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Abstract

Malignant pleural mesothelioma (MPM) is associated with an extremely poor
prognosis and the majority of patients are initially or rapidly become unresponsive to
platinum-based chemotherapy. MicroRNA-31 (miR-31) is encoded on a genomic
fragile site, 9p21.3, which is reportedly lost in approximately half of MPM tumours,
and its prognostic value is currently ambiguous. Based on previous findings in a
variety of other cancers, it was hypothesised that miR-31 loss confers
chemoresistance and that miR-31 reconstitution may enhance sensitivity to
chemotherapeutics in MPM. Surprisingly, reintroduction of miR-31 into epithelioid
miR-31-null NCI-H2452 cells significantly enhanced clonogenic resistance to
cisplatin and carboplatin. Conversely, suppression of endogenous miR-31 in P31
epithelioid cells significantly increased chemosensitivity. Interestingly, while miR-31
overexpression increased resistance to platinum-containing  therapeutics,
paradoxically, a higher relative intracellular concentration of platinum was observed
versus controls. While the expression of the drug influx transporter CTR1 was
increased upon miR-31 re-expression, a significantly decreased intranuclear
concentration of platinum was observed, with associated reduction in DNA damage,
potentially explaining the increase in cisplatin accumulation but decreased
chemosensitivity. The converse relationship was demonstrated in P31 cells upon
endogenous miR-31 suppression, further suggesting a mechanism underpinning
resistance that involves altered nuclear transport. Linked with a downregulation of
OCT1, a bipotential transcriptional regulator with multiple miR-31 target binding
sites, we subsequently identified an indirect miR-31-mediated upregulation of
ABCB9, a transporter associated with drug accumulation in lysosomes, and
increased uptake of platinum to lysosomes. However, when overexpressed directly,

ABCB9 promoted cellular chemosensitivity, suggesting the miR-31 promotes
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chemoresistance largely via an ABCB9-independent mechanism. Overall, these data
suggest that miR-31 loss from MPM tumours does not promote chemoresistance in
MPM, and may be prognostically beneficial in the context of therapeutic sensitivity.
As such, endogenous miR-31 suppression may actually enhance sensitivity to

platinum-based treatment in patients with MPM.
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1.1 Malignant mesothelioma

1.1.1 Overview

Malignant mesothelioma is a relatively rare tumour that originates in the cells that
compose the mesothelial surface of the body cavities. There are four reported
anatomical areas in which mesothelioma can establish, these are namely the pleura,
pericardium, peritoneum and tunica vaginalis [1]. The pleural form of malignant
mesothelioma (MPM) is the most widespread in presentation, detailed in Fig 1.1, with
the other areas of the body contributing to approximately 22.1% of the total noted cases
of malignant mesothelioma [2-4]. Primary pericardial mesothelioma relates to 0.7% of
mesothelioma cases, with no clarity on a causative agent, although Mensi et al. [3]
supported that the pathogenesis of the disease is promoted by exposure to asbestos.
Peritoneal presentation accounts for 10-20% of cases, with most patients suffering with
progressive ascites, however, as Markaki et al. [2] reported, there are complications
with accurate diagnosis due to misinterpretations as serous papillary carcinoma and
ovarian carcinoma. The tunica vaginalis represents the most exceptional area for
mesothelioma to develop with, in 2011, only 223 cases known [4]. Initial symptoms
include scrotal enlargement with a paratesticular mass, which is then identified as

malignant mesothelioma intraoperatively [4].

1.1.2 Clinical presentation and diagnosis

The diagnosis of MPM represents a challenge as there is an extensive delay between the
onset of symptoms and accurate diagnosis [5]. The symptoms of the disease are
multifaceted and can progress with time; many patients have non-specific ailments
when presenting to a clinic. Symptoms comprise lethargy, chest pain, sweating,
coughing, breathlessness and constipation [6, 7], all of which have a range of different

diseases to which they can be attributed. An additional issue is the latency period of the
18
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Figure 1.1 Malignant pleural mesothelioma. (A) Diagram demonstrating the
anatomical presentation of malignant pleural mesothelioma. Lung is encased by
mesothelioma tumour developing in the pleural cavity. Adapted from Thompson and
Mason [8]. (B) Chest radiographs of a 55-year-old woman with MPM. Postero-anterior
(PA) (left) and lateral (right) radiographs demonstrate circumferential thickening, which
is encasing and compressing the right lung. Adapted from Bonomo et al. [9].
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disease; the time lapse from the carcinogenic agent exposure to the onset of disease can
be many years. The median latency period in review of 1690 cases, as described by
Linton et al. [10], is 32 years, with 20-40 years being the most common latency period.
The production of a chest radiograph is often a first line of enquiry when a patient
presents with dyspnoea, an antero-posterior (AP) or postero-anterior (PA) chest
typically reveals a unilateral pleural effusion or thickening also visible on a lateral view
in MPM [1]. A chest CT may then follow, although accurate diagnosis is not possible; a
“rind-like” tumour on the pleural cavity is suggestive of the disease [1]. Haberkorn [5]
reported that the primary investigative procedure for relatively accurate diagnosis (>90
%) is thoracoscopy, although there may be complications affecting the patient, such as
tumour seeding. Evidence of less invasive accurate diagnosis is growing, with
procedures such as 18F-fluorodeoxyglucose-positron emission tomography (FDG-PET)
gaining attention due to MPM cells taking up more of the FDG marker and thus
determining such vital aspects as prognosis and staging [5]. In respect of the medico-
legal aspects, a biopsy specimen of the tissue must accurately diagnose MPM via

histology [1].

1.1.3 Staging

The staging of MPM is complex, but the need to stratify patients quickly into different
treatment regimes according to survival data is prominent. It is well recognised that
patients who have advanced disease who would not benefit from surgery, for example,
should be considered for other treatments or palliative care, the primary aim being to
minimise stress to the patient [11]. Table 1.1 details a summary of treatment at differing
stages. CT and PET imaging are used for diagnosis and staging purposes, as well as
video-assisted thoracoscopic surgery (VATS). Additionally, sonography with a

transthoracic ultrasound can be of benefit in the diagnosis and staging of the disease,
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wherein the pleural effusion, so often noted in MPM cases, can be used as an acoustic
window to view intrapleural and intrapulmonalary processes, although this technique is
not widely adopted [12]. The international association for the study of lung cancer,
along with the international mesothelioma interest group (iMig) have developed TNM
classification for MPM, as detailed in Table 1.1 and Table 1.2. Unfortunately, it is
common for patients to present at stage 111A/B or stage IV of disease (Table 1.2), with

poorer prognosis associated with advanced staging.

1.1.4 Histological subtypes

Mesothelioma can be categorised into four cellular subtypes, these are epithelioid,
biphasic, sarcomatoid and desmoplastic, as in Fig. 1.2 [13]. Proportionally, the
subtypes constitute approximately 60%, 20%, 20% and 1-2% of cases respectively [13].
The more common epithelioid subtype is associated with increased survival, and the
more aggressive sarcomatoid and desmoplastic subtypes are associated with the poorest
survival [14, 15]. Primarily, epithelioid tumours have a papilla-tubular structure of flat
cells present, sarcomatoid has a high ratio of spindle type cells and mimics sarcoma,
biphasic have features of both epithelioid and sarcomatoid cells. Desmoplastic
mesothelioma is rare, however, histologically tumours feature granulated areas and/or

fibrous pleuritis [13].

1.2 Epidemiology

From an epidemiological aspect, MPM is comparatively rare [16] in comparison to
other cancer types, however, as the disease is so destructive, there is particular interest
in geographical areas with high mortality quotients. Bianchi and Bianchi [17] reported

that from a global perspective, incidence rates are highest in Australia, Belgium and
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Great Britain, with incidence rates at around 30 per million. Australia has its own
register dedicated to mesothelioma, and from reported cases it is clear that only 16 cases
were described in 1980, whereas 490 were recorded in 2000 [17], an astounding 30-fold
increase, which may be partially due to increased diagnosis due to better service
provision. MPM, according to Pinto et al., [18] cannot be considered an uncommon
disease due to the sharp and constant increase in incidence since the 1980s. The peak of
prevalence is approximated to be from 2010-2020, thus connoting many current studies

relating to the disease.

1.2.1 Prevalence in the United Kingdom

The Health and Safety Executive [19] established statistical evidence from 1981-2005
relating to mesothelioma mortality amongst the British population. According to
figures, West Dunbartonshire, Barrow-In-Furness, Plymouth and North Tyneside have
the greatest number of male deaths, with cities such as Kingston-upon-Hull rating in the
middle. In the Yorkshire city of Leeds a study was conducted from 2002 to 2005 to
determine the incidence of MPM in the population. The research concluded that 77% of
the 146 cases were male patients with a median survival of 8.9 months from diagnosis
[20]. Although not as prevalent, MPM in female patients has also been noted, especially

in areas of manufacturing including Barking and Dagenham, and Sunderland [21].

More recently, the Health and Safety Executive published mortality rates in Great
Britain from 1968 to 2014 [22]. In 2014, there were 2,515 mesothelioma deaths, a
similar number was reported for the preceding 2 years, and this roughly equates to 7
people per day dying of mesothelioma. In projection, statistical modelling forecasts this

rate will remain steady, until 2020, thereafter annual rates are predicted to decline. The
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Table 1.1 Staging of MPM (adapted from IASLC 8™ TNM classification for MPM).

T — Primary tumour

T1

Tumour only found in the ipsilateral parietal or visceral pleura

T2

Tumour involves the ipsilateral pleura with invasion to diaphragmatic muscle

and/or pulmonary parenchyma

T3

Tumour involves the ipsilateral pleura with invasion to endothoracic fascia
and/or mediastinal fat and/or chest wall with or without rib destruction and/or

pericardium

T4

Tumour involves the ipsilateral pleura with invasion to chest wall (unresectable)
and/or peritoneum and/or contralateral pleura and/or mediastinal organs and/or

vertebra and/or pericardium

N- Regional lymph nodes

Regional lymph node cannot be assessed

NO  No regional lymph node metastases
N1  Metastases to ipsilateral intrathoracic lymph nodes
N2  Metastases to contralateral intrathoracic lymph nodes, metastases to ipsilateral or

contralateral supraclavicular lymph nodes

I\/I Distant metastasis

No d istant metastasis

M1

Distant metastasis present

T- tumour stage; N- lymph node status; M- metastasis status
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Table 1.2 Stage grouping of MPM and treatments utilised (adapted from IASLC 8"

TNM classification for MPM).

Stage T Treatment

utilised

1A T1 NO MO Surgery,
Chemotherapy,
Radiotherapy
IB T2, T3 NO MO Surgery,
Chemotherapy,
Radiotherapy
1 T1, T2 N1 MO Surgery,
Chemotherapy,
Radiotherapy
A T3 N1 MO Some surgery,
Chemotherapy,
Radiotherapy
111B T1, T2, T3 N2 MO Some surgery,
Chemotherapy,

T4 NO, N1,N2 MO Radiotherapy

v Any T Any N M1 Chemotherapy,
Radiotherapy
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Figure 1.2 Histological subtypes of malignant pleural mesothelioma. Epithelioid
represents the most common subtype of MPM, desmoplastic representing the rarest
subtype. Epithelioid cells have a tubular more uniformed morphology. Sarcomatoid
cells, which represent the most aggressive form of MPM, are spindle-like. Biphasic
cells are a mixture of both epithelioid and sarcomatoid subtypes within one tumour.
Desmoplastic cells have fibrous formations and often feature granulation.
Microphotographs taken with H & E staining. Figure adapted from Inai [13].
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most recent epidemiological data suggests mesothelioma rates are falling in Scotland,

the East Midlands, London, and the South East [22].

1.2.2 Prevalence in specialised industry

Interestingly, epidemiology indicates a higher mortality in areas that have a relationship
to the shipping industry. In Sweden, rates of disease were much higher in the counties
of Gothenburg and Malmo, both of which are known for their large shipyard sites [17];
this appears to be reflected in similar British areas. In 2003, Hilliard et al. [23] produced
a study relating to the Devonport Naval Base in Plymouth. The site employed circa
19,000 people during World War 11, with no protection for workers from inhalation of
asbestos. During the 1960s asbestos usage had diminished in the dockyard, and
employees were provided with some respiratory equipment to protect their airway. The
leading occupation by which asbestos-related deaths occurred was as a shipwright. The
shipwrights were continuously exposed to asbestos at high levels, with a correlation of
heavy exposure associated with a shorter latency period, and also a high risk of

peritoneal forms of mesothelioma [23].

1.3 Causative agents

1.3.1 Asbestos

The primary agent for MPM pathogenesis is asbestos [24]. As Linton et al. [10]
reported, asbestos is a polyfilamentous fibrous substance composed of crystalline
hydrated silicates. Amphibole minerals are a natural product found in dilated rock that
actually composes around 5% volume of the earth’s crust [25]. There are primarily six
different forms of asbestos fibres, five of which are amphiboles, and one of which is a
serpentine. The double chain amphiboles consist of actinolite, amosite, anthophyllite,
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crocidolite and tremolite, all of which are traditionally incorporated into tiles or cement.
The serpentine, chrysotile, is structured in crystallised rolled-up sheets; it is incredibly

pliable and can be woven into fabrics and flexible products [10].

Ross et al. [25] described the desirable commercial properties of asbestos being high
absorbency, high tensile strength, low thermal and electrical conductivity, and
resistance to acids and bases. A wide variety of industrial and household products were
manufactured when asbestos was at its highest usage, including wallboards, firemen’s
clothing, talcum powder, steam equipment, mechanical brake linings, theatre scenery
and hair dryers, thus affecting a broad population and various occupational roles [26].
Asbestos was banned or severely restricted in many developed nations almost two
decades ago, due to the realisation of implicated health issues associated with the fibres.
Although the prohibition and tight regulation of demolitions exists, due to the latency
period of asbestos-related diseases, it is only within the past decade that the burden of

disease has been particularly felt; this is set to increase within this decade [24].

Domestic exposure to asbestos fibres is an indirect route by which contact occurs. From
a traditional perspective, many women are affected by the disease without working in a
contaminated environment; the dose they received has been due to washing clothes by
hand [10]. There has furthermore been prevalence in asbestos workers’ children
becoming diseased with MPM [27]. The fibres of amphibole that constitute asbestos
contain varying amounts of mono-, di- and tri-valent metals like iron. It is proposed that
amphiboles are more pathogenic in comparison to that of the short-fibred serpentine
structure since they contain metal, and are considered insoluble in the lung [24].
Nymark et al. [24] describes that asbestos alone is non-toxic to humans, although the
way by which iron is bound to the fibre can promote free radical generation. Fibres can

also radically interact with DNA, which induces DNA damage and may result in
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mutational and deleterious events [28]. Additionally, the modification of mitochondrial
function, interruption of cell cycle progression and activation of cell signalling

pathways have been noted [24].

1.3.2 Erionite

In addition to asbestos there is another mineral that has been linked to the onset of
MPM. Erionite is a fibrous zeolite that is found in volcanic tuffs, particularly in the
Cappadocian region of Central Anatolia, Turkey [29, 30]. Erionite, as Bertino et al. [31]
described, is a mutagen and can be deemed more carcinogenic than asbestos fibres due
to its ability to accrue iron on its exterior. The mineral fibres are believed to be higher in
potency, as comparisons between villagers environmentally exposed to tremolite, and
that of erionite-exposed villagers showed that residents from Tuzkdy retained

significant amounts of the mineral [29].

There is evidence of genetic susceptibility to erionite promoted carcinogenesis in the
villages of Tuzkdy and Karain in Turkey, wherein 50% of deaths are attributed to MPM
[32]. Six families in the region are thought to have a common ancestor with genetic
susceptibility to MPM through erionite exposure, as families in other villages with
housing made from the same erionite containing rock have a greatly decreased
incidence by contrast. It has been noted that the families affected marry in an
endogamous manner, and so the indication is that there is an autosomal dominant

pattern of inheritance [33].

1.3.3 Simian Virus 40

Polyomaviruses are a family of double-stranded DNA viruses. Two isolated
polyomaviruses, JC and BK, have previously been identified as being of human origin.

There is a third known polyomavirus that affects humans, however, the isolate derives
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from simians [34]. The DNA-based tumour virus, Simian Virus 40 (SV40), is an
endogenous virus in Rhesus monkeys that consists of a 5,234 base pair circular genome
[32]. There was a singular event that is alleged to be the route by which humans were
infected with the virus; this is thought to be the inadvertent contamination of oral
poliovirus vaccines administered to the population of many countries from 1954 to
1963, and possibly until the 1970s in some areas [35]. The monkey kidney cells used to
grow the vaccine were contaminated with live SV40, which was then administered to

more than 30 million people in the USA alone [32, 34].

The pathogenicity of SV40 lies with two antigens, the large T antigen (Tag) that is
approximately 90 kDa and small t antigen (tag) that is approximately 17 kDa in size
[35]. The large Tag binds and inactivates both p53 and Rb, which in turn induces
insulin-like growth factor 1. In addition to tumour suppressors being targeted, PP2A is
inactivated by tag, which results in the upregulation of the AP1 transcription factor, and
the ensuing activation of the Wnt pathway, signifying alterations to cell migration and
fate determination [34-36]. Chromosomal anomalies additionally occur in the host cell,
which consequently affects oncogenesis-related genes and promotes genetic instability

[36].

The tumour promoting effect of SV40 varies when in contact with different cell types.
Monkey and Homo sapien fibroblast cells are tolerant of infection; however, human
mesothelial cells are vulnerable in relation to the carcinogenicity of SV40 [32]. SV40
was specifically linked to mesothelioma in 1991, when 100% of hamsters injected
intrapleurally with the virus developed MPM within 6 months [35]. The mesothelial
cells that line the pleura and other body cavities are amongst the most undifferentiated
cells in the adult human body, they possess the ability to arise in different

morphologies, such as epithelial-like or fibroblast-like cells [37]. Mesothelial cells are
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predisposed to expressing large amounts of the tumour suppressor gene p53, generally
five times greater than in fibroblasts [35]. As Rizzo et al. [35] reported, and as
previously discussed, Tag binds p53, which inactivates it, and at the same time the
physical interaction between the two components discontinues the replicase activity of
SV40, this could be viewed as a benefit, however, as viral replication is at a slow rate,
there is evasion of the host immune response and the infection persists [32].
Interestingly, the virus and mesothelial cells appear to exist in a parasitic relationship,
where the virus may effectively live inside the cellular environment, as exposure to a
few isolated SV40 can cause an infection and therefore release of viral particles from
contaminated cells; thus infecting neighbouring mesothelial cells. Where the expression
of the oncoproteins perseveres, and in the absence of normal cell lysis, the rate of
transformation in the mesothelial cells is around 1 in 103 in comparison with 1 in 109 in
other cell types [32]. By the evasion and inactivation of various modulators, cellular
proliferation becomes autonomous and fundamental checkpoints are avoided, enabling

the passage from the G1 to the S phase of the cell cycle [38].

It is apparent that SVV40 single-handedly does not normally cause carcinogenic events in
humans; it is rather viewed as a contributing factor, or initiator. Millions of people
immunized with the contaminated polio vaccine would now have cancer if SV40 were
to be the sole pathogenic agent for the onset of MPM [32]; however, there have been
alternative suggestions, in that SV40 may play a synergistic part alongside asbestos
exposure to contribute to the pathogenesis of MPM, where SV40 is the initiator and
asbestos-related inflammation is the promoter. Carbone and Rdzanek [32] discussed the
observation that mutant SV40 transfected cells that are consequently exposed to
asbestos appear to become malignantly transformed, which correlates to a co-

carcinogenic effect.
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1.3.4 BAP1

Due to the observations that mesothelioma developed in family groups, as established
with erionite exposure, Testa et al.[39] investigated the potential for genetic pre-
dispositions to the disease. Interestingly, the research established germline mutations in
BAP1, a gene encoding BRCAl-associated protein. As well as the correlation with
sporadic mesothelioma, the results identified that BAP1 mutation carriers could also
develop uveal melanoma. Promisingly, recent studies have indicated BAP1
immunostain representing 100% specificity in distinguishing between benign and
malignant mesothelial proliferations [40], encouraging BAP1 as a reliable marker for

mesothelioma pre-disposition.

1.4 Treatment

There are three main modalities by which MPM can be treated; these are surgery,

radiotherapy and chemotherapy.

1.4.1 Surgery

The foremost surgical treatments involve extrapleural pneumonectomy (EPP), or pleural
decortications [41]. Pleurectomy/decortication (P/D) is a lung sparing procedure where
the visceral and parietal pleurae are dissected [42]. Where patients are deemed to have
operable mesothelioma, EPP may be considered, however, this is a demanding
procedure. The parietal and visceral pleura, ipsilateral diaphragm, ipsilateral
pericardium and underlying lung are resected in EPP, followed by the reconstruction of
the pericardium and diaphragm. Where patients are able to tolerate the procedure, there
can be relief of chest wall pain and shortness of breath [42]. The EPP approach can be
deemed highly aggressive; however, patients in the early stages of the disease appear to
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respond better to this treatment [43]. P/D can improve survival in patients who present
with early stage disease; while EPP can be more appropriate for more advanced
tumours. However, the MARS trial in 2011 [44] reported no benefit to patients with the
use of EPP, and actually warned against EPP due to the harm that the procedure causes
to patients. A further developed randomised trial, MARS2 [45, 46], which compares
chemotherapy only with chemotherapy and lung-sparing surgery is currently recruiting
patients and the analysis is expected early 2018. This trial will be vital in stratifying

patients to give them the best quality of life possible.

As well as surgical resection, there are surgical procedures to alleviate the symptoms of
mesothelioma, including the insertion of chest drains to alleviate pleural effusion [47].
Interestingly, post drainage pleurodesis can be applied by means of talc poudrage,
however, where the lung is entrapped, a tunnelled intrapleural catheter can provide

relief from dyspnea [48].

Overall, surgery is most beneficial to patients who present with early stage disease, and
according to Flores [49], median survival for P/D is 46 months at stage I, 18 months at
stage Il, 13 months at stage Il and 9 months at stage IV. In comparison, the more
radical EPP surgery has median survival of 22 months at stage I, 19 months at stage I,
10 months at stage 11l and 4 months at stage IVV. There can be complications resulting
from either surgery, with diagphragmatic rupture, empyema, air leaks, mediastinal shift,

bleeding, pulmonary embolus and cardiac failure all being noted [50].

1.4.2 Radiotherapy

MPM represents a challenge to radiotherapy, as the tumour surrounds and encases the
lungs making accurate radiation exposure difficult. Radiotherapy is most often used for
palliative care in MPM to alleviate chest wall pain, and at sites of chest drains [51, 52].

The phase Il SYSTEMS (The SYmptom Study of radioThErapy in MeSothelioma)
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multi-centre study in 2015 [53] reported that radiotherapy was effective for the
treatment of pain in MPM, a symptom that greatly affects patient quality of life [54].
Radiotherapy is widely and often utilised within the clinical setting to ensure patient
quality of life is optimal [55]. Currently, SYSTEMS-2 is recruiting patients for
investigation of higher dose radiotherapy to treat pain; patient recruitment will end in

2018 [56].

Radiation can aid the prevention of the subcutaneous nodules that mesothelioma forms
along the tracts of biopsies, incisions and chest tubes [48]. New and adaptive
technologies are currently being developed in attempt to irradiate areas surrounding the
thorax without penetrating vital tissues [51]. The IMPRINT study focussed on hemi-
thoracic intensity-modulated pleural radiation therapy in combination with
chemotherapy and, in some cases, pleurectomy/decortication, and found it may

contribute a lung-sparing approach to treatment [57].

1.4.3 Chemotherapy

1.4.3.1 Chemotherapy interactions

Chemotherapy drugs act on rapidly proliferating cells, by either damaging DNA, or
interrupting vital biochemical processes [58]. Generally, chemotherapeutic molecules
aim to initiate or promote cell death pathways mainly through the induction of apoptosis
[59]. Although the outcome of chemotherapy treatment is cell death, the means by
which this occurs can be variable, and is often poorly understood, although damage to
DNA, RNAJ[60] and important regulatory proteins [61] is thought to be a common
initial event whereby a cellular stress response is initiated [62]. The activation of
intrinsic apoptosis through targeting of the Bcl-2 family and p53, as well as extrinsic
targeting of tumour necrosis factor, and FLICE-inhibitory protein have all been

observed with varying success in many cancer cell lines [63-66]. Additionally, it is
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possible to trigger cell death through targeted activation of necrosis, disabling the

mitotic checkpoint, and activation of senescence [67].

The activation of apoptosis by chemotherapies has been linked with the extrinsic
pathway, where a death signal from the cell surface leads to the triggering of
intracellular signalling pathways ultimately leading to the death of the cell [68]. Death
receptors including TNF-related apoptosis-inducing ligand-receptor 1 and 2 (TRAIL-
R1/2), TNF receptor 1 (TNFR1) and CD95 (APO-1/Fas), and their ligands TRAIL,
TNFa and CD95L (FasL) are implicated in resistance to chemotherapy. Interestingly,
the overexpression of death receptor ligands has been thought to aid the explanation as
to how tumour cells can suppress anti-tumour T cells through the stimulated

CD95/CD95L interaction [62].

Although the extrinsic pathway is implicated, it is widely accepted that many
chemotherapy drugs activate the intrinsic cytochrome c/Apaf-1/caspase-9-dependent
pathway via the mitochondrion. Protein kinases that are activated by stress signals have
been shown to inactivate Bcl-2 family members, which contributes to many drug-
resistant phenotypes [69]. Defects in either pathway can promote chemotherapy

resistance, and the targeting of these pathways may restore some sensitivity[62].

1.4.3.2 Cisplatin

Cisplatin or cis-diamminedichloroplatinum(ll) (CIl,H4N2Pt), Fig. 1.3, is a
chemotherapeutic drug frequently used in the treatment of many cancers including
MPM. On association of cisplatin with the plasma membrane, the uptake of the drug is
mediated by the copper transporter CTR1 [70]. Whilst within the cell, Atoxl
chaperones the cisplatin through the intracellular environment [71], and the platinum
compound is then effluxed via the transporters ATP7A, ATP7B and multidrug resistant

proteins (MRPs) [72, 73]. Cisplatin is activated upon contact with the cytoplasmic
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environment, wherein chloride atoms are displaced by water; this hydrolysed product
binds to the N7 reactive centre on purines leading to observable 1,2-intrastrand cross-
links [72]. The formation of platinum-DNA adducts results in DNA double- and single-

strand breaks that consequently instigate cell death [74, 75].

1.4.3.3 Carboplatin

Carboplatin, or cis-diammine(cyclobutane-1,1-dicarboxylato)platinum(ll), Fig.1.3, is a
platinum-based chemotherapy which is used to treat a variety of cancers. Generally, it is
thought that carboplatin enters the intracellular environment via passive diffusion [76].

Carboplatin is utilised in many gynaecological tumours and is myelosuppressive [77].

The mechanism of action of carboplatin is similar to that of cisplatin; treatment with
carboplatin induces DNA adducts, however, a 20-40 fold increase in concentration is
needed to emulate that of cisplatin treatment, and the formation of adducts is at a 10-
fold slower rate [78]. Originally, carboplatin was developed to improve the efficacy of
cisplatin, and was found to be much less nephro- and neuro-toxic, therefore better

tolerated by patients who may not otherwise endure cisplatin treatment [76].

1.4.3.4 Pemetrexed

Pemetrexed disodium or N-[4-[2-(2-amino-3,4-dihydro-4-oxo-7H-pyrrolo[2,3-d]
pyrimidin-5-yl)ethyl] benzoyl L-glutamic acid (CyH19NsNa,Og), Fig. 1.3, is an
antifolate commonly used in treatment of MPM and non-small cell lung cancer [79, 80].
Pemetrexed has a high affinity for many membrane bound folate transporters including
reduced folate carriers, folate receptors —a and —3, the proton-coupled folate transporter
as well as members of the SLC organic acid family of carriers [79]. Additionally, export
out of the cell relies upon the ABC family of proteins to transport antifolate

monoglutamates [79]. Pemetrexed inhibits the action of three critical folate metabolism
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enzymes, namely thymidylate synthase, glycinamide ribonucleotide formyl transferase
(GARFT) and dihydrofolate reductase (DHFR) [81]. The folate metabolism pathway is
essential for the synthesis of both purines and pyrimidines, signifying replication halt
due to the block in DNA production by the inhibition of thymidylate synthase [80].

1.4.3.5 Chemoresistance mechanisms

Although the standard treatment for MPM is to utilise cisplatin and pemetrexed in
combination, the average prognosis for patients who are treated with these
chemotherapeutics is still relatively poor, with average survival of ~12.1 months,
compared to just ~9.3 months when treated with cisplatin alone [82]. The poor
prognosis can be at least partially attributed to the inherent resistance that MPM appears
to have toward chemotherapy. Patients can therefore be defined by either having
refractory or resistant disease. Patients with innate resistance to chemotherapy, also
termed refractory disease, are inherently resistant to the treatment and equate to ~50%
of MPM cases [83-85], patients who initially respond but then relapse are termed to

have acquired resistance [86].

As reviewed in Shi and Gao [87], there are five main mechanisms by which the
development of chemoresistance may occur. Firstly, modifications in drug transport can
signify cross-resistance to many chemotherapeutics via the overexpression of ATP-
binding transporters, which can lead to greater efflux of drugs and therefore decreased
drug accumulation. O’Reilly [88] described resistance to PARP inhibitors through
overexpression of MDR pumps in triple negative breast cancer, conversely, in Singh et
al. [89] the decrease of MDR efflux proteins resulted in greater sensitivity to paclitaxel
in prostate cancer. Alternatively, the decreased expression of drug influx transporters
can be responsible for reduced accretion within cells, as demonstrated in Peng et al.

