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ABSTRACT 

Malignant pleural mesothelioma (MPM) is often fatal as current treatments remain 

limited. Despite cases associated with occupational asbestos exposure reaching a plateau, 

there is a real concern for a third wave of victims exposed through Do-It-Yourself 

renovations and in countries where asbestos is still used. Novel diagnostic and therapeutic 

targets are desperately needed if clinical outcomes are to improve.  

 

The powerful gene regulators microRNA (miRNA), have become popular diagnostic and 

therapeutic targets. This is because miRNA are stably expressed in bodily fluid and 

altering miRNA expression can switch on or off cellular pathways. Studies have examined 

miRNA in MPM and control samples, however there are inconsistencies in the results 

reported and large validation studies to assess the clinical relevance of the diagnostic 

targets identified, are needed. There are also no studies that have analysed miRNA in 

freshly collected pleural effusions (PE). PE are an ideal source of diagnostic targets 

because 90% of MPM patients develop PE and sample collection is minimally invasive.  

 

The first hypothesis that was examined in this thesis was that miRNA expressed in PE are 

potential diagnostic markers for MPM. Taqman OpenArray profiling and qPCR validation 

were carried out to analyse miRNA in PE cell and supernatant samples from patients with 

MPM, adenocarcinoma (AD) and benign pleural disease (BPD). A MPM PE cell signature 

based on the combination of miR-143, miR-210 and miR-200c with a diagnostic accuracy 

of 0.92-0.94 was identified. The potential PE supernatant miRNA diagnostic targets could 

not be validated. 
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MiR-223 was one of the miRNA with low expression in MPM PE cells. MiR-223 levels 

were also low in MPM cell lines and tissues. The microtubule regulator Stathmin 

(STMN1), was previously described as over-expressed in MPM and is a known target of 

miR-223. Whether miR-223 regulates STMN1 in MPM and the functions of miR-223 and 

STMN1 in this disease have not been determined. This thesis also examined the 

hypothesis that loss of miR-223 contributes to the over-expression of STMN1 in MPM and 

influences MPM cell function.  

 

As determined by qPCR and western blot, STMN1 expression was higher in MPM cell 

lines when compared with primary mesothelial cells. The inverse correlation between 

miR-223 and STMN1 in MPM cells suggested that miR-223 regulated STMN1. Following 

over-expression of miR-223 in MPM cell lines, STMN1 levels were reduced and 

immunoprecipitation experiments demonstrated this regulation was a direct mechanism. 

Also, following the over-expression of miR-223, MPM cell migration and invasion were 

increased. These unexpected results were likely due to miR-223 regulating genes other 

than STMN1 in the MPM cell lines. Reduction of STMN1 using siRNAs led to inhibition 

of MPM cell proliferation, migration and invasion.  

 

The data presented in this thesis show that miRNA expressed in PE cells are potential 

diagnostic targets for MPM. The PE supernatant miRNA identified are unlikely to be 

useful for diagnosing MPM. This thesis also presents evidence that miR-223 is down-

regulated in MPM contributing to the over-expression of STMN1 in MPM cell lines. 

Therapeutically, targeting miR-223 in MPM may not be suitable due to off-target effects. 

However, repressing STMN1 is a potential novel therapeutic strategy for MPM. 
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1.1 Introduction 

The mesothelium is a monolayer of cells extending over the surface of the serosal cavities 

and organs. This layer provides a slippery interface to facilitate free movement between 

tissues and organs whilst protecting them from infection and injury (Mutsaers, 2004, 

Whitaker et al., 1982, Yung and Chan, 2007). The cells making up this layer, mesothelial 

cells are integral to the maintenance of serosal homeostasis (Herrick and Mutsaers 2004). 

Exposure of mesothelial cells to the fibrous silicate asbestos leads to the malignant 

transformation of these cells and to the development of the aggressive cancer malignant 

mesothelioma (MM) (Mutsaers, 2004, Whitaker et al., 1982). MM has a poor prognosis as 

current treatments remain ineffective (Bonelli et al., 2016). As such, new treatment 

approaches are urgently needed.  

 

The development of technologies such as next-generation sequencing (NGS) has enhanced 

the search for novel therapeutic targets. NGS has changed how the non-coding regions of 

the genome are understood, and powerful gene regulators such as microRNA (miRNA) 

have become popular therapeutic targets in recent times (Shah et al., 2016).   

 

1.2 The mesothelium  

The mesothelium, is embryologically derived from mesodermal tissue and rests on a thin 

basement membrane supported by connective tissue stroma (Mutsaers, 2004, Whitaker et 

al., 1982). The mesothelial cells of this layer are approximately 25 m in diameter, 

predominately flattened, squamous-like (Mutsaers, 2004) and found in greater numbers on 

the visceral surfaces. Some cells are cuboidal and found in the milk spots of the omentum, 

within the septal folds of the mediastinal pleura and in the zone of the lymphatic lacunae 

on the peritoneal side of the diaphragm (Whitaker et al., 1982). Mesothelial cells contain 
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few mitochondria, glycogen vesicles and vacuoles, a poorly developed golgi apparatus and 

a small amount of rough endoplasmic reticulum (Mutsaers, 2004). Microvilli cover the 

cell surface and are found predominately on the visceral mesothelium (Whitaker et al., 

1982). The mesothelium is a slowly renewing yet dynamic membrane contributing to the 

maintenance of homeostasis within the cavities it protects (Yung and Chan, 2007). 

 

The main functions of the mesothelium are to provide a protective barrier against infection 

and to act as a frictionless interface to facilitate the free movement of opposing tissues and 

organs (Mutsaers, 2004, Whitaker et al., 1982). This is achieved through the secretion of 

surface glycosaminoglycans, proteoglycans and surfactant lubricants (Mutsaers, 2004). 

Other functions include the transport of fluid and particulate material through pinocytic 

vesicles, intracellular junctions and stomata (Herrick and Mutsaers, 2004), antigen 

presentation (Hausmann et al., 2000), control of coagulation and fibrinolysis (Iakhiaev et 

al., 2007) and the synthesis of inflammatory mediators (Lanfrancone et al., 1992, Visser et 

al., 1998) and growth factors (Jayne et al., 2000) (Figure 1.1, Mutsaers, 2004).  

 

1.3 Malignant mesothelioma (MM) 

MM is induced by the presence of asbestos fibres that preferentially accumulate near the 

mesothelial cell layer (Murthy and Testa, 1999). MM occurs predominately in the pleura 

(MPM) (80%) followed by the peritoneum (PMM) (20%) and pericardium (1%) (Sekido, 

2010). During the early stages of MPM small nodules extend along the pleural surface 

from the parietal to the visceral pleura. Eventually, the tumour encloses the lung (Inai, 

2008) (Figure 1.2) and invades surrounding structures (Roe and Stella, 2015). Symptoms 

of MPM include chest tightness, pain which worsens with tumour progression, cough and 

shortness of breath (Boutin et al., 1998). These symptoms are often attributed to the  
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Figure 1.1: Mesothelial cell function. The primary role of the mesothelium is to maintain 

serosal integrity and function. Mesothelial cells provide a protective barrier against 

abrasion and invading pathogens and secrete surfactant, proteoglycans and 

glycosaminoglycans to provide a slippery, non-adhesive surface to allow intracoelomic 

movement. They facilitate transport of fluid and cells across the serosal cavities, present 

antigen to T cells and by secreting cytokines, growth factors, extracellular matrix, 

proteases and other inflammatory mediators, participate in the induction and resolution of 

inflammation and tissue repair. They are the major source of proteoglycans in serosal fluid 

which is important in fibrinolysis and the prevention of adhesions, and secrete hyaluronan 

and other glycosaminoglycans which may prevent tumour cell adhesion (Mutsaers, 2004). 
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presence of a pleural effusion (PE) in approximately 90% of patients (Tsujimura et al., 

2012). 

 

PMM is often found as a diffuse tumour of the intestinal serosa or a large tumour on the 

omentum or mesentery (Inai, 2008) (Figure 1.2). PMM presents with non-specific 

symptoms such as loss of appetite, nausea, vomiting, diarrhoea, constipation and ascites. 

Small bowel obstruction is a late feature (Moore et al., 2008). 

 

1.3.1 Epidemiology  

After the late 1970s, the number of MPM cases reported in Australian males and females 

increased (Leigh et al., 2002). Approximately 450 – 600 new cases were reported each 

year (Jamrozik et al., 2011) and these numbers were predicted to peak sometime between 

2010 and 2020 (Kamp, 2009). The increase closely mirrored the upscaling of asbestos 

mining and consumption in Australia from the 1900s until the last asbestos mine closed in 

1983. In the following years, the use of asbestos continued until all production and 

importation was banned in 2003 (Jamrozik et al., 2011). Recently, the overall rates of 

MPM in Australia have levelled off and the pattern of exposure of patients has changed. 

Increasingly, patients are developing MPM associated with building demolition, 

renovation and repair (Musk et al., 2016). The MPM global burden is also predicted  to 

increase due to the use of asbestos in countries such as India, Vietnam (Kao et al., 2010) 

China, Russia, Zambia, Colombia and Kazakhstan (Roe and Stella, 2015).   

 

1.3.2 Aetiology  

Asbestos is a naturally occurring fibrous mineral found in many parts of the world (Roe 

and Stella, 2015). The mass mining of asbestos started during the 20
th

 century when  
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Figure 1.2: MM of the pleura and peritoneum. (A) Computed tomography (CT) scan 

showing metastatic lymph nodes in the cardiophrenic space (arrowheads), pleural tumour 

(openarrows) and pleural calcifications in the right major fissure (solid arrow) of a patient 

with MPM (Pineda et al., 2007). (B) Thousands of whitish tumour nodules of variable 

size and consistency may coalesce to form plaques or masses or form an even layer 

covering the entire peritoneal surface in patients with PMM (Munkholm-Larsen et al., 

2009). 
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asbestos was used for insulation against heat, fire and corrosion and for its tensile strength. 

Asbestos was found in many products such as pipes, building material in homes and ships, 

car brakes, toys, jewellery and cigarette filters (National Toxicology Program, 2004). 

 

Asbestos is classified into two groups, the amphibole and serpentine fibres. The 

amphiboles are straight and long fibres and include crocidolite “blue asbestos,” amosite, 

tremolite, actinolite and anthophyllite. The serpentine fibres are short and curly and 

consist of only one type, chrysotile “white asbestos” (Stayner et al., 2013). All types of 

asbestos are class I carcinogens (Roe and Stella, 2015). 

 

Asbestos as a cause of MPM was first suggested in 1960 following the observation that  

South African MPM patients lived near or worked in an asbestos mine (Wagner et al., 

1960). This was later supported by studies from the U.S.A, Europe, Australia and Japan 

(Ribak et al., 1998, Armstrong et al., 1984, Gennaro et al., 1994, Morinaga et al., 2001). 

Asbestos toxicity depends on the physical and chemical properties of the different asbestos 

types, the cumulative fibre dose and the time since initial exposure (Kamp, 2009).  

 

Whilst asbestos is considered the most important risk factor for MPM development, 

carbon nanotubes (CNTs) have also been implicated due to physical properties similar to 

asbestos (Donaldson and Poland, 2009). Little is known of the potential toxicity of CNTs 

in humans. However injection of multi walled carbon nanotubes (MWCNT) into the 

peritoneum or scrotum of mice and rats induced the formation of PMM (Takagi et al., 

2008, Sakamoto et al., 2009, Takagi et al., 2012). Similarly, exposure of rats to MWCNT 

via the airway also caused the development of MPM and lung alveolar tumours (Suzui et 
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al., 2016). CNTs are structural elements in a range of man-made products so pose a 

potential wide spread health risk if found to be toxic in humans (Roe and Stella, 2015).  

 

MPM develops in a minority of asbestos exposed individuals so it is possible these 

individuals are susceptible to fibre carcinogenesis (Roe and Stella, 2015). Cases occurring 

in families, such as in the Turkish villages of Tukzoy, Karain, and Old Sarihidir suggest a 

genetic factor may be involved (Dogan et al., 2006). The gene for nuclear protein BAP1 is 

located on a chromosomal region that shows loss or deletion in 30-60% of cases (Carbone 

et al., 2013). Families who have a BAP1 mutation have an increased incidence of MPM 

(Testa et al., 2011) and may be more susceptible to developing the epithelioid subtype 

(Bott et al., 2011, Yoshikawa et al., 2012). The role of BAP1 in MPM tumourigenesis 

remains unclear (Wang et al., 2016). 

 

 1.3.3 Pathogenesis  

Inhaled asbestos fibres enter the visceral pleura and pleural space through the alveoli and 

lymphatic vessels (Taskinen et al., 1973). The presence of such fibres aberrantly activate 

signalling networks amongst mesothelial cells, inflammatory cells, fibroblasts and other 

stromal cells contributing to a tumour promoting microenvironment (Figure 1.3)    

(Sekido, 2013).   

 

Within mesothelial cells exposed to asbestos, the nucleotide-binding domain, leucine 

repeat containing (NLRP3) inflammasome can be induced causing the up-regulation, 

activation and release of interleukin (IL) 1-, IL-6, IL-8 and VEGF (Hillegass et al., 

2013). Together with the growth factors transforming growth factor- (TGF-) and 
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platelet derived growth factor (PDGF) (Sekido, 2013), these cytokines most likely initiate 

and modulate prolonged cycles of pleural injury, inflammation and repair (Rudd, 2010).  

 

The high iron content and redox active coating of asbestos fibres can damage cells by 

increasing the presence of reactive oxygen (ROS) and nitrogen (RNS) species. ROS and 

RNS damage DNA, RNA, proteins and the lipid membrane (Kamp and Weitzman, 1999). 

If the cell is able to resist apoptosis, the molecular damage induced by free radicals can 

promote cell transformation (Sekido, 2010). Macrophages in the pleura that phagocytose 

asbestos fibres but are unable to digest them also produce abundant ROS (Sekido, 2013).   

 

The presence of asbestos within mesothelial cells may disrupt the mitotic process causing 

incomplete segregation of chromosomes (Sekido, 2010). Chromosomal losses are more 

common than gains in MPM and the exact chromosomal regions disrupted vary amongst 

patients (Musti et al., 2006). The most consistent chromosomal change in 40-50% of cases 

is the loss of chromosome 22 (Sekido et al., 1995). This causes inactivation of the tumour 

suppressor Neurofibromatosis type 2 (NF2) (Murthy and Testa, 1999). Loss of NF2 has 

been linked to increased MPM cell proliferation, invasion and migration (Petrilli and 

Fernandez-Valle, 2016). Other genes and cell signalling pathways involved in the 

processes of cell proliferation, protein metabolism and signal transduction are also 

significantly altered in mesothelial cells exposed to asbestos (Shukla et al., 2009).  

 

1.3.4 Diagnosis  

Diagnosing MPM can be challenging. Following the discovery of a PE and/or pleural 

mass using imaging (Robinson and Lake, 2005), malignancy and histological subtype 

must be confirmed. Based on its histological appearance, MPM is classified into the 
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epithelioid, sarcomatoid and biphasic subtypes (Figure 1.4) (Inai, 2008). Patients with 

epithelioid MPM often survive longer than patients with sarcomatoid or biphasic MPM 

(Johansson and Linden, 1996 ).   

 

Cytological diagnosis of epithelioid MPM using cells collected from PE with appropriate 

immunohistochemical staining is possible (Jamrozik et al., 2011). However, many 

cytological features are similar between reactive and malignant epitheliod mesothelial 

cells. Therefore, the International Mesothelioma Interest Group (IMIG) recommends that a 

cytological suspicion be followed by tissue confirmation supported by clinical and 

imaging data (Hjerpe et al., 2015).   

 

Sarcomatoid MPM cells are not usually shed into the pleural space so diagnosing the 

sarcomatoid subtype relies on a tissue sample that demonstrates the malignant 

characteristics of invasion, cellular atypia and necrosis (Husain et al., 2009). Difficulties 

associated with using this method include the unpleasant and invasive nature of 

performing the biopsy and the complication of disease management through the potential 

seeding of tumour cells (van der Bij et al., 2011).  

 

Another diagnostic challenge arises due to the fact that MPM can mimic benign pleural 

diseases (BPD) and neoplasms of the lung and pleura such as adenocarcinoma (AD) 

(Robinson and Lake, 2005, Kao et al., 2010). Immunohistochemical stains such as 

mesothelial markers (calretinin, CK5/6 and WT-1) or AD markers (CEA, CD15, BerEP4 

and B72.3) can be used to determine if the malignancy is of mesothelial or epithelial 

origin (Kao et al., 2010). None of these antibodies are 100% specific and false positives 
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can occur. If the staining results are conflicting, electron microscopy may be required 

(Husain et al., 2009).  

 

MPM is often found at an advanced stage (Kao et al., 2011). Therefore, it is critical to find 

an accurate and non-invasive way of identifying early stage disease so patients can 

commence treatment as early as possible. Genetic, serum and PE markers have been 

investigated for this purpose but diagnostic accuracy varies widely between studies (van 

der Bij et al., 2011). No biomarker that can be used alone for the diagnosis of MPM has 

been identified (Husain et al., 2009, Zucali et al., 2011). The biomarkers which have 

shown the most promise include soluble Mesothelin-related protein (SMRP), 

Megakaryocyte Potentiating Factor (MPF) and Osteopontin however, each has limitations 

(Zucali et al., 2011).   

 

Elevated SMRP levels have been reported in MPM patients in numerous studies 

(Robinson et al., 2003, Scherpereel et al., 2006, Rai et al., 2010, Hassan et al., 2006) and a 

diagnostic assay based on elevated SMRP called MESOMARK (Beyer et al., 2007) has 

been approved by the Food and Drug Administration (FDA, U.S.A) for the monitoring of 

patients with epithelioid and biphasic subtypes (Kao et al., 2011). The assay may be 

suitable for screening asbestos exposed populations to identify ‘at risk’ individuals. 

 

However, when using this assay, Creaney and colleagues reported that serum SMRP levels 

were elevated in absolute terms in only 15% of an ‘at risk’ asbestos exposed cohort 

(Creaney et al., 2010). Given the low prevalence of MPM compared to the number of 

asbestos exposed individuals in the population, it would be critical for a screening 

biomarker to have a very high sensitivity and specificity (Kao et al., 2011).  
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Figure 1.3: Possible mechanisms of asbestos induced carcinogenesis. The signalling 

networks amongst mesothelial cells, inflammatory cells, fibroblasts and other stromal cells 

that contribute to tumourigenesis following asbestos exposure (Sekido 2013). 
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SMRP is also elevated in pleural fluid and appears to have greater sensitivity for 

discriminating MPM from other malignancies than SMRP in serum. Given the majority of 

MPM patients develop a PE, elevated SMRP fluid levels could indicate a need for further 

investigations for earlier diagnosis (Creaney and Robinson, 2009). Problems associated 

with using SMRP as a diagnostic and/or screening biomarker include the lack of 

sensitivity for detecting non-epithelioid MPM (Zucali et al., 2011), the poor ability to 

discriminate MPM from secondary carcinomas (Scherpereel et al., 2006) and the 

confounding effect that renal function can have on the assay (Hollevoet et al., 2009).  

 

Similarly, MPF lacks sensitivity for detecting non-epithelioid MPM and both MPF and 

Osteopontin lack specificity for the detection of MPM. Combining biomarkers in order to 

increase diagnostic accuracy has been attempted but this strategy remains ineffective. 

(Zucali et al., 2011). Recently Fibulin-3 was identified as a promising diagnostic and 

prognostic biomarker when measured in MPM patient plasma and PE fluid (Pass et al., 

2012). Some recent studies have failed to replicate these findings (Kirschner et al., 2015b, 

Creaney et al., 2015).  

 

1.3.5 Therapy 

Treatment of MPM requires multiple therapeutic modalities. The optimal combination of 

these remains unidentified and in most cases patient survival is increased by only a few 

months. The current treatments available include a combination of surgery, chemotherapy 

and radiotherapy (Zauderer and Krug, 2011).  
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Figure 1.4: Histopathological subtypes of MM. Microphotographs of the epithelioid, 

sarcomatoid and biphasic subtypes (H&E stain). Papillo-tubular structure is prominent in 

the epithelioid subtype. Proliferation of spindle cells is present within sarcomatoid MM. 

Biphasic MM contains features of the epithelioid and sarcomatoid subtypes within one 

tumour (Inai, 2008). 

.  
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The two types of surgery for MPM include pleurectomy and extrapleural pneumonectomy. 

During pleurectomy, the lining of the pleura is removed (Sterman et al., 1999) whilst 

extrapleural pneumonectomy involves removing the tumour and parietal pleura from the 

chest wall with reconstruction of the diaphragm and pericardium (Argote-Greene and 

Chang, 2005). These procedures can improve symptoms but as they cannot eradicate 

microscopic disease, they have little impact on survival. Therefore, surgery is often 

complimented with an additional modality such as chemotherapy (Campbell and Kindler, 

2011).  

 

The majority of chemotherapeutic agents evaluated have so far achieved response rates 

lower than 20% and a median survival of less than one year (Kindler, 2008). The regime 

considered to be the gold standard of care for the palliation of MPM is the combination of 

pemetrexed with cisplatin (Bonelli et al., 2016, Vogelzang et al., 2003). 

 

Radiation therapy can also be used for the treatment of MPM but remains ineffective at 

prolonging patient survival. Radiotherapy can be given pre or post-surgery or for palliative 

reasons (Hoda et al., 2016). Dose constraints have to be considered due to potential organ 

damage such as pulmonary toxicity (Campbell and Kindler, 2011).  

 

Currently there are no novel therapies that can be used to treat MPM outside the clinical 

trial setting (Bagia and Nowak, 2011). Many drugs that appeared promising have 

demonstrated no activity in patients (Campbell and Kindler, 2011). However, there are 

many molecular targets such as growth factors and apoptotic signalling pathways, 

summarised in Figure 1.5 that may become novel targets for treatment (Bonelli et al., 

2016).  
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Of these targets, the immune checkpoint inhibitors cytotoxic T-lymphocyte-associated 

antigen 4 (CTLA-4) and programmed death 1 (PD-1) have become popular targets in 

recent times. Novel drugs targeting CTLA-4 and PD-1 have been developed and approved 

for the treatment of melanoma and non-small cell lung cancer (NSCLC). These drugs are 

also being tested in ongoing clinical trials in many cancers including MPM (Bonelli et al., 

2016). Other therapeutic options being investigated include the administration of oncolytic 

viruses, vaccination strategies to induce antigen- specific cell mediated immune responses 

(Bagia and Nowak, 2011) and restoring down-regulated miRNA (Reid et al., 2016). 

 

1.4 MicroRNA (miRNA) 

More than 90% of the human genome encodes for RNA transcripts that are not translated 

to protein (Mattick and Makunin, 2006). Some of these ncRNA are major contributors to 

regulatory networks that control gene expression. Short ncRNA are less than 200 

nucleotides (nt) in length and include a variety of groups such as small-interfering RNA 

(siRNA), small nucleolar RNA (snoRNA), small nuclear RNA (snRNA), piwi-interacting 

RNA (piRNA) and miRNA (Martens-Uzunova et al., 2013).   

 

MiRNA are the most abundant ncRNA and were the first class to be identified during a 

genetic screen for defects in post-embryonic development in Caenorhabditis elegans (Lee 

et al., 1993). Lin-4 is considered the founding member of the miRNA family (Lee et al., 

1993) and the mechanism of miRNA gene regulation was discovered when lin-4 was 

shown to regulate translation of the LIN-14 protein (He and Hannon, 2004).  
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1.4.1 Nomenclature 

MiRNA are assigned sequential numerical identifiers. Three or four letter prefixes are 

used to designate the species the miRNA comes from such as hsa-miR-222. The mature 

miRNA sequence is designated miR whereas precursor sequences are labelled mir 

(Griffith-Jones et al., NAR 2006). An asterix is used to denote the less predominant 

miRNA form. For example miR-222 and miR-222* (Griffith-Jones, NAR 2004). MiRNA 

from different species with the same number are orthologous for example, hsa-miR-222 

and mmu-miR-222, while paralogus sequences whose mature miRNA differ at only one or 

two positions are given letter suffixes such as mmu-miR-10a and mmu-miR-10b. Distinct 

hairpin loci that give rise to identical mature miRNA have numbered suffixes such as hsa-

miR-30c-1 and hsa-miR-30c-2 (Griffith-Jones et al., NAR 2006). All miRNA discussed in 

this thesis are human in origin and will have the prefix shortened to miR. 

