant side effect of anti-cancer
treatment, which is a neglected health problem worldwide. Previous studies have
shown that this damage is likely to manifest in the endothelium. Therefore,
endothelial cells have been shown to be a useful target for this, however few studies
have investigated the mechanisms behind this in detail. Therefore, the objective of
this was to investigate the role of JNK in endothelial cell damage and cardiovascular

toxicities caused by chemotherapeutic agents and radiation.

The purpose of this study was to investigate the effect chemotherapeutic agents
have on an endothelial cell line (HUVEC) and the JNK pathway. We hypothesize that
by inhibiting the JNK pathway, endothelial damage due to anti-cancer treatments

would be significantly reduced.
The main aims of this project are outlined below:

U Characterise radiation and chemotherapeutic induced JNK signalling in

endothelial cells.
U Inhibit the JNK pathway in endothelial cells.

J Determine if JNK has a role in the modulation of other pathways involved in

endothelial cell damage.

. Investigate the effect JNK inhibition has on endothelial cells as a result of

anti-cancer treatments.
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Chapter Two

Materials and Methods
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2. Materials

2.1. General Materials
All materials and reagents used unless otherwise stated were obtained from Sigma
Aldrich Chemical company Ltd (Pool, Dorset, UK).

2.1.1. Thermo Fisher Scientific UK Ltd (Leicestershire, UK)

Bovine Serum Albumin (BSA)

TrypLE™ Express

Fetal Bovine Serum (FBS)

Dithiothreitol (DTT)
4’6-diamidino-2-phenylindole (DAPI)
L-Glutamine

GibcoTM Penicillin-Streptomycin

GibcoTM Fetal Bovine Serum
Hypoxanthine, aminopterin and thymidine
Dulbeccos Modified Eagle Medium (DMEM)
Invitrogen™ CyQUANT™ LDH Cytotoxicity Assay
Cell culture plates and dishes

2.1.2. GE healthcare Ltd (Buckinghamshire, UK)

AmershamTMProtramTM — ECL nitrocellulose membrane
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2.1.3. Lonza (Slough)

Endothelial Cell Basal Medium -2 (EMB-2)

Endothelial Growth Media (EGMTM-2) SingleQuots

2.1.4. Bio-Rad Laboratories (Hertfordshire, UK)

Bio-Rad AG® 1-X8 Resin, pre stained SDS-Page molecular markers
Precision Plus Protein Dual Colour Standard

Protein assay dye reagent concentrate

2.1.5. Promocell Gmbh (Heidleburg, Germany)

Endothelial Cell Basal Medium MV 2
Endothelial Cell Growth Medium MV 2 Supplemental Pack

Freezing Medium Cryo-SFM

2.1.6. Santa Cruz Biotechnology

Recombinant human TNF-a

2.1.7. Sarstedt AG & Co Ltd (Leicester, UK)

Serological pipette 5 ml
Serological pipette 10 ml

Serological pipette 25 ml
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2.1.8. Corning B.V (Buckinghamshire, UK)

Tissue Culture flasks, 10cm dishes, graduated pipettes and falcon tubes

2.1.9. Insight Biotechnology Ltd (Middlesex, UK)

Recombinant human IL-1

Recombinant human TNF-a

2.1.10.

Nitrocellulose membrane, 3MM Blotting paper

2.1.11.

2.1.11.1. Sigma Aldrich

gRNA oligo

CRISPR

PEl linear polyethylenimine

Target sequences for CRISPR:

Table 2.1 JNK1 and JNK2 targeting sequences

Whatmann (Kent, UK)

Sequences selected using Synthego and ChopChop, online tools for genomic

engineering.
MAPKS8 (JNK1) Online tool Sequences
JNK1,1 Synthego AGAAUCAGACUCAUGCCAAG
JNK1,2 ChopChop AACACCCGTACATCAATGTC
MAPK9 (JNK2)
INK2,1 Synthego CUGCAUUUGAUACAGUUCUU
INK2,2 ChopChop GAGAACGGTGAGTATAGCCG
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2.1.11.2. Addgene
Cas9 plasmid - pSpCas9-2A-Puro (1.24 pg/ul)
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Figure 2.1 Doxorubicin Cas9 plasmid.

pSpCas9(BB)-2A-Puro (PX459) V2.0 was a gift from Feng Zhang (Addgene plasmid
#62988; http://n2t.net/addgene:62988 ; RRID:Addgene_62988). Cas9 plasmid
containing Puromycin resistant gene allowing for selection of cells containing

desired knockout. Received as a glycerol stock
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2.1.12. Qiagen
Qiagen Endofree Plasmid Maxi Kit

Qiagen Endofree Plasmid Midi Kit

2.1.13. Thermofisher
Genelet PCR Purification kit

Parafilm

2.2. Methods

2.2.1. Cell Culture

All cell culture work was carried out under aseptic conditions in a class Il culture

hood (Haraeus instruments)

2.2.1.1. EAhy926 Cells

EAhy926 (endothelial cells and lung adenocarcinoma hybrid) cells were cultured in
75cm? culture flasks with medium comprised of Dulbeccos Modified eagle Medium
(DMEM) containing sodium pyruvate, pyridoxine hydrochloride and high glucose
(Invitrogen, Paisley, UK), 10% Hi-FCS, 2mM L-glutamine, 100U/ml penicillin,
100ug/ml streptomycin and 10% HAT. Cells were cultured at 37°C in a humidified
atmosphere of 5% CO,. The medium was replaced every two to three days to
maintain a healthy culture, and sub-cultured when 80% confluency was reached by

trypsinization.
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2.2.1.2. Human Umbilical Vein Endothelial Cells (HUVECS)

HUVECs purchased from Lonza were Cryopreserved pooled HUVECs > 500,000
cells/ml. They were cultured in endothelial basal medium containing EGM-2
SingleQuots Supplements (2% foetal bovine serum, hydrocortisone, hFGF-B, VEGF,
R3-insulin like growth factor-1, ascorbic acid, hEGF, GA-1000 and heparin). Cells
were seeded in T-75 flasks and incubated in 5% CO; at 37°C with media changed
twice a week. Cells were passaged at 80% confluency using TrypLE™ Express until
cells detach. Cells were washed down with media before centrifuging at 600 rpm
for 5 minutes, the supernatant was aspirated, and the pellet was resuspension in 10
ml of fresh media. The cell suspension was diluted into T-75 flasks or seeded into

appropriate plates using fresh media and used until passage 7.

2.2.2. Western Blots

2.2.2.1. Preparation of whole cell extracts

HUVECs were grown in 12 wells plates till 80% confluency and stimulated with 10ul
of the appropriate reagent at differing time points up to 24 hours and
concentrations 0.1-100uM for Doxorubicin and Sunitinib and 0.1-300uM for
Cisplatin. The plates were placed on ice, the monolayer was washed with 1ml ice
cold PBS before 100ul of preheated Laemmlis sample buffer (LSB) (63mM Tris-HCL,
(pH6.8), 2mM Na4P207, 5mM EDTA, 10% (v/v) glycerol, 2% (w/v) SDS, 50mM DTT,
0.007% (w/v) bromophenol blue) was added. Using the rubber end of a plunger,
cells were scraped, and the DNA sheared by repeatedly passing the sample through
a 23-gauge syringe. The samples were transferred into labelled 1.5ml Eppendorf
with punctured lids and boiled for 5 minutes to denature the sample proteins and

stored an -20°C until required.
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2.2.2.2. SDS-Polyacrylamide gel electrophoresis (SDS-
PAGE)/ western blotting

Two 1mm plates are sandwiched together and set in a Bio-Rad frame, these are
then checked for leaks using dH20.10% resolving gels were prepared; (10% (w/v)
acrylamide: [N, N’ — methilenebis-acrylamide (30:0.8), 375mM Tris base (pH8.8),
0.1% (w/v) SDS and 10% (w/v) ammonium persulfate (APS), H,0 and with N,N,N’,N’
— tetramethylethylenediamine (TEMED) added to initiate polymerization. The gel
was added between the plates approximately 2/3 of the way up and 0.1%SDS was
added. Once set the SDS was removed and the stacking gel comprised of H,0,
125mM Tris base, 0.1% (W/V) SDS (pH6.8), acrylamide solution 10% APS and 0.05%
(v/v) TEMED was prepared. This was added to the resolving gel and a 10 well comb
promptly inserted between the plates. Once the stacking gel had set the plates were
released from the frame and the comb removed, before being assembled in a Bio-
Rad Mini-PROTEAN II™ electrophoresis tank. The tank was filled with running buffer
(H20, 25mM Tris Base, 0.1% (w/v) and 192mM glycine). A 6l of low molecular
marker and 20l of samples (10-15mg of protein routinely) were added to the wells
of the gel using a Hamilton syringe. This was run at 130v for 1 hour and 45 minutes

or until the blue of the sample buffer had ran off the gel.
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2.2.2.3. Electrophoretic transfer of proteins to nitrocellulose
membrane

Following SDS-PAGE the proteins are then transferred onto a nitrocellulose
membrane. 2 sheets of filter paper, 2 sponges and nitrocellulose blotting
membrane, were all soaked in Running buffer (25mM Tris Base, 192mM glycine,
20% (v/v) Methanol and H,0). The gel placed on the nitrocellulose membrane and
sandwiched between the filter paper and sponges in a cassette. This cassette is
then placed into a BIO-Rad Mini protean tank, with the addition of an ice pack. The

tank was filled with running buffer and ran at 280mA for 110 minutes.

2.2.2.4. Immunological detection of protein

Once the proteins have transferred onto the nitrocellulose membrane, any
remaining protein was blocked by incubating the membrane at room temperature in
20ml of 30% Bovine Serum Albumin (BSA)(w/v), diluted in a 0.03% sodium Tris-
Tween NATT buffer (150mM NaCl, 20mM Tris Base in dH20 pH7.4 (Hydrochloric acid
was used for pH adjustment). This was incubated for 2 hours at 43rpm on a platform
shaker. The BSA was removed, and the primary antibody (Table 2) was diluted in
0.3% BSA and added to the nitrocellulose membrane in a 50ml falcon tube and

incubated in the cold room (2-4C) overnight at 43rpm on a roller.

The following day the primary antibody was removed, and the membrane was
washed using NATT for an hour and a half (exchanging the NATT every 20 minutes).
The secondary antibody diluted in 0.3% BSA was added to the membrane and
incubated at room temperature for 2 hours at 43rpm. The HRP (horseradish

peroxidase) conjugated secondary antibody (table 2.2).
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The secondary antibody was then removed, and the membrane was washed for a

further hour and a half (with a NATT exchange every 20 minutes).

Once the final wash had been removed, the membrane was incubated in 4ml of
enhanced chemiluminescence ECL1 and ECL2 respectively for 2 minutes. The
membranes were then dried on paper towel and placed on an exposure cassette
covered in clingfilm. The membranes were then exposed to Kodak X-OMAT Ls film

for the required time and the JP-33 film processor was used to develop the film.

2.2.2.5. Re-probing

The membranes were then stripped and re-probed for total protein. Membranes
were stripped of the antibodies using Stripping buffer (2% SDS and 48mM of Tris-
HCL) with 100mM beta-mercaptoethanol, for 50 minutes on a heated shaker at 60C
at 43rpm. The nitrocellulose membranes were then washed with NATT 3 times
changing the NATT every 5 minutes. The membranes were then left to incubate over
night with the primary antibody diluted in 0.3% BSA Total P65 was incubated at
room temperature in 15ml 0.3% BSA. The next day, day 2 of the western blot

procedure was followed (as detailed in section 2.2.2.4).
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2.2.2.6. Scanning and densitometry

The films were then scanned using the HP Deskjet 3520 scanner and saved as tiff
files. The images were quantified using image J, where they were normalized against
the total protein densitometry values. Statistical analysis and graphs were then

produced using Graphpad prism 9.

Table 2.2 Antibody Optimisation

Information on antibodies used which includes the name and manufacturer.

Antibody Dilution Manufacturer
Anti-P-SAPK/JNK 1:1000 Cell Signaling

JNK 1:1000 Cell Signaling
Phospho-NF-kB p65 1:3000 Cell Signaling

(Ser536)

NF-kB p65 (F-6) 1:3000 Santa Cruz

pATM 1:1000 Cell Signaling

ATM 1:1000 Cell Signaling

Caspase 3 1:1000 Cell Signaling

yH2AX 1:6000 Cell Signaling

GSDME 1:1000 Cell Signaling

GAPDH 1:150,000 Cell Signaling
HRP-conjugated 1:7500 Jackson ImmunoResearch
AffiniPure Goat Anti- Laboratories

rabbit IgG

HRP-conjugated 1:10,000 Jackson ImmunoResearch
AffiniPure Donkey Anti- Laboratories

mouse IgG
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2.2.3. Clonogenics

350 HUVECs were seeded into 6cm dishes in triplicate and incubated at 37°C and 5%
CO; overnight. After 24 hours the plates were x-irradiated at 2 and 5Gy. After 24
hours the media was then exchanged, and the cells were left for 10-15 days. The
media was removed, and cells were washed with ice cold PBS then fixed with
methanol for 10 minutes and stained with Giemsa for 20 minutes. The stain was
removed, and the dishes rinsed with water. Colonies were counted by hand and the
following equation was used to calculate the plating efficiency (PE) and survival

fraction (SF):

Average no.of control colonies

no.of seeded cells

Average no.of colonies formed after treatment

F
S no.of seeded cells X PE

2.2.4. MTT Assay

Using a 96 well plate HUVECs were seeded at 5x10* cells/ml and incubated at 37°C
5% CO; overnight. They were then stimulated for a 24 and 48 hours respectively
with Doxorubicin and Sunitinib (0.1-100uM) and Cisplatin (0.1-300uM). Once the
stimulation has finished media was replaced by 100ul of fresh media and 10ul of
MTT (3-(4,5-dimethylthiaxolyl-2)-2,5-diphenyltetrazolium bromide (10mg/ml)
(Sigma Aldrich). The cells were then incubated for 2 hours at 37°C 5% CO2. The
media was then replaced with 100ul of DMSO (Dimethylsulfoxide) (Sigma Aldrich)
and the cells were incubated for a further 5 minutes at 37°C 5% CO.. The plates
were then quantified using POLARstar Omega plate reader at 570nm. Results were

then shown as percentage of cell only control.
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2.2.5. Adv.NLS-1 MKP-2 Transfections

Adenoviral vectors encoding MKP-2 (Adv.NLS-1 MKP-2) were created with the
Adeno-X virus purification kit from Clontech Laboratories, Inc. (Mountain View, CA,
USA) in-house. HUVECs, when approximately 50—-60% confluent, were incubated
with adenovirus up to 300pfu per cell for 40 hours in HUVEC growth media, with a
media change after 16 hours. Cells were stimulated at 80% confluency with
Doxorubicin (30 and 100uM) and Cisplatin (100 and 300uM) for the 24 hours in
HUVEC growth medium.

2.2.6. Flow cytometry assay of apoptosis using fluorescence
activating cell sorting (FACS)

HUVECs were grown in 12 wells plates till 80% confluency and stimulated with 10pl
of the appropriate reagent at differing time points up to 24 hours and
concentrations 0.1-100uM for Doxorubicin and Sunitinib and 0.1-300uM for
Cisplatin. The media was collected from each well and placed into corresponding
FACs tube. The cells were dissociated using Tryple E and added to the respective
FACs tube. The cells were centrifuged for 5mins at 1000rpm, the supernatant was
removed, and the cells were washed twice with PBS. 100ul of binding buffer (10mM
HEPES/NaOH (pH7.4), 140nM NaCl and 2.5mM CaCl2) was added to each tube. 5pl
of Annexin V was added to all sample tubes and appropriate controls, vortexed and
incubated for 2 mins. The tubes were covered and incubated at room temp for 15
mins. 400ul of Pl (Propridium lodide and binding buffer) added to all tubes except
control unstained and Apoptosis control and vortex. Samples were read using the
Thermo Fisher Scientific 3 Laser (BVR) Attune NxT Flow Cytometer and analysed

using Attune NxT Software. Cells were gated and analysed as a percentage of cells
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counted as shown by figure 2.2
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Figure 2.2 Parameters used for FACs analysis

A) lllustration of gating used for FACs analysis. B) representative example of

untreated HUVECs stained with annexin V and PI

2.2.7. Irradiation exposure

The X-RAD 225 Biological Irradiator (225kV, 13mA) were used to irradiate HUVECs.
Cells were seeded at 1 in 10 plated into 6cm dishes until 80% confluency and
exposed to 5Gy. X-rays were at a fixed dose rate, of 2.3Gy/min at room temperature.
For sham irradiation controls, cells were placed in the X-RAD for the same duration
as the longest exposure, with x-rays not emitted. Cells were immediately returned to
an incubator (37°C 5% CO,) after irradiation. These cells were then prepared as

stated in 2.2.2.1 for western blots.
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2.2.8. Cytotoxicity Assay

Using the Invitrogen™ CyQUANT™ LDH Cytotoxicity Assay Quantity, a 12 well plate
was seeded with HUVECs at a seeding density of 1 in 10 until 80% confluent. These
cells were then treated with Doxorubicin (0.1-100uM) and Cisplatin (0.1-300uM)
respectively with appropriate controls for 24 hours. 100uM of media was taken from
12 well plates in triplicate and transferred to a 96 well plate. 10ul of 10X lysis buffer
in sterile water was added to the wells mixed by tapping gently and incubated at
37°C for 45minutes. 50ul of media from each well was then transferred into a flat
bottomed 96 well plate in triplicate. 50ul of Reaction Mixture was then added to
each well and mixed by gently tapping. The plate was then incubated at room
temperature in the dark for 30 minutes. 50ul of stop solution was then added and
mixed by gently tapping the plate. The absorbance was the read on a plate reader at
490nm and 680nm respectively. Cytotoxicity was then calculated by using the

following equation:

% Cytotoxicity

Compound treated LDH activity — spontaneous LDH activity
= - — — x 100
Maximum LDH activity — Spontaneous LDH activity
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2.2.9. Immunofluorescence

2.2.9.1. Slide preparation.

HUVECs were seeded at 1 in 10 onto coverslips in 12-well plates and incubated at
5% CO,, 37°C. At 60% confluency, cells were treated with Doxorubicin and Cisplatin
respectively. Plates were then placed on ice, media aspirated and washed twice
with 1 ml PBS. The coverslips were transferred to a new plate and incubated in 1 ml
methanol for 10 minutes. Coverslips were then washed twice with 1 ml PBS then
incubated in 1 ml Quench solution (50 mM ammonium chloride, 0.2% Triton-X-100)
for 5 minutes. Quench solution was aspirated, and another the cells were incubated
in 1 ml of Quench solution for a further 5 minutes. After the final quench
incubation, the coverslips were washed twice with PBS before incubation with 1 ml
blocking solution (1% BSA, 5% FBS, 0.2% Triton X-100, PBS) for 25 minutes. Primary
antibodies were prepared using an antibody dilutant (1% BSA, 5% FBS, PBS) and
50ul of antibody was placed onto parafilm. Coverslips were then dipped in PBS and
inverted cells down into the appropriate primary antibody and incubated in the dark
for 30 minutes. FITC-conjugated secondary antibodies were prepared using the
antibody dilutant and 50ul of antibody was again placed on fresh parafilm.
Coverslips were dipped three times in PBS and inverted onto appropriate secondary
antibody and incubated for 30 minutes in the dark. The DAPI counter stain was
prepared by diluting 1:12,000 in PBS and 50ul was added to fresh parafilm.
Coverslips dipped three more times in PBS, inverted onto DAPI and incubated in the
dark for 12 minutes. Finally, the coverslips were washed again in PBS three times
and inverted cells down onto a glass microscope slide. These slides were then stored

at 2-8°C away from light for at least 24hours before imaging.
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2.2.9.2. Imaging

Slides were imaged using an Epifluorescent Upright Microscope with a Nikon Eclipse
E600 camera attached using Metamorph software. Imagel) was used to merge

images and add scale bars.

2.2.10. Brightfield Imaging

HUVECs were grown in 12 wells plates till 80% confluency and stimulated with 10ul
of the appropriate reagent at differing time points up to 24 hours and
concentrations 0.1-100uM for Doxorubicin and Sunitinib and 0.1-300uM for
Cisplatin. These cells were stimulated as Cell morphology and growth imaged using
Images were obtained using a Nikon Eclipse (TE300) inverted microscope, with a
Leica EC3 digital camera affixed to a Leica DM IL LED inverted microscope. With

images captured at x40 magnification. Image J was used to add scale bars.

2.2.11. Statistical Analysis

All statistics were calculated using GraphPad Prism version 9.3.1. Statistical
significance of datasets was determined using a one-way ANOVA and Dunnet’s
multiple comparisons test or a paired non-parametric t test. P values <0.05 were
considered significant and means * standard error of the mean (SEM) was

represented in all figures.
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2.212. CRISPR

2.2.12.1. gRNA design

As detailed in Chapter 4, two online tools were used to select target sites for JNK
gRNAs. ChopChop and Synthego were used to find potential target sites for MAPKS8
(JNK1) and MAPK9 (JNK2). 4 potential sequences were selected These sequences
were then checked using the Santa Cruz Genome browser BLAT function to ensure
that these sequences are accurate for their target site. The sequences where then

ordered for both the 5’ and reversed 5’ sequences to total 8 sequences.

Table 2.3 JNK gRNA sequences

Sequences 5’ Forward 5’ Reversed Source

MAPKS (JNK1)

JNK | AGAAUCAGACUC | CACC/AGAATCAGACT | AAAC/CCTTGGCATGA | Synth
1,1 | AUGCCAAG CATGCCAAG GTCTGATTCT ego

JNK | AACACCCGTACAT | CACC/TCGCTACTACA | AAAC/CGGGTGCTCT | ChopC
1,2 | CAATGTC GAGCACCCG GTAGTAGCGA hop

MAPK9 (JNK2)

JNK | CUGCAUUUGAUA | CACC/CTGCATTTGAT | AAAC/AAGAACTGTAT | Synth
2,1 | CAGUUCUU ACAGTTCTT CAAATGCAG ego

JNK | GAGAACGGTGAG | CACC/GAGAACGGTG | AAAC/CGGCTATACTC | ChopC
2,2 | TATAGCCG AGTATAGCCG ACCGTTCTC hop

Once the complementary strands were completed and reversed CACC was added to
5’ forward and AAAC to the 5’ reversed strand as indicated in table 2 To allow for

complementary cut sites.
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2.2.12.2. Cas9 purification

3 Agar plates were prepared containing 60ug/ml of Carboxacilin using aseptic
conditions a sterile loop was used to retrieved plasmids from the original vial and
spread over the agar plate. This was repeated three times. The plates were then
incubated at 37°C overnight. The next day LB broth was prewarmed and 5mls added
to 6 universal tubes. Using Aseptic techniques, a single colony was selected using a
sterile pipette tip and added to the universal. This was repeated twice for each
plate. The universals were then incubated at 37°C at 250rpm until turgid. Transfer
10mls of prewarmed LB broth to new universal tubes and add 500ul from the most
turbid universal for each, return to the incubator and shake at 37°C. the next day
500ul of culture was added to 100mls of prewarmed LB Broth in a sterile conical
flask and incubate shaking at 37°C. the next day the Endo-free maxi kit was used

following manufacturer’s instructions.

