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Abstract 

Pancreatic Ductal Adenocarcinoma (PDAC) is characterised by a dense desmoplastic 

reaction that is attributed to the activation of pancreatic stellate cells (PSCs) in the 

stroma. This alteration of the tumour microenvironment is thought to contribute to 

PDAC aggressiveness and resistance to therapy. Recent studies have shown that 

exosomes (a subgroup of secreted extracellular vesicles) secreted by cancer cells 

facilitate cross talk between tumour cells and the microenvironment. However, the 

mechanisms that lead to the secretion of these vesicles remains elusive.  

Here, we report for the first time, a novel role for centrosome amplification, a common 

feature of human tumours, in the secretion of small extracellular vesicles (sEVs). We 

show that centrosome amplification significantly correlates with and is sufficient to 

induce the elevated secretion of sEVs in PDAC cell lines. Furthermore, we demonstrate 

that oxidative stress in cells with supernumerary centrosomes is the driving force behind 

this altered sEV secretion. An analysis of centrosome amplification-associated increases 

in cellular reactive oxygen species (ROS) demonstrated an impaired lysosome function 

and the prevention of MVB/lysosome fusion events. The results indicate that 

centrosome amplification induced ROS induces sEV secretion by preventing MVB 

degradation by the lysosome, shifting their fate to fusion with the plasma membrane 

and subsequent secretion of their intraluminal vesicles (ILVs) as exosomes.  

To understand if exosomes secreted from cells with amplified centrosomes could impact 

the tumour microenvironment, we subsequently investigated the role of these sEVs on 

the activation of PSCs, as measured by the formation of fibres containing alpha-smooth 

muscle actin (α-SMA). We found that sEVs isolated from cells with supernumerary 

centrosomes elicit significantly stronger activation of PSCs compared to sEVs isolated 

from cells with a normal centrosome number, suggesting a difference in their biological 

cargo. SILAC based-proteomic analysis revealed the gain or loss of 6 EV protein in sEVs 

isolated from cells upon the induction of centrosome amplification, that may have a role 

in the activation of PSCs. We hypothesise, that further understanding the role of 

centrosome amplification in sEV-mediated PSC activation may help us to identify 
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innovative ways to block PSC activation and prevent the progression of PDAC, which 

could have major clinical implications for patients with this devastating disease. 
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1.1 The centrosome  

The centrosome is a small cytoplasmic organelle that constitutes the main microtubule 

organising centre (MTOC) in eukaryotic cells. Centrosomes are comprised of a pair of 

orthogonally poisitioned barrel shaped centrioles embedded in a dense proteinaceous 

matrix called the pericentriolar material (PCM), which provides the site for microtubule 

nucleation (Figure 1.1). The centrioles are cylindrical structures, that range from 100-

400nm in length and 100-250nm in diameter (Carvalho-Santos et al., 2011) and are 

characterised by a highly conserved triplet of microtubules that  arrange in a nine-fold 

symmetry forming the centriole wall (Gönczy, 2012; Nigg and Holland, 2018). The two 

centrioles are structurally different with the older and more mature ‘mother’ centriole 

carrying subdistal and distal appendages that the younger ‘daughter’ centriole does not 

have (see Figure 1.1). These appendages are required for anchorage to microtubules and 

for membrane docking during ciliogenesis (Piel et al., 2000; Bettencourt-Dias and 

Glover, 2007; Gogendeau, Guichard and Tassin, 2015; Nigg and Holland, 2018). 

Together, the two centrioles are crucial for recruiting the PCM which consists of 

concentric protein layers that surround the centrioles (Fu and Glover, 2012; Lawo et al., 

2012; Mennella et al., 2012; Sonnen et al., 2012). The inner layer of the PCM contains 

gamma-tubulin ring complexes (- TuRCs) which are fundamental for microtubule 

nucleation. During mitosis, this inner layer expands and recruits additional components 

resulting in a mature centrosome with peak MTOC activity (Fu and Glover, 2012; 

Mennella et al., 2012).  

In cycling cells, owing to its role as an MTOC, the centrosome is vital for generating the 

mitotic spindle, regulating cell shape, cell polarity and cell motility (Nigg and Raff, 2009; 

Bornens, 2012; Conduit, Wainman and Raff, 2015; Fu, Hagan and Glover, 2015). In many 

differentiated cell types, however, the mother centriole acts as a basal body and 

provides a template for the formation of cilia and flagella (Kim and Dynlacht, 2013; Ito 

and Bettencourt-Dias, 2018). 
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Figure 1.1 Centrosome structure. Schematic diagram of the centrosome structure. The 
centrosome consists of two orthogonally positioned centrioles which are comprised of a nine-
fold symmetry of triplet microtubules. The older mother centriole carries distal and subdistal 
appendages that the younger daughter centriole lacks. The two centrioles are tethered together 
by a centriole linker and are surrounded by the pericentriolar material (PCM) which provides the 
site for microtubule nucleation. 

 

1.1.1 Centrosomes and cell division   

The centrosome, first described in 1887 by the German biologist Theodore Boveri as 

“the organ for cell division”, has been shown to play a vital role in nucleating and 

organising spindle microtubules (MT) during mitosis to ensure faithful segregation of 

chromosomes (Paintrand et al., 1992; Bignold, Coghlan and Jersmann, 2006; Boveri, 

2008). However, more recent studies have revealed that many cells which lack 

centrosomes, such as higher plant cells and oocytes, still have a robust ability to form 

bipolar mitotic/meiotic spindles (Dumont and Desai, 2012; Masoud et al., 2013). 

Additionally, it had been shown that in most cells, genetic or physical removal of the 

centrosome does not prevent the formation of a bipolar mitotic spindle and subsequent 

segregation of chromosomes (Lerit and Poulton, 2016). It is now understood that several 

non-centrosomal pathways exist which can nucleate MTs during mitosis in addition to 

or instead of centrosomal MT nucleation including: MT nucleation from mitotic 
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chromatin (Karsenti and Vernos, 2001; Gruss and Vernos, 2004; O’Connell and 

Khodjakov, 2007), the Augmin complex which nucleates MTs from existing MTs 

(Goshima et al., 2008; Lawo et al., 2009; Goshima and Kimura, 2010; Sánchez-Huertas 

and Lüders, 2015) and acentrosomal MTOCs (aMTOC) in which many components of the 

PCM self-organise in the absence of centrioles to nucleate MTs (Schuh and Ellenberg, 

2007; Moutinho-Pereira, Debec and Maiato, 2009; Kleylein-Sohn et al., 2012; Baumbach 

et al., 2015). The importance of bipolar mitotic spindle assembly and faithful segregation 

of the chromosomes to maintain genomic stability makes it unsurprising that cells have 

more than one method of forming the mitotic spindle. 

Interestingly, whilst it has been shown that the centrosome is not necessary for cell 

division to occur, the absence of functional centrosomes comes with a cost. In 

drosophila, research suggests that the centrosome is dispensable in most cells (Megraw, 

Kao and Kaufman, 2001; Basto et al., 2006; Blachon et al., 2008), however, as is seen 

with the developing fly wing disc, a significant fraction of cells without centrosomes 

develop increased rates of aneuploidy and DNA damage, often leading to apoptosis 

(Poulton, Cuningham and Peifer, 2014). Additionally, it has been demonstrated that the 

centrosome is required in early drosophila embryo development, specifically for the first 

division of a newly fertilised egg (Stevens et al., 2007; Rodrigues-Martins et al., 2008) 

and that embryos defective for key PCM proteins have aberrant mitotic spindles and 

damaged DNA (Megraw et al., 1999; Vaizel-Ohayon and Schejter, 1999; Varmark et al., 

2007; Lerit et al., 2015). Similar results have also been demonstrated in C. elegans where 

depletion of centrosome maturation factor Air-1 resulted in aberrant spindles, sever 

aneuploidy and embryonic lethality (Schumacher et al., 1998). Although the centrosome 

appears non-essential to invertebrate cell division, in vertebrates, the lack of functional 

centrosomes has been shown to induce chromosome segregation errors, leading to loss 

of cell viability (reviewed in Conduit, Wainman and Raff, 2015). Indeed, centrosome loss 

in cultured chicken cells has been shown to result in slower rates of mitosis, perturbed 

chromosome segregation, DNA damage, aneuploidy and often leads to cell death (Sir et 

al., 2013). Similarly, centrosome loss in mouse embryos and cultured mammalian cells 

has been shown to increase the rates of cell apoptosis (Bazzi and Anderson, 2014; 

Insolera et al., 2014; Wong et al., 2015). Furthermore, mouse embryonic tissues which 
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lack centrosomes have been shown to have significant mitotic delays which result in p53 

activation and subsequent p53-mediated cell apoptosis (Bazzi and Anderson, 2014; 

Insolera et al., 2014). Therefore, whilst cell division can occur in the absence of 

functional centrosomes, the centrosome facilitates the formation of the mitotic spindle 

and progression through mitosis in a timely manner preventing mitotic delays and 

maintaining cell viability. Moreover, centrosomes have been shown to play an important 

role in maintaining genomic stability and cell viability across many different species 

(Debec, 1978; Sir et al., 2013).  

 

1.1.2 The centrosome duplication cycle 

In dividing cells, centrosomes are duplicated in a semi-conservative manner ensuring 

that at mitotic onset only two centrosomes are present to facilitate bipolar spindle 

formation. Failure to properly regulate the centrosome duplication cycle has been linked 

to several human diseases including cancer and microcephaly. The centrosome 

duplication cycle occurs in a 5 step process: in late M phase/ G1 the centrioles disengage 

from one another, in S-phase the centrioles duplicate, in G2 the centrioles elongate and 

the centrosome matures and finally in late G2/M-phase the centrosomes segregate and 

move to the poles of the cell in preparation for bipolar spindle formation (Nigg and 

Stearns, 2011; Mardin, 2014; Fu, Hagan and Glover, 2015) (Figure 1.1.2). Recent 

advances in imaging, proteomics, structural biology and genome editing have provided 

key insights into the centrosome duplication cycle including  its regulation, centriole 

biogenesis and how alterations to the cycle can lead to human disease (reviewed by Nigg 

and Holland, 2018).  
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Figure 1.1.2 The centrosome duplication cycle. Schematic diagram of the centrosome 
duplication cycle. During the G1 phase of cell cycle the two centrioles disengage from one 
another but remain connected by a protein linker. At the transition from G1 to S phase, 
procentrioles form at the proximal end of each parent centriole. During S phase and G2, the 
procentrioles elongate into full sized centrioles and centrosome maturation takes place.  In G2 
the linker is removed and the two centrosomes segregate. Finally, during mitosis the newly 
formed mature centrosomes move to opposite poles and assemble the bipolar mitotic spindle.  

 

1.1.2.1 Centriole disengagement 

The centrosome duplication cycle begins at the end of mitosis when the two centrioles 

disengage from one another. Separation of the two centrioles is a crucial first step as 

the close proximity between the two centrioles is known to block duplication of the 

parent centriole (Tsou and Stearns, 2006; Loncarek et al., 2008; Tsou et al., 2009). 

Disengagement is controlled by the mitotic kinase Polo-like kinase 1 (PLK1) and the 

protein separase which likely cleaves the PCM component pericentrin (PCNT) promoting 

centriole separation (Tsou et al., 2009; Lee and Rhee, 2012; Matsuo et al., 2012). 

Importantly, PLK1-driven separase activity is required both for the separation of 

centrioles and the separation of sister chromatids during mitosis, linking the timing of 

these two events (Tsou et al., 2009). Additionally, the cell cycle kinase Cdk2 is also 
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required for both DNA replication and centriole duplication, where its presence is 

necessary for centriole disengagement and the initiation of centriole duplication 

(Hinchcliffe et al., 1999; Lacey, Jackson and Stearns, 1999).  Synchronising centriole 

disengagement and the DNA cycle ensures that centrosomes cannot duplicate before 

chromosome segregation has taken place, eliminating the possibility of multipolar 

spindles forming and subsequent chromosome missegregation. Upon separation of the 

centrioles, a proteinaceous tether forms between the two ensuring they remain 

localised near one another until the two newly formed centrosomes are finally 

separated in G2 (Mardin and Schiebel, 2012).  

 

1.1.2.2 Centriole duplication  

During G1/S transition, once the centrioles have successfully disengaged, centriole 

duplication begins with the assembly of a procentriole (which will form the new 

daughter centriole) perpendicular to the parent centriole. Centriole duplication is 

initiated by the centrosomal proteins CEP192 and CEP152 which recruit PLK4, the master 

regulator of centriole duplication, to the proximal end of the mother centriole 

(Bettencourt-Dias et al., 2005; Habedanck et al., 2005; Pelletier et al., 2006; Kim et al., 

2013; Sonnen et al., 2013; Park et al., 2014). PLK4 subsequently phosphorylates the 

conserved centriole duplication factor SCL/TAL-interrupting locus protein (STIL) which 

triggers the recruitment of the spindle assembly abnormal protein 6 homologue (SAS-6) 

to the centriole (Dzhindzhev et al., 2014; Ohta et al., 2014; Kratz et al., 2015; Moyer et 

al., 2015). Recruitment of SAS-6 results in the formation of the procentriole scaffold 

structure known as the cartwheel. The cartwheel consists of an internal ring composed 

of nine SAS-6 homodimers from which nine ‘spokes’ protrude to connect the nine 

triplets of microtubules that make up the centriole wall (Nakazawa et al., 2007; 

Gopalakrishnan et al., 2010; Kitagawa et al., 2011; van Breugel et al., 2011, 2014; 

Guichard et al., 2012; Arquint and Nigg, 2016; Marteil, Dias Louro and Bettencourt-Dias, 

2017). Thus PLK4, STIL and SAS-6 are crucial regulators of centriole duplication.  
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1.1.2.3 Centriole elongation  

During S-phase, following the formation of the procentriole cartwheel structure, the 

procentriole elongates to form a full-length centriole.  Elongation begins with the 

recruitment of centrosomal P4.1-associated protein (CPAP) to the cartwheel where it 

binds centrosome-associated protein 135 (CEP135) and stabilises the cartwheel 

structure (Lin et al., 2013).  CPAP, along with CEP135 and -tubulin, then regulate the 

deposition of centriolar microtubules around the cartwheel (Kleylein-Sohn et al., 2007). 

CEP135 connects SAS-6 to CPAP, bridging the gap between the SAS-6 homodimers and 

the microtubules (Lin et al., 2013).  Importantly, CP110 localises to the distal end of the 

elongating procentriole and acts as a cap to limit microtubule growth, thereby regulating 

centriole size (Tsang et al., 2008; Lee et al., 2017).  

 

1.1.2.4 Maturation of the centrosome 

Towards the end of G2, following centriole elongation, the PCM expands significantly in 

a process termed centrosome maturation. Maturation of the centrosomes is governed 

by PLK1 which localises Cep192, CDK5RAP2, pericentrin, Nedd1 and  -tubulin  to the 

centrosome (Haren, Stearns and Lüders, 2009; Zhang et al., 2009; Lee and Rhee, 2011; 

Fu and Glover, 2012). Furthermore, Aurora A has been shown to play a role in both the 

phosphorylation/activation of PLK1 and additionally in the enrichment of multiple 

centrosomal factors, including the transforming acidic coiled-coil protein 3 (TACC3) to 

the centrosome (Giet et al., 2002; Barros et al., 2005; Kinoshita et al., 2005; Macůrek et 

al., 2008). The recruited PCM proteins then activate the -TuRCs which are required for 

microtubule nucleation and mitotic spindle assembly (reviewed by Ito and Bettencourt-

Dias, 2018). Importantly, the PCM is only present around the mother centriole, however, 

during disengagement of the centrioles at G1 phase, PLK1 regulates the daughter 

centriole becoming competent and recruiting a PCM of its own (reviewed by Fu, Hagan 

and Glover, 2015). Additionally, in G2/M-phase the daughter centriole becomes fully 

mature by acquiring the appendages that are characteristic of a mother centriole in a 

process that is once again regulated by PLK1 (Kong et al., 2014).  
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1.1.2.5 Centrosome segregation 

At the end of G2, in preparation for mitosis, the two newly formed centrosomes 

separate and move to either pole of the cell to facilitate formation of the bipolar spindle. 

Centrosome segregation entails a two-step process, first the physical linker that binds 

the two centrosomes via their mother centrioles is severed and then force-dependent 

separation and movement of the two centrosomes occurs.  

The centrosomal linker is composed of several proteins including C-Nap1 (CEP250), 

rootletin, CEP68 and LLRC45 (Mayor et al., 2000; Bahe et al., 2005; Yang, Adamian and 

Li, 2006; Graser et al., 2007; He et al., 2013). At the proximal ends of the two mother 

centrioles is a CEP250 ring  which acts as an anchor for the filament-like proteins 

rootletin and LLRC45 which form the body of the linker (Yang, Adamian and Li, 2006; He 

et al., 2013; Panic et al., 2015; Vlijm et al., 2018). Specifically, a rootletin ring is organised 

at the CEP250 ring from which additional rootletin/Cep68 fibres and LLRC45 emanate 

and form a web like structure which provides flexibility to the linker (Vlijm et al., 2018). 

During the G2/M transition, the centrosomal linker is severed by the NIMA-related 

kinase 2A (Nek2A) which phosphorylates the linker proteins resulting in their 

disassociation from the centrosome and subsequent dissolution of the linker (Mayor et 

al., 2000; Bahe et al., 2005; Graser et al., 2007; Nigg and Stearns, 2011; Mardin and 

Schiebel, 2012; He et al., 2013). Following removal of the linker, force-dependent 

separation and movement of the centrosomes occurs under the control of motor 

proteins. The kinesin related plus-end-directed motor Eg5 is the main force generator 

responsible for centrosome separation, acting through anti-parallel microtubule sliding 

to physically push the centrosomes apart from one another (reviewed in Mardin and 

Schiebel, 2012). In fact, the strong force generated by Eg5 is sufficient to separate the 

two centrosomes even in the presence of an intact centrosomal linker (Mardin et al., 

2010). Inhibition of Eg5 results in prometaphase arrest and the formation of a 

monopolar spindle (Whitehead and Rattner, 1998; Kapoor et al., 2000). The activity of 

Eg5 is regulated by PLK1, which during prophase phosphorylates and activates the 

NIMA-related kinase Nek9, which in turn phosphorylates Nek6 and Nek7. Activated 

Nek6 then phosphorylates Eg5 targeting it to the centrosome resulting in Eg5 binding to 

MTs and enabling centrosome separation (Blangy et al., 1995; Roig et al., 2002, 2005; 
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Belham et al., 2003; Bertran et al., 2011; Mardin et al., 2011; Smith et al., 2011). In 

addition, nuclear envelope (NE)- associated dynein works in conjunction with Eg5 to 

separate centrosomes by pulling the centrosomes along the NE (Raaijmakers et al., 

2012; Raaijmakers and Medema, 2014). Following successful separation of the 

centrosomes and movement to opposite poles, each centrosome nucleates a 

microtubule array, forming a bipolar spindle which connects to and faithfully segregates 

the chromosomes into two daughter cells. 

 

1.2 Centrosome amplification and cancer 

A link between centrosome abnormalities and cancer was first proposed in the 19th 

century by Theodore Boveri who hypothesised that supernumerary centrosomes would 

lead to multipolar cell division resulting in malignant transformation due to genomic 

instability (Boveri, 1888, 2008). Using dispermic sea urchin eggs, which harbour extra 

centrosomes (as the sperm provides the centrosome during embryogenesis), Boveri 

observed the development of multipolar spindles and the subsequent asymmetric 

division of chromosomes into 3 or more highly aneuploid daughter cells (Figure 1.2).  

 

 

Figure 1.2 Theodor Boveri drawing of dispermic sea urchin eggs based on his microscopy 
observations. Theodor Boveri’s observation that amplified centrosomes (a-d) in a fertilised sea 
urchin egg resulted in uneven chromosome distribution (I-IV) and multipolar cell division, 
resulting in aneuploid daughter cells. He therefore hypothesised that supernumerary 
centrosomes could generate genetic instability and facilitate tumourigenesis (Boveri, 1888).  
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He found the resultant progeny to have different developmental characteristics which 

provided the first ever indication that chromosomes are important for cellular traits 

(Boveri, 1887, 1888). This finding, along with the contribution of his contemporaries 

Gino Galeotti and David von Hansemann who showed abnormal cell division to be a 

common feature of human tumours, led to Boveri’s later hypothesis that supernumerary 

centrosomes drive tumourigenesis by triggering aneuploidy (Hansemann, 1890; 

Galeotti, 1893; Boveri, 2008). However, whilst Hansemann’s work did show the frequent 

presence of asymmetric cell division and aneuploid progeny in tumours, he also 

observed faulty mitoses in benign lesions and therefore suggested they were not the 

cause of cancer (Hardy and Zacharias, 2005). Thus, whilst Boveri was in favour of 

chromosome segregation errors driving tumourigenesis, Hansemann was not. Indeed, 

many remained sceptical of the role of abnormal mitoses in the development of cancer 

and instead research remained focussed on the discovery of cancer-causing mutations. 