[90], where down regulation of transporters responsible for influx enhanced
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Figure 1.3 Chemical structures of chemotherapies frequently used in MPM. (A)
Cisplatin (300.01 g/mol), is a platinum based compound with a square planar geometry
with two chlorine ligands. (B) Carboplatin (371.249 g/mol) has a bidentate
dicarboxylate ligand in place of the two chloride ligands and (C) Pemetrexed disodium
(471.37 g/mol) is a synthetic pyrimidine-based antifolate. Figure adapted from
PubChem, the open chemistry database [91].
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resistance in leukaemia cells. Alterations in proteins involved in the detoxification of
drugs can also modulate resistance to chemotherapy, including overexpression of
glutathione and glutathione S transferases, this was noted in cervical cancer cells that
were resistant to doxorubicin, partially due to an upregulation of glutathione-related
genes [92]. Changes in drug targets, such as topoisomerase gene mutations can also
ascribe to resistance to some chemotherapeutics, as in non-small cell lung cancer, where
point mutation in topl led to enhanced chemoresistance [93]. The increase in DNA
repair activity, including nucleotide excision repair (NER) is also thought to be means
of resistance, especially to that of platinum containing agents. Rocha et al. [94]
demonstrated the influence of NER in fibroblasts and skin biopsies from patients
wherein increased NER-associated proteins increased resistance to mitoxantrone.
Similarly, an amplified ability to tolerate drug damage has also been viewed in cisplatin
chemoresistance, wherein the upregulation of pro-apoptotoic factors is imbalanced with

the downregulation of some survival factors [95-98].

Chemotherapeutics are the standard and most common modalities by which to treat
MPM [99, 100]. Platinum-based chemotherapy as well as antifolate-based
chemotherapy is often employed in combination, due to well established improvements
in treatment efficiency, with response rates significantly higher in dual treated MPM
patients [82, 101]. However, the ability of cells to acquire and maintain resistance to
chemotherapy in MPM remains both a clinical and scientific challenge. Therefore the
investigation into the affected molecular pathways and how these pathways are
modulated is of high importance to the improvement of prognosis and survival times in

patients whom unfortunately, with this disease, have limited options.
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1.4.4 Targeted therapies

Similarly to non-small cell lung cancer (NSCLC), the presence of epidermal growth
factor overexpression in MPM suggested that the use of EGFR inhibitors such as
gefitinib and erlontinib may provide a reduction in tumour burden within MPM. In
contrast to NSCLC cohorts, unfortunately, there was no benefit to MPM patients [102,

103].

Immunotherapy with both anti-CTLA-4 (a protein receptor expressed on T cells) and
anti-PD-1 (a cell surface receptor expressed on T cells), resulted in profound effects on
solid tumours, with rapid tumour shrinkage, even after the antibody had been
discontinued, implying the immune system within these patients had been altered [104].
Immune checkpoint blockade has shown promise as a targeted treatment in many
different cancer types, including malignant melanoma, where anti-CTLA-4 treatment
produced an impressive increase in survival. It has also been reported that in
combination with anti-PD-1 there was a rapid and extensive regression of melanoma
tumours [78, 104]. Immunotherapy is a promising an emerging treatment field in MPM,
and recently a PDL-1 blocking drug, pembrolizumab, attained a 76% disease control
rate [105]. The modification of the body’s immune system to recognise cancer cells is
currently of prominent interest within MPM research, but also in the landscape of

cancer treatment as a whole.

1.5 Tumour biology

The pioneering principle to explicate the understanding of neoplastic disease, named the

hallmarks of cancer, was developed by Hanahan and Weinberg in 2000 [106]. More
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recently, in 2011 [107], the original 6 hallmarks noted in 2000 have been developed to

incorporate 10 different aspects that contribute to cancer, as in Fig. 1.4.

1.5.1 Proliferative signalling

Actively proliferating cells are required for growth, function, embryogenesis and
tumourigenesis [108]. In tumourigenesis, the absence of regulation for proliferative
signals signifies that cancer cells are effectively in control of their own division. The
production of growth factors by the cancer cells themselves can stimulate proliferation,
as well as the cancer cells signalling normal neighbour cells in the supporting stroma,
which may excrete growth factors that the cancer cell can utilise [107]. Among the
contributing factors associated with proliferation, mutations in the PI3K/Akt/mTOR
pathway can mean differences in the response to growth factors, which may result in
changes to downstream effectors such as Akt and mTOR, both of which play vital roles
in regulation of proliferation, the cell cycle and metabolism [108]. Investigation of the
PI3K/Akt/mTOR pathway has been shown to be active in many MPM tumours;
however Phase Il trials of an mTOR inhibitor have concluded limited clinical activity

[109].

1.5.2 Tumour-led inflammation

Immune cells are regularly found within the tumour microenvironment. Crucially, many
reports detail that the presence of innate immune cells in the area of the tumour
promotes inflammation and can release chemicals that influence many of the hallmarks
of cancer [107]. Particularly in MPM, tumour associated inflammation is chronic, with
many immune cells being associated with asbestos induced damage to mesothelial cells
[110]. Within the lung, inhaled asbestos fibres cause an infiltration of macrophages into
the pleura, this causes frustrated phagocytosis, wherein the macrophages attempt to

phagocytose the fibres; these efforts fail and lead to reactive oxygen species (ROS)
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generation and production of pro-inflammatory cytokines. Although the disease may be
initiated by the immune system, there have been studies correlating the anti-tumour
effects of CD8+, with higher CD8+ T cells linked with prolonged survival and reduced

lymph node metastasis [110].

The inflammatory response outside of the direct tumour microenvironment can promote
carcinogenesis in many ways. Inflammation associated tumour growth, EMT transition,
angiogensis and metastasis have all been established in a variety of cancers [111]. In the
context on MPM, it is well established that the immune system heavily contributes to
the biogenesis and growth of MPM through ROS and cytokine production, as well as

damage induced by the immune response in mesothelial cells [112].

1.5.3 Evading immune destruction

Avoidance of immune cell mediated destruction is fundamental to cancer development.
The ability of cancer cells to ‘hide’ their maladies appears to be reliant upon several
factors including the secretion of immune suppressive factors such as TGF-B, or
recruitment of immunosuppressive inflammatory cells including Trg and MDSCs,
which can suppress the actions of cytotoxic lymphocytes [107]. Additionally, tumours
elude observation by the down regulation of antigen processing machinery, which alters
the MHC | pathway, consequentially leading to enhancement of cancer development
due to the failure of cytotoxic T lymphocytes to identify target antigens on tumour cells
[113]. In MPM, once asbestos has been phagocytosed by macrophages, there is a local
and systemic affect on immunity, the influence of an altered immune response may

facilitate the expression of antigens that aid the evasion of immune detection [114].
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Figure 1.4 Hallmarks of cancer. Conceptual diagram illustrating the 10 revised
hallmarks of cancer (from top, clockwise), maintaining proliferative signaling,
encouraging tumour led inflammation, evading immune destruction, deregulating
cellular energetic, allowing replicative immortality, promoting angiogenesis, promoting
invasion and metastasis, evading growth suppression, genome instability, and resisting
cell death. Figure adapted from Hanahan and Weinberg [107].
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1.5.4 Deregulating cellular energetics

Alongside the differences in cellular proliferation in cancer cells, understandably, there
needs to be a shift in cellular energetics to respond to the higher metabolic and
proliferative state of the cancer cell. In a normal cell, aerobic respiration occurs through
glucose processing to pyruvate via glycolysis, and eventually to carbon dioxide in the
mitochondrial environment [107, 115]. In anaerobic conditions, glycolysis is primarily
utilised, with little mitochondrial involvement. Glycolysis is a primitive method of
energy metabolism, and is an inefficient pathway that yields 2 mol of ATP per mole of
glucose, whereas 38 mol of ATP is generated in complete aerobic oxidation, also known
as oxidative phosphorylation [115]. Interestingly, as Warburg discovered, in cancer,
despite a relatively good oxygen supply to cells, the process of energy metabolism is
largely performed through glycolysis. This seemingly is an unusual method for cells to
produce ATP; however it has been hypothesised that the functional justification for this
may relate to increased glycolysis allowing the diversion of intermediates into various
cellular pathways, some of whom generate nucleosides and amino acids, which assists
the biosynthesis of organelles and large molecules which are needed to create new
daughter cells [107, 116]. In MPM, as in most cancer cells, an increase in anaerobic
glycolysis is observed. Interestingly, in animal models, the use of a glycolysis inhibitor,
3-Bromopyruvate, led to significant benefits to survival when treated in combination

with cisplatin [117].

1.5.5 Replicative immortality

The ability of cancer cells to evade the constraints of the normal limited number of cell
cycles has long been investigated. Normally the barriers of proliferation are either
senescence, where a cell is viable but unable to replicate, or crisis, which normally leads

to cell death. Cancer cells have an innate change in telomerase expression, a polymerase
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that functions to add telomere repeats, is highly expressed in immortalised cells [107,
118]. Normally, telomeres become progressively shorter as cells divide, however, the
high expression of telomerase means the telomeric DNA is extended, effectively
defying the typical shortening. Ensuing resistance to the barriers of proliferation ensures
that cancer cells can persist in division. Telomerase antagonists have been trialled,
including that of imetelstat, however the phase Il trial conducted showed disappointing
progression free survival in patients with NSCLC [119]. Despite the early
disappointments of imetelstat, there are ongoing studies relating to other telomerase
effecting drugs including targeted therapies, phytochemicals, gene therapies, small
molecule inhibitors and other oligonucleotide inhibitors [118]. Au et al. [120]
demonstrated that in MPM, telomere length maintenance was observed in 100% of
MPM, concluding that MPM may benefit from second generation anti-telomerase

therapy.

1.5.6 Angiogenesis

Nutrients and oxygen are commodities essential for both normal and cancerous cells.
These are delivered via the vascular system within the body. The generation of new
vasculature, normally only transient in an adult human, is turned ‘on’ in cancer cells
[107]. The angiogenic switch is maintained by a variety of different progressive and
suppressive factors including VEGF and TSP-1, these proteins are often dysregulated
within cancer leading to problems with vasculature and potentially an increase in new
vessels forming in the tumour and its microenvironment [107, 121]. VEGF gene
expression can be modulated by several factors including posttranscriptional regulation
[122], hypoxia [123] and oncogene signalling [124]. Interestingly, Chen et al. [125]
reported the targeting of hypoxia-associated HIF-1a with its target VEGF led to a

reduction in invasive and metastatic potential of liver tumours. Recently, in MPM, there
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has been a trial investigating the targeting of proteins involved in tumour vasculature,
however, as a single agent these have proven inefficient, as there were no partial or

complete responses observed [126].

1.5.7 Invasion and metastasis

Invasion and metastasis are governed by alterations to cellular shape, attachment and
role within an extracellular matrix [107]. Epithelial cells progress to a mesenchymal
state in a process known as epithelial-mesenchymal transition (EMT), where cell to cell
adhesion and apicobasal polarity is lost. EMT is regulated by a complex network of
pathways involving the transcriptional regulators Snail, Slug, Twist and Zebl and Zeb?2
[127]. Additionally, it has been established that the margins of some tumours can be
seen to have a greater number of transitioned cells, suggesting a role for stimuli
resulting from the tumour microenvironment. Furthermore, the loss or downregulation
of adherins such as E-cadherin, which effectively hold cells together in a sheet like
formation, are well established as regulators of invasion and are recognised as
suppressors of this process. However, N-cadherin normally functions in migratory cells,
often associated with embryogenesis, with the upregulation of this cadherin noted in
many invasive cancers [107]. Clinically, often tumour sections are stained for the
presence of epithelial markers such as E-cadherin and CK5, as well as mesenchymal
markers such as vimentin, N-cadherin and C-cadherin to establish how invasive the
tumour potentially is [128]. MPM tumours have demonstrated EMT activation, and it
has recently been proposed that MPM histologies can be well characterised through

specific gene expression patterns involving EMT markers [129].

Remarkably, it is noted that once cancer cells have initially progressed through EMT to
invade surrounding tissue, they can reverse the process so that colonies of tumour cells

can form in a new site. This plasticity can be observed with modulation of Frizzled-7,
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which can suppress the mesenchymal state or enhance migratory ability of cancer cells

depending upon on the context [130].

1.5.8 Evading growth suppression

Within the normal cellular environment growth is restrained by tumour suppressors
such as RB and TP53. Malfunctioning RB expression can connote that cancer cells are
effectively missing a “gatekeeper” of cell cycle progression [107]. TP53 is a complex
suppressor which can trigger apoptosis or can halt cell cycle progression in the event of
damage or other cellular issues. TP53 suppressor gene mutations are one of the most
frequently observed abnormalities in cancer, with ~40% of patients being affected.
Ivanova et al. [131] established that a novel tumour suppressor TUSC2 was
downregulated in ~84% MPM tumours, and particularly interestingly, TUSC2-deficient
mice were found to display an immuno-inflammatory driven phenotype that had a
predisposition to cancer development. Wheler et al. [132] made a correlation between
VEGF inhibition and TP53, in that patients with TP53 mutation respond better to anti-
angiogenesis agents, again relaying the complexity of feedback loops within the

hallmarks.

1.5.9 Genome instability

Mutant genomes that provide selective advantages to the cell enable the growth and
expansion of the cancer. Multistep tumour progression is broadly characterised as a
subset of clonal expansions, where each expansion event is driven by a further mutation.
Mutations and corresponding dysregulation of so called caretakers of the genome,
including TP53, effect the detection of DNA damage and DNA repair, and are well
characterised in many cancers including MPM [107, 133]. In addition to TP53, the well
known tumour suppressor BRCA2 has recently been verified as regulator of genome

stability, the protein functions to repair DSB and has the ability to limit replication
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stress, demonstrating its dysregulation being of great importance in regulation of

damage [134].

Conversely there is another theory, developed in colorectal cancer, which takes a
different perspective to the classical clonal expansion theory. Here, rather than a mutant
by mutant basis expansion, the theory is that the early alterations accrue in a mixing of
subclones, suggesting that some tumours may essentially be “born to be bad”. The
theory is known as the ‘big bang model’ of tumour growth, and is supported by analysis
of colorectal tumours, wherein subclonal populations that comprise the intratumoral
heterogeneity have been isolated to present early alteration rather than late clonal

expansions [135].

1.5.10 Resisting cell death

Apoptosis, or programmed cell death, can be divided into two processes, the extrinsic
and intrinsic pathways. Briefly, the extrinsic pathway obtains and processes
extracellular death-inducing signals, and the intrinsic processes the intracellular signals.
Within the context of cancer, the cell is able to avoid apoptosis despite multiple
mutagenic events and dysregulation of key cellular pathways. Apoptosis regulatory
proteins, such as Bcl-2, are well characterised as inhibitors of apoptosis and
correspondingly suppress proapoptic proteins Bax and Bak [107, 136]. The
dysregulation of Bcl-2 and the kinase mTOR are noted in many cancers, including
MPM [137], however their regulation is noted to be controlled by a variety of
posttranscriptional regulators or microRNA [138]. A recent study [139] has portrayed
the importance between the interactions of the apoptosis associated regulators TP53,
KRAS, BCL2, PLK1 and the microRNA-143. Additionally, microRNA-206 was noted
to be downregulated in glioblastoma, whilst Bcl-2 was upregulated, as is often the case

in tumours. Overexpression of microRNA-206 led to a reduction in Bcl-2 and reduced

47



proliferation; it was shown that microRNA-206 directly targeted Bcl-2, which led to

suppression in the progression of glioblastoma in vivo [138].

1.6 MicroRNAs

1.6.1 MiRNA biogenesis and functionality

MicroRNAs (miRNA/s) are a species of the non-protein-coding RNA family,
represented by short, single-stranded RNA approximately 18-22 nucleotides in length
[140]. MiRNAs are regulators of gene expression at a post-transcriptional level [140].
In combination with an RNA-induced silencing complex (RISC), miRNA specifically
target complementary messenger RNA (mRNA) transcripts, typically via imperfect
complementary base pairing, and repress their translation, as in Fig. 1.5 [140, 141].
Although miRNAs are generally regarded as regulators of gene expression at the post-
transcriptional level, newer miRNA functions are being identified. The role of miRNAs
as bystanders and effectors within the epigenetic landscape of the cell is becoming
apparent [142]. The complex relationship between miRNAs and epigenetics is

uncovering a new understanding of cancer cell biology.

In 1993, Lee and colleagues identified the first miRNA in the worm Caenorhabditis
elegans [143]. The lin-4 gene encodes two small non-protein-coding RNA transcripts
approximately 22 and 61 nucleotides in length, and is essential for post-embryonic
development in C.elegans [143]. The sequences of the RNA transcripts have
complementarity to the 3> UTR (3’ untranslated region) of the lin-14 mRNA, and bind
to the mRNA via antisense RNA:RNA interactions, repressing mRNA translation,
which results in downregulation of LIN-14 protein levels [143-145]. Several years later

a second miRNA was identified in C.elegans. The let-7 gene encodes a 21 nucleotide
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RNA transcript with complementarity to the 3° UTR of five heterochronic genes
involved in normal development; lin-14, lin-28, lin-41, lin-42 and daf-127, [146].
Expression of lin-4 and let-7 are essential to post-embryonic development and
developmental timing in C.elegans. In 2001, numerous small non-protein-coding RNAs
were identified and were collectively termed miRNA [147, 148], and included 21 novel
human miRNA; miR-1 to miR-339. Intensified research efforts identified additional
miRNA in mammals, fish, worms, flies and plants [140]. To date ~1880 human miRNA
precursor sequences have been identified, but the functional roles of many miRNA are

still unknown.

The genes encoding miRNA are located throughout the genome as individual genes,
polycistrons or within introns of pre-mRNA [140]. MiIRNA genes located within the
introns of pre-mRNA are ideally located for translational repression of their mRNA host
[140]. Polycistronic miRNA genes encode a cluster of miRNA precursors, which are
transcribed as a single transcript then processed into individual mature miRNA that may
have related or non-related functions as in Fig. 1 [140]. MiRNA genes are transcribed in
the nucleus by RNA polymerase Il or Ill, most often RNA polymerase Il, producing a

single stranded RNA transcript 1-7 kb in length [149, 150] (Fig. 1.4).

This primary miRNA (pri-miRNA) transcript folds into an imperfect hairpin structure as
a result of Watson-Crick base pairing and is processed in the nucleus by Drosha and
DGCR [151, 152]. The 5’- and 3’-ends of the hairpin structure are asymmetrically
cleaved producing a precursor-miRNA (pre-miRNA), which is exported to the
cytoplasm via exportin-5 in the nuclear membrane [153]. In the cytoplasm, Dicer and
TRBP cleave the loop structure off the hairpin, forming the miRNA duplex, termed
miR-5p/-3p (formerly known as mIiRNA-miRNA*) [154, 155]. The relative

thermodynamic stability of the strands determines which arm of the duplex will be
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Figure 1.5 Biogenesis of miRNA. MIiRNA genes are transcribed in the nucleus by
RNA polymerase 1l to produce a long, single stranded RNA. The primary-miRNA (pri-
miRNA) folds into a hairpin structure and is processed by Drosha and DGCR, the 5’
and 3’ ends of the hairpin structure are asymmetrically cleaved to produce the
precursor-miRNA (pre-miRNA). The pre-miRNA is exported from the nucleus to the
cytoplasm via exportin-5 and Ran-GTP on the nuclear membrane and is further
processed in the cytoplasm by Dicer and TRBP. The loop of the hairpin structure is
cleaved to produce the miRNA duplex. Within the miRNA duplex one arm is the
passenger strand and the other is the mature miRNA. The passenger strand is degraded
whilst the mature strand complexes with Argonaute proteins. The Ago proteins
constitute the major functional element of the RNA induced silencing complex (RISC).
The exposed bases of the mature miRNA bind to complementary mRNA via imperfect
complementary base pairing. Subsequently, translation of the mRNA is repressed
thereby downregulating gene expression at the protein level. Figure adapted from Gray
et al.[156], originally devised and drawn by H Moody.
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incorporated into the RISC as the mature miRNA, whilst the passenger strand
(miIRNA¥*) is subsequently degraded [154, 157]. Argonaute (Ago) proteins constitute
the major functional element of the RISC. In mammals there are four Ago proteins, all
of which are capable of repressing mRNA translation as part of the RISC, but only
Ago2 is able to directly cleave the mRNA target [158]. The piwi-argonaute-zwille
(PAZ) domain of the Ago protein binds the 2-nucleotide overhang at the 3 end of the
mature miRNA strand [157]. The duplex then unwinds and the 5’ end of the mature
miRNA strand is bound by the Ago MID (middle) domain (Fig. 1.4) [140]. Exposed
bases of the mature miRNA within the RISC bind to target mRNA sequences via
complementary base pairing [154]. The mRNA may be regulated by an RNAI
mechanism involving direct cleavage and degradation by the RISC, or the translation of

the mRNA can be repressed, as is most frequently the case in mammals [140].

Within the target mRNA, the ‘seed site’ is a sequence of approximately seven
nucleotides, and is essential for miRNA binding. These sequences are often highly
conserved between species [159-161]. The mRNA seed site is frequently, but not
exclusively, located in the 3’-UTR. The ‘seed region’ at the 5’-end of the miRNA binds
the seed site in the mMRNA [159, 162]. The 5’-UTR and coding sequence of the mMRNA
can also contain ‘seed sites’; the miRNA RISC complex can potentially bind to any
region of the mRNA [162, 163]. The general consensus is that the 3°-UTR is the most
accessible region of the mRNA, as the RISC has less competition binding to the mRNA
furthest away from the ribosome and translational machinery [140, 164, 165].
Furthermore, regulated target mRNA generally have longer 3’-UTR compared to
ubiquitously expressed genes which tend to have shorter 3’-UTRs that are depleted of
miRNA binding sites [166]. A mature miRNA within the RISC guides the complex
towards complementary mRNA targets, stringent seed sites have perfect Watson-Crick

base pairing between the mMRNA and miRNA [164]. However, the RISC can also
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tolerate G:U wobble and mismatch binding between the miRNA seed region and
MRNA seed site [164]. In mammals, miIRNA:mRNA binding is generally the result of
imperfect complementary base pairing, while in contrast, near-perfect complementary
base pairing is most common in plants [140]. The imperfect nature of miRNA target
binding enables a single miRNA to target multiple mRNA targets, hence there is a
degree of redundancy between miRNA, conversely a single mRNA can be targeted by
multiple miRNA [167]. This variation and flexibility in miRNA:mRNA binding can

make it difficult to predict mRNA targets using bioinformatic tools [164].

Once incorporated into the RISC, the mature miRNA downregulates target gene
expression at the post-transcriptional level. There are a range of mechanisms by which
this may occur and these are broadly divided into two categories: translational
repression and mRNA degradation [168]. In metazoans mRNA targets are typically
translationally repressed by their regulating miRNA; the imperfect base pairing between
the miRNA and mRNA is generally associated with translational repression, as opposed
to MRNA cleavage [140]. Experimental evidence in mammals has demonstrated that the
levels of target mMRNA can remain unchanged upon miRNA targeting, but a decrease in
protein expression is observed (Fig. 1.4) [140, 143]. However, studies also demonstrate
that miRNA binding to targets can frequently result in degradation, with the miRNA
promoting translational quiescence, followed by degradation of the target as a secondary
consequence. The exact mechanism of translational repression is unclear; the RISC
complex may repress translation at the initiation or post-initiation stage, or both [168].
Alternatively, mMRNA targets can be guided by the RISC into processing (P)-bodies,
sequestering them from ribosomes and the translational machinery [157, 168].
Endonucleases can subsequently enter P-bodies and degrade the sequestered mRNA, or
these mMRNA can later be released back into the cytoplasm for translation if protein

levels decrease below the requirements of the cell, thus demonstrating miRNA-
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mediated repression is reversible [169, 170]. Near-perfect base pairing between the
mMIRNA:mRNA is associated with direct cleavage of the mRNA by the RISC [140].
MiRNA are also destabilised by the gradual shortening of the poly A tail, resulting in
MRNA degradation by progressive decay catalysed by the exosome or degradation by

endonucleases [171].

Generally, miRNA are recognised as functioning to downregulate gene expression via
translational repression. However, there is evidence of further functional roles of
miRNA, including links between miRNA and epigenetics [142]. The expression of
miRNA genes is regulated by their epigenetic status and miRNA are known to have
specific epigenetic functions [142]. Although miRNA are processed and function in the
cytoplasm there is evidence that mature miRNA are associated with Ago proteins found
in the nucleus [172]. The miRNA in the nucleus are reported to have epigenetic
functions, such as modulating mRNA splicing and targeting gene promoters to activate

or repress transcription [172, 173].

MiRNAs account for approximately 1% of the genome and are estimated to regulate
~30% of genes [140]. The imperfect nature of miRNA target binding enables a single
miRNA to target multiple mRNA targets, therefore miRNA essentially regulate all
cellular pathways. As different cell types have specialised functions and express a
specific set of genes related to the function of the cell, this is reflected in tissue-specific
mMIiRNA expression profiles [174]. Disrupting the highly complex miRNA regulatory
network within the cell can induce abnormal cell behaviour and disease initiation or
progression [175], and as such, dysregulated miRNA expression is a common feature in

human diseases [176, 177], especially cancer [178].
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1.6.2 MiRNAs in cancer biology

MiRNAs are involved in all pathways and cellular processes within the cell, hence it is
not surprising that miRNA dysregulation is viewed as a fundamental feature of cancer
and is considered instrumental in the acquisition of the hallmarks of cancer; such as
invasion, angiogenesis and evasion of apoptosis. Tumours most often have a reduced
level of mature miRNA, due to the loss of genetic material, alterations to the machinery
associated with biogenesis, and epigenetic silencing [179]. It is proposed that cancer-
associated miRNAs either have an oncogenic or tumour suppressive activity [180], as
detailed in Table 1.3. Again, this relates to tissue type and location of the cancer. The

link between miRNA and cancer was first established over a decade ago, when

Calin et al. [181] reported the deletion or down-regulation of miR-15a and miR-16-1
encoded at the 13q14 loci in a majority of B-cell chronic lymphocytic leukaemia cases.
The same group later reported that the alterations in expression of miRNA in various
cancers could be critical to the understanding of cancer pathophysiology [182].
Interestingly, Calin et al. [182] revealed that many miRNA are encoded at fragile sites
and within common breakpoint regions in the genome, thus increasing their

susceptibility to mutation and deletion.

As miRNA play a significant role in the regulation of many aspects of cellular
machinery, it has been suggested that the deregulation of these small non-coding
molecules could profoundly and substantially affect the cell and its progression through
the cell cycle. It is considered that during carcinogenesis, miRNA become either
upregulated or downregulated; however, this can vary depending on the tissue of origin.

The frequently altered miRNA, miR-31, is disrupted in opposing directions in a wide
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Table 1.3 MicroRNA expression in MPM. MicroRNAs that have known functions

with MPM (adapted from Reid [183]).

Disease Reference

outcome

Function in
disease

MicroRNA  Expression
change in

MPM vs.

normal

Let-7a Up Inhibits RAS Attenuates Khodayari et al.
tumour growth  [184]
miR-1 Down Inhibits growth ND Xu et al. [185]
miR-15 Down Inhibits growth Inhibition of Reid et al. [186]
tumour growth
with miRNA
restoration
miR-16 Down Downregulates cell  Sensitisationto  Reid et al. [186]
cycle and anti- pemetrexed and
apoptotic genes gemcitabine
miR-29¢c-5p  Down Inhibits growth and  Stratifies Pass et al. [187]
migration patients by time
to progression
post surgery
miR-31 Down/Up  Inhibits growth and Downregulation Ivanov et al.
migration/unclear,  leads to pro- [188]
associated with tumourigenesis. Matsumoto et al.
sarcomatoid Upregulation in  [189]
subtype aggressive
subtype.
miR-34b/c Down Inhibits growth Restoration of ~ Maki et al. [190]
miRNA leads to
increased
radiosensitivity
miR-126 Down Induces autophagy  Failure of Tomasetti et al.
tumour to [191]
progress with
miRNA
restoration
miR-145 Down Inhibits migration,  Restoration Cioce et al. [192]
accelerated increased
senescence pemetrexed
sensitivity
miR-205 Down Affects migration ~ Mesenchymal Fassina et al.
phenotype, [193]
more
aggressive
tumour

ND: Not Detailed

55




range of tumour types [194], for example, in mesothelioma it has been established that
miR-31 is significantly downregulated, which effects the expression of PPP6C, a pro-
survival phosphatase [188]. Conversely, the same miRNA within the colorectal cancer

microenvironment is highly upregulated across all stages of the disease [195].

A cluster of miRNA associated with tumour formation was discovered by He et al.
[196]. The multiple component miRNA polycistron miR-17~92 was found to be
amplified in B-cell lymphomas in both cell line studies and samples of tumour tissue
[196]. Further investigation by Suarez et al. [197] concluded that the cluster carries out
pleiotropic functions and modifies postnatal angiogenesis in response to vascular
factors, such as vascular endothelial growth factor (VEGF). The cluster has also been
shown to promote carcinogenesis by altering cell cycle phase distribution, as in
Sylvestre et al. [198]. MiR-17~92 is activated by members of the E2F family, which
stimulate a number of S phase genes, including thymidine kinase. E2F1, E2F2, and
E2F3 are all modulated by the miR-17~92 cluster, via their 3'-UTR binding sites.
Additionally, overexpression of a member of the cluster, miR-20a, decreased apoptosis
in a prostate cancer cell line whilst the inhibition of miR-20a produced an increase in
cell death. The miR-20a anti-apoptotic properties may elucidate some of the oncogenic
capabilities of the miR-17-92 cluster. The study suggested that the auto-regulation
between E2F1-3 and miR-20a may contribute to the regulation of apoptotic events and

proliferation [198].

Recently, Gao et al. [199] investigated miR-184 for regulatory functions within
hepatocellular carcinoma (HCC). It had previously been established that miR-122 had a
significant role within HCC [200]; however, miR-184 was novel in the research into
both the development and onset of HCC. Using the inositol polyphosphate phosphatase-

like 1 (INPPL1) insulin regulator as a recognized target, miR-184 was found to be
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central in HCC cell proliferative activity, and that silencing of miR-184 leads to the
overexpression of INPPL1. The miRNA was also allied to the inhibition of caspase-3

and -7, suggesting a role in the evasion of apoptosis [199].

In pancreatic cancer, miR-106a is highly expressed in tumour tissue and in four cell
lines, one of which, SW-1990, is a highly invasive line [201]. Interestingly, results have
indicated that the highest expression of miR-106a was present in the most invasive line.
In cells transfected with a miR-106a mimic, tumour cell growth was stimulated,
whereas a miR-106a inhibitor decreased cell viability [201]. Mace et al. [202]
investigated miIRNA in relation to pancreatic tumour cells under hypoxia; findings
suggested that miR-21 was induced via hypoxia inducible factor (HIF)-1o upregulation,
and that miR-21 overexpression promoted the evasion of apoptosis in a hypoxic

environment.