2.2.12.3. Restriction Digest

Restriction digest was set up with the plasmid vector, Buffer G, RNAse free water
and Bbs1 enzyme that correlates to the Cas9. This mixture was incubated at 37°C at
5% CO2 for 2-3 hours. To allow for the plasmid to be cut into a linear strand

removing the existing gRNA.
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2.2.12.4. Annealing Step

The 2 oligo strands (top and bottom strands) were combined with annealing buffer.
Firstly, each oligo was reconstituted with TE buffer to a total concentration of
100uM (each oligo has a different stock concentration detailed on the information
sheet provided from Sigma Aldrich) and vortexed thoroughly. The mixture was
vortexed and briefly centrifuge. This mixture was placed in a tub of boiling water
and sealed. This was left to gradually cool for around 3 hours and placed in the

fridge overnight.

2.2.12.5. Plasmid purification

Using the Genelet PCR Purification kit. Restriction digest is removed from the
incubator and made up to 100ul with TE buffer (80ul). an equal volume of binding
buffer (provided in the kit) was added. The mixture was added to a purification
column and vortexed. The flow through was then discarded and the column was
washed as per the kits instructions. The column was then transferred to a new
Eppendorf with prewarmed elution buffer added directly to the column. This was
left to stand at room temperature for 1 minute and the elutant collected in the

Eppendorf. This purified Cas9 was stored in the freezer until required.

2.2.12.6. Ligation

Buffer, annealed Oligos, purified plasmid, RNAse free water and T4 DNA Ligase were
vortexed then centrifuged and left at room temperature for 15minutes before being
stored in the fridge overnight. For a negative control extra water was added to

replace the oligos.

76



2.2.12.7. Purifying Oligos

Firstly, an agar plate was prepared for each ligation, positive and negative control,
containing carbacillin (60ug/ml) and left to dry in a fume cupboard. The ligation
tubes were removed from the fridge and 5ul added to a labelled Eppendorf tube
stored on ice. Competent cells were then added to the ligation mix and gently mixed
prior to a 30-minute incubation on ice. The cells were then heat shocked at 42°C for
exactly 30 seconds before being returned to ice. LB was then added to each tube

without mixing and incubated in a shaking incubator at 250rpm 37C for 1 hour.

The contents of each tube were then poured on to the corresponding agar plate,
and a spreader was used to ensure an even distribution on the agar plate. The plates
were left in a fume cupboard to dry for around 30 minutes. After 30 minutes the

plates are incubated overnight at 37°C and returned to the fridge until required.

2.2.12.8. Selecting colonies

Ensuring the negative control is blank and the other plates contain colonies,
universal tubes with 10mls of LB broth and 10ul of antibiotic was prepared for 2
colonies per agar plate. A single colony was selected with a pipette tip and added to

the universal. This was then incubated at 220rpm 37C overnight.

2.2.12.9. Isolate Il plasmid mini kit

Firstly, bacterial cells were harvested by each universal centrifuged at 3000rpm for

15 mins, the supernatant was removed, and tubes left to dry.

The cells were then lysed by adding resuspension buffer 1 and resuspending the
pellet. Lysis buffer P2 was then added and inverted 8 times. This was then incubated
at room temperature for 5 minutes. The neutralising buffer was added and inverted

8 times, the lysate was then spun for 5 minutes at 11000xg at room temperature.
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To allow the DNA to bind a spin column was placed in a collection tube and sample
was added to the column. This was then centrifuged at 11000xg for 1 minutes and

the supernatant was discarded.

To wash the membrane, wash buffer PW1 was supplemented with ethanol and
added to the pellet. This was then spun for 1 minute at 11000xg and supernatant

was discarded.

To dry the membrane the tube was spun for a further 2minutes at 11000xg to

remove the remaining ethanol and the column was placed in an Eppendorf tube.

Finally, to elute the DNA, elution buffer was added to the column and incubated at
room temperature for 1 minute. Then centrifuged at 11000xg for a further minute.

This was then added to the purified DNA and stored in the freezer until required.

A gel was then prepared for electrophoresis. 100mls of 1% agarose gel was prepared
using Tris Borate Buffer (TBE) composed of Tris base, Boric acid and EDTA, this was
poured into a gel cast and left to set for 30-60 minutes. The gel was then placed in
the PCR tank with TBE, a 7ul ladder and 10ul of sample was added into the wells.
The sample was prepared by mixing 1ul of 6x dye, 3ul of dH,0 and 2l of DNA. The
gel was run for around 1 hour at 100 volts until samples are halfway down the gel.

The gels were then scanned and saved.

A sample of each was also sent to SourceBioscience for genetic sequencing to

confirm the correct sequence has been isolated.

2.2.12.10. Kill curves

Using a 24 well plate, EAhy926 were seeded at 1 in 5 until 80% confluency and
added to the plate with media containing the antibiotics. Concentrations of
puromycin ranging from 0.1 to 3ul were added to the wells. The wells were checked
every day to record cell death. The media containing antibiotics was replaced every

3 days for 14 days.
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2.2.12.11. Transfections

EAhy926 cells were plated in 6 well plates to 60-70% confluent. PEl was defrosted
and vortexed before being combined with DNA and media or media alone for
controls. These were then left to incubate for 10-15minutes, when the cell plate was
given fresh media. 200ulof the appropriate mixture was then added to the each well
drop by drop. The plates were then returned to the incubator, with a media change
the next morning. After 48 hours the cells were then treated with antibiotic media

to ensure the survival of the successful transfection cells.
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Chapter Three

Characterisation of Chemotherapeutic Agents on the JNK
Pathway and Cell Viability
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3. Characterisation of Chemotherapeutic Agents on the
JNK Pathway and Cell Viability

3.1. Introduction

As previously discussed, the effect of cardiovascular toxicities as a result of cancer
treatment is a major health concern. It has been reported that treatments such as
Doxorubicin, Cisplatin and Radiotherapy are all responsible for such side effects. The
use of Doxorubicin for example, has recorded a mortality rate that can be as great as
50% within 2 years (Sheibani et al., 2022). As mentioned in chapter 1, the results of
cardiovascular toxicities can take over 10 years post treatment to present itself with
damage incurred believed to begin with the endothelium (Clark et al., 2019,

Steinherz, 1991).

The endothelium lines the vascular system and is therefore the first form of contact
that chemotherapeutic compounds have with the body. The first form of damage,
known as endothelial dysfunction, can present as foam cell formation, plaque
formation and rupture (Gimbrone and Garcia-Cardefia, 2016). As a result, such
damage is known as the precursors of atherosclerosis, which can have fatal
consequences (Chatterjee et al., 2009, Libby, 2012). Therefore, it is proposed that
any change in the endothelium leading to cardiovascular toxicities caused by
treatment including radiation would start with endothelial cells. Several studies
looking into the damage to the endothelium have implicated the JNK pathway (Al-
Mutairi et al., 2010, An et al., 2018, Feng et al., 2020).

The JNK pathway, as previously stated, is a stress activated member of the MAPK
family. It regulates a number of roles including immune responses and cell death
signalling (Mailloux et al., 2001). JNK has been shown to play a major role in
endothelial damage and which is activated by several different stimuli (Wang et al.,
2012). It has therefore been hypothesised that anti-cancer treatments play a major

role in the activation of this stress activated MAPK pathway.
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It is hoped that by knocking out or inhibiting the JNK pathway the resulting damage
could be prevented. And provide novel models to enable more thorough

investigations in the effects.

In this chapter the effect chemotherapeutic compounds and radiation have on the
endothelium has been characterised using a human endothelial cell line, HUVECs
(Human Umbilical Vein Endothelial Cells). Such analysis was carried out to
investigate the effect the treatments have in relation to the JNK pathway. Fully
understanding the effect of these treatments via the JNK pathway in HUVECs, could

highlight the use of JNK as a novel therapeutic target.
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3.2. Results

3.2.1. Doxorubicin induced JNK signalling in HUVECs

The preliminary experiments carried out were to determine if there is activation of
the JNK pathway in HUVECs. As previously mentioned, it is important to understand
if the damage caused by cardiovascular toxicities involve the JNK pathway. To do this
the activation of the pathway was investigated initially using a known agonist, TNFa,
in the endothelial cell line. Studies have shown TNFa can induce a JNK response
after 15-minute incubation (Min et al., 2008) with this activation thought to be due
to the signalling complex between the TNFa receptor and the adapter protein

TRAF2 (Mong et al., 2008).

Figure 3.1 shows that TNFa activates the pathway in a time dependent manner. The
optimum activation of pJNK, both 46 and 52 isoforms (JNKs 1 & 2) was shown to be
significant at 15 minutes (stimulation: 35.23 + 2.166, n=3, P<0.05). This activation
was sustained over the 8-hour period, however, figure 3.1 shows this a biphasic
response. There was a decline in activation of JNK until 1.5 hours (stimulation: 11.96
* 6.280, n=3) in which there was a slight increase in activation until 8 hours
(stimulation: 23.29 + 6.208), however these are not significant. This figure
demonstrated agonist-mediated activation of the JNK pathway via Western blotting
prior to using chemotherapeutic compounds of interest. It was important to
characterise the activation of the JNK pathway with a known agonist before any

investigation with unknown compounds.
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Figure 3.1 TNFa mediated time-dependent activation of the JNK pathway in HUVECS.

Confluent HUVECs were stimulated with TNFa (10ng/ml) for 15 minutes — 8 hours.
Western blot analysis was performed for pJNK and Total JNK. Blots were semi-quantified as
outlined in Methods section 2.2.2.6. A) Western blot representation. B) Semi-
quantification for pJNK/TJNK ratio. Results represent mean + S.E.M, n=3. *P<0.05,
compared to control.
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Once the activation of the pathway was demonstrated, an initial investigation into
the effect of Doxorubicin on the JNK pathway was carried out. It has been reported
by a number of studies, using cancer cell lines, that the JNK pathway becomes
activated after being exposed to the chemotherapeutic agent Doxorubicin (Zhang et
al. 2019b). As it is the effect of chemotherapeutic compounds on the JNK pathway
that is important for this study, the next step was to characterise the effect of
Doxorubicin on the JNK pathway, using HUVECs. For this, both the time course and
concentration dependency were investigated to determine if the pathway is

activated and the optimum conditions of activation.

HUVECs were therefore treated with Doxorubicin at 30uM for up to 24 hours. As
figure 3.2 shows that after a significant delay relative to TNFa, activation of the
pathway occurred at around 8 hours (stimulation: 85.92 + 16.03, n=3, P< 0.01) and
was sustained up to 24 hours. As the figure 3.2 A shows 24 hours (stimulation: 100.1
+ 13.47, n=3, P<0.01) also shows a significant activation of the JNK pathway.
Therefore, it has been shown that Doxorubicin does activate the pathway in a time

dependent manner.
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Figure 3.2 Doxorubicin: Time-dependent activation of the JNK pathway in HUVECs.

Confluent HUVECs were stimulated with Doxorubicin (30uM) for 24 hours. Western blot
analysis was performed for p-JNK and total JNK. Blots were semi-quantified as outlined in
Methods section 2.2.2.6. A) Western blot representation. B) Semi-quantification for p-
JNK/TINK ratio. Results represent mean * S.E.M, n=3, **P<0.01, compared to control
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To define the effect Doxorubicin has more accurately in relation to JNK activation,
two concentrations of Doxorubicin were chosen to be further analysed over a longer
time period. HUVECs were treated with 10uM and 30uM of Doxorubicin for
extended time points 8-24 hours. Figures 3.3 and 3.4 show that between the time
points of 8 and 24hours the JNK signal remains sustained with both 10uM and
30uM.

When focusing on 10uM, over 8-24 hours there was a clear pattern, the activation
of both JNK isoforms increased from 8 hours relative to control (stimulation:
24.02+2.97, n=3, P<0.001), to 16 hours (stimulation: 46.66+7.09, n=3, p<0.001).
After the significant peak at 16 hours, JNK activation gradually decreased at 20 and
24 hours (stimulation: 37.34+6.122, n=3, P<0.01), where this was also found to be
significant. This decrease in activation was still higher than the activity observed at 8

hours which correlates to figure 3.2.

The same pattern of activation was found when exposing the HUVECs to 30uM over
the extended timeframe, however the higher concentration gave a greater
activation of the JNK pathway, particularly for the 54 kDa isoform. As figure 3.4
shows JNK activation increased until 16 hours (stimulation: 53.92+8.10, n=3,
P<0.01), where it then decreased at 20 and 24 hours. Figure 3.4B also shows that
this activation was significant at each time point. Both long course experiments (3.3
and 3.4) show the same pattern with JNK activation. As shown in both figures 3.2
and 3.3, JNK activation at 24 hours was higher than that observed at 8 hours
regardless of concentration. Interestingly there is an increase in the
phosphorylation of a lower molecular weight (M.W.) band. This is likely to be p44
MAP kinase, the antibody used is known to cross react with ERK. Total JNK levels

where largely consistent although the cells were clearly compromised.
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Figure 3.3 Doxorubicin 10uM prolonged time-dependent activation of the JNK pathway in
HUVECs.

Confluent HUVECs were stimulated with Doxorubicin (10uM) for 8-24 hours. Western blot
analysis was performed for pJNK and Total JNK. Blots were semi-quantified as outlined in
Methods section 2.2.2.6. A) Western blot representation. B) Semi-quantification for
pJNK/TINK ratio. Results represent mean = S.E.M, n=3, **P<0.01, ***P<0.001, compared to
control
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Figure 3.4 Time-dependent activation of the JNK Pathway in HUVECs stimulated by
Doxorubicin.

Confluent HUVECs were stimulated with Doxorubicin (30uM) for up to 24 hours. Western blot
analysis was performed for pJNK and Total JNK. Blots were semi-quantified as outlined in
Methods section 2.2.2.6. A) Western blot representation. B) Semi-quantification for pJNK/TJNK
ratio. Results represent mean * S.E.M, n=3, *P<0.05, **P<0.01, ***P<0.001, compared to
control.



After analysing the impact Doxorubicin had on HUVECS over a time course at 2
different concentrations, a concentration curve was then carried out. This was to
more accurately determine the optimal stimulation conditions. Figure 3.5 shows
that Doxorubicin caused a sustained activation of both p46 and p54 isoforms over
the 24-hour time point, with an increase in concentration. Initial activation was
shown to be at 1uM (stimulation: 23.55 + 4.405, n=3) which gradually increased

with increasing concentrations up 100uM (stimulation at 100uM: 51.28 +23.25, n=3,
P<0.05).

After looking at both the Western blot for time and concentration dependent
activation (Fig 3.2 and 3.5), the 30uM concentration at a 24hour time point was

used in subsequent experiments.
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Figure 3.5 Doxorubicin concentration dependent activation of the JNK pathway in
HUVECs.

Confluent HUVECs were stimulated with 0.1-100uM of Doxorubicin for 24 hours.
Western blot analysis was performed for pJNK and Total JNK. Blots were semi-
quantified as outlined in Methods section 2.2.2.6. A) Western blot representation. B)
Semi-quantification for pJNK/TIJNK Results represents mean * S.E.M, n=3, *P<0.05,
compared to control.
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3.2.2. Activation of the canonical NF-kB pathway in response to
Doxorubicin

It has been well established that the NF-kB pathway is involved in both cell survival
(Luo, 2005), but also programmed cell death, where it has been shown to supress
JNK activation (Bubici et al., 2004, Papa et al., 2006). Therefore, investigations were
carried out to determine whether there is a link between the activation of INK by
Doxorubicin and the NF-kB pathway. The initial experiment looked at Doxorubicin
and TNFa together in relation to p-p65 activation. As figure 3.2 shows that
Doxorubicin induces a JNK response at 4 hours it was determined that any role the
NF-kB pathway would play in the response would be prior to this time point.
Therefore, it was determined that a time point of 15 minutes to 2 hours would be
investigated for potential involvement of both the canonical and non-canonical NF-

KB pathways.

Initially the canonical pathway was investigated by blotting for p65 activation via
serine-536 phosphorylation. This isoform is one of the main heterodimers
responsible for the induction of genes regulated by the canonical NF-kB pathway (Yu
et al., 2020). Thus, by blotting for p65 it would show if the activation of the JNK
pathway by Doxorubicin was induced through the canonical NF-kB pathway. It is
well documented that TNFa can activate the p-65 pathway at 15 minutes, therefore
TNFa was chosen as a positive control. As figure 3.6A shows TNFa activated p-p65
at 15 minutes (stimulation: 47.74+2.361, n=3). However, Doxorubicin did not induce
an increase in p-p65 over a similar time period. Therefore, this result shows that the
Doxorubicin induced activation of JNK is independent of the canonical NF-kB

pathway.

The effect of Doxorubicin on the cellular IkBa levels was then investigated. IkBa is
one of the most studied member of the IkB family, and its degradation confirms the
canonical activation of NF-kB (Shin and Choi, 2019). Figures 3.7A and B show that

TNFa stimulated a loss of IkBa between 15 (inhibition: 22.27+0.63, n=3) and 30
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minutes returning to near basal values by 60-minutes (stimulation: 37.85+14.06,
n=3). However, there was no degradation of IkBa following exposure to Doxorubicin

as compared to TNFa.
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Figure 3.1 : TNFa and Doxorubicin stimulated Time-dependent phosphorylation of
pp65 in HUVECs.

Confluent HUVECs were stimulated with TNFa (10ng/ml) and Doxorubicin (30uM) for
15-120 minutes. Western blot analysis was performed for pJNK and Total JNK. Blots
were semi-quantified as outlined in Methods section 2.2.2.6. A) Western blot
representation. B) Semi-quantification for pp65/p65 ratio. Results represent mean +
S.E.M, n=3, non-significant, compared to control.
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Figure 3.2 TNFa and Doxorubicin Time dependent cellular degradation of IkBa
pathway in HUVECs.

Confluent HUVECs were stimulated with TNFa (10 ng/ml) and Doxorubicin (30uM) for
15-120 minutes. Western blot analysis was performed for IkBa and P65. Blots were
semi-quantified as outlined in Methods section 2.2.2.6. A) Western blot
representation. B) Semi-quantification for IkBa/p65 ratio. Results represent mean +
S.E.M, n=3, non-significant, compared to control.
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3.2.3. Cisplatin Induced JNK signalling in HUVECs

As it has been shown that Doxorubicin activates the JNK pathway, similar
experiments were carried out to investigate the effects of Cisplatin. Cisplatin is also
a well-known anti-cancer agent which, as previously mentioned, has been linked
with cardiovascular toxicities (Camacho et al., 2023). It was therefore important to
determine whether this agonist activated the JNK pathway in the HUVECs and the
optimum conditions. As with Doxorubicin, initial experiments examined the kinetics

of Cisplatin stimulation over a 24-hour period.

Firstly, HUVECs were treated with 100uM of Cisplatin for up to 24 hours. As figure
3.8 shows, there was little JNK activation up to and including 8 hours with an
increased in pJNK a the 24-hour time point (stimulation: 120.0£29.47 p<0.0001,
n=3). At this higher concentration there is a slight reduction in total JNK as shown in
Figure 3.8B, indicating potential loss in cellular protein. As with Doxorubicin, to
further investigate the relationship between the concentration and time dependent
responses, Cisplatin at 100uM and 30uM was examined in HUVECs for 8-24 hours.

Figures 3.9 and 3.10 show the effect these concentrations have on the JNK pathway.

When exposed to 100uM of Cisplatin for a prolonged time course figure 3.9 shows a
similar pattern to Doxorubicin with a peak at 16 hours (stimulation: 25.68+9.78,
n=3) and a decrease to 24 hours (stimulation: 18.77+3.10, n=3). In comparison,
30uM Cisplatin promoted a slightly less pronounced increase in pJNK, particularly
the p54 isoform up to 24 hours. Both 20 (stimulation 36.62+4.357, n=3, P<0.01),
and 24hour time points (stimulation: 49.12+10.65, n=3, P<0.001), gave a significant
increase in stimulation. For 100mM there was considerable loss in total JNK

indicative of cellular compromise and protein loss.
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Figure 3.3 Cisplatin mediated activation of the pJNK phosphorylation in HUVECs.

Confluent HUVECs were stimulated with Cisplatin (100uM) over 24 hours. Western blot
analysis was performed for pJNK and Total JNK. Blots were semi-quantified as outlined in
Methods section 2.2.2.6. A) Western blot representation. B) Semi-quantification for
pJNK/TINK ratio. Results represent mean £ S.E.M, n=3, ***P<0.001 compared to control.
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Figure 3.4 Cisplatin (30uM) time mediated activation of the pJNK pathway in HUVECs.

Confluent HUVECs were stimulated with Cisplatin (30uM) for up to 24 hours. Western
blot analysis was performed for pJNK and Total JNK. Blots were semi-quantified as
outlined in Methods section 2.2.2.6. A) Western blot representation. B) Semi-
quantification for pJNK/TJNK ratio. Results represent mean * S.E.M, n=3, non-
significant, compared to control.
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Figure 3.5 100uM Cisplatin time dependent activation of the pJNK pathway in
HUVECs.

Confluent HUVECs were stimulated with Cisplatin (100uM) for up to 24 hours. Western
blot analysis was performed for pJNK and Total JNK. Blots were semi-quantified as
outlined in Methods section 2.2.2.6. A) Western blot representation. B) Semi-
quantification for pJNK/TJNK ratio. Results represent mean + S.E.M, n=3, *P<0.05,
**P<0.01, compared to control.
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As the different concentrations of Cisplatin resulted in different activation patterns,
a full concentration curve was carried out. The Western blot in figure 3.11A shows
that JNK is activated by Cisplatin at the 24-hour mark with a very low potency, with
a slight increase at 30uM with a much higher level of stimulation at 100uM (100uM
Cisplatin stimulation:135.9 £ 54.22, n=3) and 300uM respectively (300uM Cisplatin
stimulation: 592.0 + 254.0, P<0.001, n=3). There is also a clear loss in protein levels
when looking at the total JNK blot (figure 3.11A), indicating that Cisplatin is causing
substantial cell death at those concentrations. Both the concentration dependent
experiments and the time courses in figures 3.8 and 3.10 show that even though
there is a significant activation of the JNK pathway at 24 hours, there is also
considerable protein loss. This may suggest that the activation of the JNK pathway

by Cisplatin is linked to cell death.
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Figure 3.6 Cisplatin mediated activation of the pJNK pathway in HUVECs.