In the late 1990s, however, it was discovered that the loss of the key tumour suppressor 

p53 was associated with centrosome defects which led to renewed interest in the role 

of centrosome defects in tumourigenesis (Fukasawa et al., 1996). Following this 

discovery, extensive research has established centrosome abnormalities to be a 

common feature of both solid and haematological malignancies (reviewed in Chan, 

2011).  

 

1.2.1 Centrosome abnormalities in cancer 

Centrosome abnormalities can be classified as either structural or numerical aberrations 

where structural aberrations constitute defects in either centriole size/structure or 

alterations in the amount of PCM surrounding the centrosomes and numerical 

aberrations can include centrosome amplification or centrosome loss (reviewed by Nigg, 

2006). Currently numerical aberrations are far better characterised than structural ones 

owning to the difficulties in identifying structural abnormalities. As Centrioles are close 

to the limits of optical resolution of light microscopy at 0.2-0.5µM in length, specialised 

fluorescence microscopy is required to identify differences between structural and 

numerical anomalies. Historically, PCM markers have been used to analyse centrosomal 
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changes, however interpreting these changes as purely structural or numerical is 

difficult. For example, although increases in PCM is a characteristic of structural 

abnormalities, similarly increased PCM is observed when supernumerary centrosome 

cluster together in interphase constituting a numerical defect (D’Assoro et al., 2002a; 

Lingle et al., 2002; Nigg, 2006; Guo et al., 2007; Godinho et al., 2014). Thus, PCM markers 

alone cannot distinguish structural from numerical aberrations. As many studies 

analysing centrosome anomalies in tumour samples use PCM markers only, it is difficult 

to distinguish between the role of numerical and structural aberrations in cancer 

development and progression. To aid in the distinction between numerical and 

structural aberrations, it is now widely accepted that the use of bona fide centriole 

labelling is necessary. However, as structural abnormalities caused by increased 

centriole length can also result in centriole fragmentation, it is still possible to confuse 

the presence of fragmented centrioles with amplified centrioles (Kohlmaier et al., 2009). 

Therefore, more accurate methods to distinguish and classify centrosome abnormalities 

are required to gain further insight into how different centrosome aberrations affect the 

tumour landscape.  

Currently numerical aberrations, specifically centrosome amplification have been 

described as the most prevalent centrosomes defect in human cancers where the 

presence of extra centrosome has been identified in the majority of human tumour 

types including breast, prostate, colon, ovarian and pancreatic cancers (Lingle et al., 

1998; Pihan et al., 1998; Sato et al., 1999; Nigg, 2002; Giehl et al., 2005; Hsu et al., 2005; 

Krämer, Neben and Ho, 2005; Chan, 2011).  Furthermore, centrosome amplification has 

been shown to correlate with high-grade tumours and poor prognosis as well as tumour 

recurrence and metastasis (Pihan et al., 2001; D’Assoro et al., 2002a; Yamamoto et al., 

2004; Reiter et al., 2009; Chan, 2011). Currently the exact role of supernumerary 

centrosomes in tumour development and progression is unclear. However, amplified 

centrosomes have also been observed in early, low-grade lesions indicating that 

supernumerary centrosomes may play a driving role in tumourigenesis (Lingle et al., 

2002; Pihan et al., 2003; Segat et al., 2010; Lopes et al., 2018). Thus, understanding the 

link between centrosome amplification and disease progression may provide important 

new targets for therapy and biomarker development. 
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1.2.2 Causes of centrosome amplification 

Whilst it is still unclear how centrosome amplification arises in cancer; a few different 

methods have been shown to lead to its initiation. An important contributor to the 

overduplication of centrosomes is the dysregulation of the centrosome cycle, which can 

lead to centriole overduplication or overexpression of PCM proteins (reviewed in 

Godinho and Pellman, 2014). As previously described in this chapter, the centrosome 

duplication cycle is tightly regulated by crucial positive and negative regulators to ensure 

centrosomes are duplicated in a timely manner and only once per cell cycle (Nigg and 

Stearns, 2011; Brownlee and Rogers, 2013). Although these regulators are rarely 

mutated, centrosomal proteins are often found to be over or under expressed in cancer 

(Nigg and Raff, 2009; Chan, 2011; Gönczy, 2015). One major route to supernumerary 

centrosomes is dysregulation of centriole duplication through destabilisation of key 

centriolar proteins. For example, overexpression of PLK4, the master regulator of 

centriole duplication, leads to over duplication of centrioles and subsequent 

centrosome amplification (Habedanck et al., 2005; Kleylein-Sohn et al., 2007). 

Conversely, loss of PLk4 results in decreased centriole numbers (O’Connell et al., 2001; 

Bettencourt-Dias et al., 2005; Habedanck et al., 2005). Levels of PLK4 are tightly 

regulated throughout the cell cycle via its own autophosphorylation which leads to 

SCFβTrCP/ubiquitin-dependent proteolysis (Cunha-Ferreira et al., 2009; Rogers et al., 

2009; Guderian et al., 2010; Holland et al., 2010; Sillibourne et al., 2010; Brownlee et al., 

2011). In fact, it has been suggested that in some tumours, supernumerary centrosomes 

may arise from deregulation of ubiquitin regulators leading to over or under expression 

of centriolar components. For example, decreased expression of the ubiquitin ligase 

βTrCP has been shown to result in PLK4 stabilisation leading to amplified centrosomes 

(Wojcik, Glover and Hays, 2000; Guardavaccaro et al., 2003; Cunha-Ferreira et al., 2009; 

Rogers et al., 2009). Additionally, levels of the centriole capping protein CP110 are 

regulated by SCFcyclinF/ubiquitin-dependent proteolysis and the deubiquitinating enzyme 

USP33. Overexpression of USP33 has been shown to induce centrosome amplification 

through increased CP110 levels (Li et al., 2013). Supporting the notion that deregulation 

of ubiquitin regulators leads to amplified centrosomes through stabilisation of key 

centriolar proteins.  
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Another instance of centriole overduplication resulting in centrosome amplification is in 

High-risk human papillomavirus (HPV)-associated tumours. The HPV-16 E7 oncogene 

has been shown to induce centriole overduplication by increasing PLK4 mRNA levels 

(Korzeniewski, Treat and Duensing, 2011). Thus, regulation of centriole duplication can 

be affected at the transcriptional level. Importantly, the levels of PLK4 mRNA are 

negatively regulated through p53 which recruits histone deacetylases (HDAC) to the 

promoter of PLK4 repressing transcription (Li et al., 2005). Therefore, indicating that p53 

loss could lead to increased PLK4 levels, a view that has been supported by the 

observation that p53 loss in mouse fibroblasts is associated with centrosome 

amplification (Fukasawa et al., 1996). On the converse however, analysis of p53-/- 

mouse brains indicated no change in centrosome number  (Marthiens et al., 2013). 

Highlighting that whilst p53 loss may play a contributory role in the development of 

centrosome amplification, it is not sufficient to induce it alone.  

In addition to centriole overduplication, overexpression of key PCM components such 

as pericentrin and -tubulin can also induce centrosome amplification (Loncarek et al., 

2008). It has been demonstrated that upon loss of the tumour suppressor BRAC1, -

tubulin levels become elevated resulting in supernumerary centrosomes (Starita et al., 

2004). Disruption of cell cycle progression can lead to re-duplication of centrioles. 

Prolonged G2 arrest can lead to PLK1 activation which promotes premature centrosome 

maturation and disengagement prior to mitosis resulting in reduplication of centrioles 

(Lončarek, Hergert and Khodjakov, 2010). Therefore, DNA damage may induce 

centrosome amplification by elongating the time spent in G2 phase. Another mechanism 

of generating supernumerary centrosomes is through the formation of tetraploid cells, 

which can arise from cytokinesis failure, mitotic slippage or cell-cell fusion (Andreassen 

et al., 2001; Fujiwara et al., 2005) . Furthermore, over-elongation of the centrioles can 

result in their fragmentation which also promotes centrosome amplification (Marteil et 

al., 2018).  
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1.2.3 p53 activation  

Despite the maintained presence of centrosome amplification in cell lines and tumours, 

extra centrosomes have been shown to have a deleterious effect on cell proliferation 

and survival. This fitness disadvantage appears to arise from centrosome amplification-

associated p53 and subsequent p21 stabilisation resulting in G1 cell cycle arrest and 

decreased proliferation (reviewed in Rhys and Godinho, 2017; Nigg and Holland, 2018). 

In fact, it has been shown that supernumerary centrosomes arising from both centriole 

over-duplication and tetraploidisation trigger cell cycle arrest through p53 stabilisation 

(Holland et al., 2012; Ganem et al., 2014). Thus, highlighting that regardless of the 

method of amplification, extra centrosomes on their own confer a survival disadvantage 

to cells in culture. Interestingly, however, tetraploid cells have been shown to maintain 

a growth advantage and induce tumourigenesis, with strong evidence now indicating 

that a large proportion of human tumours may originate from tetraploid cells (Zack et 

al., 2013). Additionally, the established presence of supernumerary centrosomes in cell 

lines and human tumours indicates that cells must acquire further genetic alterations to 

enable them to overcome the fitness disadvantage associated with extra centrosomes. 

One important genetic alteration is loss of p53 which has been shown to rescue the 

detrimental effects of centrosome amplification enabling cells to not only survive and 

proliferate in the presence of but also maintain supernumerary centrosomes (Holland 

et al., 2012). Furthermore, work performed to identify modulators of p53-mediated 

arrest in tetraploid cells with amplified centrosomes revealed a role for the large tumour 

suppressor kinase 2 (LATS2) in arresting tetraploid cells in G1. LATS2 was found to be 

phosphorylated in cells with extra centrosomes which lead to activation of the Hippo 

pathway and subsequent proliferation defects (Ganem et al., 2014) (See Figure 1.2.3). 

Additionally, decreased RhoA activity has been observed in cells with extra centrosomes, 

which also leads to activation of the Hippo pathway (Ganem et al., 2014; Godinho et al., 

2014). Decreased RhoA activity is likely due to centrosome amplification-associated 

increases in microtubule nucleation which results in the hyperactivation of the RhoA 

antagonist Rac1 (Sander et al., 1999; Godinho et al., 2014). Similarly, amplified 

centrosomes have been found to activate PIDDosome components which leads to p53 

stabilisation through Caspase-2 mediated cleavage of the p53 regulator MDM2 (Fava et 
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al., 2017) (See Figure 1.2.3). Thus, it is possible that disruption of the Hippo pathway or 

PIDDosome activation may facilitate survival of cells with extra centrosomes.  

Although cancer cells can overcome the deleterious effects of amplified centrosomes 

through additional genetic alterations, it is still somewhat surprising that 

supernumerary centrosomes are such a common feature of human malignancies. 

Therefore, their maintained presence may suggest amplified centrosomes confer an 

advantage to tumourigenesis that outweighs their detrimental effects and warrants 

their preservation. 

 

Figure 1.2.3 Mechanisms of centrosome amplification-induced p53-mediated cell cycle arrest. 
Supernumerary centrosomes can result in Hippo pathway or PIDDosome activation leading to 
p53 stabilisation and cell cycle arrest.  
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1.2.4 Coping with extra centrosomes  

In the 18th century, Theodore Boveri hypothesized that supernumerary centrosomes 

would cause multipolar mitoses, inducing high levels of genetic instability and facilitating 

the formation of tumours (Boveri, 2008). It is unlikely, however, that this correlation is 

a result of centrosome amplification-induced multipolar cell division as recent studies 

have shown multipolar mitoses to result in catastrophic levels of aneuploidy and 

subsequent cell death (Ganem, Godinho and Pellman, 2009; Godinho and Pellman, 

2014) (Figure 1.2.4). In fact, it has been demonstrated that in mouse neuronal stem cell 

where centrosome amplification leads to multipolar mitosis’s, the resultant high levels 

of aneuploidy lead to developmental defects but not cancer (Marthiens et al., 2013). 

Therefore, multipolar cell division render a significant barrier to the survival of cells with 

supernumerary centrosomes and are thus detrimental to tumour formation. Instead, 

cells with extra centrosomes have been found to supress multipolar cell division 

thorough a process termed “centrosome clustering”, where centrosomes are coalesced 

into two poles. This phenomenon was first discovered through work performed in the 

N1E-115 mouse neuroblastoma cell line in which almost 100% of cells have extra 

centrosomes (Ring, Hubble and Kirschner, 1982). Amplified centrosomes were shown to 

cluster into two poles, enabling the formation of a bipolar spindle allowing chromosome 

segregation into two daughter cells (Ring, Hubble and Kirschner, 1982) (see Figure 

1.2.4). Following this finding, many cancer cell lines with high levels of centrosome 

amplification (>30% of cells with supernumerary centrosomes) have been shown to 

efficiently cluster centrosomes (Ring, Hubble and Kirschner, 1982; Brinkley, 2001; 

Quintyne et al., 2005; Kwon et al., 2008; Ganem, Godinho and Pellman, 2009). In fact, 

to date, centrosome clustering is the best characterised mechanism employed by cells 

with amplified centrosomes, to avoid the detrimental effects of multipolar mitoses.  
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Figure 1.2.4 Coping with supernumerary centrosomes. Supernumerary centrosomes can result 
in i) multipolar cell division, where chromosomes are separated into three or more daughter 
cells resulting in gross aneuploidy and poor survival or ii) pseudo-bipolar cell division, facilitated 
by centrosome clustering, where chromosomes are segregation into two daughter cells only 
resulting in little to no aneuploidy and cell survival.  

 

1.2.5 Centrosome amplification and tumourigenesis 

1.2.5.1 Chromosome instability (CIN)  

Since Boveri’s initial hypothesis, a strong correlation has been identified between 

centrosome amplification and chromosome instability (CIN) in human cancers and 

aneuploidy and CIN have been shown to facilitate the formation of tumours (Weaver et 

al., 2007; Zyss and Gergely, 2009; Chan, 2011). However, as centrosome amplification 

induced multipolar mitoses are detrimental to cell viability and proliferation, they do 

not explain the link between centrosome amplification and CIN, suggesting another 

mechanism is involved. In fact, centrosome clustering is now known to induce low levels 

of aneuploidy and CIN due to the increased formation of erroneous merotelic 

attachments, which can result in the formation of lagging chromosomes (Cimini, 2008; 

Ganem, Godinho and Pellman, 2009; Silkworth et al., 2009). If undetected by the spindle 

assembly checkpoint (SAC), lagging chromosomes can result in DNA damage, 

chromothripsis and the formation of micronuclei (Cimini, 2008; Janssen et al., 2011; 

Stephens et al., 2011; Crasta et al., 2012; Wang et al., 2014). Therefore, centrosome 

clustering enables cell survival, whilst also affording the cells losses or gains of genetic 
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material, which explains the observed correlation between centrosome amplification 

and CIN in tumours (Chan, 2011; Gönczy, 2015). Importantly, these centrosome 

amplification-associated chromosomal defects, both numerical and structural may 

facilitate tumourigenesis (Weaver et al., 2007; Holland and Cleveland, 2012). Whilst the 

exact mechanism behind this is unknown, it is believed that these defects drive genetic 

instability and heterogeneity which provides cancer cells with advantageous features 

that enable tumours to evolve and avoid cell death (reviewed in Nigg and Holland, 2018).  

 

1.2.5.2 Microtubule nucleation, cell polarity and motility 

In non-dividing cells, the centrosome plays an important role in organising microtubule 

(MT) arrays which affect cell polarity, cell motility and cell signalling (Bettencourt-Dias 

and Glover, 2007). During interphase, amplified centrosomes can be clustered into one 

“super centrosome” which recruits a large PCM affording these cells a heightened 

capacity for MT nucleation (D’Assoro et al., 2002b; Lingle et al., 2002). Therefore, 

amplified centrosomes may  also influence tumour biology by affecting MT nucleation 

and altering the subsequent associated cellular processes (Godinho and Pellman, 2014). 

Indeed, centrosome amplification-linked increases in MT nucleation have been 

correlated with high grade breast cancer independent of aneuploidy generation 

(Salisbury, D’Assoro and Lingle, 2004). Centrosome position and the direction of MT 

nucleation plays a major role in establishing cell polarity, determining cell shape and 

motility (Tang and Marshall, 2012). In fact in neurons, the direction of MT nucleation 

can determine the site of axon outgrowth and can affect the direction of migration by 

altering the positioning of the Golgi to the leading edge (Tang and Marshall, 2012). 

Additionally, increase MT nucleation can alter focal adhesion (FA) disassembly which is 

key for cell migration and regulated by MTs (Stephens et al., 2012). Therefore, whilst 

further study is necessary, in theory, super centrosomes have the potential to induce 

stronger polarisation and subsequently alter cell motility (Godinho and Pellman, 2014). 
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1.2.5.3 Cell Invasion 

The ability of a super centrosome to nucleate more MTs may also affect cell invasion 

through activation of the Rho GTPases (Lozano, Betson and Braga, 2003). For example, 

MT depolymerization induces RhoA activation and MT polymerisation activates Rac1 

resulting lamellipodia formation and cell migration by inducting Arp2/3-mediated actin 

polymerisation (Waterman-Storer et al., 1999; Yuan-Chen et al., 2008). Indeed using a 

3D culture model, Godinho et al have demonstrated that increased MT nucleation as a 

result of centrosome amplification leads to increased Rac1 activity, the formation of 

invadopodia, decreased cell-cell adhesion and subsequent cell invasion. Importantly, 

this result was shown to be independent of the degree of aneuploidy (Godinho et al., 

2014). Furthermore, recent work performed by Ganier et al has demonstrated that 

centrosome structural abnormalities also result in the formation of invasive protrusions. 

The authors show that the induction of centrosome structural aberrations trigger basal 

cell extrusion of damaged cells (Ganier, Schnerch and Nigg, 2018), suggesting that 

centrosome aberrations as a whole have the capacity to induce invadopodia formation 

and cell invasion.  

Importantly, a more recent study from our laboratory has shown centrosome 

amplification to drive non-cell-autonomous invasion in 3D mammary organoids and 

zebrafish models (Arnandis et al., 2018). Our work shows cells with extra centrosomes 

have an extra centrosomes-associated secretory phenotype (ECASP) which includes 

increased secretion of interleukin-8 (IL-8) and results in paracrine cell invasion through 

activation of human epidermal growth factor receptor 2  (HER-2) signalling. Moreover, 

we show that centrosome amplification induces oxidative stress in the human breast 

cell line MCF10A through increased levels of reactive oxygen species (ROS). These 

increases in ROS were shown to be responsible for the ECASP and subsequent paracrine-

mediated cell invasion (Arnandis et al., 2018). Crucially our work highlights that cells 

with supernumerary centrosomes have the capacity to alter the behaviours of 

surrounding cells, indicating that these cells may have further and more far-reaching 

impact on tumourigenesis.  

Therefore, the ability of cells with amplified centrosomes to increase cell invasion, 

whether it be autocrine or paracrine, may at least in part, explain the observed 
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association between centrosome amplification and advanced disease and metastasis 

(Godinho and Pellman, 2014).  

 

1.2.5.4 Cell signalling 

The centrosome has been established as a cellular signalling platform for many years, 

where it has been shown to concentrate signalling molecules and enhance signalling 

specificity (reviewed in Godinho and Pellman, 2014). One clear example, is the 

regulation of mitotic entry in fission yeast, where the centrosome/spindle body pole acts 

as a hub to regulate mitotic entry by amplifying cyclinB/cdk1 activity and circulating the 

signal throughout the cell (Hagan and Grallert, 2013). Centrosomal regulation of mitotic 

entry appears to be a widely conserved mechanism as it has been observed in C.elegans, 

Xenopus eggs and in human cells.  

The role of the centrosome as a signalling platform has been strengthened by proteomic 

analysis of purified centrosomes, which identified members of multiple signalling 

pathways as being associated with the centrosome (Andersen et al., 2003; Jakobsen et 

al., 2011). In fact, components of the Wnt, NF-κ B and integrin signalling pathways which 

can affect tumourigenesis, can associate with the centrosome (Fielding et al., 2008; 

Kfoury et al., 2008; Itoh et al., 2009). In addition, the centrosome is a known core for 

ubiquitin-mediated proteolysis (Wigley et al., 1999). For example, upon bone 

morphogenic protein (BMP) signalling, phosphorylated and polyubiquitinated Smad1 

becomes localized at the centrosome. In fact, following inhibition of the proteasome, 

the levels of phospho-Smad1 at the centrosomes greatly increases, therefore indicating 

that the centrosome may also act as a platform for proteasome-mediated degradation 

(Fuentealba et al., 2007). The centrosome, therefore, has been shown to act as a 

signalling hub, sequestering signalling proteins and promoting phosphorylation and 

degradation as necessary. Thus, it is likely, that centrosome aberrations would affect 

centrosome-mediated cellular signalling and contribute to the deregulated signalling 

often observed in cancer (Godinho and Pellman, 2014). 
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1.2.5.5 Transgenic mouse models 

Whilst a link between centrosome amplification and tumourigenesis has been 

postulated for many years, the role of extra centrosomes on tumour initiation and 

development remained largely untested in mammalian models until recently. However, 

the development of transgenic mouse models in which overexpression of PLK4 can be 

exploited to induce centrosome amplification has enabled further investigation into the 

role of supernumerary centrosomes in cancer development and progression. These 

models revealed that transient PLK4 overexpression leading to centrosome 

amplification in mice accelerates tumourigenesis in absence of the tumour suppressor 

p53 (Coelho et al., 2015; Serçin et al., 2015). Specifically, Serçin et al showed that in p53 

deficient mice, transient PLK4 overexpression in the mouse epidermis resulted in 

centrosome amplification and subsequent formation of tumours in the skin. 