  

1.4.2 Biogenesis 

Most miRNA are transcribed as autonomous units to generate long primary transcripts 

(pri-miRNA) that are characterised by a hairpin structure. Other miRNA found in clusters 

are often related to each other and are transcribed as multi-cistronic primary transcripts 

(Bartel, 2004, Kim, 2005). The maturation of pri-miRNA involves the precise recognition, 

excision and release of the functional mature miRNA sequence (Miyoshi et al., 2010). 

 

In eukaryotic cells this is a two-step process starting in the nucleus (Figure 1.6) (Miyoshi 

et al., 2010, Kim, 2005, Bartel, 2004). Cleavage of the pri-miRNA produces an 

intermediate structure of 60-70 nt known as the miRNA precursor (pre-miRNA) (Kim, 

2005, Miyoshi et al., 2010, Han et al., 2006). The precursor is transported into the 

cytoplasm by the Exportin-5 protein (Kim, 2005) where the pre-miRNA is cleaved to  
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Figure 1.5: Molecular targets in MPM and associated inhibitors. Drugs targeting 

altered signalling in MPM cells and the surrounding microenvironment under clinical 

evaluation are shown (Bonelli et al., 2016). 
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produce a duplex 21 to 25 nt long (Chendrimada et al., 2005). The duplex consists of the 

mature guide miRNA and its complementary strand. The mature miRNA associates with 

the argonaute protein (AGO2) to form the core of the miRNA Induced Silencing Complex 

(miRISC) (Schwarz et al., 2003). 

 

1.4.3 Regulation of gene expression  

The miRISC is guided by the mature miRNA to complementary sites within the 3’ 

untranslated region (UTR) of target mRNA. The complementary strand referred to as 

miRNA* is typically degraded. However, in Drosophila melanogaster, miRNA* species 

are often present at physiologically active levels and can associate with AGO proteins 

(Okamura et al., 2008). The inhibitory function of miRNA* has been validated in cultured 

cells and transgenic animals (Okamura et al., 2008) thus suggesting miRNA* are 

functional and may play a role in gene regulatory networks (Miyoshi et al., 2010).  

 

MiRNA have extensive regulatory potential and the imprecise base pairing between 

miRNA and target mRNA allow miRNA to bind to a multitude of targets (Ambros, 2004, 

Olena and Patton, 2010). MiRNA bind to mRNA using a 5’ region between nucleotides 2-

8 known as the seed sequence (Miyoshi et al., 2010). This binding initiates mRNA 

degradation and/or translational repression therefore inhibiting gene expression (Bartel, 

2004, Fabian et al., 2010). Studies have also shown that miRNA can activate rather than 

inhibit gene translation (Iwasaki and Tomari, 2009, Fabian et al., 2010, Portnoy et al., 

2011) and some miRNA have been detected inside the nucleus where gene transcription is 

regulated (Huang and Li, 2012). These studies highlight that miRNA function is more 

complex than first thought.  
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Figure 1.6: Canonical miRNA Biogenesis. MiRNA biogenesis starts in the nucleus 

where the miRNA gene is transcribed and processed by Drosha into the miRNA precursor 

molecule. The precursor is exported into the cytoplasm where it is again cleaved by Dicer 

to become the mature miRNA. This strand forms the miRISC complex with other RNA 

processing proteins such as argonaute. Using the miRNA strand as a guide, the miRISC 

identifies and binds to target mRNA. 
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1.4.4 MiRNA and cancer 

Deviations in normal miRNA expression and function have been observed in many 

malignancies (Shah et al., 2016). MiRNA with increased levels in tumours may function 

as oncogenes and miRNA with decreased levels may behave as tumour suppressors 

(Drakaki and Iliopoulos, 2009). Changes in miRNA expression leading to such 

characteristics are often attributed to the location of miRNA in regions of chromosomal 

instability, aberrant expression of transcription factors, epigenetic alterations such as 

methylation status and defects in the miRNA biogenesis pathway (Farazi et al., 2011). 

 

1.4.4.1 MiRNA and cancer diagnosis 

MiRNA have many characteristics that make them attractive diagnostic and prognostic 

markers. These include being stably expressed in tissue and fluid (Etheridge et al., 2011) 

and being easily measurable using techniques such as quantitative real-time quantitative 

PCR (qPCR) (Farazi et al., 2011). MiRNA may be useful for differentiating between 

diseased and healthy tissue, when classifying poorly differentiated tumours and when 

identifying the tissue of origin from which a cancer arose (Drakaki and Iliopoulos, 2009). 

MiRNA profiles may also be useful for providing a more accurate prediction of cancer 

prognosis (Trang et al., 2009a).  

 

1.4.4.2 MiRNA and cancer treatment 

There are two main strategies for targeting miRNA in cancer. These involve inhibiting 

over-expressed miRNA or re-establishing normal miRNA function (Garzon et al., 2010). 

Oligonucleotides can be used to inhibit miRNA that behave as oncogenes (Trang et al., 

2009a) by annealing to mature miRNA and inducing degradation or stoichiometric duplex 

formation (Garzon et al., 2010). Oligonucleotides can be modified such as by adding 2’-O-
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methyl groups or by locking the molecule with a methylene bridge to increase stability, 

binding affinity and specificity (Lennox and Behlke, 2010).  

 

Another construct that may prove useful for inhibiting highly expressed miRNA are 

miRNA sponges. MiRNA sponges are transcripts containing multiple binding sites to 

specific miRNA that competitively inhibit them (Ebert et al., 2007). A sponge can be 

constructed with a combination of miRNA binding sites so an entire miRNA family or 

cluster can be inhibited (Trang et al., 2009a).  

 

Drugs that target miRNA transcription or biogenesis may also be used to inhibit oncogenic 

miRNA. The identification of these compounds requires the efficient screening of 

chemical libraries. Drugs identified by such studies can possibly be used with 

conventional cancer therapies to develop combinatorial approaches (Garzon et al., 2010). 

 

Re-introducing tumour suppressing miRNA into cancer cells may also be used as a form 

of therapy (Kent and Mendell, 2006). Introducing synthetic oligonucleotides that are 

identical to miRNA (miRNA mimics) or using adenovirus vectors to increase the 

expression of these miRNA has been shown to induce cell death and block proliferation in 

many studies (Garzon et al., 2010).  

 

Challenges that need to be overcome to increase the efficiency of miRNA based therapies 

include tissue specific delivery, achieving sufficient cellular uptake to develop sustained 

target inhibition and overcoming the biological instability and negative charge that may 

prevent efficient transport of oligonucleotides through cellular membranes (Shah et al., 

2016). 
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1.5 MiRNA and MPM 

Studies have evaluated the expression of miRNA in a range of MPM and normal 

mesothelial samples to improve diagnostic and treatment outcomes (Truini et al., 2014). 

The first study to analyse miRNA in MPM was carried out by Guled and colleagues in 

2009. Microarray was used to investigate miRNA expression in 17 frozen MPM tissues 

and normal pericardium. A number of miRNA were found to be expressed differently in 

the MPM tissue compared to controls and also between the three MPM subtypes. The 

miRNA identified were predicted to target some of the more commonly affected genes in 

MPM including cyclin-dependent kinase inhibitor 2A (CDNK2A), NF2, jun oncogene 

(JUN), hepatocyte growth factor (HGF), and PDGF. Many of the miRNA were also 

located in chromosomal areas known to be deleted or gained in MPM such as 8q24, 1p36 

and 143q32 (Guled et al., 2009). This was the first study to suggest that miRNA have 

important biological roles in MPM. 

 

1.5.1 MiRNA as potential anti-MPM therapies 

To better understand miRNA function in MPM, a number of miRNA have been analysed 

in MPM and control cell lines. MiRNA such as the miR-17-92 cluster were found to be up-

regulated in MPM cells (Balatti et al., 2011) whilst the expression of others such as miR-

31, were absent (Ivanov et al., 2010). Re-expressing miR-31 in MPM cell lines inhibited 

cell cycle progression, migration, invasion and clonogenicity. Thus miR-31 may have 

tumour suppressive properties in MPM (Ivanov et al., 2010).  

 

Another tumour suppressing miRNA identified in MPM is miR-34b/c. The absence of 

miR-34b/c in MPM cell lines is caused by epigenetic modification by methylation (Kubo 

et al., 2011). Loss of miR-34b/c is associated with the up-regulation of the tumourigenic 
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proteins phospho-C-MET and bcl-2 (Tanaka et al., 2013) and re-expressing miR-34b/c in 

MPM cell lines reverses malignant features (Tanaka et al., 2013, Kubo et al., 2011, Maki 

et al., 2012). The methylation status of miR-34b/c in serum-circulating DNA is also 

different between MPM patients and healthy individuals. Therefore, analysing the 

methylation status of miR-34b/c in serum may provide a novel approach for diagnosing 

MPM (Muraoka et al., 2013). 

 

Other miRNA that have been associated with MPM include let-7A (Khodayari et al., 

2011), miR-17, miR-30c (Goparaju et al., 2011), miR-1 (Xu et al., 2013), miR-29c (Pass et 

al., 2009), miR-145 (Ak et al., 2015), miR-1204 (Riquelme et al., 2014), miR-193a-3p 

(Williams et al., 2015), miR-205 (Fassina et al., 2012), miR-15 and miR-16 (Reid et al., 

2013). MiR-16 is currently the focus of a clinical trial investigating the therapeutic value 

of re-introducing miR-16 into MPM patients.  

 

MiR-16 was initially reported as reduced in MPM tissue and cell lines by Reid and 

colleagues in 2013. In MPM cells, miR-16 regulates proliferation by targeting cell cycle 

and apoptosis–related genes. Re-expressing miR-16 in vitro inhibits MPM cell growth and 

in vivo studies showed that intravenous administration of miR-16 with EGFR specific 

antibodies inhibits tumour growth (Reid et al., 2013). MiR-16 is the target of a phase I 

study (MesomiR I) in which miR-16 is packaged into EGRF-targeted nanocells that are 

intravenously administered to patients. Preliminary results from this ongoing trial indicate 

that this approach may have therapeutic benefit. All six patients enrolled in the initial 

stages completed the treatment regime. Four of the six showed stable disease and one 

patient had a partial response after eight weeks. Ongoing trials will compare miR-16 

replacement to second or third-line chemotherapy  (Reid et al., 2016).  
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1.5.2 MiRNA as MPM diagnostic markers 

The lack of a successful diagnostic marker in MPM has encouraged researchers to 

investigate novel targets such as miRNA. Early studies identified the miR-200 family as 

potential candidates for discriminating between MPM and other cancers that invade the 

lung such as AD (Gee et al., 2010, Benjamin et al., 2010). A diagnostic assay based on the 

expression of miR-193-3p, miR-200c and miR-192 was developed reaching a sensitivity of 

100% and a specificity of 94% in a blinded validation set of 68 samples from the lung and 

pleura (Benjamin et al., 2010). However, these studies only analysed miRNA expression 

in tissue. Therefore, this diagnostic assay relies on patients undergoing the invasive 

procedure of pleural biopsy to obtain a sample to analyse.  

 

Preferably, miRNA would be measured in samples that are acquired in a non–invasive 

manner such as a simple blood or urine test. Based on 90 miRNA previously associated 

with MPM, Kirschner et al., (2012) identified the novel miR-625-3p that was differentially 

expressed in the serum/plasma of MPM patients compared to controls. The increased 

levels of miR-625-3p in two independent cohorts suggests that this miRNA may be a 

promising diagnostic marker (Kirschner et al., 2012). 

 

Potential miRNA markers were also analysed in the cellular fraction of human peripheral 

blood. Microarray technology was used to compare the miRNA profiles in MPM patients 

with asbestos exposed individuals to identify differentially expressed miRNA. MiR-103 

was identified as a potential biomarker that could discriminate between MPM and asbestos 

exposed individuals and MPM and healthy controls (Weber et al., 2012).  
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Santarelli and colleagues also compared the miRNA profiles in asbestos exposed 

individuals to MPM patients and chose miR-126 for analysis as a circulating marker. 

Serum levels of miR-126 could differentiate asbestos exposed individuals from controls 

with a sensitivity of 60% and specificity of 74% and from MPM with a sensitivity of 73% 

and specificity of 73%. When evaluated in combination with SMRPs, decreasing miR-126 

and increasing SMRP levels were indicative of a higher risk of developing MPM 

(Santarelli et al., 2011).  

 

Together, these studies demonstrate the potential of measuring miRNA in bodily fluid to 

diagnose MPM and identify ‘at risk’ individuals. However, larger prospective studies are 

required to validate these findings. As summarised in section 1.3, PE develop in most 

MPM patients and are drained to alleviate discomfort (Tsujimura et al., 2012). PE are ideal 

samples to analyse during the diagnostic process and in some centres this is done by 

cytology (Jamrozik et al., 2011). The potential of analysing PE miRNA to diagnose MPM 

is an area of MPM research not well established.  

 

To date there is only one study that provides evidence that measuring miRNA in PE may 

assist a diagnosis of MPM. Cappallesso and colleagues (2016) aimed to compare miRNA 

in MPM and reactive mesothelial (RM) archived histological samples prepared from PE. 

A combination of miR-126 and miR-21 could complement the cytological assessment of 

PE to differentiate MPM from RM with a sensitivity of 68% and a specificity of 87% 

(Cappallesso, 2016). Whilst the results of this study are promising a subset of only 15 

miRNA were analysed. Therefore, more accurate miRNA could have been overlooked.  
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1.5.3 MiRNA and MPM prognosis 

The first study suggesting miRNA can be used to predict survival outcomes identified 

miR-29c* as an independent prognostic factor for time to disease progression as well as 

survival after surgical cytoreduction. An increased miR-29c* expression predicted a more 

favourable prognosis (Pass et al., 2009). Similarly, a more favourable outcome in 

sarcomatoid patients has been associated with reduced levels of miR-17-5p and miR-30c 

(Busacca et al., 2010) and miR-31 (Matsumoto et al., 2014). 

 

A recent study by Kirschner and colleagues (2015) reported a miRNA prognostic 

signature that can be used to predict survival outcomes in surgically resected MPM 

patients. Six miRNA (miR-21-5p, miR-23a-3p, miR-30e-5p, miR-221-3p, miR-222-3p and 

miR-31-5p) had a survival prediction accuracy of approximately 90%. When this signature 

was tested on an independent cohort of patients undergoing palliative surgery, survival 

was predicted at an accuracy of 71.9% (Kirschner et al., 2015a). Correctly identifying 

patient prognosis using miRNA could allow for more intensive treatment after surgery to 

improve treatment outcomes. 

 

1.6 MiR-223 

To identify potential diagnostic markers and novel therapeutic targets in MPM, the work 

presented in this thesis focused on analysing miRNA in a range of MPM samples. One 

particular miRNA, miR-223 was found to be expressed at very low levels in all MPM 

samples analysed. Therefore, a thorough investigation was carried out to assess the role of 

miR-223 in MPM. 
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MiR-223 is found predominantly within hematopoietic cells and has been implicated as a 

regulator of myeloid proliferation and differentiation (Tsitsiou and Lindsay, 2009, Fukao 

et al., 2007, Fazi et al., 2005, Johnnidis et al., 2008). MiR-223 is expressed in a lineage 

specific pattern (Johnnidis et al., 2008) that is controlled by a regulatory circuit involving 

the transcription factors NF1-A and C/EBP (Fazi et al., 2005), PU.1 and C/EBPs (Fukao 

et al., 2007) or a negative feedback loop with transcription factor E2F1 (Pulikkan et al., 

2010).  

 

To further understand the biological roles of miR-223, mice with a loss of function allele 

that knocked down miR-223 levels were generated. This study demonstrated that miR-223 

negatively regulates progenitor proliferation and granulocyte differentiation and 

activation. Due to an increased neutrophil hyperactivity, the mice spontaneously 

developed inflammatory lung pathology and exhibited tissue destruction after endotoxin 

challenge (Johnnidis et al., 2008). The importance of miR-223 as a key regulator of 

hematopoietic lineage differentiation has become even more apparent with the discovery 

of the role of miR-223 in the regulation of erythropoiesis (Felli et al., 2009, Yuan et al., 

2009) and osteoclast differentiation (Sugatani and Hruska, 2007). 

 

Recent studies have uncovered other functions for miR-223, such as within the brain 

where miR-223 acts to protect against cell death following transient global ischemic and 

excitotoxicity (Harraz et al., 2012). This miRNA also regulates macrophage polarisation 

and protects against diet-induced adipose tissue inflammatory responses and systemic 

insulin resistance (Zhuang et al., 2012). MiR-223 can also regulate glucose metabolism in 

the heart (Lu et al., 2010) and as demonstrated in numerous studies, influence cell 

proliferation and migration (Jia et al., 2011, Li et al., 2012b, Li et al., 2011c, Wu et al., 
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2012). As more functions for this miRNA are discovered, the roles of miR-223 in a 

number of inflammatory diseases (Shibuya et al., 2012, Li et al., 2012c) and malignancies 

(Wong et al., 2008, Stamatopoulos et al., 2009, Eyholzer et al., 2010, Pulikkan et al., 2010, 

Jia et al., 2011, Li et al., 2011c, Li et al., 2012b, Li et al., 2012a, Kang et al., 2012, Wu et 

al., 2012) are beginning to be understood. 

 

Due to the involvement of miR-223 in hematopoietic lineage differentiation, it is not 

surprising that aberrant expression of miR-223 has been identified in a number of 

haematological malignancies such as chronic lymphocytic leukaemia (CLL) 

(Stamatopoulos et al., 2009, Zhou et al., 2012), acute myeloid leukaemia (AML) 

(Eyholzer et al., 2010, Zhou et al., 2012), mantle cell lymphoma (MCL) and splenic 

marginal zone lymphoma (SMZL) (Zhou et al., 2012). In CLL, a low expression of miR-

223 indicated a higher tumour burden, a more aggressive disease (Stamatopoulos et al., 

2009) and a poorer prognosis (Zhou et al., 2012).  

 

MiR-223 was also aberrantly expressed in a range of solid tumours and thought to act as 

an oncogene in bladder cancer (Gottardo et al., 2007), recurrent ovarian cancer (Laios et 

al., 2008), gastric cancer (Li et al., 2012b, Yao et al., 2009) and oesophageal squamous 

cell carcinoma (Kurashige et al., 2012). The higher expression in oesophageal squamous 

cell carcinoma correlated with a poor prognosis (Kurashige et al., 2012) and in gastric 

cancer cells, miR-223 promoted proliferation and invasion whilst reducing apoptosis (Li et 

al., 2012b).  

 

Interestingly, some studies, even involving the same cancers listed above, have 

demonstrated the opposing view that miR-223 can behave as a tumour suppressor. MiR-
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223 was reported to be down-regulated in osteosarcoma (Jones et al., 2012) and upon 

increasing its level, inhibited growth and promoted apoptosis (Li et al., 2012a). MiR-223 

was also expressed at low levels in esophageal carcinoma (Li et al., 2011b), hepatocellular 

carcinoma (HCC) (Wong et al., 2008) and gastric cancer (Kang et al., 2012). The over 

expression of miR-223 in esophageal carcinoma significantly inhibited cell migration and 

invasion (Li et al., 2011b).   

 

1.7 MiR-223 regulates Stathmin (STMN1) 

MiRNA influence cell function by regulating the expression of one or more genes 

simultaneously. Therefore, to better understand miRNA in disease, the target genes of 

specific miRNA are often also investigated. The regulation of one of the targets of miR-

223, Stathmin (STMN1) was first identified and implicated in the pathogenesis of HCC by 

Wong et al., (2008). In a total of 18 HCC cell lines, miR-223 was repressed more than 

100-fold when compared to normal controls. A putative miR-223 binding site was 

identified in the 3’UTR of the STMN1 gene which encompasses 12 perfectly matched 

nucleotides indicating STMN1 was potentially regulated by miR-223 (Figure 1.7). Within 

the HCC cell lines a strong inverse correlation between STMN1 and miR-223 expression 

was observed. After transfecting HCC cells with miR-223, there was a consistent reduction 

in STMN1 levels. The study concluded that the reduction of miR-223 observed in HCC, 

contributed to the over-expression of STMN1 in this disease. Therefore, replacing miR-

223 in HCC patients may serve as a novel therapeutic option (Wong et al., 2008). Four 

years later, the loss of miR-223 in gastric cancer was also shown to contribute to the over-

expression of STMN1 in this malignancy (Kang et al., 2012). 
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Figure 1.7: The putative miR-223 binding site within the STMN1 3’UTR (Wong et al., 

2008). 

 

1.8 STMN1  

STMN1 was discovered independently in a number of laboratories and therefore has many 

identities (p17, p18, p19, 19K, metablastin, oncoprotein 18, LAP18 and Op18/Stathmin) 

(Rubin and Atweh, 2004). STMN1 is a 148 amino acid cytosoluble protein that is highly 

conserved in vertebrates (Curmi et al., 1999). STMN1 plays an essential role in all 

eukaryotic organisms in mitosis, intracellular transport, cell motility and the maintenance 

of cell shape by regulating microtubule activity (Steinmetz, 2007).   

 

Microtubules consist of / tubulin heterodimers continuously changing between states of 

polymerisation and depolymerisation (Steinmetz, 2007). This process involves switching 

between phases of growth to shrinkage known as ‘catastrophe’ and phases of shrinkage to 

growth known as ‘rescue’ (Belmont et al., 1990). STMN1 regulates microtubules by 

promoting catastrophe at the ends of polymerised microtubules and by sequestering 

tubulin, therefore diminishing the pool available for polymerisation (Rubin and Atweh, 

2004).    

 

STMN1 is highly expressed in many malignancies and reducing STMN1 levels 

consistently inhibits cell growth (lancu et al., 2000). STMN1 is also a regulator of cancer 
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cell motility, invasion and the formation of metastasis in vivo. These processes are 

associated with changes in cell morphology and a decrease in microtubule stability 

(Belletti et al., 2008). Elevated STMN1 levels have been reported in MPM cell lines and 

tissue (Kim et al., 2007) but the biological significance of this is yet to be investigated.  

 

1.9 Conclusion   

MPM is a fatal cancer induced by the presence of asbestos fibres. Diagnosis often occurs 

when the disease has reached an advanced stage and current therapeutic modalities remain 

ineffective. Therefore, patients have a very poor prognosis and a reduced quality of life. 

The incidence of this disease is increasing as exposure to asbestos still occurs. A third 

wave of cases is a real concern.    

 

In search of new diagnostic and therapeutic targets, MPM research has evolved to include 

the analysis of the powerful gene regulators miRNA. A number of miRNA have been 

identified as potential diagnostic and prognostic markers and potential therapeutic targets. 

However, it is important to note that there is often a lack of consensus between studies as 

to which miRNA are actually aberrantly expressed in MPM. This is most likely caused by 

differences in study design such as sample and control selection, using small sample 

cohorts with largely uneven proportions of samples, using inappropriate controls such as 

transformed cell lines and analysing only a selection of miRNA.   

 

In order to develop a non-invasive diagnostic assay for MPM, studies will also have to 

focus on the expression of miRNA in bodily fluid. Whilst serum, peripheral blood and 

archived histological samples prepared from PE have been analysed, there are no studies 

that have investigated miRNA in freshly collected PE samples.  
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1.10 Scope of thesis 

The studies reported in this thesis aimed to enhance and extend what is reported in the 

literature by analysing the entire microRNAome in PE from MPM, AD and BPD patients. 

MiRNA profiles unique to MPM that may have diagnostic applications were identified in 

PE cell and supernatant samples.  

 

From this profiling study and other preliminary studies carried out in the laboratory, a 

specific miRNA, miR-223, was found to be consistently down-regulated in MPM samples. 

The significance of this in MPM remains unknown. Therefore, the biological importance 

of the loss of miR-223 in MPM was analysed in this thesis. This included investigating the 

regulation and functions of one of miR-223’s targets STMN1 in MPM. These studies were 

carried out in the hope of identifying novel therapeutic targets.  

 

This thesis aimed to test the hypotheses: 

1. MiRNA expressed in PE are potential diagnostic markers for MPM.  

2. Loss of miR-223 contributes to the over-expression of STMN1 in MPM and influences 

MPM cell function.  

 

 

 

 

 

 



34 
 

1.11 Thesis layout 

Chapter 1: Literature review 

This chapter gives a review of the literature, providing background information on the 

concepts and hypotheses explored in this thesis. 