Confluent HUVECs were stimulated with Cisplatin (100uM) over 24 hours. Western
blot analysis was performed for pJNK and Total JNK. Blots were semi-quantified as
outlined in Methods section 2.2.2.6. A) Western blot representation. B) Semi-
quantification for pJNK/TJNK ratio. Results represent mean + S.E.M, n=3, **P<0.001
compared to control.
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3.2.4. Sunitinib effect on JNK signalling in HUVECs

As with Doxorubicin and Cisplatin, Sunitinib is a renowned chemotherapeutic agent
that has been known to induce cardiovascular toxicities as mentioned previously
(Chu et al., 2007, Joensuu, 2007). It was therefore important to investigate the
effect this compound has on HUVECs and specifically the JNK pathway. For this a
concentration dependent investigation was carried out using increasing

concentrations of Sunitinib ranging from 0.1uM to 100uM for 24 hours.

As figure 3.12 shows, Western blot analysis was used to visualise the effect Sunitinib
has on the JNK pathway. Both figure 3.12A and B show that Sunitinib does not
induce phosphorylation of the JNK pathway at any concentration at the 24-hour
time point. This is evident when compared to the positive control (Cisplatin,
100uM). It is clear however, that Sunitinib does have an effect on HUVEC viability
with there being a significant loss of total JNK protein visible at the 100uM. This loss
is evident not only by the lack of total protein at 100uM but there is also a
concentration dependent reduction in protein from 3uM. Figure 3.12A also shows a
decrease in protein at 30uM with a considerable decrease in JNK 1 (46kDa).
Therefore, in contrast to Cisplatin and DOX, there seems to be a clear distinction

between cell death and JNK activation.
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Figure 3.7 Sunitinib Concentration dependent activation of the JNK pathway in
HUVECs.

Confluent HUVECs were stimulated with Sunitinib (0.1uM - 100uM) or 30uM
Doxorubicin as +ve C (positive control) for up to 24 hours. Western blot analysis was
performed for pJNK and Total JNK. Blots were semi-quantified as outlined in Methods
section 2.2.2.6. A) Western blot representation. B) Semi-quantification for pJNK/TINK
ratio. Results represent mean = S.E.M, n=3, non-significant, compared to control.
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Due to the visible impact that Sunitinib had on the viability of the HUVECs, an MTT
assay was carried out to investigate this phenomenon further. For this the same
conditions were used as for the Western blot analysis, HUVECs were treated for 24
hours with concentrations of Sunitinib from 0.1 uM to 100 uM. Figure 3.13 shows
that Sunitinib has a marked effect on the cell viability, with significant cell death
noted at 10uM which decreased viability to 76%. Both concentrations higher than
30 uM (44.4% viability) and 100uM had a substantial effect on cell survival. 100uM
of Sunitinib over the 24 hours caused over 90% cell death with only 8.9% viability,
this correlated with the total loss of protein that was indicated by the Western blot
analysis in figure 3.12. When examining both figures 3.12 and 3.13 it can be
concluded that although Sunitinib is negatively affecting cell viability, this is

independent of the JNK pathway.
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Figure 3.8 Decrease in HUVEC viability by Sunitinib is concentration dependent.

HUVEC cell viability was measured using an MTT assay, as outlined in section 2.2.4.
Confluent HUVECs were treated with concentrations of Sunitinib ranging from 0.1uM to
100uM for 24 hours. Data represents mean *S.E.M, n=3 **P<0.0015 ****P<0.0001
compared to control.
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3.2.5. Effect of Doxorubicin on cell viability in HUVECs

Having identified that Doxorubicin and Cisplatin reduced cellular protein levels in
the Western blotting experiments, overall cell viability was investigated. For the
initial experiments MTT assays were carried out to determine the extent of cell
death for both Doxorubicin and Cisplatin on the HUVECs. HUVECs were treated with
both Doxorubicin and Cisplatin at increasing concentrations for 24 hours prior to the

MTT assay.

Doxorubicin caused a clear concentration-dependent decrease in cell viability, from
0.1uM (83.3%) up to 100uM (32.3%), with a total reduction in cell viability of over
50% (Figure 3.14 A). This correlates with the JNK activation observed in fig 3.2,
further indicating that cell death and JNK activation could be linked, and that the
surrounding healthy endothelium is being affected by the cancer chemotherapeutic

agents, as well as the tumours.

An MTT experiment was also carried out to investigate whether Doxorubicin over a
longer time point, 48 hours, would cause a differing effect on HUVEC viability. Figure
3.14 B shows in a single preliminary experiment, there is a similar pattern shown in
cell viability although unsurprisingly, is more potent over the longer period. Cell
viability decreases as concentration increases with a visible decrease at 3uM of

approximately 80%.

As MTT is a limited approach to assessing cell death, analysis of apoptosis was
utilised to give a more detailed look at how Doxorubicin affects HUVEC cell viability

and provide an insight into the mechanism of cell death.
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Figure 3.14 Concentration Decrease in HUVEC viability mediated by Doxorubicin.

HUVEC cell viability was measured using an MTT assay, as outlined in section 2.2.4.
Confluent HUVECs were treated with concentrations of Doxorubicin ranging from 0.1uM to
100uM for A) 24 hours and B) 48 hours. A) Data represents mean +S.E.M, n=3 *P<0.05
***¥P<0.005 ****P<0.0001 compared to control. B) n=1
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As with the initial MTT assay, FACS analysis was then carried out on the HUVECS that
have been treated with concentrations of Doxorubicin from 0.1uM to 100uM for 24
hours as shown in Figure 3.15. Panel A represents the histoplot generated by FACS
giving a visual of the impact the reagents are having on the cells. Cells in the bottom
right represents the healthy cells, bottom left shows the cells in the early apoptotic
stage, top right cells are those in late apoptosis whilst necrosis is shown in the top
left-hand corner of the graph. Graphs were then calculated using these numbers to

show an accurate representation of cell death in the HUVECs after treatment.

As figure 3.15 A and B shows even at low concentrations Doxorubicin induced
apoptosis in the HUVECs, in particular late apoptosis. Figure 3.15B highlights the
effect the drug had on the cell viability, by looking at the healthy cells; there was a
significant (p<0.0001) drop in cell viability relative to the control with concentrations
as low as 0.1uM causing approximately 50% cell loss. Concentrations higher than
0.1uM showed a significant decrease in viability in a downward trend, with 100uM

reducing the % of healthy cells by over 99%.

Early apoptosis gave a similar pattern of cell viability to those with healthy cells.
Compared to 10% of cells showing early apoptosis in the control, cells treated with
0.1uM Doxorubicin showed reduced early apoptosis at approximately 6%, compared
to cells treated with 100uM which showed 0.03% of cells as early apoptotic (figure
3.15). These results do suggest Doxorubicin results in a decreased survival of
healthy cells and a loss in early apoptosis at concentrations far below those required

to initiate JNK signalling.

In contrast there was a significant increase in late apoptosis in response to
Doxorubicin. Figure 3.15 B (Ill) shows that compared to a control value of 42% there
was a significantly higher percentage of cells in late apoptosis at 10uM
(59.26%3.346) and 30uM (59.2943.015). This is consistent with effects observed for

healthy cells and early apoptotic cells.
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Concentrations higher than 1uM have shown that cell death seems to follow the
same mechanism and results in around 60% cell death, across all Doxorubicin
concentrations, which are characterised as late apoptotic. Although apoptosis has
not been thought to have been the main mechanism of cell death for Doxorubicin,
several studies have shown that Doxorubicin elicits cell death through apoptosis.
One study has shown that Doxorubicin causes apoptosis in HUVECs after 24hour

exposure and 8 days after initial treatment with Doxorubicin (Graziani et al., 2022).

However, all concentrations of Doxorubicin had a significant effect on necrotic cell
death. Asshown in figure 3.15B (IV), compared to a control value of 4.7%
Doxorubicin causes marked necrosis peaks as low as 1uM where around 60% of cells
show necrosis with a significance of P<0.0001. At higher Doxorubicin concentrations
there is a relative decline in necrosis: at 100uM, 42.55% of cells were found to be
necrotic. These findings along with the MTT data shows that Doxorubicin has a

significant impact on cell viability.
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Figure 3.15 The Effect of Doxorubicin on HUVEC cell death using FACS analysis.
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HUVEC cell viability was measured using Flow Cytometry. Confluent HUVECs were stimulated
Doxorubicin (0.1uM-100uM) for 24 hours. Cell viability was determined by Pl and Annexin V-
APC staining as outlined in methods section 2.2.6. Where, healthy (non), Early apoptosis
(Annexin V-APC) Late apoptosis (Pl and Annexin V-APC) and Necrosis (Pl) cells were detected.
A) Representative dot plots with double staining of Annexin V-APC/PI staining of Doxorubicin
treated cells. B) Histograms showing percentage of 1) Healthy, Il) early apoptotic, Ill) late
apoptotic and IV) necrotic cells. Data represents mean *S.E.M, n=3, *P<0.05, **P<0.005,

***¥p<0.001, ****P<0.0001 compared to control.
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3.2.6. Effect of Cisplatin on cell viability in HUVECs

As with Doxorubicin, the effect of Cisplatin on endothelial cells was investigated to
determine if it induces cell death and the possible mechanisms involved. First, an
MTT was carried out to show if the chemotherapeutic agent influences cell viability
over a 24-hour period. As figure 3.16A shows there is little significant impact on cell
viability until 100 and 300uM. At 300uM however the impact on cell viability is
significant with approximately 60% reduction (38.9% cell viability). Although 100uM
also has an impact on cell viability with a 25.2% reduction in viability, this was not
deemed significant. These findings correlate with figure 3.11 in which the JNK
pathway is activated at the same time points indicating a potential correlation

between JNK activation and cell death.

A single MTT experiment was also carried out over a longer time point as figure 3.16
B shows. In this case HUVECs were treated with the same concentrations of
Cisplatin (0.1-300uM) but exposed for 48 hours. Figure 3.16B shows that over the
longer time point all concentrations show an impact on cell viability however the
pattern of cell viability mirrors the impact of 24hours, in which 0.1uM to 30uM
shows a similar cell viability of around 75% whereas at higher concentrations that
have shown to activate the JNK pathway 100 and 300uM respectively have a

significant impact reducing viability to almost zero.
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Figure 3.16 ; The effect of Cisplatin concentration on endothelial cell Viability.

HUVEC cell viability was measured using an MTT assay, as outlined in section 2.2.4.
Confluent HUVECs were treated with concentrations of Cisplatin ranging from 0.1uM to
300uM for 24 hours (A) and 48hrs (B). Data represents mean +S.E.M, n=3, ****P<0.0001
compared to control. N=1.
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Figure 3.17 The Effect of Cisplatin on HUVEC cell death using FACS analysis.

HUVEC cell viability was measured using Flow Cytometry. Confluent HUVECs were
stimulated with concentrations of Cisplatin (0.1uM-300uM) for 24 hours. Cell viability was
determined by Pl and Annexin V-APC staining as outlined in methods section 2.2.6 Where,
healthy (non), Early apoptosis (Annexin V-APC) Late apoptosis (Pl and Annexin V-APC) and
Necrosis (Pl) cells were detected. A) Representative dot plots with double staining of
Annexin V-APC/PI staining of Cisplatin treated cells. B) Histograms showing percentage of )
Healthy, Il) early apoptotic, Ill) late apoptotic and IV) necrotic cells. Data represents mean
1S.E.M, n=3, *P<0.05, **P<0.005, ***P<0.001, ****P<0.0001 compared to control.
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To further investigate the mechanism of cell death further, Cisplatin was tested using
FACS analysis and apoptosis/necrosis measured. As with the MTT analysis, HUVECs
were treated for 24 hours with concentrations of Cisplatin ranging from 0.1uM to
300uM. Figure 3.17 shows the FACS dot plots (A) and the analysed data (B). FACs
analysis show a significant impact upon cell viability occurred at concentrations
higher than 30uM, figure 3.17 B (l) shows that at 300uM there was only around 10%
of treated cells classified as healthy (8.56+1.854, *P<0.0001, N=3) as opposed to
over 60% in the control (60.72+4.509, N=3). There is very little impact on cell
viability below this concentration; this finding correlates with not only with the MTT
assay (figure 3.16) but also figure 3.11 which showed total JNK expression. This is in
sharp contrast to Doxorubicin where there was considerable cell death event at low

concentrations.

Further analysis showed that in response to Cisplatin there was an increase in early
apoptosis, from approximately 10% in the control (7.23411.292, N=3) to over 25% at
300uM (18.30+3.176, N=3). Whilst early apoptosis tended to increase at 30 and
100uM this was not found to be significant for either concentration. However, again
in contrast to Doxorubicin there was a significant increase in late apoptosis at both
100uM (42.43+4.472, **P<0.005, N=3) and 300uM (68.85+3.509, ****P<0.0001,
N=3) compared to controls (26.19 + 4.002, N=3) which accounts for 42% and 69% of
cell death. Finally, it was found that Cisplatin did not stimulate a significant increase
in necrotic cells with levels remaining between 5 and 10% even at higher
concentrations (100uM: 5.055 + 1.162, N=3) (300uM 4.654 + 1.414, N=3). Which
remained consistent with the control (3.685 = 1.005, N=3) further indicating

Cisplatin cell death is apoptotic.
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3.2.7. Radiation induced JNK signalling

As radiation is a major aspect of cancer treatments and as discussed previously is a
major factor in cardiovascular toxicities, HUVECs were treated with radiation and
the effect was investigated. First of all, HUVECs were treated with a high level of
radiation, 5Gy, and left at 37°C for 3,5 and 7 days. 5gy of radiation is a relatively high
dose used on in vitro assays and concentrations below 2Gy are commonly used.
Therefore, by using a higher concentration it should result in an activation of the
pathway if the pathway is involved. These cells were then investigated using
Western blot analysis to see if such treatment activated the JNK pathway. As figure
3.18 shows, there was no activation of the pathway at any of the chosen time points
(Day 3 stimulation: 0.00+0.1813 and day 7 0.00+0.02461 respectively). These results
alongside the literature would imply that the JNK pathway is not implicated in the

cellular response to radiation.

As x-irradiation did not result in an activation of the JNK pathway it was then
determined if radiation has an effect on HUVECs. Therefore, clonogenic assays were
carried out using concentrations of both 2 and 5Gy radiation. This assay is
commonly used to assess the effects of Gama radiation on cell survival. As figure
3.19 Shows radiation at both concentrations used had a significant effect on HUVEC
viability. Figure 3.19 A shows the survival fraction is significantly reduced and, in a
concentration dependent manner, with 5gy reducing the survival fraction to 0.05.
Therefore, it has been shown that there is an irradiation induced effect on cell

viability, however this is independent of the JNK pathway.
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Figure 3.18 X- irraadiation — mediated activation of the pJNK pathway in HUVECs.

Confluent HUVECs were stimulated with 5Gy over 3, 5 and 7 days, or 30uM Doxorubicin
for 24hours as +ve C (positive control). Western blot analysis was performed for pJNK
and Total JNK. Blots were semi-quantified as outlined in Methods section 2.2.2.6. A)
Western blot representation. B) Semi-quantification for pJNK n=1.
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Figure 3.19 The Effect of Irradiation on HUVEC cell death using Clonogenic assays.

HUVEC cell viability was measured using clonogenic assay and calculating the surviving
fraction, as outlined in section 2.2.3. A) 350 HUVECs were plated in each dish, they were
irradiated 24 hours later with 2 and 5Gy. B) Cell viability was determined by calculating
surviving fraction. Data represents mean S.E.M, n=3, **P<0.005 compared to control.
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3.2.8. Doxorubicin induced ATM activation

After examining the impact of Doxorubicin on JNK activation and cell death, the
pathway was investigated further by looking upstream at ATM activation and to
establish whether there was a correlation between ATM activation and JNK
signalling for the anti-cancer agents. As previously discussed, ATM is activated at
the point of DNA damage and initiates the cells response to the damage. As figure
3.20 shows, ATM is phosphorylated with concentrations of Doxorubicin as low as
0.1uM. Phosphorylation then increases and reaches a maximum at 30uM
doxorubicin (stimulation: 518.6+0, N=1). This shows that Doxorubicin is inducing

DNA damage at concentrations far less than that observed for JNK activation.

Figure 3.21 shows the time dependent activation of ATM with 30uM of Doxorubicin.
Activation of the pathway is observed as early as 15 minutes (stimulation: 36.89+0,
N=1) and remains sustained for the 4 hours examined (stimulation: 63.74+0, N=1).
Whilst it is possible that ATM may be upstream of the JNK pathway activated in
response to doxorubicin, the significant differences in concentration dependency
and onset of activation suggest the two events are not interlinked. Time constraints

did not allow a similar assessment of Cisplatin or Sunitinib.
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Figure 3.20 : Doxorubicin dependent activation of ATM pathway in HUVECs.

Confluent HUVECs were stimulated with Doxorubicin (0.1uM-100uM) for 24 hours.
Western blot analysis was performed for pATM and Total ATM. Blots were semi-quantified
as outlined in Methods section 2.2.2.6. A) Western blot representation. B) Semi-
quantification for p-ATM, n=1.
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Figure 3.21 Doxorubicin Time dependent activation of ATM pathway in HUVECs.

Confluent HUVECs were stimulated with 30uM Doxorubicin for 0.25-4 hours.
Western blot analysis was performed for pATM and Total ATM. Blots were semi-
quantified as outlined in Methods section 2.2.2.6. A) Western blot representation.
B) Semi-quantification for pATM, n=1.
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3.3. Discussion

The objective of this chapter was to identify the effect that different cardiotoxic
cancer treatments have on JNK signalling and correlate this with effects on cell
survival. As previously mentioned, the JNK pathway is a stress activated pathway
that has been linked to endothelial damage. Here it has been shown using HUVECs
to investigate endothelial cell function that the JNK pathway is activated by
Doxorubicin and Cisplatin, but not Sunitinib. Previous studies have also shown that
JNK can be stimulated by both Doxorubicin and Cisplatin in other cell types (Helbig
et al., 2011, Kim et al., 2010, Sanchez-Perez et al., 1998). Kim et al (2010) found that
in liver and breast cancer cells 3.5uM of Doxorubicin induced JNK1 activation at 20
hours (Kim et al., 2010). They state that JNK enables the activation of Stat3 may
induce the repair of DNA breakage (Kim et al., 2010). Whereas Helbig et al (2011)
found that in human fibroblast cells concentrations above 50uM induced JNK
activation from 6 hours, showing sustained activation until 24 hours of exposure.
Both studies, using different cell lines have shown that JNK activation by such
chemotherapeutic agents induce delayed and sustained JNK activation, which
corresponds with the findings of this chapter. This delayed and sustained activation

has been linked to cell death (Wong et al., 2010).

It has been shown in other studies that cardiovascular toxicities is initially believed
to begin with the endothelium and this damage has been shown to lead to
atherosclerosis (Bar-Joseph et al., 2011). The activation of the JNK pathway has been
linked to endothelial dysfunction and was assessed with flow-mediated dilation
(Breton-Romero et al., 2016). Cytokines and ROS have both been implicated with
the activation of the JNK pathway and ultimately endothelial dysfunction (Li et al.,
2016b). A number of studies have shown that this damage is related to the

activation of the JNK pathway (Hui, 2007, Ricci et al., 2004).
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Ricci et al (2004) used an atherosclerosis mouse model with either a JINK1 knockout
or a JNK2 deletion, this ultimately showed that JNK2 promoted the formation of

atherosclerosis lesions.

This highlighted the importance of JNK2 phosphorylation for the development of
foam cells, as it phosphorylates SR-A (scavenger receptor-A) which is needed for the
lipid uptake of macrophages which leads to foam cell formation. Whereas another
study has linked the JNK pathway with atherosclerosis. By knocking out JNK in a
mouse model they were able to show the protection of macrophages from
apoptosis which leads to the acceleration of atherosclerosis (Babaev et al., 2016).
Therefore, further work will be carried out to understand if this activation is linked

to endothelial dysfunction and possibly cardiovascular toxicities.

Not only has this study shown that these compounds activate the JNK pathway, it
has also shown that this is a sustained activation of JNK which is linked to cell death
(Dhanasekaran and Reddy, 2017). This sustained JNK activation correlates with the
MTT and FACS analysis of cell death from both compounds. This phenomenon has
been found by a number of studies (Brantley-Finley et al., 2003, Brozovic et al.,
2004). Brantley-Finley et al (2003) found that Doxorubicin treated KB-3 cells
activated JNK, which was sustained from 8 to 48 hours. The sustained activation was
found to correlate with an increase in cell death. Doxorubicin has been well
documented at causing cell death in a number of cell types. This delayed and
sustained from of activation has been linked with cell death, which confirms the
findings of this chapter. Shin et al (2015) found that Doxorubicin does this by
increasing the cells in subG1 phase and preventing cell proliferation by arresting the
cell cycle in G2/M phase to S phase (Shin et al., 2015). This pattern of apoptosis
shown for Cisplatin is also consistent with previous results. It has been well
documented that Cisplatin induces apoptosis and studies including Chen et al, 2022
have also documented that cell viability is affected above 20uM with significant cell

death at 100uM.
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It has been observed that Cisplatin activation of JNK resulted in a sustained
activation of the pathway of over 72 hours, with the use of the INK inhibitor Il they
were able to correlate the sustained activation of JNK with apoptosis (Brozovic et al.,
2004). Cisplatin has also shown to delay and even arrest cells in the S and G2 phase
(He et al., 2011, Shen et al., 2013). As Cisplatin has shown little concentration
dependent effect, this indicates a different mechanism to Doxorubicin induced cell
death. This could indicate that even though both agents cause sustained JNK

activation and late apoptotic cell death, the mechanisms differ.

It is believed that there would be a possible link between the activation of the NF-kB
pathway and the activation of the JNK pathway. This study has shown that there is
little to no effect seen on either p-65 or IkBa, therefore confirming that this
mechanism is independent of the NFKB pathway and not used in HUVECs. Other
studies including Klim et al. 2010, has shown that Doxorubicin does not induce p65
over 2hrs in HUVECs. It is well established the NF-kB pathway plays a role in
inflammation, cell survival (Papa et al. 2006). It has been shown that NF-kB plays a
role in programmed cell death, where NFKB mediates the suppression of the JNK
pathway and activity of ROS (Papa et al., 2006). By using knockout mouse models, it
has also been shown that TNFa in a normal model would induce a pJNK response at
30-60 mins (Papa et al., 2006). However, by blocking the NF-kB pathway, it results in
a prolonged activation of the JNK pathway, causing cell death. It was therefore
investigated using the canonical NFKB pathway, to see if prior to the 4 hours taken to
see JNK activation, Doxorubicin induced a pro-survival mechanism facilitated by the

NF-kB pathway.