Let-7a, a tumour suppressor miRNA, is lost in malignant melanoma, where it has been
demonstrated to regulate integrin B3 expression [203]. The integrin B3 subunit avp3
family of adhesion receptors is involved in the transition from dysplastic nevi to
tumourigenic melanomas, and overexpression has been linked to increased cellular
motility [204]. MiR-143 and miR-145, located at the 5933 fragile site represent tumour
suppressive miRNA [205]. The miR-143-145 cluster is downregulated in many cancers,
suggesting a ‘protective’ role for the miRNA. MiR-143 and miR-145 are recurrently co-
ordinately downregulated in endometrial cancer, with a connection made between
downregulation of miR-143/-145 and overexpression of DNA methyltransferase
(DNMT) 3B [206]. The DNMT group contribute to the coordination of mRNA
expression in normal tissues and overexpression in many tumours [207]. Additionally,
miR-29 has been identified to target DNMT2A and DNMT3B, which have been found

to be upregulated in lung carcinoma [208]. The miR-29 family has been identified as
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being upregulated in induced and replicative senescence, and functions to inhibit DNA
synthesis and repress the B-Myb oncogene in combination with Rb; this may be

beneficial as the tumorigenic cell may become senescent as a result [209, 210].

The well-established hallmarks of cancer are integrally linked with miRNA expression,
and indeed hundreds of miRNAs have been found to be novel regulators of these
distinctive carcinogenic hallmarks. MiR-519 has demonstrated the ability to inhibit
proliferation in cervical, colon, and ovarian cell lines, through one of its targets, HuUR,
an RNA binding protein [211]. Furthermore, the RhoA pathway can be modulated
through miR-146a in prostate cancer [212]. This results in the downregulation of the
serine/threonine protein kinase ROCKL, leading to dysregulation of the actin
cytoskeleton [212], and alterations in cellular motility. The expression of miR-34a
correlates with p53 expression, and so can be termed a regulator of apoptosis [213]. The
cluster of miR-290 can directly regulate the DNMT expression in Dicerl-null cells,
which indirectly affects telomere integrity and length, thus implying significance in the
regulation of replicative potential [214]. An example relating to angiogenesis regulation
is that of miR-378, which binds to 3’-UTR region of VEGF, which promotes
neovascularisation [215]. Other miRNAs, such as miR-10b and miR-23a, are implicated

in the regulation of invasion and genomic stability, respectively [216].

Biomarkers can be defined as diagnostic, prognostic and predictive, with some being
candidate for therapeutic targeting. Diagnostic biomarkers aid the identification of a
disease, prognostic biomarkers helped estimate the likely course of the disease, and
predictive biomarkers suggest a possible treatment based on whether the disease is
likely to respond [217]. MiRNAs are novel therapeutic targets and promising cancer
biomarkers with potential applications in diagnostics, prognostic, tumour staging,

patient response to treatment, determination of developmental lineages and clinical
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subtypes, all of which are important to stratify patients into the best treatment or

management of disease for the optimal quality of life [218], as in Table 1.4.

Interestingly, miRNA treatment in the form of a nucleic acid-modified DNA
phosphorothioate antisense oligonucleotide has already entered human clinical trials in
treatment of disease, specifically viral infection. MiR-122, an abundant liver-expressed
miRNA, essential for the replication of the hepatitis C virus (HCV), is sequestered by
the oligonucleotide and is bound in a duplex that inhibits its function [219]. Results thus
far have shown promise, with long-standing dose-dependent decreases in viral titre

levels without evidence of acquired resistance [219].

In summary thus far, miRNA function as regulators of gene expression in all cellular
pathways, and aberrant miRNA expression is associated with cancer initiation,
promotion and progression. MiRNAs are globally downregulated in cancer and tissue-
specific expression profiles have been determined for several cancer types. However,
the functional roles of many miRNAs are yet to be determined. MiRNAs are involved in

all cancer-associated pathways and the acquisition of the hallmarks of cancer, and thus

represent promising cancer biomarkers and in translational therapeutics, which will be
discussed later. More specifically, miRNA may play a fundamental role in the
epigenetic changes observed within carcinogenesis, and understanding the dysregulation
of these small, non-coding molecules could be imperative in our understanding of

cancer biology [220].
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potential biomarkers, adapted from Sheff et al. [221]

Table 1.4 MIiRNA associated with MPM. MIRNA that have been identified as

Diagnostic Prognostic Therapeutic
miR-30c miR-17-5p let-7
miR-126 miR-29c* miR-7
miR-141 miR-30c miR-17-92 cluster
miR-192 miR-299-3p miR-21

miR-193a-3p miR-301 miR-30c
miR-200a/b/c miR-379 miR-31
miR-429 miR-455-3p miR-34a
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1.6.3 Inhibition of miRNAS in treatment

The overexpression of miRNAs that target tumour suppressor genes in cancer led to the
development of the term oncomiR [222]. In order to efficiently target the
overrepresented miRNA, many therapeutic strategies have been developed which are
sequence based inhibitors of the overexpressed miRNA. The specific inhibitors can
potentiate the cleavage or sequestering of the target miRNA into P-bodies. Broadly,
miRNA inhibitors can be classified into antagomiR or decoys known as miRNA

sponges [223].

Direct miRNA inhibitors are essentially antisense oligonucleotides that are
complimentary to the mature miRNA target. Often the oligonucelotide based inhibitors
are administered without delivery vehicle in vivo, although conjugation may be used to
improve the uptake of the inhibitor in tumours [224]. MiR-21 is commonly upregulated
in a range of cancer types and it has been linked to inhibition of a range of tumour
suppressor genes [225] and importantly suppression of drug resistance [226]. Several
studies have identified that the administration of miR-21 inhibitors of differing types
using various courses of administration in xenograft models can provide success. Zhou
et al. [227] utilised direct intratumoral injection of antimiR-21 and was able to inhibit
growth of glioblastoma [227], multiple myeloma [228] and tongue squamous cell
carcinoma [229], which sequentially effected the expression of miR-21 targets.
Furthermore, miR-21 antimiR has been administered via intraperitoneal injection in
mice with subcutaneous breast or colon cancer xenografts, leading to inhibition of

tumour growth [230].

Currently, one of the leading antimiR is antimiR-122, which targets and suppresses
miR-122 in the liver. MiR-122 is the most abundantly expressed miRNA within the

liver environment, and is essential for hepatitis C virus replication [219]. Utilising
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different administration methodologies [231, 232], it was astonishingly found that HCV
infection could be decreased by up to 300 fold with the administration of antimiR-122

[231], demonstrating the power behind modulation of a single miRNA.

1.6.4 Replacement of miRNAs in treatment

In addition to miRNAs that target tumour suppressors, miRNAs themselves can be
tumour suppressors, thus meaning the downregulation of these miRNA can lead to
cancer progression. Primarily, the synthetic reintroduction or overexpression of tumour
suppressing miRNA has been facilitated by miRNA plasmid or lentiviral based
expression vectors, although miRNA mimics are also utilised [223]. Similar approaches
to that of inhibition can be utilised in order to administer overexpression of suppressor
miRNAs, however there have been developments in therapeutic delivery that involve
the use of nanoparticles and lipid based systems to facilitate the delivery of tumour

suppressive miRNA, such as the miR-34 family [233] or miR-15/16 [223, 234].

Interestingly, Reid et al. [235] developed TargomiRs, a nanocell based delivery system
to transport a miR-15/107 sequence that targets the tumour due to the nanocell being
coated in anti-EGFR antibody in non small cell lung cancer and MPM patients. The
research entered Phase | trial in MPM in 2014, named MesomiR-1, and has thus far
isolated five out of six patients benefitting through disease control, with acceptable

tolerance for the drug.

1.6.5 MiRNAs in MPM

Many studies have indicated, as in other cancers, that miRNA play pivotal roles in the
onset and progression of MPM cancer, making them possible targets for therapy, or
indeed markers of prognosis [183]. Aberrant miRNA expression in MPM is the subject
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of over 400 studies and reviews. Balatti et al. [236] observed dysregulation of many
mIiRNA, including miR-214 which has been associated with targeting PTEN, leading to
increased Akt activity and promoted cell survival. Williams et al. [237] observed that
the transient transfection miR-193a-3p using a mimic-based system induced apoptosis
and inhibited MPM growth in vitro. When this was followed up in vivo with the use of
minicells, the mimic inhibited MPM xenograft growth. Tomasetti et al. [191] reported
that miR-126 expression in mesothelioma induces autophagic flux, and that mice
injected with miR-126 expressing cells failed to progress in tumour growth possibly
suggesting that the relative increase in autophagy could have a protective role in

mesothelioma.

Furthermore, lvanov et al. [188] reported a general downregulation of the miRNA miR-
31 in MPM; it was observed that the re-introduction of miR-31 inhibited factors
involved in cell cycle progression and DNA repair. However, in contrast to Ivanov et al.
[188], a more recent study by Matsumoto et al. [189] correlated miR-31 downregulation
with increased long term survival in patients, with the proposition that miR-31 acts as a
tumour suppressor within MPM. Interestingly, the research indicated a significant
negative relationship between miR-31 expression and survival time in an aggressive
sarcomatoid subtype MPM patient cohort. The existing correlation between miR-31
dysregulation in differing MPM subtypes remains unclear, however increased
expression in the sarcomtoid subtype within patient derived samples may elucidate that
miR-31 expression could be utilised as potentially a predictive or prognostic biomarker,

with potential to further investigate the miRNA in terms of therapeutic targeting.

Quinn et al. [238] comprehensively reviewed the role of miRNAs within MPM, with
particular reference to the dysregulation of miR-31, due to it being encoded in the

frequently lost 9p21.3 chromosomal region.
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1.7 Project rationale

Regrettably, patients who present with MPM in the clinic are either inherently resistant,
or become resistant to the first line of treatment, chemotherapeutics. Currently, there is a
need to understand the functionality of this resistance, not only to identify why cells are
chemoresistant, but also to develop clinically viable routes by which sensitivity can be
enhanced. Additionally, the ability of patients to be stratified into relatively poor or
good responders to chemotherapy pre-treatment would be of great benefit to reduce the

treatment burden on patients who may benefit more from alternative therapies.

MiRNAs are pivotal regulators of many cancer pathways due to their ability to target
hundreds of different mRNA species. Their pleiotropic nature connotes that many
miRNAs are closely associated with resistance to treatment modalities. Particularly in
MPM, the miRNA miR-31 is encoded on a commonly deleted fragile site, 9p21.3. The
dysregulation of miR-31 is currently of ambiguous conclusion in MPM, there are
studies correlating positive and negative influences. MiR-31 has been associated with
re-sensitisation to radiation therapy in OAC; therefore, the understanding and
exploration of miR-31 in the context of MPM chemosensitivity may reveal a possible

therapeutic target or potentiate a biomarker for response to chemotherapy treatment.

1.7.1 Project hypothesis

MiR-31 is established as a modifier of therapeutic response. Thus, it is hypothesised
that manipulation of miR-31 in vitro confers a modulatory effect on chemosensitivity in

MPM.

The objectives for the study were to investigate miR-31 in the context of response to

therapy within an in vitro model, by assessing whether the miRNA had potential to be
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utilised as a predictive biomarker, and also, potentially, a target for therapeutics to

enhance cellular sensitivity to existing chemotherapy in refractory MPM.

The overall aims of the investigation are therefore 1) to modulate miR-31 expression in
MPM cells in order to assess the affects, if any, on MPM sensitivity to therapy, 2) to
explore the mechanism behind this alteration in chemosensitivity in order to elucidate

potential pathways modified by miR-31 dysregulation in MPM.
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Chapter 2:

Material and methods
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2.1 Reagents and materials

Chemicals and consumables were purchased from Fisher Scientific UK, unless
otherwise specified. To measure weight, an OHAUS Explorer analytical balance
(OHAUS, Switzerland) was used within a 4 decimal place accuracy range, and an
OHAUS Scout Pro balance was used to measure weights up to 2 decimal places.
Fluidic volumes over 25 mL were measured using graduated cylinders, while
volumes over 1 mL up to 25 mL were measured using serological pipettes and an
electronic pipette controller (Pipetboy Integra, Switzerland). Volumes less than or
equal to 1 mL were measured using calibrated adjustable volume pipettes

(Pipetman Gilson, USA).

2.1.1 Cytotoxic drug preparation

Cisplatin [cis-Dichlorodiamineplatinum(ll)] was purchased from Acros Organics
(Thermo Fisher Scientific, Geel, Belgium) and solubilised in sterile 1X phosphate
buffered saline (PBS) (Lonza, Basel, Switzerland) at a stock concentration of 5 mM.
Carboplatin [cis-diammine(1,1-cyclobutanedicarboxylato)platinum(Il)] was
purchased from Selleckchem (Stratech, Newmarket, UK) and solubilised in sterile
PBS (Lonza) at a stock concentration of 10 mM. The chemotherapeutic 5-Flurouracil
(5-FU) was solubilised in sterile dimethyl sulfoxide (DMSO) and prepared at a stock
concentration of 5 mM. Aliquots were stored at -20°C and thawed at 37°C

immediately prior to use to ensure all drugs were in solution.

2.1.2 Radiation treatment

Irradiation was performed with a RS-2000 Pro biological research X-ray irradiator
(Rad Source Technologies, Georgia, USA) at a dose rate of 1.87 Gy/min. Detailed

dosimetry and warm up cycles were performed regularly to ensure the irradiated dose
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was accurate. The irradiator was validated and calibrated to National Physical

Laboratory standards.

2.2 Cell lines

The MPM cell lines NCI-H2452, P31, MSTO-211H and NCI-H2052 were kind gifts
from Dr Steven Gray (Department of Oncology and Clinical Medicine, Institute of
Molecular Medicine, Trinity Sciences Health Centre, St James’s Hospital, Dublin,
Ireland). All cell lines were confirmed as mycoplasma negative, as described in

section 2.2.5.

2.2.1 Tissue culture

Cell lines were maintained in RPMI-1640 medium (Lonza) supplemented with 10%
heat inactivated foetal bovine serum (HyClone, UT, USA), 1%
Penicillin/Streptomycin (Lonza) and 1% Glutamax (Gibco, Paisley, UK). All cell
lines were cultured in supplemented RPMI-1640, henceforth termed complete
medium. Cell culture reagents were stored at 4°C and warmed to 37°C in a water
bath with armor beads (Lab Armor, USA) for at least 1 h prior to use. Cells were
maintained in 95% humidified incubators at 37°C, 5% CO; (Nuaire IR Direct Heat
CO; Incubator, Red Laboratory Technology, USA). Aseptic technique was adopted
for all procedures involving cells. Tissue culture work was carried out in Faster BH-
EN 2004 laminar air flow units (Faster S.r.1, Italy). Before entering the laminar flow
hood, the area was thoroughly cleaned with 1% Virusolve (Amity International
Healthcare, UK), followed by 70% Ethanol (EtOH). All reagents and equipment
were sterilised prior to entering the laminar air flow unit with 70% EtOH. Spent
reagents and materials were decontaminated in Presept sterilising solution for at least
20 min out of the laminar flow area, prior to flushing down the sink with copious

amounts of water.
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2.2.2 Subculturing

All cell cultures were maintained in an exponential growth phase in T75 cm? tissue
culture flasks (Greiner Bio-One, UK), and subcultured at 70-85% confluency. Spent
media was discarded to waste (containing decontaminating Presept (Asya Medica,
Philippines)) and cells were briefly washed with 5-10 mL sterile 1X PBS. Cells were
detached from the plastic surface of the flask using 1 mL trypsin-EDTA (Lonza).
Cells were incubated with trypsin-EDTA for 5 min at 37°C to promote detachment.
Cells were checked for complete detachment with the aid of light microscopy
(Olympus, MA, USA). Trypsin-EDTA was inactivated with 4 mL complete medium.
Cell suspension was split into fresh T75 cm? flasks at a varying ratio of 1:2-1:12,
depending upon experimental needs. Further complete medium was added to each
flask to ensure a total volume of 20 mL. Cells were passaged approximately 2-3

times weekly, with passage numbers recorded.
2.2.3 Frozen cell stocks

All cell lines were regularly frozen and stored in liquid nitrogen. Regular freezing
ensured passage numbers were kept low. In order to freeze down cells, confluent
(80%) T75 cm? flasks were 1X PBS washed, incubated with Trypsin-EDTA and
inactivated with complete medium, as described in section 2.2.2. Cells were then
collected in 50 mL sterile tubes and centrifuged for 5 min at 300X g to pellet cells.
Spent media was discarded to waste. Cells were then resuspended in 1.5 mL freezing
media (90% FBS, 10% DMSO), drop wise. Cryovials (Sarstedt, Germany) were
labelled and 500 L of the cell freeze mix suspension added to each 2 mL cryovial.
Cell suspensions were stored at -80°C for a period of at least 48 h in a Mr Frosty
freezing container, which ensures gentle lowering of cellular temperature at a rate of

1 °C/min. After equilibrating at -80°C, cryovials were moved into liquid nitrogen
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dewar for long term storage. A liquid nitrogen stock spreadsheet containing cell line

name, date and passage number was used to log each vial within the dewar.

Cells were reconstituted by removal from liquid nitrogen, and quick thawing to 37°C.
Defrosted suspension was added to a labelled T25 cm? tissue culture flask, and warm
complete media added to a total of 10 mL. Cells were then immediately incubated at
37°C, 5% CO,. After 24 h post defrosting, cells were subjected to a PBS wash and

complete media was refreshed on cells to remove any residual DMSO.
2.2.4 Cell counting

Cells were subjected to a PBS wash, Trypsin-EDTA and concurrent inactivation. In
order to pellet cells, cells were centrifuged for 5 min at 300xXg. Spent media was
disposed into waste. Cells were then resuspended in 1 mL warm complete media and
thoroughly mixed with pipetting. Cells were either enumerated at a 1:2 dilution or a
1:10 dilution. For example, 20 pL of cell suspension (well mixed) was added to a 1.5
mL Eppendorf tube containing 180 yL of Trypan blue (Gibco). The Trypan blue cell
solution was mixed thoroughly and 9 pL loaded onto a haemocytometer (Superior
Marienfeld, Germany) covered with a glass cover slip. The haemocytomter was
checked for sufficient loading, if any air bubbles had resulted, the process was
repeated after washing the haemocytometer. To assess the viable cell count, the
haemocytometer was put under the inverted microscope (Olympus CKX41, 10X
objective). Cells that remained viable appeared white due to exclusion of the dye
from the cell membrane interface, whereas cells that had the membrane disrupted,
therefore non-viable, were stained dark blue and not counted. Cells lying in the four
large corners of the haemocytometer were enumerated. Cells lying on the right or
bottom edge of the squares were not counted to avoid repeat counting of the same
cell. To ensure reliable and rapid counting, a tally counter was used. Once the total
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number of cells in the large corners had been counted, the total number of cells was
divided by 4, and then multiplied by the dilution factor (2 or 10), then multiplied by

10* to achieve a total number of cells/mL.

2.2.5 Mycoplasma testing

Cells were subjected to routine mycoplasma testing approximately every 3 months.
Mycoplasma testing was carried out with the MycoAlert Mycoplasma Detection Kit
from Lonza. Briefly, 1 mL of spent medium was taken from an actively culturing
flask and centrifuged for 5 min at 300xXg. An aliquot (100 pL) of the supernatant
was pipetted in triplicate into a white-walled 96-well plate. A 100 pL volume of
MycoAlert Reagent was added to each well containing supernatant and incubated at
room temperature for 5 min. Luminescence was then measured with 1000 ms
integration time (Fluoroscan Ascent FL, ThermoScientific, UK). Following the
initial reading, 100 pL of MycoAlert Substrate was added to each reagent containing
wells; this was then incubated at room temperature for 10 min. Luminescence was
then again measured with 1000 ms integration time. In order to determine
mycoplasma status, the second reading was divided by the first reading to give a
ratio. Where the ratio was less than 0.9, the sample was considered negative; where
the value was more than 1.2 cells would have been identified as mycoplasma

positive.

2.3 Manipulation of gene expression

2.3.1 MiRNA plasmids

Overexpression and suppression of specific miRNA was achieved by transfection
with miRNA plasmids from Origene (MD, USA) and System BioSciences (CA,
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USA) respectively (appendix 1). Plasmids were CMV promoter driven, and included
a bacterial resistance gene (ampicillin or kanamycin) and a GFP reporter sequence.
The miR-31 overexpression plasmid (MI0000089) encoded a miRNA precursor,
which was then processed to the mature miRNA by the normal cellular machinery.
The vector control plasmid (PCMVMIR) was exactly the same as the miR-31
overexpression, aside from the coding miR-31 sequence, which in the control was a
scrambled sequence. The miR-31 suppression (zip-down) plasmid (MZIP31-PA-1),
produced an antisense oligonucleotide to the miR-31 sequence, which physically
binds miR-31 and irreversibly inhibits its activity. The vector control plasmid
(MZIP000-PA-1) was exactly the same as the miR-31 suppressive, aside from the
coding miR-31 suppressing sequence, which in the control was a scrambled
sequence. The overexpression plasmid and its vector control equivalent had a
mammalian selection marker, conferring geneticin (G418) resistance. The
suppression (zip) plasmid and its equivalent vector control had a mammalian

selection marker encoding puromycin resistance.

The NCI-H2452 miR-31-null cell line and the P31 endogenous miR-31-expressing
cell lines were transfected with miR-31-overexpressing or miR-31-suppressing
plasmids, respectively. Cells were transfected and seeded into 100 mm? tissue culture
dishes at a density of 1 10° per dish and left to adhere overnight. Spent medium was
removed, and dishes washed with PBS, following which Opti-MEM low nutrient
medium (10 mL) was added to each dish. Transfections were performed using
diluted Lipofectamine 2000 reagent (9 pL in 150 puL Opti-MEM). A total of 14 pg
plasmid vector, and vector control equivalents, were used to transfect the miR-31
overexpression (for NCI-H2452 cell line) or suppression plasmid (for P31 cell line),
diluted in 700 pL Opti-MEM. The transfected NCI-H2452 cell line were kept under

500 pg/ml G418 selection for 3 weeks. Zip-miR-31 plasmid and Zip vector control
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were stably transfected into the P31 cell line and maintained under 3 pg/ml
puromycin selection for 10 days. Concentrations of G418 and puromycin were
determined by literature based analysis. Both plasmids encoded a GFP reporter,
which was regularly checked for expression via fluorescence microscopy and

Western blot analysis. Transfected cell lines were maintained as mixed populations.

2.3.2 Bacterial transformation

One Shot TOP10 (Thermo Fisher, ThermoScientific, UK) or XL-10 Gold (Agilent,
CA, USA) chemically competent E.coli were used to facilitate the production of
miRNA plasmid stocks. On ice, 2 puL of each plasmid was added to thawed E.coli
species. The bacterial suspension was then heat shocked at 42 °C for 30 s, then put
straight onto ice for 2 min. Using aseptic technique, the culture was added to 5 mL
LB broth (Fast-media E.coli LB broth, InvivoGen, USA) in a 50 mL tube, incubated
for 4-6 h at 30°C, 220 rpm. The culture was checked for turbidity, indicating
bacterial growth. The entirety of the broth was then poured into 200 mL LB
ampicillin or kanamycin selection medium, which was then incubated at 30°C, 220
rpm overnight. Following incubation, the E.coli were collected via centfriguation at
6000 X< g for 15 min. Pellets were either immediately extracted for purified plasmid,

or frozen at -20°C for up to 4 months.

2.3.3 Plasmid extraction

Pellets of bacteria previously transformed, as in section 2.3.1, were defrosted on ice
and extracted using the NuceloBond Xtra Midi Plus Kit (Macherey-Nagel, UK). Cell
pellets were resuspended in 8 mL RNase A resuspension buffer, with the addition of
8 mL lysis buffer. The solution was gently mixed via inversion and incubated at

room temperature for 5 min to ensure optimal bacterial lysis. During incubation,
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column filters were equilibrated with 12 mL equilibration buffer. After incubation, 8
mL neutralisation buffer was added to the cell suspension and inverted to allow
mixing. The suspension was then applied to the equilibrated column filter. The
column filter strained the suspension of precipitate, whilst the plasmid DNA was
isolated via binding to the silica based resin at the bottom of the column, which was
positively charged, ensuring the negatively charged plasmid DNA was bound with
high specificity. The cell suspension was allowed to fully flow through the filter, by
suspending the filter over the column with a clamp and stand. The filter was then
washed with 5 mL equilibration buffer, after which it was disposed to waste. To
ensure purity of plasmid DNA, the column was washed with 8 mL wash buffer.
Elution of the plasmid DNA was then achieved by the addition of 5 mL elution
buffer, to precipitate the plasmid DNA from the solution, 1.5 mL isopropanol was
added and vortexed (Stuart SA7 Vortex, UK) thoroughly. The plasmid solution was
added to a fresh column and washed with 100% EtOH, and elution achieved with
250 pL 5 mM Tris-HCI pH 8.5. The DNA concentration of the final product was
measured with a NanoDrop ND-100 (Thermo-Scientific). The measuring pedestal
was gently cleaned with deionised water and blanked with the appropriate reference.
The pedestal was loaded with 2 uL of plasmid product and a reading taken, and
concentration measured in ng/mL. Purified plasmid DNA was then stored in aliquots

to at -20 °C. Further details of the Nanodrop ND-100 are detailed in section 2.4.2.

2.3.4 ABCB9 plasmids

Overexpression of the protein ABCB9 was achieved by transfection with ABCB9
encoding plasmids from GeneCopoeia (MD, USA) (appendix 1). Plasmids were
CMV promoter driven, and included a bacterial resistance gene (ampicillin). The

ABCB9 overexpression plasmid (EX-T8156-M68) and its empty vector control
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equivalent (EX-NEG-M68) encoded a puromycin resistance gene for stable
mammalian selection. Plasmids were grown up to create plasmid stocks as in

sections 2.3.2 and 2.3.3.
2.3.5 Transfection of cell lines

Stable transfections were performed using Lipofectamine 2000 liposomal-based
reagent from Invitrogen (UK) according to the manufacturer’s instructions.
Lipofectamine 2000 relies upon lipofection to enter the cellular environment. The
transfection reagent is a cationic formulation that forms complexes with negatively
charged DNA, which therefore allows passage across the cell membrane [239]. Cells
were seeded at appropriate densities for the vessels in which they were to be
transfected in (2X10° - 4x10° for 6-well plates and 1 10° for 100 mm dishes) and
left to adhere overnight. Subsequently, spent medium was removed and discarded
from wells/plates. Cells were subjected to a PBS wash, Opti-MEM (Invitrogen, UK)
reduced serum media was then added to the well/dish. Lipofectamine 2000 was
diluted, with 9 pL of Lipofectamine being added to 150 puL Opti-MEM. The plasmid
stock was initially diluted so that 14 pg plasmid was used to transfect the miRNA
plasmids. The ABCB9 and EX-NEG (vector control) plasmids were diluted to 10 ug.
The Lipofectamine and diluted plasmid stock solutions were then combined at a ratio
of 1:1 and incubated at room temperature for 10-15 min. Following incubation, 250
uL of the combined plasmid/transfection reagent was added drop wise to each well
of a 6-well plate. Where the utilisation of a 200 mm (60 cm?) dish was necessary for
transfection, reagents were scaled accordingly. Following 6 h of incubation with the
plasmid/transfection reagent in the Opti-MEM filled wells, spent Opti-MEM was

removed and fresh complete media added. Cells were assessed for GFP expression
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by fluorescence microscopy, where appropriate, 24 h post transfection, as described

in section 2.3.6.
2.3.6 Fluorescence microscopy

The Zeiss Axio Vert.Al inverted microscope was used to visualise transfected cells
on the bright field and FITC channels to check for the presence for GFP. The
exposure time was kept constant between untransfected controls and transfected cells
to ensure autofluorescence did not provide false positives. The Zeiss LSM710
AxioObserver  Confocal microscope (Zeiss, Germany) was used for
immunoflourescence studies. Zeiss ZEN 2012 software was utilised to analyse

images.

2.4 Gene expression analysis
2.4.1 RNA extraction

Extraction of both miRNA and mRNA was achieved through the use of an RNeasy
column based Mini kit (Qiagen, Netherlands) according to manufacturer’s protocols.
The RNeasy kit relies upon a silica-based membrane for RNA capture and
purification. The kit achieves cell lysis via a guanidine-thiocynate-based buffer, with

the addition of ethanol to allow the optimal binding conditions.

Surfaces and equipment were cleaned using 1% Virusolve prior to procedures
involving RNA. Filtered, RNase and DNase free sterile pipette tips (TipOne,
StarLab, UK) were used throughout all RNA/DNA based experiments. Cells (up to
1Xx10") were harvested in an exponential growth phase from T75 cm? flasks via
scraping (using sterile cell scraper) into sterile cold 1X PBS. Cells were then pelleted

at 300X g for 5 min and immediately placed on ice. The supernatant of each sample
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was carefully removed via pipetting and disposed to waste. To initialise the lysis
procedure, 350 pL Buffer RLT was added to the sample and vigorously mixed via
pipetting to ensure total disaggregation of the cell pellet. One volume (350 pL) 70%
EtOH was then added to the cell solution and mixed thoroughly. The total sample
was then added to an RNeasy spin column complete with collection tube. The sample
was then centrifuged at 9000 X g for 20 s, after which the flow-through was discarded
to waste. The column was checked for full flow-through to ensure no obstructions. A
volume of 700 pL Buffer RW1 was then added to the column, and centrifuged at
9000xg for 20 s, flow-through subsequently discarded. A volume of 500 pL of
Buffer RPE was then added to the column and centrifuged at 9000 X g for 20 s, flow-
through discarded. The sample was repeat washed with 500 pL of Buffer RPE and
centrifuged at 9000xg for 2 min. The RNeasy column was then inputted into a
collecting 1.5 mL RNase- and DNase-free sterile Eppendorf tube. A volume of 30
uL RNase-free water was added directly onto the column membrane, the column was
then centrifuged at 9000 X g for 1 min to elute RNA,; this was then repeated using the

flow-through from the elution step to ensure maximal RNA recovery.