 

Chapter 2: Materials and methods 

This chapter gives a detailed description of the materials and methods used in this thesis. 

 

Chapter 3: MicroRNA signatures in MPM pleural effusions 

Chapter Three explores the hypothesis that a miRNA signature expressed by MPM PE can be 

used as a diagnostic biomarker and will discriminate MPM from AD and BPD patients. A 

profiling study on a cohort of 48 patients (Cohort 1) was undertaken to analyse the miRNA 

profiles in MPM, AD and BPD patient PE cell and supernatant samples. The miRNA that 

were expressed significantly different between the three patient groups were selected for 

diagnostic analysis. The miRNA identified were analysed in a second cohort of 69 samples 

(Cohort 2).  

 

Chapter 4: Loss of miR-223 contributes to elevated STMN1 in MPM. 

MiR-223 was identified as having a low expression in MPM PE cells during the profiling 

study presented in Chapter Three. MiR-223 was also found to have a low expression in MPM 

cell line experiments. Therefore, the diagnostic potential and levels of miR-223 were 

thoroughly investigated in Chapter Four. One of miR-223s’ target genes that was previously 

described as over-expressed in MPM is the microtubule regulator STMN1. The levels of 

STMN1 were analysed in Chapter Four in MPM and control samples and the role of miR-223 

in the regulation of STMN1 in MPM was also investigated in this chapter. 
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Chapter 5: STMN1 is a potential therapeutic target for MPM 

The results from Chapter Four demonstrated that low levels of miR-223 in MPM contribute to 

elevated STMN1 in this disease. Therefore, the hypothesis that miR-223 and STMN1 are 

biologically important in MPM was investigated in Chapter Five. The levels of miR-223 and 

STMN1 were modulated in MPM cell lines and cell proliferation, migration, invasion and 

clonogenicity were analysed. 

 

Chapter 6: General discussion 

Chapter Six outlines how the data presented in this thesis addresses the hypotheses described 

in Chapter One. In addition, the implications of these findings and directions for future 

research are discussed. 

 

Appendix A 

Appendix A contains a copy of the published manuscript arising from Chapter Four and Five 

of this thesis. 

 

Appendix B 

Appendix B contains a copy of the published review I contributed to during candidature. 
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CHAPTER 2 
 

Materials and Methods 
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A detailed list of all materials used in this thesis is included following a description of 

each experimental procedure. 

 

2.1 Tissue culture 

2.1.1 Maintenance of MPM cell lines 

MPM cell lines (JU77, LO68 and NO36) were isolated from patient PE (Manning et al., 

1991) and kindly provided by the Tumour Immunology Group, Department of Medicine 

and Pharmacology, University of Western Australia, Perth, Australia. The human MPM 

cell lines CRL2081 and CRL5820 were obtained from the American Type Culture 

Collection (ATCC, Manassas, Virginia). MPM cell lines were cultured in 75 cm
2
 flasks 

with 10 mL of growth medium (DMEM, 2 mM L-Glut, 100 units/ml pen/strep and 10% 

FCS). Cells were incubated at 5% (v/v) CO2 and 37°C. 

 

2.1.2 Isolation and maintenance of mesothelial cells 

Mesothelial cells were separated from pericardial fluid by centrifugation at 1200 RPM for 

10 min. The remaining cell pellet was washed with 1 x PBS pH 7.4 and resuspended in 5 

mL of growth medium with 15% FCS. The cells were grown in a 25 cm
2
 flask until 

confluent, passaged and transferred to a 75 cm
2
 flask. Cells were incubated at 5% (v/v) 

CO2 and 37°C. 

 

2.1.3 Cell passage 

Upon reaching confluency, cells were washed with 2 mL 1 x PBS to remove residual 

growth medium. The cells were incubated in 2.5 mL of 0.05% Trypsin-EDTA until cells 

were no longer adherent to the flask. Growth medium (2.5 mL) was added to inactivate the 

trypsin and the cells were harvested by centrifugation at 1200 RPM for 5 min. The 
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supernatant was discarded and the cell pellet resuspended in 5 mL of growth medium. To 

maintain cell lines, the appropriate volume of cells was transferred to a new 75 cm
2
 flask 

containing 10 mL of growth medium. MPM cell lines were passaged at a dilution of 1:10 

and mesothelial cells at a dilution of 1:3.  

 

2.1.4 Cell count 

The number of cells per mL was determined by diluting 10 L of cells 1:2 in 0.4% trypan 

blue. The cell/trypan blue suspension (10 L) was transferred to a haemocytometer and 

unstained cells in five squares of the chamber were counted. The number of cells per mL 

was determined using the following equation: 

 

Cells per mL = Total number of cells/squares counted x dilution factor x 10
4
cells/mL.

 

 

2.1.5 Thawing and freezing cells 

Cells were thawed quickly and cultured in 5 mL growth medium in a 25 cm
2
 flask. 

Confluent cells were expanded into a 75cm
2
 flask. When freezing, 1 x 10

6
/mL cells were 

resuspended in freeze medium containing 50% FCS, 40% DMEM and 10% DMSO, 

transferred to a cryovial and placed into a cryofreezing unit containing isopropyl alcohol. 

Cells were frozen overnight in -80
◦
C at a constant rate of -1

◦
C per min. Frozen cells were 

transferred to liquid nitrogen for long term storage the following day. 

 

2.1.6 Transfection of MPM cell lines with miRNA and siRNA 

MPM cell lines were transiently transfected with miRNA or siRNAs using the 

Lipofectamine 2000 transfection reagent. Prior to transfection, culture medium was 

aspirated and replaced with a fresh solution of DMEM containing 10% FCS only. 



39 
 

Preparation of the transfection mixture involved mixing the required volume of 

Lipofectamine 2000 per well with DMEM to create a stock solution. The amount used per 

well included the following; 2 L/well for a 6 well plate, 1 L/well for a 12 well plate and 

0.01 L/well for a 96 well plate. This solution was left for 5 min before being added to the 

miR-223 mimic, STMN1 siRNA or negative controls. The miRNA mimic or siRNA 

(10nM) were prepared in DMEM and combined with the Lipofectamine 2000/DMEM 

solution and incubated for 20 min before being added drop wise to cells. Cells were 

transfected for 24 h. 

 

2.2 Patient Samples 

2.2.1 Ethics statement 

Collection and use of mesothelial cells and PE were approved by the Sir Charles Gairdner 

Hospital Human Research Ethics Committee. Use of the archival tissue blocks was 

approved as part of a larger study to identify prognostic factors in MPM. Consent for the 

use of these samples was waived by the Sydney Local Health District Human Research 

Ethics Committee (Concord), consistent with the Human Tissue Act (1983) and the 

NHMRC National Statement on Ethical Conduct in Human Research (Commonwealth of 

Australia, 2007). 

 

2.2.2 Pleural effusion cohort 1 

PEs were drained through indwelling pleural catheters from patients of Professor Y.C. 

Gary Lee at Sir Charles Gairdner Hospital (SCGH), Nedlands, Western Australia. Of the 

patients included in the current study, 26 were diagnosed with MPM, 12 AD and 10 a 

BPD. The PE were transported directly to the laboratory and processed. Up to 300 mL of 
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each PE was centrifuged at 1200 RPM for 15 min and 3 mL of the supernatant was 

collected.  Aliquots of 1 mL were stored at -80
◦
C. When the remaining cell pellet was red, 

indicating the presence of RBC, the pellet was incubated in 1 x RBC lysis buffer for 5 min 

or until the solution became transparent. The cell pellet was harvested by centrifugation at 

1200 RPM for 10 min and the supernatant discarded. Following two sequential wash steps 

in 1 x PBS the pellets were resuspended in trizol. All aliquots were stored at -80
◦
C. 

 

2.2.3 Pleural effusion cohort 2 

The second cohort of patient PE was obtained from Dr Paul Bass from the Netherlands 

Cancer Institute, Amsterdam. Of these patients, 25 had MPM and 38 AD. The PE were 

collected and processed as described above. 

 

2.2.4 Tissue specimens 

MPM (17) and control (6) tissues were obtained from the Asbestos Disease Research 

Institute, Bernie Banton Centre, University of Sydney, Sydney, Australia. 

 

2.3 Isolation of total RNA from PE, tissue and cell lines 

2.3.1 Isolation of total RNA from PE cells 

Total RNA was extracted from PE cells using the miRNeasy Kit according to the 

manufacturer’s protocol. An additional step of DNase treatment was added prior to 

column elution. This included adding 350 L of wash buffer I to the spin cartridge and 

centrifuging for 12 000 x g for 15 seconds (s) at room temperature. The flow through was 

discarded and 80 L of Rnase-Free DNAse solution added to the spin cartridge and 

incubated for 15 min at room temperature. Another 350 L of wash buffer I was added to 



41 
 

the spin cartridge and the column centrifuged for 12 000 x g for 15 s at room temperature. 

The eluted RNA was quantitated using the Nanodrop
 
ND1000 spectrophotometer.  

 

2.3.2 Isolation of total RNA from PE supernatant 

Total RNA was extracted from PE supernatant using the miRVana PARIS Kit according 

to the manufacturer’s protocol following a double phenol-chloroform extraction. This 

extraction is included to obtain a high yield of clean RNA. The extraction included mixing 

the samples (500 L) with an equal volume of 2 x denaturing solution and 100 ng/L of 

glycogen. An equal volume of phenol-chloroform was added to the samples and vortexed 

for 60 s. The samples were centrifuged for 10 min and 12 000 x g at room temperature. 

The aqueous phase was recovered and an equal volume of phenol-chloroform added 

before vortexing for 60 s. The samples were centrifuged for 10 min and 12 000 x g at 

room temperature and the aqueous phase recovered.  

 

2.3.3 Isolation of total RNA from MPM and control tissue 

Prior to RNA isolation, sections of paraffin embedded tumour specimens were harvested 

by laser-capture microdissection using the PALM System. Laser capture microdissection 

enriches for tumour content. Microdissected tumour samples were deparaffinised in xylene 

and RNA isolated using the RNeasy formalin-fixed paraffin embedded (FFPE) Mini Kit 

according to the manufacturer’s instructions. The isolation of RNA from tissue was carried 

out by Dr Michaela Kirschner from Asbestos Disease Research Institute, Bernie Banton 

Centre, University of Sydney, Sydney, Australia. 
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2.3.4 Isolation of total RNA from MPM cell lines and mesothelial cells 

MPM cells lines and mesothelial cells were seeded (2.5 x 10
5
 cells/well) in duplicate wells 

of a 12 well culture plate. The next day cells were serum starved in 0.4% FCS growth 

medium for 24 h. Each well of cells was lysed in QIAzol (500 L) and the duplicate wells 

combined to a final sample volume of 1 mL. Total RNA was extracted from each sample 

as previously described in section 2.3.1.  

 

2.4 Reverse transcription (RT) of miRNA and mRNA  

2.4.1 RT of miRNA extracted from PE 

MiRNA cDNA was synthesised from total RNA isolated from both PE cells and fluid 

using the Taqman MicroRNA RT Kit with pool A and B RT Megaplex primers. The RT 

reactions were carried out in a final volume of 7.5 L with 100 ng of RNA from each cell 

sample or 3 L of each fluid sample. The RT reaction also included 1 x reverse 

transcriptase buffer, dNTPs (2.94 mM), 1 x either pool A or B RT Megaplex
 
primers, 

RNase inhibitor (2.2 units), reverse transcriptase (82.5 units), MgCl2 (3.3 mM), and RNase 

free water. The reactions were incubated on ice for 5 min and the cDNA synthesis was 

carried out at 40 cycles of 16
°
C for 2 min, 40 cycles of 42

°
C for 1 min, 40 cycles of 50

°
C 

for 1 s and one cycle of 85
°
C for 5 min. 

 

2.4.2 RT of miRNA and mRNA extracted from MPM and control tissue and 

cell lines 

Total RNA (50 ng) was used as template for RT using the Taqman MicroRNA RT Kit 

together with an equimolar mix of primers specific for each miRNA to be analysed. The 

RT reactions were carried out in a final volume of 5 L containing 1 x reverse 
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transcriptase buffer, dNTPs (1000 M), 1 x miRNA primer, RNase inhibitor (3.8 units), 

reverse transcriptase (50 units) and RNase free water. Samples were incubated on ice for 5 

min and run on a thermocycler at 16
°
C for 30 min, 42

°
C for 30 min and 85

°
C for 5 min. 

 cDNA from mRNA was synthesised using the Omniscript RT Kit. The RT reactions were 

carried out in a final volume of 20 L containing RNA (1 g), 1 x reverse transcriptase 

buffer, dNTPs (500 M), RNase inhibitor (10 units), reverse transcriptase (4 units), 

random hexamer primers (10 M) and RNase free water. The RTase reaction was 

performed on a thermocycler at 37
°
C for 60 min. RT controls containing RNAse free 

water in place of template RNA were also set up.  

 

2.5 Taqman Openarray Profiling of miRNA in PE 

Taqman OpenArray profiling was carried out according to the manufacturer’s instructions 

briefly described below. 

2.5.1 Pre-amplification  

To 2.5 L of each cDNA reaction, 22.5 L of a pre-amplification master mix was added. 

The master mix included 1 x pool A or B Megaplex
 
PreAmp primers, 1 x Taqman

 
PreAmp 

Master Mix and nuclease free water. The reactions were incubated on ice for 5 min and 

then pre-amplified at 1 cycle of 95
°
C for 10 min, 1 cycle of 55

°
C for 2 min, 1 cycle of 

72
°
C for 2 min, 12 cycles of 95

°
C for 15 s, 12 cycles of 60

°
C for 4 min and 1 cycle of 

99.9
°
C for 10 min. 

 

2.5.2 Taqman OpenArray PCR  

The pre-amplified product was diluted 1:20 with RNase free water and 12.5 L of the 

diluted sample was added to 36.75 L of master mix containing 1 x Taqman
 
OpenArray
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Real-Time PCR Master Mix and nuclease free water. The samples (5 L) were loaded 

onto the Taqman
 
OpenArray

 
miRNA panel and run on the OpenArray

 
cycler. 

 

2.6 Quantification of gene expression in MPM and control tissue and cell 

lines using qPCR. 

When analysing miRNA expression by qPCR, 5 L of each RT reaction was diluted with 

28.9 L of Rnase free water and mixed (2.25 L) with 1 x gene expression master mix, 1x 

Taqman primer/probe and RNase free water. For all other genes 1 L of template cDNA 

was mixed with 1 x gene expression master mix, 1 x Taqman primer/probe and RNase free 

water. Duplicate samples (10 L) were set up in a 96 well reaction plate as well as non-

template controls containing Rnase free water in place of template cDNA. Cell samples 

were run on the StepOne Plus Real-time PCR System at 50˚C for 2 min followed by 95˚C 

for 10 min and 40 cycles of 95˚C for 15 s and 60˚C for 1 min. The endogenous controls 

detected for miRNA and mRNA analysis in cells were RNU44 and RNU48 and 18SVIC 

or PGK-1 respectively. The endogenous control detected for miRNA analysis in tissue was 

RNU6B. Tissue samples were analysed using the Stratagene Mx3000 qPCR instrument. 

Default instrument algorithms were used to determine the threshold for determination of 

quantification cycle (Cq) values.  

 

2.7 SDS-PAGE and western blot analysis of protein expression 

To analyse protein expression, MPM and control cells were seeded (5 x 10
5
 cells/well) in a 

6 well plate and cultured overnight in growth medium. Cells were then serum starved for 

24 h before the cells were lysed and protein extracted.  
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2.7.1 Protein extraction 

Culture medium was aspirated and cells were washed with ice cold 1x PBS. SLB
++

 buffer 

was added to cells, 250 L for confluent cells and 150 L for sub-confluent cells and the 

cells were lysed by scraping the plate. The lysate was vortexed and placed on ice for 10 

min before centrifugation at 13 000 x g for 10 min at 4˚C. The supernatant was collected 

and protein concentration was estimated using a modified Bradford assay.  

 

2.7.2 Bradford assay 

Protein samples were quantified using the Coomassie Plus Bradford Assay. A Bovine 

Serum Albumin (BSA) standard curve ranging in concentration from 0.025 mg/mL to 2 

mg/mL was made by serially diluting 2 mg/mL BSA in deionised water. All samples were 

diluted 1:10 and 1:20 with deionised water and 10 L was plated in duplicate in a 96 well 

plate with 200 L of the Coomassie reagent. This was mixed and incubated for 15 min. 

The absorbance was obtained using spectrophotometry at 595 nm using a Wallac Victor
2 

V multilabel counter. 

 

2.7.3 Protein sample preparation and electrophoresis 

Protein (20 g) was combined with 4 x SDS gel loading buffer (final concentration 1 x) 

and the solution made up to a final volume of 20 L with deionised water. The samples 

were heated for 10 min at 95˚C and loaded into a stacking gel with 5 L of Precision Plus 

protein dual coloured standard. The samples were run at 100 V for approximately 1.5 h 

through an acrylamide/bisacrylamide gel with 1 x SDS-PAGE running buffer. Following 

electrophoresis the gel was placed in cold 1 x transfer buffer and gently rocked for 10 min. 
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2.7.4 Electrophoretic protein transfer  

Proteins were transferred onto a PVDF membrane. The membrane was immersed in 

methanol prior to soaking in cold 1 x transfer buffer. A cassette containing a sponge, filter 

paper, gel, membrane, more filter paper and another sponge was assembled and fitted into 

the transfer tank. The tank was kept at a low temperature using an ice block and transfer 

buffer stored at 4˚C. Proteins were transferred at 100 V for 1 h.  

 

2.7.5 Western blotting 

Upon transfer completion, the membrane was incubated in a 5% skim milk/ 1 x TBS/T 

blocking solution for 1 h. The membrane was then incubated overnight in primary 

antibody at 4°C. The following day the membrane was washed 3 x 5 min in 1 x TBS/T and 

incubated for 1 h in secondary antibody. The membrane was again washed 3 x 5 min with 

1 x TBS/T before protein was detected using Immobilon Western HRP Substrate and an 

AGFA CP1000 X-ray Processor. When one membrane was used to detect more than one 

protein, the membrane was stripped with 2 x 10 min washes of glycine stripping buffer 

followed by 3 x 5 min washes with 1 x TBS/T. The membrane was incubated in a 5% 

blocking solution for 1 h and then overnight in primary antibody at 4°C. The next day the 

membrane was washed and protein detected as already described.  

 

2.8 Immunoprecipitation (IP) of AGO2 

For the IP of the AGO2 complex, cells were seeded (2x10
6
) in 10 cm dishes (four dishes 

were used per treatment). The following day cells were transfected with 10 mM of either 

the miR-223 mimic or control using Lipofectamine 2000 and cultured overnight under 

standard conditions before being serum starved for 24 h. The next day the medium was 

removed and the cells were washed twice with ice cold 1 x PBS. Ice cold hypotonic buffer 
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(100 L) was added and the cells were lysed by scraping. Lysates collected from four 

plates were combined and the final volume adjusted to 500 L with hypotonic buffer. The 

lysates were vortexed, incubated on ice for 15 min and vortexed again prior to being 

passed through a small gauge needle to homogenise the sample. The samples were 

centrifuged at 13 000 x g and 4
◦
C for 10 min and the supernatant collected. A pre-clearing 

step was performed to eliminate non-specific binding by incubating the samples with IgG 

control antibody (5 g of antibody/ mg of lysate) and anti-mouse IgG magnetic beads (20 

L/ 200 L of sample) for 1 h at 4
◦
C and rocking end to end. The samples were then 

passed through a MACS magnetic separation column and the flow through retained. The 

Bradford assay was used to quantitate the protein content of the samples and the lysates 

were incubated with mouse-anti AGO2 or IgG control (5 g of Ab/ mg of lysate) with 

IgG magnetic beads (20 L/ 200 L of sample) overnight at 4
◦
C and rocking end to end. 

The following day the magnetic separation columns were washed with 500 L of 

hypotonic buffer prior to addition of the sample. The flow through was kept for analysis of 

AGO2 pull down efficiency. The columns were washed once with 500 L ice cold wash 

buffer and then once with 500 L high salt buffer. The column was removed from the 

magnet and placed in a 2 mL collection tube. Hypotonic buffer (500 L) was added to the 

column and the magnetic beads were pushed out using a plunger. The samples were 

centrifuged at max speed for 5 min to pellet beads and the supernatant removed. For 

analysis of RNA, the beads were resuspended in 500 L of Trizol and then centrifuged so 

the supernatant could be collected for RNA isolation. For analysis of protein, 30 L of 1 x 

SDS-PAGE sample loading buffer was added to the beads and the samples were incubated 

for 10 min at 95
◦
C. The samples were centrifuged and the supernatant collected for 

running on a SDS-page gel.   
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2.9 Cell function assays  

2.9.1 Proliferation  

The proliferation of transiently transfected MPM cells (3000/well in a 96 well plate) was 

investigated using the WST-1 and methylene blue assays over 48 h. Lipofectamine 2000 

was added to a row of cells to ensure that this reagent did not impact cell proliferation. 

Cells that were not transfected were also cultured in 0.4% and 10% medium. Cells in 0.4% 

medium represented a base line control and cells in 10% medium represented normal cell 

growth. 

 

2.9.1.1 WST-1 

Cell proliferation was analysed by adding 10 L of WST-1 to each well of the culture 

plate and incubating cells for 2 h in 5% (v/v) CO2 and 37°C. The absorbance was then 

read using spectrophotometry at 450 nm using a Wallec Victor 
2 

V multilabel counter. 

 

2.9.1.2 Methylene blue 

Cells were fixed by 4% paraformaldehyde pH 7.4 (100 L/well) on ice for 10 min. The 

4% PFA was removed and cells were washed twice with 100 L 1 x PBS before being 

incubated at 4˚C in 100 L 1 x PBS. When all plates were fixed, the 1 x PBS was removed 

and 100 L of 2% methylene blue solution added to each well for 30 min. Cells were 

washed 4 x in 0.01 M borate buffer and dried by blotting on absorbent paper. Acid ethanol 

(Ethanol: 0.1M HCL) (100 L) was added to each well and gently mixed before the 

optical density of the dye was read using spectrophotometry at 650 nm using a Wallac 

Victor 
2
V multilabel counter. 
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2.9.2 Migration 

Migration of MPM cell lines following miR-223 over-expression and STMN1 reduction 

was analysed using the scratch/wound, trans-well and radius migration assays. 

 

2.9.2.1 Scratch/wound healing migration assay 

MPM cells were seeded (1.0 x 10
5 

cells/well) in a 12 well plate with 1 mL of growth 

medium and transiently transfected with miRNA or siRNA the following day. The cells 

were serum starved in 1 mL of 0.4% FCS medium for 24 h before a wound was made in 

each well using a sterile 200 L pipette tip. At the time of scratching, the medium was 

removed and 1 mL of either 10% FCS or 0.4% FCS medium was added to the cells. 

Photos were taken at 0, 24 and 48 h post scratching using a Nikon DS-L3 camera attached 

to a Nikon Eclipse Ti inverted microscope. The area of the scratch that the migrating cells 

had occupied was measured using the Image J program (National Institute of Health, 

Bethesda, Maryland). 

 

2.9.2.2 Trans-well migration assay 

MPM cells were seeded in a 6 well plate (5.0 x 10
5
 cells per well) and transiently 

transfected before serum starvation with 0.4% FCS medium for 24 h. The cells were 

trypsinised and 5.0 x 10
4
 cells/well in 300 L of serum free DMEM were seeded on top of 

trans-well membranes with 0.8 m pores. Serum free or growth medium (500 L) was 

added to the bottom of the trans-well inserts. After 24 h the cells were fixed using 4% 

PFA. Cells that had not migrated through the membrane were scraped off and the 

remaining cells stained with 0.05% crystal violet for 30 min. Cells in 4 random fields for 

each membrane were counted and percentage migration calculated.  
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2.9.2.3 Radius migration assay 

MPM cells were seeded in a 6 well plate (5.0 x 10
5
 cells per well) and transiently 

transfected before being serum starved for 24 h. Prior to seeding cells in the wells of the 

migration plate, the wells were treated for 20 min with 500 L of Gel Pre-treatment 

solution and washed with 500 L of Wash Solution. Cells were trypsinised and seeded in 

duplicates in the migration plate (1.0 x 10
5
 cells/well) in 500 L of growth medium. The 

following day, the medium was aspirated and the wells washed three times with 500 L of 

fresh growth medium. Gel Removal Solution (500 L) was added to each well and the 

plate incubated for 30 min in the cell culture incubator. After removal of the Gel Removal 

Solution, the wells were washed three times with fresh growth medium before 1 mL of 

either 10% FCS or 0.4% FCS growth medium was added to the appropriate wells. Photos 

were taken at 0, 12 and 24 h post gel removal using a Nikon DS-L3 camera attached to a 

Nikon Eclipse Ti inverted microscope. The area of the well that the migrating cells did not 

occupy was measured using the Image J program. 