The other pathway investigated was ATM as the results show DNA damage and ATM
activation begins at low concentrations within 15 minutes of treatment. Suggesting
that ATM activation occurs prior to JNK and there would be a link between the ATM
DNA damage response and JNK activation. To further validate these initial findings
the ATM antibody should be optimised further, due to the size of the protein

western blot protocol was amended.
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Time restraints prevented further optimisation where tubulin would be used as a

loading control, as total ATM is known to degrade and could not be used as a stable
loading control. However, the ATM has been shown to be activated in other studies
including Kurz et al, 2004 where they treated ATM proficient and deficient cell lines

with concentrations as low as 1uM of Doxorubicin for 2 hours (Kurz et al., 2004).

It has also been shown by other studies that ATM is activated prior to JNK indicating
further exploration of the pathway between ATM and JNK could be investigated.
Other studies have linked ATM and JNK activation using other compounds, such as
Wang et al. They have shown that ATM activation by HKH40A (RTA 502), a
topoisomerase | inhibitor, activates ATM and JNK in liver cancer resulting in

apoptosis (Wang et al., 2009).

ATM activation is known to be a result of ionising radiation, and a cancer treatment
that has been linked with cardiovascular toxicities. Therefore, x-irradiation was
investigated with HUVECs to look at the implication’s radiotherapy may have on the
JNK pathway. Radiotherapy is one of the major treatments for cancer, it can be used
both on its own and in combination with chemotherapy. As well as chemotherapy

radiotherapy has been linked with cardiovascular toxicities.

Currently within the UK both gamma radiation and x-irradiation are used for cancer
treatment. In this study we have shown that x-irradiation such as given to cancer
patients has a significant impact on cell viability and the health of endothelial cells,
with the cell viability significantly affected after exposure to 2Gy of radiation. There
have been several studies however that also show that radiation effects the vascular
endothelial cells (Helm et al., 2016, Jabbari et al., 2019). Studies such as the one
carried out by Rombout et al (2013) have shown that x-radiation does induce DNA
damage and apoptosis in endothelial cells. This was shown in both HUVECs and the

immortalised endothelial cell line EAhy.926 (Rombouts et al., 2013).
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However, when investigating the effect on HUVECs it can be concluded that this
damage is not through the JNK pathway. Experiments were carried out over a series
of time points from 0.25 -24hrs up to 7 days post radiation all showing no increase

in pJNK expression.

This demonstrates that JNK is not involved in any part x-irradiation damage from
initial cell survival to cell death mechanismes. It is, however, well known that
ultraviolet (UV) radiation activates the JNK pathway, where it was found to activate
JNK by increasing the JIP3 MEKK1 interaction (Song and Lee, 2007). However, there

is little evidence in the literature that shows this is also true of x-irradiation.

One theory for this could be that an increase in caspase 3 due to the radiation
prevents the binding of the JNK complex, therefore preventing the activation of the
pathway. This concept has been shown in a study by (Vaishnav et al., 2011). Caspase
3 is known to increase in the cellular cytoplasm as a result of radiation, therefore in
a future study this mechanism could be further investigated to understand if as a
result of x-irradiation the JNK pathway is prevented from activating and the effect
this has. If this is the case further research will be needed to understand this
mechanism and if this is to protect the cells or if this leads to a more direct form of

cell death.

Caspase 3 plays a key role in pyroptosis, this is a form of cell death that differs to
both apoptosis and necrosis (Jiang et al., 2020). This mechanism of programmed cell
death was first discovered by Friedlander in 1986 when looking at the effect anthrax
had on mouse macrophages (Friedlander, 1986). This newly discovered form of cell
death is believed to be a defence mechanism from pathogens and is considered an
inflammatory response (Loveless et al., 2021). Unlike apoptosis the cell membrane
swells and leaks the contents rupturing the cell and releasing intracellular contents

resulting in an immune response leading to the death of the cell (Lu et al., 2022).

This form of cell death is often difficult to distinguish between apoptosis and
necrosis using Annexin V and Pl as used in assays such as FACS therefore other

techniques are required (Abe and Morrell, 2016, Vande Walle and Lamkanfi, 2016).
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To further investigate this form of cell death and the link between cell death and

JNK, various inhibition mechanisms have been investigated.

These were used to examine whether these previously used compounds induce
pyroptosis programmed cell death via the JNK pathway. If so, by inhibiting JNK could
this reduce the cell damage observed. Therefore, Doxorubicin and Cisplatin will be
further investigated for its effect on HUVECs and the involvement of the JNK

pathway.
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Chapter Four

The Role of JNK in Doxorubicin and Cisplatin mediated
endothelial cell death.
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4. The Role of JNK in Doxorubicin and Cisplatin mediated
endothelial cell death

4.1. Introduction

The experiments carried out in the previous chapter show that the
chemotherapeutic agents that are known to cause cardiovascular toxicities affect
endothelial cell lines and activate the JNK pathway. It has also been previously
established that there is a link between the kinetics of JNK activation and cell death
(Antlsperger et al., 2003). We have also shown that in HUVECs there is a sustained
activation of JNK following treatment with Doxorubicin and Cisplatin. It is important
to understand if inhibiting JINK could impact these responses. Therefore, the aim of
this chapter is to knockout or inhibit JNK to analyse the impact this has on HUVEC
cell viability. It is hypothesised that by inhibiting the JNK pathway it would protect
the cells from damage by the chemotherapeutic reagents. For this a JINK CRISPR
knockout cell line was designed and the use of the well-known JNK inhibitor

SP600125, and virus.

Several different tools were utilised to investigate this. A pharmacological tool
SP600125 and an adenovirus encoding a modified version of MKP-2, and the
relatively new technique of CRISPR cas9. This would allow an assessment of how
effective each approach is but also would allow a full analysis of how these
chemotherapeutic agents affect the cells and the impact the JNK pathway has. With
respect to pharmacological inhibition, SP600125 is a well-known JNK inhibitor which
binds to the ATP binding site within JNK (Heo et al., 2004). This pharmacological tool
has been used many times in literature to inhibit the JNK pathway for studies
including cardiovascular toxicities, thyroid cancer and neurological diseases,
although there are some limitations with respect to specificity (Grassi et al., 2015,
Zheng et al., 2022, Zhou et al., 2015). The MKP-2 used virus was a modified version
of adenoviral MAP kinase phosphatase -2 used previously in our group and

elsewhere (Al-Mutairi et al., 2010, Lawan et al., 2012, Misra-Press et al., 1995).
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MKP-2 dephosphorylates MAP kinases in the nucleus, namely ERK and JNK (Al-
Mutairi et al. 2010). The modified Adv.NLS-1 MKP-2 lacked the ERK binding
sequence (Misra-Press et al. 1995) which also encodes an NLS, but this construct
retained nuclear location due to presence of an additional bipartite sequence (Sloss
et al., 2005). This conferred some specificity towards nuclear JNK. Prior to this study
there was very little in the literature regarding JNK CRISPR cas9, therefore all
sequences were designed using the tools available. These will all be investigated on

their effect with both the compounds and cell death.

There has been considerable expansion of the modes of cell death induced by anti-
cancer agents. In addition to apoptosis there are a number of other routes

including, necroptosis, ferroptosis and pyroptosis (Strasser and Vaux, 2020).
Pyroptosis is a new form of cell death, that results in an inflammatory related
programmed cell death (Wu et al., 2022b). Pyroptosis can be induced by the
activation of both GSDME and GSDMD, which cleave the N-terminal. This N terminal
then translocates the cell membrane, resulting in cell swelling and bursting (Shen et
al., 2021). It has been shown that caspase 3 mediates the GSDME activation of
pyroptosis which has also been linked to the JNK pathway in breast and colon cancer
research (Jiang et al., 2020, Yu et al., 2019c, Zhang et al., 2021). As the previous
chapter shows, Doxorubicin and Cisplatin cause significant cell death, however it has
been reported that both these compounds also activate caspase-3 and GSDME
therefore the cell death reported in chapter 3 could be pyroptosis. There are reports
in the literature that the GSDME pathway for pyroptosis is linked to the JNK pathway
(Yu et al. 2019b). Therefore, in this chapter the effect of the 3 JNK degradation
techniques will be used to investigate how this affects endothelial cell viability with

particular attention on pyroptosis.
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4.2. Results

4.2.1. JNK inhibition using SP600125

First, a pharmacological inhibitor, SP600125, was used to analyse the effect JNK had
on cell viability through inhibition of the pathway. SP600125 was the first
commercial JNK inhibitor, developed in 2001 by Bennett et al. It is an ATP
competitive inhibitor that is known to occupy the hydrophobic pocket in JNK at the
ATP binding site with over 20-fold selectivity (Bennett et al., 2001, Bogoyevitch and
Arthur, 2008, Heo et al., 2004, Wang et al., 2007). This gives a reversible and ATP
competitive inhibition, which would be a more clinically relevant model
(Bogoyevitch and Arthur 2008). For this, two concentrations of both Doxorubicin
and Cisplatin were chosen. 10uM and 30uM respectively were used for Doxorubicin
and 30uM and 100uM of Cisplatin. HUVECs were exposed to these concentrations
after being pretreated with SP600125 at 10uM and 20uM respectively.

It was important to confirm whether the inhibitor effectively prevented
phosphorylation of JNK pathway before moving forward. Other studies have shown
successful inhibition JNK in HUVECs with 10uM and above of SP600125 (Li et al.,
2016a, Miho et al., 2005, Zhang et al., 2016). Therefore 10 and 20uM of SP600125
were then chosen to go forward. HUVECs were pre-treated with the selected
concentrations of inhibitor (10uM and 20uM) and stimulated with 30uM of

Doxorubicin.

Therefore, HUVECs were pre-treated with 10uM and 20uM of SP600125 for 1 hour
prior to treatment with 30uM of Doxorubicin for a further 24hours. As figure 4.1
shows, there is a slight inhibition of phosho-JNK levels. Although this has shown to
be non-significant there is a decrease in JNK activity with the use of the inhibitor.
Doxorubicin at 30uM stimulated an increase in pJNK at 24 hours (Stimulation:

71.02+6.738, N=3).
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Pretreatment with SP600125 caused a concentration dependent decrease in JNK;
10uM reduced phosphorylation levels by approximately 20% (Stimulation:
52.5248.062, N=3) and 20uM (Stimulation: 52.68+12.31, N=3) respectively. Figure
4.1 also indicates a reduction in JNK2 levels, this band shows visible reduction with
the inhibitor compared to JNK1 which shows only a slight reduction in levels with
20uM of SP600125. This demonstrates that SP600125 has a slight effect when
inhibiting JNK, which is in line with the literature where Zhang et al (2016) have also
shown a reduction in JNK expression using HUVECs (Bennett et al., 2001, Wood et
al., 2018). Zhang et al (2016) also used 10 uM of SP600125 in HUVECs, 1 hour prior
to treatment. Although a reduction in JNK expression can be seen as with this study

this is not complete inhibition (Zhang et al., 2016).
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Figure 4.1 Effect of SP600125 on Doxorubicin stimulated pJNK expression in HUVECs.

Confluent HUVECs were pretreated with SP600125 (10 and 20uM) or DMSO as VC (vehicle
control) for 1 hour prior to being stimulated with Doxorubicin (30uM) for 24 hours. Western
blot analysis was performed for pJNK and Total JNK. Blots were semi-quantified as outlined in
Methods section 2.2.2.6. A) Western blot representation. B) Semi-quantification for pJNK,
Results represent mean * S.E.M, n=3, Non-significant, compared to control.
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This was then repeated with Cisplatin as the stimulation agent. It was found that
the SP600125 inhibitor had a similar effect on Cisplatin as compared to Doxorubicin.
Figure 4.2 A and B show that there is an increase in pJNK as expected and a
decrease in activation with the introduction of the inhibitor, although this inhibition
does not reach significance. The higher concentration of 20uM of SP600125 does
show a greater reduction in phosphorylation (Stimulation: 15.41+9.838, N=3). The
same protective phenomena can also be observed when looking at the total JNK
blot where protein preservation may be indirectly indicated, this is particularly the
case for JNK2; Cisplatin reduced JNK2 which is recovered by preincubation with the
inhibitor. Further investigation is required to show whether there is a cellular
protective element from SP600125. However, compared to figure 4.1 and the effect
of Doxorubicin, there is a distinctive effect on the individual isoforms particularly
JNK2. This could be due to the mechanism of action SP600125 has on the cells in

combination with the different mechanisms of action of Cisplatin and Doxorubicin.
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Figure 4.2 Effect of SP600125 on Cisplatin-stimulated pJNK expression in HUVECs.

Confluent HUVECs were pretreated with SP600125 (10 and 20uM) or DMSO for VC (vehicle
control) for 1 hour prior to being stimulated with Cisplatin (100uM) for 24 hours. Western blot
analysis was performed for pJNK and Total JNK. Blots were semi-quantified as outlined in
Methods section 2.2.2.6. A) Western blot representation. B) Semi-quantification for pJNK
Results represent mean * S.E.M, n=3, Non-significant, compared to control.
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To further investigate the impact SP600125 had on cell survival, DNA damage
markers were utilized. These included yH2.AX, Caspase 3 and GSDME which not
only further increased the understanding as to the nature of the damage these
treatments caused but also to see if by pre-treating the HUVECs there is any

protection.

First, the known DNA damage marker yH2.AX was investigated in respect to both
Doxorubicin and Cisplatin stimulation at 30uM and at 100uM respectively (figures
4.3 and 4.4). yH2.AX is phosphorylated by ATM, which can also be an indicator of
double strand breaks (Mah et al., 2010). When looking at the two western blots
together it is clear that both drugs activate the phosphorylation of yH2.AX,
indicating DNA damage, which has been previously shown in HUVECs (Ziegler et al.,
2020). The stimulation for each agent is similar between Doxorubicin at 30uM
(Stimulation: 49.45+17.04, N=2) and 100uM of Cisplatin at approximately 50-fold
(Stimulation: 58.96+7.821, N=3). However, both figures 4.3 and 4.4 also show that
SP600125 does not provide protection from DNA damage to the cells as measured
by this marker. For Doxorubicin (figure 4.3) there is activation of the pathway with
30uM (Stimulation: 36.36+6.932, N=3), and there is a slight increase with the 10uM
of inhibitor (Stimulation: 39.77+6.932) however with the higher concentration there
is minimum difference between cells treated with the inhibitor and those without
(Stimulation 36.06+7.338, N=3). These results indicate that the inhibitor does not

protect from initial damage but may prevent further downstream pathways.

The reverse is apparent when looking specifically at Cisplatin stimulation. When
stimulated with 100uM of Cisplatin alone there is an increase in pyH2A.X levels
(Stimulation: 58.96+7.82, N=3) when compared to cell only (control stimulation:
26.79412.20, N=3). There is a no difference however, following pretreatment with
the lower concentration of inhibitor (SP600125 10mM stimulation: 58.26+15.35
N=3) compared to the cells treated with Cisplatin alone (Stimulation: 58.96+7.821,
N=3). Unlike with Doxorubicin the higher concentration has been shown to further

activate pyH2A.X (Stimulation: 62.16+7.934, N=3).
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It should also be noted that in both experiments, the higher concentration of
SP6000125 mediated an increase in resting pyH2A.X phosphorylation. This was
consistent with the loss in protein recovery in the JNK blots suggesting some form of
cellular damage. Here the effects on GAPDH were inconsistent but may suggest an

off-target effect of SP600125 at this concentration.
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Figure 4.3 Effect of SP600125 on Doxorubicin-stimulated pyH2.AX expression in HUVECs.

pyH2.AX/GAPDH
S
1

Confluent HUVECs were pretreated with SP600125 (10 and 20uM) or DMSO as VC (vehicle
control) for 1 hour prior to being stimulated with Doxorubicin (30uM) for 24 hours. Western
blot analysis was performed for pyH2A.X and GAPDH. Blots were semi-quantified as outlined in
Methods section 2.2.2.6. A) Western blot representation. B) Semi-quantification for pyH2.AX
Results represent mean * S.E.M, n=3, Non-significant, compared to control.
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Figure 4.4 Effect of SP600125 on Cisplatin-stimulated pyH2.AX expression in HUVECs.

Confluent HUVECs were pretreated with SP600125 (10 and 20uM) or DMSO as VC (vehicle
control) for 1 hour prior to being stimulated with Cisplatin (100uM) for 24hours. Western blot
analysis was performed for pyH2A.X and GAPDH as loading control. Blots were semi-quantified
as outlined in Methods section 2.2.2.6. A) Western blot representation. B) Semi-quantification
for pyH2.AX. Results represent mean + S.E.M, n=3, non-significant, compared to control.
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4.2.2. Effect of SP600125 on Caspase-3 activation and GSDME
in HUVECs

As previously stated, caspase 3 and GSDME have both been shown to be involved in
the pyroptosis pathway (Jiang et al. 2020). Therefore, the effect of Cisplatin and
Doxorubicin on theses markers of pyroptosis was assessed. Zhang et al (2019b)
found that Doxorubicin elicits activation of both caspase 3 and GSDME in breast
cancer cells (Zhang et al., 2019b). Cisplatin has also been shown to activate the
pathways in lung cancer cell lines (Zhang et al., 2019a). Several articles have also
shown the potential link between GSDME pyroptosis and the JNK pathway (Shen et
al., 2021, Yu et al., 2019¢c, Zhang et al., 2021). Therefore, it was decided to
investigate whether an inhibitor of the JNK pathway could have an effect on this
mechanism of cell death in HUVECs. Initially, two concentrations of Doxorubicin
were utilised, 30uM a concentration which was shown in the previous chapter to
induce cell death and JNK activity, but also a lower concentration to determine if the

pathways can be dissociated with JNK.

Initially for Doxorubicin, addition to the cells at the lower concentration of 10uM
(Stimulation:23.98+1.50 N=2) resulted in a slight increase in cleaved caspase 3 levels
when compared to the control (Stimulation:14.57+11.20 N=2). However, expression
was increased slightly following pretreatment with SP600125 at either 10uM
(Stimulation:36.48+14.73, N=2) or 20uM (Stimulation: 38.25+4.04, N=2). Using
Doxorubicin at 30uM resulted in a strong activation of cleaved caspase 3 formation
(Stimulation: 71.42+24.94, N=2). Pretreatment with the inhibitor at the higher
concentration did not have an impact on the caspase 3 levels with a very slight
decrease observed at 20uM (Stimulation: 64.56+43.86, N=2). This possibly indicates
that the damage caused by the higher concentration of Doxorubicin cannot be

reversed by the addition of SP600125.
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However, using Cisplatin does reveal a differing profile of effect by SP600125. As
figure 4.6 shows there was strong stimulation of caspase 3 cleavage with Cisplatin at
100uM (Stimulation:114.619.43, N=2). However, there was a visible reduction in
cleaved caspase 3 levels following preincubation with either 10uM (Stimulation:
94.76+8.69, N=2) or 20uM (Stimulation 72.2616.67, N=2) of inhibitor respectively.
This can also be observed in caspase 3 levels as expression is reduced with 100uM

Cisplatin, and increases with the addition of inhibitor, as seen in figure 4.6A.

As with yH2A.X, the higher concentration of SP6000125 mediated an increase in
resting caspase 3 cleavage. Also, there was a loss in protein recovery in the GAPDH
blots suggesting some cellular damage. Here the effects on GAPDH were
inconsistent but generally SP600125 treatment resulted in increased protein
recovery following Cisplatin treatment. This may suggest both an effect on the JNK
pathway which reverses Cisplatin induced cell damage but also an off-target effect

of SP600125 at these concentrations.
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Figure 4.5 Effect of SP600125 on Doxorubicin-stimulated caspase 3 cleavage in HUVECs.

Confluent HUVECs were pretreated with SP600125 (10 and 20uM) or DMSO as VC (vehicle
control) for 1 hour prior to being stimulated with Doxorubicin (10uM and 30uM) for 24 hours.
Western blot analysis was performed for cleaved Caspase 3 and GAPDH. Blots were semi-
quantified as outlined in Methods section 2.2.2.6. A) Western blot representation. B) Semi-
guantification for cleaved Caspase 3, N=2.
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Figure 4.6 Effect of SP600125 on Cisplatin-stimulated caspase 3 cleavage in HUVECs.

Confluent HUVECs were pretreated with SP600125 (10 and 20uM) or DMSO for VC (vehicle
control) for 1 hour prior to being stimulated with Cisplatin (100uM) for 24 hours. Western blot
analysis was performed for cleaved Caspase 3 and GAPDH as loading control. Blots were semi-
quantified as outlined in Methods section 2.2.2.6. A) Western blot representation. B) Semi-
quantification for cleaved Caspase 3, N=2.
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The next set of experiments examined the effect of JNK inhibition on Doxorubicin
and Cisplatin-mediated GSMDE cleavage as this is a more definitive marker of the
pyroptosis pathway. As Doxorubicin at a concentration of 30uM, gave a clearer
stimulation of caspase 3 cleavage, this was used for the assay of GSDME cleavage.
Figure 4.7 shows that Doxorubicin stimulated a marked increase in the formation of
cleaved GSMDE, GSMDE-N which is the active form (Stimulation:66.09+11.69, N=3),
suggesting that the pyroptosis pathway is being stimulated in these the cells.
However, there was little impact on GSDME levels following pretreatment with
SP600125 at either 10uM (Stimulation: 69.00+4.625, N=3) or 20uM (Simulation:
67.5211.480, N=3) compared to the vehicle control. Inhibition of JNK by
pretreatment with SP600125 may not be enough to protect the cells from the
damage induced by Doxorubicin. As GSDME-N is the active form of GSDME the
consistent levels of GSDME observed in figure 4.7 A also confirm the little impact on

GSDME levels following SP600125 (Li et al., 2022a).

The effect of SP600125 on Cisplatin stimulation of GSDME cleavage is observed in
figure 4.8 (figure 4.8). The blots and the quantified data show that 100uM Cisplatin
stimulated an increase in GSDME-N formation (Stimulation: 102.2+14.75, N=3)
suggesting that cell death for this drug could be via pyroptosis. This increase in
GSDME-N expression is mirrored by the decrease of GSDME levels. This level of
GSDME-N expression was slightly but not significantly reduced following
pretreatment with the inhibitor at 20uM (85.51+8.429, N=3), when compared with
the drug vehicle control. This shows that both Doxorubicin and Cisplatin stimulate
intracellular mechanisms which result in the activation of pyroptosis. However, the
concentration of Doxorubicin required to increase JNK levels does not result in
increased levels of GSDME suggesting that JNK and pyroptosis are not interlinked.
Similarly, whilst Cisplatin at 100uM increases phosphorylation of JINK and GSDME-N
formation the lack of effect of SP600125 again suggests that there is no causal effect

between these pathways.
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Figure 4.7 Effect of SP600125 on GSDME-N expression stimulated by Doxorubicin in HUVECs

Confluent HUVECs were pretreated with SP600125 (10 and 20uM) for 1 hour prior to being
stimulated with Doxorubicin (30pM) or DMSO for VC (vehicle control) for 24 hours. Western
blot analysis was performed for GSDME-N and GAPDH as a loading control. Blots were semi-
quantified as outlined in Methods section 2.2.2.6. A) Western blot representation. B) Semi-
quantification for GSDME-N. Results represent mean + S.E.M, n=3, non-significant, compared to
control.
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Figure 4.8 Effect of SP600125 on GSDME-N expression in Cisplatin stimulated HUVECs.