2.4.2 RNA quantification

Total RNA extracted was asssessed for concentration and quality using the
NanoDrop Lite Spectrophotometer (Thermo Scientific, UK). The NanoDrop Lite
relies upon optic technology, wherein a sample is loaded onto a receiving fibre,
which is then contacted with a source fibre, and the liquid bridge created by the
sample then allows a light emitting diode (LED) to create light, and a silicon
photodiode to then analyse the light that has passed through the sample, giving

indication of its content.
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Prior to running samples, the loading pedestal was cleaned using deionised H,O and
lens cleaning tissue. Initially, the NanoDrop was blanked using the appropriate
control (RNase-free H,O for RNA). The loading pedestal (receiving fibre end) then
had a sample volume of 2 pL placed upon it and absorbance measured at 260 nm.
Concentration of RNA was measured and recorded in ng/uL format, and a 260/280
ratio recorded for indication of protein contamination, a ratio of ~2 was indicative of

optimal quaility.

Post quantification, extracted RNA was immediately reverse transcribed to cDNA;

any surplus RNA was stored at -80°C.

2.4.3 cDNA synthesis for miRNA

Reverse transcription for miRNA was completed using the miScript Il RT kit
(Qiagen) according to manufacturer’s instructions. Reverse transcription used the
miScript HiSpec buffer, which ensures mature miRNA are polyadenylated and
reverse transcribed with oligo-dT primers, which have a 3’ degenerate anchor and a

universal tag sequence on the 5’ end, allowing amplification of mature miRNA.

Previously extracted RNA was placed on ice, or thawed on ice, alongside thawing
the reverse transcriptase mix. MiScript Nucleics Mix (10X), 5X miScript HiSpec
buffer and RNase free water were thawed at room temperature. On a volume per
reaction basis, master mix for cDNA synthesis was prepared. Briefly, 4 puL 5X
miScript HiSpec buffer, 2 uL 10X miScript Nucleics Mix, and 2 pL miScript
Reverse Transcriptase Mix were added together to form a master mix (hereafter
termed miScript RT MM). A volume of 8 pL of the miScript RT MM was then
added to 0.5 mL flat-topped tubes and variable amounts of RNA sample (2 ug of
RNA reverse transcribed for each sample) and RNase-free H,O were added, giving a

total reaction volume of 20 pL (for each sample). Each time a set of samples was run
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through the procedure, a blank was also performed to ensure no contamination of the
RT reagents (all components were used for the blank aside from the RNA sample;
RNase-free H,O was used as a substitute). The total reaction was then placed into a
thermal cycler (C1000 Thermal Cycler, BioRad, UK) that was programmed to
incubate the samples for 60 min at 37°C and then 5 min at 95°C to inactivate the
miScript RT MM. Reverse transcribed RNA, now termed cDNA, was either placed

on ice ready for quantitative PCR (qPCR), or frozen at -20°C for later investigation.

2.4.4 Quantitative PCR for miRNA

To assess miIRNA expression, SYBR Green-based quantitative PCR (QPCR) was
employed. The miScript SYBR Green PCR kit and miScript primer assays (Qiagen)
were used along with cDNA synthesised from the miScript 11 RT kit, as described in
section 2.4.3. MiScript primer assays were purchased as they are known to amplify
the desired gene of interest and have been meticulously quality controlled. The
process of SYBR Green gPCR acts by the binding of the SYBR Green dye to double
stranded DNA (dsDNA).The PCR reaction amplifies the sequence it is targeting, the
SYBR Green binds to each new copy of the dsDNA product, thus proportionately

elevating the fluorescent signal, which relates to the amount of amplified product.

Each sample anlaysed by miScript g°PCR was plated in triplicate into 96-well gPCR
plates to limit the influence of outliers in the dataset. A volume of 1 uL cDNA (equal
to 100 ng) was added to each well of a 96-well PCR plate (Applied Bioscience, UK).
Two gPCR reaction master mixes (QPCR MM) were prepared on a volume per
reaction basis, with the only difference between the mixes being one having the
primer assay of interest, and one having a PCR loading control primer assay (Table
2.1). The reaction volumes were 10 pL Quantitech SYBR Green, 2 pL Universal

primer (reverse), 2 YL primer assay and 5 pL RNase free H,O, making the total

79



volume in the well 20 pL. To control for anomalies within the gPCR reagents, an
RNase-free H,O sample that had been through the cDNA synthesis process was run
as a non-treated control on every qPCR plate. The prepared qPCR plate was covered
with an adhesive clear film (Applied Bioscience) and sealed by scoring with a pipette
tip. The plate was then subjected to a short spin in a Miniplate Spinner MPS1000
(Labnet, USA) to pool the contents of each well. The gPCR machine (StepOne Plus
Real Time PCR System, Applied Bioscience) was then programmed to run for 40
cycles after the initial activation at 95°C for 15 min. Each cycle was set to denature at
94°C for 15 s, anneal primers at 55°C for 30 s and extend primer at 70°C for 30 s.

Data collection was collected during the primer extension step.

Data was collated using StepOne software v2.0 (Applied Bioscience), with
adjustments made to the baseline threshold if the software had not automatically
detected early exponential phase, to ensure C; determination was as accurate as

possible. Analysis of qPCR data was achieved using the Livak method [240].

2.4.5 cDNA synthesis for mRNA

For samples previously extracted from section 2.4.1, to assess mRNA levels, a
QuantitTect RT kit was utilised (Qiagen). A total of 1 ug of previously extracted
RNA was loaded into the cDNA synthesis reaction; this was made up to a total of 12
uL with RNase free H,O. Initially, 2 pL (making a total reaction volume of 14 uL)
of genomic DNA wipeout buffer was added to each individual sample to ensure
potential contamination from genomic DNA was eliminated. A negative control with
RNase-free H,O only was also prepared for each set of reactions. After addition of
the gDNA wipeout buffer, samples were placed into a thermal cycler for 2 min at
42°C, after which samples were immediately placed on ice prior to cDNA synthesis.

A master mix (RT MM) was prepared on a volume by reaction basis, with 1 pL RT
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MM Quantitect Reverse Transcriptase, 4 pL of Quantiscript RT buffer and 1 pL RT
primer mix (total of 6 pL) added to each sample post gDNA wipeout, thus making a
total volume per reaction of 20 puL. The samples were added to a thermal cycler and
reverse transcription completed for 15 min at 42°C, followed by 3 min at 95°C to
inactivate the reverse transcriptase. CDNA was either placed immediately on ice after

reverse transcription prior to gPCR, or was frozen at -20°C for longer term storage.

2.4.6 Quantitative PCR for mRNA

To assess relative mMRNA levels within samples, QuantiTect SYBR Green PCR was
adopted (Qiagen). The QuantiTect SYBR Green PCR kit and QuantiTect primer
assays were used along with cDNA synthesised from the Quantitect RT Kit.
QuantiTect primer assays were purchased as they are known to amplify the desired

gene of interest and have been meticulously quality controlled.

Each sample analysed by QuantiTect gPCR was plated in triplicate to extrapolate any
outliers in the dataset. Initially, cDNA from section 2.4.5 was diluted to 20 ng/uL, so
that 20 ng cDNA would be loaded into the gPCR reaction. A volume of 1 uL cDNA
(20 ng) was added to each well of a 96-well PCR plate (Applied Bioscience, UK). As
for miRNA analysis, two separate qPCR reaction master mixes (QPCR MM) were
prepared on a volume per reaction basis, with the only difference between the mixes
being the one had the primer assay of interest, and one had a PCR loading control
primer assay (Table 2.1). The reaction volumes were 10 pL Quantitech SYBR
Green, 2 pL primer assay and 7 pL RNase-free H,O, making the total volume in the
well 20 uL. To control for anomalies within the gPCR reagents, an RNase free water
sample was run as a non-treated control on every gPCR plate. The prepared qgPCR
plate was covered with an adhesive optically clear film (Applied Bioscience). Each

plate was then subjected to a pulse spin in a Miniplate Spinner MPS1000 (Labnet,
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Table 2.1 Primer assays utilised in gPCR

miRNA or mMRNA Manufacturer  Catalogue number

miR-31 miRNA Qiagen MS00003290
RNU-6 miRNA (loading Qiagen MS00033740

control)
CTR1 MRNA Qiagen QT00099267
ABCB9 MRNA Qiagen QT00089047
ATP7A MRNA Qiagen QT00075852
ATP7B MRNA Qiagen QT00075782
B2M MRNA (loading Qiagen QT00088935

control)
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USA) to pool the contents of each well. The gPCR machine (StepOne Plus Real
Time PCR System, Applied Bioscience) was then programmed to run for 40 cycles
after the initial activation at 95°C for 15 min. The cycle was set to denature at 94°C
for 15 s, anneal primers at 55°C for 30 s and extend primer for 72°C for 30 s. Data

collection was collected during the extension step.

Data was collated on the StepOne software v2.0 (Applied Bioscience), with
adjustments made to the baseline threshold if the software had not automatically
detected early exponential phase, to ensure C; determination was as accurate as

possible. Analysis of qPCR data was achieved using the Livak method [240].

2.5 Protein expression analysis

2.5.1 Protein lysate preparation

Cells previously seeded into 100 mm dishes had spent medium discarded to waste
and were washed with 2 mL sterile 1X pre-warmed PBS, this was then discarded and
cells were scraped into approximately 2 mL of fresh sterile pre-warmed 1X PBS. The
cell mix was then inserted into 15 mL tubes, where samples were subjected to
centrifugation for 5 min at 300Xg to pellet cells. From this point onward, all

reagents and cells were kept on ice.

The supernatant was carefully pipetted from the tube, avoiding disturbance of the
pellet. The cell pellet was then resuspended in complete cold RIPA lysis buffer (50
mM Tris-HCI pH8, 1% Triton-X, 0.5% sodium deoxycholate, 0.1% SDS, 150mM
NaCl, with the addition of protease and phosphatase inhibitor tablets (Pierce, IL,
USA)), hereafter termed complete RIPA. The volume of the complete RIPA was

dependent upon the size of the pellet; a range of 25 pL to 40 L per pellet was used
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to ensure optimal concentration of protein. Cells were thoroughly resuspended in
complete RIPA and transferred to fresh, sterile 1.5 mL Eppendorf tubes. Cells with
complete RIPA were kept on ice for 30 min to ensure efficient lysis, and then

centrifuged at 6000 g, 4°C for 5 min. The supernatant was then determined.
2.5.2 Extraction of nuclear proteins

Cells were harvested and washed with ice cold NEB buffer A (10 mM HEPES pH
7.9, 1.5 mM MgCl,, 10 mM KCI, 1 mM DTT, PIC, ultrapure H,0) and pelleted at
20,000 g for 2 min. Cells were washed a further two times with NEB buffer A for 5
min. Cell lysis was achieved by resuspending cells in NEB buffer A plus 0.1% (v/v)
NP40 with incubation on ice. Lysate was separated by centrifugation at 20,000 X g
for 15 min, followed by nuclear lysis with NEB buffer C (20 mM HEPES pH7.9, 1.5
mM MgCl,, 420 mM NaCl, 1 mM DTT, PIC, ultrapure H,0). Insoluble material was
removed via centrifugation at 20,000 X g for 15 min. Protein concentration in the

supernatant was then quantified.
2.5.3 Protein quantification

Quantification of protein was completed using Pierce bicinchoninic acid assay
(Thermo Scientific), or BCA assay. In short, the assay chelates copper with protein
within an alkaline environment, this is also known as the biuret reaction. Chains of
peptides form a coloured chelate complex with cupric Cu'* ions, which is light blue
in colouration. The colour is then further developed when the BCA reacts with the
formed Cu®*. A purple colouration occurs as two BCA molecules chelate with one
ion, which can be measured at approximately 562 nm. A linear increase in

absorbance is observed with increasing protein concentration.
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Initially, a standard curve using 2 mg/mL bovine serum albumin (BSA) was created
for each BCA assay run. The protein concentration of a sample was calculated using
the standard curve. Serial dilutions of the concentrated BSA were completed so that a
series of 8 known protein concentrations from 25 pg/mL to 2000 pg/mL (diluted in
RIPA buffer, with RIPA only as a blank or 0 pg/mL) were produced. The prepared
standards created were frozen at -20°C after use, and freeze thawed up to ~5 times.
When standards became non-linear upon analysis, new standards were made to avoid
problems in quantification. In a non-sterile 96-well clear bottomed plate, 10 pL
standards were aliquotted in duplicate. In order for protein concentrations to be
within the range of the assay, sample protein was diluted 1 in 10 within the well, so
that 1 uL sample was added to 9 uL RIPA buffer. The BCA assay reagent was made
in a 15 mL tube at a ratio of 50 parts of reagent A (BCA) to 1 part reagent B (4%
Cu'* sulphate). Once thoroughly mixed, 200 pL of the BCA assay reagent was then
added to all protein containing wells, including standards. The 96-well plate was then
covered in foil and placed in a 37 °C incubator for 30 min. Post incubation,
absorbance was measured at 595 nm on an Absorbance Microplate Reader ELX800
(Biotech, USA). The blank absorbance was subtracted from all sample and standard
absorbance and all duplicated wells were averaged. Using Microsoft Excel, a
standard curve was plotted with BSA concentration on the x-axis, and absorbance at
595 nm on the y-axis. The concentration of protein within samples was therefore
calculated using the equation of the standard line (y=mx+c) as overleaf (x: protein

concentration, y: absorbance, c: y intercept, m: gradient).

(%x 10)
1000

X =

85



2.5.4 Protein sample preparation

Quantified samples were prepared (30-50 pg per sample) to be loaded onto a gel for
SDS-PAGE protein separation. Samples were prepared with RIPA buffer and
normalised to a total volume of 20 pL in 1.5 mL tubes. A volume of 5 pL loading
buffer (3.3% SDS; 6 M Urea; 17 mM Tris-HCI pH 7.5; 0.01% bromophenol blue and
0.07 M B-mercarptoethanol) was added to each sample, and samples pulse
centrifuged (Sprout mini-centrifuge, Heathrow Scientific, UK) to pool the contents
of the 1.5 mL tubes. Samples were then heated to 95°C for 8 min (Techne Dri-Block
DB-3D, Sigma Aldrich, UK), after which tine samples were cooled to room

temperature and pulse centrifuged again prior to gel loading.

2.5.5 SDS-PAGE

Prepared proteins were loaded onto polyacrylamide gels and electrophoresed to
separate proteins according to size within the gel matrix. Gels were hand-cast (6-
12%) according to recipes detailed in appendix 2. Gel casting apparatus, mini-
PROTEAN Tetra System (Bio-Rad, UK), was assembled with a glass spacer plate
sandwiched with a short plate, clamped into a casting stand. The plates were checked
for leaks by gently introducing 1 mL isopropanol in between the plates with a
Pasteur pipette. Where leaks were present, the casting equipment was taken apart and
reassembled. Isopropanol was poured out of the plates and plates were concurrently
left to dry before gel solutions were added. The resolving gel was prepared in a 50
mL tube and gently pipetted in between the plates with a Pasteur pipette, stopping
~1-1.5 cm from the top of the short plate to allow for the stacking gel. Carefully, a
layer of isopropanol was pipetted on top of the resolving gel to ensure an even gel,
and to assist polymerisation. Surplus resolving gel was left in the 50 mL tube to act
as a proxy for polymerisation. Once the surplus resolving gel had polymerised after
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~20 min, the isopropanol was carefully poured off and the prepared stacking gel was
pipetted on top. Once the top of the short plate had been reached with the stacking
gel solution, a 10-well comb was pushed in between the plates ensuring no bubbles
underneath the wells. The stacking gel was then left for ~10 min to polymerise;
surplus stacking gel was left in the 50 mL tube to ensure the gel had polymerised
within the plates. In general, gels were prepared at least 1 day in advance of
electrophoresis, and soaked in 1X running buffer before storage in the fridge

overnight which ensures a firmer gel.

Following gel casting, the mini-PROTEAN Tetra Cell (Bio-Rad) was assembled.
Two to four gels per tank were run simultaneously. Once removed from the fridge,
gels were clamped into a gasket and the gasket fitted into a tank, with short plates
facing inward toward the central buffer reservoir. A small amount of 1X running
buffer (diluted from 10X stock: 30.2 g Tris base, 144 g glycine, 100 mL 10% SDS,
H,O up to 1 L) was poured in between plates to ensure no leakage. Further 1X
running buffer was then added to the space between plates, up to the top of the
gasket. After removal of the well combs, using a 1 mL syringe and 25 gauge needle,
wells were flushed with 1X running buffer to ensure residual polymerised stacking

gel did not interrupt loading of the gel.

In general, gels were loaded with molecular weight markers for the first two wells (5
uL 1kB PageRuler Plus Prestained Protein Ladder (Thermo Scientific) and 2 pL
Precision Plus Protein WesternC Standard (Bio-Rad)). A volume of 20 puL sample
was added to each well using a gel loading tip. Gels were then electrophoresed
(PowerPac Universal, Bio-Rad) for 1 h 30 min to 1h 50 min at 100 V to 120 V. Gels
were stopped when the dye front became proximal to the bottom of the gel, however

very large proteins required the dye front to be run off the gel, ensuring the proteins
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had sufficiently migrated into the resolving gel. Glass plates were carefully separated
post electrophoresis and the wells cut off from the gel, the gel was then transferred to
a box tray containing 1X transfer buffer (diluted from 10X stock: 30.2 g Tris base,
144 g glycine, dH,O up to 1 L) for ~5 min until equipment and reagents for

transferring were prepared.

2.5.6 Western blotting

Proteins separated by SDS-PAGE were subsequently transferred onto PVDF
(polyvinylidene fluoride) 0.2 uM membrane (Thermo Scientific). Briefly, proteins
are probed on the PVDF membrane with specific primary antibodies directed against
a protein of interest. After washing, the PVDF membrane is then probed with
horseradish peroxidise (HRP) linked secondary antibodies, which bind to the primary
antibodies and can be detected through the application of a chemiluminescent

substrate.

Cassettes were assembled and all components were thoroughly soaked in 1X transfer
buffer. Assembly of the cassette was performed with the clear side down. Firstly, a
transfer sponge was placed on to the clear side of the cassette, followed by 2 filter
papers (cut to the same dimensions as a short plate), PVDF membrane activated for
10 s in methanol, the polyacrylamide gel, 2 filter papers and finally another sponge.
Between each layer of the cassette, a roller was used to ensure no air bubbles can
disrupt the transfer process. The sandwich cassette was then carefully closed and
fastened and inserted into the transfer gasket, with the black side of the cassette
facing the black side of the gasket (negative electrode). The transfer gasket was then
slotted into the tank and filled with 1X transfer buffer. The tank had a magnetic stir
bar and cool pack added to control temperature and circulate buffer during transfer.

The tank was then placed on a magnetic stirrer and run at 100 V for 1 h 30 min.
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After transfer, the cassette was removed and carefully disassembled using forceps to
minimise contact with the PVDF membrane. Filter papers and gel remains were
discarded to waste. The orientation of the membrane was noted, and using a scalpel,
the top right hand corner of the membrane cut. The PVDF was then transferred into a
box tray to block the membrane (thus preventing non-specific binding of antibody),
which contained 5 mL 5% wi/v non-fat dried milk (Marvel, UK)/1X TBST (TBS
diluted from 10X: 24 g Tris HCI (Melford, UK), 5.6 g Tris base, 88 g NaCl, up to 1
L with dH,0O, with the addition of 0.1% Tween 20) solution, hereafter termed milk
solution. Membranes were incubated at room temperature on a gyrorocker (Stuart 3D
gyratory rocker, Bibby Scientific, UK) set at 40 rpm for 1 h. After blocking, the milk
solution was discarded and membranes were washed in 1X TBST for 10 min with 2
changes of wash during that period. Post brief washing, membranes were incubated
in primary antibody overnight at 4 °C on a roller (Stuart Analogue tube roller, Bibby
Scientific). Primary antibodies, Table 2.3, were prepared in 50 mL tubes, with either
5% milk solution, or 5% BSA solution (prepared with 1X TBST), depending upon
recommendations of the manufacturer on antibody datasheets. Membranes were then
washed in 1X TBST for 30 min, with at least 4 changes of wash during that period.
Secondary antibodies, Table 2.3, were then prepared in 50 mL tubes in milk solution.
A volume of 0.25 pL Streptactin HRP conjugate (Bio-Rad) was added to secondary
antibody solutions to ensure the concurrent visualisation of the Protein WesternC
Standards. Membranes were incubated in secondary antibody for 1-2 h at room
temperature on a roller. Membranes were then washed in 1X TBST for 40 min with 5
changes of wash during the period to ensure milk residues did not defile the

membrane.

Imaging of the membranes was completed either through a chemiluminescent

imaging system (Molecular Imager ChemiDoc XRS with ImageLab 3.0 Software,
89



Bio-Rad) or autoradiography. Firstly, a chemiluminescent substrate was prepared by
combining two Clarity Western ECL Substrate (Bio-Rad) reagents (1:1). Membranes
were put onto a sheet of clean acetate and 2 mL ECL was poured onto each
membrane, ensuring the entirety of the surface was covered. An additional sheet of
acetate was then placed over the top of the membrane, and the surface rolled to
ensure no air bubbles were trapped in between the sheets. Membranes were then

inputted into the imaging system and imaged intermittently over a 5 min period.

Where autoradiography was utilised, sandwiched membranes
(with ECL) were secured into a developing cassette (Hypercassette, Amersham
Biosciences, USA). The process was henceforth carried out in a dark room. A sheet
of X-ray film (Fuji Super Rx X-ray Film, Fujifilm, Germany) was placed securely
over the sandwiched membranes and the cassette shut firmly. Exposure time varied
from 2 s to 120 s depending upon relative protein abundance. The exposed film was
removed from the cassette and immediately placed into a large tray containing
developing solution (Universal, Champion Photochemistry, Malaysia), the solution
was circulated over the film until bands were visible. The exposed film was then
placed into a tray containing fixer solution (Universal) and agitated until the film
turned from opaque to transparent. Films were then briefly washed in water and left

to air dry.

To complete densitometry analysis, Western blots developed on film were imaged
using white light on the imaging system or alternatively opened from previously
saved files on the Image Lab software. Using the volume tool, boxes were drawn
around bands of interest; this then displayed volume intensity. The volume intensity

of a band was normalised to the volume density of the loading control, mainly
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Table 2.2 Antibodies for Western blot

Target protein Manufacturer ~ Catalogue no. Species Dilution used

TurboGFP Origene TA150041 Mouse 1:10,000

(in 5% wiv

milk/TBST)
CTR1 Santa Cruz SC-66847 Rabbit  1:1000

(in 5% wiv

milk/TBST)
ATP7A Santa Cruz SC-376467 Mouse 1:1000

(in 5% wiv

milk/TBST)
ATP7B Santa Cruz sc-373964 Mouse 1:1000

(in 5% wiv

milk/TBST)
OCT1 Santa Cruz sc-28334 Mouse 1:1000

(in 5% wiv

milk/TBST)
ABCB9 Santa Cruz sC-393431 Mouse 1:1000

(in 5% wiv

milk/TBST)
LAMP1 Santa Cruz sc-17768 Mouse 1:2000

(in 5% wiv

milk/TBST)
Phospho-53bpl R &D AF3405 Rabbit  1:1000

Systems (in 5% wiv

BSA/TBST)
Phospho- Cell Signalling 2577 Rabbit  1:1000
histone H2A.X (in 5% wiv
(yH2AX) BSA/TBST)
B-actin Santa Cruz sc-69879 Mouse 1:10,000

(in 5% wiv

milk/TBST)
Anti-mouse Dako P0260 Rabbit  1:2000
(2°) (in 5% w/v

milk/TBST)
Anti-rabbit Santa Cruz 7074 Goat 1:2000
(2°) (in 5% w/v

milk/TBST)
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B-actin, by dividing the band of interest by the B-actin band. Where appropriate,

volume densities of bands were then normalised to densities of a control sample.
2.5.7 Immunofluorescence microscopy

Cell lines were seeded on sterile glass cover slips (sterilised in 70% EtOH and air
dried in laminar air flow unit) within a 6-well plate at a density of 4x10° per well.
Spent media was aspirated and cells were fixed by pipetting 4% formaldehyde
solution (prepared with warm 1X PBS) to a depth of 2 mm on top of cover slips.
Cells were fixed for 15 min at room temperature. The fixative was aspirated and
wells rinsed three times with 1X PBS for 5 min. Henceforth, the process was
completed in the dark (by covering the plate in foil). After initial washing, cells were
blocked with blocking solution (1X PBS, 5% FBS, 0.3% Triton X-100) for 60 min at
room temperature. Blocking solution was aspirated, and primary antibody, Table 3,
was applied in antibody dilution buffer (1X PBS, 1% BSA, 0.3% Triton X-100) and
incubated at 4°C overnight. Following washing three times with 1X PBS for 5 min,
cells were incubated with Alexa Fluor 555 (Thermo Fisher Scientific), Table 3,
secondary antibody diluted in antibody dilution buffer for 2 h at room temperature.
Secondary antibody was aspirated and cells were rinsed four times with 1X PBS for
5 min. Cover slips were then reverse mounted onto glass slides with ProLong® Gold
Antifade Mountant with DAPI (Thermo Fisher Scientific), and sealed with clear nail
varnish. Slides were left to cure overnight before imaging on Zeiss LSM710
AxioObserver Confocal microscope or Zeiss Axio.Vert Al Fluorescence

microscope. Images were captured with AxioCamIC with 0.5x Camera Adapter.
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Table 2.3 Antibodies for immunofluorescence studies

Antibody Manufacturer Catalogue no. Species Dilution
ABCB9 Santa Cruz sc-393431 Mouse 1:100
LAMP-1 Santa Cruz sc-17768 Mouse 1:200
Anti-mouse Thermo A-21422 Goat 10 pg/mL
Alexa-Fluor 555 Scientific

(Red)
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2.6 Cell based assays
2.6.1 Clonogenic assay

Clonal survival was determined by seeding cells at a density of between 5x 10% and
1.5%10% per well with 1.5 mL complete medium into 6-well plates and allowing
them to adhere and settle overnight in a 37°C, 5% CO, humidified incubator. Spent
media was carefully aspirated so as not to disturb the single cells adhered. Cells were
then subjected to chemotherapy treatment using established doses for 24-48 h,
following which treatment was carefully aspirated and 2 mL fresh complete medium
applied to each well. For radiation treated clonogenics, plates were transported to the
irradiator and were exposed to a range of doses from 2 Gy to 8 Gy, after which they
were returned to incubation. Plates were incubated for 8-10 days post seeding.
Colonies were fixed by firstly aspirating and discarding media, then a gentle wash
with room temperature 1X PBS to each well. A crystal violet solution (0.1% w/v
crystal violet, 70% v/v MeOH, 30% v/v dH,0) was then used to stain colonies. The
fixative was incubated on the wells for 30 min, after which it was carefully removed
with a Pasteur pipette into a waste bottle containing sodium hydroxide to inactivate
crystal violet. Plates were washed carefully with water, until colonies were distinct
and crystal violet deposits no longer remained. Plates were then air dried at room
temperature for at least 24 h. Colonies were counted using the GelCount instrument
(Oxford Optronix, UK), using optimised CHARM (compact Hough and radial map)
image processing algorithms for each cell line, as in appendix 3. Plating efficiency
was calculated as the colony count divided by the number of cells seeded. Surviving
fraction was therefore calculated as the colony count, divided by the plating

efficiency of the control, multiplied by the number of cells seeded.
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The clonogenic assay was optimised so that ~200 colonies were present on a fixed
and stained 6-well plate; this varied across cell lines and took into consideration the
visible overlap of colonies. Cell seeding densities were adjusted according to
treatments, with a greater density of cells seeded where treatment would indicate
lower countable colonies. The CHARM algorithm was optimised to distinguish and
detect individual colonies; this was of benefit where two colonies arose in close
proximity to one another. The CHARM algorithm was able to distinguish between
colonies by using a range of functional features, including the optical density of a

given colony.
2.6.2 Longitudinal cumulative cell count-based proliferation assay

A basic cumulative cell count assay was employed to detect subtle changes in
proliferative capacity, wherein 3 10° cells were seeded into 100 mm tissue culture
dishes and allowed to adhere overnight. Subsequently, spent media was discarded to
waste and chemotherapy treatment was then applied for 24 h, after which time
treatment was aspirated and 10 mL fresh complete medium added to each dish. Cells
were re-seeded at 3x10° every 3 days, for a total of 9 days, and a cumulative cell

count taken at each time of re-seeding.
2.6.3 MTS assay

Cellular viability in response to chemotherapeutic treatment was established via the
CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, UK),
according to manufacturer’s instructions. Briefly, Aqueous One Solution is a
colourmetric-based assay that contains the tetrazolium compound MTS, which is
reduced by metabolically active cells, producing a coloured formazan product which

can then be measured at an absorbance of ~490 nm on a plate reader.
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Cells were seeded at a density of 1x10° cells per well in 100 uL complete media
within a 96-well clear bottomed plate, with each experimental condition plated in
triplicate. Cells were incubated overnight, after which the spent media was removed
from each well, and appropriate treatment medium added (including on each plate at
least one media only well). A volume of 20 pL of MTS reagent was added to each
well 72 h after chemotherapy treatment. Post addition of the MTS reagent, plates
were measured at 495nm on a plate reader (Absorbance Microplate Reader ELX800,
USA). The triplicate absorbance readings were averaged, and the media only
reference subtracted from the readings. Data was then subjected to normalisation to

vehicle control wells and corresponding variance from that value calculated.
2.6.4 GSH/GSSG-Glo Assay

The GSH/GSSG-Glo assay (Promega, UK) was performed according to
manufacturer’s instructions. GSH/GSSG-Glo measures oxidised and reduced
glutathione content in cells. Glutathione is the most abundant antioxidant found in
eukaryotes, and oxidised glutathione is an indicator of oxidative stress, thus
measuring the ratio of GSH (reduced) to GSSG (oxidised) can be beneficial to gain
insights into the health of cells [241]. The GSH/GSSG Glo assay relies upon GSH-

dependent conversion of a GSH probe to luciferin by glutathione S-transferase.