Interestingly, prior to tumour formation, centrosome amplification in epidermal cells 

significantly decreased. The relatively short-lived presence of amplified centrosomes in 

the mouse epidermis, was sufficient to induce aneuploidy and resulted in spontaneous 

tumours in the absence of p53. Suggesting therefore that centrosome amplification may 

play a role in the development of these skin tumours (Serçin et al., 2015). Similarly, work 

performed by Coelho et al utilising inducible ubiquitous overexpression of PLK4 in p53 

knock out mice, revealed that centrosome amplification advanced the onset of tumours, 

primarily lymphomas and sarcomas (Coelho et al., 2015). In this study, hyperplasia of 

the pancreas and skin was also observed, although tumours did not develop in these 

areas. It is possible, however, that tumours did not form in these areas as the mice 

succumb early to lymphoma and sarcoma, preventing sufficient time for pancreatic 

cancer and/or skin cancer development (Coelho et al., 2015). Together these studies 

indicate that upon loss of p53, centrosome amplification accelerates tumourigenesis.  

Conversely, however, when an alternative mouse model was used to generate extra 

centrosomes, where PLK4 overexpression was ubiquitous, centrosome amplification did 

not induce or accelerate tumourigenesis even in the absence of p53 (Vitre et al., 2015). 

The exact reasons for these different observations are unknown, however, the different 

method for generating amplified centrosome may be accountable. It is possible that 

whilst transient overexpression of PLK4 is permissive to tumourigenesis, ubiquitous 
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overexpression is detrimental to the process. Furthermore, an additional study 

evaluating centrosome amplification on tumour formation in the mouse brain, found 

that extra centrosomes do not induce brain tumours but instead leads to microcephaly 

(Marthiens et al., 2013). Thus, indicating that centrosome amplification associated 

tumourigenesis is tissue dependent.  

Interestingly, a more recent study performed by (Levine et al., 2017) demonstrated that 

centrosome amplification was sufficient to promote tumourigenesis in mice with wild-

type (WT) p53. The authors showed that transient overexpression of PLK4 throughout 

the mice leads to centrosome amplification and subsequently results in the 

development of spontaneous tumours with high levels of genomic instability that have 

lost p53. These genomic effects strongly suggest that supernumerary centrosomes are 

not mere by-standers, but induce mitotic errors resulting in malignant karyotypes 

promoting tumourigenesis (Levine et al., 2017). These contradictory observations on the 

necessity of a p53 null background may be attributed to the use of different mouse 

models in the studies. Spontaneous tumour formation in the presence of WT p53 was 

induced by a single copy of the PLK4 transgene knocked into the COI1a1 locus resulting 

in a modest increase in PLK4 levels and relatively low levels of centrosome amplification 

(Levine et al., 2017). In the other models (described above), the PLK4 transgene is 

expressed at much higher levels leading to higher centrosome amplification. It is 

possible that small increases in centrosome number facilitate tumour development in a 

WT p53 background, whereas larger increases in centrosome number may be 

detrimental to cells (Levine et al., 2017). Furthermore, Lopes et al demonstrated the 

presence of amplified centrosomes in during Barrett’s esophagus tumourigenesis, 

where extra centrosomes were identified in the premalignant condition through to 

dysplasia and throughout malignant transformation and metastasis. This work showed, 

as has been previously described, that widespread centrosome amplification required 

p53 loss (Chan, 2011; Lopes et al., 2018), however, low incidence of centrosome 

amplification does arise in a p53 WT background (Lopes et al., 2018). Providing further 

evidence to suggest a role for centrosome amplification in the initiation and progression 

of tumourigenesis.  
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The work performed using mouse models of centrosome amplification highlights 

potential roles for supernumerary centrosomes in both initiating tumour formation and 

cancer progression. The presence of extra centrosomes in both early and late stages of 

disease indicate that centrosome amplification may be a promising marker for both 

early and late stage cancer development, highlighting the potential benefit of 

developing a biomarker for centrosome amplification.  

 

1.3 Pancreatic cancer 

1.3.1 Incidence and mortality rates 

Pancreatic cancer, one of the most aggressive solid malignancies, is the 5th leading cause 

of cancer related deaths in the UK (Cancer Research UK, 2019). This highly lethal cancer 

is associated with very poor prognosis, and mortality rates associated with the disease 

closely parallel incidence rates (Kamisawa et al., 2016). In fact, following diagnosis, 

patients suffering from pancreatic cancer have a median survival rate of 6 months and 

a 5-year survival rate of only 3% (Siegel, Miller and Jemal, 2019). This dismal prognosis 

is attributed to the absence of detectable symptoms during early stages of the disease, 

a lack of reliable biomarkers and aggressive metastasis which leads to poor response to 

treatment (Maitra and Hruban, 2008). As early stages of the disease are symptomless,  

at diagnosis, around 50% of patients present with late stage metastatic disease 

(Adamska, Domenichini and Falasca, 2017). Furthermore, autopsy reports have 

indicated that around 90% of pancreatic cancer related deaths are attributed to 

complications due to distant metastasis (Kamisawa et al., 1995). Shockingly, whilst 

significant strides have been made to improve the 5-year survival rates of patients 

suffering from other common cancers such as breast, prostate and bowel, survival rates 

for patients with pancreatic cancer have not improved (see Figure 1.3.1; Cancer 

Research UK, 2019). Moreover, incidences of pancreatic cancer have risen by 15% over 

the past 30 years (Rahib et al., 2014). With the current lack of significant advances in 

detection or treatment, pancreatic cancer is predicted to become the second leading 

cause of cancer related deaths, behind lung cancer, by 2030 (Rahib et al., 2014). Clearly, 

pancreatic cancer represents an area of unmet clinical need, where advancements in 
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early detection and novel therapeutics are desperately required to improve clinical 

outcome.  

 

 

Figure 1.3.1 Improvements in cancer 5-year survival rates.  Changes in 5-year survival rates for 
the 5 most common UK cancers from 1981-2010. Significant improvement is observed in the 5-
year survival of patients suffering prostate, breast and bowel cancer. Little improvement is 
observed in patients suffering lung or pancreatic cancer (data from Cancer Research UK, 2019). 

 

1.3.2 Risk factors for pancreatic cancer 

To date, the development of pancreatic cancer is largely unexplained by any known risk 

factors, and around 90% of cases arise from spontaneous somatic oncogenic mutations 

(Raimondi, Maisonneuve and Lowenfels, 2009; Kamisawa et al., 2016). Pancreatic 

cancer predominately affects the elderly, with the majority of diagnosis occurring in 

patients over 50 and over half of these patients being 70-80 years of age (Kleeff et al., 

2016). Thus, ageing is considered the greatest risk factor for pancreatic cancer. This is 

likely due to advanced age providing time for DNA damage to occur and facilitate 

oncogenic mutations (Raimondi, Maisonneuve and Lowenfels, 2009). Several other risk 

factors have been identified, however, including family history, personal history and 

underlying medical conditions. Around 5-10% of pancreatic cancer incidences are 

familial in origin, and several genetic syndromes are known to result in development of 

the disease (Klein et al., 2004; Hruban et al., 2010).  Such hereditary conditions include: 
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Peutz-Jeghers syndrome which is caused by germline alterations in STK11 (LBK1) 

(Giardiello et al., 1987), familial atypical mole-multiple melanoma (FAMMM) syndrome 

which arises as a result of CDKN2A (p16) mutation (A. M. Goldstein et al., 1995),  familial 

pancreatic cancer caused by PALB2 or ATM germline mutations (Jones et al., 2009; 

Roberts et al., 2012) and hereditary pancreatitis caused by germline mutations in PRSS1 

and SPINK1 (Lowenfels et al., 1997). Additionally, mutations in the BRCA1 gene have 

been shown to increase the risk of breast, ovarian and pancreatic cancer (Couch et al., 

2007; Kamisawa et al., 2016).  

Lifestyle risk factors are believed to be accountable for around 37% of pancreatic cancer 

incidences in the UK (Brown et al., 2018). Smoking tobacco increases the risk of 

developing pancreatic cancer by 75% and around 15-30% of pancreatic cancer cases are 

associated with smoking (Iodice et al., 2008; Parkin, 2011; Bosetti et al., 2012; Whiteman 

et al., 2015). Thus, smoking is the biggest avoidable cause of pancreatic cancer. Heavy 

alcohol consumption has also been shown to increase the risk of developing pancreatic 

cancer (Tramacere et al., 2010; Lucenteforte et al., 2012). This is believed to be due to 

the alcohol-associated development of chronic pancreatitis which is known to increase 

the risk of pancreatic cancer by more than 10-fold (Raimondi et al., 2010). Whilst 

pancreatitis can be hereditary, it accounts for only 1% of the disease, whereas 70% of 

chronic pancreatitis is caused by heavy alcohol consumption. Obesity, low physical 

activity and poor diet including high intake of saturated fats and red and processed meat 

have also been linked to an increased risk of pancreatic cancer (Larsson and Wolk, 2012; 

Bosetti et al., 2013; Rohrmann et al., 2013; Behrens et al., 2015; Genkinger et al., 2015). 

Furthermore, type 2 diabetes mellitus has been associated with an approximate 30% 

increase in the risk of pancreatic cancer (Sah et al., 2013; Bosetti et al., 2014). In fact, 

long term diabetes is believed to double the risk of pancreatic cancer (Bosetti et al., 

2014). However, diabetes, specifically type 3c diabetes, can also be caused by pancreatic 

cancer itself. Therefore, the development of diabetes in elderly patients can lead to a 

pancreatic cancer diagnosis (Chari et al., 2008; Bosetti et al., 2014). Thus, whilst most 

pancreatic cancer incidences are unexplained, a proportion of cases could be prevented 

by altering certain lifestyle choices.  
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1.3.3 Types of pancreatic cancer 

The pancreas is a highly specialised organ that carries out two key biological functions; 

the exocrine function and the endocrine function. The exocrine function, facilitated by 

the exocrine cells of the pancreas including acinar and ductal cells, involves the secretion 

of enzymes into the intestine to aid digestion (reviewed by Pandol, 2011). The endocrine 

function, facilitated by endocrine cells that are contained within the pancreatic islets of 

Langerhans, involves the secretion of pancreatic hormones such as insulin and glucagon 

into the bloodstream to regulate blood glucose levels ( reviewed by Nussey and 

Whitehead, 2001). The exocrine pancreas accounts for up to 98% of the pancreas 

volume, whereas the endocrine pancreas constitutes only 2-3% of the pancreas volume 

(Rahier, Wallon and Henquin, 1981).  

Pancreatic cancer consists of multiple different cancer subgroups that are classified 

based on the pancreatic cells from which they arise. The majority of pancreatic cancers 

are adenocarcinomas that originate from cells of the exocrine pancreas. In fact, 

pancreatic ductal adenocarcinoma (PDAC), which commonly arises from the ductal 

epithelium in the head of the pancreas, accounts for over 85% of all pancreatic cancer 

cases (Ryan, Hong and Bardeesy, 2014; Ilic and Ilic, 2016). Thus, when referring to 

pancreatic cancer, most studies focus on PDAC (reviewed by Kleeff et al., 2016). 

Less common exocrine tumours include acinar carcinomas (Chaudhary, 2015), 

pancreatoblastomas (Terino, Plotkin and Karagozian, 2018), colloid carcinomas (Liszka 

et al., 2008) and solid pseudopapillary neoplasms (Dinarvand and Lai, 2017).  Tumours 

arising from the endocrine pancreas, including pancreatic neuroendocrine tumours 

(PNETs), are rare in comparison and account for merely 5% of pancreatic cancer cases 

(Ilic and Ilic, 2016). These tumours arise from the islets of Langerhans and can result in 

the unregulated secretion of pancreatic hormones. Importantly, patients diagnosed 

with these tumours have significantly better prognosis with a 5-year survival rate of 59% 

compared to those diagnosed with PDAC who have a 3% 5-year survival rate (Bilimoria 

et al., 2008; Siegel, Miller and Jemal, 2019). Due to the high mortality rates and poor 5-

year survival rates, most pancreatic cancer research now focuses on gaining a better 
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understanding of PDAC and developing novel therapies to address the unmet clinical 

need this disease poses.  

 

1.4 Pancreatic ductal adenocarcinoma (PDAC) 

1.4.1 PDAC precursor lesions 

Histological studies have shown that PDAC evolves in a stepwise manner developing 

from non-malignant precursor lesions into an invasive cancer (Bardeesy and DePinho, 

2002; Maitra et al., 2005; Wood and Hruban, 2012). To date, 5 different precursor 

lesions have been identified in the development of  human PDAC: pancreatic 

intraepithelial neoplasias (PanINs), intraductal papillary mucinous neoplasms (IPMNs), 

intraductal tubular papillary neoplasms (ITPNs), intraductal oncocytic papillary 

neoplasms (IOPNs) and mucinous cystic neoplasms (MCNs) lesions (reviewed in by Kim 

and Hong, 2018). These lesions can be further categorised as low- or high-grade on the 

basis of atypia (Kamisawa et al., 2016). Typically, pancreatic cancer most frequently 

arises from PanIN precursor lesions. PanINs are small (< 0.5 cm), non-invasive lesions 

consisting of cuboidal or columnar epithelial cells confined within the pancreatic ducts 

(reviewed in Kim and Hong, 2018). Whilst PanINs are curable, the microscopic size of 

these lesions makes them difficult to detect by radiological modalities including 

magnetic resonance imaging (MRI) and computerized tomography (CT) scans (Canto et 

al., 2012). PanINs are stratified into low-grade and high-grade lesions based on the 

varying degrees of structural and cytological atypia and expression of mucin. Low-grade 

PanINs are flat or papillary lesions with mild to moderate atypia that typically have 

basally located nuclei (reviewed in Kim and Hong, 2018). High-grade PanINs, however, 

are categorized by the presence of papillary lesions, severe atypia, loss of polarity, 

tufting and in some cases the presence of intraluminal necrosis (reviewed in Kim and 

Hong, 2018). 
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1.4.2 Molecular pathology of PDAC 

The molecular pathology of PDAC is predominantly characterised by activating 

mutations in the KRAS GTPase, typically KRASG12D, KRASG12R, KRASG12Vor KRASG12C 

(Pellegata et al., 1994), which are observed in over 90% of tumours (Kleeff et al., 2016). 

Further genetic alterations associated with the development of PDAC include 

inactivating mutations in TP53, CDKN2A and SMAD which occur in 50-80% of cases 

(Kleeff et al., 2016). As the PanIN model of PDAC progression is the most frequently 

observed and studied, the molecular pathology of PDAC will be discussed in terms of 

this model. The PanIN model involves three PanIN stages which increase in degree of 

cellular atypia, from the low-grade PanIN-1A/B and PanIN-2 to the development of high-

grade PanIN-3 and invasive PDAC (reviewed in Hruban, Maitra and Goggins, 2008). Low-

grade PanIN-1A/B lesions are associated with oncogenic KRAS mutations, which occur 

in 36% of PanIN-1A lesions and 44% of PanIN-1B lesions (Pellegata et al., 1994; Löhr et 

al., 2005). KRAS mutations, causing constitutive activation of KRAS, results in 

constitutive signalling between KRAS and its multiple effector pathways resulting in 

dysregulated cell proliferation, differentiation and survival (reviewed in Liu, Wang and 

Li, 2019). HER-2 mutations are also observed in most of these early PanINs (Hruban et 

al., 2000) in addition to KRAS allele changes. Overexpression of HER-2 results in 

uncontrolled cell growth and tumourigenesis, also through activation of KRAS (Iqbal and 

Iqbal, 2014). Thus, KRAS and/or HER-2 mutation are the earliest genetic events 

associated with the development of PDAC and likely facilitate deregulated cell 

proliferation and survival. The second low-grade lesion, PanIN-2, is characterised by flat 

and papillary ducts with atypia (Hruban, Maitra and Goggins, 2008) and is associated 

with inactivation of CDKN2A (or loss of p16) in 55% of cases. The percentage of p16 loss 

increases during later stages of the disease with 71% loss in PanIN-3 and 85-98% loss in 

full-blown PDAC (Caldas et al., 1994; Schutte et al., 1997; Wilentz et al., 1998). Due to 

the apparent loss of p16 in later stages, CDKN2A inactivation is believed to occur after 

KRAS mutation. The p16 protein is important for cell cycle progression and its expression 

is enhanced in times of DNA damage, oxidative stress or oncogene activation and usually 

results in senescence (Rayess, Wang and Srivatsan, 2012). Loss of p16 therefore enables 

cancer (the transformed) cells to by-pass senescence. The development of the high-



 Chapter 1. Introduction 

 

30 
 

grade PanIN-3 lesions are characterised by significant cytological and architectural 

atypia including nuclear atypia and involves budding of cells into the ductal lumen 

(Hruban, Maitra and Goggins, 2008). In fact, PanIN-3 lesions are often considered 

carcinomas in situ. Since PanIN-3 lesions are usually observed in the presence of invasive 

PDAC, the progression from PanIN-3 to PDAC is unclear. As with PDAC,  PanIN-3 lesions 

are associated with mutation in the TP53  and BRCA2  genes (Hruban et al., 2000), but, 

interestingly, only 20% of PanIN-3 lesions have TP53 mutation (Yokode et al., 2018). 

Since TP53 mutation is observed in 50-70% of PDAC tumours, it is possible that TP53 

mutation may predominantly occur in PDAC and not PanIN-3 (Scarpa et al., 1993; 

Rozenblum et al., 1997). TP53 is arguably the most potent tumour suppressor gene and 

is involved in the regulation of numerous physiological processes including; cell cycle 

and senescence, survival/apoptosis, autophagy and responses to stress stimuli such as 

DNA damage, oxidative stress and oncogene activation (Zilfou and Lowe, 2009). Thus, 

regardless of when TP53 mutation occurs, loss of the functional p53 protein could 

advance tumourigenesis in many ways. Interestingly, whilst loss of BRCA2 is associated 

with PanIN-3, it has been shown that alone, it does not facilitate progression into PDAC. 

In fact, whilst deletion of this gene in developing mice did promote PanIN formation, 

only 15% of mice developed PDAC (Feldmann et al., 2011).  Crucially, however, when 

BRCA2 loss was analysed in combination with p53 mutation, most mice progressed to 

PDAC, indicating that loss of BRCA2 alone is not sufficient to induce PDAC progression 

(Feldmann et al., 2011). Finally, progression to full blown PDAC, which is characterised 

by invasive growth and marked desmoplasia, is associated with loss of SMAD4 (Hruban, 

Maitra and Goggins, 2008; Y. W. Chen et al., 2014; Wang et al., 2017). SMAD4 is 

commonly lost through homozygous deletion and is observed in 50% of PDAC tumours 

(Hahn et al., 1996; Kleeff et al., 2016). Since SMAD4 is required for TGF-β mediated PDAC 

cell cycle arrest and apoptosis, loss of this protein promotes many cellular processes 

including cell proliferation and differentiation (Kleeff et al., 2016; Ahmed et al., 2017). 

PDAC progression stages and associated mutations are summarised in table 1.4.2 
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Table 1.4.2 Stages of PDAC progression and associated mutations 

Stage Associated mutations 

PanIN-1A/B KRASG12D, KRASG12R, KRASG12V, KRASG12C and HER-2 

PanIN-2 CDKN2A (p16) 

PanIN-3 TP53  and BRCA2   

PDAC TP53 and SMAD4 

 

1.4.3 Clinical presentation and diagnosis 

The exceptionally poor prognosis associated with PDAC is due in part to late/advanced 

stage diagnosis, and the lack of effective therapeutic options for metastatic disease. To 

date, surgical resection remains the most successful treatment option for pancreatic 

cancer patients, however at diagnosis, only 8% of patients have stage I tumours and are 

suitable for this potentially curative surgery (Kimura et al., 2015). Whilst most patients 

present with metastatic disease, the time frame for the development of advanced stage 

pancreatic cancer is slow. In fact, it can take up to 10 years for the initiating oncogenic 

mutation to develop in the parental, non-metastatic founder cell (Yachida et al., 2010). 