Confluent HUVECs were pretreated with SP600125 (10 and 20uM) or VC (vehicle control) for 1
hour prior to being stimulated with Cisplatin (100uM) for 24 hours. Western blot analysis was
performed for GSDME-N and GAPDH used as a loading control. Blots were semi-quantified as
outlined in Methods section 2.2.2.6. A) Western blot representation. B) Semi-quantification for
GSDME-N. Results represent mean + S.E.M, n=3, non-significant, compared to control.
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4.2.3. FACS Analysis of the effect of SP600125 on Doxorubicin
and Cisplatin Stimulated Cell death

To further investigate the potential protective impact the inhibitor may have on cell
death, FACS analysis was employed using Pl staining to identify necrotic cells and
Annexin V-APC to identify apoptotic cells. Analysis was carried out for both
Doxorubicin and Cisplatin alone or following pretreatment with the SP600125
inhibitor. For this analysis, two concentrations of each drug were chosen to see if

the inhibitor would be more effective with a lower concentration of drug.

For Doxorubicin 10uM and 30uM were chosen respectively, as it has already been
shown that over the 24-hour time point both concentrations elicit a JNK response.
As figure 4.9 panel B shows Doxorubicin at both concentrations had a significant
negative effect on the percentage of healthy cells. Even the lower concentration of
Doxorubicin reduced the overall percentage of healthy cells from around 60% to
near zero. Pretreatment of the cells with SP600125 at either 10 or 20uM had no
effect on the effect of Doxorubicin. Furthermore, it was found that treatment with
SP600125 reduced the percentage of healthy cells in a concentration dependent

manner and at 20uM levels were reduced to approximately 20%

The same pattern can be observed when investigating early apoptosis (11), all cells
treated with Doxorubicin reduced control levels of early apoptosis to near zero.
Pretreatment of cells with SP600125 had no significant reversal effect. Once again,
the inhibitor alone was found to stimulate early apoptosis in a concentration-

dependent manner.

When assessing late apoptosis (Ill) and necrosis (IV) there is very little difference
between not only the effects of the different concentrations of Doxorubicin but also
the effect of the inhibitor, as figure 4.9 B shows. Doxorubicin at both concentrations
stimulated a significant increase in the percentage of cells in late apoptosis (10uM

66%+2.11 and 30uM 71%+1.83 respectively).
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Once again pretreatment with SP600125 did not reverse the effect of Doxorubicin,
levels remained at stimulated values. Again, figure 4.9 shows that alone SP600125
caused an increase in late apoptosis, but interestingly this was not additive with
Doxorubicin suggesting the levels of late apoptosis has reached a maximum level.
Similar to late apoptosis, Doxorubicin at both concentrations stimulated a clear
increase in necrosis increasing from resting levels of 3.1% to over 31.82% at 10uM
and 28.03% at 30uM respectively (figure 4.9). Again, SP600125 alone was without
effect but stimulated significant necrosis at the higher concentration. Taken together
these results suggest that Doxorubicin activation of apoptotic cell death is not viva

activation of the JNK pathway.
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Figure 4.9 The effect of SP600125 on Doxorubicin stimulated HUVEC cell death using FACS
analysis.

HUVEC cell viability was measured using Flow Cytometry, as outlined in methods section 2.2.6.
Confluent HUVECs were pretreated with 10 and 20uM of SP600125 or vehicle control (VC)
DMSO for 1 hour prior to being stimulated with Doxorubicin (10uM and 30uM) for 24 hours.
Cell viability was determined by Pl and Annexin V-APC staining. Where, healthy (non), Early
apoptosis (Annexin V-APC) Late apoptosis (Pl and Annexin V-APC) and Necrosis (Pl) were
detected. A) Representative dot plots with double staining of Annexin V-APC/PI staining of
Doxorubicin treated cells. B) Histograms showing percentage of 1) Healthy, Il) early apoptotic,
1) late apoptotic and IV) necrotic cells. Results represent mean + S.E.M, n=3, Non-significant,

compared to Drug only control.
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The next set of experiments examined the effect of Cisplatin on cell viability and the
effect of SP600125 treatment (figure 4.10). Similar to Doxorubicin, Cisplatin
stimulated a significant decrease in the percentage of healthy cells, with a
concentration dependent effect apparent for 30uM and 100uM Cisplatin. However,
the decrease in viability was not as pronounced as for Doxorubicin with 10% of
healthy cells remaining at 100uM. The figure also shows that whilst SP600125 had
no significant effect on the Cisplatin response however, SP600125 alone reduced cell
via ability by up to 40% (both SP10 (%:44.10£5.26, N=3) and SP20 (%:21.50+2.38,
N=3)) (figure 4.10 B).

When also looking at early apoptosis (Figure 4.10 B (ll)) there is a significant
increase in early apoptotic cells compared to control (9.44%) with Cisplatin alone at
100uM (24.35%) and 30uM (14.74%). However, when the cells were pretreated with
SP600125 the levels of early apoptosis are shown to increase in the lower
concentration. Figure 4.10B shows that 10 uM inhibitor (%:22.37+1.76, **P<0.005,
N=3) and 20uM of inhibitor (%:21.08+1.20, **P<0.005, N=3) increase early
apoptosis. However, when compared to the inhibitors effect with 30uM there is
little change in early apoptotic levels with 10uM of inhibitor 24.24% and compared
with 20uM at 20.34%. This indicates that the mechanism of action of the inhibitor
may increase apoptosis and therefore the cellular damage caused by Cisplatin
treatment. When looking in detail at the late apoptosis 10uM of inhibitor alone
(14.42%) there is an increase in levels of early apoptosis which is much more
evident with 20uM of the inhibitor alone (23.06%). Further demonstrating that the

inhibitor itself if impacting the cell survival.

Late apoptosis has the largest proportion of cells across all treatment types, as with
Doxorubicin (figure 4.10 B (lll)). However, as with the healthy and early apoptosis
the effect of the lower Cisplatin concentration again differs from the higher
concentration. Untreated cells show 24.59% late apoptosis which increases with

Cisplatin at 30uM 46.02% and 53.70% with 100uM.
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As with this treatment there is a higher percentage of late apoptotic cells found with
the inhibitors effect, again showing the inhibitor is not protecting cellular damage.
With 30uM Cisplatin the inhibitor increases late apoptosis by up to 20% (SP10
58.72% and SP20 56.23%). Whereas the inhibitor has no effect on the percentage of
late apoptosis of 100uM, as there is no change in levels of late apoptosis (SP10
57.58% and SP20 61.02%). However again SP10 and SP20 have shown to increase
late apoptosis independently as seen in early apoptosis with 38.09% and 52.73%
respectively. Therefore, further indicating that SP600125 is having an adverse effect

on cell viability independently.

However, when looking at the necrotic cells, this pattern has flipped, with necrosis
seeming to stay constant across the lower concentrations rather than the higher.
Cisplatin has shown to induce necrosis in HUVECs by 3% with 30uM (6.28%)
compared to 3.74% with 100uM where levels stay the same. Again, highlighting
concentration-based differences between the cell death pathways. When looking at
the effect the inhibitor has on the cells it can been seen that this does not offer an
effective protection against damage to the HUVECs when used with a number of
concentrations. When looking at 100uM of Cisplatin necrosis can be seen to
increase with inhibition (SP10, 4.92% compared to SP20, 6.36%). However, this
pattern is not seen with 30uM of Cisplatin where the level of necrosis remains the
same (SP10: 5.73%, SP20: 6.54%). Indicating the inhibitor effects the cells differently
depending on the effect of the drug treatment. However, when looking at the
inhibitor independently it can be seen that necrosis levels are not impacted by the
inhibitor alone. Showing the increase in necrosis levels with 100uM Cisplatin is due

to a synergistic effect.

As the results suggest SP600125 does not show protective properties to the HUVECs
another method of inhibition should be explored. For this investigation an MKP-2
virus was then investigated to understand if a more specific target would enable the

protection of the cells (see section 4.2.4).
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Figure 4.10 The effect of SP600125 on Cisplatin stimulated HUVEC cell death using FACS
analysis.

HUVEC cell viability was measured using Flow Cytometry, as outlined in methods section 2.2.6.
Confluent HUVECs were pretreated with 10 and 20uM of SP600125 for 1 hour prior to being
stimulated with Cisplatin (30uM and 100uM), or vehicle control (VC) DMSO for 24 hours. Cell
viability was determined by Pl and Annexin V-APC staining. Where, healthy (non), Early
apoptosis (Annexin V-APC) Late apoptosis (Pl and Annexin V-APC) and Necrosis (Pl) were
detected. A) Representative dot plots with double staining of Annexin V-APC/PI staining of
Doxorubicin treated cells. B) Histograms showing percentage of 1) Healthy, Il) early apoptotic,
) late apoptotic and IV) necrotic cells. Data represents mean *S.E.M, n=3. **P<0.05,
***P<0.0005, ****P<0.0001 Compared to Drug Control
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4.2.4. MKP-2 Mediated inhibition of the Doxorubicin and Cisplatin
mediated JNK activation and cell death

The second approach utilised for the inhibition of JNK activity was using an MKP-2
adenovirus. As previously mentioned Adv.NLS-1 MKP-2 is a dual specificity
phosphatase, it is able to deactivate MAP kinases by removing phosphate groups
from the threonine tyrosine residues (Theodosiou and Ashworth, 2002). This
phosphatase was therefore utilised to investigate whether overexpression of MKP-2
could deactivate JNK in HUVECs and prevent Cisplatin or Doxorubicin-induced cell
death. For this approach HUVECs were infected with an Adv.NLS-1 MKP-2 virus
lacking NLS1 to give relative selectivity for JNK over ERK (Sloss et al., 2005).

Firstly, to confirm Adv.NLS-1 MKP-2 infection was successful immunofluorescence
microscopy was used to visualise the Adv.NLS-1 MKP-2 expression in the cell as can
be seen in figure 4.11. HUVECs were infected with 100, 200 and 300pfu of Adv.NLS-
1 MKP-2 virus for 40 hours, they were then stained with DAPI and MKP-2 as outlined
in methods section 2.2.5. Figure 4.12 shows the infection of Adv.NLS-1 MKP-2, and
the clear concentration dependent increase of expression confirming the successful
infection. Furthermore, despite lacking NLS-1 the MKP-2 protein still was retained
mostly within the nucleus, however at higher concentrations, there was some
staining in the cytosol indicating some leakage. Infection with beta-gal virus showed
no staining, nor did control-generally endogenous MKP-2 virus levels were

negligible.
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Figure 4.11 Representation of MKP-2 expression in HUVECs transfected with Adv.NLS-1 MKP-2
virus by direct immunofluorescence.

HUVECs were plated on coverslips for 24 hours and treated or untreated with Adv.NLS-1 MKP-2
at varying plaque forming units (pfu). Untreated cells and cells treated with fGal (300 pfu) were
applied as controls. Cells were then fixed with 3% paraformaldehyde and stained with MKP-2
antibody and Dapi as outlined in Methods section 2.2.9. Images were captured on a Nikon
Eclipse E600 Epifluorescent Upright Microscope at 60X magnification. N=2
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Once expression of Adv MKP-2 had been visualised using immunofluorescence,
cultures were infected with Adv.NLS-1 MKP-2 to optimise the effective concentration
of Adv.NLS-1 MKP-2 to promote JNK dephosphorylation. HUVECs were infected with
Adv.NLS-1 MKP-2 -NLS1 for 40 hours with 100-300pfu and stimulated with
Doxorubicin at 10uM and 30uM. Figure 4.12 shows that there was an increase in
MKP-2 expression in whole cell lysates with maximal expression of the protein at
100 pfu. Furthermore, Figure 4.12 also shows JNK phosphorylation levels decrease
with the increased Adv.NLS-1 MKP-2 concentrations. As the results show both
10uM and 30uM Doxorubicin stimulated an increase JNK phosphorylation after 24
hours (10uM stimulation: 39.87+4.34, and 30uM stimulation: 62.98+4.43, N=2).
Whilst infection with BGal was without large effect, Adv.NLS-1 MKP-2 infection had a
marked inhibitory effect on the phosphorylation of both isoforms of JNK at all
concentrations tested. Virtually full inhibition of JNK was achieved at the lowest
concentration of Adv.NLS-1 MKP-2 (100pfu 10uM stimulation; 10.90+£0.61, N=2).
Total JNK was not affected by Adv.NLS-1 MKP-2 infection confirming that MKP-2
prevents phosphorylation of JNK with no effect on the JNK protein expression over

the infection period.

A similar effect of Adv.NLS-1 MKP-2 was observed following Cisplatin stimulation of
HUVECs. As shown in figure 4.13, Cisplatin caused a strong significant increase in
JNK phosphorylation at 24 hours (stimulation: 90.98+25.43, **P<0.005, N=3). Whilst
B-gal (300pfu) infection did not affect stimulated values, overexpression of MKP-2
strongly inhibited Cisplatin-induced JNK phosphorylation levels with the lowest
concentration of 100pfu reducing the response to near control levels (stimulation:
6.04+1.06, **P<0.005, N=3). Whilst Adv.NLS-1 MKP-2 infection did not affect total
JNK levels per se, it was noted that infection was able to reverse the loss in total JNK
expression in response to Cisplatin, again suggesting that NLS-MKP-2 may be

effective with respect to preventing cell death mediated by Cisplatin.
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Figures 4.12 and 4.13 show that Adv.NLS-1 MKP-2 was effective in cells treated with
both Doxorubicin and Cisplatin in decreasing JNK phosphorylation levels. Although
both drugs have differing mechanisms of action it can be determined that their

activation of the JNK pathway was inhibited with the Adv.NLS-1 MKP-2.
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Figure 4.12 Infection with Adv.NLS-1 MKP-2 prevents Doxorubicin-mediated activation of JNK

phosphorylation in HUVECs.

Sub-confluent HUVECs were infected with Adv.NLS-1 MKP-2 NLS (100-300pfu), and BGal

(300pfu) for 40 hours and when confluent stimulated with Doxorubicin (10 and 30uM) for 24

hours. Western blot analysis was performed for pJNK, Total JINK, MKP-2 and GAPDH. Blots

were semi-quantified as outlined in Methods section 2.2.2.6. A) Western blot representation.

B) Semi-quantification for pJNK/TINK Ratio. Results represent mean + S.E.M, n=2.
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Figure 4.13 Adv.NLS-1 MKP-2 prevents Cisplatin-mediated activation of INK phosphorylation
in HUVECs.

Sub-confluent HUVECs were infected with Adv.NLS-1 MKP-2 virus (100-300pfu), and BGal
(300pfu) for 40 hours and when confluent stimulated with Cisplatin (100uM) for 24 hours.
Western blot analysis was performed for pJNK, Total JINK, MKP-2 and GAPDH. Blots were semi-
quantified as outlined in Methods section 2.2.2.6. A) Western blot representation. B) Semi-
quantification for pJNK/TJNK Ratio. Results represent mean + S.E.M, n=3, **P<0.005, compared
to drug and vehicle control.
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Once it had been determined that Adv.NLS-1 MKP-2 is an effective tool for JNK
dephosphorylation, Adv.NLS-1 MKP-2 was used to further examine the effect JINK
activation has on cell viability. Firstly, the effect of DNA damage on the levels of,
pyH2A.X and caspase 3, markers of DNA damage were investigated. To aid the
understanding whether the deactivation of the JNK pathway would have further
upstream consequences and prevent DNA damage. yH2A.X is produced after DNA
damage by ATM, to allow DNA repair proteins to the site of damage (Lopez and
Bouchier-Hayes, 2022).

Therefore, as an initial part of the DNA pathway this histone protein was examined
first, as shown in figure 4.14. The western blot shows that Doxorubicin does not
elicit pyH2A.X phosphorylation in HUVECs over a significant resting level of
phosphorylation. Irrespective of a lack of stimulation, following Adv.NLS-1 MKP-2
infection, there is a minor, non-significant reduction in pyH2A.X levels in HUVECs as
shown in figure 4.14. This decrease although not significant, was shown to be
concentration dependent. Adv.NLS-1 MKP-2 at 300pfu gave a reduction in pyH2A.X
levels (stimulation: 43.52+11.22, N=3) when compared to 100pfu (stimulation:
58.08+18.03, N=3). This reduction and dephosphorylation of JNK, as observed in
figure 4.14, and infers that JNK deactivation reduces the damage Doxorubicin elicits

on endothelial cells, although the effects are marginal.

This phenomenon was mirrored with DNA damage caused by Cisplatin (figure 4.15).
The Adv.NLS-1 MKP-2 infected HUVECs were treated with 100uM of Cisplatin as
shown in figure 4.15. As with Doxorubicin there is no change in pyH2A.X levels with
Cisplatin at 100uM. As with the previous experiment, infection of Adv.NLS-1 MKP-2,
100pfu shows a moderate reduction in pyH2A.X levels (stimulation 104.1+17.19,
N=3) which is further reduced at 300pfu (stimulation: 87.16+7.801, N=3).
Interestingly it can be observed that Adv.NLS-1 MKP-2 shows a restoration of total
JNK levels compared to Cisplatin only levels. Thus, even though significant changes
in pyH2A.X levels were not demonstrated, there was restoration in cellular protein

levels and as such may represent a stimulation.
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As both Cisplatin and Doxorubicin do not significantly activate pyH2A.X, Caspase-3

was used to further investigate the DNA damage response.
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Figure 4.14 Effect of Adv.NLS-1 MKP-2 on Doxorubicin-mediated activation of pyH2A.X in
HUVECs.

Sub-confluent HUVECs were infected with Adv.NLS-1 MKP-2 virus (100-300pfu), and BGal
(300pfu) for 40 hours and when confluent stimulated with Doxorubicin (30uM) for 24 hours.
Western blot analysis was performed for pyH2A.X, pJNK, Total JNK, MKP-2 and GAPDH. Blots
were semi-quantified as outlined in Methods section 2.2.2.6. A) Western blot representation.
B) Semi-quantification for pyH2A.X/GAPDH ratio. Results represent mean + S.E.M, n=3, non-
significant, compared to drug and vehicle control.

162



A)

pYH2A.X (15kDa)

pJNK2 (55kDa)
pJNK1 (46kDa)

MKP-2 (43kDa)

TINK2 (55kDa)

4—.
«— TINK1 (46kDa)

GAPDH (36kDa)

+ + + + + Cisplatin 100uM

+ - - + - - - BGal (300pfu)
+ - - - - - NLS

+ - - Adv.NLS-1 MKP-2 100
+ - Adv.NLS-1 MKP-2 200

+ Adv.NLS-1 MKP-2 300

150
B)
T ==
2 100
-4
3 1
x
ﬁ 50
I
o
0- T T
O _» 2 D O QO
0" & N O K & R
% v & §°2 & &S
&

Figure 4.15 Effect of Adv.NLS-1 MKP-2 on Cisplatin-mediated activation of pyH2A.X in HUVECs

Sub-confluent HUVECs were infected with Adv.NLS-1 MKP-2 virus (100-300pfu), and BGal (300pfu)
for 40 hours and when confluent stimulated with Cisplatin (100uM) for 24 hours. Western blot
analysis was performed for pyH2A.X, pJNK, Total JNK, MKP-2 and GAPDH. Blots were semi-
quantified as outlined in Methods section 2.2.2.6. A) Western blot representation. B) Semi-
quantification for pyH2A.X/GAPDH ratio. Results represent mean + S.E.M, n=3, non-significant,
compared to drug and vehicle control.
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Caspase 3 is an executioner caspase, part of the caspase family which are cysteine
aspartate proteases, renowned for playing a vital role in cell death (Boice and
Bouchier-Hayes, 2020, Lopez and Bouchier-Hayes, 2022). As an executioner,
caspase-3 plays a vital role in apoptosis and pyroptosis, two forms of programmed
cell death (Eskandari and Eaves, 2022, Wang et al., 2017b). Previous studies have
shown that Doxorubicin and Cisplatin activate caspase 3 in a number of cell lines
including HUVECs (Bruynzeel et al., 2007, Singh et al., 2013, Chen et al., 2022). Due
to its implication in both DNA damage and cell death mechanisms cleaved caspase -
3 levels were analysed when HUVECs were infected with increasing concentrations

of Adv.NLS-1 MKP-2.

Stimulation of HUVECs with Doxorubicin caused a significant cleavage of caspase 3
and formation of cleaved caspase 3 which can be seen at a lower size (17 and
19kDa) (stimulation: 46.79+7.91, **P<0.005, N=3) (figure 4.16). Infection with
Adv.NLS-1 MKP-2 was found to significantly decrease cleaved caspase-3 levels in a
concentration-dependent manner, exemplified for values at 100pfu (stimulation:
21.8946.624, * P<0.05, N=3) and 300pfu (stimulation 9.171+0.6362***P<0.005,
N=3). Results demonstrated a 50% reduction in cleaved caspase 3 with 100pfu
alone, and levels for 200pfu (stimulation:11.28+5.538, ***P<0.005, N=3) and 300pfu
respectively are which are all levels below unstimulated cells. These data suggest
that by deactivating JNK with Adv.NLS-1 MKP-2 in Doxorubicin treated HUVECs DNA

damage markers are reduced.

Further experiments repeated the effect of Adv.NLS-1 MKP-2 using 100uM of
Cisplatin as the stimulant and the same pattern of inhibition was observed (figure
4.17). Cisplatin stimulated a more noticeable increase in cleaved caspase formation
relative to Doxorubicin giving an increase of 129.61£45.62 compared to 46.79+7.911
for Doxorubicin. However, following infection with Adv.NLS-1, MKP-2 Cisplatin-
stimulated, cleaved caspase-3 levels were greatly reduced with levels over 75%

lower for 300pfu (stimulation:25.95+10.63, N=3).
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Figure 4.16 Effect of Adv.NLS-1 MKP-2 on Doxorubicin-mediated activation of Caspase 3
cleavage in HUVECs.