Briefly, 5% 102 cells per well were seeded into 96-well white bottomed plates, cells
were left to adhere overnight, and then treated with appropriate treatment for 24 h. A
standard curve of known GSH concentrations was pipetted in triplicate on each plate.
Preparation of reagents for the assay occurred 30 min prior to the commencement of
the procedure. Following treatment, spent media was discarded to waste, and 50 pL
total glutathione or oxidised glutathione lysis was applied to each well, this was then

shaken using a luminometer (Fluoroscan Ascent FL, Thermo Scientific) for 5 min. A
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volume of 50 pL of luciferase generation reagent was then added to all wells,
following a short shake of 30 s, after which the plate was incubated for 30 min. A
volume of 100 pL of luciferase detection reagent was then applied to all wells and
the plate shaken for a further 30 s. After 15 min of incubation at room temperature,
luminescence was read with the Fluoroscan Ascent FL with an integration time of

1000 ms.
2.6.5 ROS-Glo H,0, Assay

The ROS-Glo H;0, assay (Promega, UK) was performed according to
manufacturer’s instructions. ROS-Glo measures H,O, content in cells by providing a
substrate to H,O, that generates a luciferin precursor; this is then detected by the

addition of a detection reagent with luciferase and d-Cysteine.

Briefly, 5x10° cells per well were seeded into 96-well white bottomed plates, cells
were left to adhere overnight, and then treated with appropriate treatment for 24 h. A
volume of 20 pL of H,0O, substrate was added to treatment for the final 6 h of
incubation. A volume of 100 pL ROS-glo detection reagent was then added to all
wells. The plate was incubated for 20 min at room temperature. Plates were then
measured for luminescence signal using the Fluoroscan Ascent FL, with 1000 ms

integration time.

2.7 Elemental analysis
2.7.1 Subcellular fractionation

Initially, cells were seeded, left to adhere overnight, and treated with high doses (50-
500 uM) of chemotherapy or vehicle control for 24 h before scraping with 1X PBS

to harvest into 15 mL tubes. From this point onward, the procedure was carried out
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on ice or at 4°C. Cells were centrifuged at 200 X g to pellet cells, and PBS discarded
to waste. Cells were subjected to homogenisation with 10 strokes of a tight fitting
pestle B in a glass Dounce homogeniser in the presence of 5 volumes of a sucrose-
based solution (250 mM sucrose, 50 mM Tris-HCI, 5 mM MgCl, up to 100 mL with
1XPBS). Homogenised cells were then subjected to 600X g for 3 min to isolate
nuclei; this fraction was collected from the separated solution. Further fractionation
at 6000xg for 8 min separated mitochondria, lysosomes and peroxisomes, this
fraction was collected separately. Supernatant from fractionation was collected for

analysis.

2.7.2 Lysosomal pull down

To improve the yield of lysosomes from cell suspension, a novel immuno-pull down
based methodology was developed, where an antibody directed against the lysosomal
marker LAMP-1 and protein A/G magnetic beads were used to effectively pull
lysosomes from homogenised cells. The lysosomal marker LAMP-1, makes ~50% of
the total protein present on the lysosomal membrane [242], thus making this an ideal
candidate to utilise to attempt pulling intact lysosomes from the pool of organelles

present in the homogenised cell population.

Similarly to section 2.7.1, cells were treated and harvested, then resuspended in 100
uL ice cold PBS, and homogenised with 10 strokes of Dounce homogeniser. Briefly,
the homogenised samples were combined with 5 pg LAMP-1 antibody; the
sample/antibody solution was then incubated overnight at 4 °C on a tube rotator
(Stuart, Bibby Scientific) set at 20 rpm. A volume of 25 pL Pierce Protein A/G
magnetic beads (#88802, Thermo Scientific) was then aliquotted into a 1.5 mL tube.
A volume of 175 pL wash buffer (1X TBST) was then added to the beads, and gently

vortexed (Stuart SA7 Vortex) to mix. The magnetic beads were then collected to the
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side of the tube by placing tubes in a magnetic stand (PureProteome Magnetic Stand,
Merck Millipore, UK). The excess wash buffer was discarded, and 1 mL of fresh
wash buffer added to the beads, this was then inverted several times. Beads were
then collected with the magnetic stand; the supernatant was discarded to waste. The
previously incubated antibody/sample solution was ten added to the pre-washed
beads and incubated at room temperature on a tube rotator. Beads were then
collected with a magnetic stand; the supernatant was saved for further analysis. A
volume of 500 pL wash buffer was then gently added to the tubes and carefully
mixed, beads were then collected via the magnetic stand, and this was repeated
twice. A volume of 500 puL of PBS was then used to gently wash beads, with beads
being collected using a magnetic stand, the supernatant was discarded to waste. For
inductively coupled plasma mass spectroscopy and transmission electron microscopy
(appendix 6), beads were weighed and frozen at -20°C at this point, otherwise, for
Western blot analysis, beads were heated to 95°C for 10 min to dissociate the bead

from the lysosomes (appendix 5).
2.7.3 Inductively Coupled Plasma Mass Spectroscopy

Inductively coupled plasma mass spectroscopy, or ICP-MS, measures the trace
elements within a given sample. Here, we adopted ICP-MS to analyse platinum at the
most abundant isotope 195. Platinum is the main component of cisplatin, not
normally found within the cellular environment at more than absolute trace levels,

making this element ideal to analyse via ICP-MS [243].

Cells were treated with 50 uM cisplatin for 24 h, after which cells were harvested
and counted, fractionated, or pulled down to isolate organelle areas of interest. Cells
(1x10° or fractions were incubated in HNO;s for 72 h at room temperature.

Following incubation, HCI was added to each sample to form aqua regia at a ratio of
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1:3, ensuring total platinum was in solution (a bright orange colour was visualised).
Samples were then diluted to 10 mL with dH,O and analysed by Perkin Elmer
DRCII (MA, USA) inductively coupled plasma mass spectrometry. An autosampler
(Cetac ASX-510) was programmed to facilitate the ICP-MS run. Standard curves
were generated using aqueous serial dilutions of known standards. Each
measurement taken was representative of 3 technical replicates from an individual

sample.

2.8 Bioinformatics

Gene promoter bioinformatics analysis was performed using the DECODE database
http://lwww.sabiosciences.com/chipgpcrsearch.php?app=TFBS. Genes of interest
were inserted, with analysis showing the potential binding sites of over 200
transcription factors 20 kb upstream and 10 kb downstream of the gene. Target
prediction for miRNA binding to genes of interest was carried out through miRcode

and Targetscan, available at the following:

http://mircode.org/?gene=pou2fl&mirfam=&class=&cons=&trregion= (accessed

290615)

http://lwww.targetscan.org/cgibin/targetscan/vert_61/view_gene.cgi?taxid=9606&rs=
NM_001198783&members=&showcnc=0&shownc=0&showncf=#miR-31 (accessed

290615)

100



2.9 Statistical analysis

The standard error of the mean (xSEM) was used for all data analysis and relates to
the standard deviation (SD) and sample size (n) (SEM = j—%). The SEM is a

measurement of the standard deviation of all sample means over the means drawn

from the population.

Statistical analysis was performed using GraphPad InStat v3 (GraphPad software),
and graphical data completed on GraphPad Prism software 7.00 (GraphPad Software
Inc, USA). All statistical tests generated a p value, which was considered significant
if p<0.05. Where data comparisons involved one (where hypothetical means were set
to 1.0) or two sets of data, t-tests were performed, where there were more than two
groups of interest to compare, ANOVA (analysis of variance) with Tukey’s post-hoc

test adopted.
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Chapter 3:

The role of miR-31 in modulating

MPM sensitivity to treatment
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3.1 Introduction

Multimodality treatment for MPM is not commonly practised. The benefit to patients
who have trimodality treatment, including chemotherapy, radical surgery and
radiotherapy is limited [244]. The mainstay of treatment for MPM is administration
of chemotherapeutics [100], although targeted therapies are in development and
currently in clinical trials alone or in combination with chemotherapy [245]. There
have been many targets identified for drug development, including EGFR [103],
BAP1 [246] and PDL1 [247] however, a lack of sufficient randomised trials and poor
target definition has meant chemotherapy, namely cisplatin and pemetrexed, as
identified in the EMPHACIS trial [82], is the only recommended systemic standard
of care for MPM [245, 248]. Patients, despite treatment, are still faced with an
extremely poor prognosis [245], where the median PFS remains at just over 1 year,
and the median overall survival post diagnosis being 4-18 months [249].
Unfortunately, due to the inherent resistance of the disease to chemotherapy,

regression post treatment is generally short lived and patients relapse quickly.

MiRNAs are a group of small non-coding molecules that function to regulate gene
expression at the posttranscriptional level. A single miRNA can regulate possibly
hundreds of different genes, via imperfect complementarity to its target mRNA,
consequentially inhibiting translation [250]. Additionally, a single gene can be
regulated by multiple miRNA. It is approximated that ~50% of miRNAs are encoded
in fragile sites within the genome [182], explicating the current interest in miIRNA as
potential contributory modulators of cancer biology. MiRNA play a significant role
within the regulation of many aspects of cellular machinery, it has been extensively
described that the dysregulation of these small non coding molecules could

profoundly and substantially affect cell biology and functionality [251]. The
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investigation of MiIRNA in the context of MPM is a prominent subject matter in
current MPM research [238, 252]. A particular miIRNA, namely miR-31, has a
widely reported dysregulated expression profile in a extensive range of tumour types
[194]. The role of miR-31 in cancer is complex; its dysregulated expression is
associated with inhibition of colorectal cancer progression [253], inhibition of
invasion in glioma [254] and protective roles against ionizing radiation [255]. The
roles of miR-31 and its up- and down-regulation according to cancer type is

comprehensively reviewed by Laurila and Kallioniemi [194].

Recently, Ivanov et al. [188] reported a general downregulation of miR-31 in MPM,
following the deletion of the encoding chromosomal location 9p21.3 in 54% of a
MPM patient cohort. It was observed that the re-introduction of miR-31 inhibited
factors involved in cell cycle progression and DNA repair, in line with our previous
groups’ findings in oesophageal adenocarcinoma radioresistance [256]. However, in
contrast, there has been correlation of miR-31 downregulation with increased long
term survival in patients, with the proposition that miR-31 acts as a tumour
suppressor in MPM [189]. Interestingly, the research indicates a significant negative
relationship between miR-31 expression and survival time in an aggressive
sarcomatoid MPM patient cohort [189]. The role of miR-31 in MPM remains
unclear, with conflicting results indicating a pro-tumourigenic role for miR-31, as
well as tumour suppressor functionality. Therefore, the investigation of miR-31 and
the elucidation as to whether it modulates chemosensitivity in MPM is to be

elucidated within this chapter.
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3.2 Rationale, Aims and Objectives

Patients diagnosed with MPM face an extremely poor prognosis, mainly attributed to
the lack of response to chemotherapeutics, the mainstay of MPM treatment [257].
MiRNAs have thus far shown promise as potential biomarkers, and can be targeted
to modify response to treatment in MPM and other cancers [234, 258]. With
previously established results indicating miR-31 re-expression leading to re-
sensitisation to therapeutics [256], we hypothesized that miR-31 loss promotes
resistance to chemotherapy in MPM, and that synthetic miR-31 replacement would

enhance cellular sensitivity to chemotherapy.

The objectives of this chapter were to 1) determine whether the dysregulation of
miR-31 contributes to MPM chemoresistance, in order to identify whether the
miRNA may potentiate a therapeutic target or predictive biomarker 2) explore the
effect of miR-31 modulation on biological endpoints relating to chemoresistance to
begin to characterise any alterations observed, and to further elucidate and clarify the

role of miR-31 within the landscape of MPM response to therapy.
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3.3 Experimental design

3.3.1 Assessing miRNA expression in MPM cell lines

In order to analyse the status of miR-31 within a range of MPM cell lines to establish
and verify which lines would be candidates for transfection of miR-31
overexpressing and suppressing plasmids, gPCR was utilised. A range of subtypes
were assessed via qPCR including biphasic (MSTO-211H), sarcomatoid (NCI-
H2052), and the most prevalent epithelioid subtype (NCI-H2452 and P31), a brief

characterisation of which is noted in Table 3.1.

3.3.2 Stable expression of miR-31 in NCI-H2452 and P31

To establish the cell line models using NCI-H2452 as a reintroduction model and
P31 as a suppression model, cell lines were lipofectamine transfected with miR-31-
overexpressing or miR-31-suppressing plasmids, respectively.  Successful
transfection was confirmed by Western blot and fluorescent microscopy with GFP as
a marker, although this did not directly confirm miR-31 was being expressed within
the system, it supported the plasmid integration within the cellular environment and
ensured support of the miR-31 expression measured in the transfected cells via

gPCR.

3.3.3 Analysis of the affect of miR-31 manipulation on cytotoxic drug response

MPM cell response to chemotherapy with altered miR-31 expression was measured
with clonogenic assay and a cumulative cell count. The clonogenic assay is the gold
standard for assessing response to agents as it takes into account all forms of cell

death, both early and late events [259].
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Table 3.1 Cell line characteristics utilised with the in vitro cell model of

refractory MPM. The NCI-H2452 and P31 comparatively have similar

characteristics; however miR-31 is contrastingly expressed in both cell lines.

NCI-H2452 P31
Hsa malignant pleural mesothelioma Hsa malignant pleural mesothelioma
cell line cell line
Epithelioid subtype Epithelioid subtype
Loss of 9p21.3 including p16 Loss of p16
x NO endogenous miR-31 v'Endogenous miR-31
Stably transfected to Stably transfected to
REINTRODUCE miR-31 SUPPRESS / ZIP DOWN miR-31
NCI-H2452 miR-VC (vector control) P31 Zip-miR-VC (vector control)
NCI-H2452 miR-31 (miR-31 overexpression) P31 Zip-miR-31 (suppressing miR-31)
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The cumulative cell count allows the observation of gross changes to basal
proliferation over a similar period of time to that of the clonogenic assay, and
importantly allowed the observation as to whether miR-31 alone was contributing to
basal proliferation changes, or whether this was a specific response to drug

treatment.
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3.4 Results

3.4.1 Confirmation of miR-31 status in MPM cell lines

As miR-31 has previously been associated with resistance to therapy, the effect of
either reintroducing or silencing miR-31 was assessed, in order to reveal any
alterations to the chemosensitivity phenotype of MPM cells. The NCI-H2452
(parent) epithelioid subtype cell line demonstrated no endogenous expression of
miR-31 (Fig. 3.1), confirming the results of other groups [188], and indicating
deletion of this miRNA from this cell line. The P31 epithelioid subtype cell line was
shown to have expression of miR-31 (Fig. 3.1). This provided an opportunity
wherein within the same subtype we had the possibility of creating an antagonistic
modified miR-31 expression system, whereby the NCI-H2452 cell line had miR-31

functionally restored, and the P31 cell line had miR-31 functionally silenced.

3.4.2 Establishing a stable model

The miR-31 deficient NCI-H2452 was stably transfected with either miR-VC
(VCl/vector control) or miR-31 overexpression plasmids, and P31 cells expressing
endogenous miR-31 were stably transfected with silencing plasmids Zip-miR-VC or
Zip-miR-31. In order to confirm the expression of miR-31, the relative expression
level of miR-31 was measured via gPCR (Fig. 3.1); this was repeated over a 6 month
period in order to confirm miR-31 was stably expressed. To confirm the expression
of the miR-VC or Zip-miR-VC control within cells, analysis of the GFP reporter was
undertaken via fluorescent microscopy (Fig. 3.2), and Western blot (Fig. 3.3).
Utilising both methodologies ensured successful transfection of both the control
plasmids and both the overexpression and suppression miR-31 vectors. Periodically,
stable cell lines in culture were monitored for GFP expression using fluorescent

microscopy, as in Fig. 3.2.
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Figure 3.1 MiR-31 status in MPM cell lines. (A) C; values of MPM cell lines
comparing miR-31 expression. A comparable C; value of ~39 between the NCI-
H2452 parent and NCI-H2452 miR-VC is apparent, whereas the NCI-H2452 miR-31
transfected line has a C; value of ~27, connoting successful transfection. The
sarcomatoid cell line NCI-H2052 has the highest relative C; value, indicating this cell
line has the highest level of miR-31 expression. (B) gPCR evaluating the relative
level of expression miR-31 between NCI-H2452 miR-VC control and NCI-H2452-
miR-31 transfected cells (n=5). All qPCR runs were loaded with the maximum
template of 100ng cDNA. As well as probing for miR-31, relative values were
normalised to the endogenous control RNUG.
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Figure 3.2 Confirmation of stable transfection. (A) The NCI-H2452 cell line was
stably transfected with miR-31 overexpression vectors which had a GFP reporter
sequence. (B) The P31 cell line was stably transfected with Zip-miR-31 silencing
vectors which had GFP reporter sequence. The data demonstrates successful
transfection and stable selection of the overexpressing NCI-H2452 miR-31 cell line
model and the P31 Zip-miR-31 cell line model. Images shown from Fluorescein
isothiocyanate (FITC) channel of Zeiss Axio Vert. A1 microscope, captured with
AxioCamIC with 0.5x Camera Adapter. The objective used was LD A-Plan 10x/0.25
Phl. Scale line equates to 100 pm.
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Figure 3.3 Confirmation of stable transfection. (A) Representative Western blot
indicating GFP expression in transfected NCI-H2452 cell line; with B-actin as a
loading control. (B) Representative Western blot indicating GFP expression in
transfected P31 cell line; with B-actin as a loading control. The data demonstrates
successful transfection of stably selected plasmids in both cell lines, and illustrates
the Zip-down plasmids confer stronger GFP signal (B) than the overexpression
plasmids (A). Blots detailed are representative of n=2.
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3.4.3 MiR-31 modulates sensitivity to platinum-based therapy in MPM

In order to establish if miR-31 modulation altered clonality of cells treated with
platinum-based chemotherapy, the clonogenic assay was applied using the
appropriate 1Csp doses (Fig. 3.4) of 1 uM and 2 uM cisplatin for the NCI-H2452
overexpression model and the P31 suppression model, respectively; as well as 10 uM
and 40 pM carboplatin for the NCI-H2452 overexpression model and the P31
suppression model, respectively. It was established that there was a 9.6% + 1.6%
significant increase in resistance with miR-31 reintroduction in the NCI-H2452 cell
line with cisplatin treatment (Fig. 3.5). Furthermore, there was an 8.4% = 0.2%
significant increase in sensitivity to cisplatin with the silencing of miR-31 in the P31
cell line (Fig. 3.6), and a 19.3% + 0.2% increase with carboplatin treatment with
miR-31 suppression (Fig. 3.7). However, the silencing of miR-31 in the P31 cell line
led to no significant difference in surviving fraction when treated with carboplatin
(Fig. 3.8). There may be a partial explanation to this, relying on the silencing of a
particular miRNA potentially leading to a modification in the modulation of the
cellular membrane integrity. Carboplatin relies upon passive diffusion to enter the
cell [260]; hence potential alterations to the cell membrane may modulate the ability
of the molecule to enter the cellular environment. Overall, these data demonstrate

that miR-31 influences the response to platinum-based chemotherapeutics.

3.4.4 MiR-31 re-expression does not affect response to radiation treatment in vitro

In order to assess whether the miR-31 mediated alterations in resistance were
specific to chemotherapy, radiosensitivity was analysed using the clonogenic assay

with a range of treatment doses, from 2 to 6 Gy. No alterations in surviving fraction
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Figure 3.4 1Cs doses of chemotherapeutics in MPM cell lines. (A) Dose response
for cisplatin treatment for 24 h in the miR-31-deficient NCI-H2452 cell line (n=5)
and P31 miR-31-positive cell line (n=3). Dose of 1 uM cisplatin determined for NCI-
H2452, and 2 UM determined for P31. (B) Dose response for 48 h treatment with
carboplatin in control transfected cell lines (n=3). Dose of 10 uM carboplatin
determined for NCI-H2452 miR-VC, and 40 uM determined for P31 Zip-miR-VC.
Cisplatin treatment was utilised for 24 h and carboplatin for 48 h in line with current
literature, and due to more moderate effect of carboplatin treatment. All clonogenic
assays were vehicle controlled with the analysis of PBS treated controls taken into
account in surviving fraction calculations. Although plotted, where error bars are not
visible, data replicates are within 0.05 surviving fraction.
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Figure 3.5 MiR-31 reintroduction in MPM cells increases cellular resistance in
response to cisplatin treatment. Clonogenic analysis of miR-31 reintroduction
illustrated a significant difference (**p=0.0028) between the surviving fractions of
miR-VC transfected cells treated with 1 puM cisplatin for 24 h, compared to miR-31
transfected equivalent (n=7). Data demonstrate that miR-31 influences the response
to cisplatin treatment by increasing the surviving fraction of NCI-H2452, connoting
miR-31 reintroduction increasing resistance to cisplatin. All clonogenic assays were
vehicle controlled; as such no error is associated for PBS treatment (set to 1), with
the analysis of controls taken into account in surviving fraction calculations. Data
presented as the mean + SEM. Student’s t-test applied between NCI-H2452 miR-VC
and NCI-H2452 miR-31 cell lines.
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Figure 3.6 MiR-31 suppression in MPM cells increases cellular sensitivity in
response to cisplatin treatment. There is a significant difference (**p=0.0084)
between the surviving fractions of P31 Zip-miR-VC transfected cells treated with 2
MM cisplatin for 24 h, compared to Zip-miR-31 equivalent (n=3). Data demonstrates
that conversely to that of miR-31 reintroduction, miR-31 suppression leads to a
significant increase in sensitivity to cisplatin treatment. All clonogenic assays were
vehicle controlled; as such no error is associated for PBS treatment (set to 1), with
the analysis of controls taken into account in surviving fraction calculations. Data
presented as the mean £ SEM. Student’s t-test applied between P31 Zip-miR-VC and
P31 Zip-miR-31 cell lines.
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Figure 3.7 MiR-31 reintroduction in MPM cells increases cellular resistance in
response to carboplatin treatment. MiR-31 reintroduction significantly increases
the surviving fraction of NCI-H2452 cells treated with 10 uM carboplatin for 48 h
(**p=0.0073) (n=3). Data demonstrates that as in cisplatin treatment, miR-31
reintroduction increases chemoresistance. All clonogenic assays were vehicle
controlled; as such no error is associated for PBS treatment (set to 1), with the
analysis of controls taken into account in surviving fraction calculations. Data
presented as the mean + SEM. Student’s t-test applied between NCI-H2452 miR-VC
and NCI-H2452 miR-31 cell lines.

117



17 ns
= Hl P31 zZip-miR-VC
o P31 Zip-miR-31
® —
[
o
=
2
2
=}
(9]
o
(@]
o
|
0.1+ T T
=) Q&
QQ) \'?’0
‘OOQ
S
Q’b—

Treatment

Figure 3.8 MIR-31 suppression in MPM cells does not alter sensitivity to
carboplatin treatment. Suppression of miR-31 does not significantly alter the
surviving fraction of MPM cells treated with 40 uM carboplatin for 48 h (p=0.0198)
(n=3). Data demonstrates that suppression of miR-31 does not affect carboplatin
chemoresistance. All clonogenic assays were vehicle controlled; as such no error is
associated for PBS treatment (set to 1), with the analysis of controls taken into
account in surviving fraction calculations. Data presented as the mean + SEM.
Student’s t-test applied between P31 Zip-miR-VC and P31 Zip-miR-31 cell lines.
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between vector control and miR-31 expressing cells were found at any dose (Fig.
3.9), although large errors in the dataset may cloud the clarity and resolution of the
assay. Although chemo- and radio-therapy both target DNA, they have very different
mechanisms of action. Our results indicate a chemotherapy specific enhancement of

resistance, most likely attributed to a mechanism that is chemotherapy limited.

3.4.5 Reintroduction of miR-31 confers a delay in the cellular response to cisplatin

Following on from the increase in resistance to chemotherapy observed with miR-31
reintroduction into MPM cell lines, we analysed whether there were general
phenotypic differences between the cell populations. In NCI-H2452 reconstituted
with miR-31, cellular viability remained unchanged, despite the clonogenic assay
revealing an increase in surviving fraction (Fig. 3.10). This may be partially
attributed to the timescale on which the methods are measured. Subsequently, by
employing a 9-day cumulative cell count assay which covers a similar period of time
to the clonogenic assay, we observed a disparity in the ability of the miR-31
overexpressing NCI-H2452 cells to respond to cisplatin; only after 9 days post
treatment with cisplatin was there a significant change in proliferation of NCI-H2452
miR-31, whereas the vector control equivalent was significantly affected by cisplatin
3 days post treatment, suggesting a delay in response to cytotoxics (Fig. 3.11). The
lapse in response may be consistent with differing modes of cell death, with
apoptosis completing in 2-3 h post induction, whereas non-apoptotic events such as
mitotic catastrophe can take days to accrue [68], importantly the NCI-H2452 has a
doubling time of 30 h compared to the 24 h for P31 cell line, meaning the P31 could

be more susceptible to more rapid forms of cell death [261].
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Figure 3.9 The reintroduction of miR-31 does not modulate radiosensitivity in
NCI-H2452. To determine the dose response for NCI-H2452 miR-VC and NCI-
H2452 miR-31 cells, cells were irradiated with 2 Gy, 4 Gy and 6 Gy at a rate of 1.87
Gy/min (n=3). Data demonstrates no difference in response to irradiation at any dose
with miR-31 reintroduction, suggesting the resistance observed with cisplatin and
carboplatin may be chemotherapy limited. Controls were mock irradiated, and used
to normalise surviving fractions, as such no error is associated. Data presented as +
SEM. ns= non significant. Student’s t-test were utilised between individual treatment
groups.
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Figure 3.10 The reintroduction of miR-31 does not alter cellular viability. As
measured by the MTS cellular viability assay, the percentage viability of cisplatin
treated (1 uM) relative to the control PBS treated cells remains unaltered by miR-31
status (n=3). Data demonstrates that cellular viability, as measured by metabolism,
remains unaltered despite of miR-31 status, this may relate however to the 4 day
period in which the MTS assay in conducted, rather than the longitudinal 10 day
assay of the clonogenic. Data was normalised firstly to medium only wells, then to
vehicle control PBS treated wells. Data presented as £ SEM. ns= non significant.
Student’s t-test were utilised between individual treatment groups. PBS treatment
utilised as relative control and is set to 100, as such no error is associated.
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Figure 3.11 MiR-31 modulation in MPM cells alters cellular sensitivity in
response to platinum-based chemotherapy treatment. Assaying cumulative
proliferation with cisplatin treatment revealed a significant decrease in proliferation
at all time points in miR-VC cells, whereas miR-31 cells appear less sensitive to the
chemotherapeutic agent. The reintroduction of miR-31 in NCI-H2452 cells alters
cellular proliferation in response to cisplatin treatment. NCI-H2452 miR-VC cells
treated withl uM cisplatin have a significant difference in proliferation compared to
NCI-H2452 miR-VC untreated cells at day 3 (**p=0.0027), day 6 (*p=0.0366) and
day 9 (*p=0.0191) (n=3). There is no significant difference between NCI-H2452
miR-31 cells treated with 1 uM cisplatin until day 9 (*p=0.0306), when compared to
the untreated equivalent (n=3). Data presented as the mean + SEM. ANOVA with
Tukey’s post-hoc test adopted for statistical analysis. Day O results are all seeded
with 3x10 cells; as such no error is associated.
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The diameters of colonies were significantly increased in the presence of miR-31
with cisplatin treatment (Fig. 3.12), suggesting miR-31 may be influencing
proliferation, however suppression of miR-31 did not affect colony diameter, this
may be explicated by the large errors in the dataset. Although in contrast to the
proliferation data of Fig.3.11, rather than a measure of proliferation, colony diameter
may be an indication of how diffuse colonies are, as colonial cells could be spread
over a greater area according potentially to how migratory or invasive the cells are;

this observation could be supported by an invasion or migratory assay.
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Figure 3.12 MiR-31 modulation in MPM cells affects colony size. Colony
diameter is significantly increased in miR-31 expressing cells (p = 0.0284) with and
without chemotherapy treatment (*p = 0.0359). Suppression of miR-31 significantly
(*p=0.0489) reduces the diameter of colonies with vehicle control treatment;
however this is unsignificant in the cisplatin treated miR-31 suppressed MPM cells
(n=3). Data demonstrates that miR-31 is influencing colony diameter irrespective of
treatment. Data presented as the mean £ SEM. Student’s t-test were utilised between
individual treatment groups.
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3.5 Discussion

It is apparent that the role of miR-31 within differing tumour types remains unclear,
and there is evidence supportive of oncogenic and tumour suppressive functions
[195, 254, 256]. Within MPM, the fragile site at which miR-31 is encoded has been
correlated with poor prognosis [188], however, it has also been reported that miR-31
expression is allied with aggressive subtypes, those with a poor prognosis, in patient
cohorts [189]. Surprisingly, here, we have determined that miR-31 expression in
MPM promotes resistance to platinum-based therapy in vitro. Consequently, loss of
miR-31 in MPM tumours might actually confer a chemosensitive phenotype.
Contrasting with our original hypothesis, the data support the alternative hypothesis

that miR-31 loss in MPM may confer a positive prognostic influence.

With the data presented in this chapter, miR-31 expression promotes resistance to
platinum-based chemotherapy in MPM cell lines. MiR-31 overexpression has been
generally associated with tumour suppression [262], however, it is noted to amplify
oncogenesis in many cancers, including lung cancer [263], a summary of miR-31
realtionship in MPM is in Table 3.2. Within cervical cancer, it has been reported that
miR-31 is highly expressed, and is significantly correlated with higher stage of
disease, deep stromal invasion, as well as Ilymph node metastasis. The
downregulation of miR-31 was demonstrated to impair migration, invasion, cell
proliferation, colony formation in vitro in cervical cell lines, and inhibited cervical
xenograft tumour growth in vivo, suggesting higher expression of miR-31 increases

the aggressiveness of cervical cancer [264].