From this founder cell, a further 5 years are required for the development of a 

metastatic phenotype (Yachida et al., 2010). Thus, there is a significant window for early 

detection of pancreatic cancer. Diagnosis during the localised stage of disease markedly 

increases patient 5-year survival rate to 34%, compared to 12% in patients diagnosed 

with locally advanced disease and 3% for those diagnosed with metastatic disease 

(Siegel, Miller and Jemal, 2019). Furthermore, it is estimated that patients diagnosed 

during stage I of the disease, where surgical resection is possible have a 5-year survival 

rate of between 37 and 59% (Tsuchiya et al., 1986; Shimizu et al., 2005). Whilst survival 

is still fairly low for these patients, diagnosis at an early stage may provide a window 

where therapeutic intervention could be potentially curative.  
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As the majority of PDAC patients do not present with symptoms until late stage disease, 

early diagnosis is difficult due to our current lack of sensitive and specific tumour 

markers, difficulties in imaging early tumour lesions and the absence of screening 

methods (Kleeff et al., 2016; Siegel, Miller and Jemal, 2019). To date, standard screening 

programmes are not possible for the detection of pancreatic cancer, even for those with 

higher risk of developing the disease. Mounting evidence, however, suggests that 

implementing screening regimes for individuals who are high-risk (with at least 2.5 times 

increased risk) could save lives (Pandharipande et al., 2015). Due to the small size of 

PanINs, however, detection by imaging is difficult and distinctions cannot be made 

between low and high-grade lesions (Kleeff et al., 2016). The development of a rapid 

process for monitoring specific biomarkers for pancreatic cancer is one possible route 

to improving early detection. Currently, specific biomarkers for the detection of 

pancreatic cancer do not exist.  Historically, serum carbohydrate antigen 19-9 (CA 19-9) 

has been used as a marker for pancreatic cancer, however, it is not specific to pancreatic 

cancer and lacks the sensitivity to be used for early diagnosis (Poruk et al., 2013). CA 19-

9 can, however, be used to monitor the progression of PDAC after diagnosis . Other 

promising biomarkers have emerged in recent years including (i) circulating tumour DNA 

encoding mutant KRAS which can be detected in 43% of patients with localised disease 

(Sausen et al., 2015), (ii) a highly specific protein signature of oestrogen receptor 1, HER-

2 and tenascin C (Mirus et al., 2015) and (iii) the presence of the heparin sulfate 

proteoglycan glypican 1 on the surface of exosomes (Melo et al., 2015)(discussed further 

in section 1.7). Despite initial success in both GEMM of pancreatic cancer and patient 

samples, these promising biomarkers are still in early stages of development and are not 

yet clinically available .  

 

1.4.4 Treatment of PDAC 

Where surgical resection is not possible, chemotherapy is the only remaining treatment 

option for PDAC patients but unfortunately it is not curative and offers only a modest 

survival increase. Currently, the most successful chemotherapeutic options available 

include gemcitabine (as a single agent), FOLFIRINOX (folinic acid, fluorouracil, irinotecan 
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and oxaliplatin) or gemcitabine nab-paclitaxel (Burris et al., 1997; Berlin et al., 2000; 

Conroy et al., 2011; Von Hoff et al., 2013; Goldstein et al., 2015). For roughly 20 years, 

5-fluorouracil (5-FU) was the only chemotherapeutic agent available for PDAC. In 1997 

however Gemcitabine was introduced after a significant increase in patient survival was 

demonstrated, where 1-year survival rose from 2% in 5-FU treated patients to 18% in 

gemcitabine treated patients (Burris et al., 1997; Berlin et al., 2000). To date, single 

agent gemcitabine is the gold standard chemotherapeutic treatment for PDAC, 

however, it is relatively ineffective and merely shrinks tumours, temporarily reducing 

the devastating symptoms of PDAC. The lack of any significant improvement in outcome 

is in part due to the rapid development of resistance to gemcitabine, which arises within 

weeks of administration (Binenbaum, Na’ara and Gil, 2015). 

More recently, treatment with the FOLFIRNOX regime was shown to offer the most 

significant survival benefit for PDAC patients, where median survival is 11.1 months 

compared to 6.8 months with gemcitabine (Conroy et al., 2011; Vaccaro, Sperduti and 

Milella, 2011). Furthermore, progression free survival rose from 3.3 month to 6.4 

months and 1-year survival rates rose from 21% to 48% for those treated with 

FOLFIRNOX compared to gemcitabine. Unfortunately, however, FOLFIRNOX is 

associated with high levels of toxicity and so is reserved for use in patients with good 

performance status only (Conroy et al., 2011; Vaccaro, Sperduti and Milella, 2011).  

More recently, combination treatment with gemcitabine and nab-paclitaxel has been 

shown to increase median survival from 6.8 months (gemcitabine alone) to 8.5 months 

(Goldstein et al., 2015). The use of combination therapy also resulted in adverse side 

effects. Thus, treatment with gemcitabine nab-paclitaxel is also limited to patients with 

good performance status (Von Hoff et al., 2013).  

The survival benefit associated with gemcitabine, FOLFIRINOX and gemcitabine plus 

nab-paclitaxel, is modest and only increases life expectancy by mere months. In 

addition, the toxicities associated with these treatments mean that patient quality of 

life is greatly decreased and may outweigh survival benefit and often palliative care is 

preferential. These poor patient outcomes highlight the inadequacies of current 

therapies targeting PDAC and emphasises the desperate need for new and more 

successful treatments.  
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1.4.5 Centrosome amplification and PDAC 

Centrosome amplification has been identified as a hallmark of most human cancers 

including pancreatic cancer. A study performed in 1999  examined surgically resected 

human pancreas tissues for the presence of centrosome abnormalities including 

amplification. Analysis of 13 pancreatic ductal adenocarcinoma identified the presence 

of supernumerary centrosomes in 85% of samples (see Figure 1.4.5.1) (Sato et al., 1999). 

Furthermore, no amplification was observed in any of the 12 normal duct and stromal 

tissues. Amplified centrosomes were observed in adenocarcinomas with varying 

degrees of atypia and so it has been suggested that centrosome amplification may occur 

early on in the multi-step progression of PDAC (Sato et al., 1999; Ansari et al., 2018). 

Interestingly, amplified centrosomes were not observed in pancreatic endocrine 

tumours. Endocrine tumours are often well differentiated and have few areas of atypia 

and mitotic activity in comparison to adenocarcinomas and are not associated with loss 

of cell polarity. It is therefore possible that the underlying drivers of endocrine tumours 

differ from those associated with adenocarcinomas (exocrine tumours) and are not 

associated with centrosome amplification (Sato et al., 1999; Ansari et al., 2018).  

 

Figure 1.4.5.1 Immunofluorescent staining of centrosomes in pancreatic tissues A) Centrosome 
staining (as defined by ϒ-tubulin staining) in normal pancreas duct, showing little to no 
centrosome amplification. B) Centrosome staining (as defined by ϒ-tubulin staining) in poorly 
differentiated pancreatic ductal adenocarcinoma, showing high centrosome amplification. 
Samples are formalin-fixed, paraffin embedded human pancreas tissue. ϒ-tubulin in green, 
propidium iodide in red. Scale bar represents 50 µm (taken from Sato et al., 1999). 
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More recent studies have linked centrosome amplification in pancreatic tumours to 

rapid disease progression, metastasis and worse clinical outcome (Sato et al., 2001; 

Shono et al., 2001; Mittal et al., 2015). Crucially, centrosome amplification was shown 

to enhance the motility and invasiveness of pancreatic cancer cells (Mittal et al., 2015). 

Whilst the exact mechanisms underlying the induction of centrosome amplification in 

pancreatic cancer remain elusive, the overexpression of PLK4 in mouse models has been 

shown to induce centrosome amplification and enhance tumour formation and 

progression (Coelho et al., 2015; Serçin et al., 2015; Levine et al., 2017). In fact using a 

transgenic mouse model,  Coelho et al. showed that in a p53 null background, transient 

PLK4 overexpression lead to the development of centrosome amplification in the 

pancreas, resulting in the hyperproliferation of cells in the pancreas and advancing the 

formation of pancreatic tumours. Furthermore, analysis of PLK4 expression in pancreatic 

cancer patients using the pancreatic expression database (PED) (Marzec et al., 2018) 

revealed patients with high PLK4 expression had a significantly lower survival probability 

(p=0.048) compared to patients with low expression (see Figure 1.4.5.2). Therefore, it is 

possible that centrosome amplification in PDAC is caused by PLK4 overexpression.  
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Figure 1.4.5.2 Survival probability of pancreatic cancer patients and PLK4 expression. Survival 
probability curves generated using the pancreatic expression data base, analysing relationship 
between PLK4 expression and predicted pancreatic cancer patient survival. Survival probability 
is significantly lower (p=0.048) for patients with high PLK4 expression compared to low PLK4 

expression (data from PED  http://www.pancreasexpression.org). 

 

In support of this hypothesis, a number of centrosome related proteins have been 

shown to be over-expressed in pancreatic cancer (Weng et al., 2012; Xie et al., 2016; 

Peng et al., 2017). For example, CEP70, a protein that induces centrosome amplification 

upon its overexpression (Xie et al., 2016), and the centrosome related protein 

phosphatase 4 (PP4) which plays a role in centrosome organisation and maturation 

(Weng et al., 2012) and is considered a prognostic factor for pancreatic cancer. 

Centrosomal protein 55 (CEP55), a microtubule bundling protein, is also over-expressed 

in pancreatic cancer (Peng et al., 2017) and has been shown to promote pancreatic 

cancer cell proliferation, migration and invasion in vitro and accelerated tumourigenicity 

in vivo through the activation of NF-κB signalling (Peng et al., 2017). CEP55 may be 

valuable as a prognostic marker for pancreatic cancer and may also represent a novel 

target for therapy.  

http://www.pancreasexpression.org/
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The presence of amplified centrosomes in both early and late stage pancreatic cancer 

makes them intriguing targets for biomarker development and/or therapeutic 

intervention. Whilst detection of centrosomal abnormalities as a biomarker is a 

relatively unexplored area, the development of therapeutics targeting amplified 

centrosomes are in progress. Many of these therapeutics centre around centrosome de-

clustering, forcing cancer cells into multipolar mitoses, resulting in gross aneuploidy and 

cell death. The identification of the kinesin-14 family protein HSET as a key mediator of 

centrosome clustering has led to the development of a number of new therapeutics 

targeting HSET in cancer cells (Mountain et al., 1999; Cai et al., 2008; Kwon et al., 2008; 

Watts et al., 2013; Wu et al., 2013; Zhang et al., 2016). For example, the allosteric 

inhibitor CW069 gives rise to multipolar mitoses in cells with supernumerary 

centrosomes and shown promise as an HSET inhibitor in vitro (Watts et al., 2013). More 

recently, two more small molecule inhibitors, AZ82 and SR31527 have shown 

centrosome de-clustering and subsequent multipolar mitoses in cells with amplified 

centrosomes (Wu et al., 2013; Zhang et al., 2016). Further study into the biological 

efficacy and off target toxicity of these inhibitors however, revealed all three to have 

HSET-independent cytotoxicity (Yukawa et al., 2018). Despite the observed toxicities 

however, AZ82 was shown to have potent neutralising activity against HSET induced 

lethality in fission yeast (Yukawa et al., 2018). Thus, whilst further investigation and 

development is still required HSET inhibitors show promise as future centrosome 

amplification targeting therapeutics.    

 

1.5 The tumour microenvironment   

The current failures of pancreatic cancer therapeutics may be attributed to an important 

element of the tumour being largely ignored; the tumour stroma. Pancreatic cancer is 

characterised by a strong desmoplastic stromal reaction resulting in dense fibrosis 

around the tumour. The tumour stroma however is not accurately replicated in most of 

the experimental models used to develop new therapeutics for PDAC (Apte and Wilson, 

2012; Apte et al., 2013). Therefore, over the last decade researchers have directed their 
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attentions to understanding the pancreatic tumour stroma and its role in tumour 

progression and drug resistance.   

In normal tissues, the microenvironment is composed of numerous cellular and acellular 

components that form an organized niche to regulate homeostasis (Alderton, 2014; Hui 

and Chen, 2015). In a tumour setting, the stromal compartment consists of several 

extracellular matrix (ECM) proteins, signalling molecules, endothelial cells, immune 

cells, cancer associated fibroblasts (CAFs) and pancreatic stellate cells (PSCs) (Erkan, 

Hausmann, et al., 2012; Neesse et al., 2015) (see Figure 1.5). PDAC tumours have a 

significant, highly fibrotic, stromal compartment that can account for over 90% of the 

total tumour, making PDAC one of the most stroma-rich cancers (Neesse et al., 2011). 

Furthermore, the PDAC tumour microenvironment (TME) is known to facilitate cancer 

cell growth and survival, EMT, cell migration, metastasis and chemoresistance (Neesse 

et al., 2015; Nielsen, Mortensen and Detlefsen, 2016; Thomas and Radhakrishnan, 

2019). Thus, the TME plays a key role in the progression of pancreatic cancer .  

 

 

Figure 1.5 Pancreatic tumour microenvironment. Pancreatic cancer cells are surrounded by a 
dense stromal compartment consisting of ECM proteins, blood vessels, immune cells, activated 
PSCs and signalling molecules. ECM= extracellular matrix, PSC= pancreatic stellate cells.  
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1.5.1 Pancreatic stellate cells (PSCs) 

First identified in the liver in 1975, stellate cells have since been shown to frequent the 

pancreas of mice and humans. Stellate cells are star-shaped fibroblast like cells with long 

cytoplasmic projections that are woven into tissues.  In the normal healthy pancreas 

PSCs account for roughly 4-7% of parenchymal cells and exist in a quiescent state. PSC 

quiescence is characterised by their ability to store retinoids (vitamin A) in the form of 

droplets in the cytoplasm and little to no detectable α-smooth muscle actin (α-SMA) 

(Apte et al., 1998; Friedman, 2008). In their quiescent state, PSCs have a low mitotic 

index, have limited migratory capacity and function to synthesise and maintain the ECM 

(Apte et al., 1998; Phillips, McCarroll, et al., 2003). Upon injury or inflammation, PSCs 

become activated,  transitioning into myofibroblast-like cells which are characterised by 

loss of vitamin A droplets and increased expression of α-SMA stress fibres (Apte et al., 

1998; Erkan, Adler, et al., 2012). Once activated, PSCs adopt a spindle like shape and 

exhibit heightened migratory and proliferative capabilities (Bachem et al., 1998; 

Schneider et al., 2001; Mews et al., 2002; Phillips, Wu, et al., 2003; Omary et al., 2007; 

Keogh et al., 2011), increased contractility, excessive deposition of ECM proteins 

including collagens I, II and XI and fibronectin and remodelling of the ECM through 

secretion of matrix metalloproteinases (MMPs) and tissue inhibitors of matrix 

metalloproteinases (TIMPs) (Apte et al., 1999, 2004; Schneider et al., 2001; Phillips, 

McCarroll, et al., 2003; Bachem et al., 2005). During injury, activated PSCs function to 

heal wounds in the tissue by substituting damaged cells with fibrotic tissue, thus 

generating a quick fix to maintain organ integrity (Ferdek and Jakubowska, 2017). The 

extended presence of activated PSCs, however, may become pathological with PSCs 

depositing excessive amounts of ECM proteins resulting in fibrosis. In fact, the 

desmoplastic stromal reaction/ fibrosis that is characteristic of PDAC has been 

attributed to chronic and sustained activation of PSCs during tumour progression (Erkan, 

et al., 2012). 

PSCs are activated in response to a number of different factors and stimuli including 

inflammatory cytokines such as TNF-α and IL-8, growth factors including platelet-derived 

growth factor (PDGF), the transforming growth factors TGF-α and TGF-β, and oxidative 

stress and alcohol metabolites (Apte et al., 1999, 2000; Andoh et al., 2000; Schneider et 
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al., 2001; Mews et al., 2002; Shek et al., 2002; Gao and Brigstock, 2005; Kordes et al., 

2005; Vonlaufen et al., 2010; Tahara et al., 2013). Many of these PSC activating factors 

are secreted by neighbouring cells including endothelial cells, acinar cells, infiltrating 

cells such as macrophages, platelets and pancreatic cancer cells (Masamune and 

Shimosegawa, 2009; Erkan, et al., 2012). In the normal pancreas, activation is transient, 

and PSCs will revert back to their quiescent state upon tissue restoration. In PDAC, 

however, once activated, PSCs remain in a chronic state of activation via both paracrine 

stimuli and autocrine signalling (Shek et al., 2002; Ohnishi et al., 2003; Aoki et al., 2005; 

Omary et al., 2007; Jiang et al., 2009). A summary of PSC activation is shown in figure 

1.5.1. 

 

 

Figure 1.5.1 Paracrine and autocrine-mediated activation of pancreatic stellate cells (PSCs). 
PSCs transition from a quiescent state (vitamin A storing) to an activated state (myofibroblast-
like phenotype) in response to paracrine signalling from neighbouring cells including pancreatic 
cancer cells. PSCs perpetuate their own activation through subsequent autocrine signalling. This 
PSC activation results in increased proliferation and migration and excessive ECM synthesis 
resulting in extensive fibrosis.  
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1.5.2  Activated PSCs and cancer 

Mounting evidence now suggests that the  increased presence of activated PSCs within 

a tumour correlates with poor clinical outcome. In fact, a study of 233 patients reported 

an association between the number of activated PSCs and poorest prognosis (Erkan et 

al., 2008). In addition, PSC activation has been observed during the PanIN stages, 

resulting in fibrosis surrounding these precursor lesions (Bynigeri et al., 2017). An 

additional study analysing prognosis of 145 patients in early stages of pancreatic cancer 

found that moderate-to-strong α-SMA expression in PSCs was associated with poorer 

progression-free survival (L. M. Wang et al., 2016). These findings indicate that the 

activation of PSCs may be an early event in the development of pancreatic cancer and 

chronic or sustained activation is associated with poorer clinical outcomes. 

Furthermore, two studies analysing orthotopic injection of human PDAC cells alone or 

in combination with PSCs into mouse pancreas demonstrated that the presence of PSCs 

induced fibrosis, increased tumour growth, and advanced invasion and metastasis. 

Therefore, PSC activation appears to have multiple roles in advancing PDAC.  

The strong desmoplastic reaction caused by activated PSCs results in the formation of a 

solid tumour with growth induced solid stress (GISS) which results in blood vessel 

compression and impairs the delivery of intravenous drugs to the tumour (Provenzano 

et al., 2012; Chauhan et al., 2013; DuFort, Christopher. C DelGiorno and Hingorani, 

2016). Furthermore, the presence of PSC deposited fibrillar collagen in the stroma 

inhibits concentration-driven delivery of cancer therapeutics to the cancer cells, by 

providing a physical barrier to drug diffusion (Provenzano et al., 2012; DuFort, 

Christopher. C DelGiorno and Hingorani, 2016). Thus, the extensive stroma associated 

with PSC activation creates a significant barrier to drug delivery.  

Importantly, GEMM of PDAC have demonstrated that stromal depletion can enhance 

drug delivery. In fact, in KPC mice with pancreatic tumours, treatment with the 

hyaluronidase PEGPH20, which degrades stromal components, was found to promote 

vascularisation of the tumours. This enhanced the intra-tumoural delivery of 

chemotherapeutic agents and improved overall survival of the mice (Provenzano et al., 

2012; Jacobetz et al., 2013). An additional study also demonstrated that stromal 
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depletion with the angiotensin inhibitor losartan resulted in reduced solid stress and 

increased vasculature of the tumour,  facilitating oxygen and drug delivery (Chauhan et 

al., 2013). Stromal depleting therapies have therefore been highlighted as strong 

candidates for the development of novel therapeutics. Unfortunately, despite numerous 

stromal depleting therapies reaching clinical trials, they have not translated well in the 

clinic, are often associated with toxicities and offer no survival benefit (reviewed in Kota 

et al., 2017). In fact, mounting evidence now indicates that the stroma has important 

anti-tumour properties, since its ablation has been shown to promote tumour 

progression and decrease survival (Özdemir et al., 2014; Rhim et al., 2014). For example, 

whilst the depletion of Shh in the dx1-Cre;KrasLSL-G12D/+;p53fl/+;Rosa26LSL-YFP/+ (PKCY) 

mouse model resulted in the depletion of stromal cells from PDAC tumours, this stromal 

depletion resulted in increased tumour vasculature, tumour cell proliferation and 

reduced survival (Rhim et al., 2014). Additionally, depletion of myofibroblasts in the 

Ptf1acre/+;LSL-KrasG12D/+;Tgfbr2flox/flox (PKT) mouse model of pancreatic cancer decreased 

fibrosis but enhanced cancer cell EMT leading to more invasive tumours (Özdemir et al., 

2014). The failure of stroma ablating therapies highlights the need to further understand 

the molecular mechanisms associated with PDAC stromal biology before stromal 

therapies can be implemented. Efforts are now focussed on the development of 

therapies that modulate the tumour stroma rather than fully ablating it. Indeed, recent 

studies are now analysing the potential therapeutic advantage of inducing stromal 

quiescence over stromal ablation. For example, treatment of PSCs with all-trans retinoic 

acid (ATRA) was shown to induce PSC quiescence which slowed tumour progression by 

reducing cancer cell proliferation and invasion in the LSL-KrasG12D/+; Trp53fl/+; Pdx1-Cre 

(KPC) mouse model (Froeling et al., 2011). Furthermore, combination therapy of 

gemcitabine and ATRA was shown to reduce cancer cell proliferation and invasion in KPC 

mice compared to those treated with gemcitabine alone (Carapuça et al., 2016). The 

success of ATRA/gemcitabine treatment in KPC mice lead to the development of the 

currently ongoing phase I STAR_PAC clinical trial in which patients with locally advanced 

or metastatic PDAC are treated with ATRA in combination with either gemcitabine or 

nab-paclitaxel (NCT03307148). 
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1.5.2.1 Activation of PSCs by PDAC cells 

Within the tumour setting, PDAC cells have been shown to activate PSCs and modulate 

their activity through a multitude of paracrine signals (Bachem et al., 2005). TGF- β is a 

key mediator of PSC activation and can be supplied to PSCs by the cancer cells. PSCs 

respond to TGF-β signalling in a SMAD-dependent manner resulting in the synthesis and 

deposition of excessive ECM components that can lead to fibrosis in the tumour (Apte 

et al., 1999; Löhr et al., 2001; Ohnishi et al., 2004). In addition, TGF-β signalling has been 

shown to enhance the proliferative capabilities of stellate cells (Pinzani et al., 1989). 