 

2.9.3 Clonogenicity 

The ability of MPM cells to grow in colonies was assessed over a period of 7-21 days. 

MPM cells were seeded in a 6 well plate at a density of 5.0 x 10
5
 cells per well, transiently 

transfected and serum starved for 24 h. The cells were trypsinised and seeded in 6 well 

plates in growth medium at a density of 5000 cells/well. Cell colonies formed around 10 

days following seeding. Colonies were stained with 1 mL 0.05% crystal violet and counted 

using the Image J program.  
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2.9.4 Invasion 

MPM cell invasion was analysed using the Cultrex BME Cell Invasion Assay. MPM cells 

were seeded in a 6 well plate (5.0 x 10
5
 cells per well), transiently transfected and serum 

starved for 24 h. The basement membrane (BME) coat (50 Lwas added on top of the 

invasion chambers in each well of the 96 well invasion plate. The plate was left overnight 

at 37
◦
C in CO2 to set. The next day cells were trypsinised and seeded on top of the 

invasion chambers (2.5 x 10
4
 cells/well) in 50 L of serum free DMEM. Serum free or 

growth medium (150 L) was added to the bottom of the invasion chambers. After 24 h 

both the top and bottom of the invasion chambers were washed with 1 x wash buffer. The 

device was disassembled and the invasion chambers placed in a black 96 well plate. To the 

bottom of each of the chambers 100 L of 1 x cell dissociation solution containing calcein 

was added and incubated at 37
◦
C for 1 h. The invasion chambers were removed and the 

excitation and emission wavelengths of calcein were read at 495 nm and 515 nm 

respectively using a Wallac Victor 
2
V multilabel counter. 

 

2.9.5 Cell Injury 

To assess levels of the NLRP3 inflammasome in MPM cells following cell injury, cells 

were seeded in a 12 well plate (2.5 x 10
5
 cells/well) for RNA extraction and a 6 well plate 

(5 x 10
5
 cells/well) for protein. The following day cells were serum starved for 24 h. A 

200L pipette tip was used to scratch and injure the cells using a crosshatch method and 

fresh growth medium was added to each well. The cells were lysed at the time of 

scratching, and 4, 8, 12 and 24 h later. RNA and protein were extracted as previously 

described. 
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2.10 Statistics  

All MPM cell data was analysed using the GraphPad Prism 4 (La Jolla, California) 

software. Statistical significance was determined using a One-way analysis of variance 

(ANOVA) with the Dunnett’s post-test which compares all experimental samples to 

control. Statistical significance was also determined using a Student’s t-test or a Mann-

Whitney test for data that was not normally distributed. A p value less than 0.05 was 

determined to be statistically significant. Patient PE data was analysed using the 

DataAssist 3.0™ (Life Technologies) program. MiRNA were classified as significantly 

different between patient groups on a volcano plot with a two or more fold change and a p 

value of 0.05. Receiver operating characteristic (ROC) was used to analyse the diagnostic 

efficiency of selected miRNA. Logistic regression was used to analyse combinations of 

the PE cell miRNA with the miRNA values (logged) as predictors using Stata version 14.2 

(Stata Corporation). Spearman analysis was used to analyse the correlation between miR-

223 and STMN1 mRNA and protein levels in cell lines.  
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2.11 Materials 

2.11.1 Tissue culture 

Reagent Company 

Dulbecco’s modified eagle’s medium (DMEM) Life Technologies, Mulgrave, Australia 

Fetal Calf Serum (FCS) SERENA, Bunbury, Australia 

L-Glutamine (L-Glut) Life Technologies 

Penicillin/Streptomycin (pen/strep) Life Technologies 

Trypsin-EDTA 0.25% Life Technologies 

Trypan Blue Sigma-Aldrich, St Louis, Missouri 

 

2.11.2 Transfection of MPM cell lines with miRNA and siRNA  

Reagent Company 

Lipofectamine
 
2000 Thermo Fisher Scientific, Waltham, Massachusetts 

Ambion pre-miR miRNA precursor 223 Thermo Fisher Scientific 

Ambion pre-miR negative control Thermo Fisher Scientific 

STMN1 siRNA Santa Cruz Biotechnology, Dallas, Texas 

Scrambled siRNA control Santa Cruz Biotechnology 

 

2.11.3 Cell function assays  

Reagent/Kit Company 

Cell proliferation reagent WST-1  Roche, Indianapolis, Indiana 

Trans Well migration Assay BD Biosciences, Franklin Lakes, New Jersey 

Radius 24 well Cell Migration Assay Cell Biolabs, San Diego, California 

Cultrex BME Invasion Assay R&D Systems, Minneapolis, Minnesota 

 

2.11.4 RNA extraction 

Reagent/Kit Company 

RNeasy FFPE Mini Kit  Qiagen, Germantown, Philadelphia 
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miRNeasy Kit  Qiagen 

Rnase Free Dnase Set Qiagen 

miRVana Paris
 
Kit Life Technologies 

 

2.11.5 Taqman OpenArray profiling  

Reagent/Kit Company 

Pool A and B RT Megaplex Primers Life Technologies 

Taqman MicroRNA Reverse Transcription Kit Life Technologies 

Taqman PreAmp Master Mix Life Technologies 

Pool A and B RT Megaplex PreAmp  Primers Life Technologies 

Taqman OpenArray Real-Time PCR Master Mix Life Technologies 

 

2.11.6 Reverse Transcription (RT) and Real-Time Quantitative PCR (qPCR) 

of miRNA and messenger RNA (mRNA) 

Reagent/Kit Company 

Taqman MicroRNA RT Kit Life Technologies 

MiRNA Taqman Primer/probe Life Technologies 

TaqMan Universal Master Mix no AmpErase UNG Life Technologies 

Gene Expression Master Mix Qiagen 

Omniscript RT Kit Qiagen 

Random Hexamer Primers Life Technologies 

Taqman
 
probe Life Technologies 

 

2.11.7 Protein concentration estimation, SDS-PAGE and western blot 

analysis of protein expression 

Reagent/Kit Company 

30% Acrylamide/Bisacrylamide BIO-RAD 

Ammonium persulfate BIO-RAD 

Bovine serum Albumin (BSA) Sigma-Aldrich 
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Coomassie Plus Bradford Assay Thermo Fisher Scientific 

Immobilon western HRP substrate Merck Millipore, Billerica, Massachusetts 

Precision Plus
 
dual coloured standard BIO-RAD, Hercules, California 

Polyvinylidene fluoride (PVDF) Membrane Merck Millipore 

Sodium dodecyl sulphate (SDS) Sigma-Aldrich 

Skim Milk Powder Diploma Instant, Sydney, Australia 

Tetramethylethylenediamine (TEMED) Sigma-Aldrich 

 

2.11.8 Western blot antibodies 

Antibody Primary 

antibody dilution 

Secondary 

antibody dilution 

Company 

Anti-OP-18S/Stathmin 1:1000 1:10 000  Sigma-Aldrich 

-tubulin 1:10 000 1: 80 000  Sigma-Aldrich 

AGO2 1:1000 1: 10 000 Abnova, Taipei City, Taiwan 

Secondary Antibodies Company 

Anti-rabbit HRP Cell signalling Technology, Danvers, Massachusetts 

Anti-mouse HRP Sigma-Aldrich 

 

2.11.9 Immunoprecipitation (IP) of argonaute protein (AGO2)  

Reagent/Kit Company 

MACS Magnetic Separation Kit Miltenyi Biotec, Bergisch Gladbach, Germany 

Anti- mouse IgG magnetic beads Miltenyi Biotec 

IgG antibody Abnova 

AGO2 antibody Abnova 

 

2.11.10 Reagents  

Reagent Company 

Aprotinin Sigma-Aldrich 

-glycerophosphate Sigma-Aldrich 
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-mercaptoethanol Sigma-Aldrich 

Boric Acid Sigma-Aldrich 

Bromophenol blue Sigma-Aldrich 

Crystal Violet Sigma-Aldrich 

Dimethyl sulfoxide (DMSO)  Sigma-Aldrich 

Dithiothreitol (DTT) Life Technologies 

Ethylenediaminetetracetic acid (EDTA) Sigma-Aldrich 

Ethanol Chem Supply, Gillman, Australia 

Glacial acetic acid Chem Supply 

Glycerol Roche 

Glycine Sigma-Aldrich 

 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) 

Sigma-Aldrich 

Hydrochloric acid (HCl) Lab Scan, Gliwice, Poland 

Leupeptin Sigma-Aldrich 

Magnesium chloride (MgCl2) Sigma-Aldrich 

Methanol Chem Supply 

Methylene blue Sigma-Aldrich 

Nonyl phenoxypolyethoxylethanol (NP40) Sigma-Aldrich 

Parafomaldehyde powder Sigma-Aldrich 

Phenol-chloroform  Life Technologies 

Phenylmethanesulfonylfluoride (PMSF) Sigma-Aldrich 

Phosphate buffered saline (PBS) Sigma-Aldrich 

Potassium chloride (KCl) Sigma-Aldrich 

Potassium dihydrogen phosphate (KH2PO4) Sigma-Aldrich 

Red blood cell (RBC) lysis buffer BioLegend, San Diego, California 

Rnase Out Life Technologies 

Sodium chloride (NaCl) Sigma-Aldrich 

Sodium dihydrogen phosphate (Na2HPO4) Sigma-Aldrich 

Sodium fluoride Sigma-Aldrich 

Sodium Hydroxide (NaOH) Ajax Finechem, Sydney, Australia 

Sodium molybdite dehydrate (NaMolyb) Sigma-Aldrich 

Sodium orthovanadate Sigma-Aldrich 
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Sodium pyrophosphate decahydrate (NaPyr) Sigma-Aldrich 

Tris-base Sigma-Aldrich 

Triton X-100 Sigma-Aldrich 

Trizol Life technologies 

Tween-20 Sigma-Aldrich 

QIAzol  Qiagen 

 

2.11.11 SDS-PAGE gel composition 

 Stacking Gel Running Gels 

30% Acrylamide/Bisacrylamide  6% 8% 12% 

20% SDS 0.5% 0.5% 0.5% 

Tris/HCl 0.125 M 

pH 6.8 

0.375 M 

pH 8.8 

0.375 M 

pH 8.8 

Make up to 10 mL with ddH2O. Add 10 L of TEMED and 75 L of APS prior to 

casting gels. 

 

2.11.12 Instruments and equipment 

Instrument Company 

AGFA CP1000 X-ray processor AGFA Healthcare, Mortsel, Belgium 

Nikon Eclipse Ti inverted microscope Nikon, Minato-ku, Tokyo 

Nikon DS-L3 camera Nikon 

Nanodrop ND1000 spectrophotometer Thermo Fisher Scientific 

StepOne Plus Real-time PCR System Life Technologies 

Stratagene Mx3000 qPCR Instrument  Stratagene/Agilent Technologies, Santa Clara,  

California 

Taqman
 
OpenArray Real-time PCR System Life Technologies 

Wallac Victor 
2
V multilabel counter Perkin Elmer Life Sciences, Waltham, 

Massachusetts 

Western blot electrophoresis and transfer tanks BIO-RAD 

 



58 
 

2.11.13 Buffer recipes 

2.11.13.1 SDS-PAGE running buffer (10x) 

Reagent Concentration 

Tris-Base 0.25 M 

Glycine 2 M 

SDS 35 mM 

Dissolve contents in 1 L ddH20 and store at room temperature. 

 

2.11.13.2 Western blot transfer buffer (10x) 

Reagent Concentration 

Tris-Base 0.25 M 

Glycine 2 M 

SDS 3.5 mM 

Dissolve contents in 1 L ddH20 and store at room temperature. 

 

2.11.13.3 Tris buffered saline (TBS) (10x) 

Reagent Concentration 

Tris-Base 0.1 M 

NaCl 1.5 M 

Dissolve contents in 1 L ddH20 and store at room temperature. 

 

2.11.13.4 TBS/Tween (TBS/T) (1x) 

Reagent Concentration 

Tween-20 1% 

Dissolve contents in 1 L of 1 x TBS and shake to mix thoroughly. Store at room 

temperature for no more than one month. 
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2.11.13.5 Glycine stripping buffer 

Reagents Concentration 

Glycine 50 mM 

SDS 35 mM 

Tween-20 1% 

Dissolve contents in 1 L of ddH20. Adjust to pH 2.5 and store at 4˚C. 

 

2.11.13.6 Stress lysis buffer (SLB) 

Reagents Concentration 

HEPES 20 mM 

Mg2Cl 55 mM 

EDTA 0.02 mM 

- glycerophosphate 30 mM 

Sodium chloride (NaCl) 0.1 M 

Make up to a final volume of 500 mL and adjust pH to 7.7 and freeze until required.  

 

2.11.13.7 SLB
++ 

  

Reagents
 
  Concentration 

Triton
 
X-100 0.5% 

Nonident-P40 (NP40) 1% 

Sodium pyrophosphate decahydrate (NaPyr) 0.5 mM 

Sodium orthovanadate 0.2 mM 

Sodium molybdite dehydrate(NaMolyb) 1.0 mM 

Sodium fluoride (NaFl) 1.25 mM 

Aprotinin 1 mM 

Leupeptin 1 mM 

Phenylmethanesulfonylfluoride (PMSF) 5 mM 

Dithiothreitol (DTT) 5 mM 

Add contents to 2 mL of Stress Lysis Buffer and use immediately. 
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2.11.13.8 Sample loading buffer (4x) 

Reagent Concentration 

Glycerol 40% 

Tris/HCl pH 6.8 0.25 M 

SDS 0.30 M 

Bromophenol Blue 0.04% 

-mercaptoethanol 5 % 

Make up to 20 mL with ddH20 and aliquot buffer into Eppendorf tubes and freeze 

until required.  

 

2.11.13.9 IP hypotonic buffer 

Reagent Concentration 

Tris pH 7.5 10 mM 

KCl 10 mM 

MgCl2 2 mM 

DTT 1 mM 

Rnase Out 100 units/ml 

Protease inhibitor mixture See Table 2.1.13.6 

Dissolve contents in ddH20 and store at 4˚C, Add protease inhibitors just before using.  

 

2.11.13.10 IP wash buffer 

Reagent Concentration 

NaCl 150 mM 

NP40 0.5% 

Dissolve contents in hypotonic buffer and store on ice whilst using.  
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2.11.13.11 IP high salt wash buffer 

Reagent Concentration 

NaCl 400 mM 

NP40 0.5% 

Dissolve contents in hypotonic buffer and store on ice whilst using.  

 

2.11.13.12 PFA (4%) 

4% PFA pH 7.4 

1) Heat 400 mL of ddH20 to 60˚C and agitate using a magnetic stirrer. 

2) Weigh out 20 g of PFA and add to the stirring dh20. 

3) Add 10 M NaOH drop wise until the solution clears. 

4) Cool the solution until it reaches room temperature. 

5) Add 25 mL 20 x PBS. 

6) Adjust pH to 7.2-7.4. 

7) Adjust volume to 500 mL with dH20. 

8) Aliquot in 25-50 mL amounts and freeze for long term storage. 

 

2.11.13.13 Methylene blue (2%) 

Reagent Concentration 

Methylene Blue  62.5 mM 

Dissolve methylene blue in 200 mL of 0.01 M borate buffer pH 8.5 and filter prior 

to use. Store at room temperature.  

 

2.11.13.14 Acid ethanol 

Acid Ethanol 

1:1 solution v/v 100% ethanol and 0.1 M HCl. 

Store at room temperature.  
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2.11.13.15 Borate buffer (50x) 

Reagent Concentration 

Boric acid  0.5 M 

NaOH  0.135 M 

Dissolve contents in 1 L of ddH20. Adjust pH to 8.5 and store at room temperature. 

Dilute 1:50 with ddH20 before use. 
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3.1 Introduction  

Diagnosing MPM can be challenging, sometimes lengthy and unpleasant for patients who 

undergo the invasive procedure of having their pleura biopsied. The development of a less 

invasive test able to identify early stage MPM would be clinically beneficial. Previous 

studies have screened patient sera and PE for novel biomarkers (Zucali et al., 2011). 

Mesothelin remains the most promising biomarker with an accuracy of over 70%. 

However, its sensitivity for MPM is limited (Creaney et al., 2014).   

 

MiRNA are attractive targets for biomarker analysis as these small RNA are stably 

expressed in tissue and fluid (Lan et al., 2015). MiRNA have been evaluated for this 

purpose in MPM tissue, serum/plasma, the cellular fraction of peripheral blood, cell lines 

and archived cytology samples (Truini et al., 2014, Cappellesso et al., 2016). However, 

results often vary greatly and large patient cohorts to assess clinical relevance are needed.   

 

The diagnostic potential of miRNA within MPM PE has also not been thoroughly 

analysed. Furthermore, miRNA within the supernatant fraction of PE have not been 

measured. Using such samples to identify a diagnostic signature has a number of 

advantages. Firstly, the PE cell samples are a source of MPM tumour cells that can be 

accessed without the patient having to undergo a pleural biopsy. Secondly, as MPM cells 

release specific miRNA into the supernatant, the supernatant samples may be a source of 

high levels of tumour specific miRNA. I hypothesise that the miRNA signature expressed 

by MPM PE can be used as a diagnostic biomarker and will discriminate MPM from AD 

and/or BPD patients. This hypothesis was addressed according to the following aims. 
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Aim 1: To identify miRNA differentially expressed in PE of patients with MPM, AD 

and BPD.  

The miRNA profiles within the cell and fluid components of PE from 26 MPM, 12 AD 

and 10 BPD patients (Cohort 1) were analysed using the Taqman OpenArray Platform. 

 

Aim 2: To identify miRNA that can be used to discriminate MPM from AD and or 

BPD. 

The top MPM-specific miRNA in the cell and supernatant fractions were identified using 

Data Assist and GraphPad PRISM programs. The identified miRNA were validated by 

performing qPCR on the same samples of Cohort 1 and the results compared to the 

OpenArray results. The potential of specific miRNA to discriminate between the diseases 

was determined using receiver operating characteristic (ROC) analysis. A ROC curve is a 

plot of the true positive rate (sensitivity) against the false positive rate (1-specificity) for 

the different possible cut off points of a diagnostic test. A good discriminative marker with 

a high sensitivity and specificity has an area under the curve (AUC) close to one. Logistic 

Regression was used to assess combinations of the miRNA to determine if this would 

improve diagnostic accuracy. 

 

Aim 3: To evaluate the diagnostic potential of the identified miRNA in a second 

patient cohort.  

A second patient cohort (Cohort 2) from the Netherlands (29 MPM and 40 AD) was used 

to evaluate the diagnostic potential of the identified miRNA using qPCR and ROC curve 

analysis.  
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Aim 4: To compare the identified miRNA to previously reported PE biomarkers.  

The potential miRNA diagnostic targets were compared to the previously reported PE 

biomarkers Mesothelin and Fibulin-3. This was achieved by measuring Mesothelin and 

Fibulin-3 levels in the Cohort 1 PE cell samples using qPCR. The diagnostic accuracy of 

Mesothelin and Fibulin-3 was evaluated using ROC curve analysis.  
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3.2 Results  

To identify novel MPM diagnostic targets, the miRNA profiles within PE cells and 

supernatants were analysed in a discovery cohort of 48 patients (Cohort 1). This was 

followed by validation of the top differentially expressed miRNA in an independent cohort 

of 69 patients (Cohort 2). The overall study design is summarised in Figure 3.1 and patient 

characteristics are described in Table 3.1.  

 

The miRNA expression profiles in the PE samples were analysed using the Taqman 

OpenArray PCR system. Using this platform, approximately 900 miRNA were measured 

in each sample simultaneously. Three samples at a time were loaded onto each array chip 

and three chips were run at any one time. The results were analysed in the Data Assist and 

GraphPad PRISM programs.  

 

Figure 3.2 shows an example of the volcano plots used to select miRNA for further 

analysis. These miRNA were expressed two or more fold higher or lower in AD and/or 

BPD than MPM. A two-fold cut off is commonly used in profiling studies to identify 

miRNA of interest. However, limiting this cut off to two-fold may cause specific miRNA 

to be overlooked. Therefore, a p-value of p< 0.05 was also included to predict miRNA that 

were expressed significantly different between the disease groups. In the current study 

miRNA that fit both of the above criteria were selected for analysis. 
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Figure 3.1: Overview of the approach used to identify novel miRNA diagnostic 

targets in MPM PE. 
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Table 3.1: PE cohort 1 and 2 patient characteristics  

 Cohort 1 (n=48) Cohort 2 (n=69) 

Disease BPD AD MPM AD MPM 

Sex M F M F M F M F M F 

Number  8 2 4 8 23 3 10 30 22 7 

Average 

Age  

66.1 

(+11.8) 

49.5 

(+18.5) 

78.5 

(+12.2) 

70.5 

(+13.2) 

70.4 

(+7.2) 

72.0 

(+13.9) 

66.5 

(+9.8) 

60.1 

(+15.8) 

65.1 

(+15.0) 

62.4 

(+4.8) 

 

 

 

 

 

Figure 3.2: Differentially expressed miRNA in MPM PE cells compared to AD PE 

cells. The expression of miRNA in PE cells from MPM and AD patients were analysed 

using OpenArray. The miRNAs that were expressed at higher (red dots) or lower (green 

dots) levels in MPM compared to AD were identified using a volcano plot. The vertical 

lines represent a two fold change and the horizontal line a significance of p< 0.05.  
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3.2.1 PE cell miRNAs were differentially expressed in MPM, AD and BPD.  

The expression of a number of miRNA within PE cells, were found to be significantly 

different between MPM, AD and BPD patients following OpenArray analysis. The top 

miRNAs that were selected for further analysis were miR-143, miR-223, miR-139-5p, miR-

210 and miR-200c. The expressions of these miRNA were validated by qPCR and ROC 

curve analysis was used to assess the potential of using the miRNA to distinguish MPM 

from AD and/or BPD.  

 

MiR-143 was the best diagnostic candidate identified for distinguishing MPM from BPD. 

MiR-143 was significantly higher in BPD patients compared to both MPM and AD by 

three- and nine-fold respectively (Figure 3.3 (a), p <0.01). MiR-143 was also nine-fold 

higher in BPD compared to MPM and 22-fold higher compared to AD when measured 

using qPCR (Figure 3.3 (a), p <0.01). To determine the best cut off value for using miR-

143 to discriminate MPM from BPD, ROC curve analysis was performed. A cut off of 

5.39 provided a sensitivity of 66.67% and a specificity of 90.00% with an AUC of 0.86 

(95% confidence interval (CI) = 0.74 to 0.98, p= 0.0009) (Figure 3.3 (b). MiR-143 could 

also be used to discriminate BPD from AD. A cut off of 5.09 provided a sensitivity of 

75.00% and a specificity of 90.00% with an AUC of 0.91 (95% CI = 0.78 to 1.03, p= 

0.0012) (Figure 3.3 (b)).  