Of the publications relating to miR-31 in MPM, the observations here agree with
miR-31 overexpression promoting a more aggressive disease [189], due to the

chemoresistant phenotype observed. Matsumoto et al. [189] used 25 FFPE patient
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Table 3.2 Summary of miR-31 expression effects in MPM

miR-31 effect

Summary of investigation

Reference

Pro-tumorigenic, effects
PPP6C expression

e Loss of miR-31
expressed in many
MPM cell lines

¢ mIiR-31 inhibits
progression of MM
cells to S-phase

e Reintroduction of
miR-31 suppressed
genes involved in
DNA repair,
replication, and cell
cycle

Ivanov et al.[188]

Upregulation of
microRNA-31 associates
with a poor prognosis

e miR-31 status
assessed in 24
FFPE samples

e Wide variation in
miR-31 expression
amongst subtypes

e High miR-31
expression strongly
correlated with
sarcomatoid
subtype

Matsumoto et al.[189]

Reintroduction of miR-31
increases chemoresistance

e Reintroduction of
miR-31 increased
resistance to
cisplatin and
carboplatin

e Suppression of
miR-31 led to
increased sensitivity
to cisplatin

e Basal proliferation
is unaltered by
miR-31 status,
however colony
size may be
increased

Moody et al. (under
review)
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derived MPM samples, of different clinical subtypes, to examine miRNA content.
Their focus upon miR-31 was due to the coding chromosomal location neighbouring
the often-deleted chromosomal region encoding p16 [189, 256]. The deletion of the
chromosomal region 9p21.3, encoding the pl6/CDKN2A/CDKN2B tumour
suppressor genes and the methylthioadenosine phosphorylase mTAP, promotes
disruption in the regulation of the cell cycle and apoptosis [265-267]. In their study
there was no difference in overall survival between normal and miR-31
downregulated groups (30.1 months vs 27.3 months), this is in contrast to the
correlation reported in Ivanov et al. [188] for MPM. However, there was a
significant decrease in overall survival in high miR-31 expressing MPM tumours,

with an average OS of 5.3 months.

In contrast with the observations made here, and Matsumoto et al. [189], Ivanov et
al. [188] correlated miR-31 expression with the repression of pro-tumourigenic
properties, such as a reduction in migratory, invasive and proliferative ability.
Similarly to the methodology adopted for this research, an antagonistic model was
implemented to overexpress, or reintroduce, miR-31 into a cell line devoid of miR-
31 expression, and conversely to suppress the expression of miR-31 within an
endogenously expressing cell line. To facilitate the manipulation of miR-31, mimics
and inhibitors were used. Alongside differences in observational endpoints, it was
concluded that miR-31 re-introduction led to a reduction in cells in S-phase, and
inhibition of miR-31 led to an increase in the S-phase cell ratio alluding to miR-31
significantly affecting cell cycle progression. Here, our results oppose the
conclusions drawn by Ivanov et al. [188]. The investigation here focussed upon the
relationship between chemoresistance and miR-31 within MPM, Ivanov et al. [188]
made no observations with any mode of treatment. Additionally, the use of mimics

and inhibitors was transient rather than the stable system adopted here. Transient
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expression systems are useful for observational studies, but without data showing the
status of miR-31 for the duration of assays, the point at which miR-31 ex- or sup-
pression is optimal is not clear, this issue is resolved with the use of constitutively
ex- or sup-pressing miR-31 stable cell lines. Cell cycle distribution was not assessed
as the analysis was not deemed necessary as the available evidence from other
experiments precluded a need to do this. For example, the data on cumulative cell
counts (Fig. 3.11), indicated no significant influence of miR-31 expression on basal
proliferation rates of NCI-H2452 cells, indicating that cell cycle is not obviously

affected by altered miR-31 expression.

Ivanov et al. [188] also investigated potential miR-31 targets using KEGG analysis.
Kyoto Encyclopaedia of Genes and Genomes (KEGG) is a database that connects
systemic functions with chemical and genomic analysis [268]. As is widely
understood, databases that are predictive of miRNA targets are extremely useful as
an initial starting point to investigate potential targets, however, validation is
essential [269]. One of the predicted miR-31 targets was identified for further
investigation, namely the protein phosphatase PPP6C. According to Ogoh et al.
[270], PPP6C encodes PP6, which targets IkBe for degradation, subsequently
triggering DNA repair. Ivanov et al. [188] reported an elevated expression of PPP6C
in mesothelioma tissue compared to matched normal samples, however more
recently in malignant melanoma, mutations in the gene encoding PPP6C have been
linked to B-Raf or N-Ras driven tumourigenesis, meaning that PPP6C deficiency

confers a predisposition to skin carcinogenesis [271].

The observation that miR-31 reintroduction increases chemoresistance in MPM cells,
and suppression of miR-31 increases sensitivity to chemotherapy in MPM cells

contradicted our initial hypothesis, which was based upon previous findings in other
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cancers [256]. These preliminary investigations have uncovered an interesting
conclusion that appears to be chemotherapy specific, rather than broadly therapy
responsive. If miR-31 potentiated modulation of both radio- and chemo-therapy
treatment, this would allude to miR-31 possibly modulating targets involved in the
regulation of DNA damage response, or repair, as Wouters et al. [272]
comprehensively reviewed. Rather than a generalised response to DNA damaging
agents, the cytotoxic specificity has lead the investigation to focus upon the
possibility that miR-31 may regulate the quantity of chemotherapy within MPM
cells, as chemoresistance has been attributed to altered influx and efflux of drugs
within the cellular environment in a wide variety of cancers [75, 273-275], and is

noted as a major contributing factor to cancer chemoresistance [274].

There are interesting differences between cisplatin and carboplatin functionality
within the cellular environment that may help to explicate the differences in response
to cisplatin vs carboplatin. Cisplatin is a small compound, however, carboplatin is
larger and has less toxicity per mol, with an improvement on side effects of treatment
in patients [276]. Although some literature exists to support active transport of
carboplatin, by proteins such as CTR1, or by ion channels, carboplatin is thought to
be more reliant upon passive diffusion to enter the cellular environment [76, 260];
hence, potential alterations to the cell membrane may modulate the ability of the
molecule to enter the cellular environment. Here, it may mean that miR-31
suppression leads to an alteration in transport across the membrane, perhaps
suggesting that miR-31 suppression is driving alterations in membrane structure or
composition, as in Llado et al. [277]. The next chapter explores the relationship
between miR-31 and how it might modulate the response to platinum-based
chemotherapeutics. A summary of chapter 3 in pictorial form is depecited in

Fig. 3.13.
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Figure 3.13. Summary of the effect of miR-31 reintroduction on MPM cell. The MPM
cell (orange) has notable increased resistance to chemotherapy (blue cross structures) with
miR-31 reintroduction. The pleiotropic nature of miR-31 may mean that the miRNA is
targeting multiple pathways which ultimately lead to a less chemosensitive phenotype.

130



Chapter 4.

MiR-31 modulates the intracellular
accumulation of chemotherapeutics

iIn MPM
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4.1 Introduction

The mechanisms underpinning drug resistance in cancer cells are substantial and
complex [274]. MiRNAs have previously been linked to the modulation of many
different pathways associated with multi-drug resistance [278-281]. MIR-31-
mediated posttranscriptional regulation of genes that potentiate resistance has been
investigated in other cancer types [282]. Within the context of this study, a
correlation between miR-31 re-expression and increased therapeutic resistance has
been observed; this was noted only in MPM cells subjected to chemotherapy, not
radiation. Pathways that respond to both chemo- and radio-therapy, such as the
nucleotide excision repair (NER) and base excision repair (BER) pathways, act to
repair non-specific DNA damage that is induced by both chemotherapy and radiation
treatment [283]. With no evidence of miR-31 modulated alterations to overall
radioresistance (Figure 3.9), changes to cellular drug metabolism and drug

transportation may well be contributing to the resistance observed [273, 284, 285].

The foundation of treatment for MPM is a platinum-based chemotherapy, most often
cisplatin, administered in combination with the antifolate pemetrexed [79, 82].
Cisplatin resistance has broadly been attributed to altered DNA repair, altered
accumulation and cytosolic inactivation, which as individual mechanisms can
enhance resistance [286]. Cisplatin enters cells via active or passive transport [75];
the copper transporter CTR1 has previously been identified as the major facilitator of
cisplatin influx into the intracellular environment, with reports of CTR1-deficient
cells accumulating 2.3-fold less platinum in their DNA compared to CTR1-
competent cells, interestingly CTR1-deficient cells were also more resistant to
cisplatin [70, 287]. CTR1 expression levels have been correlated with

chemoresistance in other cancers, where reduced expression, or reduced influx,
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resulted in decreased cisplatin accumulation leading to resistance [288]. Post influx,
cisplatin can be chelated with glutathione throughout the intracellular environment,
which also has a role as a redox regulating protector in response to cisplatin
treatment [289]. An additional chaperone of cisplatin has been identified in Atox1,
which binds with cisplatin via its conserved metal-binding motif, and reportedly
convoys the molecule through the cytoplasmic compartment [71, 290]. The
relationship between Atox1 expression and resistance has not been documented, but
has been highlighted as an area of potential investigation, due to the protein
potentially contributing to the regulation of cisplatin accumulation [61, 291]. The
proteins mainly responsible for efflux of copper, and thus cisplatin, are the ATPases
ATP7A and ATP7B. ATP7A and ATP7B segregate intracellular cisplatin into the
vesicular secretory pathway in preparation for efflux from the cell, and can also be
located on the plasma membrane [292-294]. There have been studies associating
ATP7A and ATP7B with oxaliplatin resistance, where it is described that the
dysregulation of these proteins leads to greater efflux of chemotherapy, reducing the
potential for reactions with chemotherapeutic targets, such as DNA [295-297].
Oxaliplatin is generally not utilised for MPM treatment, however, interestingly, it is
thought to have a different mechanism of action to other platinating agents.
Oxaliplatin has a DACH (diaminocyclohexane) carrier ligand, which similarly to
cisplatin, can induce DNA cross links, however it can be argued that oxaliplatin has
greater efficiency. Cisplatin-induced cell death depends on an intact MMR
(mismatch repair) complex for its optimal cytotoxicity. In contrast, oxaliplatin
adducts are poorly recognised by MMR protein complexes, thus meaning oxaliplatin

can retain cytotoxicity in MMR-proficient and MMR-deficient cells [298].

The role of chemotherapy transport in MPM is poorly understood, despite cisplatin

being one of the most commonly used treatments. This chapter therefore aims to
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explore the potential mechanisms as to why miR-31 re-expression promotes

chemoresistance.
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4.2 Rationale, Aims and Objectives

MPM cells expressing miR-31 display increased resistance to platinum-based
chemotherapeutic treatment. MiRNAs have been shown to alter many different
resistance associated pathways, including modulation of drug transportation. We
hypothesised, based upon current information, that miR-31 may modulate the
transportation of chemotherapy within MPM cells. With this in mind, the ability of

miR-31 to modulate drug trafficking within the cellular environment was assessed.

The objectives of this chapter were 1) to explore the effect of miR-31 expression on
the levels of uptake of platinum-based chemotherapy in MPM cells 2) to identify
potential molecular mechanisms underpinning any miR-31 mediated alterations in

chemotherapy transport in MPM cells.
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4.3 Experimental design

4.3.1 Assessing the concentration of platinum within MPM cells

In order to analyse the platinum content, thus indicating cisplatin content, ICP-MS
was utilised. ICP-MS has been adopted for the analysis of chemotherapy within the
cellular environment in a range of publications, including the investigation by Barr et
al. [299] of NSCLC cisplatin resistant cell lines and their ability to alter intracellular

cisplatin content.

4.3.2 Analysis of transport related proteins

To establish whether influx, efflux and sequestration related proteins were involved
in the chemoresistant phenotype observed within the miR-31 modulated MPM cells
Western blot and immunoflourescent microscopy was adopted, as is often used in
support of protein expression analysis [300]. The Western blot analysis indicated the
up- or down-regulation of respective proteins; however immunoflourescent
microscopy additionally added information regarding the gross location of the
proteins within the cellular environment, when confocal microscopy was applied and
a nuclear stain utilised. To analyse whether there were transcriptional as well as
translational alterations to the molecules of interest, gQPCR was performed with

commercially available primers.

4.3.3 Isolation of the lysosomal compartment

The investigation of the platinum content within lysosomes was approached using a
novel technique involving the magnetic separation of lysosomes from other
intracellular components via a LAMP-1 linked Protein A/G bead. Although
fractionation has long been utilised to facilitate lysosome separation in research
[301], the technique does not delineate between lysosomes and other membrane
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bound organelles including mitochondria and peroxisomes [302], meaning the
analysis of the fraction may potentiate misleading results. Therefore, the
development of a novel immune-based capture of lysosomes was analysed in order to

specifically pull out lysosomes in order to analyse platinum content.
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4.4 Results

4.4.1 MiR-31 alters intracellular distribution of cisplatin in MPM

To begin to establish a potential mechanism underpinning miR-31-mediated
chemoresistance, the overall concentration of platinum was assessed in the miR-31
manipulated NCI-H2452 and P31 cell lines (Fig. 4.1). Surprisingly, the intracellular
level of platinum was increased in NCI-H2452 cells reconstituted with miR-31 (Fig.
4.1A). The connotation of this observation is that despite miR-31 enhancing
resistance, the more resistant population of cells actually had a higher concentration
of chemotherapy within them. With the observed accumulation in miR-31 expressing
cells, cellular flux of chemotherapeutics was investigated. Recent studies have
implicated the importance of influx and efflux of drugs in chemoresistance [273,
284]. There appeared to be a trend (p=0.0722) toward increased expression of CTR1
(Fig. 4.2), a copper transporter well established to facilitate influx of cisplatin into
the cell [288, 303, 304]. No statistically significant differences in the expression of
the efflux proteins ATP7A and ATP7B were ascertained (Fig. 4.3 and 4.4). The
increase in influx could potentially explain, at least in part, the increased overall
concentration of platinum in the miR-31 expressing cells; yet did not explain the
resistant phenotype observed. To this end the cytoplasmic to nuclear levels of

platinum following treatment were assessed.

4.4.2 MiR-31 modulates nuclear accumulation of cisplatin

To further attempt to determine how miR-31-expressing MPM cells remained
resistant to cisplatin despite an increase in the level of intracellular cisplatin,
subcellular fractionation was employed to separate the nuclear compartment and
organelles of the cells and determine platinum burden in each fraction. The nuclear

fraction was collected and analysed via ICP-MS in order to determine whether there
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Figure 4.1. Intracellular cisplatin content is altered with miR-31 manipulation.
ICP-MS analysis of whole cells with treated with 50 uM cisplatin for 24 h. (A) There is
a significant (*p=0.0112) increase in levels of platinum in NCI-H2452 miR-31 cells
compared to miR-VC equivalent (n=3). (B) There may be a decrease in platinum
content in MPM cells with miR-31 suppressed (n=3). Data demonstrates that miR-31
reintroduction facilitates a greater burden of platinum within the intracellular
environment; however the converse is not apparent with miR-31 suppression. Data
presented as the mean + SEM. ns= non significant. Statistical analysis performed using

Student’s t-test.
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Figure 4.2 MiR-31 re-expression in MPM cells may alter the expression of drug
influx transporter CTR1. (A) Expression levels of drug influx transporter sic3lal
(copper transporter 1, CTR1) were analysed via quantitative PCR (QPCR). RQ relates to
relative fold change (n=4). (B) Representative Western blot illustrating CTR1
expression to be moderately amplified by miR-31 reintroduction. (C) Densitometry
analysis revealing upregulation of the CTR1 protein, although unsignificant (n=3). Data
demonstrates an observable increase in the cisplatin transporter CTR1 at both transcript
and translational levels, possibly contributing to the increase in intracellular platinum.
Data presented as the mean + SEM. ns= non significant. Statistical analysis performed
using Student’s t-test. NCI-H2452 miR-VC utilised as relative control and is set to 1, as
such no error is associated.
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Figure 4.3 MiR-31 expression in NCI-H2452 cells does not significantly alter the
expression of copper efflux transporter ATP7A. (A) There is no significant
modulation in relative expression level of the transporter ATP7A in miR-31 expressing
cells compared to miR-VC equivalent (n=5). (B) ATP7A protein levels appear to be
unaltered by miR-31 reintroduction. (C) Densitometry of ATP7A protein levels show
no change with miR-31 overexpression (n=3). Data demonstrates that whilst influx via
copper transporter 1 (CTR1) may be of importance in the increase in intracellular
platinum burden, the efflux of cisplatin is unaffected by miR-31 status. Data presented
as the mean £ SEM. ns= non significant. Statistical analysis performed using Student’s
t-test. NCI-H2452 miR-VC utilised as relative control and is set to 1, as such no error is
associated.
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Figure 4.4 MIiR-31 expression in NCI-H2452 cells does not significantly alter the
expression of copper efflux transporter ATP7B. (A) There is no significant
difference in the relative expression level of the transporter ATP7B in miR-31 compared
to miR-VC equivalent (n=5). (B) ATP7B protein levels appear to be unaltered by miR-
31 reintroduction. (C) Densitometry of ATP7B protein levels show no change with
miR-31 overexpression (n=2). Data demonstrates that whilst influx via copper
transporter 1 (CTR1) may be of importance in the increase in intracellular platinum
burden, the efflux of cisplatin is unaffected by miR-31 status. Data presented as the
mean + SEM. ns= non significant. Statistical analysis performed using Student’s t-test.
NCI-H2452 miR-VC utilised as relative control and is set to 1, as such no error is
associated.
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was a differential in accumulation of platinum in the nuclear region, where it would
be expected to promote cross-linking damage. ICP-MS analysis revealed that there
was a decrease by approximately 50% in nuclear accumulation of platinum observed
upon miR-31 re-expression in NCI-H2452 cells (Fig. 4.5) compared to vector
control. Conversely, there may be an increased burden of platinum within miR-31
suppressed cells, as observed in Fig. 4.5; however, the error within the replicates
clouds any significance in this comparison. These data indicate that the increased
resistance to chemotherapy observed upon miR-31 expression is likely due to altered

trafficking of drugs to the nucleus.

In order to support and confirm the reduction in nuclear accumulation with miR-31
re-expression, the influence of miR-31 on DNA damage induction was assessed, via
levels of phospho-histone H2A.X (yH2A.X), which is phosphorylated on serine 139
in response to DNA damage [305]. NCI-H2452 miR-31 re-expressed cells displayed
a reduction in yH2A.X levels compared to vector control, whereas P31 Zip-miR-31
cells demonstrated an increase in yH2A.X, both in response to cisplatin and
carboplatin treatment (Fig. 4.6), suggesting a role for miR-31 in either antagonising
DNA damage induction or promoting repair (Fig. 4.7). The alteration to yH2A.X was
not platinum-based therapy limited, as a similar trend was apparent upon treatment
with 5-FU (Fig. 4.8), which has a different mechanism of action in mediating
damage, but still relies upon active transport into the intracellular environment. The
utilisation of 5-FU rather than pemetrexed, due to pemetrexed toxicity issues
(appendix 3), illustrated a decrease in yH2A.X with miR-31 re-introduction. Both 5-
FU and pemetrexed treatment can affect thymidylate synthase, which leads to dTTP
depletion and eventual DNA damage, this is why, with pemetrexed ineffectiveness,

5-FU was utilised as a substitute agent. However, it is important to note that as 5-FU
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is a fluoropyrimidine and pemetrexed is an antifolate, they have other mechanisms of
action. 5-FU can affect not only DNA, but also RNA by altering the expression of
uridine-cytidine kinase which leads a cascade affect that can increase RNA damage.
Pemetrexed, as well as other antifolates such as ralitrexed and methotrexate, which
were not available during this study, all inhibit thymidylate synthase, however
pemetrexed can also affect DHFR, GART and AICART, which not only can deplete
dTTP pool, but also directly affect purine synthesis, also leading to DNA damage
[306]. Interestingly, a differential expression of yH2A.X was also observed in
response to DMSO treatment with miR-31 reintroduction. In order to determine
whether the alterations to DNA damage were due to a gross alteration in DNA
damage induction or repair pathways, levels of phospho-53BP1 were analysed post
irradiation treatment (Fig. 4.9). No change was observed in radiation treated groups,
strongly suggesting reliance upon altered transport and accumulation within the
intracellular environment in miR-31 positive cells rather than alterations in DNA

damage induction or repair.

As an alternative to analyse DNA damage, the Comet assay may have been utilised
in support of the data obtained. The Comet assay relies upon electrophoresis such
that cells with damaged DNA leave a ‘tail’ compared to those who have intact DNA,
this can be quantified and modified to include analysis of cross-linking damage,

particularly relevant with chemotherapy treated cells [307].

Previously, oxidant and antioxidant levels have been linked to resistance to treatment
and detoxification of platinum-based therapies [307, 308]. In order to determine
whether oxidant and antioxidant levels contributed to chemoresistance in this system,

reactive oxygen species (ROS) generation and glutathione levels were assessed.
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Figure 4.5 MiR-31 status affects platinum content of the nuclear region. ICP-MS
analysis indicating a significant difference (**p=0.0028) in platinum concentration
within the nuclear fraction of miR-31 expressing cells following 50 uM cisplatin
treatment for 24 h. Platinum content within the nuclear region of miR-31 suppressed
cells remains unsignificant (n=3). PBS controls were also analysed with a platinum (Pt)
concentration of less than 0.1 ppm (not presented). Data demonstrates that there is
approximate halving in the total amount of Pt within the nuclear region of miR-31 re-
expressing MPM cells compared to vector control. Data presented as the mean £ SEM.
ns= non significant. Statistical analysis performed using Student’s t-test of miR-31
reintroduction or suppression cell line models.
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Figure 4.6 The expression of miR-31 correlates with DNA damage incurred when
treated with platinum-based chemotherapeutics. (A) Representative Western blot
time course for phospho-histone H2A.X as a marker of DNA damage with cisplatin
treatment (50 uM). Across all time points it is evident that levels of phospho-histone
H2A.X are decreased in miR-31 positive cells. (B) Representative Western blot for
phospho-histone H2A.X with cisplatin treatment (50 uM). The confirmation of a
reduction in DNA damage with miR-31 can be viewed in the second band (left to right),
with an increase in DNA damage evident in the miR-31 suppressed P31 cell line. (C)
Representative Western blot for phospho-histone H2A.X with carboplatin treatment
(500 uM). A similar response as seen in with cisplatin is evident with carboplatin
treatment. All vehicle control treated samples (PBS) were treated with the equivalent
dose as utilised for drug treatment.
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Figure 4.7 Densitometry analysis for phospho-histone H2A.X in cisplatin treated
samples. (A) There is a downregulation in the DNA damage marker phospho-histone
H2A.X with miR-31 reintroduction (p=0.0371) (n=3), and an upregulation (B) with
miR-31 suppression (n=2). Data demonstrates that DNA damage induction is greatly
decreased in miR-31 re-expressing cells; conversely this is increased upon suppression
of miR-31. Data presented as the mean + SEM. Statistical analysis performed using
Student’s t-test. NCI-H2452 miR-VC and P31 Zip-miR-VC utilised as relative control
and are set to 1, as such no error is associated.
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Figure 4.8 MiR-31 reintroduction decreases DNA damage induction with non-
platinum based chemotherapeutics. (A) Treatment with 5-FU induced minor DNA
damage when miR-31 was reintroduced in the NCI-H2452 cell line, in accordance with
cisplatin and carboplatin treatment. DMSO treatment, here used as the vehicle control,
also affected phospho-H2A.X levels with miR-31 reintroduction. (B) Densitometry
analysis of phospho-H2A.X levels for DMSO and 5-FU treated NCI-H2452 transfected
cell lines (n=2). Cells were treated with 500uM 5-FU for 24 h. Data demonstrates that
miR-31 re-expression influences on DNA damage initiation are not platinum-based
chemotherapy limited. Due to the statistical limitations of n=2, statistics were not
applied, however alterations may pertain significance if n=3 achieved. NCI-H2452
miR-VC utilised as relative control and is set to 1, as such no error is associated.
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phosphorylation of 53bpl found no correlation between DNA damage induced by
radiation treatment and miR-31 manipulation. (C) Densitometry analysis of phospho-
53bpl for miR-31 manipulated cell lines. Dotted line is vector control equivalents (set
to 1). Cells were irradiated with 2 Gy and 8 Gy at a rate of 1.87 Gy/min. Data

demonstrates that the

manipulation of miR-31 does not affect DNA damage in the

context of radiation treatment. Controls were mock irradiated.
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There were no great changes between vector control and miR-31 expressing cells
(Fig. 4.10), indicating that miR-31 enhanced chemoresistance is largely independent
of ROS biology. The analysis of ROS was completed n=2, therefore statistics were
not applied, however if a trend existed whereby cisplatin increased ROS this would
not correlate with a model of enhanced resistance, as an increase in ROS would

promote DNA damage, which is not observed here.

Although the overall burden of platinum was greater within miR-31 expressing cells,
importantly, the increased chemotherapeutic levels were not localised to the nuclear
compartment, leading to questioning as to where the chemotherapy was located
within the miR-31 positive, more resistant, MPM cells. In order to explain the
observed miR-31-mediated chemoresistant phenotype, despite a greater
concentration of platinum within the cellular environment and reduced accumulation
within the nuclear region, the literature was thoroughly reviewed. There are many
routes by which accumulation within the extranuclear environment may be
facilitated, including the efficiency of exosome packaging of cisplatin [308], changes
in the structure of the nuclear region [309], rearrangements of cytoskeletal
components [310] and lysosomal transport [311]. Interestingly, a link has been
established between miR-31 expression, resistance to therapy, and a lysosomally

bound drug transporter ABCB9 [312, 313].
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Figure 4.10 Antioxidant and oxidant levels are not significantly altered by re-
expression of miR-31. (A) Total glutathione levels were unaltered upon re-expression
of miR-31in the NCI-H2452 miR-31 re-expression model, as measured by GSH/GSSG-
Glo assay (n=2). (B) Glutathione/Oxidised glutathione ratio was unaltered with miR-31
reintroduction, as measured by GSH/GSSG glo assay (n=2). (C) Reactive oxygen
species levels were moderately increased by re-expression of miR-31 with cisplatin
treatment, as measured by ROS glo assay (n=2). Data presented as + SEM.
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4.4.3 Lysosomally bound ABCB9 is upregulated with miR-31 re-expression in MPM

cells, potentially via an OCT1-mediated mechanism in the extranuclear compartment

With an increase in overall concentration of cisplatin, increased drug influx, and
reduced nuclear accumulation of drug, the potential capability of miR-31 expressing
cells to sequester cisplatin into cytosolic organelles within the cell was investigated.
One route by which cells can sequester cytotoxic drugs away from the nucleus is
through packaging into intracellular vesicles such as lysosomes [314]. Following
further subcellular fractionation, the lysosomal fraction, as analysed via ICP-MS,
illustrated a 0.28 ppm £ 0.07 ppm increase in platinum concentration; this pattern
was not conversely replicated within the miR-31 suppression model (Fig. 4.11).
Unfortunately, the process of gradient centrifugation does not separate individual
groups of organelles; therefore denoting that the fraction collected likely also have
contained peroxisomes, endosomes and other vesicular structures. In order to attempt
to better isolate lysosomes, a novel pull down method was adopted using magnetic
Protein A/G beads (see section 2.7.2) (Fig. 4.11B). The result of the pull down
methodology led to a great reduction in the amount of platinum measured (ppm to
ppb), and the process was not confirmed to select for intact lysosomes post isolation,
despite attempts including the use of transmission electron microscopy to visualise

lysosomes (appendix 6).

With ICP-MS data from lysosomal platinum content unclear, a modulating effect of
miR-31 on lysosomal biology was investigated to further determine if the lysosome
may be involved in miR-31 mediated chemoresistance and the cytoplasmic
sequestration of drugs. An association between miR-31 and the lysosomal bound
transporter ABCB9 had been previously established in NSCLC [313], thus

prompting the investigation as to whether miR-31 may modulate ABCB9
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Figure 4.11 MiR-31

illustrated a trend toward an

line models.

status may affect platinum content of the lysosomal region.
(A) ICP-MS of lysosomal fraction following 50 uM cisplatin treatment for 24 h
increased platinum concentration with miR-31
reintroductions, however this is not significant (n=3). (B) ICP-MS of lysosomal pull
down following 50 UM cisplatin treatment for 24 h illustrated a trend toward an
decreased platinum concentration with miR-31 suppression, however this is not
significant (n=3). Data presented as the mean + SEM. ns= non significant. Statistical
analysis performed using Student’s t-test of miR-31 reintroduction or suppression cell
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expression, which consequently may regulate cisplatin transport across the lysosomal
membrane. Here, it was identified that there was an upregulation of ABCB9 at both
gene and protein level upon re-introduction of miR-31 (Fig. 4.12). This was
supported by immunoflourescent studies examining intracellular ABCB9 localisation
(Fig. 4.13). To establish whether the change in ABCB9 expression levels may be
accounted for by an increase in the overall burden of lysosomes within the miR-31
expressing cells, the expression of the lysosomal marker LAMP-1 was analysed as a
proxy for lysosomal burden. It was established that there were no significant changes
in LAMP-1 expression as determined by immunofluorescence and Western blot,
supporting a specific upregulation of the ABCB9 transporter rather than an increase
in the density of lysosomes in the NCI-H2452 miR-31-expressing cell population

(Fig. 4.13).

Presently, this data supports a role for miR-31 in regulating aspects of lysosomal
biology. However, as the mechanism of action for miRNA typically involves the
negative regulation of target genes at the posttranscriptional level, the observed
upregulation of ABCB9 upon miR-31 reintroduction indicated the involvement of a
potential intermediate negative regulator of ABCB9 expression. Here, bioinformatic
tools were used to identify potential negative transcriptional regulators of ABCB9,
which may be altered by miR-31 (Fig. 4.14, Table 4.1, which is adapted from
http://mircode.org/?gene=pou2fl&mirfam=&class=&cons=&trregion=,

http://lwww.targetscan.org/cgibin/targetscan/vert_61/view_gene.cgi?taxid=9606&rs=
NM_001198783&members=&showcnc=0&shownc=0&showncf=#miR-31, accessed
290615). OCT1 has previously been recognised as a bipotential transcription factor
[315], which we propose, within our system, is a negative regulator of abch9

transcription. In line with the present model, it was observed that there was a
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Figure 4.12 Reintroduction of miR-31 affects lysosomal drug transport. (A)
Expression levels of drug influx transporter abcb9 were analysed via gPCR. There is a
significantly greater relative expression level (*p=0.0251) of ABCB9 in miR-31
transfected cells compared to miR-VC transfected equivalent (n=4). RQ relates to
relative fold change. (B) Representative Western blot illustrating an increase in ABCB9
expression level with miR-31 re-expression, with no apparent change in lysosomal
marker LAMP-1. (C) Densitometry analysis revealing significant (*p=0.0325)
upregulation of ABCB9 (n=3). Data demonstrates that there is a significant increase in
lysosomal transport through the upregulation of ABCB9, this is not due to an increase in
lysosomal burden, as LAMP-1 is unaffected by miR-31 re-expression. Data presented as
the mean = SEM. Statistical analysis performed using Student’s t-test. NCI-H2452 miR-
VC and ‘Control’ utilised as relative control and are set to 1, as such no error is
associated.
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Figure 4.13 Reintroduction of miR-31 affects lysosomal drug transporter ABCB9.
Immunoflourescent images showing ABCB9 (red) or LAMP-1 (red) expression. Nuclei
stained with DAPI (blue). Images captured on LSM 710 with 63x/1.40 Qil DIC M27
objective for ABCB9 images, and 10x/0.25 Phl objective for LAMP-1 images. Data
demonstrates that ABCB9 is present in foci type pattern across the intracellular
environment. LAMP1 expression is the equivalent irrespective of miR-31 status.
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Figure 4.14 Potential transcriptional regulators of genes slc31lal (CTR1) and abch9
(ABCBY9). (A) Transcription factors regulating gene slc3lal. The image displays
transcription factor binding sites in this gene promoter as predicted by SABiosciences'
Text Mining Application and the UCSC Genome Browser. The pou2fl gene relates to
the bipotential transcription factor OCT1. (B) Transcription factors regulating gene
abcb9. The image displays transcription factor binding sites in this gene promoter as
predicted by SABiosciences' Text Mining Application and the UCSC Genome Browser.
The pou2fl gene relates to the bipotential transcription factor OCT1. The arrows are
indicative of transcription start sites within the gene promoters.