Interestingly, in addition to responding to PDAC-derived TGF-β1 signalling, PSCs 

themselves have been identified as a source of TFG-β1 (Ohnishi et al., 2004). Thus, PSCs 

can sustain their own activation through TGF-β1 autocrine signalling. Connective tissue 

growth factor (CTGF) has also been shown to induce stellate cell activation and was 

found to promote migration and extracellular matrix production through interaction 

with TGF-β 1 (Huang and Brigstock, 2012; Hao et al., 2014). PDAC cells can also induce 

accelerated ECM synthesis by PSCs via secretion of PDGF and/or, fibroblast growth 

factor 2 (FGF2) (Bachem et al., 2005). Additionally, PDAC cells secrete ECM 

metalloproteinase inducer (EMMPRIN) which induces PSCs to synthesise MMP-2, an 

important basement membrane degradation protein (Schneiderhan et al., 2007). As 

ECM re-modelling and basement membrane degradation are important steps in tumour 

progression, PDAC cells may be aiding their own metastasis through modulation of PSCs.  

 Another key factor secreted by PDAC cells that can activate PSCs is sonic hedgehog 

(shh). Whilst shh is not usually present in the healthy adult pancreas, it has been 

detected in up to 70% of patient tumours (Thayer et al., 2003). Secretion of shh by PDAC 

cells has been shown to mediate activation of the surrounding PSCs, enhancing PSC 

proliferation, differentiation and motility (Bailey et al., 2008; Fendrich et al., 2011). 

Moreover, shh has been shown to enhance ECM deposition by PSCs (Bailey et al., 2008; 

Fendrich et al., 2011; Rhim et al., 2014). Other PDAC secreted factors including PDGF, 

trefoil factor 1 (TFF1), insulin-like growth factor 1 (IGF1) and interleukin 6 (IL-6) have 

also been shown to enhance PSC proliferation and migration (Phillips, Wu, et al., 2003; 

Bachem et al., 2005; Arumugam et al., 2011; Rosendahl et al., 2015; Fu et al., 2018; 

Marzoq et al., 2019). Interestingly, whilst TFF1 is not expressed by normal pancreatic 
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cells, it is highly upregulated in pancreatic cancer cells. TFF1 is also significantly 

upregulated in PanINs (Arumugam et al., 2011) and so may play a role in the early stages 

of PDAC development.  

Pancreatic cancer cells are a significant source of reactive oxygen species (ROS). In fact, 

high levels of ROS, produced during oxidative stress, have been identified in many 

different cancers and are believed to promote tumour aggressiveness (Martinez-Useros 

et al., 2017). Interestingly, ROS and lipid peroxidation products have been shown to 

induce hepatic stellate cell (HSC) activation, promoting  HSC proliferation and deposition 

of ECM components (reviewed in Gandhi, 2012). Recently, exosomes have been shown 

to deliver ROS to injured neurons through transfer of NADPH2 oxidase, thereby 

promoting neuronal regeneration (Hervera et al., 2018). Thus, it is possible that 

pancreatic cancer cells may induce stellate cell activation through the transfer of 

secreted ROS.  

 

1.5.2.2 Effect of PSC activation on PDAC cells 

Current data suggests that PDAC cells and PSCs interact in a bidirectional manner, where 

PDAC cells recruit and activate PSCs, and in turn PSCs facilitate cancer cell growth, 

invasion and chemoradiation resistance (Bachem et al., 2005; Rosa F Hwang et al., 2008; 

Mantoni et al., 2011). In fact, the extensive bidirectional interplay between pancreatic 

cancer cells and PSCs has been shown to facilitate tumour progression (see Figure 

1.5.2.2) (Apte et al., 2004; Bachem et al., 2005; Rosa F Hwang et al., 2008; Vonlaufen et 

al., 2008; Xu et al., 2010).  

Studies have shown that paracrine signalling from PSCs stimulates PDAC proliferation 

and inhibits apoptosis (Bachem et al., 2005; Rosa F. Hwang et al., 2008; Vonlaufen et al., 

2008). Secretion of epidermal growth factor (EGF), connective tissue growth factor 

(CTGF), PDGF, Galectin-1 and adrenomedullin by PSCs have all been shown to enhance 

PDAC cell proliferation (Marzoq et al., 2019; Thomas and Radhakrishnan, 2019). 

Likewise, PSC secretion of C-X-C motif chemokine ligand 13 (CXCL13) recruits B cells to 

the TME, which in turn secrete IL-35 inhibiting PDAC cell apoptosis and stimulating 

proliferation (Nicholl et al., 2014; Pylayeva-Gupta et al., 2016). 



 Chapter 1. Introduction 

 

45 
 

PSCs have also been shown to induce EMT in PDAC cells, possibly facilitating PDAC cell 

invasion and metastasis. PDAC cells co-cultured with PSCs were reported to have 

decreased E-cadherin and beta-catenin expression, and increased vimentin and snail 

expression which is consistent with EMT (Kikuta et al., 2010). Interestingly, hypoxia has 

been shown to induce secretion of CTGF by PSCs which mediates PDAC cell EMT, 

facilitating cancer cell invasion (Eguchi et al., 2013). Additionally, the secretion of MMPs 

by PSCs has been shown to enhance the migration of PDAC cells and accelerate 

tumourigenesis (Schnelderhan et al., 2007; Tjomsland et al., 2016). Furthermore, 

Galectin-1 driven up-regulation of stromal cell-derived factor 1 (SDF-1) in PSCs has been 

shown to induce PDAC metastasis (Qian et al., 2017; Orozco et al., 2018).  

PSCs have been shown to mediate PDAC cell resistance to chemotherapy and 

radiotherapy for example by supporting PDAC cell resistance to gemcitabine, through 

the secretion of IGF1 and IGF2 which activate IGF receptors on the cancer cells (Ireland 

et al., 2016). Indeed, in vivo studies revealed that pharmacological blockage of IGF 

resulted in re-sensitisation to gemcitabine (Ireland et al., 2016). Secretion of fibronectin 

by PSCs  has also been shown to promote PDAC cell chemoresistance to gemcitabine 

(Amrutkar et al., 2019). Similarly, PSCs are thought to mediate chemoresistance in PDAC 

cells through nitric oxide (NO) and IL-1β secretion (Haqq et al., 2014). PSCs may also 

confer chemoresistance by increasing the expression of the stem cell related genes 

nestin, LIN28 and ABCG2 in PDAC cells, thereby inducing the establishment of stem cells 

within the tumour (Hamada et al., 2012; Lonardo et al., 2012). In conclusion, the 

significant bidirectional cross talk exhibited by PSCs and PDAC cells has a profound effect 

on PDAC cell proliferation, invasion, metastasis and chemoresistance (see Figure 

1.5.2.2).  
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Figure 1.5.2.2 Bidirectional cross talk between activated pancreatic stellate cells (PSCs) and 
pancreatic cancer cells. Pancreatic cancer cells stimulate PSC activation resulting in increased 
proliferation, migration, deposition of ECM, contractility and MMP secretion. In response, 
through paracrine signalling, activated PSCs stimulate proliferation, migration, EMT and 
chemoresistance in PDAC cells. Perpetual cross talk between PSCs and Pancreatic cancer cells 
results in tumour progression 

 

1.6 Extracellular vesicles 

1.6.1 Extracellular vesicles: classes and biogenesis 

Extracellular vesicles (EVs) are small, membrane-bound vesicles that are secreted by 

cells into the extracellular environment. Secretion of EVs appears to be conserved 

throughout evolution and all eukaryotic cell types demonstrate EV release (Raposo and 

Stoorvogel, 2013). EVs contain a biological cargo specific to their cell of origin that can 

influence the behaviours of surrounding cells upon interaction with neighbouring cells 

(Colombo, Raposo and Théry, 2014). Once released, EVs can enter the circulation and 

pass into most bodily fluids including blood, urine, saliva and breast milk (Crawford, 
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1971; Vlassov et al., 2012), thus EVs can communicate biological information with 

distant cells. 

Classically, the secretory pathway in eukaryotic cells involves packaging of cargo 

proteins into secretory vesicles via the endoplasmic reticulum (ER)-Golgi route 

(reviewed in Kim et al., 2018). Proteins targeted for secretion in this manner contain a 

recognition signal peptide at the N-terminus or transmembrane domain, which directs 

their translocation into the lumen of the ER (reviewed in Grieve and Rabouille, 2011). 

Secretory proteins are then transferred to the Golgi, where they are moved by cisternal 

migration to the trans-Golgi and into the trans-Golgi reticulum, where they are sorted 

into secretory vesicles (Grieve and Rabouille, 2011; Kim, Gee and Lee, 2018). Upon the 

recognition of a stimulus for exocytosis, these vesicles are trafficked to and fuse with 

the plasma membrane resulting in the release of their contents into the extracellular 

milieu (Bonifacino and Glick, 2004). EVs however, represent an unconventional 

secretory pathway that differs significantly from the ‘classical’ secretory pathway. These 

alternative pathways are detailed below.  

Eukaryotic cells secrete a range of different EV types which differ in their size, 

biogenesis, cargo and function. Whilst the nomenclature of these different vesicle types 

is in constant debate, broadly speaking, secreted vesicles can be separated into three 

main groups, i) the plasma membrane secreted apoptotic bodies and microvesicles and 

ii) the intracellularly generated exosomes. Apoptotic bodies, which are 1-5 µm in size,  

are released from dying cells through outward membrane blebbing and are thought to 

contain the potentially toxic debris of apoptotic cells preventing leakage of these factors 

into the extracellular milieu (Wickman, Julian and Olson, 2012). Microvesicles and 

exosomes, on the other hand, play critical roles in intercellular communication and have 

become the focus of many subsequent studies (Mathivanan, Ji and Simpson, 2010; 

György et al., 2011). 

Critically, the distinction between microvesicles and exosomes is dependent on which 

arm of the secretory pathway they originate from (György et al., 2011; Meckes and 

Raab-Traub, 2011). Microvesicles, generally considered the larger of the two EVs 

measuring between 100-1000 nm in diameter, are formed through outward budding or 

“shedding” of the plasma membrane into the extracellular space (Voichitoiu et al., 
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2019). Initially, it was assumed that all secreted EVs were generated in this manner, until 

the 1980s when a secondary more complex EV secretion pathway was described 

(Clifford Harding, Heuser and Stahl, 1983; Pan and Johnstone, 1983). It was discovered, 

that the smaller EVs, now termed exosomes, which range from 30-150 nm in diameter, 

form intracellularly within multivesicular bodies (MVBs) or early endosomes (Voichitoiu 

et al., 2019). In short, exosomes form as intraluminal vesicles (ILVs), through inward 

budding into MVBs, which can then fuse with the plasma membrane releasing the 

exosomes into the extracellular space. Conversely, these MVBs can fuse with lysosomes 

resulting in degradation and recycling of the vesicles and their contents (C Harding, 

Heuser and Stahl, 1983; Pan and Johnstone, 1983; Pan et al., 1985; Sun and Liu, 2014). 

A summary schematic of microvesicle and exosome biogenesis is shown in figure 1.6.1.  

 

Figure 1.6.1 Extracellular vesicle biogenesis and secretion. Exosomes: Early endosomes are 
formed through inward budding of the plasma membrane. Exosomes are synthesised by 
subsequent intraluminal budding inside early endosomes and multivesicular bodies (MVBs). 
Early endosomes mature into MVBs and late MVBs. MVB fate is either fusion with lysosomes 
and subsequent degradation of vesicle contents or fusion with the plasma membrane. Exosomes 
are secreted upon MVB or late MVB fusion with the plasma membrane. Microvesicles: 
microvesicles are formed through outward budding of the plasma membrane. 

 



 Chapter 1. Introduction 

 

49 
 

Microvesicles and other EV types that are similar in size to exosomes share similar 

characteristics, including density and membrane orientation. As a result of this, EV 

isolation methods struggle to efficiently separate the different types of vesicles and 

most protocols used to isolate exosomes also contain other EVs of non-endosomal origin 

and lipoproteins (lipid-based non-vesicular structures) (Kowal et al., 2016a; Karimi et al., 

2018). Recent investigation into the heterogeneity of exosome populations themselves 

revealed the existence of an additional non-membranous nano-particle termed 

‘exomeres’ (~ 35 nm in diameter) that may further contribute to the heterogeneity of 

EV samples (Zhang et al., 2018).  

To date, many studies have identified roles for exosomes in a multitude of 

pathophysiological situations, including cancer, cardiovascular diseases, immune 

responses, regeneration and stem cell-based therapies (Mathieu et al., 2019). The 

heterogeneity of isolated EV populations, however, means that we cannot specifically 

attribute these roles to specific vesicle types. To combat the issue of vesicle 

identification, many studies have been performed to identify markers specific for 

exosomes. However, Plasma membrane-derived and endosomal-derived EVs are both 

formed through membrane budding away from the cytosol, so they share the same 

membrane orientation, with similar membrane associated proteins and enclose 

cytosolic components. Identification of exosome specific markers has therefore proved 

a difficult task. More recently, however, it was demonstrated that the tetraspanins 

CD63, CD81 and CD9 are enriched on exosomes (Kowal et al., 2016a). Whilst further 

validation is required, these findings suggest that the presence of CD63, CD81 and CD9 

together on EVs within the correct size range (30-150 nm) could be indicative of 

exosomes (Mathieu et al., 2019).  

 

1.6.2 Exosomal cargo 

Exosomes contain a broad range of cargos that can be transferred to recipient cells 

though fusion with target cell plasma membranes (Montecalvo et al., 2012) or through 

exosome uptake into endocytic or phagocytic compartments (Morelli, 2006; Barrès et 

al., 2010; Tian et al., 2010). This cargo has been shown to be functional in target cells 



 Chapter 1. Introduction 

 

50 
 

and can regulate a number of cellular activities. Exosomal cargo is sequestered and 

packaged in the cells from which the exosomes originate, therefore, exosomes may in 

part, reflect the contents of the cells from which they are synthesised. Numerous 

different proteins have been identified in exosomes. These proteins can be ubiquitous 

and act as possible universal markers of exosomes, or they can be cell-specific and may 

prove useful in identifying characteristics of the cells that the exosomes originate from. 

Proteins that are ubiquitously expressed in all exosomes include the membrane-

associated tetraspansins CD9, CD63, CD81 and CD82, the cytoplasmic heat shock 

proteins Hsp70 and Hsp90, the endosomal sorting complex required for transport 

(ESCRT) associated proteins TSG101 and ALIX, and transport/fusion associated Annexins 

and the RAB small GTPases (Théry, Ostrowski and Segura, 2009; Mincheva-Nilsson and 

Baranov, 2010; Mathivanan et al., 2012; Vlassov et al., 2012). Examples of cell specific 

proteins sequestered into exosomes include the major histocompatibility complex 

(MHC) class-I and class-II secreted by MHC presenting cells (Denzer et al., 2000). 

Similarly, exosomes derived from tumour cells have been shown to contain many 

adhesion molecules, metalloproteinases and a number of oncogenic proteins that play 

a role in tumourigenesis and metastasis (Raimondo et al., 2011; Liang et al., 2013; Kruger 

et al., 2014). In addition to proteins, exosomes are rich in lipids and lipid-raft cholesterol 

(Théry, Ostrowski and Segura, 2009; Yuyama et al., 2012). 

Nucleic acids including DNA, long non-coding RNA (lncRNA), mRNA and microRNA 

(miRNA) are also present in exosomes. In general, RNA can be easily degraded by RNases 

present in the ECM, however RNA present in exosomes is significantly more stable (Ge 

et al., 2014) due to its compartmentalisation ‘stable’ exosomal mRNAs are functional 

and can be translated in recipient cells (Valadi et al., 2007). To date, thousands of 

different miRNAs have been identified within exosomes and the transfer of miRNAs has 

been shown to regulate gene expression and cellular activities in target cells(W. X. Chen 

et al., 2014).  It is reported that the majority of miRNA present in serum and saliva are 

contained within exosomes and evidence suggests that exosomal miRNA is more 

biologically active than others in circulation (Turchinovich et al., 2011; Gallo et al., 2012; 

Zhang and Grizzle, 2014). Recent work has shown an increase in exosomal miRNA in the 

sera of cancer patients, highlighting the potential for exosomal miRNAs as diagnostic 



 Chapter 1. Introduction 

 

51 
 

biomarkers for cancer (Rabinowits et al., 2009; Tanaka et al., 2013; Eichelser et al., 

2014). Similarly, evidence also supports the potential of exosomal lncRNA and double-

stranded DNA (dsDNA) as biomarkers for cancer (Kahlert et al., 2014; Takahashi et al., 

2014; Thakur et al., 2014; Q. Li et al., 2015). 

 

1.6.3 The formation and secretion of exosomes 

1.6.3.1 ILV formation inside MVBs 

Exosome biogenesis and secretion have been studied a great deal in recent years leading 

to significant advances in our understanding of the mechanisms involved. The best 

described method involves the ESCRT driven sorting and formation of ILVs (reviewed in 

Colombo, Raposo and Théry, 2014). The ESCRT machinery is composed of four 

complexes and associated proteins: ESCRT-0, ESCRT-I, ESCRT-II and ESCRT-III which 

associate at MVB membranes and regulate cargo targeting and the formation of ILVs in 

a successive manner (Hurley, 2015).  

The ESCRT-0 complex is involved in the identification and sequestering of ubiquitinated 

proteins into the endosomal membrane. This complex contains hepatocyte growth 

factor-regulated tyrosine kinase substrate (HRS) (encoded by HSG) which associates 

with other ESCRT-0 associated proteins including signal transducing adaptor molecule 1 

(STAM1) and the non ESCRT protein Eps15 and clathrin (Colombo, Raposo and Théry, 

2014). Components of the ESCRT-0 complex are generally not associated with vesicle 

budding from the plasma membrane and thus, their presence in EVs may indicate 

endosomal origin (Mathieu et al., 2019). HRS from ESCRT-0 then recruits the ESCRT-I 

complex protein TSG101, which subsequently recruits ESCRT-III through association with 

either ESCRT-II or the ESCRT associated protein ALIX (encoded by PDCD6IP). The ESCRT-

I and ESCRT-II complexes are then responsible for membrane deformation, inducing 

intraluminal budding and the ESCRT-III complex drives vesicle scission (Hanson and 

Cashikar, 2012; Henne, Stenmark and Emr, 2013). Furthermore, vesicle budding has 

been shown to involve a number of cone shaped lipids including ceramide which is 

generated by sphingomyelinases (Trajkovic et al., 2008; Bianco et al., 2009). Finally, 

vacuolar protein sorting associated protein 4 (VPS4) is required for the disassociation 
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and recycling of the ESCRT machinery (Colombo, Raposo and Théry, 2014; Jackson et al., 

2017).Interestingly, the ESCRT-associated protein ALIX has been shown to play a role in 

ILV formation by promoting intraluminal budding (Baietti et al., 2012; Romancino et al., 

2013).  

The mechanisms of cytosolic protein cargo sorting into ILVs are less well understood. 

However, a role for the ESCRT-0 associated protein HRS has been identified, whereby 

HRS recognises ubiquitin moieties on cargo proteins and sequesters ubiquitinated 

proteins into the ILVs (Colombo, Raposo and Théry, 2014). Additionally, a role for the 

heat shock protein HSC70 has been identified. HSC70 was shown to bind to 

phosphatidylserine on outer membranes of MVBs and to cytosolic proteins with a KFERQ 

sequence resulting in the inclusion of this protein and its binding partners in ILVs in a 

process that was found to be TSG101 and VPS4- dependent (Sahu et al., 2011). 

Furthermore, multiple roles have been identified for the ESCRT associated protein ALIX 

in cargo sorting. ALIX binding to the cytoplasmic domain of transferrin receptor (TfR) in 

reticulocytes was shown to induce the sorting of TfR into ILVs (Géminard et al., 2004) in 

what appears to be a competitive manner with HSC70 binding (Géminard et al., 2004). 