 

MiR-139-5p levels were significantly higher in MPM compared to both BPD and AD 

when measured using OpenArray. MiR-139-5p was six-fold higher in MPM patients than 

those with BPD and nine-fold higher than those with AD (Figure 3.4 (a), p <0.05). When 

miR-139-5p was measured using qPCR, this miRNA was only expressed significantly 

higher (four-fold) in MPM patients compared to AD patients (Figure 3.4 (a), p <0.05). The  
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Figure 3.3 (a): MiR-143 was expressed significantly higher in BPD compared to both 

MPM and AD. MiR-143 levels were measured in cells isolated from PE using (A) 

OpenArray and validated using (B) qPCR. MiR-143 expression was plotted on a 

logarythmic scale and a combination of RNU44 and RNU48 was used as an endogenous 

control. The line within the boxes represents the median values and the top and bottom of 

the boxes indicates the interquartile ranges. The whiskers demonstrate the upper and lower 

adjacent values for each disease group. Benign refers to pateints with a BPD. ** p<  0.01.  
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Figure 3.3 (b): The accuracy of using miR-143 to discriminate between (A) BPD and 

MPM and (B) BPD and AD was assessed using ROC curve analysis and expressed as 

the AUC.  
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Figure 3.4 (a): MiR-139-5p was expressed significantly higher in MPM compared to 

AD. MiR-139-5p was measured in cells isolated from PE using (A) OpenArray and 

validated using (B) qPCR. MiR-139-5p expression was plotted on a logarythmic scale and 

a combination of RNU44 and RNU48 was used as an endogenous control. The line within 

the boxes represents the median values and the top and bottom of the boxes indicates the 

interquartile ranges. The whiskers demonstrate the upper and lower adjacent values for 

each disease group. Benign refers to pateints with BPD. * p< 0.05.  
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Figure 3.4 (b): The accuracy of using miR-139-5p to discriminate between MPM and 

AD was assessed using ROC curve analysis and expressed as the AUC. 
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AUC obtained when analysing how well miR-139-5p could be used to distinguish between 

MPM and AD was 0.70 at a cut off of 2.78 with a sensitivity of 65.38% and a specificity 

of 72.73% (95% CI = 0.50 to 0.85, p= 0.090) (Figure 3.4 (b)).  

 

MiR-210 levels were also significantly higher in MPM compared to both BPD and AD 

when measured using OpenArray. MiR-210 was five-fold higher in MPM patients than 

those with BPD and six-fold higher than those with AD (Figure 3.5 (a), p <0.05, 0.01). 

When miR-210 was measured using qPCR, this miRNA was only expressed significantly 

higher (four-fold) in MPM patients compared to BPD patients (Figure 3.5 (a), p <0.05). 

The AUC obtained when analysing how well miR-210 could be used to distinguish 

between MPM and BPD was 0.61 at a cut off of 0.57 with a sensitivity of 50.00% and a 

specificity of 80.00% (95% CI = 0.36 to 0.85, p= 0.3914) (Figure 3.5 (b)).  

 

The final miRNA selected in the top potential PE cell diagnostic targets was miR-200C. 

MiR-200c levels were significantly higher in AD compared to both MPM and BPD 

patients when measured using OpenArray. MiR-200C was 42-fold higher in AD patients 

than those with BPD and 31-fold higher than those with MPM (Figure 3.6 (a), p <0.01). 

When miR-200c was measured using qPCR, the levels of this miRNA were 38-fold higher 

in AD patients than those with BPD and 48-fold higher than those with MPM (Figure 3.6 

(a), p <0.001, 0.01). The AUC obtained when analysing how well miR-200c could 

distinguish between AD and BPD was 0.86 at a cut off of 0.0062 with a sensitivity of 

81.82 % and a specificity of  90.00% (95% CI = 0.70 to 1.02, p= 0.0039) (Figure 3.6 (b)). 

MiR-200c could also be used to discriminate AD patients from MPM patients at a cut off 

of 0.0079 with a sensitivity of 81.82%, a specificity of 96.15% and an AUC of 0.88 (95% 

CI = 0.75 to 1.03, p= 0.0002) (Figure 3.6 (b)). 
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Figure 3.5 (a): MiR-210 was expressed significantly higher in MPM compared to 

BPD. MiR-210 was measured in cells isolated from PE using (A) OpenArray and 

validated using (B) qPCR. MiR-210 expression was plotted on a logarythmic scale and a 

combination of RNU44 and RNU48 was used as an endogenous control. The line within 

the boxes represents the median values and the top and bottom of the boxes indicates the 

interquartile ranges. The whiskers demonstrate the upper and lower adjacent values for 

each disease group. Benign refers to pateints with BPD. * p< 0.05.  
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Figure 3.5 (b): The accuracy of using miR-210 to discriminate between MPM and 

BPD was assessed using ROC curve analysis and expressed as the AUC.  
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Figure 3.6 (a): MiR-200c was expressed significantly higher in AD compared to both 

MPM and BPD. MiR-200c was measured in cells isolated from PE using (A) OpenArray 

and validated using (B) qPCR. MiR-200c expression was plotted on a logarythmic scale 

and a combination of RNU44 and RNU48 was used as an endogenous control. The line 

within the boxes represents the median values and the top and bottom of the boxes 

indicates the interquartile ranges. The whiskers demonstrate the upper and lower adjacent 

values for each disease group. Benign refers to pateints with BPD. ** p< 0.01. *** p< 

0.001. 
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Figure 3.6 (b): The accuracy of using miR-200c to discriminate between (A) AD and 

BPD and (B) AD and MPM was assessed using ROC curve analysis and expressed as 

the AUC.  
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Another miRNA, not already described, that was also expressed significantly higher in 

BPD patients compared to MPM and AD was miR-223. The focus of Chapter Four and 

Five of this thesis was investigating the role miR-223 in MPM. Therefore, all expression 

data including the levels of miR-223 in PE will be discussed in Chapter Four. 

 

Logistic regression was used to assess combinations of the miRNA to determine if this 

would provide a signature with a better diagnostic accuracy compared to the diagnostic 

accuracies of the individual miRNA. When the combinations were analysed for 

diagnosing MPM from AD or MPM from BPD, the combinations were no better at 

diagnosing MPM than any individual miRNA. Therefore, AD and BPD samples were 

combined and compared to MPM. Table 3.2 summarise the AUC obtained for each 

miRNA when used to discriminate MPM vs AD and BPD combined. MiR-200c was the 

best discriminator for MPM with an AUC of 0.79. When different combinations of the 

miRNA were assessed, the combination of miR-200c, miR-210 and miR-143 provided a 

MPM specific signature with a diagnostic accuracy or AUC of 0.92 (Table 3.3. and Figure 

3.7).  

 

Table 3.2: Log odds ratios (OR) for each miRNA used to diagnose MPM from BPD 

and AD combined. 

miRNA log (OR) 95% CI AUC 95% CI 

miR-210 0.59 0.07,1.11 0.72 0.58,0.87 

miR-143 -0.30 -0.62,0.01 0.66 0.50,0.82 

miR-200c -0.87 -1.49,-0.24 0.79 0.66,0.92 

miR-139-5p 0.42 -0.01,0.85 0.65 0.50,0.81 
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Table 3.3: Log OR for the combine miRNA model used to diagnose MPM from BPD 

and AD combined. 

miRNA log (OR) 95% CI AUC 95% CI 

miR-210 0.99 0.18,1.79  

0.92 

 

0.84,0.99 miR-143 -0.66 -1.16,-0.17 

miR-200c -1.40 -2.32,-0.48 

 

 

 

 

Figure 3.7: The diagnostic accuracy of using miR-200c, miR-210 and miR-143 to 

discriminate between MPM and AD and BPD combined. The accuracy for diagnosing 

MPM from AD and BPD combined using miR-200c, miR-210 and miR-143 was assessed 

using ROC curve analysis and expressed as the AUC. The ROC curve for miR-200c is 

included for comparison. 
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3.2.2 PE supernatant miRNA were not differentially expressed between 

MPM, AD and BPD.  

MiRNA profiles from the PE supernatant of patients with MPM, AD and BPD were 

analysed using OpenArray. The expressions of only a small number of miRNA were 

significantly different between the three patient groups, however more miRNA were 

identified when AD and BPD patients were combined and compared to MPM. After 

analysing each of the miRNA in GraphPad PRISM, the top miRNA that were expressed 

significantly different between the patient groups were selected for further analysis. The 

miRNA were miR-186, miR-29a, miR-31 and miR-342-3p. The levels of these miRNA 

were also analysed in the supernatant samples using qPCR. 

 

According to the OpenArray results, miR-186 expression was not significantly different 

between MPM, AD and BPD patients. However, miR-186 levels were found to be 

significantly higher (three-fold) when BPD and AD patients were combined and compared 

to MPM (Figure 3.8, p <0.05). qPCR analysis of miR-186 in the same supernatant samples 

run on the OpenArray platform did not validate the OpenArray results. Instead the qPCR 

results showed an opposing trend towards higher miR-186 levels in MPM patients (Figure 

3.8). 

 

MiR-29a was selected as a potential biomarker as the OpenArray results showed that miR-

29a was significantly higher (three-fold) in AD (Figure 3.9 (a), p <0.05) and in AD and 

BPD combined (three-fold) compared to MPM (Figure 3.9 (b), p <0.05). These results 

were not replicated when qPCR was used to measure miR-29a levels in the samples. MiR-

29a expression was found not to be significantly different between the three patient groups 

(Figure 3.9 (a) and (b)). 
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The OpenArray profile of miR-31 showed that miR-31 was significantly higher in BPD by 

27-fold, AD by 19-fold and AD and BPD combined by 23-fold compared to MPM (Figure 

3.10 (a) and (b), p< 0.05, 0.01). However, the levels of miR-31 were not significantly 

different between MPM, AD and BPD patients when miR-31 was analysed using qPCR 

(Figure 3.10 (a) and (b)). 

 

MiR-342-3p was initially identified as not being significantly different between the patient 

groups after OpenArray analysis. However, MiR-342-3p was found to be expressed 

significantly higher (seven-fold) in AD and BPD combined compared to MPM (Figure 

3.11 p <0.05). MiR-342-3p was not expressed significantly higher in AD and BPD patients 

compared to MPM patients when miR-342-3p levels were measured using qPCR. No 

significant difference was observed. 

 

Similarly, there was no significant difference in RNU48 levels between MPM and BPD 

patients when RNU48 was measured using qPCR. The OpenArray results suggested that 

RNU48 was significantly higher (two-fold) in MPM compared to BPD (Figure 3.12, p 

<0.05). These results suggest that the miRNA signatures identified in the PE supernatant 

during the OpenArray profiling cannot be used to differentiate MPM from AD and BPD. 
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Figure 3.8: MiR-186 was not expressed significantly lower in MPM compared to both 

AD and BPD combined. MiR-186 was measured in the supernatant isolated from PE 

using (A) OpenArray and (B) qPCR. MiR-186 expression was plotted on a logarythmic 

scale and U6snRNA was used as an endogenous control. The line within the boxes 

represents the median values and the top and bottom of the boxes indicates the 

interquartile ranges. The whiskers demonstrate the upper and lower adjacent values for 

each disease group. Other refers to a combination of AD and BPD patients. * p< 0.05.  
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Figure 3.9 (a): MiR-29a was not expressed significantly lower in MPM compared to 

AD patients. MiR-29a was measured in the supernatant isolated from PE using (A) 

OpenArray and (B) qPCR. MiR-29a expression was plotted on a logarythmic scale and 

U6snRNA was used as an endogenous control. The line within the boxes represents the 

median values and the top and bottom of the boxes indicates the interquartile ranges. The 

whiskers demonstrate the upper and lower adjacent values for each disease group. Benign 

refers to pateints with BPD. * p< 0.05.  
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Figure 3.9 (b): MiR-29a was not expressed significantly lower in MPM compared to 

both AD and BPD combined. MiR-29a was measured in the supernatant isolated from 

PE using (A) OpenArray and (B) qPCR. MiR-29a expression was plotted on a logarythmic 

scale and U6snRNA was used as an endogenous control. The line within the boxes 

represents the median values and the top and bottom of the boxes indicates the 

interquartile ranges. The whiskers demonstrate the upper and lower adjacent values for 

each disease group. Other refers to a combination of AD and BPD patients. * p< 0.05.  
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Figure 3.10 (a): MiR-31 was not expressed significantly lower in MPM compared to 

AD, or BPD. MiR-31 was measured in the supernatant isolated from PE using (A) 

OpenArray and (B) qPCR. MiR-31 expression was plotted on a logarythmic scale and 

U6snRNA was used as an endogenous control. The line within the boxes represents the 

median values and the top and bottom of the boxes indicates the interquartile ranges. The 

whiskers demonstrate the upper and lower adjacent values for each disease group. Benign 

refers to pateints with BPD. * p< 0.05. ** p< 0.01. 
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Figure 3.10 (b): MiR-31 was not expressed significantly lower in MPM compared to 

both AD and BPD combined. MiR-31 was measured in the supernatant isolated from PE 

using (A) OpenArray and (B) qPCR. MiR-31 expression was plotted on a logarythmic 

scale and U6snRNA was used as an endogenous control. The line within the boxes 

represents the median values and the top and bottom of the boxes indicates the 

interquartile ranges. The whiskers demonstrate the upper and lower adjacent values for 

each disease group. Other refers to a combination of AD and BPD patients. ** p< 0.01.  
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Figure 3.11: MiR-342-3p was not expressed significantly lower in MPM compared to 

AD and BPD combines. MiR-342-3p was measured in the supernatant isolated from PE 

using (A) OpenArray and (B) qPCR. MiR-342-3p expression was plotted on a logarythmic 

scale and U6snRNA was used as an endogenous control. The line within the boxes 

represents the median values and the top and bottom of the boxes indicates the 

interquartile ranges. The whiskers demonstrate the upper and lower adjacent values for 

each disease group. Benign refers to pateints with BPD. * p< 0.05.  
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Figure 3.12: RNU48 is not expressed significantly lower in BPD compared to MPM. 

RNU48 was measured in the supernatant isolated from PE using (A) OA and (B) qPCR. 

RNU48 expression was plotted on a logarythmic scale and U6snRNA was used as an 

endogenous control. The line within the boxes represents the median values and the top 

and bottom of the boxes indicates the interquartile ranges. The whiskers demonstrate the 

upper and lower adjacent values for each disease group. Benign refers to pateints with 

BPD. * p< 0.05.  
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3.2.3 MiR-139-5p was expressed significantly higher in MPM PE cells 

compared to AD PE cells in Cohort 2.   

The miRNA profiles identified using OpenArray in the PE supernatant did not validate by 

qPCR. Therefore, no further analysis was undertaken with these samples. However, the 

expressions of the miRNA profiles in the PE cells that did validate were analysed in a 

second cohort obtained from the Netherlands. The miRNA profile from Cohort 1 that was 

shown to be expressed significantly different between MPM and AD patients was 

analysed by qPCR in Cohort 2. These miRNA were miR-139-5p that was expressed 

significantly higher in MPM and miR-200c which was expressed significantly lower in 

MPM. 

 

Cohort 1, miR-139-5p was significantly higher in MPM compared to AD patients in 

Cohort 2. MiR-139-5p was four-fold higher in MPM patients (Figure 3.13, p< 0.05). ROC 

curve analysis was also used to assess how well miR-139-5p could be used to distinguish 

MPM from AD in Cohort 2. A cut off of 16.40 provided a sensitivity of 70.83%, a 

specificity of 68.42% and an AUC of 0.70 (95% CI = 0.57 to 0.83, p= 0.0082) (Figure 

3.13).  

 

The miR-200c expression profile in Cohort 2 was not the same as the expression profile in 

Cohort 1. MiR-200c levels were no different between MPM and AD patients (Figure 

3.14). These results suggest that only miR-139-5p can be used to discriminate MPM PE 

cell samples from AD PE cell samples Cohort 2. 
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Figure 3.13: MiR-139-5p was expressed significantly higher in MPM compared to AD 

in Cohort 2. (A) MiR-139-5p was measured in cells isolated from PE using qPCR. MiR-

139-5p expression was plotted on a logarythmic scale and a combination of RNU44 and 

RNU48 was used as an endogenous control. The line within the boxes represents the 

median values and the top and bottom of the boxes indicates the interquartile ranges. The 

whiskers demonstrate the upper and lower adjacent values for each disease group. * p< 

0.05. The ability of using miR-139-5p to discriminate between (B) MPM and AD was 

assessed using ROC curve analysis and expressed as the AUC. 
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Figure 3.14: MiR-200c was not expressed significantly different between MPM and 

AD in Cohort 2. (A) MiR-200c was measured in cells isolated from PE using qPCR. MiR-

200c expression was plotted on a logarythmic scale and a combination of RNU44 and 

RNU48 was used as an endogenous control. The line within the boxes represents the 

median values and the top and bottom of the boxes indicates the interquartile ranges. The 

whiskers demonstrate the upper and lower adjacent values for each disease group.  
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3.2.4 Fibulin-3 was expressed significantly higher in MPM compared to AD 

PE cells. 

The potential PE cell miRNA diagnostic targets were compared with two PE biomarkers 

previously identified. Mesothelin and Fibulin-3 have been reported to be expressed 

significantly higher in MPM PE compared to healthy controls (Creaney et al., 2007, Pass 

et al., 2012). Within the Cohort 1 samples, Fibulin-3 and Mesothelin were measured using 

qPCR. Five of the MPM samples were excluded because there was not enough RNA left 

to complete the analysis.  

 

Between BPD, AD and MPM there was no significant difference in Mesothelin levels 

(Figure 3.16). However, Fibulin-3 was expressed significantly higher in MPM compared 

to AD by 42-fold. ROC curve analysis was also used to assess how well Fibulin-3 could 

distinguish MPM from AD. A cut off of 19.58 provided a sensitivity of 71.40%, a 

specificity of 83.00% and an AUC of 0.84 (95% CI = 0.71 to 0.97, p= 0.0011) (Figure 

3.15). This diagnostic accuracy was lower than the diagnostic accuracy reported when 

miR-200c (0.88) was used to discriminate MPM from AD in the same samples.   

 

When AD and BPD were combined and compared to MPM, Fibulin-3 was found to be a 

strong predictor for a diagnosis of MPM with an AUC of 0.79 (95% = CI 0.65 to 0.93) 

(Figure 3.17). Logistic Regression was used to combine Fibulin-3 with the MPM specific 

miRNA signature (miR-143, miR-210 and miR-200) to determine if this could improve the 

diagnostic accuracy of this combination. Because Fibulin-3 was analysed on a reduced set 

of samples, miR-143, miR-210 and miR-200c were also assessed on the same reduced set. 

The AUC obtained when this analysis was performed was 0.94 (95% CI = 0.87 to 1.00). 

Adding Fibulin-3 did not alter the AUC (Figure 3.17).  
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Figure 3.15: Fibulin-3 mRNA was expressed significantly higher in MPM PE cells 

compared to AD PE cells. (A) Fibulin-3 was measured in cells isolated from PE using 

qPCR. Fibulin-3 expression was plotted on a logarythmic scale and PGK-1 was used as an 

endogenous control. The line within the boxes represents the median values and the top 

and bottom of the boxes indicates the interquartile ranges. The whiskers demonstrate the 

upper and lower adjacent values for each disease group. * p< 0.05. The ability of using 

Fibulin-3 to discriminate between (B) MPM and AD was assessed using ROC curve 

analysis and expressed as the AUC. 
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Figure 3.16: Mesothelin mRNA was not expressed significantly different in PE cells 

between BPD, MPM and AD patients. Mesothelin mRNA levels were measured in the 

PE cells using qPCR. Mesothelin expression was plotted on a logarythmic scale and PGK-

1 was used as an endogenous control. The line within the boxes represents the median 

values and the top and bottom of the boxes indicates the interquartile ranges. The whiskers 

demonstrate the upper and lower adjacent values for each disease group. Benign refers to 

pateints with a BPD.  
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Figure 3.17: The diagnostic accuracy of using miR-200c, miR-210 and miR-143 to 

discriminate between MPM and AD and BPD combined on a reduced sample set. The 

accuracy for diagnosing MPM from AD and BPD combined using miR-200c, miR-210 and 

miR-143 was assessed using ROC curve analysis and expressed as the AUC. The ROC 

curve for Fibulin-3 in the same samples is included for comparison. 
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3.3 Discussion 

Despite years of research, the most promising diagnostic targets for MPM remain limited 

(Creaney et al., 2014, Creaney et al., 2015). In search of novel and robust markers, 

miRNA have become attractive targets (Truini et al., 2014, Reid, 2015, Santarelli et al., 

2015, Cappellesso et al., 2016). However, results vary widely and are largely focused on 

miRNA expression in tissue and small patient cohorts.  

 

More than 90% of MPM patients develop a PE that is routinely drained to relieve pain and 

improve respiration (Lee, 2007). The drained PE can be analysed to assist the diagnosis of 

MPM by staining cells with immunohistochemical markers (Husain et al., 2013). A recent 

study has shown that measuring miRNA within archived PE cytology samples can 

complement a cytological differentiation of MPM from reactive mesothelial cells (RMC) 

(Cappellesso et al., 2016). It is plausible that measuring miRNA in cells from PE is a 

technique that could be applied to differentiating MPM from other diseases that affect the 

lung and pleura.  

 

In the current study, miRNA profiles in the cell and supernatant components of PE 

collected from patients with MPM, AD and BPD were analysed using the OpenArray 

platform. PE cell miRNA that were expressed significantly different between the three test 

groups were identified. The expressions of these miRNA were validated when measured 

by qPCR.  

 

An advantage of using PE cells to analyse miRNA expression is that high concentrations 

of good quality RNA can be isolated. Therefore, a robust analysis of miRNA levels can be 

achieved. The disadvantages of using such samples are firstly that these samples require 
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more processing than the PE supernatant samples. Therefore, the length and cost of a 

diagnostic test based on PE cells would be higher. Secondly, the populations of cells 

within the PE may not be predominantly malignant. Mesothelial and immune cells will be 

present and will also express miRNA. Therefore, the miRNA signatures detected may not 

truly reflect signatures specific for MPM or the other diseases.  

 

However, diagnostic tests need to be simple and easy to perform and separating each of 

the cell populations to obtain purely malignant cells does not fit this description. Despite 

the presence of different cells within the PEs, the results presented in this chapter clearly 

showed miRNA expressions that were significantly different between each patient group. 

This is also clearly demonstrated in the miR-223 PE cell expression results presented in 

the next chapter. MiR-223 is well known to be highly expressed in a range of immune cells 

(Haneklaus et al., 2013) but despite the presence of these cells in the PEs, a clear and 

significant difference in miR-223 expression between the patients groups was observed. 

 

The miRNA profiles detected in the PE supernatant appeared to be significantly different 

between the three diseases following OpenArray analysis. However, the results did not 

validate when the top miRNA were measured by qPCR. These samples had very low 

concentrations of RNA. Therefore, the differences in miRNA expression observed 

between the OpenArray and qPCR results suggest that the OpenArray platform may not be 

sensitive enough for detecting miRNA in samples with low abundance transcripts. This 

was also apparent when BPD and AD patients had to be combined to increase patient 

numbers in a control group before being compared to MPM in order to identify any 

significant miRNA. 
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Recent studies comparing high-throughput platforms (including OpenArray), have 

reported similar findings (Farr et al., 2015, Mestdagh et al., 2014). Whilst qPCR 

technologies had better overall sensitivity when low input RNA was used, the one 

platform that was the exception to this finding was OpenArray (Mestdagh et al., 2014). 

Farr et al., (2015) concluded that screening low abundance transcripts should be avoided 

using such high-throughput platforms as replicate variability was exacerbated even with 

the addition of the pre-amplification step. 

 

One technology that has become popular since the current study was carried out, may 

detect miRNA in samples with low input RNA more accurately (Leichter et al., 2015). 

Nanostring technology utilises colour-coded probes to directly hybridise to targets of 

interest. Single molecule imaging is then used to collect highly accurate digital counts of 

different nucleic acids corresponding to each barcode (Geiss et al., 2008). NanoString has 

been used to analyse miRNA in patient fluid samples such as cerebrospinal fluid (Drusco 

et al., 2015, Powers et al., 2016) and serum (Mestdagh et al., 2014). However, it is yet to 

be used to analyse miRNA in PE.  

 

NanoString requires a starting RNA concentration of 100 ng, which is the same starting 

RNA concentration recommended for OpenArray. Isolating 100 ng of RNA from PE fluid 

was not achieved in the current study. Instead a fixed volume of 3 l of each sample was 

input into each PCR reaction. Therefore, to improve RNA yield, the protocol used to 

extract RNA from the PE supernatant samples in this thesis may require further 

optimisation. Alternatively, a different method may be required.  
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The PE supernatant samples analysed in this Chapter had a variety of physical 

characteristics including a range of viscosities and colours caused by the presence of blood 

cells. These characteristics could have contributed to a reduced RNA extraction efficiency 

and impacted on down-stream analysis. Although miRNA have been successfully isolated 

and measured in the supernatant of PE (Xiao et al., 2013, Shin et al., 2014), results 

between studies are highly variable, with no standardised protocol available. For example, 

Wang et al., (2012) used a kit optimised for serum (Qiagen miRNeasy Kit) isolating RNA 

from a sample volume of 800 L. Although the study did not state what concentration of 

RNA was extracted, one could infer that the concentrations were low as a fixed sample 

volume of 1.5 l was used rather than a starting template concentration (Wang et al., 

2012). More recently, Shin et al., (2014) successfully extracted 100 ng of RNA from 500 

l samples using a kit optimised for isolating RNA from urine (Genolution 

Pharmaceuticals Inc., Seoul, Korea). For better consistency within and between studies, a 

robust procedure needs to be developed for the extraction of RNA from the supernatant of 

PE. 