Adapted from http://www.sabiosciences.com/chipgpcrsearch.php.
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Table. 4.1 Target prediction for OCT1. Utilising bioinformatic tools, pairing of miR-
31 with the pou2fl (OCT1) gene was performed. Of the approximately 190 predicted
miRNA that may potentially bind to OCT1, miR-31 appears to be one of the most

conserved.
Conservation
microRNA Predicted consequential pairing of Seed position Transcript
family target region (top) and miRNA (bottom) P region
Primates Mammals Other vertebrates
5L UUCUUAGUGAGAUCAUCUUGCCA .
miR-31 NRRNRE chr1:167389158 IpUTR 78% B1% 0%
3 UCGAUACGGUCGUAGAAMCGGA
A uuuuucUUAUAUCUGUCUUGCCA, . chri:
- o, o, o,
miR-31 [ARERRN 167381235 IpUTR 100% B5% 23%

3 UCGAUACGGUCGUAGAACGGA
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concomitant reduction in OCT1 expression upon miR-31 reintroduction into NCI-
H2452 cells (Fig. 4.15), which may connote miR-31 targeting OCT1, thus facilitating
the increased transcription of downstream proteins, such as CTR1 and ABCB9, both
of which have binding sites for OCT1. OCT1 binds to the CTR1 gene downstream of
the transcription start site at potentially 4 different transcription factor binding sites,
whereas OCT1 binds to the ABCB9 gene upstream of the transcription start site at
potentially 2 different transcription factor binding sites. In the next section, the role
of ABCB9 will be further assessed by functional manipulation of ABCB9

expression.
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Figure 4.15 The bipotential transcriptional regulator, OCT1, can be associated
with miR-31 expression. (A) Representative Western blot illustrating the
downregulation of potential negative regulator of both CTR1 and ABCB9 expression,
OCT1, with miR-31 reintroduction. Suppression of miR-31 does not affect expression
of OCTL1. (B) Densitometry analysis of OCT1 expression with miR-31 reintroduction
(NCI-H2452) or miR-31 suppression (P31) (n=2). Data demonstrates a large decrease in
OCT1 with miR-31 re-expression, potentiating miR-31-mediated downregulation of
OCT1 leading to upregulation of CTR1 and ABCB9 expression. Data presented as the
mean + SEM. NCI-H2452 miR-VC and P31 Zip-miR-VC utilised as relative control
and are set to 1, as such no error is associated.

160



4.5 Discussion

Cisplatin contributes to the mainstay of treatment in MPM patients. Unfortunately,
however, patients often develop or are inherently resistant to this therapeutic strategy
[245]. In the previous chapter, it was observed that the re-introduction of a particular
miRNA, miR-31, increased resistance to platinum-based chemotherapeutics. This
chapter aimed to explore as to how miR-31 potentially modulated therapy resistance,
and explored differences in the trafficking of cisplatin through the intracellular
environment. Overall, it has been established that miR-31 appears to indirectly affect
the cellular machinery involved in the sequestration and transfer of cisplatin from the
cytoplasm to the nucleus, which may involve increased drug trafficking into

lysosomal regions via ABCBO.

Membrane-bound transporters of cisplatin are well characterised, and are known to
function in cellular uptake and efflux of platinum agents throughout cells [297].
Here, there was no observed change in efflux transporters ATP7A and ATP7B, or
influx transporter CTR1. An increase in CTR1 expression would denote an influx of
platinum into the intracellular environment. As in this chapter, Fang et al. [316]
described the upregulation of CTRL1 in highly cisplatin-resistant cell lines of cervical
adenocarcinoma and hepatoma origin. The relationship was forecasted to be a result
of mis-localisation or a defect in post-translational modification of the protein. The
upregulation of CTR1 and corresponding increase in platinum accumulation was also

noted in NSCLC cell lines [317].

In contrast with the results established here, Ishida et al. [318] reported high
expression of CTR1 being correlated with an increase in disease free survival,
however, this study was limited to mMRNA levels, rather than the more functional

protein level. Although not explored within the context of this chapter, CTR2 has
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also been correlated with therapeutic resistance; however, its cellular location is
ambiguous. It has been proposed that CTR1 and CTR2 work on opposing
mechanisms, with knockdown of CTR2 increasing sensitivity to cisplatin [70, 286].
Increased expression of CTR2 has been demonstrated to promote a greater level of
cleaved CTR1, which has a lower affinity for platinum and, thus leads to a reduction
in platinum influx [70]. CTR2 was not investigated here as its role is immaterial to
resistance persisting despite an increased platinum burden in the intracellular

environment.

Glutathione is a three-amino-acid peptide and an abundant antioxidant found in all
human cells [289]. Most cellular glutathione exists in a reduced form (GSH)
however, some oxidised GSH forms exist, termed GSSG. The phrase “redox state”
describes the ratio of GSH/GSSG. Chemotherapies can react with GSH to form
adducts or to increase the GSSG levels, decreasing the redox state. Alterations in
redox state can be correlated with sensitivity to drugs as well as mechanisms
associated with cancer [241, 319]. Post influx, cisplatin can be chelated with GSH
throughout the cellular environment, which also has a role as a redox regulating
protector in response to cisplatin treatment [289]. No significant differences were
observed in the levels of GSH or GSH/GSSG in MPM miR-31 positive cells treated
with cisplatin. This result is in contrast with previous reports where a more resistant
phenotype correlated with increased GSH [320, 321]; this may suggest miR-31
functioning to modulate other molecules which may affect GSH levels. An additional
chaperone of cisplatin has been identified in Atox1, which binds with cisplatin via its
conserved metal-binding motif, and reportedly convoys the molecule through the
cytoplasmic compartment [71, 290]. The relationship between Atox1 expression and

resistance has not been documented, but has been highlighted as an area of potential

162



future investigation, due the protein potentially contributing to the regulation of

cisplatin accumulation [61, 291].

Export of cisplatin is facilitated by the ATPases ATP7A and ATP7B. ATP7A and
ATP7B are located in the trans-golgi network and are actively trafficked to the
plasma membrane to efflux cisplatin from the cell [322]. Increased ATP7A and
ATP7B expression has been associated with poorer response in clinical studies [275,
286, 323, 324], however no alteration in ATP7A or ATP7B transcript or protein
expression was determined here; this suggests that miR-31 affects the influx of
cisplatin into the cell but does not affect efflux, potentially supporting cisplatin
accumulation over time. Although no gross change in efflux was observed, the
translocation of these proteins has been shown to be of importance in resistance
[325], and an immunoflourescent study could be undertaken to facilitate this. With
an increased influx, yet a persisting resistant phenotype determined, investigations

focussed upon the intracellular sequestration of cisplatin.

Here, the focus is upon a 2-dimensional in vitro-based assays to characterise the
alterations in chemosensitivity seen with miR-31 modulation in MPM cell lines,
however there is potential to also analyse the flux of chemotherapy within a 3-
dimensional system, which may be more closely allied to in vivo. 3-dimensional
systems such as spheroids are widely adopted in MPM research [326]. Within Curran
et al. [327], the investigation of drug flux in cells within a spheroid based system is
particularly interesting, where high expressors of the multi-drug resistant-associated
pump ABCG2 can arrange on the outer edges of spheroids, ensuring less
chemotherapy enters the inner more sensitive cells, this is particularly interesting in

the context of this research and may be a potential route for future investigation.
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Modified in vitro systems with mixed MPM cells may better model the tumour

environment and potentially add strength to the 2-dimensional model studied here.

Importantly, miR-31 was found to modulate the amount of platinum in the nuclear
compartment of MPM cells; this was supported by changes observed in the induction
of DNA damage, as measured by phospho-histone H2A.X. Cho et al. [328] measured
phospho-histone H2A.X levels as a marker of DNA damage in breast cancer, and
found that upon miR-31 overexpression there was an increase in foci formation,
suggesting that the cells would be more sensitive, rather than the resistance observed
here. Similarly, Tseng et al. [329], established that in human oral squamous tumours
phospho-histone H2A.X was induced at a greater level in miR-31 transgenic mice.
Lynam-Lennon et al. [256] concluded from their analysis of miR-31 in a
radioresistant oesophageal cell line that miR-31 did not play a functional role in the
context of DNA DSB repair kinetics. With the results here, it may be that miR-31 is

functioning to modulate DNA damage using a mechanism that is specific for MPM.

With the decrease in DNA damage induction upon miR-31 re-introduction, it was
important to analyse whether this was a platinum-based therapy-specific response. In
clinical practice cisplatin is used in combination with pemetrexed, a potent anti-
folate. Unfortunately, due to toxicity issues in vitro, the study here could not assess
response to pemetrexed (appendix 3), however, a related drug, 5-FU, which is also a
thymidylate synthase inhibitor, was utilised as a replacement. DNA damage
induction was decreased in miR-31 re-expressing cells in response not only to 5-FU,
but also, unexpectedly, to its vehicle control DMSO. This suggests a possible
modulation of the overall permeability of the cell membrane [330, 331], as both
DMSO and 5-FU can passively diffuse into the cellular environment [330], or

possibly a more generalised change to the response to DNA damage or repair. As the
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modulation of DNA damage initiation was seen broadly across different
chemotherapy treatments, to ensure this was not a generalised response to DNA-
damaging agents, radiation treatment was used in miR-31 modified MPM cells.
There was no change to DNA damage between radiation treated samples, suggesting
the accumulation of cisplatin within the intracellular environment was a paramount
contributing factor in the noted resistant phenotype. Accumulation defects were
noted in Lanzi et al. [332], where increased tolerance to induced damage was

observed as one of a range of changes to contribute to resistance.

Astoundingly, research focussing upon nuclear trafficking and transport of
chemotherapy is extremely limited. Notably, the multi-drug resistance protein 2
(MRP2) or ABCC2, which normally functions to transport metabolites across the
plasma membrane, was found to be frequently located on the nuclear membrane of
poorly differentiated or stem-like ovarian cancer cells [333]. Here, however, with
pre-existing literature lacking, we focussed upon potential proteins that may be
affected by miR-31, leading to the sequestration of platinum in the cytosolic

compartment.

Interestingly, the top candidate involving cisplatin sequestration and miR-31 was a
lysosomal bound drug transporter known as ABCB9 [312, 313]. Following analysis,
ABCB9 was found to be upregulated with miR-31 reintroduction, suggesting more
active transport of drugs across the lysosomal membrane into the lysosomal lumen.
Theoretically, the greater level of ABCB9 could signify that MPM cells with miR-31
may have greater levels of chemotherapy within them overall, but these cells are
better able to sequester cisplatin into lysosomes, away from the nucleus. ABCB9
expression has been associated with resistance to therapy in yeast [334], and in

NSCLC [313]. Whilst the increase in ABCB9 could explain, at least in part, the
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observed sequestering of platinum in miR-31 positive MPM cells, owing to the
traditional mechanisms of miRNA, it would suggest that miR-31 does not directly
target the ABCB9 transcript. Therefore, the examination of potential negative
regulators of ABCB9 transcription, which also can be repressed by miR-31,
uncovered the modulation of bipotential transcription factor OCT1. The transcription
factor is widely expressed in tissues, and can be associated with a stress response
[335]. Genes associated with oxidative and metabolic stresses are dysregulated in
OCT1 deficient conditions [336]. Fundamentally for this research, Shakya et al.
[315] investigated OCT1 and found that the protein is a transcription factor which
can switch between repressive and antirepressive modes, meaning this complex
transcription factor can upregulate or downregulate its targets. Here, the proposition
is that miR-31 downregulates OCT1 by translational repression, which therefore
leads to an increase in CTR1 and ABCB9 expression, which may contribute to the

modulation of chemoresistance observed within MPM cell lines.

This chapter has uncovered a potentially novel mechanism behind miR-31 mediated
chemoresistance in MPM, potentially mediated via the modulation of the lysosomal
drug transporter ABCB9, as summarised in Fig. 5.16. Therefore, to further
investigate the significance of the contribution of ABCB9 to MPM resistance, in the
next chapter ABCB9 was independently expressed to evaluate its contribution to the

miR-31-mediated chemoresistant phenotype.
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Extracellular

Figure 4.16 Summary of the effect of miR-31-mediated transport on MPM cell. The
MPM cell (orange) has notable increased resistance to chemotherapy (blue cross structures)
with miR-31 reintroduction. Resulting from the data obtained in chapter 4, the addiation of
the increased lysosomally (yellow) bound drug transporter ABCB9 (orange cylinder), as well
as the downregulation of bipotential transcription factor OCT-1, may contribute to the
sequestration of cisplatin away from the nuclear region, resulting in less DNA damage and

increased chemoresistance.
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Chapter 5:
The role of ABCB9 In

miR-31-modulated intracellular

drug accumulation
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5.1 Introduction

The possible mechanisms by which miRNAs may modulate intracellular
accumulation are vast. Due to the pleotropic nature of miRNAsS, and the prospect of a
single miRNA targeting hundreds of different mRNA, the probability of modulating
to targets that affect cellular transport systems is great. In the previous chapter, a
potential route by which miR-31 may modulate the intracellular accumulation of
cisplatin, whilst selectively depleting the nuclear region of platinum adducts, was

identified.

Lysosomes, which range from 50 nm to 500 nm in diameter, are membrane bound
organelles that account for the breakdown and recycling of cellular components.
Generally, lysosomes have a low pH, ~5.5, and serve as a ‘sink’ for toxins, drugs and
heavy metals [312, 337], and have previously been identified to regulate drug
sequestration [314]. The ability of lysosomes to sequester various drugs within their
environments has been documented in renal, colorectal and angiosarcoma cell lines
[311, 314]. Of particular interest to this study, a known lysosomally-bound drug
transporter, ABCB9, has been linked with resistance and is proposed to be regulated
by miR-31. Here, however, an upregulation in ABCB9 with miR-31 re-expression
has been observed, pertaining ABCB9 being an indirect target of miR-31 in our

MPM cell based model.

The family of ATP binding cassette (ABC) transporters represents one of the largest
gene families known in eukaryotic cells. ABC transporters function to facilitate the
movements of various molecules across membranes, including lipids, nutrients,
metabolic products and drugs [312, 338, 339]. Members of this super family include
antigen processing (TAP) and multidrug resistance (MDR) transporters [334]. Highly

conserved, ABC transporters across the gene family share a general architecture of

169



two cytosolic nucleotide-binding domains (NBDs) and two transmembrane domains
(TMDs) [340], although some have half of this and are found in the endoplasmic
reticulum [312]. Zhang et al. [312] first identified an ABC transporter localised to
the lysosomal membrane, namely ABCB9. ABCB9 is also known as TAPL
(transporter associated with antigen processing-like), and is broadly expressed across
human tissue, with highest expression noted in the testis, heart and spinal chord
[312]. The expression of ABCB9 is upregulated during maturation of immune cells,
particularly the maturation of monocytes to dendritic cells and macrophages [341];
however it is not considered to be involved in the MHC class | pathway unlike TAP.
Predominantly, ABCB9 operates to translocate peptides into the lumen of lysosomes
[338], these can vary in size from 6 to 59 residues [342]. The confidence that
ABCBS9 is located in the lysosomal membrane is reported in several publications, due
to its co-localisation with the lysosome-associated membrane proteins LAMP-1 and
LAMP-2 [312, 343]. Recently, Dong et al. [313] found that inhibition of ABCB9
enhanced cisplatin resistance, with a reduced uptake of cisplatin and suppression of
cisplatin-mediated apoptosis in a NSCLC cell line. Thus far, a conflicting
relationship has been observed, suggesting that results presented here may oppose
that of Dong et al. [313], in that miR-31 re-expression in MPM cell lines increases
overall resistance in cells, and also increases ABCB9 expression. This chapter
therefore aims to clarify the relationship between ABCB9 and resistance to cisplatin
with the landscape of MPM; this is to be done independently of miR-31, and with
miR-31 re-expression to explore the contribution of ABCB9 to the resistant

phenotype that has been observed.
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5.2 Rationale, Aims and Objectives

The lysosomal drug transporter ABCB9 is upregulated upon miR-31 re-expression in
MPM cells. The upregulation of ABCB9 in association with increased expression of
miR-31 suggests that MPM cells expressing ABCB9 at greater levels than baseline
may be better able to sequester chemotherapeutics into lysosomal regions, away from
the nucleus and cytosolic compartment. With previous research indicating miR-31
associated regulation of ABCB9 having a role in cisplatin resistance [313], it is
hypothesized that ABCB9, as a target of miR-31 is the functional facilitator of the

chemoresistant phenotype.

The objectives of this chapter were to 1) determine whether ABCB9, independent of
miR-31, contributes to MPM chemoresistance, 2) explore the effect of ABCB9
modulation on platinum transport into lysosomes, in order to identify whether

ABCB9 plays a functional role in intracellular platinum sequestration.
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5.3 Experimental design

5.3.1 ABCB9 overexpression

ABCB9 was overexpressed in the parent NCI-H2452 cell line via stable plasmid
transfection, in order to isolate whether the protein affected sensitivity to
chemotherapy treatment, in line with observations noted in miR-31 stably transfected
cells. The approach to independently express ABCB9 was adopted in order to view
whether ABCB9 contributed to the resistant phenotype identified in previous
chapters. Importantly, the analysis of stable miR-31 expression with the addition of
stable ABCB9 overexpression was also determined to functionally observe whether
cells had enhanced chemoresistance compared to that of miR-31 expression alone,
this would denote whether ABCB9 contributed to the pathway observed and

uncovered in chapter 4.

5.3.2 The effect of ABCB9 on chemoresistance

To determine the overall effect of chemoresistance with ABCB9 overexpression, the
clonogenic assay was utilised, with support from analysis of yH2A.X using Western
blot. Similarly to chapter 4, ICP-MS analysed the content of intracellular platinum
within the whole cell and individual organelles. Wholly these approaches would
facilitate the investigation as to whether ABCB9, as a lysosomal drug transporter,
increased sequestration into the lysosomes, and therefore determine if ABCB9 was
the functional facilitator of the miR-31-mediated increase in chemoresistance

observed within the in vitro MPM systems studied here.
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5.4 Results

5.4.1 Establishing a stable model of ABCB9 expression

The cell line NCI-H2452 was utilised to stably transfect ABCB9 overexpression
(ABCB9+) or vector control plasmids (EX-NEG). Additionally, the already stably
transfected NCI-H2452 miR-31 cell line was also transfected with either ABCB9
overexpression, or vector control plasmids. With the absence of a reporter sequence
on the ABCB9 plasmids, reliance upon puromycin selection was paramount, as
presented in Fig. 5.1 and Fig. 5.2. A puromycin Kill curve, as in appendix 4, was
analysed via light microscopy to determine optimal dosing of the antibiotic for
selection. Cells that had incorporated the plasmid stably were able to survive
selection, whilst untransfected and Lipofectamine only controls died in the selection
process (far right panel in Fig. 5.1 and Fig. 5.2). Post selection, cells were maintained

in 0.5 pg/ml puromycin with medium to ensure escapee populations were minimised.

ABCB9 expression post selection was assessed after clonal populations had been
selected and expanded. The expression of ABCB9 was assessed via Western blot
(Fig. 5.3), and a selection of high and low clones were chosen for further analysis.
Clones B3 (vector control, EX-NEG) and C3 (‘high’ ABCB9 overexpressor,
ABCB9+) were carried forward for immunofluorescence microscopy, clonogenic
and ICP-MS analysis. Stable transfection of the NCI-H2452 miR-31 cell line with
ABCB9 plasmids appeared to not overexpress ABCB9, relative to the vector control;
this may be due to the upregulation of ABCB9 with miR-31 reintroduction meaning
ABCB9 expression has already reached threshold levels that cannot be exceeded

with the current system.

Immunofluorescence microscopy studies of ABCB9 in the ABCB9+ population, as

in Fig. 5.4, reported successful overexpression of ABCB9 within the NCI-H2452
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0 h Puromycin 24 h Puromycin 14 d Puromycin

Untreated NCI-H2452

Lipofectamine only
NCI-H2452

NCI-H2452 EX-NEG

NCI-H2452 ABCB9+

Figure 5.1 Stable expression of ABCB9 in the NCI-H2452 cell line. Time course of
microscopy images collected at 0 h, 24 h and 14 days post transfection with 2 pg/ml
puromycin. After 14 days under selection, it is apparent that the untreated and
Lipofectamine only controls are largely dead, with substantial growth evident in the
EX-NEG and ABCB9+ populations. Representative brightfield images captured on
Zeiss Axio Vert.Al with LD A-Plan 10x/0.25 Phl objective. Red line at bottom right of
images equal to 100 pm.
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Untreated NCI-H2452 miR-31

Lipofectamine only
NCI-H2452 miR-31

NCI-H2452 miR-31 ABCB9+ NCI-H2452 miR-31 EX-NEG

Figure 5.2 Stable expression of ABCB9 in the NCI-H2452 miR-31-expressing cell
line. Time course of microscopy images collected at 0 h, 24 h and 14 days post
transfection with 2 pg/ml puromycin. After 14 days under selection, it is apparent that
the untreated and Lipofectamine only controls are largely dead, with substantial growth
evident in the EX-NEG and ABCB9+ populations. Representative brightfield images
captured on Zeiss Axio Vert.Al with LD A-Plan 40x or 10x objectives. Red line at
bottom right of images equal to 10 pum at O h puromycin, on other images the line
represents 100 um.
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Figure 5.3 ABCB9 overexpression in stable selected clonal populations. The NCI-
H2452 miR-31-null cell line was transfected with EX-NEG vector control plasmid
(termed EX-NEG) and an ABCB9 overexpression plasmid (termed ABCB9+). Clonal
populations were selected and grown under puromycin selection. Clones B2, B3, B4
and B5 correspond to EX-NEG vector control populations. Clones C2, C3, C4, C5
correspond to ABCB9 overexpressing clones. Clones C2 and C3 were selected as high
expressing clones, C4 and C5 classified as low ABCB9 expressing clones. EX-NEG
vector control clone B5 was seen as an anomalous clonal variant and not carried
forward, this may have resulted from multimers. The expression of ABCB9 in NCI-
H2452 miR-31 double-transfected with the ABCB9 overexpression plasmid did not
highly express ABCB9. B-actin was employed as the endogenous control for data
normalisation.
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Figure 5.4 ABCB9 overexpression in NCI-H2452 clonal variants.
Immunoflourescent images showing overexpression of ABCB9 in transfected cells.
ABCB9 staining (red), nuclei stained with DAPI (blue). Images captured on Zeiss Axio
Vert.Al with N-Achroplan 100x objective for bottom ABCB9 images, and EC Plan-
Neofluar 40x objective for top images. Images for both EX-NEG and ABCB9
overexpressing populations are set at the same exposure in the same channels.
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population. It is apparent that the ABCB9 overexpression transfection group has
increased ABCB9 expression, consistent with lysosomal expression. Small red foci
represent the ABCB9 stained lysosomal regions, although there is evidence of a
greater concentration of foci toward the cellular membrane, also noted in Dong et
al.[279]. No change in ABCB9 expression is apparent between the NCI-H2452 miR-
31 EX-NEG and NCI-H2452 miR-31 ABCB9+ (Fig. 5.5), with the expression of
ABCB9 appearing diffuse. Mean signal intensities of the images captured at 100X
magnification (bottom images in panels of Fig .5.4 and Fig. 5.5) show an increase in
signal intensity in the ABCB9+ C3 clone compared to the EX-NEG B3 clone (Fig.

5.6).

5.4.2 Direct ABCB9 overexpression promotes chemosensitivity, not chemoresistance,

of MPM cells, independent of miR-31 expression

With a correlation between miR-31 reintroduction and ABCB9 overexpression
possibly modulating the intracellular accumulation of platinum-based therapeutics
established in chapter 4, independent overexpression of ABCB9 was performed in
the miR-31-null NCI-H2452 cell line, as described in section 5.4.1. Surprisingly,
when the clonogenic capacity of the ABCB9 overexpressing NCI-H2452 cells were
assessed with a clinically-relevant dose of cisplatin, a more chemosensitive
phenotype was displayed, rather than the expected chemoresistant phenotype
observed described in Fig. 3.5 with miR-31 mediated ABCB9 overexpression. The
NCI-H2452 ABCB9 population had a surviving fraction of 64% + 19% compared to
93% + 9% in the vector control (termed EX-NEG) population, meaning ABCB9
overexpressing cells were on average 29% more sensitive to chemotherapy compared
with the vector control equivalent (Fig. 5.7). This suggests the enhancement of the

lysosomal drug transporter ABCB9 promoting chemosensitivity.
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Figure 5.5 ABCB9 overexpression in NCI-H2452 miR-31 appears diffuse
throughout the cytoplasmic compartment. Immunoflourescent images showing
overexpression of ABCB9 in NCI-H2452 cells transfected with both miR-31 and
ABCB9 overexpression plasmids. ABCB9 stained red, nuclei are stained with DAPI
(blue). Images were captured on Zeiss Axio Vert.Al with N-Achroplan 100x objective
for the bottom ABCB9 images, and EC Plan-Neofluar 40x objective for the top images.
Images for both EX-NEG and ABCB9 overexpressing populations are set at the same
exposure in the same channels.
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Figure 5.6 ABCB9 overexpression is greater in the NCI-H2452 ABCB9-transfected
clonal population. Mean signal intensities of NCI-H2452 transfected cells
immunofluorescently stained with ABCB9 represented by Fig. 5.3 and Fig. 5.4.
Intensities captured in the Texas Red Channel for the images acquired on Zeiss Axio
Vert.Al with N-Achroplan 100x objective (represented in Fig. 5.3 and Fig. 5.4). Error
bars are utilised as mean intensity per field (n=2).
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Logq,o Surviving Fraction

Figure 5.7 Overexpression of the lysosomal drug transporter ABCB9 increases
cisplatin sensitivity in NCI-H2452 cells. Clonogenic assay revealed ABCB9
overexpression sensitises miR-31-null NCI-H2452 cells to cisplatin after treatment with
1 uM cisplatin for 24 h, with near significance reached (p=0.0516) (n=3). The dotted
line represents vehicle control treatment, to which data was normalised to and
accounted for in calculating the surviving fraction. Data demonstrates that the
overexpression of ABCB9 independent of miR-31 expression increases sensitivity to
cisplatin treatment. Data are presented as the mean + SEM. Statistical analysis
performed using Student’s t-test.
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5.4.3 ABCB9 overexpression affects cisplatin-induced DNA damage initiation, but

does not significantly affect intranuclear platinum accumulation

To determine if the increase in chemosensitivity to cisplatin observed with miR-31
independent ABCB9 overexpression was associated with altered DNA damage, we
assessed levels of yH2A.X. Supporting the increase in sensitivity with ABCB9
overexpression observed in section 5.4.2, overexpression of ABCB9 lead to greater
levels of yH2A.X induction, suggesting that the high ABCB9 expressing clone C3

may be more chemosensitive (Fig. 5.8 and Fig. 5.9).

Additionally, as a measure of cisplatin-induced DNA damage, yH2A.X
phosphorylation was reduced in NCI-H2452 cells with co-overexpression of ABCB9
and miR-31 (Fig. 5.8). This supports that the ABCB9 overexpression in the presence
of miR-31 is not sufficient to promote a chemosensitive phenotype, thereby inferring
that while miR-31 expression promotes ABCB9 expression, the miR-31-mediated
chemoresistant phenotype is independent of ABCB9, and is likely driven by
additional, as yet unidentified, miR-31-mediated gene or protein changes that

influence MPM biology.