ALIX has also been shown to induce the sorting of syndecans via syntenin interaction 

into ILVs in an ESCRT-II, ESCRT-III and VPS4 dependent manner, resulting in the 

formation of syndecan, syntenin and ALIX containing exosomes (Baietti et al., 2012).   

Studies into the loading of miRNAs into exosomes have revealed a few different 

mechanisms by which miRNAs are sequestered into vesicles. One possible mechanism 

involves sphingomyelinase2 (nSMase2) which is believed to promote miRNA trapping in 

exosomes through the catalysation of ceramide (Kosaka et al., 2010). Additionally, 

miRNA packaging has been shown to be mediated through chaperone proteins such as 

hnRNPA2B1 (Batagov, Kuznetsov and Kurochkin, 2011; Villarroya-Beltri et al., 2013). 

Mechanistic studies have revealed that specific sequences at the 3’ end of miRNAs are 

recognised by effector proteins and thus determine which miRNAs are packaged into 

exosomes. For instance, the presence of 1,2, or 3 uridine or adenosine nucleotides at 

the 3’ end of miRNA specifically direct them to exosomes (Koppers-Lalic et al., 2014).    
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1.6.3.1 MVB trafficking and exosome secretion 

Mechanisms that drive exosome secretion have also been widely studied. The Rab 

family of small GTPases are known to play key roles in intracellular vesicle trafficking and 

so it is unsurprising that they have been implicated in various steps of MVB trafficking 

to the plasma membrane and subsequent exosome release  (Stenmark, 2009). 

Impairment of Rab27a or Rab27b has been shown to alter the ability of MVBs to dock to 

the plasma membrane resulting in decreased exosome secretion (Ostrowski et al., 

2010). Rab11, Rab35, Rab5a, Rab9a, Rab2b and Rab7 have also been identified as major 

players in exosome secretion, albeit in a cell line dependent manner(Savina et al., 2005; 

Hsu et al., 2010; Ostrowski et al., 2010; Baietti et al., 2012; Abrami et al., 2013; Frühbeis 

et al., 2013). 

In addition to the Rab GTPases, a number of ESCRT associated proteins have been shown 

to play a role in exosome secretion.  Depletion of the ESCRT-0 associated HRS and 

STAM1 have been implicated in exosome secretion, since their inhibition decreased 

exosome release (Tamai et al., 2010; Gross et al., 2012; Colombo et al., 2013; Hoshino 

et al., 2013). However, some evidence suggests that a confounding effect may also result 

in the decreased secretion of microvesicles. For instance, HRS depletion during HIV 

infection prevented viral release from the plasma membrane by inhibiting degradation 

of tetherin (Janvier et al., 2011). Tetherin, which holds viral particles at the membrane, 

is also found to be present on microvesicles and exosomes (Edgar et al., 2016). Thus, 

HRS depletion may lead to a decrease in both exosome and microvesicle secretion.  

Furthermore, the ESCRT-I associated protein TSG101 has also been implicated in 

exosome secretion, as evidenced by decreased exosome secretion upon its depletion 

(Baietti et al., 2012; Colombo et al., 2013). Whilst common mechanisms of exosome 

secretion have been demonstrated (including involvement of HRS and TSG101), many 

studies have revealed different secretion mechanisms that are dependent on cell type 

(Baietti et al., 2012; Abrami et al., 2013; Colombo et al., 2013; Romancino et al., 2013). 

For example, whilst Colombo et al., found silencing of VPS4B to induce the secretion of 

exosomes in HeLa cells,  Baietti et al., reported decreased exosome secretion in MCF7 

cells upon its depletion. Additionally, they showed that ALIX depletion in MCF7A 

decreased exosome secretion, however, no change in secretion was observed in HeLa 
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cells (Baietti et al., 2012; Colombo et al., 2013). Highlighting therefore, that some 

secretion mechanisms are cell dependent.  

Other important mediators of MVB-plasma membrane fusion are the soluble N-

ethylmaleimide-sensitive fusion attachment protein receptors (SNARES). SNAREs form 

complexes with the synaptosomal-associated proteins (SNAPs) on the membranes of 

different membrane bound organelles mediating the fusion of their membranes 

(Colombo, Raposo and Théry, 2014). SNAREs have since been shown to play a role in 

MVB fusion at the plasma membrane. For example, the Ykt6 SNARE has been shown to 

be required for the secretion of Wnt-containing exosomes (Gross et al., 2012), the syx-

5 (STX5 in humans) SNARE was shown to target MVBs to the plasma membrane via Ral-

1 small GTPase in C.elegans (Hyenne et al., 2015)  and the neurone specific snare 

Syntaxin 1a (STX1 in humans) alters exosome secretion in Drosophilla (Koles et al., 2012). 

Furthermore, the plasma membrane associated SNAP, SNAP23 was shown to be 

important for the fusion of both MVBs and secretory lysosomes with the plasma 

membrane (Puri and Roche, 2008; Tiwari et al., 2008; Verweij et al., 2018).  

Finally, the cytoskeleton is believed to play a role in the formation and secretion of 

extracellular vesicles. Actin has a well characterised role in clathrin-mediated 

endocytosis at the plasma membrane, where actin polymerisation stabilises and 

elongates the newly formed endosomal neck by exerting force against the membrane 

(Collins et al., 2011; Mooren, Galletta and Cooper, 2012). Additionally, depolymerisation 

of cortical actin at the plasma membrane is hypothesized to be required for MVB 

docking and subsequent exosome secretion (Antonyak, Wilson and Cerione, 2012; 

Sedgwick and D’Souza-Schorey, 2018). Furthermore, microtubule networks are required 

for the trafficking of MVBs and their transport to the plasma membrane, as 

pharmacological inhibition of microtubules results in decreased exosome secretion 

(Granger et al., 2014; Jackson et al., 2017). It is well established that endosomes are 

trafficked along microtubules by microtubule motors including dynein which directs 

minus-end directed transport (minus end is anchored to the MTOC) (Allan, 2011) and 

the kinesins which direct plus-end directed transport (plus ends emanate to the 

periphery of the cell) (Jon Kull and Endow, 2013). In fact, inhibition of dynein was shown 

to result in the scattering of early endosomes, late endosomes and lysosomes 
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throughout the cytosol, highlighting that dynein plays a key role in the inward trafficking 

of endosomes (reviewed in Granger et al., 2014). Interestingly, dynein is believed to be 

loaded onto endosomes by the Rab7 interacting lysosomal protein (RILP) which is known 

to bind to the HOPs complex (van der Kant et al., 2013). Crucially, the HOPs complex is 

known to play a key role in late endosome/lysosome fusion and so RILP and dynein may 

direct endosomes to lysosomes for cargo degradation (Balderhaar and Ungermann, 

2013). Thus, microtubule motors are key mediators of endosomal transport along 

microtubules and bidirectional movement of endosomes is facilitated by the presence 

of both plus-end and minus-end directed motors. Directional switching has been 

observed through a “tug of war”- like mechanism, where the endosome is subjected to 

opposing forces from microtubule motors until one prevails and trafficking resumes 

(reviewed in Granger et al., 2014). Whilst the exact mechanisms of directional switching 

are still under investigation, evidence suggests a potential role for posttranslational 

modification. For example, in neurons the regulatory factor for vesicular transport, 

huntingtin (htt) protein, was shown to favour retrograde movement until 

phosphorylation by the protein kinase Akt, which resulted in switching to plus-end 

directed movement (Colin et al., 2008). 

 

1.6.4 Targeting and uptake of extracellular vesicles by acceptor cells 

The ability of extracellular vesicles such as exosomes to trigger phenotypical changes in 

acceptor cells is well established and has resulted in numerous studies investigating 

their uptake by acceptor cells and the delivery of their cargo. Whilst EVs have been 

shown to influence recipient cells simply by acting at the surface without delivery of 

their contents (Raposo et al., 1996; Tkach et al., 2017), the majority of studies have 

revealed the full delivery of EV cargo. The exact mechanism behind EV uptake and cargo 

delivery, however, is still to be resolved. 

Recently, targeting of EVs to specific acceptor cells has been proposed in addition to 

non-specific uptake. For example, whilst Hela cells are able to internalise a wide variety 

of EVs from many different cell types (Svensson et al., 2013; Costa Verdera et al., 2017), 

EVs secreted by oligodendrocytes were found to be preferentially engulfed by microglia 
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compared to neurons (Fitzner et al., 2011). Likewise, EVs secreted by primary neurons 

were found to specifically target other neurons, whilst neuroblastoma-derived EVs were 

taken up by astrocytes (Chivet et al., 2014).  

A growing body of evidence now suggests that interplay between tetraspanins, integrins 

and other associated proteins within EV and cell membranes may regulate EV targeting 

and uptake. For instance, whilst EVs derived from the rat pancreatic adenocarcinoma 

cell line BSp73ASML were found to selectively target lung fibroblasts and lymph node 

stromal cells, upregulation of Tspan8 in these EVs resulted in preferential targeting to 

endothelial cells (Rana et al., 2012).  Upon transfection of Tspan8 and integrin β4, the 

selective targeting of the secreted EVs was altered again. This time, the EVs gained an 

increased metastatic capacity and were preferentially taken up by stromal cells in the 

liver and lung after intravenous injection (Yue et al., 2015). Evidence now suggests that 

tumours produce distinct EVs or subpopulations of EVs that facilitate metastasis to 

specific organs.  For instance, the presence of the integrins α6β1 and α6β4 on EVs was 

found to target them to lung fibroblasts and epithelial cells, thus facilitating lung 

metastasis (Hoshino et al., 2015). The presence of αvβ5, however, directs EV binding to 

Kupffer cells in the liver and therefore induces metastasis to the liver (Hoshino et al., 

2015). Similarly, the presence of CD47 on the surface of exosomes has been shown to 

prevent EV capture by immune cells, thereby increasing vesicle duration in circulation 

and enhances delivery of these EVs to pancreatic cells (Kamerkar et al., 2017) 

Furthermore, it has been demonstrated that neuroblastoma cells secrete two distinct 

subpopulations of EVs that selectively target different cell types depending on the 

expression of CD63 or amyloid precursor protein (APP) in the EV membrane (Laulagnier 

et al., 2018). The CD63+ subpopulation, generated via ESCRT-independent mechanisms, 

indifferently bound to neurons and glial cells, whereas the APP+ EVs, generated in an 

ESCRT-dependent manner, preferentially bound neurons (Laulagnier et al., 2018). Thus, 

an increasing body of evidence now suggests that tumour cells secrete different 

subpopulations of EVs that preferentially target acceptor cells through the altered 

expression of tetraspanins and integrins on the EV surface. 

Once EVs reach their target, they dock onto the surface of the cell through interaction 

with membrane-exposed proteins, lipids and/or sugars (Mathieu et al., 2019). Following 



 Chapter 1. Introduction 

 

57 
 

docking, the EV cargo can be transferred to the recipient cell. Whilst the mechanisms of 

EV cargo delivery are not fully characterised,  two distinct pathways have been described  

(see Figure 1.6.4). The first involves direct fusion of the EV with the plasma membrane 

of the recipient cell and the subsequent transfer of EV cargo into the cell cytosol (Parolini 

et al., 2009). This method of transfer is believed to be utilised by the larger, plasma-

membrane-derived EVs (Kanada et al., 2015). The second, more well characterised 

mechanism involves EV internalisation by the acceptor cell through endocytosis prior to 

cargo delivery. Following endocytosis, EVs can either i) fuse with the endosomal 

membranes releasing their contents into the cell cytosol ii) be targeted for degradation 

by the lysosome, or iii) be recycled and re-secreted (Svensson et al., 2013; Mulcahy, Pink 

and Carter, 2014; Costa Verdera et al., 2017; Horibe et al., 2018; Mathieu et al., 2019). 

 

 

Figure 1.6.4 Mechanisms of extracellular vesicle uptake by acceptor cells. 1) EVs are targeted 
to the acceptor cell and dock through interaction with membrane proteins, lipids or sugars. 2) 
EVs directly fuse with the plasma membrane releasing their cargo into the acceptor cell cytosol. 
3) EVs can be endocytosed by acceptor cells into endosomes. EVs can then either fuse with the 
endosomal membrane releasing their cargo into the acceptor cell cytosol (4), fuse with the 
lysosome resulting in degradation (5), or the EVs can be recycled and re-secreted (6).  
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1.7 Extracellular vesicles and cancer 

It is now widely accepted that cancer-derived EVs play key roles in the development and 

progression of cancer. In recent years, proteomic studies have revealed tumour-derived 

EVs to have significantly altered protein cargoes compared to EVs derived from non-

malignant cells (Hurwitz et al., 2016). Additionally, studies comparing the cargoes of EVs 

derived from different cancer types have identified a number of proteins that are 

common to all EVs (proteins involved in biogenesis) as well as a number of proteins that 

were uniquely packaged and representative of the cells from which they were derived 

(Hurwitz et al., 2016). Furthermore, analysis of pancreatic cancer-derived exosomes, 

revealed the presence of 362 cancer-related proteins that are known to have roles in 

tumour cell proliferation, invasion, metastasis and premetastatic niche formation 

(Emmanouilidi et al., 2019).  

 

1.7.1 The role of exosomes in tumourigenesis  

Many studies have analysed the effects of PDAC-derived exosomes on tumourigenesis, 

and recent evidence suggests that EVs can play a role in transforming normal cells into 

malignant cells through the transfer of oncogenic material (Al-Nedawi et al., 2008). For 

example, the transfer of mRNAs from metastatic cells have been shown to facilitate 

cancerous development in previously non-cancerous cells through modulation of target 

genes such as PTEN and HOXD10 (Melo et al., 2014; L. Zhang et al., 2015). Similarly, 

gastric cancer (GC)-derived exosomes have been shown to promote tumour growth 

through activation of PI3K/Akt and MAPK/ERK signalling pathways (Qu et al., 2009). 

Cancer-derived exosomes have also been shown to promote tumour growth through 

expression of TGF-β activated kinase 1 (TAK1) signalling which exerts anti-apoptotic 

effects on the cancer cells promoting their proliferation (Kogure et al., 2011). 

Cancer-derived exosomes have also been shown to play a role in ECM remodelling and 

local tumour invasion (Becker et al., 2016). For example, cancer-derived exosomes 

containing the ECM protein fibronectin were found to promote increased cancer cell 

motility (Sung et al., 2015) and secretion of tumour-derived exosomes enriched in 
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annexins, α3 integrins and ADAM10 all correlated with increased cell migration and local 

invasion (Keerthikumar et al., 2015). Furthermore, exosomes carrying Hsp90 released 

by metastatic cancer cells via Rab27b-mediated exocytosis have been shown to promote 

cancer cell invasion through activation of MMP2 resulting in ECM degradation (Hendrix 

et al., 2010).  

Tumour-derived exosomes have also been shown to play key roles in mediating 

angiogenesis. For instance, cancer-EVs enriched in Tspan8 have been shown to 

upregulate angiogenesis-related genes in endothelial cells, thereby inducing 

angiogenesis in tumours (Nazarenko et al., 2010). Similarly, cancer-exosomes containing 

miR-17-92 clusters have been shown to induce endothelial cell migration and tube 

formation (Umezu et al., 2013). Thus, cancer-exosomes have been shown to re-educate 

endothelial cells enhancing their motility and inducing formation of blood vessels to 

feed solid tumours.  

Significant evidence now also indicates a role for cancer-exosomes in communication 

with immune cells including macrophages, dendritic cells, neutrophils, natural killer cells 

and T cells. For example macrophage polarization towards tumour-promoting M2 

macrophages can be mediated through exosomal transfer of miR222-3p which activates 

SOCS3/STAT3 signalling (Ying et al., 2016). In addition, acute myelogenous leukaemia -

derived exosomes were found to decrease natural killer cell cytotoxicity through 

increased SMAD phosphorylation and decreased expression of the NKG2D receptor 

(Whiteside, 2013) indicating that cancer-derived exosomes can attenuate immune 

responses.  

 

1.7.2 Cancer-exosomes and metastasis 

Following secretion, tumour-derived exosomes may enter the circulation and 

transferred to distant sites throughout the body. In light of this, mounting evidence 

suggests a role for tumour-derived exosomes in the development of pre-metastatic 

niches and cancer cell metastasis. For example, PDAC-derived exosomes have been 

shown to initiate pre-metastatic niche formation in the liver in a stepwise manner  

(Costa-Silva et al., 2015). Kupffer cells, the resident macrophages of the liver, are 
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activated by PDAC exosomes containing elevated levels of macrophage migration 

inhibitory factor (MIF). Once activated, Kupffer cells secrete TGF-β causing hepatic 

stellate cells to secrete fibronectin and recruit bone marrow-derived cells to the site 

forming the pre-metastatic niche (Costa-Silva et al., 2015). Similarly, tumour-derived 

exosomes carrying the crucial ECM remodelling proteins MMP2 and MMP9 were found 

to degrade the ECM which subsequently enabled cancer cell invasion and metastasis (Ge 

et al., 2012). Furthermore, tumour-derived exosomal RNAs were found to promote 

metastatic niche formation in the lung by activating lung epithelial cells to recruit 

neutrophils, a critical first step in lung premetastatic niche formation (Liu et al., 2016).  

Interestingly, the enrichment of certain integrins on the surface of EVs has been shown 

to determine organotrophic metastasis. For instance, the presence of α6β1 and α6β4 

on breast cancer exosomes preferentially targets them to fibroblasts and epithelial cells 

in the lung, governing lung metastasis (Hoshino et al., 2015). Whereas αvβ5 on 

pancreatic cancer exosomes results in the preferential targeting of the Kupffer cells in 

the liver, facilitating metastasis to the liver (Hoshino et al., 2015). Likewise, PDAC 

tumour-derived exosomes positive for the cell surface adhesion receptor CD44 were 

found to aid the establishment of a premetastatic niche in the lung and lymph node 

(Jung et al., 2009). Thus, an increasing body of evidence now suggests that tumour-

derived EVs initiate premetastatic niche formation and facilitate cancer cell metastasis.  

 

1.7.3 Tumour-derived exosomes in stromal cell reprogramming 

During tumourigenesis, fibroblasts and stellate cells differentiate into an activated 

phenotype. Upon activation, these cells exhibit heightened migratory and invasive 

capacities and contribute to tumour growth and metastasis. Interestingly, cancer-

derived exosomes have been found to mediate the activation/differentiation of these 

stromal cells. For example, exosomal transfer of TGF-β  (a known fibroblast 

differentiation initiator) to fibroblasts was shown to promote conversion into 

myofibroblasts, resulting in tumour growth, local invasion and vascularization (De 

Wever et al., 2008; Webber et al., 2010a; Cho et al., 2012; Ringuette Goulet et al., 2018). 

Exosomal TGF-β was found to account for up to 86% of the TGF-β present in cancer cell 
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supernatants, thus exosomes may be a primary extracellular source of TGF-β. 

Additionally, it was demonstrated that exosomal TGF-β, as opposed to secreted TGF-β, 

was responsible for SMAD signalling in the target fibroblasts and subsequent fibroblast 

to cancer associated fibroblast transition (Ringuette Goulet et al., 2018).  

Recent studies have also revealed a role for tumour-derived exosomes in the activation 

of PSCs. For example, exosomes derived from PDAC cells were shown to activate PSCs, 

resulting in increased proliferation and migration, activation of ERK/Akt signalling, 

upregulation of fibrosis-related genes and enhanced production of procollagen type I C-

peptide (Masamune et al., 2018). Subsequent pathway analysis identified TGF-β1 and 

tumour necrosis factor (TNF) as the top upstream regulators commonly altered 

following treatment with PDAC-derived exosomes. During tumourigenesis, activated 

fibroblasts and PSCs are recruited to the premetastatic site to facilitate cancer cell 

metastasis. Interestingly, exosomes secreted by the pancreatic cancer cell lines PANC-1 

and MIA PaCa-2 have been shown to promote the recruitment of PSCs through the 

transfer of exosomal protein Lin28B (Zhang et al., 2019). Thus, cancer-derived exosomes 

have been shown to promote tumourigenesis by both activating stromal cells and 

promoting their recruitment.  

 

1.7.4 Exosomes as potential biomarkers for cancer.  

Due to their active role in tumour formation and abundance in biological fluids, 

circulating tumour exosomes have emerged as promising candidates for biomarker 

development.  In light of this, identifying proteins and RNAs that are unique to cancer-

derived exosomes has become a key focus of the exosome field. Many potential 

exosomal markers have already been identified and have promising clinical applications.  