 

A good biomarker requires rigorous testing in multiple cohorts (Xiao et al., 2013). As the 

PE fluid results of Cohort 1did not validate, no further analysis was carried out on the 

miRNA identified in these samples. The top miRNA that were selected from the PE cells 

in Cohort 1 were analysed in a second cohort from the Netherlands. However, this cohort 

did not contain BPD samples so this study was limited to analysing only the miRNA (miR-

139-5p and miR-200c) that were significantly different in MPM patients compared to AD. 

Only miR-139-5p was also expressed significantly different in MPM patients in Cohort 2.  
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The International Mesothelioma Interest Group recommends that a good biomarker has a 

diagnostic accuracy above the threshold of 0.80 (Husain et al., 2013). MiR-200c had a 

sensitivity and specificity above this threshold when used to discriminate MPM from AD 

in Cohort 1. These results were not replicated in Cohort 2. None of the other miRNA 

selected in this study had a sensitivity and specificity above this threshold and no miRNA 

had a diagnostic accuracy above this threshold when MPM was compared to a 

combination of AD and BPD. However, the combination of miR-143, miR-210 and miR-

200c was able to discriminate MPM from a combination of BPD and AD with an accuracy 

of 0.92-0.94. It will be important for future studies to acquire a more comprehensive 

validation cohort including BPD samples to assess the clinical relevance of this signature. 

 

The previously reported PE biomarkers Mesothelin (Creaney et al., 2007) and Fibulin-3 

(Pass et al., 2012) were also analysed within the PE cell samples in Cohort 1 by qPCR. 

Mesothelin levels were not significantly different between the three diseases whereas 

Fibulin-3 was expressed significantly higher in MPM compared to AD samples. Alone, 

Fibulin-3 could diagnose MPM at an accuracy of 0.84 which is very similar to the 

diagnostic accuracy of 0.83 reported for MPM PE Fibulin-3 in a recent systematic review 

and meta-analysis (Ren et al., 2016). However, it is important to note that this result is 

based on Fibulin-3 PE supernatant protein levels. In this thesis, Fibulin-3 mRNA was 

measured because when the PE cell samples were processed, a portion of the cells were 

not stored for protein analysis. This will be important for future studies. When Fibulin-3 

was compared with the miRNA identified in the PE cell samples as potential 

discriminators between AD and MPM, the diagnostic accuracy of Fibulin-3 was lower 

than the diagnostic accuracy of miR-200c. Because Fibulin-3 was identified as a potential 

biomarker for diagnosing MPM, Fibulin-3 was combined with miR-143, miR-210 and 
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miR-200c to determine if this would improve the diagnostic accuracy of the signature. The 

accuracy remained the same with or without Fibulin-3. 

 

Of the PE cell miRNA that were significantly different between the groups of Cohort 1, 

miR-143, miR-210 and miR-200c have also been identified by others as significantly 

different between MPM and diseased or normal tissue. MiR-143 was described as being 

expressed lower in MPM whilst miR-210 was reported to be expressed significantly higher 

compared to normal pleural tissue (Andersen et al., 2014). MiR-200c was reported to be 

expressed significantly higher in a range of epithelioid tumours (Benjamin et al., 2010) 

and more specifically lung AD (Gee et al., 2010) compared to MPM. These studies 

support the results reported in the current study. MiR-139-5p is a novel miRNA not 

previously reported as aberrantly expressed in MPM. The miRNA identified in the MPM 

PE cells may play a role in tumourigenesis and be potential therapeutic targets. Table 3.4 

summarises some of the target genes for each of these miRNA that have also been 

reported in the literature as biologically important in MPM. 
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Table 3.4: PE cell miRNA targets with biological roles in MPM. 

MiRNA Target  Link to MPM 

143 ERK5 Activated by asbestos. Contributes to many 

malignant features in MPM cells, 

angiogenesis and a pro-inflammatory 

environment (Shukla et al., 2013).  

 EGFR Over-expressed in MPM and targeted in 

ongoing clinical trials (Bonelli et al., 2016). 

 Bcl-2 Potential prognostic marker (Pillai et al., 

2013). Over-expression in MPM prevents 

apoptosis (Cao et al., 2007). 

139-5p PI3K/AKT/Wnt signalling Inhibiting Wnt pathway alters MPM cell 

metabolism sensitising cells to 

chemotherapeutic agents or causing cell 

death (Perumal et al., 2016). 

PI3K/AKT/mTOR pathway target of 

ongoing Phase I clinical trial (Bonelli et al., 

2016). 

 IGFR1 Target of ongoing Phase II clinical trial 

(Bonelli et al., 2016). 

 Bcl-2 See above 

 c-Met Target of ongoing Phase I/II clinical trial 

(Bonelli et al., 2016). 

210 FGFR1 Inhibiting FGF/FGFR autocrine signalling  

reduces the growth of MPM tumour 

xenografts in mice (Blackwell et al., 2016). 

 Bcl-2 See above 

200c ZEB1 Transient knockdown in MPM cells inhibits 

MPM cell proliferation (Horio et al., 2012). 

 Wnt5B  

Wnt signalling pathway components. See 

above. 

 JUN 

 MYC 
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CHAPTER 4 

Loss of miR-223 contributes 

to elevated STMN1 in MPM 
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4.1 Introduction 

MiRNA are important targets in the search for new treatments and diagnostic markers for 

MPM (Truini et al., 2014). In Chapter Three, miR-143, miR-210, miR-139-5p, miR-200c 

and Fibulin-3 were described as differentially expressed in cells isolated from PE of 

patients with BPD, AD and MPM. These biomarkers may be novel diagnostic and 

therapeutic targets for MPM.  

 

During the profiling study described in Chapter Three, another miRNA, miR-223 was 

identified as being expressed significantly lower in MPM patients. This finding was of 

interest as preliminary studies in MPM cell lines revealed that miR-223 was expressed 

significantly lower compared to mesothelial cell controls. Thus, low levels of miR-223 

may influence MPM development and/or progression.  

 

Low levels of miR-223 have also been observed in Hepatocellular Carcinoma (HCC) 

(Wong et al., 2008) and gastric cancer (Kang et al., 2012). Within these malignancies, loss 

of miR-223 was shown to contribute to over-expression of the microtubule regulator 

Stathmin (STMN1). High levels of STMN1 have been documented in many malignancies 

including MPM as described by Kim and colleagues in 2007.  

 

I hypothesise that loss of miR-223 could indicate a diagnosis of MPM and contribute to 

elevated STMN1 in this cancer. This hypothesis was addressed according to the following 

aims. 
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Aim 1: To evaluate the diagnostic potential of miR-223 in PE.  

The expression of miR-223 in MPM, AD and BPD PE was analysed using OpenArray and 

qPCR. The potential to use miR-223 to discriminate between MPM, AD and BPD patients 

was determined using ROC curve analysis.  

 

Aim 2: To determine if miR-223 expression is low in MPM.  

To validate the low levels of miR-223 observed in MPM patient PE, miR-223 levels were 

measured in MPM and control cell lines and FFPE and normal mesothelial tissue. MiR-

223 levels were measured using qPCR and superarray.  

 

Aim 3: To determine if STMN1 expression is high in MPM. 

STMN1 levels were measured in cell lines and cells isolated from PE. STMN1 mRNA 

was measured by qPCR and STMN1 protein was analysed by western blot.  

 

Aim 4: To determine if miR-223 regulates STMN1 in MPM.  

The correlation between miR-223 and STMN1 levels was assessed using a Spearman 

analysis. Then to investigate the regulation of STMN1 by miR-223, the miR-223 mimic 

and control constructs were transiently transfected into MPM cell lines (JU77 and 

CRL2081). STMN1 mRNA was measured using qPCR and protein by western blot. The 

ability of miR-223 to bind endogenous STMN1 in MPM cells was assessed using IP of the 

AGO2 complex following transfection of MPM cells with either the miR-223 mimic or 

control construct.  
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4.2 Results 

4.2.1 MiR-223 expression was significantly different in PE cells of BPD, AD 

and MPM. 

The potential miRNA diagnostic markers identified during the miRNA screen of MPM, 

BPD and AD PE cell samples, included miR-223. MiR-223 was expressed significantly 

higher in BPD patients compared to both MPM and AD patients by two- and four-fold 

respectively (Figure 4.1, p <0.05). MiR-223 was also measured in the same samples by 

qPCR and found to be expressed four-fold higher in BPD compared to MPM and five-fold 

higher compared to AD (Figure 4.1, p <0.01).  

 

The ROC curve analysis indicated that at a cut off of 8.63, miR-223 could discriminate 

between BDP and MPM with a sensitivity of 69.23%, a specificity of 70.00% and an AUC 

of 0.77 (95% CI = 0.58 to 0.96, p= 0.01346) (Figure 4.2). MiR-233 could also be used to 

discriminate BPD patients from AD patients at a cut off of 6.94 with a sensitivity of 

66.67%, a specificity of 70.00% and an AUC of 0.87 (95% CI = 0.67 to 1.06, p= 0.01706) 

(Figure 4.2). 

 

Given that miR-223 levels were significantly lower in MPM PE cells, miR-223 levels were 

also analysed in PE supernatant samples. The OpenArray results did not suggest that miR-

223 was expressed differently between the three patient groups, and the same result was 

obtained when miR-223 expression was analysed using qPCR (Figure 4.3) However, this 

is in line with what was previously observed in Chapter Three, given that none of the 

OpenArray supernatant results could be validated using qPCR. 
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Figure 4.1: MiR-223 was expressed significantly higher in BPD compared to both 

MPM and AD. MiR-223 levels were measured in cells isolated from PE using (A) 

OpenArray and validated using (B) qPCR. MiR-223 expression was plotted on a 

logarythmic scale and a combination of RNU44 and RNU48 was used as an endogenous 

control. The line within the boxes represents the median values and the top and bottom of 

the boxes indicates the interquartile ranges. The whiskers demonstrate the upper and lower 

adjacent values for each disease group. Benign refers to pateints with a BPD. ** p<  0.01. 

* p<  0.05. 
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Figure 4.2: The accuracy of using miR-223 to discriminate between (A) BPD and 

MPM and (B) BPD and AD was assessed using ROC curve analysis and expressed as 

the AUC.  
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Figure 4.3: MiR-223 was not expressed significantly different in the PE supernatant 

between BPD, MPM and AD patients. MiR-223 levels were measured in the supernatant 

from patient PE using qPCR. MiR-223 expression was plotted on a logarythmic scale and 

U6snRNA was used as an endogenous control. The line within the boxes represents the 

median values and the top and bottom of the boxes indicates the interquartile ranges. The 

whiskers demonstrate the upper and lower adjacent values for each disease group. Benign 

refers to pateints with a BPD.  
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4.2.2 MiR-223 expression is low in MPM 

Results of an miRNA PCR Array performed by Dr Bahareh Badrian (Institute of 

Respiratory Health, University of Western Australia, Perth, W.A. Australia), indicated low 

levels of miR-223 expression in MPM cell lines (NO36, JU77, LO68) compared to control 

mesothelial cells. Out of the 88 miRNA analysed during this array, miR-223 was the only 

miRNA expressed lower in all MPM cell lines compared to controls (Figure 4.4).  

 

To validate these results, qPCR was used to measure miR-223 levels in human mesothelial 

cells and five MPM cell lines (NO36, JU77, LO68, CRL2081 and CRL5820). This 

analysis confirmed that miR-223 levels were significantly lower in MPM cell lines 

compared to mesothelial cells. Within the controls, miR-223 was expressed 229 fold 

higher (p< 0.01, Figure 4.5).  

 

To further investigate miR-223 expression in MPM patients, miR-223 levels were 

measured in tissues (17 MPM FFPE and six fresh pericardial mesothelium) by qPCR. The 

tissue results were kindly provided by Dr Michaela Kirschner (Asbestos Disease Research 

Institute, Bernie Banton Centre, Sydney, N.S.W, Australia.) MiR-223 was expressed 146-

fold higher in pericardial mesothelium compared to MPM tissue (p< 0.001, Figure 4.6).  

 

The low levels of miR-223 observed within MPM cell lines, tumours and PE cells 

demonstrate that miR-223 expression is low in MPM. This low expression may be 

biologically important in this malignancy. 
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Figure 4.4: MiR-223 expression was low in MPM cell lines. Dr Bahareh Badrian 

analysed the expressions of 88 miRNA in three MPM cell lines and human mesothelial 

cells (control) by miRNA PCR array. MiR-223 was expressed lower in MPM cells. MiR-

223 levels were normalised to a combination of SNORD44 and 48.  
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Figure 4.5: MiR-223 was expressed significantly lower in MPM cell lines. MiR-223 

expression in mesothelial cells (Control) from one patient and five MPM cell lines was 

determined by qPCR. MiR-223 levels were normalised to RNU48 and results are expressed 

as mean miR-223 expression + SEM for three independent experiments. ** p< 0.01.  
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Figure 4.6: MiR-223 is expressed significantly lower in MPM tissues. MiR-223 

expression was analysed in six normal pericardial mesothelium (NP) and 17 FFPE MPM 

tissues using qPCR. 
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4.2.3 STMN1 was over-expressed in MPM cell lines 

Given that miR-223 is a known regulator of STMN1 and STMN1 was previously 

described as over-expressed in MPM (Kim et al., 2007), I hypothesised that loss of miR-

223 contributes to high levels of STMN1 in this disease. STMN1 levels were measured in 

human mesothelial cells and five MPM cell lines by qPCR and western blot. In MPM 

cells, STMN1 mRNA (p< 0.05, Figure 4.7) and protein (p< 0.01 Figure 4.8) levels were 

19.9- and 4.4-fold higher respectively compared to mesothelial cells. STMN1 expression 

was also measured in cells isolated from BPD, AD and MPM PE cells by qPCR. The 

results did not show any difference in STMN1 expression between the three diseases 

(Figure 4.9). However, the high levels of STMN1 mRNA and protein in MPM cell lines 

suggest that STMN1 may be over-expressed in MPM. 
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Figure 4.7: Levels of STMN1 mRNA were higher in MPM cell lines. STMN1 mRNA 

in mesothelial cells (Control) and five MPM cell lines was measured by qPCR and 

normalised to 18S. Results are expressed as mean STMN1 expression + SEM for three 

independent experiments ** p< 0.01 * p< 0.05. 

 

 



118 
 

 

Figure 4.8: STMN1 protein levels were higher in MPM cell lines. STMN1 protein in 

mesothelial cells (Control) and five MPM cell lines was analysed by (A) western blot and 

quantitated by (B) densitometry. STMN1 protein levels were normalised to -tubulin. 

Results are expressed as mean STMN1 expression + SEM for three independent 

experiments ** p< 0.01  
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Figure 4.9: STMN1 was not expressed differently in MPM PE cells. STMN1 

expression in cells isolated from PE was analysed by qPCR, normalised to 18S and 

graphed on a logarithmic scale. The line within the boxes represents the median STMN1 

expression and the top and bottom of the boxes indicates the interquartile ranges. The 

whiskers demonstrate the upper and lower adjacent STMN1 expression values for each 

patient group. Benign refers to pateints with a BPD.  
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4.2.4 MiR-223 directly regulated STMN1 in MPM cells 

The expression studies presented in this chapter suggest that miR-223 expression is low 

whilst STMN1 expression may be high in MPM. The opposing results suggest that miR-

223 and STMN1 are inversely correlated. To assess the correlation between miR-223 and 

STMN1 a Spearman analysis was performed. When STMN1 mRNA and miR-223 were 

plotted against each other the r value obtained was -0.3180. This would suggest that 

STMN1 mRNA and miR-223 are inversely correlated (Figure 4.10). However, as this 

correlation was not significant the possibility that the correlation was due to random 

sampling cannot be rejected. When miR-223 and STMN1 protein were analysed, the r 

value obtained was -0.6520 indicating that STMN1 protein and miR-223 are inversely 

correlated (p< 0.05, Figure 4.10). The inverse correlation between miR-223 and STMN1 

protein implies that miR-223 may regulate STMN1 in MPM. 

 

To determine if miR-223 targets STMN1 in MPM, the miR-223 mimic or control construct 

were transfected into JU77 and CRL2081 cell lines. Of the five cell lines used in this 

study, JU77 had one of the lowest STMN1 levels while CRL2081 had one of the highest. 

MiR-223 levels were measured following transfection by qPCR. In JU77 cells miR-223 

expression was 4149.8-fold higher at 24 h and 2577.8-fold higher at 48 h compared to 

controls. MiR-223 levels were also increased in CRL2081 cells by 7978.4-fold at 24 h and 

7205.1-fold at 48 h (p< 0.01, Figure 4.11). STMN1 levels were analysed in the same cells 

by qPCR and western blot. Following miR-223 over-expression, STMN1 mRNA was 

reduced in JU77 cells 53% at 24 h and 52% at 48 h (p< 0.05, Figure 4.12). STMN1 protein 

was reduced 37% at 24 h and 67% at 48 h (p< 0.01, p< 0.05, Figure 4.13). In CRL2081 

cells, STMN1 mRNA was reduced 52% at 24 h and 51% at 48 h and protein 57% at 24 h 

and 56% at 48 h (p< 0.01, Figure 4.12 and 4.13).  

B) 

A) 

B) 

A) 
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To investigate whether the regulation of STMN1 by miR-223 in MPM cells was a direct 

mechanism, IP studies were performed following transfection of JU77 cells with the miR-

223 mimic or control construct. The AGO2 protein was pulled down by IP and lysates 

were probed for AGO2 by western blot (Figure 4.14). AGO2 is the protein found within 

the RNA Induced Silencing Complex (RISC) to which miRNAs and their targets bind. 

Therefore, if STMN1 is a direct target of miR-223, in cells transfected with miR-223, more 

STMN1 will bind to miR-223 and AGO2 compared to cells transfected with a control. 

Cells transfected with miR-223 had 2.6-fold more STMN1 bound to miR-223 and AGO2 

compared to transfected controls (Figure 4.14). These results show that miR-223 directly 

regulates STMN1 levels. 
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Figure 4.10: STMN1 protein and miR-223 are inversely correlated in human 

mesothelial and MPM cells. A Spearman analysis was performed to assess the 

correlation between miR-223 and STMN1 (A) mRNA (B) protein in mesothelial cells and 

MPM cell lines.  
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Figure 4.11: MiR-223 levels were elevated following transfection of the miR-223 

mimic in MPM cell lines. MiR-223 levels were measured in (A) JU77 and (B) CRL2081 

cell lines 24 and 48 h after the cells were transfected with the miR-223 mimic or control by 

qPCR. MiR-223 expression was normalised to RNU48 and results are expressed as mean 

miR-223 expression + SEM for three independent experiments ** p< 0.01. 
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Figure 4.12: Increased miR-223 reduced STMN1 mRNA in MPM cell lines. STMN1 

mRNA was measured by qPCR in (A) JU77 and (B) CRL2081 cell lines following 

transfection of the miR-223 mimic or control. STMN1 expression was normalised to 18S 

and results are expressed as mean STMN1 expression + SEM for three independent 

experiments. * p< 0.05. 



125 
 

 

 

 

 

Figure 4.13: Increased miR-223 reduced STMN1 protein in MPM cell lines. STMN1 

protein levels were measured in (A) JU77 and (B) CRL2081 cell lines by western blot and 

quantitated using densitometry. STMN1 protein levels were normalised to -tubulin and 

results are expressed as mean STMN1 expression + SEM for three independent 

experiments ** p< 0.01 * p< 0.05. 
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Figure 4.14: MiR-223 directly regulated STMN1 in JU77 cells. (A) The specificity and 

efficiency of the anti-AGO2 antibody was tested on total cell lysate. (B) IP was performed 

with the IgG isotype control (IgG IP) or anti-AGO2 antibody (AGO2 IP) in cells transfected 

with the miR-223 mimic or control construct. IgG IP and AGO2 IP lysates and AGO2 IP flow 

through (AGO2 IP FT) were probed for AGO2 by western blot. (C) STMN1 mRNA levels 

were measured following IP by qPCR. Results are expressed as the fold change in STMN1 

expression in AGO2 IP relative to IgG IP for two experiments. 

C) 
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4.3 Discussion 

To develop novel treatments for MPM, a better understanding of the molecular 

mechanisms underlying this disease is needed. MiRNAs are ideal therapeutic targets to 

investigate given their powerful regulatory potential (Trang et al., 2009b). The recent 

development of TargomiRs, used to re-introduce down-regulated miRNA in MPM patients 

has bought miRNA therapeutics closer to the clinic (Reid et al., 2016).   

 

MiR-223 was identified in this chapter as a down-regulated miRNA in MPM after miR-

223 levels were found to be much lower in a range of patient samples and cell lines 

compared to controls. A low expression of miR-223 has also been described in a number 

of cancers including HCC (Wong et al., 2008), breast and colon (Masciarelli et al., 2013), 

oesophageal (Li et al., 2011a), gall bladder (Lu et al., 2016) and NSCLC (Han et al., 

2016). However, the role of miR-223 in carcinogenesis remains intriguing as miR-223 has 

also been described as over-expressed in a range of malignancies. The differences reported 

in the literature most likely reflect the complexity of miRNA regulation. It seems unlikely 

that due to the large number of genes miRNA can control at any one time, that miRNA 

will have exclusively tumour suppressive or oncogenic characteristics  (Haneklaus et al., 

2013).  

 

As low levels of miR-223 were found in a range of MPM samples, the potential of miR-

223 as a diagnostic biomarker in MPM PE cells and supernatant was assessed. Within the 

PE cell samples, miR-223 could not distinguish MPM from AD patients. However, miR-

223 was a moderately good discriminator between BPD and MPM and also BPD and AD. 

MiR-223 alone was no better at diagnosing MPM than miR-143 or miR-210 as described in 

Chapter Three.  
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MiR-223 levels in PE supernatant samples were not useful for diagnosing MPM. There 

was no difference in miR-223 levels across the patient groups. Though there were potential 

technical difficulties with measuring miRNA in PE supernatants as describe in Chapter 

Three, it is also likely that the cell and supernatant fractions contain different miRNA 

signatures. Therefore, specific miRNA were selected for release from the PE cells into the 

PE fluid. The specific release of miRNA from cells has been well documented and 

demonstrates the potential of miRNA to behave as communicators able to influence the 

function of neighbouring cells (Pigati et al., 2010, Coenen-Stass et al., 2016). 

 

Future studies investigating the diagnostic potential of miR-223 in MPM patients will need 

to include an analysis of miR-223 levels in patient blood. A recent meta-analysis has 

suggested that circulating miR-223 levels may indicate the presence of malignancy. This 

analysis, based on 11 miR-223 and cancer publications combined with a validation study, 

determined that a high expression of circulating miR-223 could indicate an early diagnosis 

of cancer with a diagnostic accuracy or AUC of 0.89 and a sensitivity and specificity of 

81% and 84% respectively (Zhou et al., 2015). However, whilst the initial phase of this 

study evaluated publications based on a range of cancers with aberrant miR-223 levels, the 

validation cohort consisted of gastric cancer samples only. Therefore, miR-223 levels still 

need to be analysed in blood samples of various tumour types to confirm the above 

finding.  

 

To better understand the biological role of miR-223 in MPM, a gene known to be 

regulated by miR-223 was also chosen to be investigated. STMN1 was selected for a 

number of reasons. Firstly, because this microtubule regulator has been associated with 

tumourigenesis in various cancers (lancu et al., 2000). Secondly, increased levels of 



129 
 

STMN1 often correlate with a poor prognosis and the development of local and distant 

metastasis (Belletti and Baldassarre, 2011). Thirdly, high levels of STMN1 were 

previously observed in MPM cell lines and tumours (Kim et al., 2007). In support of this 

result, the current study showed that STMN1 was highly expressed in human MPM cell 

lines compared to mesothelial cell controls. Therefore, STMN1 may have an oncogenic 

role in MPM.  