Sub-confluent HUVECs were infected with Adv.NLS-1 MKP-2 virus (100-200pfu), and BGal
(300pfu) for 40 hours and when confluent stimulated with Doxorubicin (30uM) for 24 hours.
Western blot analysis was performed for Cleaved Caspase 3, pJNK, Total JNK, MKP-2 and
GAPDH. Blots were semi-quantified as outlined in Methods section 2.2.2.6. A) Western blot
representation. B) Semi-quantification for Caspase 3/GAPDH ratio. Results represent mean +
S.E.M, n=3, ¥*P<0.05, ***P<0.005, compared to drug and vehicle control.
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Figure 4.17 : Inhibitory effect of Adv.NLS-1 MKP-2 on Cisplatin-mediated activation of Caspase
3 cleavage in HUVECs.

Sub-confluent HUVECs were infected with Adv.NLS-1 MKP-2 virus (100-300pfu), and BGal
(300pfu) for 40 hours and when confluent stimulated with Cisplatin (100uM) for 24 hours.
Western blot analysis was performed for cleaved Caspase 3, pJNK, Total JNK, MKP-2 and
GAPDH. Blots were semi-quantified as outlined in Methods section 2.2.2.6. A) Western blot
representation. B) Semi-quantification for Caspase 3/GAPDH ratio. Results represent mean +
S.E.M, n=3, non-significant, compared to drug and vehicle control.
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In stimulated cells, caspase-3 is responsible for the cleavage of GSDME, resulting in
the active form of GSDME-N, which causes pyroptosis (Shen et al., 2021, Jiang et al.,
2020). Thus, it was therefore important to investigate GSDME-N levels in HUVECS
and to determine if treatment of chemotherapeutic agents result in pyroptosis in
HUVECs. Also, to examine if Adv.NLS-1 MKP-2 infection could reduce or prevent this

form of programmed cell death and protect the cells.

Figure 4.18 shows that Doxorubicin caused a significant increase in GSDME-N levels
at both 10uM (stimulation: 38.36+7.77, N=3) and 30uM (stimulation: 57.46+12.82,
N=3). This suggests that at both Doxorubicin concentrations cellular damage has
occurred and indicates activation of pyroptosis. Interestingly, stimulated levels of
GSDME-N fell with the increase in concentration of Adv.NLS-1 MKP-2 expression, as
shown in figure 4.18, which correlated with a strong inhibition of pJNK. Intriguingly,
the differing concentrations gave different results. HUVECs treated with 10uM
Doxorubicin showed a slight reduction in GSDME-N levels (left hand part of the blot
and data), there is little difference in GSDME-N levels at 10uM of Doxorubicin across
the 3 concentrations of Adv.NLS-1 MKP-2. However, with 30uM Doxorubicin,
GSDME-N were more notably reduced following infection with Adv.NLS-1 MKP-2. At
a concentration of 300pfu, Adv.NLS-1 MKP-2 caused a significant reduction in
GSDME (stimulation: 14.31+3.488, *P<0.05, N=3), which is below levels of untreated
cells. Taken together these results suggest that higher Doxorubicin concentrations
caused a correspondingly higher level of cellular damage and increased GSDME-N

levels, which have been shown to be reversed with Adv.NLS-1 MKP-2.

These experiments were then repeated with 100uM of Cisplatin. Figure 4.19 shows
that Cisplatin stimulated GSDME-N levels indicating the activation of pyroptosis.
Infection with Adv.NLS-1 MKP-2 alone however slightly reduced GSDME-N
stimulation. Although not significant, figure 4.19 shows a minor reduction in GSDME
levels in a concentration-dependent manner, as with pyH2A.X and caspase-3.
Cisplatin increased GSDME-N levels (stimulation: 74.14, N=2), whereas Adv.NLS-1
MKP-2 infection at 100pfu reduced the response (stimulation: 51.58, N=2) which

marginally increased with 300pfu (stimulation: 60.00, N=2).
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This minimal reduction observed indicates that inhibition of JNK does not impact
the levels of both cleaved caspase 3 and GSDME-N. indicating that caspase and
GSDME-N maybe independent of the JNK pathway.
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Figure 4.18 : Inhibitory effect of Adv.NLS-1 MKP-2 on Doxorubicin-mediated activation of
GSDME-N in HUVECs.

Sub-confluent HUVECs were infected with Adv.NLS-1 MKP-2 virus (100-200pfu), and BGal
(300pfu) for 40 hours and when confluent stimulated with Doxorubicin (10 and 30uM) for 24
hours. Western blot analysis was performed for GSDME-N, PP-JNK, Total JNK, MKP-2and
GAPDH. Blots were semi-quantified as outlined in Methods section 2.2.2.6. A) Western blot
representation. B) Semi-quantification for GSDME/GAPDH ratio. Results represent mean
S.E.M, n=3, ¥*P<0.05, compared to drug and vehicle control.
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Figure 4.19 : Inhibitory effect of Adv.NLS-1 MKP-2 on Cisplatin-mediated activation of GSDME-N in
HUVECs

Sub-confluent HUVECs were infected with Adv.NLS-1 MKP-2 virus (100-300pfu), and BGal (300pfu) for 40
hours and when confluent stimulated with Cisplatin (100uM) for 24 hours. Western blot analysis was
performed for GSDME-N, pJNK, Total JNK, MKP-2 and GAPDH. Blots were semi-quantified as outlined in
Methods section 2.2.2.6. A) Western blot representation. B) Semi-quantification for GSDME/GAPDH ratio.
Results represent mean + S.E.M, N=2.
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4.2.6. Doxorubicin and Cisplatin induced pyroptosis mediated
cell death

Another indicator of Pyroptosis alongside caspase-3 and GSDME levels is the release
of cellular LDH (Lactate Dehydrogenase). It is known that when GSDME is cleaved
by Caspase-3 into GSDME-N this results in the formation of membrane pores. The
cell then swells and the membrane ruptures, releasing the cells contents which
includes LDH (Rayamaijhi et al., 2013, Wang et al., 2017b). Therefore, measuring the
levels of LDH could give a good indication of pyroptosis. Using an Invitrogen™
CyQUANT™ LDH Cytotoxicity Assay both Doxorubicin and Cisplatin were examined
to confirm if the compounds induce pyroptosis. As per the kits instructions %
cytotoxicity was calculated using the equation in Methods section 2.2.8. HUVECs
were also investigated further to understand if cells infected with Adv.NLS-1 MKP-2

can be protected from pyroptosis.

As 30uM Doxorubicin has been shown to cause significant cellular damage and
increase levels of pyroptotic markers, as assessed by GSDME, this concentration was
chosen for further analysis. Figure 4.20 shows that compared to the control, which
was essentially zero, Doxorubicin caused a marked increase in LDH release reaching
approximately 15% (16.49+1.65%, ****P<0.0001, N=3) cytotoxicity. This confirms
that in response to Doxorubicin there is pyroptosis detected, which has been
demonstrated in in other recent studies (Hwang et al., 2022, Meng et al., 2019).
Infection with Adv.NLS-1 MKP-2 had a significant concentration dependent effect,
stimulated LDH levels dropped by approximately 80% with the inactivation of JNK.
As with previous experiments, the level of protection is concentration dependent
with 200 and 300pfu reducing cytotoxicity of 30uM by approximately 12% (200pfu:
2.06+0.93%, ****P<0.0001, N=3 and 300pfu: 1.45+0.70%, ****P<0.0001, N=3).
Although the levels of cytotoxicity are relatively low, with only 16% induced by
Doxorubicin, Adv.NLS-1 MKP-2 is able to reverse this to almost zero. This data again
supports the idea that by hypothesis that JNK mediates pyroptosis in HUVECs and

inhibition causes some form of protection.
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Figure 4.20 Protective effect of Adv.NLS-1 MKP2 infection on Doxorubicin-mediated LDH
cytotoxicity in HUVECs

Sub-confluent HUVEC were infected with Adv.NLS-1 MKP-2 virus (100-300pfu), and BGal
(300pfu) for 40 hours and when confluent stimulated with Doxorubicin (10uM and 30uM) for
24 hours. The Invitrogen™ CyQUANT™ LDH Cytotoxicity Assay Quantity was carried out as per
manufacturer’s instructions outlined in Methods section 2.2.8 Results represent mean £ S.E.M
N=3, ***<P0.001, ****<P0.0001 compared to control
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For further analysis the experiment was also repeated with Cisplatin at 100uM.
Cisplatin was found to cause a significant increase in LDH release in HUVECs from
near 0% to 21% cytotoxicity (21.74+2.75%, ****P<0.0001, N=3). However as with
Doxorubicin, infection with Adv.NLS-1 MKP-2 at all concentrations tested caused a
significant reduction in Cisplatin-stimulated LDH release, reducing levels from over
15% to 5% or less (figure 4.21) (300pfu: 5.45+1.93%, ****P<0.0001, N=3). Overall,
Adv.NLS-1 MKP-2 significantly reduced cytotoxicity levels in response to Cisplatin,

further indicating the link between JNK activation and pyroptosis.
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Figure 4.21 Protective effect of Adv.NLS-1 MKP-2 on Cisplatin-mediated LDH cytotoxicity in
HUVECs.

Sub-confluent HUVECs were infected with Adv.NLS-1 MKP-2 virus (100-300pfu), and BGal
(300pfu) for 40 hours and when confluent stimulated with Cisplatin (30uM and 100uM) for 24
hours. The Invitrogen™ CyQUANT™ LDH Cytotoxicity Assay Quantity was carried out as
manufacturer’s instructions outlined in methods section 2.2.8. Results represent mean £ S.E.M
N=3. ***<P0.001, ****<P0.0001 compared to control
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4.2.7. Protective effect of Adv.NLS-1 MKP-2 on Doxorubicin and
Cisplatin induced pyroptosis cell morphology observations.

Previous studies have shown that pyroptosis causes cells to swell and release their
contents, as shown by Zheng et al, in Doxorubicin treated cardiomyocytes (Zheng et
al., 2020). Therefore, brightfield images were taken of HUVECs to further investigate
whether the addition of Doxorubicin (figure 4.22) and Cisplatin (figure 4.23) have
caused the atypical morphological changes expected with pyroptosis, namely

swelling and signs of blebbing and bubbles.

Figure 4.22 shows the morphology of the cells in equivalent conditions to the LHD
assay when treated with Doxorubicin. In control, 300pfu Adv.NLS-1 MKP-2 and BGal
(300pfu) infected cells there is very little visible damage to the cell membrane and
the absence of blebbing and bubbles. However, when HUVECs were treated with
Doxorubicin alone (figure 4.22 B), the HUVEC morphology changed compared to the
control (figure 4.21 A). The treated cells were visibly larger, swollen and rounded -all
physiological features of pyroptosis. Examination of the cells following infection with
Adv.NLS-1 MKP-2 prior to drug treatment, as shown in panels 4.22 C, D and E,
indicated that the morphology still differed from the control, non-stimulated cells.
The cells looked swollen and large, however there is visibly less blebbing and
bubbles, than Doxorubicin alone treated cells. This supports the finding, using the
LDH assays, that Doxorubicin stimulated pyroptosis may be reduced with the over
expression of Adv.NLS-1 MKP-2. This also shows to be as a result of Doxorubicin
treatment and the effect of the Adv.NLS-1 MKP-2 on those treated cells. The
controls BGal (300pfu) and Adv.NLS-1 MKP-2 alone do not cause such morphological
changes in the HUVECs.
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A) Control 300 NLS BGal (300pfu)

B)

C) D) E)

Figure 4.22 Brightfield images of Adv.NLS-1 MKP-2 inhibition of Doxorubicin-induced
membrane damage in HUVECs.

Sub-confluent HUVECs were infected with Adv.NLS-1 MKP-2 virus (100-300pfu), and BGal
(300pfu) for 40 hours and when confluent stimulated with Doxorubicin (30uM) for 24 hours as
outlined in methods section 2.2.10. A) Control, BGal (300pfu) and Adv.NLS-1 MKP-2 alone
controls, B) HUVECs treated with 30M Doxorubicin arrows indicating cellular release, C-E)
HUVECs transfected with 100-300pfu respectively treated with 30uM Doxorubicin. Images were
obtained using the Nikon Eclipse (TE300) Inverted microscope (x40 magnification). N=2
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Figure 4.23 shows the effect 100uM of Cisplatin has on the morphology of the
HUVECs, as shown with Doxorubicin, Cisplatin 100uM elicits similar morphological
effects. The treated cells have swollen and rounded compared to the control (A)
with noticeable blebbing and bubbles. This would be expected when investigating
pyroptosis and mirrors the findings of the LDH cytotoxicity assay. The introduction of
Adv.NLS-1 MKP-2 (figure 4.23 C, D and E) also shows a reduction in blebbing, and
bubbles seen although the HUVECs still look enlarged and swollen compared to the
control. These data suggest that Adv.NLS-1 MKP-2 is having a protective effect on
the cells. As the Adv.NLS-1 MKP-2 and BGal (300pfu) control show a slight increase

in cell size, however there is no substantial morphological change in the cells.
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A) Control 300 NLS BGal (300pfu)

B)

Q) D) E)
Figure 4.23 Brightfield images of Adv.NLS-1 MKP-2 inhibition of Cisplatin -induced membrane
damage in HUVECs.

Sub-confluent HUVECs were infected with Adv.NLS-1 MKP-2 NLS virus (100-300pfu), and BGal
(300pfu) for 40 hours and when confluent stimulated with Cisplatin (100uM) for 24 hours as
outlined in methods section 2.2.10. A) Control, BGal (300pfu) and Adv.NLS-1 MKP-2 alone
controls, B) HUVECs treated with 100uM Cisplatin arrows indicating cellular release, C-E)
HUVECs transfected with 100-300pfu respectively treated with 100uM Cisplatin. Images were
obtained using the Nikon Eclipse (TE300) Inverted microscope (x40 magnification). N=2
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After using multiple approaches to identify pyroptosis in chemotherapy-treated
cells, FACS analysis was used to determine if infection with Adv.NLS-1 MKP-2
protected the cells from all forms of cellular damage, including apoptosis or
necrosis. Figure 4.24 represents the FACS analysis of cell populations where the
HUVECs were infected with Adv.NLS-1 MKP-2 and treated with Doxorubicin. For
these experiments, infection of Adv.NLS-1 MKP-2 virus alone showed a comparable
percentage of healthy cells to the level of control cells showing that the virus did not
cause cellular damage. However, Doxorubicin at both concentrations, caused a
dramatic decrease in cell viability. Figure 4.24 shows that with the addition of
Doxorubicin at both 10uM and 30uM respectively, there was a drop in healthy cells
from 65% (% cells: 65.24+3.69, N=3) to essentially zero (10uM % cells: 0.58+0.08,
N=3, and 30uM 0.36+0.07, N=3). Infection of HUVECs with Adv.NLS-1 MKP-2 had no

visible effect on the effect of Doxorubicin at either concentration.

A similar trend can be seen with early apoptotic cells, both concentrations of
Doxorubicin reduced the level of early apoptotic cells from 5% to 0.1% with 10uM
and 0.02% with 30uM respectively, highlighting the damage Doxorubicin causes to
HUVECs. 10uM has shown 0.17% early apoptosis (% cells:0.17+0.05, N=3), which
increased to 3% (% cells: 0.29+0.16, N=3) with 300pfu. When treated with
Doxorubicin there are minimal cells in this group, indicating that cells treated with
either concentration of Doxorubicin, even with Adv.NLS-1 MKP-2 infection, are

mainly late apoptotic and necrotic.

Doxorubicin stimulated a significant increase in cells in late apoptosis (figure4.24 B
[11) from a control level of around 20% (% cells: 23.07+2.28, N=3) to over 50%
(10uM% cells:53.13+3.12 and 30uM% cells: 53.75+2.84, N=3) at both 10 and 30EM
respectively. When looking at the effect Adv.NLS-1 MKP-2 infected cells with the
same drug treatment however, although not statistically significant, there is a
decrease in late apoptotic cells. This was found to be significant at 200pfu (% cells:

36.18+1.987, N=3) and 300pfu (% cells: 40.88+2.229, N=3).
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This inhibitory effect of Adv.NLS-1 MKP-2 was also found in cells treated with 30uM
Doxorubicin, all concentrations were found to be inhibitory with a reduction to 39%

with 300pfu (% cells:38.90+1.65, N=3).

However, this pattern may not be solely down to the effect of Adv.NLS-1 MKP-2 as
cells infected with Bgal at 300pfu show the same pattern of response (%
cells:43.55+3.08, N=3). Indicating this could also be an effect of viral infection on the
HUVECs. Lower concentrations of control virus would have to be examined for this

possibility.

Doxorubicin does not seem to affect necrotic cell death over a 24hour period. When
looking at necrosis (figure4.24 B 1V) the results show similar levels of necrosis across
the cell only control (% cells:9.60£2.71, N=3) and both 10uM (% cells: 7.731£1.47,
N=3) and 30uM (% cells: 4.56+1.09, N=3). However, figure 4.24 shows that Bgal
(300pfu) and the Adv.NLS-1 MKP-2 only controls show an increase in necrosis (pgal
(300pfu) % cells: 46.12+3.13, N=3 and Adv.NLS-1 MKP-2 % cells: 50.21+3.36, N=3).
This shows that Doxorubicin does not cause necrosis in HUVECs. This indicates the
infection with virus alone is impacting the cell viability. However, the infection of the
Adv.NLS-1 MKP-2 virus independently has shown a significant increase in the
percentage of necrotic cells detected, up to 63%. There is however slight
concentration dependent decrease in necrotic cells with Adv.NLS-1 MKP-2 however,
with cells treated with 10uM Doxorubicin and infected with 300pfu the highest
concentration used resulting in 45% (% cells:45.86+2.81, N=3) of HUVECs found to
be necrotic compared to 63% with 100pfu (% cells: 63.35+1.40, N=3). This is a
significant increase when compared to HUVECs treated with 10uM drug control
which shows 7.73% necrosis (% cells:7.73+1.47, N=3). This pattern is mimicked by
cells treated with 30uM (% cells:4.56£1.09, N=3), where there is a slight Adv.NLS-1
MKP-2 concentration dependent decrease in necrotic cells however 300pfu with

30uM results in 58% (% cells:58.06+2.29, N=3) of cells being found to be necrotic.
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Conversely, BGal (300pfu) was used as a control for the Adv.NLS-1 MKP-2 infection
and in previous experiments has shown that it has not affected the JNK expression,
however, the results have shown similar levels of necrosis as shown in Adv.NLS-1
MKP-2 infected cells. Indicating that the infection of the virus could be impacting the
levels of necrosis in the cells not via the deactivation of JNK caused by MKP-2. For

this further work is required to investigate the viral impact on HUVECs.
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Figure 4.24 The effect of Adv.NLS-1 MKP-2 on Doxorubicin-mediated HUVEC cell death
using FACS analysis.

HUVEC viability was measured using Flow Cytometry. Sub-confluent HUVECs were infected
with Adv.NLS-1 MKP-2 Virus (100-300pfu) and Bgal (300pfu) for 40 hours and when confluent
stimulated with Doxorubicin (10uM and 30uM) for 24 hours. Cell viability was determined by
Pl and Annexin V-APC straining as outlined in methods section 2.2.6. Where, Early apoptosis
(Annexin V-APC) Late apoptosis (Pl and Annexin V-APC) and Necrosis (Pl). A) Representative
dot plots with double staining of Annexin V-APC/PI staining of Doxorubicin treated cells. B)
Histograms showing percentage of |) Healthy, Il) early apoptotic, Ill) late apoptotic and V)
necrotic cells. Results represent mean + S.E.M, n=3, non-significant, compared to Drug and

vehicle control.
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After investigating the impact on cell viability with Doxorubicin, HUVECs were
treated with Cisplatin. To fully investigate if cell viability and infection differs on the
mechanism of action of the different compounds 30uM and 100uM were examined.
Figure 4.25 shows that cell viability is different with Cisplatin treatment compared to

Doxorubicin.

Cisplatin at 30uM had little effect on the percentage of healthy cells which was
comparable to the untreated control (% cells: control 65.24+3.69, % cells: 30uM
57.76%2.85). Whilst the infection with BGal was without effect, Adv.NLS-1 MKP-2, at
all concentrations tested, significantly decreased the percentage of healthy cells (%
cells:100pfu 25.72+2.61, ****P<0.0001, n=3, 300 pfu 29.24+2.74, ****pP<0.0001,
N=3). However, at a higher concentration of Cisplatin (100uM), there was a
significant decrease in the percentage of healthy cells (% cells: 25.88+3.45, N=3).
However, there was no corresponding significant effect of Adv.NLS-1 MKP-2 on the
Cisplatin response although there was a minor 5% increase in healthy cells at 300pfu

(300pfu % cells: 31.61+£2.37, N=3).

It has been observed that early apoptosis is similar in the untreated cells alongside
those treated with Cisplatin at both concentrations, at around 5% early apoptosis.
However, these levels are significantly increased with the infection of Adv.NLS-1
MKP-2, indicating that Adv.NLS-1 MKP-2 increases the percentage of early apoptosis
in Cisplatin treated cells. The percentage of early apoptosis increased from 5% to
23% with 30uM Cisplatin 300pfu (% cells: 15.81+0.68, ****P<0.0001, N=3), whereas
for 100uM early apoptosis is increased from 7% to 25% (% cells: 23.35+1.65,
***P<0.001, N=3). This shows that Adv.NLS-1 MKP-2 has significantly increased the
percentage of early apoptotic cells by around 20% which has shown not to be
concentration dependent. When looking at 100uM overall there is an increase in
early apoptosis, however this does not show to be as concentration dependent as
30uM. Combining 100uM with 200pfu increases early apoptosis by 13% (%
cells:22.69+1.91, ****P<0.0001, N=3).
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Whereas both 100 and 300pfu increase levels by 16% respectively, (100pfu % cells:
26.41+2.87, ****P<0.0001N=3 and 300pfu % cells: 25.21+1.94, ****P<0.0001,
N=3). This indicates that the mechanism of action of Adv.NLS-1 MKP-2 in

combination with Cisplatin is similar at any concentration.

This similarity in pattern however differs when looking at late apoptosis. Adv.NLS-1
MKP-2 has differing effects on the two Cisplatin concentrations. When looking at
30uM of Cisplatin there is a significant increase of late apoptosis which was found to
be significant when comparing cells with and without Adv.NLS-1 MKP-2, as 300pfu
shows an increase of 20% (% cells: 42.02+2.283, *P<0.05, N=3). Yet, when used with
100uM there is a significant decrease in late apoptosis from 50% (% cells:
50.8612.66, N=3) to 34% with 100pfu (% cells: 34.84+3.26, N=3) and 37% with
300pfu (% cells: 37.89+2.10, N=3). This indicates the concentration of Adv.NLS-1
MKP-2 does not have a significant impact on late apoptosis level, with 100 and
300pfu levels being comparable. However, this does seem to suggest a small level of
cellular protection with the damage 100uM Cisplatin causes. Particularly when

compared to the levels of necrosis.