For example, EpCAM positive exosomes are elevated in ovarian cancer and their 

abundance can distinguish cancer patients from those with benign conditions and 

healthy donors (Taylor and Gercel-Taylor, 2008). Similarly, plasma isolated exosomes 

from melanoma patients are enriched in caveolin-1 compared to healthy donors, 

highlighting the potential of caveolin-1 as a biomarker for melanoma (Logozzi et al., 

2009). Additionally, exosomal integrin combinations appear to dictate organ specific 
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metastasis and may mark for both the presence of cancer and the metastatic tendency 

(Hoshino et al., 2015b). Major advances have also been made in identifying potential 

biomarkers for pancreatic cancer with two studies in particular presenting promising 

candidates for PDAC. For example, Glypican-1 (GPC1) has been shown to be enriched in 

pancreatic cancer exosomes compared to exosomes secreted by the normal pancreas 

(Melo., et al., 2015a; Frampton et al., 2018). However, whether or not GPC1 can 

distinguish between cancer patients and sufferers of benign pancreatic disease is still in 

debate (Melo et al., 2015; Frampton et al., 2018). Additionally, Costa-Silva. et al. 

identified exosomal MIF as a potential prognostic biomarker for PDAC. They reported 

that stage I PDAC patients who go on to develop liver metastases have increased levels 

of exosomal MIF compared to patients who did not present with metastasis and normal 

healthy controls (Costa-Silva., et al., 2015).  

The genetic material contained within exosomes also shows promise as diagnostic 

biomarkers for cancer. dsDNA present in exosomes has been shown to reflect the 

oncogenic mutation status of the cells they originate from (Kahlert et al., 2014; Thakur 

et al., 2014; Melo et al., 2015). For example, the p53 and KRAS mutational states of PDAC 

cells has been observed in the dsDNA contained within the exosomes secreted by these 

cells (Melo et al., 2015). The presence of miRNA in cancer-derived exosomes may also 

serve as diagnostic and prognostic biomarkers. In colon cancer patients, the presence of 

exosomal miR-17-92a correlates with disease recurrence whereas miR-19a is associated 

with poor prognosis (Matsumura et al., 2015). In metastatic prostate cancer, the 

presence of exosomal miR-141 and miR-375 is observed (Bryant et al., 2012; Z. Li et al., 

2015) whereas low levels of miR125a are observed in advanced melanoma (Alegre et 

al., 2014). These observations highlight the potential of exosomal genetic material in the 

development of new biomarkers for cancer.  
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1.8 Project aims  

Human tumours are formed from a heterogenous population of cancer cells. Whilst 

being considered “less fit” cells and offering no proliferative advantage, cells with extra 

centrosomes are maintained in most human tumours. In recent years, cells with 

centrosome amplification have been shown to have an active role in the development 

and progression of cancer. Therefore, it is possible that these “less fit” cells are 

maintained because they offer a survival advantage to the tumour as a whole.  

Recent work from our laboratory has demonstrated that cells with extra centrosomes 

have an altered secretome which enhances tumour progression. Proteomic analysis of 

this altered secretome revealed that cells with extra centrosomes secrete several 

proteins associated with extracellular vesicles. Interestingly, whilst the roles of cancer 

exosomes, including PDAC-derived exosomes, on tumour progression and metastasis 

have been widely studied, it is not currently known if all cancer cells or a subtype of 

cancer cells are responsible for the secretion of cancer-promoting EVs. We therefore 

hypothesised that cancer cells with extra centrosomes may secrete more extracellular 

vesicles with the capacity to aid tumourigenesis. Identifying the role of vesicles secreted 

by specific cell subtypes may provide us with new targets for cancer therapeutics. The 

aims of this project were to: 

1. Determine if the presence of extra centrosomes is sufficient to increase 

extracellular vesicle secretion in PDAC cell lines. 

2. Identify key mechanisms involved in the increased secretion of extracellular 

vesicles by cells with extra centrosomes. 

3. Identify the role of extracellular vesicles secreted by cells with supernumerary 

centrosomes on tumour progression. 

4. Determine the exosomal cargo or cargos responsible for the cancer promoting 

activity of the vesicles.  
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2.1 Cell culture  

2.1.1 Cell culture reagents 

Dulbecco’s modified Eagle’s medium (DMEM): with 4.5 g/L glucose, 4mM L-glutamine 

and 110 mg/L sodium pyruvate. Sterile filtered. Stored at 4oC (Thermo Fisher Scientific, 

41966). 

Dulbecco’s modified Eagle’s medium/nutrient mixture F-12 Ham (DMEM F-12): with 3.15 

g/L glucose, 0.365 g/L L-glutamine, 15 mM HEPES, 14.2 mM sodium bicarbonate and 55 

mg/L sodium pyruvate. Sterile filtered.  Stored at 4oC. (Sigma Aldrich, D8437). 

RPMI-1640 medium (RPMI): with 2 g/L glucose, 2mM L-glutamine, 2 g/L sodium 

bicarbonate. Sterile filtered. Stored at 4oC (Thermo Fisher Scientific, 11875093). 

Keratinocyte serum free medium (1X): with L-Glutamine and supplemented with 0.2 

ng/ml human recombinant Epidermal Growth Factor (rEGF) 1- 53 and 30 µg/ml Bovine 

Pituitary Extract (BPE). Sterile filtered.  Stored at 4oC (Thermo Fisher Scientific, 

17005042). 

Opti-MEM® reduced serum medium: with L-glutamine and 2.4 g/L sodium bicarbonate. 

Stored at 4oC (Thermo Fisher Scientific, 31985070). 

Gibco ™ 0.05% Trypsin-ethylenediaminetetraacetic acid (Trypsin-EDTA) (1X): with phenol 

red. Stored at 4oC (Thermo Fisher Scientific, 25300-054).  

Gibco ™ Foetal Bovine Serum (FBS): Heat inactivated. 50 ml aliquots were stored at -

20oC. Prior to use aliquots were thawed at 37oC (Thermo Fisher Scientific, 10500064). 

HyClone ™ Foetal Bovine Serum, Tetracycline Screened (Tet-FBS): 50 ml aliquots were 

stored at -20oC. Prior to use aliquots were thawed at 37oC (GE Healthcare, 

SH30070.03T). 

Penicillin-Streptomycin (pen/strep): 100 U/ml was added to growth media. Stored at                

-20 oC long term and 4 oC for short term use, (Thermo Fisher Scientific, 15140122). 

EZSolution ™ Blasticidin S hydrochloride (Blasticidin): 10 mg/ml Blasticidin hydrochloride 

in 20 mM HEPES at pH 7.5. Sterile filtered. Blasticidin was used at a final concentration 

of 2.5-20 µg/ml. Stored at -20 oC (EZSolution ™, 2805). 
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Geneticin® (G418) Sulphate: A stock solution of 50 mg/ml was stored at -20 oC. G418 was 

used at a final concentration of 0.5-1 mg/ml (108321-42-2, Santa Cruz). 

Puromycin: A stock solution of 10 mg/ml was stored at -20 oC. Puromycin was used at a 

final concentration of 1-5 µg/ml (InvivoGen, ant-pr-1). 

 

2.1.2 Mainenance of a 2D cell monolayer 

The cell lines used in this thesis are detailed in Table 2.1.2. Adherent cell lines were 

cultured in the appropriate growth medium (supplemented with FBS and Pen/Strep as 

per Table 2.1.2) and incubated at 37oC and 5% humidified CO2. To maintain cells in a 2D 

monolayer, cells were passaged once they reached 70-80% confluency. To passage cells, 

the cell growth medium was aspirated, and cells were washed with 15ml of autoclaved 

phosphate-buffered saline (PBS). The PBS was then aspirated, and the cells were 

incubated with 0.05% Trypsin-EDTA at 37oC for approximately 5 minutes until the cells 

detached. The enzymatic activity of Trypsin-EDTA was then inhibited by adding the 

appropriate cell culture medium complete with FBS. The cell suspension was then 

centrifuged at 1200 rpm for 3 minutes to pellet the cells. The supernatant was then 

aspirated, and the cell pellet resuspended in fresh cell culture medium. Approximately 

0.5-1 ml of the cell suspension was then transferred into a fresh cell culture flask, or cells 

were counted using a haematocytometer and seeded accordingly depending on 

doubling times and experimental need. Growth medium was then added to the freshly 

seeded cells. The flasks were then gently agitated, to evenly distribute cells and 

incubated once again at 37oC, 5% CO2.  
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Table 2.1.2 Cell lines 

Cell line Growth medium Cell type Source 

PaTu-8988T DMEM + 10% FBS + 1 % Pen/Strep Pancreatic cancer 

(adenocarcinoma) 

Professor Hemant 

Kocher (BCI) 

PaTu-8988S DMEM + 10% FBS + 1 % Pen/Strep Pancreatic cancer 

(adenocarcinoma) 

Professor Yaohe 

Wang (BCI) 

Panc-1 DMEM + 10% FBS + 1 % Pen/Strep  Pancreatic cancer 

(adenocarcinoma) 

Professor Hemant 

Kocher (BCI) 

CFPAC-1 DMEM + 10% FBS + 1 % Pen/Strep Pancreatic cancer 

(adenocarcinoma) 

Professor David 

Pellman (Harvard) 

Hs766T DMEM + 10% FBS + 1 % Pen/Strep Pancreatic cancer 

(carcinoma) 

Professor Hemant 

Kocher (BCI) 

BxPC3 

 

DMEM + 10% FBS + 1 % Pen/Strep Pancreatic cancer 

(adenocarcinoma) 

Professor Hemant 

Kocher (BCI) 

Capan-1 RPMI + 10% FBS + 1 % Pen/Strep Pancreatic cancer 

(adenocarcinoma) 

Professor Hemant 

Kocher (BCI) 

Capan-2 DMEM + 10% FBS + 1 % Pen/Strep Pancreatic cancer 

(adenocarcinoma) 

Professor Hemant 

Kocher (BCI) 

Panc0403 DMEM + 10% FBS + 1 % Pen/Strep Pancreatic cancer 

(adenocarcinoma) 

Professor Hemant 

Kocher (BCI) 

HPAF-II DMEM + 10% FBS + 1 % Pen/Strep Pancreatic cancer 

(adenocarcinoma) 

Professor Hemant 

Kocher (BCI) 

MIA-PaCa-2 DMEM + 10% FBS + 1 % Pen/Strep Pancreatic cancer 

(carcinoma) 

Professor Hemant 

Kocher (BCI) 

AsPC-1 RPMI + 10% FBS + 1 % Pen/Strep Pancreatic cancer 

(adenocarcinoma) 

Professor Hemant 

Kocher (BCI) 

DEC-hTERT DMEM + 10% FBS + 1 % Pen/Strep  Normal pancreas Professor Hemant 

Kocher (BCI) 

HPDE keratinocyte-SFM (1X) serum free 

media +30ug/ml (BPE)+ 0.2ng/ml rEGF 

Normal pancreas Professor Yaohe 

Wang (BCI) 

PS1 DMEM: F12 + 10% FBS + 1 % Pen/Strep Normal pancreas Professor Hemant 

Kocher (BCI) 

HEK-293M DMEM + 10% FBS + 1 % Pen/Strep Embryonic kidney David Pellman 

(Harvard) 
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2.1.3 Drug treatments 

Doxycycline hyclate (Dox): Dox is a synthetic oxytetracycline derivative used to induce 

overexpression of PLK4 in the TetR.PLK4 cell lines. Stock solutions of 2 mg/ml were 

generated in autoclaved deionised water and aliquots stored at -20oC. To induce PLK4 

overexpression, 2 µg/ml of Dox was added to cell culture medium for 48 hours (Sigma-

Aldrich, D9891).  

Hydrogen peroxide (H2O2): H2O2 30%(w/w) in H2O was used to induce ROS production in 

our cells. The H2O2 stock was stored at 4oC. For use in cell culture, H2O2 was diluted in 

cell culture medium and sterile filtered before being used at a final concentration of 100 

µM (Sigma Aldrich, H1009). Cells were treated with H2O2 for a maximum of 48 hours.  

N-acetyl cysteine (NAC): NAC is a scavenger of ROS and so was used to quench ROS in 

our cells. NAC powder (stored at 4oC) was dissolved in autoclaved deionised water to 

generate a stock concentration of 613 mM. The NAC stock was aliquoted and stored at 

-20oC until needed. Prior to use in cell culture, the acidity of the NAC stock solution was 

neutralised to pH7 using sodium hydroxide (NaOH). The neutralised NAC was then 

sterile filtered, and used in cell culture at a final concentration of 5 mM (Sigma-Aldrich, 

A9165). Cells were treated with NAC for a maximum of 48 hours. 

Bafilomycin A1: Bafilomycin A1 (from Streptomyces griseus) is a vacuolar type H+-ATPase 

inhibitor and was used to prevent the acidification of lysosomes, diminishing their 

degradative capacity. Bafilomycin A1 was dissolved in DMSO to generate a stock solution 

of 0.1 mg/ml and aliquots were stored at -20oC. Bafilomycin A1 was used in cell culture 

at a final concentration of 20 nM (Sigma-Aldrich, B1793-10UG). Cells were treated with 

Bafilomycin A1 for a maximum of 24 hours. 

 

2.1.4 Small interfering RNA (siRNA) transfection 

PaTu-S.PLK4 and HPAF-II.PLK4 cells for siRNA transfection were seeded into 6 well tissue 

culture plates at a density of 2 x 105 and 5 x 105 cells per well respectively in antibiotic 

free growth medium. The following day, transfection was performed by diluting the 

appropriate siRNA and 10 µl of the transfection reagent Lipofectamine® RNAiMAX 

(Thermo Fisher Scientific, 13778030) in 500 µl of Opti-MEM® reduced serum medium. 
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The solution was incubated at room temperature for 20 minutes to enable to formation 

of liposomes before being added in a dropwise fashion onto the cells. For SAS-6 knock 

down experiments siNegative control (siNegative, Qiagen, 1027310) and siSAS-6 (siSAS6 

on-TARGET smart pool, Dharmacon, M-004158-02) were used. 20 nM of siRNA was used 

for PaTu-S.PLK4 cells and 50 nM for HPAF-II.PLK4 cells as PaTu-S.PLK4 cells were found 

to be more sensitive to SAS-6 depletion. siRNA stocks were diluted in RNase-free water 

to a concentration of 20 µM and stored at -20oC. 24 hours post transfection, the cells 

were trypsinised and seeded onto coverslips for analysis by immunofluorescence or into 

15 cm dishes for exosome harvest experiments.  

 

2.1.5 Measureing cellular reactive oxygen species (ROS) 

Cellular ROS levels were measured using the GSH/GSSG-Glo™ Assay (Promega, V6611). 

This Promega kit measures glutathione in its reduced (GSH) and oxidised (GSSG) forms. 

As glutathione is converted from its reduced from to its oxidised form upon oxidative 

stress, the ratio between the two forms of glutathione is a good read out  for ROS in cells 

and tissues (Carelli et al., 1997; Locigno and Castronovo, 2001; Noctor and Foyer, 2002; 

Townsend, Tew and Tapiero, 2003). The GSH/GSSG-Glo™ Assay is a luminescence-based 

assay, which relies on GSH-mediated conversion of the GSH probe Luciferin-NT to 

luciferin by a glutathione S-transferase enzyme. This reaction is coupled to a firefly 

luciferase reaction resulting in a luminescent signal that is proportional to the amount 

of GSH present in the sample. Parallel reactions are performed to determine total and 

oxidised levels of glutathione. The first utilises a reducing agent to convert all 

glutathione to the reduced form and gives a readout of total glutathione. The second 

reaction measures only the oxidised form by blocking the GSH present in the sample, a 

reducing step is then used to convert the GSSG to GSH for quantification. The ratio of 

GSH to GSSG can then be calculated to give a read out of oxidative stress in the cells, 

where a decrease in the ratio indicates an and increase in oxidative stress. All reactions 

and calculations were carried out as per the manufacturer’s instructions. Finally, the 

amount of protein present in each reaction was quantified using the Pierce™ BCA 

Protein Assay Kit (Thermo Fisher Scientific, 23227) as per the manufacturer’s 
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instructions. The final ratio of GSH/GSSG was then normalised to protein content to 

control for any changes in cell number.  

 

2.2 Lentivirus and Generation of PLK4 inducible cells 

As lentiviruses (a class of retrovirus) have the capacity to integrate viral DNA into the 

genome of both dividing and non-dividing cells, a lentiviral delivery system was used to 

generate genetically modified cell lines.  

 

2.2.1 Lentivirus production and infection 

To generate lentivirus, HEK-293M cells were seeded into a 6-well plate in growth 

medium without antibiotic supplementation. Once cells reached 50% confluency, 

transfection was performed. Cells were transfected with a transfection mixture 

consisting of 500 µl Opti-MEM, 10 µl lipofectamine® 2000 (Thermo Fisher Scientific, 

11668027), 2 µg of plasmid DNA, 1 µg of Gag-Pol DNA (Gag-Pol: psPAX2, Addgene, 

12260) and 0.5 µg VSV-G DNA (VSV-G: pMD2.G, Addgene, 12259). The transfection 

mixture was incubated at room temperature for 20 minutes to allow for the formation 

of liposomes before being added in a dropwise manner to the cells. 6 hours post 

transfection, the medium was replaced with 1.5 ml of fresh growth medium. Virus was 

collected 24- and 48-hours post-transfection, filtered using a 0.4 µM syringe filter and 

stored in cryovials at -80οC until needed.  

For lentiviral infection, PaTu-S or HPAF-II cells were plated in a 6-well plate. The 

following day, growth medium was replaced with 1 ml of medium without antibiotic 

supplementation. The appropriate lentivirus was then mixed with 8 μg/ml polybrene 

(Sigma-Aldrich, TR-1003-G) before being added to the cells in a dropwise fashion. An 8 

mg/ml stock solution of polybrene was generated in autoclaved deionised water and 

stored at -20οC. 6 hours post-infection, the virus was removed and replaced with normal 

growth medium. Infection was repeated the following day and antibiotic selection 

started 24 hours after final infection.  
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2.2.2 Generation of cells with inducible PLK4 overexpression 

To generate PaTu-S and HPAF-II cell lines with an inducible PLK4-overexpression system, 

cells were initially infected with lentivirus containing a Tetracycline repressor (TetR), 

pLenti-CMV-TetR-Blast lentiviral vector (Addgene, 17492). Following viral infection, cells 

successful for transduction were selected for using Blasticidin (10 µg/ml). Post-selection, 

cells were then infected with a lentiviral vector containing PLK4 cDNA which had been 

previously cloned into the pLenti-CMV/TO-Neo-Dest vector using the gateway system 

by Susana Godinho (Godinho et al., 2014). Following infection with PLK4 lentivirus, cells 

were selected with Geneticin (200 µg/ml) for two weeks. The presence of the TetR 

ensures that PLK4 overexpression only occurs upon the addition of the tetracycline 

analogue doxycycline. This method allowed the generation of PaTu-S.PLK4 and HPAF-

II.PLK4 cell lines in which the PLK4 transgene is induced using 2 µg/ml of Doxycycline for 

48 hours.  

 

2.3 2D Immunofluorescent microscopy 

2.3.1 Reagents 

Methanol: ≥99.9% methanol was stored and used at -20οC (Sigma-Aldrich, 154903). 

Formaldehyde: Pierce™ 16% Formaldehyde (w/v), Methanol-free (Thermo Fisher 

Scientific, 28906). Stored at room temperature. 

Cell permeabilisation buffer: 0.02% v/v Triton X-100 diluted in PBS. Stored at room 

temperature. 

Blocking solution: 5% w/v Bovine Serum Albumin and 0.1% v/v Triton X-100 in PBS. Prior 

to use, blocking solution was filtered through a 0.2µM 500ml Rapid Flow Filter Unit 

(Thermo Fisher Scientific, 156-4020). Stored at 4οC. 

ProLong™ Gold Antifade Mountant: Ready to use and stored at room temperature 

(Thermo Fisher Scientific, P36934). 

 

 



 Chapter 2. Materials and Methods 

72 
 

2.3.2 Cell fixation 

For immunofluorescent staining, cells were plated on 1.5 thickness, 18mm round glass 

coverslips (Warner Scientific, CS-18R15) at least 24 hours prior to fixation.  Cells were 

then treated for up to 48 hours with the appropriate drug treatments (controls left 

untreated). Post treatment, cells were washed twice in PBS and fixed in 4% 

Formaldehyde (diluted from 16% Formaldehyde stock in PBS) for 20 minutes at room 

temperature. Cells to be stained for the centrosomal protein centrin, however, were 

instead fixed in ice-cold methanol for 10 minutes at -20 ο C. Following fixation, cells were 

washed twice in PBS and stored at 4ο C until needed.  

 

2.3.3 Immunofluorescent staining 

Following fixation, cells were permeabilised for 5 minutes using our cell 

permeabilisation buffer and then blocked for 30 minutes in the previously generated 

blocking solution.  The cells were then incubated with primary antibody diluted in 

blocking solution (See Table 2.3.2 for primary antibodies and dilutions) for 1 hour at 

room temperature. Cells were then washed twice with PBS to remove any residual/non-

specifically bound primary antibody. Cells were then incubated with the appropriate 

secondary antibody conjugated to an Alexa Flour fluorophore diluted in blocking 

solution for 50 minutes at room temperature in the dark (see Table 2.3.2 for secondary 

antibodies and dilutions). Where phalloidin was used to stain for F-actin, cells were 

incubated with phalloidin in blocking solution for 1 hour only. To remove any non-

specifically bound secondary antibody, cells were then washed twice in PBS. DNA was 

then stained with Hoechst diluted in PBS for 5 minutes at room temperature. After a 

final PBS wash step, coverslips were mounted using ProLong™ Gold Antifade Mountant. 