 

When STMN1 was measured in cells isolated from MPM, AD and BPD PE, STMN1 

levels were similar between the three patient groups. The lack of a difference in STMN1 

expression may be due to STMN1 being aberrantly expressed in all of these diseases. It 

could also be due to the varying cell composition of the PE between each patient. In these 

instances it would be useful to isolate the MPM tumour cells and benign mesothelial cells 

from the PE and then measure STMN1 levels. Mesothelial cells are very adhesive and 

easily damaged so this can be a difficult procedure.  

 

STMN1 was first identified as a target of miR-223 when a putative miR-223 binding site in 

the 3’UTR of the STMN1 gene encompassing 12 perfectly matched nucleotides was found 

(Wong et al., 2008). After transfection with the miR-223 mimic into HCC cells, a 

consistent reduction of the STMN1 protein was observed (Wong et al., 2008). Similarly, in 

gastric cancer cell lines, luciferase reporter assays were used to demonstrate the specific 

interaction between miR-223 and the 3’UTR of STMN1. Transfecting miR-223 into these 

cells reduced the STMN1 protein. The addition of a miR-223 blocker rescued STMN1 

expression suggesting that the suppressive effect was specifically caused by miR-223 

(Kang et al., 2012). Since these two early studies, STMN1 has been shown to be regulated 

by miR-223 in breast and colon cancer cells (Masciarelli et al., 2014), in dengue virus 
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infected endothelial cells (Wu et al., 2014) and gall bladder cancer (Lu et al., 2016). In this 

chapter, STMN1 mRNA and protein were shown to be consistently reduced upon the 

over-expression of miR-223. IP of AGO2 in miR-223 over-expressing cells revealed 

higher levels of endogenous STMN1 bound to miR-223 and AGO2 compared to cells 

transfected with a control. These results strongly suggest that STMN1 is directly regulated 

by miR-223 in MPM cells. 

 

Studies have identified a range of mechanisms contributing to the repression of miR-223 

reported in haematological cancers and solid tumours (Haneklaus et al., 2013). Some 

examples include mutant p53 which represses the miR-223 promoter (Masciarelli et al., 

2014), chromatin remodelling (Fazi et al., 2007) and negative feedback loops with 

transcription factors such E2F (Pulikkan et al., 2010). To better understand the loss of 

miR-223 and subsequent over-expression of STMN1 in MPM, a study including the work 

presented in Chapter Four and Five of this thesis, was conducted to investigate whether the 

JNK signalling pathway contributed to the miR-223 and STMN1 expression profiles 

observed in this disease (Appendix A).  The JNK pathway was chosen as it was previously 

identified as a regulator of STMN1 (Yeap et al., 2010). 

 

 Following the re-expression of the JNK isoforms in JNK knock-out embryonic 

fibroblasts, a correlation between JNK-mediated miR-223 up-regulation and STMN1 

down-regulation was observed. This study also demonstrated the down-regulation of 

STMN1 in MPM cell lines following activation of JNK signalling. Therefore, it is 

plausible that low expression of miR-223 and high levels of STMN1 in MPM may be 

caused by aberrant JNK signalling and suggest a potential tumour suppressive role for the 

JNK-miR-233-STMN1 axis (Birnie et al., 2015).  
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In conclusion, the results from this chapter show that miR-223 expression is low in MPM 

and PE cell miR-223 levels may be useful for discriminating MPM from BPD patients. It 

was also shown that miR-223 directly regulated STMN1, contributing to elevated STMN1 

levels observed in MPM cell lines. The loss of miR-223 and subsequent aberrant 

regulation of STMN1, may play a role in tumourigenesis. Therefore, miR-223 and STMN1 

may be novel therapeutic targets for MPM. 
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CHAPTER 5 

STMN1 is a potential 

therapeutic target for MPM 
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5.1 Introduction 

MiRNA are attractive therapeutic targets for cancer as one miRNA has the power to 

regulate multiple cellular pathways simultaneously (Ambros, 2004, Olena and Patton, 

2010). This approach may prove a more effective way of killing malignant cells and may 

avoid the emergence of drug resistance in a single pathway. In Chapter Four, miR-223 and 

one of miR-223’s targets STMN1, were both identified as aberrantly expressed in a range 

of MPM samples. Thus, miR-223 and STMN1 may be novel therapeutic targets for MPM. 

 

Altered miR-223 levels influence a range of cell functions such as proliferation, migration, 

invasion in haematological cancers and solid tumours (Haneklaus et al., 2013). Similarly, 

STMN1 is known to promote tumourigenesis when over-expressed (lancu et al., 2000). 

The functions of miR-223 and STMN1 in MPM have not been investigated. I hypothesise 

that loss of miR-223 and over-expression of STMN1 influence MPM cell function. This 

hypothesis was addressed according to the following aims.  

 

Aim 1: To investigate the effect of modulating miR-223 on MPM cell proliferation, 

migration, invasion and clonogenicity. 

The biological role of miR-223 in MPM was investigated in MPM cell lines (JU77 and 

CRL2081). MiR-223 was over-expressed by transiently transfecting cells with the miR-223 

mimic and control. Cell proliferation was investigated using the methylene blue and WST-

1 assays. The ability of MPM cells to form colonies was assessed using a clonogenicity 

assay and cell migration was analysed using an in vitro wound healing model, trans-well 

and radius migration assays. Cell invasion was measured through a membrane by 

fluorescence. 
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Aim 2: To investigate the effect of modulating STMN1 on MPM cell proliferation, 

migration, invasion and clonogenicity. 

The biological role of STMN1 in MPM was investigated in MPM cell lines as described 

above after STMN1 levels were reduced using siRNA. 
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5.2 Results 

5.2.1 Increased miR-223 inhibited wound repair but induced MPM cell 

migration  

As described in Chapter Four, low levels of miR-223 were observed in a range of MPM 

samples. Increasing miR-223 levels in MPM cells reduced the over-expression of the 

microtubule regulator STMN1. These results suggest that miR-223 may behave as a 

tumour suppressor in MPM and restoring miR-223 levels may regulate cell function. MPM 

cell proliferation was examined using the WST-1 and methylene blue assays following the 

up-regulation of miR-223. Over-expression of miR-223 did not alter cell proliferation in 

either JU77 or CRL2081 cells over 48 h (Figure 5.1). Similarly, over-expressing miR-223 

did not alter clonogenicity (Figure 5.2).  

 

Cell migration was examined using an in vitro wound healing model. Over-expressing 

miR-223 significantly reduced wound closure in JU77 and CRL2081 cells by 25% and 

26% respectively. This occurred 24 h post scratching and was still apparent at 48 h (p< 

0.05, Figure 5.3). The wound healing response is a combination of cell proliferation, 

motility and migration (Hulkower et al., 2011). To validate that reduced wound closure 

was due to an inhibition of cell migration, migration was assessed using a trans-well assay.  

 

In JU77 cells with high levels of miR-223, migration through a trans-well membrane was 

significantly increased by 40% (p< 0.05, Figure 5.4). In CRL2081 cells with increased 

miR-223, migration was 34% higher than controls (p< 0.05, Figure 5.4). Due to the 

opposing results between the wound healing and trans-well assays, migration was also 

analysed using a radius migration assay.  

C) 



136 
 

The radius migration assay is the same as the wound healing assay without the wound 

being caused by a scratching process. Instead an inert gel is removed to reveal a cell free 

area into which cells migrate. Therefore, unlike the wound healing assay, the cells are not 

physically injured. In agreement with the trans-well results, cells with high levels of miR-

223 migrated significantly further across the cell free area compared to controls. Cell 

migration was 21% higher in JU77 miR-223 over-expressing cells and 18% higher in 

CRL2081 miR-223 over-expressing cells (p< 0.01, p< 0.05, Figure 5.5).  

 

Lastly, the impact of up-regulating miR-223 on MPM cell invasion was assessed. Over-

expressing miR-223 significantly increased cell invasion through a basement membrane 

(BME) 19% in the JU77 and 13% in the CRL2081 cell lines (p< 0.01, Figure 5.6). 
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Figure 5.1: Over-expression of miR-223 did not alter MPM cell proliferation. Cell 

proliferation was analysed in (A) JU77 and (B) CRL2081 cell lines following the 

overexpression of miR-223 by the WST-1 and methylene blue assays. Results are 

expressed as the mean absorbance for one representative experiment (n=6) of the 

methylene blue assay + SEM. Proliferation experiments were repeated three times. 
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Figure 5.2: Over-expression of miR-223 did not alter MPM cell clonogenicity. 

Clonogenicity was assessed following miR-223 up-regulation in (A) JU77 and (B) 

CRL2081 cell lines over 11 days. One representative experiment is shown. Clonogenicity 

experiments were repeated three times. 
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Figure 5.3: Increased miR-223 inhibited MPM wound closure. Wound closure was 

assessed following the over-expression of miR-223 in (A) JU77 and (B) CRL2081 cell lines 

using a wound healing assay. The red dotted line represents the edge of the wound. Results 

are expressed as the mean percentage of wound covered by cells + SEM for three 

independent experiments. * p< 0.05. 
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Figure 5.4: Up-regulation of miR-223 increased cell migration through a trans-well 

membrane. Cell migration was analysed in (A) JU77 and (B) CRL2081 cell lines 

following the over-expression of miR-223 through a trans-well membrane. Results are 

expressed as the mean percentage of cells that migrated through the membrane + SEM for 

three independent experiments.  * p< 0.05. 
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Figure 5.5: Up-regulation of miR-223 increased radial cell migration. Cell migration was 

analysed in (A) JU77 and (B) CRL2081 cell lines following the over-expression of miR-223 

using a radius migration assay. The red dots represent the edge of the cell free area. Results 

are expressed as the mean percentage of cells that migrated across the cell free area + SEM 

for three independent experiments. ** p< 0.01 * p< 0.05. 
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Figure 5.6: Increasing miR-223 induced cell invasion. The miR-223 mimic and control 

were transiently transfected into (A) JU77 and (B) CRL2081 cell lines. Cell invasion was 

assessed through a BME membrane using fluorescence. Results are expressed as mean 

percentage cell invasion + SEM for one representative experiment (n=4). The invasion 

assay was repeated three times ** p< 0.01. 
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5.2.2 NLRP3 was not induced in physically injured MPM cells 

To explain why the over-expression of miR-223 inhibited MPM wound closure but 

induced cell migration, the link between miR-223 and the cell injury that can occur during 

the wound healing assay was analysed. I hypothesised that during the scratching process, 

MPM cells were injured causing the induction of cell damage related genes such as the 

NLRP3 inflammasome. NLRP3 was chosen to analyse in this instance as miR-223 was 

previously shown to regulate NLRP3 (Haneklaus et al., 2012, Bauernfeind et al., 2012). 

Therefore, in miR-223 over-expressing and injured MPM cells, I hypothesised that NLRP3 

levels would be reduced by miR-223 and wound closure inhibited.  

 

To test the hypothesis, NLRP3 levels in cells injured using a scratching technique in a 

cross hatching pattern, vs uninjured cells were measured to determine if injury stimulates 

the expression of NLRP3 over 24 h. Other studies have shown NLRP3 mRNA and protein 

levels are up-regulated by cell damage within this time range (Hillegass et al., 2013, 

Panchanathan et al., 2016). NLRP3 mRNA was measured in JU77 and CRL2081 cells 

using qPCR. NLRP3 mRNA levels were unchanged between injured and non-injured cells 

at each time point examined (Figure 5.7). Therefore, NLRP3 protein was not analysed. 

These results suggest that NLRP3 is not induced in injured MPM cells during the wound 

healing assay. Thus it is unlikely that there is a link between cell injury, miR-223, NLRP3 

and the inhibition of wound closure. 

 

 

 

 

 



144 
 

        

 

Figure 5.7: NLRP3 was not induced in injured MPM cells. NLRP3 mRNA in (A) JU77 

and (B) CRL2081 non-injured (control) and injured (scratch) cells was measured by 

qPCR. Results are expressed as mean NLRP3 expression relative to the endogenous 

control PGK-1 + SEM for three independent experiments for JU77 and one experiment for 

CRL2081.  
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5.2.3 Reducing STMN1 inhibited MPM cell proliferation, migration and 

invasion 

The over-expression of STMN1 in MPM cell lines was observed both in this study and by 

Kim et al., (2007). Therefore, STMN1 may behave as an oncogene in MPM. To determine 

if high levels of STMN1 influence MPM cell function, STMN1 was down-regulated in 

cells using specific siRNAs. Cell proliferation, clonogenicity, migration and invasion were 

then assessed.  

 

Following the transient transfection of STMN1 siRNA or a scrambled control in JU77 and 

CRL2081 cells, STMN1 mRNA and protein were measured. In JU77 cells transfected 

with siRNA, STMN1 mRNA was significantly reduced 81% at 24 h and 66% at 48 h. In 

the same cells, STMN1 protein was reduced 52% at 24 h and 60% at 48 h (p< 0.01, p< 

0.05, Figure 5.8 (a) and (b)). In CRL2081 cells STMN1 mRNA was significantly reduced 

by 86% at 24 h and 82% at 48 h following transfection of siRNA. STMN1 protein was 

also significantly reduced in the same cells at 24 and 48 h by 49% and 54% respectively 

(p< 0.001, p< 0.05, Figure 5.8 (a) and (b)).  

 

Reducing STMN1 expression with siRNA significantly reduced cell proliferation at 24 h 

in JU77 and CRL2081 cells by 24% and 33% respectively (p< 0.01, Figure 5.9). This 

inhibition was not apparent at 48 h. Reducing STMN1 did not affect MPM cell 

clonogenicity (Figure 5.10) but reduced wound closure, migration and invasion. In the 

JU77 cell line, wound closure was 16% lower at 24 h post scratching in cells with reduced 

levels of STMN1 (p< 0.05, Figure 5.11). Wound closure was also 14% lower in CRL2081 

cells with reduced STMN1 levels (p< 0.05, Figure 5.11). The migration of JU77 and 

CRL2081 cells with reduced levels of STMN1 was 36% and 28% lower than control cells 

A) 



146 
 

when migration was analysed using the trans-well migration assay (p< 0.05, p< 0.01 

Figure 5.12). Cell migration was also 30% lower in JU77 cells with reduced STMN1 

levels and 20% lower in CRL2081 cells with reduced STMN1 levels when analysed using 

the radius migration assay (p< 0.05, p< 0.01 Figure 5.13).  

 

Lastly, cell invasion was assessed through a BME and invasion was 12% and 16% lower 

in STMN1 inhibited JU77 and CRL2081 cells respectively (p< 0.05, p< 0.01, Figure 

5.14). These results suggest that STMN1 plays a role in the regulation of MPM cell 

proliferation, migration and invasion.  
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Figure 5.8 (a): STMN1 mRNA levels were reduced in MPM cells with siRNA. STMN1 

mRNA was measured in (A) JU77 and (B) CRL2081 cell lines after the cells were transfected 

with STMN1 siRNA or a scrambled control. Results are expressed as mean STMN1 

expression relative to the endogenous control 18S + SEM for three independent experiments 

*** p< 0.01 ** p< 0.01 * p< 0.05. 
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Figure 5.8 (b): STMN1 protein levels were reduced in MPM cells with siRNA. STMN1 

protein was measured in (A) JU77 and (B) CRL2081 cell lines after the cells were transfected 

with STMN1 siRNA or a scrambled control. Results are expressed as mean STMN1 

expression relative to -tubulin + SEM for three independent experiments *** p< 0.01 ** p< 

0.01 * p< 0.05. 
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Figure 5.9: Reducing STMN1 inhibited MPM cell proliferation. Cell proliferation was 

analysed in (A) JU77 and (B) CRL2081 cell lines following the inhibition of STMN1 by 

the WST-1 and methylene blue assays. Results are expressed as the mean absorbance for 

one representative experiment (n=6) of the methylene blue assay + SEM. Proliferation 

experiments were repeated three times.* p< 0.05. 
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Figure 5.10: Reducing STMN1 levels did not alter MPM cell clonogenicity. 

Clonogenicity was assessed following the reduction of STMN1 in (A) JU77 and (B) 

CRL2081 cell lines over 11 days. One representative experiment is shown. Clonogenicity 

experiments were repeated three times. 
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Figure 5.11: Reduced STMN1 levels inhibited MPM wound closure. Wound closure was 

assessed following the reduction of STMN1 using siRNA in (A) JU77 and (B) CRL2081 cell 

lines using a wound healing assay. Dotted lines refer to the leading edge of the wound. 

Results are expressed as the mean percentage of wound covered by cells + SEM for three 

independent experiments. * p< 0.05. 
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Figure 5.12: Reduced STMN1 levels inhibited cell migration through a trans-well 

membrane. Cell migration was analysed in (A) JU77 and (B) CRL2081 cell lines through 

a trans-well membrane following the reduction of STMN1 levels. Results are expressed as 

the mean percentage of cells that migrated through the membrane + SEM for three 

independent experiments.  * p< 0.05. 
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Figure 5.13: Reduced STMN1 inhibited radial cell migration. Cell migration was 

analysed in (A) JU77 and (B) CRL2081 cell lines following the reduction of STMN1 levels 

using a radius migration assay. The dotted circle represents the edge of the cell free area. 

Results are expressed as the mean percentage of cells that migrated across the cell free area + 

SEM for three independent experiments. ** p< 0.01. * p< 0.05. 
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Figure 5.14: Reducing STMN1 inhibited cell invasion. STMN1 siRNA and control 

siRNA were transiently transfected into (A) JU77 and (B) CRL2081 cells. Cell invasion 

was assessed through a BME membrane using fluorescence. Results are expressed as the 

mean percentage cell invasion + SEM for one representative experiment (n=4). The 

invasion assay was repeated three times ** p< 0.01. * p< 0.05. 
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5.3 Discussion 

The influence that loss of miR-223 and over-expression of STMN1 had on MPM cell 

function was investigated in this chapter. Increasing the levels of miR-223 by transfecting 

cells with the miR-223 mimic had no effect on cell proliferation or clonogenicity. 

However, cell migration was significantly altered. Interestingly, the results differed 

depending on which migration assay was used. The migration of miR-223 over-expressing 

cells was significantly inhibited in the wound healing assay but significantly increased 

when assessed by the trans-well and radius assays.  

 

Different studies examining the role of miR-223 in cancer cell migration have reported 

opposing results. In oesophageal carcinoma cells, over-expressing miR-223 inhibited cell 

migration in a wound healing model (Li et al., 2011a) whereas in gastric cancer cells, 

increasing miR-223 levels induced cell migration through a trans-well membrane (Li et al., 

2011c, Kang et al., 2012).  

 

The current study was the first to assess the regulation of cell migration by miR-223 using 

a combination of wound healing, trans-well and radius migration assays. I hypothesised 

that the reduced cell migration observed when using the wound healing assay and the 

increased cell migration observed when using the trans-well and radius assays may have 

been influenced by differences in the assay protocols. More specifically, I hypothesised 

that the scratching process of the wound healing assay physically damaged the cells and 

contributed to the reduction of migration seen in miR-223 over-expressing cells. 

Therefore, the link between miR-223, cell injury and migration was investigated. 
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A target of miR-223 that directs the innate host defence to sites of injury and mediates 

repair is the NLRP3 inflammasome (Schroder and Tschopp, 2010). The NLRP3 

inflammasome acts as a platform triggering the activation of the inflammatory caspase,  

Caspase-1, that in turn mediates the regulation of cytokines such as IL-1 and IL-18 

(Martinon et al., 2002). NLRP3 through its activation of IL-1 can promote cell repair and 

regeneration following acute tissue damage (Latz et al., 2013). 

 

The scratching process of the wound healing assay used in this thesis could have caused 

cell injury along the leading edge of the wound. As such, NLRP3 could be up-regulated in 

these cells. As NLRP3 is a target of miR-223, in MPM cells transfected with the miR-223 

mimic, miR-223 could have reduced the expression of NLRP3 and blocked the wound 

healing response. Therefore, cell migration across the wound was inhibited. When this 

hypothesis was tested, an up-regulation of NLRP3 following the scratching process was 

not observed. These results suggested that there was no link between the scratching 

process of the wound healing assay, high levels of miR-223, NLRP3 and the inhibition of 

cell migration across the wound.  

 

It is possible that the results were influenced by the cell population used to measure 

NLRP3 levels. The RNA used to measure NLRP3 was extracted from all cells (injured and 

non-injured) cultured in the plates used in the experiment. A better approach would be to 

figure out a way of ensuring that the majority of cells in the population were injured or to 

isolate injured cells only. It would also be important to assess the level of cell death that 

occurred due to the scratching process to ensure that injured and live cells are isolated. 
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To complement an analysis of NLRP3 levels, the activity of NLRP3 could also be 

assessed. This could be done by measuring IL1-levels within the injured vs non-injured 

MPM cells. However, it is important to note that there are pathways other than the 

canonical NLRP3 activation of IL1- that can contribute to IL1- up-regulation (He et al., 

2016).    

 

Given the results suggest that NLRP3 is not involved in contributing to the differences 

seen between the wound healing and other migration assays, it is possible that other target 

genes of miR-223 that also contribute to wound healing are involved. To identify these 

targets, an array could be performed where many targets of miR-223 are measured 

simultaneously in injured vs non-injured MPM cells following the transfection of these 

cells with the miR-223 mimic.  

 

The differences observed in MPM cell migration between the wound healing and other 

migration assays in this chapter, highlight that perhaps the wound healing assay may not 

be the best assay to use for assessing cell migration. Particularly because the scratching 

process can potentially influence how cells migrate across the wound. However, this assay 

is very cheap and quick to run, so is often a popular assay to choose. If the wound healing 

assay is chosen to analyse cell migration, other migration assays would always need to be 

run to ensure that the level of migration is validated.  

 

The increased MPM cell migration that occurred following miR-223 over-expression in 

the trans-well and radius assays, which was the opposite of what was seen with STMN1 

inhibition, could be due to the modulation of expression of other miR-223 targets. One 

such protein that has been linked to miR-223 induced cell migration in gastric cancer is the 
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tumour suppressor and cytoskeletal protein EPB41L3 (Li et al., 2011c, Kang et al., 2012). 

EPB41L3 is a linker protein strengthening binding between the actin cytoskeleton and 

lipid membrane through trans membrane proteins (Terada et al., 2005). This protein 

regulates cell shape, cell-cell and cell-substrate adhesion, motility and organisation of the 

actin cytoskeleton (Gutmann et al., 2001) and down-regulating EPB41L3 has been shown 

to stimulate cell migration (Li et al., 2011c, Cavanna et al., 2007). The role and expression 

of EPB41L3 in MPM is currently unknown. 

 

The results from the functional assays demonstrate that the role of miR-223 in MPM, 

particularly in MPM cell migration, is complicated. Given that miR-223 could be targeting 

genes that behave as tumour suppressors, replacing miR-223 in MPM patients may not be 

a viable treatment. To fully understand how miR-223 influences MPM cell function, the 

genes that are altered in these cells by miR-223 would need to be identified. To do this, 

targets can be selected based on what other studies have reported in the literature or an 

array could be performed to measure multiple targets simultaneously in MPM cells with 

and without altered miR-223 levels.   

 

The high levels of STMN1 observed in MPM cells in Chapter Four, suggest that STMN1 

may behave as an oncogene in MPM. Therefore, the role of STMN1 in MPM cell function 

was analysed. The cell functions of proliferation, clonogenicity, migration and invasion 

were assessed after STMN1 levels were reduced using siRNA. The inhibition of STMN1 

reduced cell proliferation but had no effect on MPM cell clonogenicity. Reducing STMN1 

levels also inhibited MPM cell migration and invasion. These results support those of an 

earlier study showing that inhibition of STMN1 in gastric cancer cells reduced cell 
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proliferation in vitro and in vivo as well as anchorage-dependent colony formation, 

invasion, migration and apoptosis (Kang et al., 2012). 

 

High levels of STMN1 in malignancy correlate with tumour cell chemoresistance and 

reducing STMN1 levels can significantly restore cell sensitivity to DNA-damaging and 

microtubule targeting drugs (Biaoxue et al., 2016). Given that MPM can be highly 

resistant to chemotherapy (Bonelli et al., 2016), it would be important for future studies to 

include an analysis of whether the over-expression of STMN1 in MPM contributes to this. 

 

 One study that linked STMN1 over-expression to breast and colon cancer 

chemoresistance, showed that the mechanism contributing to the high levels of STMN1 in 

these cancers involved mutant p53 proteins that down-regulated miR-223. Restoring miR-

223 expression reduced STMN1 levels and reversed the resistance of the cells to DNA-

damaging agents (Masciarelli et al., 2014). Whether miR-223 plays a role in MPM 

chemoresistance remains unknown and could also be investigated in future studies. 