Overall, the level of necrosis shows to slightly reduce with the effect of Adv.NLS-1
MKP-2 on Cisplatin treatment when comparing the untreated (% cells: 6.12+1.93,
N=3) and drug only controls, as all show levels of around 7% necrosis (30uM % cells:
7.20£1.34, N=3, and 100uM % cells: 6.18+1.22, N=3). With Adv.NLS-1 MKP-2
infection there is a slight decrease by around 2% of necrosis with 30uM (300pfu %
cells: 5.39+1.04, N=3), which is mimicked when looking at 100uM of Cisplatin where
drug controls show 6.18% (% cells: 6.18+1.22, N=3) necrosis compared to 5.29%
with 300pfu Adv.NLS-1 MKP-2 (% cells: 5.29+0.96, N=3). Interestingly both Cisplatin
concentrations show more of a decrease in necrosis with 200pfu (% cells: 2.94+0.59,
N=3). To further understand this phenomenon further analysis is required. when
combined it can be deduced that Adv.NLS-1 MKP-2 does show a form of cellular

protection from Cisplatin induced cell death.

185



This difference in how Adv.NLS-1 MKP-2 impacts cell survival is indicative of the
mechanisms of action of the compounds examined. To fully understand the
synergistic effect of the Adv.NLS-1 MKP-2 and differing chemotherapeutics

mechanism of action, further investigation is required.
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Figure 4.25 The effect of Adv.NLS-1 MKP-2 on Cisplatin-mediated HUVEC death using FACS
analysis.

HUVEC cell viability was measured using Flow Cytometry. Sub-confluent HUVECs were
infected with Adv.NLS-1 MKP-2 Virus (100-300pfu) and Bgal (300pfu) for 40 hours and when
confluent stimulated with Cisplatin (30uM and 100uM) for 24 hours. Cell viability was
determined by Pl and Annexin V-APC straining as outlined in methods section 2.2.6. Where,
healthy (non), Early apoptosis (Annexin V-APC) Late apoptosis (Pl and Annexin V-APC) and
Necrosis (Pl) were detected. A) Representative dot plots with double staining of Annexin V-
APC/PI staining of Doxorubicin treated cells. B) Histograms showing percentage of |) Healthy,
1) early apoptotic, Ill) late apoptotic and IV) necrotic cells. Data represents mean *S.E.M, n=3,

*P<0.05, ***P<0.001 ****P<0.0001 compared to drug and vehicle control.
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4.2.9. Generation of JNK1 ad 2 CRISPR knockout cell with
CRISPR

4.2.9.1. Design and characterisation of gRNA

After investigating both a pharmacological tool and an adenovirus as approaches to
inhibit JNK activation, a CRISPR knockout system was generated. As the first two
methods did not fully inhibit JINK and have known off targets, CRISPR was chosen to
enable JNK specific knockout models and investigate the differing effects of the

different isoforms, namely JNK1 and JNK2.

Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR) Cas 9 is fast
becoming one of the most influential techniques of the 21st century. This relatively
new technique allows for the alteration of the genome in a simple and inexpensive
manner. Opening up the technique to all labs globally pathing the way for life
altering treatments to some of the most life altering diseases (Ferreira and

Choupina, 2022).

This phenomenon was first identified as a natural phenomenon in Escherichia coli by
the Nakatas group in 1987. It was noted, while trying to identify the gene
responsible for isozyme conversion, that the same sequence was found in different
clones (Ishino et al., 1987). However, it was not until the 2000’s that the link
between spacer regions of the CRISPR and those sequences of the prokaryotic
genomes was made by Mojica et al, (2005), paving the way for its use in research by

3 main groups Mojica , Pourcel and Bolotin (Mojica et al., 2005).

Therefore, establishing an endothelial JINK knockout cell line was important when
investigating the effect JINK and its isoforms have on cardiovascular toxicities.
EA.hy926 cells were chosen as an immortalized cell line for this technique. These

cells were used when establishing CRSIPR knockouts of JNK1, JNK2 and JNK1 and 2.
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4.2.9.1.1. gRNA Design

To enable the investigation of the effect knocking out JNK would have on the
endothelial cells, first a JINK Cas9 plasmid needed to be designed. An initial literature
review failed to show any previous use of CRISPR to knock out JNK therefore new
potential guide RNA (gRNA) would have to be designed. To do this, two online tools
were utilised to highlight potential target sites, ChopChop and Synthego. These tools
were used to find potential target sites for MAPK8 (JNK1) and MAPK9 (JNK2) in
Homo sapiens for CRISPR/Cas9. Both sites gave a number of potential sequences, of
which 4 potential sequences were selected based on a number of qualities: a low
number of mismatches, a high GC content and a high efficiency. As shown in table 1,
2 target sites were selected for each family member, to increase the probability of
success. These sequences were then checked using the Santa Cruz Genome browser
BLAT function to ensure that these sequences are accurate for their target site.
Multiple target sequences were then selected for a higher rate of success, with both
target sites being in different exons to further increase the probability of an effective
knockout of the gene. However, sites that target JNK can only be found on 1 exon,
therefore both target sites selected are located at different sections of the same
exon. For JNK1, this is encoded on exon 2 and JNK2 is coded on exon 3. Figure 1
shows the location and sequence shown on Synthego of JNK1,1 that was selected
for use. The sequences were then ordered for both the 5" and reversed 5’ sequences

to total 8 sequences as shown in table 1.
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Figure 4.26 Target location on the genome (Taken from synthego, 2019).

The sequence in bold and black is the target sequence for JINK1,1 from Synthego. The red
arrow shows the cut site which is directly before the PAM (protospacer adjacent motif) site
(Blue). As shown in the diagram the cas9 binds to the complementary strand — guide strand
in the 5’ — 3’ direction (as seen in green).

Table 4.1 Selected JNK sequences

Sequences were selected using CHOPCHOP and Synethgo. Sequences used in both 5" and 5’
reversed ordered from Sigma Aldrich

Sequences 5’ Forward 5’ Reversed

MAPKS (JNK1)

JNK1,1 AGAAUCAGACUCAUGCCAAG CACC/TCTTAGTCTGAGTACGGTTC | CTTGGCATGAGTCTGATTCT

JNK1,2 AACACCCGTACATCAATGTC CACC/TTGTGGGCATGTAGTTACAG | GACATTGATGTACGGGTGTT

MAPK9 (JNK2)

INK2,1 CUGCAUUUGAUACAGUUCUU | CACC/GACGTAAACTATGTCAAGAA | AAGAACTGTATCAAATGCAG

JNK2,2 GAGAACGGTGAGTATAGCCG CACC/CTCTTGCCACTCATATCGGC CGGCTATACTCACCGTTCTC
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Once the sequences were selected, CACC was added to 5’ forward and AAAC to the
5’ reversed strand of the complementary and reverse strands as indicated in table 1.
The AAAC and CACC are non-specified bases that will provide overhangs based on
the BBs1 overhang site used in the Cas9 plasmid. The Cas9 plasmid was then
linearized, the sequence of choice was then inserted to recreate a circular plasmid
containing our sequence of choice. To confirm the success of the ligation, the
plasmids were plated onto agar plates containing carboxacilin and incubated at 37°C
overnight. | It was then determined that JNK1,1, JNK1,2 and JNK2,1 ligation was
successful as colonies had formed on the agar plate. As there were no colonies on
the agar plate for JINK2,2 and due to time restraints, this sequence was then

discarded from future stages.
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Figure 4.27 Electrophoresis Gel confirming Insertion of JNK sequence into the plasmid.

Electrophoresis was used to ensure that all insertion of sequences was effective. A gel was
prepared and placed in the PCR tank with the prepared samples of JNK1,1, JNK1,2 and
JNK2,1. Each sample was added in duplicate as the first was prepared using a low yield kit
and the second using a high yield Isolate Il Plasmid Mini Kit. The gel was run for around 1
hour at 100 volts. N=1
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Next the plasmids of the successful sequences were ran using agarose
electrophoresis., to confirm the plasmid was the correct size and circular. This
should be confirmation the DNA had been inserted into the vector prior to any
further analysis. The bands shown in figure 4.27, for JNK1,1, JNK1,2 and JNK2,1
confirm this. As these plasmids were deemed successful, they were sent for
sequencing to SourceBioscience, to further confirm that the sequence was

successfully inserted into the cas9 plasmid.
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Figure 4.28 Cas9 plasmid for JNK1 and JNK2 sequences confirmation from
SourceBioscience.

A-C) cas9 plasmids shown to contain the sequence for JNK1,1 JNK1,2 and JNK2,1 respectively.
D-F) Finch TV results for the sequences inserted into each plasmid. Confirming that the cas9
plasmids contain the appropriate sequence chosen. N=1
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Figure 4.28 A-C shows a circular representation of each plasmid, and the successful
sequence has been highlighted by the orange arrow respectively. This is to infer that
the insertion has been successful. For further confirmation, Finch TV, a chromatogram
viewer, was utilised. With the use of this technology, the sequence of interest could
be identified in the sequence, as shown in figure 4.28 (D-F). Each nucleotide was
assigned their own unique colour - T=Red, A= Green C= Blue and G= Black. If the
insertion had not been successful, the software would not clearly decipher between
the colours, and more than one coloured line would overlap. Also, in the sequence
above a letter, N would replace the T, A, C, G above the graph as it was unable to

decipher the nucleotide.

As figure 4.28 D-F shows, each of the sequences match their chosen sequence as seen
in table 1. This confirms that the chosen gRNAs have been successfully inserted into

the cas9 Plasmid. Allowing for the plasmids to be transfected into cell lines.
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4.29.1.2. CRISPR knockout in endothelial cells

The plasmids were then purified and linearised to enable them to be transfected
into the endothelial cells, for this an immortalized cell line EA.hy926 was used. This
was to give more stability to the transfection. The HUVEC cell line is a primary cell
line and therefore can only be used for 7 passages. This could reduce the possibility

of transfection by limiting the time required for effective replication.

Once gRNAs were designed and characterised this enabled them to be used for
transfections. Plasmids were transfected into 50% confluent EA.hy926 cells using
polyethylenimine (PEI). Once transfected, an individual cell was selected and grown
in a 96 well plate. Once there was enough of each clone, they were individually
assessed for JNK knockout using western blot analysis. Each clone was then
stimulated with 30uM of Doxorubicin for 8 hours and western blot analysis was
utilised to assess knockout of JNK. It was during this screening that it was noted that
there had not been a successful knockout. As figure 4.29 shows, when looking at
JNK1 only, there is knockdown when stimulated with Doxorubicin compared to the
EA.hy926 control. However, JINK1 bands can be seen in the total JNK blot indicating
that this knockout was not as successful as the pJNK blot shows. To confirm protein
levels GAPDH was ran, as figure 4.29 shows there is significant effect on the protein
level compared to the EA.hy926 control. Therefore, the lack of expression visible on
the blot could be due to the loss of protein in these cells. However, when looking at
the JNK knockout, it can be seen in the pJNK blot that expression can still be
detected after treatment with Doxorubicin. Indicating that there was little impact
made by the CRISPR cas9. This can be confirmed by both the levels of total JNK in
comparison to the EA.hy926 control and the knockout cells. As there was not
sufficient evidence CRSIPR cas9 clones had been successful no further experiments

were carried out.
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Figure 4.29 Generation of EA.hy926 cell lines with JNK1 and JNK

EA.hy926 cell lines were generated as stated in methods section 2.2.12.11. Using JNK1 and JNK
targeting CRISPR cas9 plasmids. Results show western blot of JNK expression in the 2 cell lines
plus EA.hy926 control with Total JINK and GAPDH as loading control. Blots were semi quantified
as outlined in methods 2.2.2.6. A) western blot representation. B) Graphical representation of
. change in protein expression. Results represent N=1
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The MAPK kinase family member JNK has been associated with cardiovascular
toxicities and has been shown to play a vital role in atherosclerosis and endothelial
dysfunction. Therefore, it is important to understand the pathway and investigate
approaches which can protect endothelial cells from cardiovascular toxicities. In
this study, three methods of inhibiting JNK activation have been investigated to
determine the impact this has on cell viability. To do this, a pharmacological tool,
virus and novel CRSIPR cas9 have been used to prevent JNK activation and examine

the effect this has on HUVEC viability.

A widely studied pharmacological inhibitor used to inhibit JNK activation is
SP600125. This anthrapyrazolone inhibitor, was designed by Bennett et al (2001) to
specifically inhibit JNK activation (Bennett et al., 2001). It does this by functioning as
an ATP competitive inhibitor, by binding at the hydrophobic pocket of the ATP-
binding site though found to be selective to JNK it was also shown to be reversible
(Wang et al., 2007). This compound inhibits all isoforms of JNK similarly (Bennett et
al., 2001). Therefore, it was utilised as a reversible specific inhibitor of INK. As a
reversible pharmacological tool would be most advantageous in a clinical setting. If
found to be effective, by only inhibiting JNK during treatment, this could effectively

protect from long-term damage.

This compound has been used in several studies since its discovery in 2001,
including cancer and inflammatory disease. It has been shown in this investigation
that SP600125 inhibits JNK by holding it in an inactive conformation, therefore
preventing phosphorylation of JNK in HUVECs (Lombard et al., 2018). However, this
is a reversible reaction and following treatment with Cisplatin, p-JNK could be
detected. This thesis also observed that there was little change shown in the DNA
damage markers such as yH2.AX and caspase 3. As yH2.AX has been reported to be
phosphorylated by JNK, some reduction in expression was expected. However, it has
been observed in studies by Damrot and Deng. Doxorubicin has been shown to

activate the yH2A.X in endothelial and cancer cells (Damrot et al., 2006).
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Deng et al (2018) have shown that 50nm Doxorubicin activates yH2A.X in MDA-MB-
231 and MCF-7 breast cancer cells. Showing that Doxorubicin causes DNA damage at

very low concentrations (Deng et al., 2018).

This JNK/yH2.AX complex has been shown to be linked with caspase 3 leading to
apoptosis (Lu et al., 2006). Therefore, by thoroughly investigating the relationships
between these pathways, could ultimately protect endothelial cells from
chemotherapeutic damage. This study found that by using SP600125 there was no
change in yH2.AX, caspase 3 or GSDME levels. This could be a result of several
reasons including incomplete inhibition of the pathway or off target effects of

SP600125.

It is well documented that SP600125 is not specific to the JNK inhibition as there are
a number of off target effects (Bain et al., 2003). Bain et al (2003) found when
screening 28 protein kinases, 13 were inhibited by SP600125 some with greater
potency than JNK. Among the other protein kinases found to be inhibited is SGK,
CDK2 and S6K1. These proteins all relate to key processes within the cell which
could relate to the effects of anti-cancer agents. By inhibiting these and JNK, the
cellular effects shown in this chapter cannot answer if INK inhibition affects the
cells. The inhibition of these other protein kinases could explain why SP600125 was
found not to reduce the percentage cell death in the FACS analysis. It was instead
found to reduce healthy cells and increase apoptosis. Other studies such as Yu et al,
found that inhibiting JNK with SP600125 triggered apoptosis in bladder cancer cells
(Yu et al., 2019a) which could explain why apoptosis was increased in our study
which was particularly apparent with Cisplatin treatment. As a result of these
findings, examining another JNK inhibitor could allow more insight into the
connections, which could pave the way for novel treatments to prevent

cardiovascular toxicities by modulating these pathways.
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Overall, this study shows that there is a need for more specific inhibitors. There have
been a number of different inhibitors for JINK that have been widely used aside from
SP600125. As JNK is implicated in a number of diseases there have been a number
of inhibitors developed. Currently there are few JNK inhibitors aside from SP600125
in use, these inhibitors include AS601245 and JNK-IN-8 (Wu et al., 2020).

Another ATP binding site inhibitor, AS601245 ([1,3-Benzothiazol-2-yl-(2-{[2-(3-
pyridinyl)ethyllamino}b.-4-pyrimidinyl) acetonitrile)is extensively used in research,
(Ferrandi et al., 2004). This inhibitor is also non-selective and inhibits all isoforms of
JNK, which has also been shown to influence other MAPK such as ERK (Ferrandi et
al., 2004, Carboni et al., 2004). Carboni et al (2004) have used AS601245 for in vivo
neuroprotective studies where they have shown that the inhibitor protects against
ischaemic insults in gerbils and mice models. However, it has been reported that
only the phosphorylation of c-Jun is inhibited at high concentrations due to limited

cell penetration and ATP concentration (Zhang et al., 2012b).

Another example is JNK-IN-8 which targets JNK to sensitize triple- negative breast
cancer to lapatinib (Wu et al., 2020). This is irreversible inhibitor was found to be
more selective than SP600125, however, it has low selectivity as it inhibits all 3
isoforms (Ebelt et al., 2017). This limits its use in any study which seeks to delineate
isoform specific mechanisms. It binds to the Cys116 in the catalytic binding sites
inhibiting c-Jun and ser63 phosphorylation (Zhang et al., 2012b). It was thought that
cysteine-directed inhibitors would be more advantageous and would prolong
pharmacodynamics (Zhang et al., 2012b). It has shown this by upregulating p65 and
Nrf2 in triple negative breast cancer cells (Ebelt et al., 2017). In other breast cancer
studies inhibitor IN-8 has shown to also inhibit p38 phosphorylation also indicating
lack of specificity among MAPK pathway (OZzfiliz Kilbas et al., 2020).
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Although other inhibitors have been developed and investigated on a number of cell
lines, they still show similar problems to SP600125. Due to the differing roles of INK
and its isoforms it is difficult to formulate a specific inhibitor to target individual

isoforms and also MAPKs. More research is required to fully understand JNK and the
role its isoforms play to enable a specific and effective inhibitor of JNK to be used to

protect the endothelium from damage.

An alternative strategy available in the laboratory was to utilize a MAP kinase
phosphatase to inhibit JNK activation. MKP-2 (mitogen-activated protein kinase
phosphatase) is a dual specific nuclear phosphatase that belongs to a family of
DUSPs (dual-specificity phosphatases) of which there are 10 members which can be
categorised by MAP kinase specificity, subcellular distribution, and regulation
(Cadalbert et al., 2005, Chen et al., 2001, Lawan et al., 2012). They are found in a
number of tissues and are known to dephosphorylate MAPKs (Sloss et al., 2005).
Each MKP is specific for different MAPKs, MKP-1, located in the nucleus,
dephosphorylates ERK, p38 and JNK, whilst the cytosolic MKP-3 is known to
dephosphorylate ERK alone (Sloss et al., 2005, Cadalbert et al., 2010). Whereas
MKP-2 dephosphorylates ERK and JNK, which has been shown to be nuclear located
(Lawan et al., 2012, Cadalbert et al., 2010). Dephosphorylation occurs with the
removal of the phosphoryl moiety on the threonine and tyrosine residues in the TXY

motif (Cornell et al., 2012, Cadalbert et al., 2005, Cadalbert et al., 2010).

For class 1 MKPs, substrate specificity is due to the kinase interacting motif (KIM)
which dictates ERK binding but not JNK (Seternes et al., 2019). Subcellular
distribution is defined by targeting motifs; nuclear localisation sequences (NLS) or
nuclear export sequences (NES). DUSP4/MKP-2 has a nuclear localization sequence
in the C-terminus, allowing for localization into the nucleus which also encompasses
the KIM domain (Lawan et al., 2012). A previous study from the Plevin group found
that in addition to NLS-1, a second NLS, NLS2, also allows localisation of MKP-2 to
the nucleus. Disruption of 2 localisation sequences is required for the full cytosolic
retention and that either NLS alone is sufficient for nuclear targeting (Sloss et al.,

2005).
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The nuclear location was confirmed using immunofluorescence, however other
studies have shown that this MKP-2 mutant could be cytoplasmic. Chen et al (2001)
have shown that an MKP-2 R74A/R75A/R76A mutant at high concentrations could
be found in the cytoplasm however at low concentrations it remained in the nucleus
(Chen et al., 2001). Similar to these results, the current study demonstrated that
Adv.NLS-MKP-2 whilst being predominantly in the nucleus did show some

expression in the cytosol.

Adv.NLS-1 MKP-2 has been shown to dephosphorylate JNK as shown in the chapter,
however the pJNK antibody has been known to cross react with pERK. The western
blot has also shown a decrease in ERK levels with Adv.NLS-1 MKP-2, confirming that
this mutant is not JNK specific despite not possessing the ERK binding motif. Whilst
not the focus of this thesis, this observation suggests that other regions of MKP-2 in
addition to the KIM domain function, bind MKP-2 to ERK. The continued use of
Adv.NLS-1 MKP-2 and the pharmacological tools show that a more specific tool is
required for JNK investigations. Although siRNA has been utlilised in a number of

studies with promising results.

This study was, however, able to show that using the MKP-2 virus, JNK
phosphorylation was effectively inhibited. Therefore, the impact of JNK deactivation
could be further investigated. Currently there have been no studies on the effect
MKP-2 may have on pyroptosis, therefore this study investigated the relationship
between MKP-2 dephosphorylation and reduced cellular pyroptosis. Pyroptosis, first
identified in 1992, it is another form of programmed cell death which is linked to
inflammatory response (Zychlinsky et al., 1992, Zhaolin et al., 2019). This lytic form
of cell death utilises the immune response to perform programmed cell death

(Loveless et al., 2021).
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There are two main mechanisms of pyroptosis both requiring members of the
gasdermin protein family. There are 6 GSDM members all composed of an N-
terminal and C-terminal. GSDMs are cleaved at the inter domain linker releasing the
N domain which translocate to the cytoplasmic membrane resulting in osmotic
swelling and lysis (Xu et al., 2022a). GSDMD is a well recognised mechanism of
pyroptosis that is mainly linked to immunological stimulation, whilst GSDME is
involved in drug-induced programmed cell death (Aki et al., 2022). In this study the
focus remained with GSDME. GSDME is cleaved into the active form by caspase 3
and 7, once activated GSDME-N. The cell swells and due to N terminal binding to
the membrane causing the formation of pores, cellular components leak launching

an immune response (Li et al., 2023).

Pyroptosis has been linked to a number of conditions including cancer and
cardiovascular disease. Since its discovery pyroptosis has been reported to play a
role in various cardiovascular diseases and has been linked with endothelial cells
(zhaolin et al., 2019). In this study it was found that by deactivating JNK with MKP-2
there was a decrease in pyroptosis related genes, which was consistent with both
chemotherapeutic agents. This decrease was observed to be concentration
dependent but the levels of GSDME, caspase-3 and yH2.AX were all reduced to
some extent. A study looking at atherosclerosis also implicated Pyroptosis and its
link to endothelial dysfunction (Zhang et al., 2018). Zhang found using both mouse
models that melatonin, an anti-inflammatory, reduced atherosclerotic plaques in
the mice models. They also found a reduction in pyroptosis related genes in the
aortic endothelium that was consistent with their observations in human aortic
endothelial cells, highlighting the importance pyroptosis may play in preventing such

conditions.