Whilst miR-31 mediated alterations to the intracellular accumulation of platinum are
observed with the passive increase in ABCB9 expression (Fig. 4.1), the independent
ABCB9 overexpression model suggests that ABCB9 does not function to enhance
platinum accumulation. On a whole cell level, the high ABCB9+ clone C3 had a
decrease in the amount of platinum within the intracellular environment (Fig 5.10),
which is in contrast to the increase seen in chapter 4 (Fig. 4.1). Similarly, in the
intranuclear region (Fig. 5.11), and in the lysosomal region of high expressing
ABCB9+ C3 clone (Fig. 5.12), compared to that of EX-NEG vector control, there

was a reduction in platinum content, this may relate to the apparent decrease in the
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Figure 5.8 Overexpression of lysosomal drug transporter ABCB9 affects DNA
damage induction. Representative Western blot demonstrating the increased levels of
phospho-histone H2A.X (yH2A.X) with high expression of ABCB9. Clones B2, B3, B4
correlate to EX-NEG vector control clones. Clones C2 and C3 correlate to high
expressors of ABCB9, and C4 is a low expressor of ABCB9. Clone C4 appears to
demonstrate a lack of DDR, this may be due to this clone having differential expression
of additional proteins involved in chemotherapy flux. All clones were treated for 24 h
with 50 uM cisplatin. Data demonstrates that greater DNA damage initiation is induced
when ABCB9 is highly expressed and perceptibly lower when ABCB9 has low
expression.
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Figure 5.9 Overexpression of lysosomal drug transporter ABCB9 affects DNA
damage induction. Densitometry analysis of Western blot demonstrating the increased
levels of phospho-histone H2A.X with high expression of ABCB9 in the NCI-H2452
population (A) (n=3), and the NCI-H2452 miR-31 population (B) (n=3). Data
demonstrates that although not significant, high ABCB9 expression connotes greater
DNA damage. Data presented as the mean + SEM. Statistical method of Student’s t-test
adopted for analysis. NCI-H2452 Ex-NEG B3 and miR-31 Ex-NEG utilised as relative
control and are set to 1; as such no error is associated.
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Figure 5.10 Intracellular platinum content may be altered by ABCB9
manipulation. ICP-MS analysis of whole ABCB9 manipulated cells treated with 50
KM cisplatin for 24 h. There is a decrease in levels of platinum in NCI-H2452 ABCB9+
high expressing cells (n=3). Data demonstrates that although not significant, high
ABCB9 expression may negatively influence the amount of platinum accumulating in
MPM cells. Data presented as the mean £ SEM. Statistical method of Student’s t-test

adopted for analysis.
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Figure 5.11 Intranuclear platinum content may be altered by ABCB9
manipulation. ICP-MS analysis of nuclear fraction collected from ABCB9 manipulated
cells treated with 50 UM cisplatin for 24 h. There is a decrease in levels of platinum in
NCI-H2452 ABCB9+ high expressing cells (n=3). Data demonstrates that high ABCB9
expression does not affect nuclear accumulation of platinum in MPM cells. Data
presented as the mean + SEM. Statistical method of Student’s t-test adopted for

analysis.
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Figure 5.12 Lysosomal platinum content may be altered by ABCB9 manipulation.
ICP-MS analysis of the lysosomal fraction collected from ABCB9 manipulated cells
treated with 50 pM cisplatin for 24 h. There is a decrease in levels of platinum in NCI-
H2452 ABCB9+ high expressing cells (n=3). Data demonstrates that although not
significant, high ABCB9 expression may decrease the amount of platinum within the
lysosomal fraction. Data presented as the mean £ SEM. Statistical method of Student’s
t-test adopted for analysis.
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overall amount of platinum within the ABCB9 high expressing cells as a whole.
Overall, this is in contrast to the observations made with the miR-31-mediated
sequestration noted in chapter 4, suggesting that ABCB9 overexpression,
independent of miR-31, may not functionally modulate this route of
chemoresistance. The lysosomal drug transporter ABCB9 does appear to contribute
to the modulation of the cellular response to chemotherapeutics, whereby MPM cells
with high expression of ABCB9 increases sensitivity to cisplatin, however the model
utilised may limit the scope of the results obtained. Further investigation with the use
of confocal microscopy to co-localise LAMP-1 and ABCB9 expression may benefit
the understanding of how the plasmid based model of ABCB9 overexpression differs

between miR-31 driven and independently driven systems.
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5.5 Discussion

The lysosomal transporter ABCB9 [342] has widely been established as a modulator
of chemoresistance [313, 334, 339]. Here, surprisingly, whilst miR-31
overexpressing, more resistant MPM cells demonstrate an upregulation of ABCB9,
upon direct manipulation of ABCB9 in parent NCI-H2452 cells, there is a sensitising

affect to cisplatin treatment.

Intrinsic or acquired resistance is attributed to several major mechanisms [284],
including the involvement of the ABC super-family, which broadly includes breast
cancer resistance protein ABCG2 (BCRP), P-glycoprotein ABCB1 (P-gp) and
multidrug-resistance protein 2 ABCC2 (MRP2) [344, 345]. Generally, enhanced
expression of these protein leads to ATP-driven efflux of drugs and a reduction in the
intracellular concentration of many toxins, ultimately contributing to MDR [344].
ABC transporters are ubiquitously expressed in normal tissue, and many drugs
targeting these transporters have been adopted as chemosensitisers in clinical trials.
Unfortunately, due to the ubiquitous nature of these proteins, many first generation
targeted therapies have proven toxic to patients, with unacceptable pharmacokinetic
interactions [344]. Here, the hypothesis was that ABCB9, as a drug transporter, aided
the sequestration of cisplatin into lysosomal regions. However, the independent
overexpression of ABCB9, as discussed in this chapter, supported the widely
accepted consensus that as an ABC transporter, ABCBS9 is involved in efflux, as the
concentration of intracellular platinum decreased upon ABCB9 overexpression.
Whilst the data demonstrated a reduced amount of platinum in ABCB9+ cells,
according to general ABC transporter mechanisms, the increase in efflux should

imply increased resistance to therapy [345], whereas here, we observed an increase
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in sensitivity, which is supported by the notable affects on cisplatin induced DNA

damage with multiple clones, as observed in Fig. 5.8.

The roles of ABC transporters have recently been reviewed, with newly discovered
roles in the modification of distribution of ABC transporters to intra- and extra-
cellular compartments to increase sequestration efficacy [345]. In yeast it has been
reported that ectopic expression of ABCB9 promoted an enhancement in drug
sensitivity, and its accumulation into lysosomes may contribute to the increase in
sensitivity observed. Here, the observation of ABCB9 overexpression connoting
increased drug sensitivity would be in agreement with the reported results in Ohashi-
Kobayashi et al. [334], yet the replication of increased lysosomal drug sequestration

was not apparent.

The relationship between ABC transporters and miRNA has been well discussed and
is an area of particular interest within the field [344]. Primarily, research has
focussed upon miRNA as novel therapies to overcome MDR via the exploration of
miRNA-mediated ABC transporter regulation [346, 347]. Ma et al. [347] isolated the
miRNA miR-487a as a resensitiser to mitoxantrone resistant breast cancer cells; its
functionality was shown to target and suppress breast cancer resistance protein,
BCRP, whereas Pan et al. [346] reported that miR-328 negatively regulated BCRP.
The literature exploring the relationship between miRNA and ABCB9 is extremely
limited, with only one particular publication relating to miR-31. Dong et al. [313]
explored the interaction between ABCB9 and the miRNA miR-31 in NSCLC. Their
research correlated cisplatin resistant cell lines expressing greater levels of miR-31,
which our MPM data is synonymous with. However, the Dong et al. [313] group
went on to correlate the higher expression of miR-31 with a downregulation in

ABCB9, the suggestion being that miR-31 directly targets ABCB9, thus repressing
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the translation of the transporter. Here, within this MPM study, there is an observed
increase in ABCB9 associated with the miR-31-mediated chemoresistant phenotype;
it is possible that miIRNA can positively regulate expression [348, 349], whereby
miR-31 could be positively regulating ABCB9 directly. Prospectively, the difference
in response may be attributed to the pleiotropic function of miR-31 targeting a
transcriptional regulator (OCT-1) that modulates ABCB9 expression in MPM.
Furthermore, Dong et al. [313] focussed upon ABCB9 downregulation increasing
resistance to cisplatin in non small cell lung cancer, our ABCB9 overexpression
model essentially supports the findings reported, however the research describes
ABCB9 as being plasma membrane located, which is not observed here until ABCB9
is directly overexpressed, and is in conflict with other reports of ABCB9 location

[312, 343].

Whilst the manipulation of ABCB9 expression was of logical and interesting
investigation in terms of the intracellular platinum sequestration observed in chapter
4, there remains potential to modulate OCT-1 expression to observe its effect upon
MPM chemoresistance. Potentially, manipulating OCT-1 expression may
recapitulate the increase in ABCB9 observed through miR-31-mediation, which may
increase the chemoresistant phenotype in a similar manner to that of chapter 3. There
is however, a limitation to the manipulation or overexpression of OCT-1 as it
functions bipotentially [315]. OCT-1 is known to be dynamically phosphorylated
following oxidative or genotoxic cell stress, and its functionality is complex [335,
336, 350]. OCT-1 maintains many gene expression levels including Polr2a, which
encodes a subunit of RNA polymerase Il, where in an OCT-1 deficient environment
Polr2a mRNA is inappropriately repressed. OCT-1 plays an unusual functional role
as a Polr2a anti-repressor only in stress response conditions, relaying the intricacy of

this homologous transcription factor [350].
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In addition to lysosomal transport, miR-31 can potentially regulate other
sequestration pathways which may potentially support our findings. As previously
discussed, there is potential for alterations in nuclear envelope structure; the
packaging of cisplatin into exosomes; and rearrangements of the cytoskeleton to
modulate resistance to platinum based therapeutics [308-310]. Alterations in proteins
involved in the morphology of the nuclear envelope may directly contribute to
tumourigenesis [351, 352]. Particularly interestingly, although the nuclear envelope
protein lamin B1 is not directly targeted by miR-31, there is a relationship between
lamin Bl expression, OCT-1 and miR-31 [353]. Malhas et al. [353] described
mutated lamin B1 resulting in the loss of OCT-1 sequestration in the nuclear
periphery, which led to dysregulation of OCT-1 targets. Nuclear lamins were
demonstrated to regulate miR-31 levels, adding further intricacy to how the
mechanisms of the nuclear envelope can contribute to gene expression and
potentially cellular resistance [353]. Briefly, miR-31 may regulate OCT-1, and
therefore its targets, however OCT-1 may also influenced by lamin B1, and lamin B1
may be influenced by a indirect effect of miR-31 overexpression, which
consequently may affect nuclear transport and potentially sequestration of

chemotherapeutics.

Although, here, the focus has been to analyse the affect of ABCB9 has on the
chemosensitive phenotype of MPM cells by artificially driving increased expression,
there are a number of ways in which this may not fully recapitulate the response of
ABCB9 if it were indirectly under the control of miR-31. The plasmid
overexpression system may, for example, encode the ABCB9 protein which could
then be subjected to post-translational modification, affecting the activity of the
protein, which may not occur within the miRNA controlled pathway. In order to

assess whether additional modifications have occurred, a number of techniques could
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be utiliused including Western blot to analyse glycosylation and phosphorylation, as

in Li et al. [354].

Ultimately, we have shown miR-31 mediation of a chemoresistant phenotype within
in vitro studies of MPM, with an observed increase in ABCB9 expression. However,
when ABCBS9 is overexpressed independently of miR-31, an increase in sensitivity is
observed, opposing the initial hypothesis, and perhaps indicating that the increase in
ABCB9 is in fact passive, as miR-31 is mediating other molecules that potentially
contribute more to the regulation of cisplatin intracellular accumulation, as
summarised in Fig. 5.13. Altogether, this insinuates that ABCB9 expression is
important within the context of MPM; however ABCB9 upregulation, in this case,
may not contribute to the specific pathway mediated by miR-31 to enhance MPM

chemoresistance, however further investigation of the model used may be needed.
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Figure 5.13 Summary of the effect of ABCB9 overexpression on MPM cell. The MPM
cell (orange) has notable increased sensitivity to chemotherapy (blue cross structures) with
ABCB9 overexpression, independent of miR-31 modulation. Overall, it can be noted that the
increase in ABCB9 expression is important within the context of MPM chemosensivity;
however ABCB9 upregulation may not contribute to the specific pathway mediated by miR-
31 to enhance MPM chemoresistance.
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Chapter 6:

Concluding discussion
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6.1 Concluding discussion

MPM is an aggressive and debilitating asbestos related disease which is associated
with an extremely poor prognosis, mainly owing to inherent or developed
chemoresistance [74, 82, 355]. The investigation here aimed to develop an
understanding of why MPM cells are resistant to chemotherapy, and to expand a
clinically viable route by which sensitivity could be enhanced. A group of non
coding molecules named microRNAs are established regulators of many cancer
pathways [356]. A particular miRNA, miR-31, is encoded on a fragile site often
deleted in MPM patients [188], which led to the potential for miR-31 to be

functionally explored in the context of chemoresistance.

It is evident that the role of miR-31 within differing tumour types is multi-faceted
and its exact functions remain unclear, with context dependent evidence supporting
both oncogenic and tumour suppressive functions [195, 254, 256, 357]. Within
MPM, deletion of the fragile site at which miR-31 is encoded has been correlated
with poor prognosis [188], however, it has also been reported that miR-31 expression
is allied with aggressive tumour subtypes in patient cohorts [189]. Surprisingly, the
present study has determined that miR-31 expression in MPM promotes resistance to

platinum-based therapy in vitro.

Data from this study indicates the loss of miR-31 in MPM tumours may actually
confer a chemosensitive phenotype. Although the data represented here is generated
in in vitro based 2D models, there may be allied results in vivo which could confirm
and validate miR-31 suppression having sensitising affects to chemotherapeutic
treatment. Contrasting with the initial hypothesis, the data support the alternative
hypothesis that miR-31 loss in MPM confers a positive prognostic influence. The

potential mechanism by which miR-31 mediates resistance appears to be reliant upon
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regulation of intracellular transport. Dependence upon nuclear transport has
previously been noted in breast cancer [358], with associations between altered
transport of platinum containing agents within the cellular environment and
resistance to therapy being comprehensively reviewed [275]. Laurila et al. [359]
detailed the involvement of a nuclear transport protein, KPNA7, with promotion of
malignancy in pancreatic cancer. The silencing of KPNA7 lead to the inhibition of
malignancy in pancreatic cell lines, which highlights the importance of transportation
from the cytoplasmic to nuclear compartment, and its involvement with resistance to

therapy.

Cellular accumulation of chemotherapeutics has been comprehensively reviewed
[360]. With a higher overall amount of platinum in miR-31 expressing cells (Fig.
4.1), and a reduction in the concentration of platinum in the nuclear fraction (Fig.
4.5), the question remained as to how cells were able to survive an increased
intracellular concentration of cisplatin. There is evidence supporting that miRNAs
can mediate cellular sequestration, through the alteration of calcium signalling, or the
mediation of multi-drug resistant proteins [361-363]. Here, following further
fractionation of cellular components, a change in lysosomal accumulation was
observed; this promoted the investigation of possible drug transporters that were
bound to lysosomes, and indeed promoted the investigation as to whether miR-31
expressing cells had a higher aggregate burden of lysosomes. Notably, Pennati et al.
[362] showed that miR-205 replacement in prostate cancer cells down-regulated
lysosome function and protein trafficking, leading to alterations in the autophagic
flux of cells, which changed the detoxifying capabilities by which cells become
cisplatin resistant. Drayton et al. [364] correlated a reduced miR-27a expression with
the cysteine and glutamate exchanger SLC7A11. Cisplatin resistant bladder cancer

cell lines were resensitized by initiating miR-27a expression, or reducing the activity
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of SLC7A11 via siRNA, which supports the findings that miRNA can regulate

cellular transporters, thus connoting regulation of cellular chemoresistance.

The lysosomally bound drug transporter ABCB9 [312] has been identified as a
modulator of resistance, with up- or down- regulation of the protein enhancing or
reducing response to therapeutics [334]. Surprisingly, whilst ABCB9 appears to be
increased with the miR-31 overexpressing more resistant phenotype, upon
manipulation of ABCB9 in miR-31-null NCI-H2452 cells, there is a sensitising
affect to cisplatin treatment (Fig. 5.7). Recently, Dong et al. [313] examined the
relationship between miR-31 and ABCB9. The investigation established a link in
NSCLC cisplatin resistant cell lines having higher expression of miR-31, and the
downregulation drug transporter ABCB9, potentiating that miR-31 directly targeted
ABCB9 and so repressed its translation. Whilst the results here suggested ABCB9
may not be directly associated with the overriding mechanism behind cellular
accumulation and chemoresistance, there are many other routes by which
sequestration of chemotherapeutics can be modulated. There is emerging evidence
that extracellular vesicles, including exosomes [308], which are known to package
cisplatin, can be modulated by multidrug resistance proteins and can themselves
control the uptake of drugs into vesicles, limiting the bioavailability of
chemotherapeutics [365]. Federici et al. [366] portrayed cisplatin accumulation in
extracellular vesicles to be enhanced in acidic pH levels, with a reduction in cellular

resistance resulting from the use of proton pump inhibitors.

The movement of platinum based chemotherapeutics within the intracellular
environment is widely characterised, with CTR1, ATP7A and ATP7B known to play
significant trafficking roles [70, 75]. Here, although no significant changes are

apparent for the influx and efflux transporters CTR1 (Fig. 4.2), ATP7A and ATP7B
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(Fig. 4.3 and Fig. 4.4), there may still be contributions to the overall phenotypic
resistance observed with miR-31 reintroduction. Stordal et al. [367] and Kalayda et
al. [293] illustrated the importance of localisation of these key proteins, which can
modulate accumulation and orchestrate the sequestration of cisplatin within resistant
cells although there is typically no change in overall expression. ATP7A and ATP7B
have been established as golgi network transporters, however within resistant
models, a translocation to outer vesicular structures has been noted [293], signifying
that whilst the present results show no gross difference, these molecules may be

modulating sensitivity through alterations in their localisation.

The effect of miR-31 reintroduction on increasing chemoresistance was contrary to
our initial hypothesis, as previously the group had associated miR-31 overexpression
with increased sensitivity to therapy in oesophageal adenocarcinoma (OAC) [256]. A
downregulation of miR-31 in radioresistant OAC cells was identified, and upon
subsequent re-expression of miR-31, a radiosensitising effect was observed [256].
Although unanticipated, a potentially novel mechanism behind enhanced resistance,
which may potentiate a modified strategy of treatment in the future, has been
uncovered. Many MPM patients are inherently resistant to chemotherapy, and most
have extremely poor prognosis [368]; this has driven the field to find an alternative
therapeutic, or indeed enhance the ability of the readily available therapeutics to
combat this disease [245], as observed in the effective co-treatment of cisplatin and
pineapple extract bromelain in malignant peritoneal mesothelioma [369].
Prospectively, the consequence of further investigating this mechanism within an in
vivo system may lead to the ability to screen patients for miR-31 status. Patients who
express high levels of miR-31 could potentially be stratified to have an antagomir
administered to suppress miR-31 expression, which could mean the efficiency of

platinum based chemotherapy cytotoxicity would be enhanced. Zhang et al. [370]
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recently co-treated with both paclitaxal and antagomir miR-10b in breast cancer cell
lines, using the chemotherapeutic to treat the primary tumor and suppressing miR-
10b to decrease metastasis, the results were promising and concluded successful

administration of both the antagomir and the paclitaxal via a liposomal based system.

Interestingly, miRNA treatment in the form of nucleic acid-modified DNA
phosphorothioate antisense oligonucleotides has already entered human clinical trials
in treatment of disease [219]. Although not in cancer, miR-122, the abundant liver
expressed miR, is sequestered by the oligonucleotide and bound in a duplex, which
inhibits endogenous function within hepatitis C virus infection. Results thus far have
shown promise, with long-standing dose-dependent decreases in infection levels
without evidence of acquired resistance [219]. In relation to mesothelioma, there has
been recent progress in clinical trials using miR to modulate the disease, Kao et al.
[371] reported both a metabolic and radiological response with miR-16 based
mimics. Interestingly, the development of TargomiRs, miRNA delivered via

bacterial minicells, to treat thoracic cancers has also shown promise [235].

Within the context of this study, miR-31 expression in MPM facilitates resistance to
platinum-based chemotherapy. MiR-31-mediated changes in ABCB9 expression and
lysosomal uptake of cisplatin are not sufficient to promote chemoresistance,
indicating that miR-31 mediates chemoresistance in MPM through a yet unidentified
molecular mechanism involving reduced nuclear trafficking of chemotherapeutic
agents. Overall, the data suggests that while deletions in chromosome 9p21.3 may be
associated with an overall poor prognosis, the specific loss of miR-31 from this
region may not contribute to the chemoresistance observed in MPM patients.

Screening patients for miR-31 expression status and corresponding suppression of
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the miRNA may promote enhanced sensitivity to platinum based chemotherapeutics,

improving patient outcomes.

6.2 Future work

Prospectively, with the observed increase in chemoresistance with miR-31
reintroduction in MPM in vitro, it would be advantageous to firstly develop a 3-
dimensional based system to mimic that of the 2-dimensional model utilised within
this study, with potential to move forward to an in vivo model that could explicate
cisplatin sensitivity at a more clinically relevant level. With an in vivo model of
MPM, not only would this add to our understanding of miR-31 increasing resistance
in MPM, it would be interesting to develop the potential delivery of a miR-31

suppressing construct, and assess response to chemotherapy post administration.

Additionally, analysis of patient derived samples stratified into pre- and post-
treatment, with response data would add greatly to the impact of this study. The
patient derived samples stratified by response could be utilised to analyse predictive
biomarkers, including potentially miR-31. Unfortunately, patient samples that have
response data completed are currently limited; however, the expansion of local
tumour banks and the development of the nationwide Mesobank are addressing this

issue.

Furthermore, a screen for miR-31-regulated genes and proteins by transcriptome and
proteome analysis, respectively, may be completed. The undertaking of this
investigation would comprehensively identify miR-31 targets, which could be further

analysed by pathway analysis to identify potential new avenues to chemoresistance.
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The pathways modulated by miR-31 in intracellular accumulation are still unknown.
There is potential to investigate chaperones of cisplatin, including Atox1; this is
currently being considered for investigation. Furthermore, with the unexpected
relationship between ABCB9 overexpression and increased sensitivity, the focus
should be as to how miR-31 modulates the intranuclear drug accumulation.
Potentially, the accumulation question could be answered by the investigation of

nuclear transport proteins, an area which is currently under researched.
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Appendix 1
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Figure Al.1 Plasmid map for miR-31 overexpression/reintroduction. Under the
control of a CMV promoter, miR-31 was produced from the plasmid. A GFP reporter
was encoded on the plasmid. A kanamycin resistance gene was encoded for bacterial
selection; a neomycin (also known as G418 or geneticin) resistance gene was

encoded for mammalian selection. The plasmid was purchased from Origene.

Image sourced at: http://www.origene.com/MicroRNA/pCMV-MIR-Vector.aspx

246



pUC ORI

SV40 ORI T2A peptide
SV40 poly-A
3'ALTR

Figure Al.2 Plasmid map for Zip-miR-31 suppression. Under the control of a
CMV promoter, an antisense-miR-31 (termed anti-miRNA) was produced from the
plasmid, which bound to endogenous miR-31, effectively inhibiting its functionality.
A GFP reporter was encoded on the plasmid. An ampicillin resistance gene was
encoded for bacterial selection; a puromycin resistance gene was encoded for

mammalian selection. The plasmid was purchased from SBI.
Image sourced at:

https://www.systembio.com/microrna-research/microRNA-

knockdown/mirzip/technical-details
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Figure Al.3 Plasmid map for ABCB9 overexpression. Under the control of a
CMV promoter, ABCB9 was produced from the plasmid. An ampicillin resistance
gene was encoded for bacterial selection; a puromycin resistance gene was encoded

for mammalian selection. The plasmid was purchased from Genecopoeia.

Image sourced at:

http://www.genecopoeia.com/product/search/detail.php?prt=1&cid=&key=T8156
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Appendix 2

Table A2. Gel Casting Recipes

Stacking Gel:
‘ Component ‘

H20 6.1 mL

0.5M Tris pH 6.8 2.5mL

Acrylamide 1.3 mL

10% SDS 100 pL

10% APS 100 pL

TEMED 20 pL

Resolving gel:

15M TrispH88 3.75mL 3.75mL 3.75mL 375mL 375mL 3.75mL

Acrylamide 292mL 365mL  495mL 58mL 7.25mL 10 mL
10% SDS 150 L 150pL 150 pL 150 pL 150 L 150 pL
10% APS 75uL 75l 75 uL 75 pL 75uL 75l
TEMED 18puL 18 puL 18 pL 18 pL 18 pL 18 pL
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Appendix 3

Table A3.1 Optimising cell seeding densities for the clonogenic assay. The number
of cells seeded per well of a six welled plate was optimised to ensure a minimum of
~200 colonies after fixing and staining. Mean colony number taken from all wells for all
experiments.

Mean colony number

Cell line Treatment Cell seeding density

+SEM
NCI-H2452 miR-VC  PBS 5 x 10° 265 + 56
1uM 1.5 x 103 203 + 76
cisplatin
igrgxlaﬁn 75x102- 1.5 x 10° 211 + 54
NCI-H2452 miR-31 PBS 5x 10° 321 + 39
1pM 1.5 x 10° 283 + 79
cisplatin
igrggglaﬁn 7.5 x 102 - 1.5 x 10° 359 + 37
P31 Zip-miR-VC PBS 5 x 10 311 +59
gié*p'\gﬁn 5x 10% - 7.5 X 10° 145 + 84
AOPM - 95108 499 + 45
carboplatin
P31 Zip-miR-31 PBS 5 x 102 268 + 59
ii;‘p'\l’;ﬁn 5x 10% - 7.5 X 102 141 + 82
AOPM - 55108 450 + 27
carboplatin
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Table A3.2 Optimised Compact Hough and Radial Map (CHARM) settings for
NCI-H2452. The algorithm was optimised to ensure that sufficient colonies were

analysed, without taking anomalies into account.

Panel Function Setting
F1 Pre-processed Smoothing 0
F2 Edge detection Edge detection sensitivity 72/100
F3 Centre detection  Detection mode Dark on light
Centre detection sensitivity 65.3/100

Soft colony diameter range

Lower 40 pm, Upper 1500 um

Min centre to centre separation 40 pum
Auto-select Yes
Smoothing 3

F4 Shape controls Circularity factor 50/100
Edge distance threshold 0.89
No. Spokes 32

Shape filtering

Fast Gaussian, Filter size 3

Shape processing

Best fit circle

F5 Filtering controls Colony diameter filter

Min 66 pum, Max 1500 pum

Colony intensity Min 0.1, Max 2.0
Good edge factor 0.5/1
Borders from centroids Yes
F6 Overlap controls Merge overlapping objects Yes
Overlap threshold 1.00
Overlap calculation Area

Retain the

Most intense

Calculate new cluster
boundaries

Yes
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Figure A3.1 Example of typical clonogenic assay plates. Top, PBS treated NCI-
H2452 miR-VC with an average colony count of 251 (500 cells per well seeded),
middle, carboplatin treated NCI-H2452 miR-VC with an average colony count of 221
(1000 cells per well seeded), bottom, carboplatin treated NCI-H2452 miR-VC with an

average colony count of 122 (1500 cells per well seeded).
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Figure A3.2 Pemetrexed treated clonogenic of NCI-H2452. NCI-H2452 cell line
response to pemetrexed disodium. It was concluded that pemetrexed toxicity was
affected by storage at -20°C. While multiple solubilising agents were tried, the toxicity
of pemetrexed in storage remained poor. As apparent in the last bar, with the use of 16
UM (fresh) pemetrexed, which was solubilised in PBS and used immediately for
treatment, pemetrexed was only effective when prepared directly prior to use, this was

impracticable for the dose range required for clonogenic assay.

Pemetrexed has been successfully utilised in other publications, such as Yoshida et al.
[372], where pemetrexed was purchased as a liquid stock solution, and then frozen at

-80°C, this may potentially be a route by which pemetrexed toxicity could be restored.
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Figure A4. Puromycin Kill response in NCI-H2452. The response of NCI-H2452 cell
line treated with varying concentrations of puromycin. The dose of 2 pug/ml was utilised

as the optimal Killing dose without overwhelming the cell line.
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Figure A5. LAMP-1 immuno-pull down. Representative Western blots illustrating
pull down of LAMP-1 post novel lysosomal isolation method. The NCI-H2452 miR-VC
cell line (top) demonstrated successful pull down of LAMP-1 protein in PBS and
cisplatin treated samples. The NCI-H2452 miR-31 cell line (bottom) demonstrated

successful pull down of LAMP-1 protein in both PBS and cisplatin treated cell samples.
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3

Figure A6. Transmission electron microscopy (TEM) of lysosomal pull
down. TEM images using osmium contrast, captured after novel immuno-
pull down method to isolate lysosomes. The method to obtain confirmation of
successful isolation of lysosomes was deemed insufficient, as the beads only
control (top) appeared structurally the same as the lysosome isolated samples

(bottom).
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Definitions

3 3 prime

5 5 prime

5-FU 5-Fluorouracil

ABCB9 ATP binding cassette subfamily B member 9
Ago argonaut protein

Amp ampicillin

ANOVA analysis of variance

APS ammonium persulphate

ATP adenosine triphosphate

ATP7A ATPase copper transporting alpha
ATP7B ATPase copper transporting beta

BCA bicinchoninic acid

BER base excision repair

BSA bovine serum albumin

cDNA complimentary DNA

CHARM compact Hough and radial map

cis cisplatin

CTLA-4 cytotoxic T-lymphocyte-associated protein 4
CTR1 copper transporter 1

DACH diaminocyclohexane

DAPI 4’, 6-diamidino-2-phenylindole

DDR DNA damage response

DGCR DiGeorge syndrome chromosomal region
DMSO dimethyl sulphoxide
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deoxyribose nucelotide triphosphates

dTTP deoxythymidine triphosphate

EDTA ethylenediaminetetraacetic Acid

EMT epithelial-mesenchymal transition

FBS foetal bovine serum

G418 geneticin antibiotic

GFP green fluorescent protein

GSSG glutathione disulfide

1Cs0 concentration of a drug where the response is reduced by half

IHC immunohistochemistry

KEGG Kyoto Encyclopedia of Genes and Genomes

Lysogeny broth
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MeOH methanol

miR-Zip microRNA suppression plasmid

MMR mismatch repair

mRNA messenger RNA

NCI-H2452 National Cancer Institute H2452 epithelioid MPM cell line

ns non significant

OCT1 Organic Cation Transporter 1

P31 P31 MPM epithelioid cell line

polymerase chain reaction

Pre-miRNA pre-microRNA

Puro puromycin

gPCR quantitative PCR
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radioimmunoprecipitation assay buffer

RNA ribose nucleic acid

ROS reactive oxygen species

RT reverse transcription

SD standard deviation

SDS-PAGE sodium dodecyl sulphate-polyacrylamide gel electrophoresis

TBST tris buffered saline with tween 20

TEMED tetramethylethylenediamine

UK United Kingdom

VEGF vascular endothelial growth factor
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] beta
Y gamma
bp base pairs
°C degrees Celsius
g grams
X9 acceleration (gravity)
Gy Gray (radiation)
h hours
kb kilobase
kDa kiloDalton
L litres
M molar
mg milligram
min minute
mL millilitre
mM millimolar
ms milliseconds
Hg micrograms
puL microlitres
UM micromolar
pm micrometer
ng nanogram
nm nanometer
S seconds
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volume per volume
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