 

To further assess the therapeutic value of targeting STMN1 in MPM, future studies would 

need to analyse the role of STMN1 in an in vivo model. Targeting STMN1 in vivo in a 

number of malignancies has successfully reduced tumour growth and metastases. The 

single intra-tumoural injection of bifunctional STMN1 short hairpin RNA (shRNA), 

significantly reduced tumour xenograft growth from colorectal cancer, melanoma and 

osteosarcoma cells (Phadke et al., 2011). Similarly lentivirus-delivered STMN1 short 

hairpin RNA (shRNA) injected into gastric cancer xenografts caused a significant 

regression of tumour size and reduced STMN1 mRNA and protein levels within the 

tumours (Akhtar et al., 2014). STMN1 has also been targeted in a neuroblastoma 
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orthotopic model by injecting STMN1 shRNA stable neuroblastoma cell lines into 

immunodeficiency-Beige mice. Reducing STMN1 in these cells did not influence tumour 

growth but significantly reduced lung metastases by 71% (Byrne et al., 2014). Similar 

experiments could be carried out in the MPM xenograft and orthotopic mouse models.  

 

In conclusion, replacing miR-223 in MPM may enhance rather than inhibit some 

malignant functions. Therefore, further investigation is required if the impact of the loss of 

miR-223 in MPM is to be fully understood. However, STMN1 was shown to have 

oncogenic characteristics in MPM and is an attractive target for future therapeutic studies. 
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CHAPTER 6 
 

General Discussion 
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Mesothelial cells line the body’s serosal cavities and internal organs providing protection 

whilst maintaining homeostasis (Mutsaers, 2004, Whitaker et al., 1982, Yung and Chan, 

2007). However, when exposed to the fibrous silicate asbestos, mesothelial cells can 

undergo malignant transformation to form MM (Whitaker et al., 1982). This aggressive 

tumour develops predominantly in the mesothelial lining of the pleural cavity (Sekido, 

2010). MPM encloses the lung and invades surrounding structures causing severe pain and 

respiratory complications (Roe and Stella, 2015) leading to death often within 9-18 

months after diagnosis (Kondola et al., 2016).  

 

The poor prognosis associated with MPM is due to the following reasons:  1. MPM can be 

highly resistant to treatment. 2. There are no new treatments for MPM outside the clinical 

trial setting, and 3. MPM is often diagnosed at a late stage when treatment is unlikely to 

improve survival outcomes (Bronte et al., 2016). Therefore, novel diagnostic and 

therapeutic targets are urgently needed for MPM. This is critical for the new wave of 

predicted patients exposed to asbestos during ‘DIY’ renovations (Musk et al., 2016) and in 

developing countries where asbestos is still mined and used (Kao et al., 2010, Roe and 

Stella, 2015).  

 

MPM is often not only diagnosed at a late stage of disease but confirming a diagnosis of 

MPM can be challenging and prolonged. Distinguishing MPM from other diseases that 

also cause PE is difficult. This is further complicated by factors such as establishing 

whether asbestos exposure had occurred and limitations associated with current imaging, 

histo- and cyto-pathology and biomarker analyses (Kondola et al., 2016). Imaging data 

showing pleural thickening and the presence of a PE can suggest a diagnosis of MPM 

(Gopar-Nieto et al., 2016), however other metastatic and/or pleural diseases cannot be 
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excluded at this stage (Kondola et al., 2016). Tissue collected by biopsy is invasive and 

analysing PE cells using immunohistochemistry is only useful for diagnosing the 

epithelioid subtype (Hjerpe et al., 2015). To overcome these issues, PE and blood samples 

have been analysed to identify diagnostic biomarkers. Some of the most extensively 

evaluated biomarkers such as Osteopontin (Pass et al., 2005, Grigoriu et al., 2007), 

Fibulin-3 (Pass et al., 2012) and Mesothelin (Creaney et al., 2007, Creaney et al., 2010) 

show promise, but limitations remain (Bibby et al., 2016). 

 

Due to their stable expression in bodily fluids, miRNA have become popular diagnostic 

targets (D'Angelo et al., 2016). Non-cellular miRNA display a high level of stability in 

biological fluids because they are packaged in carriers such as exosomes and 

microvesicles or are bound in complexes with proteins. This protects miRNA from 

degradation by RNAse enzymes (Turchinovich et al., 2011). As summarised by D’Angelo 

et al., (2016), clinical trials investigating the predictive/diagnostic value of circulating 

miRNA in glioma, breast cancer, HCC and paediatric cancer are currently active.  

 

In an attempt to identify diagnostic targets for MPM, an increasing number of studies have 

analysed miRNA in MPM and control samples (Truini et al., 2014, Cappellesso et al., 

2016, Micolucci et al., 2016). Whilst a number of targets have been identified, there are 

discrepancies between studies as to which miRNA are aberrantly expressed in MPM. 

These inconsistencies reflect the many differences in the analytical approaches used. For 

example, the MPM and control samples examined vary widely. MPM samples included 

fresh/frozen biopsy, FFPE tissue, LCM tissue, macro-dissected tissue, tissue collected 

following treatment, plasma, serum, blood cell fraction and cell lines. Control samples 

included FFPE tissue, biopsy of healthy pleura, patient-matched non-neoplastic pleura, 
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pericardium, lung from healthy and asbestos exposed individuals, tissue from a number of 

cancers, non-neoplastic proliferations, plasma/serum from healthy and asbestos exposed 

subjects, immortalised cell lines and normal mesothelial cells. Sample number, age, 

storage and collection methods also vary between studies as well as miRNA 

quantification, normalisation and validation approaches. Some of these include, qPCR, 

qPCR-array, microarray and in situ hybridisation-based assays (Micolucci et al., 2016). 

 

A recent systematic review and meta-analysis was undertaken to identify commonly 

reported miRNA in MPM (Micolucci et al., 2016). Focusing on these miRNA may 

enhance the search for biomarkers of asbestos exposure and MPM. Because of the large 

discrepancies in sample types and technologies used, comparing papers was difficult. 

Commonly reported miRNA used to distinguish MPM from asbestos exposed or control 

samples were not identified even after studies were classified as either profiling or 

functional. Therefore, only studies in which miRNA expression was validated by qPCR 

were compared. The most consistent results were reported in blood and biopsy samples. 

The miRNA profiles within cell lines varied greatly. Therefore, cell lines are best used 

only for functional assays. There was also insufficient data to identify miRNA that could 

distinguish MPM from lung carcinomas and different MPM subtypes. Following an 

assessment of biomarker potential, a circulating miRNA signature based on the expression 

of miR-126, miR-103 and miR-625 in combination with Mesothelin was identified for 

diagnosing asbestos exposed individuals from MPM. Likewise the most consistently 

reported tissue specific miRNA (miR-16, miR-126, miR-143, miR-145, miR-192, miR-193, 

miR-200b, miR-203 and miR-652) were also suggested to provide a MPM specific 

signature (Micolucci et al., 2016). Validation studies are required to assess the clinical 

relevance of these signatures. 
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To enhance and extend what is currently reported in the literature, this thesis aimed to 

identify miRNA that can be used to diagnose MPM. More specifically, it was 

hypothesised that miRNA expressed in PE are potential diagnostic markers for MPM. PE 

are ideal samples to use to identify diagnostic targets for MPM as PE fluid is in direct 

contact with MPM cells and collection is minimally invasive. No study has previously 

analysed the diagnostic potential of miRNA in freshly collected MPM PE samples. To test 

this hypothesis, the miRNA profiles within PE samples were analysed using the Taqman 

OpenArray PCR system. Furthermore, miRNA in the cell and supernatant fractions were 

measured in patients with a BPD, AD and MPM. 

 

Taqman OpenArray was used to identify potential miRNA biomarkers as the system 

enables the entire microRNAome to be analysed in multiple samples simultaneously and 

the results can be compared with and therefore validated by a Taqman qPCR analysis of 

specific miRNA. MiR-143, miR-210, miR-139-5p, miR-200c and miR-223 were identified 

as potential diagnostic targets for MPM in the PE cell samples. The miRNA identified for 

diagnosing MPM from BPD included miR-143, miR-223 and miR-210. MiR-139-5p and 

miR-200c were identified as potential biomarkers for diagnosing MPM from AD. MiR-

200c was the only biomarker with a sensitivity and specificity above 80%. IMIG 

recommends that a good diagnostic biomarker meets this requirement (Husain et al., 

2013).    

 

The potential MPM PE cell miRNA biomarkers were also assessed in a second cohort 

consisting of MPM and AD samples. MiR-200c and miR-139-5p were chosen for further 

analysis in this cohort as levels of both miRNA were significantly different in MPM when 

compared to AD samples in Cohort 1. Whilst the expression patterns of miR-139-5p was 
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similar when comparing MPM and AD samples in both cohorts, this was not the case for 

miR-200c. Cohort 2 was collected from patients in the Netherlands and it is possible that 

differences in sample collection techniques, patient treatments and genetic variability 

(Larrea et al., 2016) could have contributed to the different miR-200c expression profile in 

Cohort 2. Furthermore, the widely varied physical characteristics of the Cohort 2 PE 

samples could have impacted on the RNA extraction process and down-stream qPCR 

analysis.  

 

The miRNA identified were compared with the previously reported PE biomarkers 

Mesothelin (Creaney et al., 2007) and Fibulin-3 (Pass et al., 2012) in the Cohort 1 

samples. Mesothelin levels were not significantly different between the three patient 

groups whereas Fibulin-3 was expressed significantly higher in MPM compared to AD. In 

the PE cell samples, the diagnostic accuracy achieved when using Fibulin-3 to 

differentiate MPM from AD (0.84) was higher than the diagnostic accuracy of miR-139-5p 

(0.70) but lower than the diagnostic accuracy of miR-200c (0.88). 

 

Logistic regression was use to assess combinations of the PE cell miRNA to determine if a 

MPM specific signature could be identified. When the combinations were analysed for 

diagnosing MPM from AD or MPM from BPD, the combinations were no better at 

diagnosing MPM than any miRNA alone. This is likely due to the lower number of 

samples in the AD and BPD groups compared to MPM. When the AD and BPD samples 

were combined and compared to MPM, a combination of miR-200c, miR-210 and miR-143 

provided a diagnostic accuracy for MPM of 0.92-0.94. Combining the AD and BPD 

samples is important as a diagnostic test that answers the question, is this sample MPM, 

rather than is this sample MPM, BPD or AD, is beneficial. The diagnostic accuracy of the 
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signature did not change whether Fibulin-3 was included in the signature or not. The 

diagnostic accuracy of the signature is much higher than those previously reported in 

MPM PE for Fibulin-3 (0.83) (Ren et al., 2016) and Mesothelin (0.70) (Creaney et al., 

2014). The MPM miRNA PE cell signature identified in this thesis requires assessment in 

an independent patient cohort.  

 

Potential miRNA diagnostic targets were also identified in PE supernatant samples using 

the OpenArray platform. However, this signature could not be validated by qPCR as the 

miRNA levels were significantly different using the two assay approaches. Several studies 

have also reported different miRNA profiles when different platforms were used to 

analyse the same sample source (Larrea et al., 2016). The differences between the 

OpenArray and qPCR results observed in Chapter Three highlight technical issues 

associated with processing PE samples and analysing miRNA in samples with low 

abundance RNA. RNA quality and quantity in these samples cannot be easily measured. 

Therefore, a consistent RNA sample concentration cannot be used as a starting template. 

Instead, a fixed sample volume is often used despite knowing that miRNA concentrations 

differ between samples (Larrea et al., 2016). The differences between the OpenArray and 

qPCR results also highlight that platform sensitivity is very important to consider when 

choosing a platform to analyse low abundant RNA samples. Based on the results presented 

in Chapter Three, the OpenArray system may not be the best for analysing such samples.  

 

Another problem that is often associated with measuring miRNA expression is what 

endogenous control to use. The Data Assist program used to analyse the OpenArray 

results in Chapter Three, allowed all miRNA and other small RNA previously reported as 

endogenous controls, to be compared across all samples. The best endogenous controls for 
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the PE cell and supernatant samples were then selected. In the PE cell samples this was a 

combination of the small nucleolar RNAs (snRNA) RNU44 and 48. In the supernatant 

samples the control selected was U6snRNA. snRNA are common endogenous controls 

used for analysing miRNA (Larrea et al., 2016). U6snRNA was previously reported as a 

robust endogenous control for miRNA analysis in PE (Han et al., 2014). 

 

A lack of consistently identified miRNA is not specific to MPM. Despite years of 

analyses, few miRNA have been successfully associated with specific conditions 

(D'Angelo et al., 2016). Reasons for this include the lack of a standardised approach for 

analysing miRNA, the high degree of inter-individual variability in miRNA levels even in 

healthy populations (Larrea et al., 2016) and as suggested by Witwer (2015), because 

entire pools of cell-free miRNA are often studied instead of miRNA packaged in vesicles. 

Vesicular miRNA are selectively released by cells to participate in intercellular 

communication. Other cell-free miRNA bound to proteins are more likely by-products that 

accumulate in the extracellular fluid (Turchinovich et al., 2011). Therefore, vesicular 

miRNA may be more representative of a disease specific signature. To ensure future 

profiling studies produce robust and reliable results, standardised miRNA analytical 

methods are required. 

 

MiRNA have become popular therapeutic targets for numerous diseases. This is because 

targeting a single miRNA can modify entire gene networks and thereby alter complex 

disease phenotypes (Ghelani et al., 2012). A number of clinical trials investigating miRNA 

targeted therapies in a range of conditions are currently underway. For example, Santaris 

Pharma A/S has developed an anti-miR-122 treatment (Miravirsen) to reduce miR-122 

expression and inhibit hepatitis C viral (HCV) replication. A phase I trial showed 
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Miravirsen was well tolerated and induced a dose-dependent response. Mild side effects 

were reported in a phase II trial but most importantly a dose-dependent reduction in HCV 

RNA levels was observed (Janssen et al., 2013). Unfortunately, resistance to long-term 

Miravirsen use has been reported due to mutations in the viral genome (Li et al., 2016).  

 

The first miRNA replacement therapy to enter clinical trial was run by Mirna Therapeutics 

who developed a liposomal-formulated mimic of miR-34 (MIRX34). MIRX34 was used to 

restore miR-34 in patients with HCC, renal cell carcinoma and melanoma. Whilst MIRX34 

showed strong activity in individuals, the trial has been suspended due to multiple 

immune-related severe adverse effects (Shah et al., 2016, Beg et al., 2016).  

 

Tissue-specific delivery and toxicity remain the major obstacles associated with efficient 

miRNA targeted treatments. The poor stability of miRNA targeting molecules in fluid and 

negative charge make cellular uptake difficult. Strategies have been developed to try and 

overcome these challenges including viral vector transportation, chemical modification, 

cationic lipid inclusion and nanoparticles (NP) (Garzon et al., 2010). Cationic polymers 

and viral vectors appear to be efficient delivery agents but their usage is limited as they 

cause systemic toxicity and immunogenicity. NPs have become increasingly popular for 

the therapeutic delivery of miRNA as NPs conjugated with antibodies can achieve 

efficient targeting with minimal systemic and cellular toxicity (Ganju et al., 2016). 

 

The recent development of Targomirs, is an example of how NPs can be used to re-

introduced down-regulated miRNA in patients (Reid et al., 2016). As described in Chapter 

One, this technology has been used to re-introduce miR-16 in MPM patients demonstrating 

the feasibility of miRNA therapeutics for MPM (Reid et al., 2016). Novel therapies for 
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MPM are critical as current approaches remain limited. Chemotherapy is the only 

treatment modality with a proven survival benefit for MPM but this has not changed since 

2003 (Kondola et al., 2016).  

 

During the PE miRNA screening study presented in this thesis, miR-223 was identified as 

expressed significantly lower in MPM PE cells. This finding was interesting as a 

subsequent screen of miRNA in cell lines identified miR-223 as the only miRNA 

expressed consistently lower in all MPM cells compared to controls. This result was 

validated during a qPCR analysis of miR-223 in MPM cell lines and low levels of miR-223 

were also observed in MPM tissues. These results clearly demonstrate the down-regulation 

of miR-223 in MPM. Replacing miR-223 in patients using an approach such as Targomirs 

may be therapeutically beneficial for MPM.  

 

Low levels of miR-223 have been observed in other malignancies such as HCC (Wong et 

al., 2008), gastric cancer (Kang et al., 2012), breast and colon cancer (Masciarelli et al., 

2014) and gall bladder cancer (Lu et al., 2016). Within these tumours, loss of miR-223 was 

shown to contribute to the elevation of one target of miR-223, STMN1. STMN1 was 

described as over-expressed in MPM cell lines and tumours nine years ago (Kim et al., 

2007), however the role of STMN1 in MPM remains unknown. The impact of elevated 

STMN1 in MPM is important, as over-expression of STMN1 is known to contribute to 

malignant features such as enhanced cell proliferation, migration, invasion, metastases and 

a poorer prognosis (Biaoxue et al., 2016). The exact role(s) of miR-223 in MPM is 

unknown and whether loss of miR-223 contributes to the over-expression of STMN1 in 

MPM is yet to be determined. The work presented in Chapter Four and Five was 
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undertaken to test the hypothesis that loss of miR-223 contributes to the over-expression of 

STMN1 in MPM and influences MPM cell function  

 

STMN1 mRNA and protein levels were analysed in MPM and control cells and were 

found to be elevated in the MPM cell lines. Within these cells, an inverse correlation 

between miR-223 and STMN1 levels existed. These results suggested miR-223 may 

regulate STMN1 expression in these cells. Following the over-expression of miR-223 in 

MPM cells, STMN1 mRNA and protein levels were reduced demonstrating the regulation 

of STMN1 by miR-223. Immunoprecipitation experiments showed that miR-223 directly 

regulated STMN1 and together, these results showed that loss of miR-223 contributed to 

elevated STMN1 in MPM cell lines.  

 

As the loss of miR-223 contributed to the over-expression of STMN1 in MPM cell lines, it 

is feasible that miR-223 may behave as a tumour suppressor in MPM. Therefore, it was 

predicted that replacing miR-223 in MPM cells would inhibit cell proliferation, 

clonogenicity, migration and invasion. Following the over-expression of miR-223, cell 

proliferation and clonogenicity were not altered but cell migration and invasion increased. 

These results suggest that replacing miR-223 in MPM patients may not be feasible as it is 

likely the regulation of genes other than STMN1 by miR-223 cause off target effects and 

enhance cell migration. Therefore, a better understanding of the genes miR-223 regulates 

in MPM is needed.  

 

The over-expression of STMN1 in MPM cells reported in this thesis, together with the 

study by Kim et al., (2007) describing the over-expression of STMN1 in MPM cells and 

tissue, suggest that STMN1 may behave as an oncogene in MPM. To investigate the role 
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of STMN1 in MPM cell lines, STMN1 was inhibited using siRNA and cell proliferation, 

clonogenicity, migration and invasion assessed. Repressing STMN1 inhibited cell 

proliferation, migration and invasion, therefore inhibiting STMN1 may be therapeutically 

beneficial for MPM.  

 

As summarised by Biaoxue et al., (2016), many studies have demonstrated the correlation 

between high levels of STMN1 and a malignant phenotype and a variety of anti-STMN1 

molecules such as ribozymes, monoclonal antibody, shRNA and siRNA have been used to 

investigate therapeutic strategies targeting STMN1 in vitro and in vivo (Biaoxue et al., 

2016). However, little is still known about how STMN1 regulates tumour proliferation, 

motility, migration and metastasis and the clinical application of STMN1 targeted 

therapies is lacking. Compounds and molecules available to efficiently target STMN1 in 

humans need to be developed.  

 

To date only one clinical trial has been conducted targeting STMN1 in humans. This phase 

I trial aimed to determine if STMN1 can be knocked down in advanced refractory cancer 

patients using intratumoural administration of a bifunctional (bi) shRNA STMN1 

bilamellar invaginated vesicle (BIV). This study demonstrated safety of bi-shRNA 

STMN1 BIV administration and that cleavage and reduction of STMN1 in all tissue was 

bi-shRNA STMN1 BIV specific. Tumour response to treatment was not examined but this 

trial provides a platform for the development of a STMN1 targeted therapeutic approach 

that may be useful for treating cancer (Barve et al., 2015).  
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 6.1 Future Perspective  

MiR-143, miR-210, miR-139-5p, miR-200c, miR-223 and Fibulin-3 were identified in this 

thesis as potential PE cell biomarkers that may be useful for diagnosing MPM. The 

combination of miR-200c, miR-210 and miR-143 provided a signature that could diagnose 

MPM with an accuracy of 0.92-0.94. This signature requires evaluation in an independent 

patient cohort. It will be beneficial if this was a multi-centre collaboration to ensure the 

signature is tested in as many patients as possible. However, a standardised sample 

collection and processing approach will be required to ensure a robust and true analysis is 

achieved. The miRNA identified in the PE cells may also be biologically important in 

MPM. Therefore, studies investigating what genes and cell functions these miRNA 

regulate in MPM may provide novel therapeutic targets. 

 

The potential PE supernatant miRNA diagnostic targets reported in this thesis were not 

validated. Future studies analysing miRNA in PE fluid samples will need to optimise 

sample processing to ensure RNA of a high quality and quantity is extracted. The 

sensitivity of the platform used to analyse the PE supernatant miRNA profiles will also 

need to be carefully considered if sufficient sample RNA concentrations cannot be met. 

Taqman OpenArray does not appear sensitive enough to accurately detect miRNA is 

samples with low abundance RNA. It may also be beneficial to analyse vesicular miRNA 

as these miRNA may provide a signature more specific to MPM compared with a 

signature based on the entire miRNA PE supernatant pool.  

 

The results presented in this thesis also demonstrate that replacing miR-223 in MPM may 

not be therapeutically beneficial due to off targets effects. Therefore, a better 

understanding of what genes and cell functions miR-223 regulates in MPM is needed. To 
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determine what gene networks miR-223 regulates in MPM, an array could be performed to 

assess many genes simultaneously in cells with and without altered miR-223 levels. These 

results would provide a list of potential targets regulated by miR-223 in MPM cells that 

could be further investigated.  

 

Targeting STMN1 in MPM may be therapeutically beneficial. When STMN1 over-

expression was reversed in MPM cell lines using siRNA, malignant features in these cells 

were repressed. To further assess the therapeutic value of targeting STMN1 in MPM, 

future studies would need to analyse the role of STMN1 in an in vivo model. These studies 

could include injecting stable cell lines in which STMN1 has been knocked-down into the 

xenograft or orthotopic MPM mouse models. Likewise, tumours can be established in 

either of the mouse models listed above and then a STMN1 targeted treatment such as 

bifunctional STMN1 shRNA can be injected directly into the tumours or delivered 

systemically. These experiments can be carried out to assess the impact of knocking-down 

STMN1 on MPM tumour growth, the formation of metastases and survival. 

 

Given a role for STMN1 in chemoresistance and apoptosis has been described (Biaoxue et 

al., 2016), it would also be important to examine whether the over-expression of STMN1 

contributes to MPM chemoresistance as MPM can be highly resistant to such treatment 

(Bronte et al., 2016). To investigate the role of STMN1 in MPM chemoresistance, studies 

could examine MPM cell line responses to chemotherapeutic agents following the 

repression of STMN1 using siRNA. If chemoresistance is reduced, these experiments 

could then move into an in vivo model where tumour response to chemotherapy could be 

analysed in combination with a STMN1 targeted approach. 
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6.1 Conclusion 

In conclusion, this thesis presents evidence showing that a combination of miR-200c, miR-

210 and miR-143 is a potential PE cell diagnostic signature for MPM. Potential MPM 

miRNA PE supernatant biomarkers were also identified by Taqman OpenArray. However, 

the OpenArray results were not validated when the miRNA were assessed in the same 

samples using qPCR. Therefore, it is unlikely that the supernatant miRNA will be useful 

for diagnosing MPM. This thesis also presents evidence that miR-223 is down-regulated in 

MPM contributing to the over-expression of STMN1 in MPM cell lines. Therapeutically, 

replacing miR-223 in MPM patients may not be suitable as increasing miR-223 in MPM 

cell lines enhanced cell migration. Repressing STMN1 in MPM cell lines inhibited MPM 

cell proliferation, migration and invasion and is thus a potential novel therapeutic target 

for MPM. 
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