As a form of programmed cell death, Pyroptosis can be prevented by inhibiting
cellular processes unlike necrosis (Jorgensen et al., 2017). This mechanism was
investigated by FACS cell death analysis and a cytotoxicity assay, where it was

hypothesised MKP-2 would reduce cell death.
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The cytotoxicity assay for both Doxorubicin and Cisplatin showed that by preventing
JNK activation, cytotoxicity was significantly reduced. With the use of brightfield
images it was also able to show a reduction in cellular release with the use of MKP-
2, indicating that pyroptosis can be reversed by inhibiting the JNK pathway. Zhang et
al (2021) found that there was a link between JNK and pyroptosis through their
breast cancer study. They were able to show that Doxorubicin induced pyroptosis in
breast cancer cells. They showed the ROS accumulation due to Doxorubicin
activated JNK and caspase-3, and it was this accumulation of caspase 3 that lead to

GSDME initiated pyroptosis (Zhang et al., 2021).

Caspase-3 is a cysteine protease known for cleaving specific target proteins, in
mammals there are 18 caspases where caspase-3 is known as a initiator caspase
(Eskandari and Eaves, 2022). Activation of caspase-3 occurs in the cytoplasm and the
cleaved caspase-3 can translocate into the nucleus via a nuclear export signal (Luo
et al., 2010). Studies looking into colon cancer have found that Lobaplatin (a
chemotherapeutic agent) activates caspase-3 which enhances pyroptosis. Which
activates the ROS/JNK/Bax pathway resulting in mitochondrial apoptosis which
releases cytochrome c. This mechanism has been found to be a positive feedback
loop which increases the activation of caspase 3 (Yu et al., 2019b). Another study
looking at head and neck cancers by Lan et al (2021) found in OEC-M1 cells (Human
oral squamous carncinoma) that JNK was activated by paclitaxel which lead to

caspase-3 activation resulting in apoptosis (Lan et al., 2021).

The reduction in JNK mediated by MKP-2 was also seen to reduce levels in apoptosis
in Doxorubicin treated HUVECs. However, this was matched by increased necrosis.
This phenomenon was not replicated in the Cisplatin treated cells, where early
apoptosis was found to increase with other forms showing a reduction. It can be
determined however that there was not an increase in healthy cells detected for

either compound.
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This could be due to the different mechanisms of action of the drugs, the viral
vector or the specificity of MKP-2. MKP-2 has been reported in the literature to
dephosphorylate both ERK and JNK in vitro, studies have shown this to be selective
for JNK in cellular systems (Cadalbert et al., 2005, Al-Mutairi et al., 2010). To fully

understand the effect of INK more specific inhibitors should be utilised.

It is also well known that the different isoforms of INK have different roles in cell
function, therefore investigating the effect these individual isoforms have on
pyroptosis levels could give more of an insight into how overall JNK is involved with

pyroptosis.

Other studies have linked JNK and pyroptosis. Recently it was found by Chen et al
(2023) whilst investigating SHP2 (Src homology 2-containing phosphatase 2) and
triple negative breast cancer that inhibiting JINK phosphorylation resulted in a
decrease in LDH levels using MDA-MB-231 cells and mouse models. They found
SHP2 bound to JNK preventing phosphorylation of the protein which led to a
reduction in LDH levels and ultimately preventing pyroptosis. They also found that
SHP2 knockdown mediated pyroptosis was a result of JNK phosphorylation (Chen et
al., 2023), also confirming our findings that a reduction in JNK leads to reduced LDH
levels in the HUVECs. Another group investigated the effect the JNK/caspase 3
pathway had on stroke models. They found that an increase in ALDH2 (Aldehyde
dehydrogenase 2) suppressed JNK activation, reduced caspase-3 levels and resulted
in reduced apoptosis and reduced the LDH levels in cortical neurons and PC12 cells

(Xia et al., 2020). Indicating that this phenomenon is found in a variety of cell types.

As previously stated Adv.NLS-1 MKP-2 is unable to discriminate between the
different JNK isoforms, a more selective strategy was required. For this it was
decided to use the novel technique CRSIPR cas9. CRSIPR cas9 is a now widely
utilised technology, although relatively new, that allows for the permanent knock
out or in of any gene (Yu et al., 2019d). It has been utilised in many animal, plant

and cell-based studies, for a variety of different diseases and implications.
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Before this investigation it was found that there currently was not an example of a
JNK Crispr cas9 model. Therefore, it was decided to develop a JNK 1, JNK 2 and JNK
1/2 knock out cell lines. This novel strategy would allow the full investigation into

the impact JNK has individually on HUVEC viability.

CRISPR cas9 was identified as a natural phenomenon in Escherichia coli by the
Nakatas group in 1987. It was noted, while trying to identify the gene responsible
for isozyme conversion, that the same sequence was found in different clone (Ishino
et al., 1987). It was in 2005 when Mojica et al (2005) discovered that these repeated
sequences, known as spacers, were found in a number of prokaryotic species
(Mojica et al., 2005). Mojica was also one of the first to hypothesis this
phenomenon was part of the bacterial immune system (Gostimskaya, 2022). Though
it was in 2020 that Charpentier and Doudna were awarded the Nobel prize for this

gene editing technology.

This technology utilises the ability of the bacteria to recognize and store small pieces
of DNA from each infection. This results in future infections with the same pathogen
being removed and destroyed. In the laboratory a guide RNA is generated using a
PAM site and a 20bp nucleotide. A PAM (protospacer adjacent motif), is 2-5bp
adjacent to the target sequence, this allows the cas9 to determine between self and
non self (Gleditzsch et al., 2019). Cas9 detects this downstream of the sequence to
know to bind and cut. Thus, forming double strand breaks at the PAM sites

removing the sequence (Doudna and Charpentier, 2014).

This more selective method of JNK knockout would allow for the investigations of
the individual isoforms of JNK. As it is known, JNK 1 and 2 specifically have different
roles. Therefore, using online tools gRNA was generated and was ensured to be
specific to human JNK genes. As HUVECs are a primary cell line it was decided that
they would be unsuitable, as they are limited to 6 passages. Therefore the EA.hy926
cells were chosen as they are an endothelial cell hybrid that would enable more

passages before transformation.
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It was reported in this study that the sequences were specific to Human JNK and

that also the sequences were successfully inserted into the cas9 plasmid.

It has been observed that when attempting to knockout JNK1, there was a large
impact on the expression of JNK2. It was also noted that the protein levels for this
cell line were significantly reduced. This lack of protein may be causing the reduced
expression visualised by the western blot rather than the success of the plasmid and
transfection. Therefore, it was decided not to continue the investigation as this
could not be confirmed in the time scale. As this study has shown, further work is
needed to invest in the generation of a successful CRISPR cell line. Due to time
restraints this investigation was unable to establish successful knockout models.
With more time and attention on transfection methods this could become

successful.

When looking into the use of CRISPR knockout of JNK there are a number of
publications. However, these publications have knocked out other proteins that are
either upstream or downstream of JNK. An example of this is where Zhou et al
(2022) used CRISPR to knockout MiRNA-363-3p in DLBCL cells, indirectly knocking
out JNK activity (Zhou et al., 2022). The micro-RNA MiRNA-363-3p has been linked
with resistance to chemotherapy in Diffuse large B-cell ymphoma. The miRNA-363-
3p mechanism of resistance has been shown to be via DUSP10 and JNK. Zhou et al
(2022) were therefore able to inhibit JNK activation and through the knockout of
miRNA-363-3p (Zhou et al., 2022). Whereas Zeissig et al (2024) knocked out the
chemokine receptor CCR1 in human myeloma cell line OPM2 (Zeissig et al., 2024).
By inhibiting CCR1, this negatively regulated IRE1 expression which is upstream of
JNK therefore resulting in the inhibition of JNK activation (Zeissig et al., 2024). This
indicates how complex JNK knockouts are and explains why there has not yet been a

successful JNK knockout in cells via CRISPR.

In conclusion, this chapter shows that both Cisplatin and Doxorubicin induce
endothelial cell death, which can be identified as pyroptosis. The genes involved in

pyroptosis have also been reported to be induced with both compounds.
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Previous studies have shown that Adv.NLS-1 MKP-2 reduces JNK activity, pyroptotic
genes and ultimately reduces cytotoxicity, suggesting a potentially protective
mechanism that could alleviate anti-cancer treatment induced endothelial cell
damage. However, the findings of this thesis refute this. Adv.NLS-1 MKP-2 did not
reduce endothelial cell dysfunction, suggesting that further understanding of this
toxic mechanism is required. It can also be determined as there was no reduction in
the pyroptosis markers that SP600125 was not selective enough to inhibit
pyroptosis which was seen with Adv.NLS-1 MKP-2. By further understanding the
role of INK with the use of CRISPR cas9 and the different isoforms a potential novel

target could be utilised to protect from chemotherapeutic damage.
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Chapter Five

General Discussion
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5. General Discussion

5.1. General Discussion

For several years there has been great interest in the cardiotoxic side effects of
cancer treatments and the need to protect against this side effect. This side effect
impacts 20% of cancer survivors and has been known to develop up to 20 years post
treatment (Clark et al., 2016, Mulrooney et al., 2009). Therefore, treatment options
and preventative measures are vital to prevent such life altering damage. The aim
of this study was to investigate the mechanism behind damage to endothelial cells
through the JNK pathway. Therefore, it was hypothesised that radiation and

chemotherapeutic agents would result in JNK activation.

As discussed previously cardiovascular toxicities have been shown to start with
damage to the endothelium. Cancer treatments such as chemotherapy and
radiation have been shown in other studies to induce endothelial dysfunction
(Clayton et al., 2020b). Therefore, the emphasis of this study was to understand the
damage such treatments cause to endothelial cells by using the primary cell line

HUVEC.

Initially the focus was to characterize the effect of Doxorubicin, Cisplatin, Sunitinib
and x irradiation on HUVECs and the JNK signalling pathway. It was shown in chapter
3 that Sunitinib and x-irradiation induced significant cell death in HUVECs. However,
JNK signalling pathway was not activated at any time point or concentration tested.
There is very little literature on JNK and x-irradiation, however, other studies have
also shown Sunitinib does not activate the JNK pathway. Mahalingam et al. (2019)
have shown that sunitinib does not activate the JNK pathway in colorectal cancer
cell lines. They used 5uM for 24 hours which correlates with the concentration curve
carried out in chapter 3. However, it is shown to activate JNK when in combination
with another agent, tumour necrosis factor-related apoptosis-inducing ligand

(Mahalingam et al., 2019).

213



Further indicating that Sunitinib used in combination may utilise the JNK pathway.
Whereas Fenton et al. (2010) discuss that Sunitinib inhibits the JNK pathway when
looking at thyroid cancer (Fenton et al., 2010). They show that the mechanism
sunitinib uses to inhibit cell proliferation may be by blocking SAPK/JNK and MEK/ERK
(Fenton et al., 2010). Therefore, this could be an aspect of JNK activation that should
be explored, to understand if the lack of activity is because the treatments do not
activate the JNK pathway or if the pathway is inhibited to enhance further
mechanisms. The lack of JNK activity as a result of both Sunitinib and x-irradiation
has been documented in the literature, and in multiple cell lines indicating that the
mechanism of endothelial damage for these treatments may omit the pathway.
Therefore, the focus remained on Doxorubicin and Cisplatin, where a delayed and
sustained activation of JNK was shown. It was found that stimulating HUVECs with
both Doxorubicin and Cisplatin resulted in JNK pathway activation. Ramer et al.
(2018) found that low concentration of Cisplatin (0.01 and 1uM) did not elicit an
effect on endothelial cells, which correlates with the findings of this study. However
they used cultured media from treated cancer cells, which could be an area to be
further explored. They show that the toxicities of Cisplatin on the endothelium
maybe due to the cancer release of tissue inhibitor of matrix metalloproteinases-1
rather than the drug itself (Ramer et al., 2018). This is an area which should be

further explored in relation to all treatment options explored in this study.

Lu et al. (2007) have shown that this delayed, sustained activation is a well
characterised sign of apoptosis and cell death (Lu et al., 2007). Which has shown to
be very different from growth factor activation of the pathway, which is shown to be
much earlier and transient, for example TNFa (Wullaert et al., 2006). As has been
shown in chapter 3 with TNFa activating JNK at 15 minutes until 60 minutes
compared to Doxorubicin and Cisplatin activating JNK after 8 hours for over 24hours.
This has also been shown in a number of studies and cell lines such as ovarian
cancer, fibroblasts and cardiomyocytes (Helbig et al., 2011, Al-Mutairi and Habashy,
2022, Chang et al., 2011, Mansouri et al., 2003, Ramer et al., 2018).
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The sustained activation has recently been shown as a result of JNK-mitochondrial
SH3-domain binding protein5 (SH3BP5/SAB)-ROS activation loop (Win et al., 2018).
This was discovered when investigating liver disease. It was first identified that a
mitochondrial outer membrane protein (SH3BP5) was a target for pJNK binding
(Wiltshire et al., 2002). This phenomenon has been further explored by a number of
groups but was confirmed by Win et al. (2016). Using knock down models, they have
shown that the binding and phosphorylation of Sab by JNK on the outer
mitochondrial membrane results in SHP1 and DOK4 dependent inactivation of p-Src
on the inner membrane. Inactivation of Src on the inner membrane inhibits electron
transport, increasing ROS and sustaining JNK activation (Win et al., 2016). Although
investigated in liver injury, this phenomenon could aid the implication and

treatment of cardiovascular toxicities.

Alongside JNK, other pathways were also investigated to further understand the
mechanism of endothelial cell dysfunction. The NFKB signalling pathway was
investigated as it is known to play a role in cell survival and inflammation (Hoesel
and Schmid, 2013). It was hypothesised that there would be link between the
activation of the JNK pathway and the NFkB signalling pathway. However, it was
found that there was no link between JNK and NFKB, as Doxorubicin and Cisplatin
did not activate the NFKB pathway. NFKB has been shown to suppress JNK
activation in previous studies confirming the findings of this study (Papa et al.,
2006). Where this study has shown that there is no effect on either p65 or IKBa in
HUVECs to show this is independent of the canonical pathway. However, Wang et al.
(2002) found that NFKB is pro-apoptotic in both endothelial cells and
cardiomyocytes, where they suggest this is due to H,0,. As the removal of H;0;
protected the cells from damage (Wang et al., 2002). Wang et al. (2002) however
did not carry out western blot analysis, mainly DNA-binding activity assays. As
western blots detect protein and DNA-binding assays measure transcription factors
interaction with DNA, this difference in detection maybe result in the different

findings.
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ATM was investigated to understand the mechanism from DNA damage through to
JNK activation. In the preliminary data this study has shown the Doxorubicin elicits
ATM activation at 15minutes of exposure in HUVECs. This indicates that ATM would
be one of the effector genes in the pathway of cell damage. ATM and JNK have been
shown to be interlinked in other studies (Wang et al., 2009, Liu et al., 2024,
Mavrogonatou et al., 2022, Wang et al., 2021). Where Wang et al. (2009) results
suggest that ATM influences autophagy in lung cancer cells through JNK (Wang et
al., 2021, Wang et al., 2009). Whilst Liu et al. (2024) found that ATM inhibits TNF-a
by inactivating JNK in breast cancer cells, and that ATM negatively regulates PD-L1
by downregulating JNK which could be utilised to enhance cancer treatments (Liu et
al., 2024). These results suggest that ATM may regulate the JNK pathway, and this
link should be investigated further particularly in relation to cardiovascular toxicities.
Due to time constraints, it was not possible to optimise the antibody and allow for a
full investigation. As the antibody was found to be difficult to blot for due to its size

(350kDa).

As chapter 3 has highlighted, JNK activation due to Doxorubicin and Cisplatin
induced a delayed and sustained activation of the pathway, which has been heavily
linked to cell death. Therefore, MTT and FACS were used to further investigate cell
death for these compounds. MTT assays give a preliminary insight into the viability
of the cells and were used to confirm cell death prior to FACS. FACS has shown that
both Doxorubicin and Cisplatin elicit substantial damage to cell viability. It has been
shown that this correlates with a significant increase in apoptosis and necrosis in
HUVECs treated with these chemotherapeutic agents, which was hypothesized to be
linked to the sustained activation of JNK. It was then decided to further investigate
the mechanism of cell death, with the aim to find novel targets for future
treatments. Such mechanism included pyroptosis a newly identified for of

programmed cell death.
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As discussed in chapter 4 pyroptosis is a relatively new form of cell death implicated
with immune response (He et al., 2021). Pyroptosis has also been shown to be
promoted by atherosclerosis related factors such as ROS, mitochondrial dysfunction
and post translational modifications to name but a few (He et al., 2021). Therefore,
as well as FACS, which explores both apoptosis and necrosis, further investigation
was used to examine pyroptosis levels. As part of this, LDH levels and caspase-3 and

GSDME were investigated.

As shown in chapter 4, protein levels of caspase-3 and GSDME levels were slightly
reduced with Adv.NLS-1 MKP-2, indicating that this pathway may be linked with JNK.
Other studies have also shown that JNK is implicated in this pyroptosis pathway
(Bradfield et al., 2023). Bradfield et al. (2023) for example showed that biphasic
activation of JNK resulted in the generation of mitochondrial ROS. This was found to
support inflammasome formation and GSDMD activation resulting in pyroptosis in
mice models and a human lymphoma cell line (Bradfield et al., 2023). In this study,
by inhibiting JNK with MKP-2, it was shown that levels of LDH, linked to pyroptosis,
were reduced. This reduction also correlated with decreased levels of caspase-3 and
GSDME indicating that this mechanism of action could be involved in the endothelial
cell damage. Another study has shown that Doxorubicin induced pyroptosis in
breast cancer cells via GSDME (Zhang et al., 2021). Zhang et al. (2021) also
determined that Doxorubicin induced pyroptosis may be as a result of caspase-3
dependent reaction through the JNK signalling pathway (Zhang et al., 2021). They
conclude that Doxorubicin induced cardiovascular toxicities and pyroptosis can be
minimised by reducing GSDME levels. However, for this study, further investigation
is required to fully explore this target. As cell viability was not increased with the

reversal of pyroptosis in the HUVECs.
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5.2. Limitations

The main limitation to this study is the low N numbers, particularly in chapter 4. This
limits the ability to determine if the findings are significant. By increasing the n
numbers in the investigation and determining the significance would give weight to
the findings. Another large limitation of this study was the inability to fully
investigate the different isoforms of JNK. It is well documented that JNK1 and JNK2
have shared and different roles within the cell. Although not well characterized,
JNK1 has been shown to be vital for c-Jun activation (Liu et al., 2004). Liu et al.
(2004) demonstrated in JNK1 null and JNK2 null mice that c-Jun activation was
diminished in JNK1null mice and increased in JNK2 null mice models. This was also
confirmed by the findings of Sabapathy et al, where they have also shown that JNK1
is required for c-Jun activation in mouse fibroblasts (Sabapathy et al., 2004).
Sabapathy et al. (2004) have also shown that c-Jun is bound to JNK2 in unstimulated
cells, where it appears JNK2 is responsible for c-Jun degradation. As there are
differing mechanisms for the different isoformes, it is vital to further validate this
study in a cell model that has specific JINK knockout. A further study investigating
the knockout of the individual isoforms would also be invaluable. Unfortunately, due

to time constraints, convincing JNK CRISPR models were not achieved.

Therefore, it would be important in future studies to generate specific JNK knockout
models to fully understand the role it plays in cellular damage, as the models
utilised in this study are known to have off target effects, and effect more than one
protein. The accurate knockout of individual isoforms would also allow further

investigation into the mechanism and allow for development of novel treatments.

218



5.3. Future Work

As mentioned, this study was unable to activate JNK via x-irradiation. A potential
explanation could be that x-irradiation caused an increase in caspase 3 in the
cytoplasm (Feng et al., 2005). It was found by Vaishnav et al. (2011) that an increase
in caspase 3 could prevent the binding of the scaffold protein JIP1 therefore
preventing the activation of JNK (Vaishnav et al., 2011). Therefore, in future studies
the link between JIP1 levels and caspase 3 would be investigated. This mechanism
could help further understand JNK mechanisms which could be used for novel

targets or radiosensitisers.

Alongside FACS cell death analysis, cell cycle investigations should be carried out.
This would give further insight into not only the effect the compounds have on
HUVECs but also the inhibitors used. This could allow more investigation into how
MKP-2 inhibition reduces pyroptosis, which could determine the direction of future

experiments.

Further in-depth investigation into the pyroptosis markers would also give a broader
indication to the pathway mechanism. By investigating when caspase 3 and GSDME
activation begins and ends in relation to JNK activation. Also, the optimisation of the
ATM antibody would also allow the possible link between the DNA damage marker
and JNK activation to be thoroughly investigated. As all these markers have been
linked to JNK in the literature, it would improve the understanding of the pathway’s
mechanics in HUVECs to fully understand their role following cancer treatment.
Combination treatments would also be an important aspect to analyse. As it is
having been discussed cancer treatments often overlap and radiotherapy and
chemotherapy can be given in combination. Future studies should investigate
whether the combination of chemotherapy and even the combination of
chemotherapy and radiation treatment could result in the activation of JNK. As
studies have shown that sunitinib alone does not activate JNK but when combined

with another agent greatly increases JNK activity (Mahalingam et al., 2019).
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54. Conclusion

In conclusion, after analysing a number of different cancer treatments renowned for
cardiovascular toxicities, only Doxorubicin and Cisplatin induce JNK activation. It has
been shown that although irradiation and Sunitinib treatment of HUVECs did not
activate the JNK signalling pathway, they did induce significant cell death. It was
determined that both Doxorubicin and Cisplatin induced both a delayed and

sustained activation of the pathway indicative of cell death.

It was investigated using multiple tools the impact silencing JNK would have on
HUVEC cell viability. It was determined inhibiting JNK with the pharmacological tool
SP600125 did not protect cells from cell death and other downstream effect of JINK
activation such as GSDME, caspase 3 and yH2.AX were not changed. The use of the
MKP-2 virus showed an effective JNK inhibitor, of which proteins such as GSDME,
caspase 3 and yH2.AX were all reduced, indicating a reduction in Pyroptosis
characteristics, however this did not protect cell viability. Therefore, further

investigation into the pyroptosis JNK pathway is required.

This study confirms what has already been demonstrated that Doxorubicin and
Cisplatin cause damage to endothelial cells. Although this study was unable to
investigate the effect of the individual isoforms of JNK and their role in cell death. It
has shown that there are major limitations in the available JNK inhibitors. This
investigation was unable to identify JNK as a target for cardiovascular toxicities.
However, it is still important to investigate the molecular effect these cancer

treatments are having on the endothelium.
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