Details of all antibodies and stains used for immunofluorescence staining can be found 

in table 2.3.2.  

 

 

 

 



 Chapter 2. Materials and Methods 

73 
 

Table 2.3.2  Antibodies for immunofluorescence staining 

Primary Antibodies Product 

number 

Supplier Species raised Dilution 

Anti-centrin 2 (N-17-R) sc-27793-R 
 

Santa Cruz Rabbit 1:100 

Anti α-tubulin (DM1 α) T9026 
 

Sigma-Aldrich Mouse 1:1000 

Anti LBPA (6C4) MABT837 
 

Merck Millipore 
 

Mouse 1:100 

Anti LC3B (D11) XP ® 3868S 
 

Cell signalling 
 

Rabbit 1:200 

Anti α-SMA A2547 Sigma-Aldrich Mouse 1:300 

Secondary Antibodies Product 

number 

Supplier Species raised Dilution 

Anti-Rabbit Alexa Flour 488 A11008 Life Technologies Goat 1:1000 

Anti-Rabbit Alexa Fluor 568 A11011 Life Technologies Goat 1:1000 

Anti-Mouse Alexa Fluor 488 A11001 Life Technologies Goat 1:1000 

Other Product 

number 

Supplier Species raised Dilution 

Alexa Fluor 568 Phalloidin A12380 
 

Life Technologies - 1:250 

Hoechst 33342 H3570 ThermoFisher 

Scientific 

- 1:5000 
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2.3.4 Analysis 

Images were acquired using an inverted Nikon microscope coupled with a spinning disk 

confocal head (Andor). Unless otherwise stated, imaging of cancer cells was performed 

using a 100x objective and imaging of stellate cells with a 40x objective. 

Images/projection images (from z-stacks) were subsequently generated and analysed 

with Image J (please see each experiment for details). Where Z-stack images were 

required to analyse fluorescence intensity, Z-stack parameters were determined using 

the following equation: Zmin = 1.4λn/(NAobj)2. λ = the emission wavelength, n= 

refractive index of the immersion media,  NAobj = the numerical aperture of the 

objective. This equation calculates the ideal z stack step size to minimise overlap 

between each step of the stack. Sum intensity projection images were subsequently 

generated using Image J and fluorescence intensity was quantified using Image J.  

 

2.3.5 Magic Red ™ Cathepsin B analysis 

The Magic Red™ Cathepsin B kit (Bio-Rad, ICT937) was used to analyse the protease 

activity of Cathepsin B in lysosomes as a proxy to lysosome function. Cells were plated 

on coverslips and treated with Dox, Dox +NAC, H2O2, Bafilomycin A1 or left untreated as 

described previously. One hour prior to the end of the experiment, cells were given the 

Magic Red substrate and returned to the incubator. Magic Red is a cell-permeable and 

non-toxic reagent consisting of a cathepsin B target sequence peptide (RR)2 which has 

been linked to a Cresyl Violet fluorescent probe. In the presence of functional cathepsin 

B, Magic Red is cleaved allowing the Cresyl violet fluorophore to fluoresce red upon 

excitation at 550-590 nm. A stock solution of Magic Red was reconstituted in 50 µl of 

DMSO and stored thereafter at -20οC. Prior to use in cell culture, the reconstituted Magic 

Red was diluted 1 in 10 in deionised water and 20µl per 300µl of growth media was 

added to each coverslip as per the manufacturer’s instructions. One hour later, cells 

were fixed in 4% Formaldehyde as previously described. Cresyl Violet fluorescence was 

detected using an inverted Nikon microscope coupled with a spinning disk confocal head 

(Andor). Z-stack images were acquired, and sum intensity image projections were 

generated using Image J. Fluorescence intensity was then quantified per cell with 

ImageJ. 
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2.4. Extracellular vesicle (EV) isolation and quantification 

2.4.1 Materials and reagents 

Ultracentrifugation tubes: Tube, Thinwall, Ultra-Clear™, 38.5 mL, 25 x 89 mm 

(Beckman coulter, 344058). 

 Dulbecco’s Phosphate Buffered Saline (PBS): Sterile PBS (Sigma-Aldrich, D8537), filtered 

through two 0.22 µm filters before use.  

qEV original Size Exclusion Chromatography (SEC) columns: qEVoriginal/70 nm pore size 

SEC columns for exosomes separation and purification, 10ml volume. Stored at 4οC 

(izon, SP1). 

BODIPY® FL Maleimide (BODIPY® FL N-(2-Aminoethyl))Maleimide) (BODIPY): BODIPY was 

reconstituted in DMSO generating a stock solution of 5 mM (Thermo Fisher Scientific, 

B10250). Aliquots of the stock solution were stored at -20οC. BODIPY was used at a 

working dilution of 1/200.  

 

2.4.2 Extracellular vesicle harvest 

Prior to culturing cells for EV harvest, the FBS supplement added to the media first had 

to be depleted of naturally occurring EVs. Vesicle depletion in FBS was performed via 

ultracentrifugation at 100,000 x g at 4οC. As is described in Chapter 3 Results I section 

3.2.2, Gibco FBS required 2 hours of ultracentrifugation at 100,000 x g, whereas GE 

Healthcare FBS required 18 hours of ultracentrifugation at 100,000 x g to successfully 

deplete contaminating EVs.  

To harvest exosomes, cells were grown for 48 hours in vesicle depleted media. Where 

induction of centrosome amplification was necessary, cells were treated with Dox for 48 

hours, before cells were washed in PBS and subsequently cultured in EV depleted media. 

Where drug treatments were required, cells were treated for the duration of the 

exosome harvest (48 hours post addition of vesicle depleted media). After 48 hours, the 

conditioned medium was collected from the cells and a final cell count was performed 
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to ensure the final cell count always remained the same between cell types and 

experimental conditions. 

 

2.4.3 Extracellular vesicle isolation 

2.4.3.1 Serial ultracentrifugation (UC) 

Extracellular vesicles were isolated from the conditioned media via serial 

ultracentrifugation steps at 4οC (similar to Costa-Silva et al., 2015). Initially, the cell 

culture medium was subjected to a low speed centrifugation of 500 x g for 10 minutes 

to remove debris. The supernatant was then centrifuged at 12,000 x g for 20 minutes to 

pellet the large EVs (LEVs), after removal of the supernatant the LEVs were re-suspended 

in 500µl of PBS. The supernatant was then subjected to a high-speed ultracentrifugation 

at 100,000 x g for 70 minutes to pellet the smaller EVs (sEVs). The resultant pellet was 

washed in PBS and a second high-speed ultracentrifugation was performed at 100,000 

x g for 70 minutes to aid in removal of non-EV contaminants. The isolated sEV pellet was 

then re-suspended in 500 µl of PBS. Where necessary EV isolates were stored in PBS at 

-80οC and where possible isolates were used for further analysis or functional assays 

immediately.  

 

2.4.3.2 Size exclusion chromatography (SEC) 

To further purify EVs isolated by serial ultracentrifugation, size exclusion 

chromatography (SEC) was performed. Prior to use, size exclusion chromatography (SEC) 

columns were removed from 4οC and incubated at room temperature for 1 hour to 

equilibrate the column. The columns were then flushed with 5ml of buffer (PBS filtered 

twice through 0.22 µM filters). Once ready for use, any buffer present above the top 

filter was pipetted out and 500 µl of concentrated exosomes (isolated by serial 

ultracentrifugation) was added to the top of the column. The eluted fractions were 

immediately collected in 500 µl volumes. To prevent unintentional dilution of the 

samples, the sample was allowed to pass fully into the top filter before additional buffer 

was added. The column is then kept topped up with buffer (500 µl at a time) throughout 
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the experiment ensuring that the top filter never runs dry. The first six fractions collected 

contain the void volume which do not have EVs. The subsequent fractions, fraction 7-12 

contain the eluting EVs. Following collection of the EVs, the columns were flushed with 

10ml of buffer and stored at 4οC in storage buffer as per the manufacturer’s instructions. 

Columns were reused a maximum of 5 times before being discarded.  

 

2.4.4 Quantification of isolated vesicles 

2.4.4.1 Amins ImageStream® Mark II Imaging Flow Cytometer (ImageStream) 

Samples to be analysed by ImageStream were prepared in 50 µl volumes in Eppendorf 

tubes. Vesicles were labelled with the fluorescent lipid dye BODIPY (used at a 1/200 

dilution) and incubated at room temperature in the dark 10 minutes prior to analysis. In 

addition to vesicle samples, a control sample that had been processed and stained with 

BODIPY as if containing vesicles was also run to ensure that BODIPY alone did not 

contribute to the observed vesicle populations. Upon loading of the samples, the 

ImageStream uses syringe driven sample injection to accurately measure the volume of 

sample injected into the flow cell. This enables the software to accurately report the 

number of objects/ml that pass through the flow stream. Once loaded, vesicles were 

acquired at a slow flow rate with 60x magnification, a 488 nm excitation laser (BODIPY 

detection) and 765 nm laser (side scatter). The “remove bead” function was turned off 

and the flow rate allowed to stabilise before acquisitions began. For acquisition, the 

storage gate was set to collect all events and the stopping gate set to the vesicle 

population (low to mid BODIPY intensity and low side scatter). The stopping gate was 

set to ensure that at least 20,000 objects were analysed per acquisition. Three separate 

acquisitions were collected per sample. Analysis was then performed using the IDEAS 

software. To quantify objects/ml, a graph was generated plotting channel 02 

fluorescence intensity (BODIPY) against channel 12 scatter intensity (side scatter) and a 

vesicle gate was re-applied to select the population at the correct BODIPY and side 

scatter intensities to be EVs. Where necessary the gate was adjusted using the Image 

library to eliminate noise and artefacts from the vesicle population. The objects/ml 

statistic was then used to quantify the number of objects/ml in the gated region. The 
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average objects/ml was then calculated from the three separate acquisitions from each 

sample.  

 

2.4.4.2 Nanoparticle tracking anlaysis (NTA) 

Small particle analysis was also performed by NTA using a NanoSight NS300 with a high 

sensitivity camera and a syringe pump. As previously described, isolated EVs were 

resuspended (UC) or eluted (SEC) in Dulbecco’s PBS filtered twice through 0.22 µM 

filters. Prior to loading samples, the NS300 chamber was flushed first with 0.22 µM 

filtered deionised water and then again with 500 µl of PBS (Dulbecco’s PBS filtered twice 

through 0.22 µM filters) until the chamber is free of any particle matter. Using a 1 ml 

syringe 400 of EV samples was then flushed through the chamber until vesicles were 

visible on the camera to allow the focus and gain settings to be optimised. The sample 

was the injected into the flow cell at speed 50 and 3 recordings of 60 seconds each were 

acquired. Between samples filtered PBS was used again to flush the chamber ensuring 

no residual particles remained. The data was then analysed using the NTA 3.2 analysis 

software and averages of the three technical replicates were plotted per experiment. 

This analysis provides both a measure of vesicle concentration (objects/ml) and vesicle 

size.  

 

2.5 Western blotting 

2.5.1 Reagents 

Radioimmunoprecipitation assay (RIPA) lysis and extraction buffer:  Ready to use, stored 

at 4οC (Thermo Fisher Scientific , 89901). 

RIPA buffer with Protease Inhibitors: One cOmplete™ Mini Protease Inhibitor Cocktail 

tablet (Roche, 11836153001) was added to 10mls of RIPA buffer and vortexed until fully 

dissolved. Aliquots were stored at -20οC until required.  
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Bovine serum albumin (BSA): Protein Standards for Bradford assay were generated from 

a stock of 10 mg/ml BSA (Sigma-Aldrich, A2153) dissolved in deionised water. Standards 

ranged from 0-6 mg/ml BSA and were stored at 4οC. 

Bio-Rad Protein Assay Dye Reagent Concentrate: Bio-Rad Protein Assay Dye Reagent 

(Bio-Rad, 500-0006) was used to quantify protein using a colorimetric assay based on 

the Bradford method. Stored at 4οC. 

Laemmli SDS sample buffer, reducing 4x: Containing 250 mM Tris-HCL, 8% SDS, 40% 

glycerol, 8% beta-mercaptoethanol and 0.02% bromophenol blue. Used at 1x 

concentration. Stored at room temperature (Alfa Aesar, J60015). 

NuPAGE™ 10% Bis-Tris Protein Gels, 1.0 mm, 10-well: Precast polyacrylamide gels 

with a neutral pH. Stored at 4οC (Thermo Fisher Scientific, NP0301BOX). 

PageRuler™ Plus Prestained Protein Ladder: Ready to use ladder for use as size 

standards in SDS-Page, showing 10 to 250 kDa. Stored at -20οC (Thermo Fisher 

Scientific, 26619). 

Running buffer: NuPAGE™ MOPS SDS Running Buffer (20X) (Thermo Fisher Scientific, 

NP0001). Stored at room temperature. Diluted to 1X in deionised water.  

Transfer buffer: 10X Tris Glycine (Severn Biotech, 20630050) diluted to 1X in deionised 

water and 20% (final concentration) methanol. Stored at room temperature. 

Polyvinylidene fluoride (PVDF) western blotting membrane: PVDF western blotting 

membrane with 0.2 µm pore size (Merck, 3010040001). Activated with methanol 5 

minutes prior to use.  

TWEEN® 20: Stored at room temperature (Sigma- Aldrich). 

Tris buffered saline (TBS)- Tween (TBS-T):  TBS (Severn Biotech , 20730110) was diluted 

to 1X in deionised water and supplemented with 0.1% v/v Tween-20 to generate TBS-T. 

Blocking solution: Blocking solution was generated by dissolving 5% w/v skimmed milk 

powder (Sigma-Aldrich, 70166) in TBS-T. Blocking solution was made fresh prior to each 

use.  
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Pierce™ enhanced chemiluminescence reagent (ECL) Western Blotting Substrate: ECL 

Western Blotting Substrate was used to detect HRP on immunoblots (Thermo Fisher 

Scientific, 32106). Stored at 4οC. 

X-Ray Film: 18x24 cm X-ray film (Scientific Laboratory Supplies, MOL7016). 

 

2.5.2 Protein isolation and quantification 

Cells for protein extraction were placed on ice, washed twice in ice cold PBS and lysed 

in RIPA buffer with protease inhibitors. Lysis was further aided by scraping cells from the 

growth surface with a cell scraper. The lysed cells were then transferred into a 

microcentrifuge tube. Small extracellular vesicles harvested for protein extraction were 

isolated as described in section 2.4.3.1. Following the final wash step, PBS was removed 

from and the pelleted vesicles were lysed in RIPA buffer with protease inhibitors on ice. 

The subsequent lysate was then then transferred into a microcentrifuge tube. 

Henceforth all protein samples were processed in the same manner. To facilitate further 

lysis, samples were sonicated on ice. The resultant protein lysates were then centrifuged 

at 10,000 x g for 30 minutes at 4οC to pellet cell debris. The supernatant containing the 

soluble protein was collected and used for further analysis. Where necessary protein 

samples were stored at -80οC. 

The protein concentration of each sample was determined in a 96-well plate using the 

Bio-Rad Protein Assay, which is a colorimetric assay based on the Bradford protein 

analysis method. The concentrated Bio-Rad protein assay was diluted 1:4 in deionised 

water and 200 µl added per well to 2-4 µl of each sample. BSA standards ranging from 

0-6 µg/ml were used each time. Absorbance at 595 nm was measured using a plate 

reader. Readings from the BSA standards, enabled a standard curve to be plotted and 

the equation of the line generated. Using the equation of the line, the protein 

concentration for each sample was calculated. Western blot loading samples were then 

generated ensuring each sample had 1 µg/µl of protein, Laemmli Buffer diluted to a 1X 

concentration and the appropriate amount of RIPA buffer to make up the final volume. 

Prior to electrophoresis, the samples were boiled on a heat block at 98οC for 5 minutes 

to denature the proteins.  
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2.5.3 Western blotting 

Protein samples were resolved using the NuPAGE® Bis-Tris Electrophoresis System with 

NuPAGE™ 10% Bis-Tris Protein Gels (1.0 mm, 10-wells).  The protein gels were inserted 

into an electrophoresis tank before the tank was filled with running buffer. 5 µl of 

PageRuler™ Plus Prestained Protein Ladder was added to the first well and 15-20 µl of 

each protein loading samples was added to the subsequent wells. The gel was then run 

at 80 V for 20 minutes to allow time for the proteins to stack and then subsequently 

resolved at 150 V for the remaining run time (roughly 1 hour or until blue sample buffer 

reached the base of the gel).  

The resolved proteins were then transferred onto a PDVF membrane using the Mini 

Trans-Blot® wet transfer system. Prior to use, the PDVF membrane was equilibrated in 

methanol for 5 minutes. The gels and PDVF membrane were submerged in transfer 

buffer and tightly packaged into transfer cassettes, flanked either side with 

chromatography paper. These cassettes were then placed into the transfer tank and the 

tank was filled with transfer buffer. Additionally, to prevent over-heating, ice packs were 

added to the tank. The transfer was performed at 100 V for 1.25 hours.  

 

2.5.4 Immunoblot detection 

After transfer, the membranes were blocked in 10ml of blocking solution on a rocker at 

room temperature for 1 hour. Membranes were then incubated with primary antibody 

diluted in blocking buffer (See table 2.5.4 for primary antibodies and dilutions) on a 

gentle rocker at 4οC overnight. 12-18 hours later, membranes were washed in TBS-T 3 

times for 5 minutes each, on a rocker at room temperature. Membranes were then 

incubated with the appropriate secondary horseradish peroxidase (HRP)- conjugated 

antibody (See table 2.5.4 for secondary antibodies and dilutions) diluted in blocking 

buffer for 1 hour on a rocker at room temperature. Membranes were washed again with 

TBS-T 3 times for 5 minutes each, on a rocker at room temperature. Protein bands were 

the visualised by adding the Pierce™ enhanced chemiluminescence reagent (ECL) 

Western Blotting Substrate which acts as a substrate for HRP resulting in the emission 
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of low-intensity light. In a dark room, X-ray film is placed over the membranes for various 

exposure times and films were developed using a SRX-101A table top film processor.  

 

Table 2.5.4 Antibodies for western blotting 

Primary Antibodies Product 

number 

Supplier Species 

raised 

Dilution 

Anti TSG101 (EPR7130(b)) ab125011 
 

Abcam Rabbit 1:1000 

 Anti CD63 ab68418 
 

Abcam 
 

Rabbit 1:1000 

Anti CD81 (B-11) sc-166029 
 

Santa Cruz 
Biotechnology 

 

Mouse 1:500 

Anti  ALIX (3A9) 2171 Cell signalling 
 

Mouse 1:1000 

Anti Flotillin-1 (18) 610821 
 

Biosciences 
 

Mouse 1:1000 

Secondary Antibodies Product 

number 

Supplier Species Dilution 

HRP- anti rabbit secondary  NA934V GE Healthcare Donkey 1:5000 

HRP- anti mouse secondary NA931V GE Healthcare Sheep 1:5000 

 

2.6 sEV uptake by recipient cells 

To visualise sEVs uptake by recipient cells, initially fluorescently labelled sEVs were 

generated. To do this, sEVs were harvested from PaTu-S cells using the 

ultracentrifugation protocol described in section 2.4.3.1 with the following alteration. 

Prior to the final PBS wash step, sEVs were resuspended in 200 µl of PBS and 

fluorescently labelled with a 1/200 dilution of BODIPY. sEVs were then incubated at room 

temperature for 5 minutes before being diluted in 31.5 ml of PBS to dilute out any 

unbound dye. The final 100,000 x g ultracentrifugation step was then performed and the 

subsequent sEV pellet resuspended in 200 µl of PBS. The isolated sEVs were then added 
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to the desired recipient cells (either PaTu-T or PS1 cells) that had been plated on glass 

coverslips 24 hours prior. 3 hours post addition of exosomes coverslips were fixed in 4% 

formaldehyde and stained with phalloidin and DAPI as described in section 2.3. 

Representative z-stack images were taken using a spinning disk confocal microscope as 

described in section 2.3.4. 

 

2.7 sEV-mediated PSC activation 

PaTu-S.PLK4 cells were untreated or treated with 2 µg/ml doxycycline for 24 hours to 

induce over expression of the PLK4 transgene leading to centrosome amplification. The 

following day cells were plated into 14 T175 flasks at a density of 1x106 cells per flask. 

Doxycycline (2 µg/ml) was again added to the cells being induced for centrosome 

amplification. 24 hours later, the cells were washed twice with PBS and 15 ml of fresh, 

vesicle depleted media (see section 2.4.2) was added to the cells. 48 hours later, sEVs 

were harvested from the cells by ultracentrifugation alone, or in combination with SEC 

as described in section 2.4.3. The number of sEVs present in each isolate was then 

quantified by ImageStream as described in section 2.4.4.1. PS1 cells were plated on glass 

coverslips at a density of 1x104 cells 24 hours prior to sEVs harvest. 24 hours after plating, 

PS1 cells were then left untreated (negative control), or treated with i) 5 ng/ml TGF-β 

(positive control), ii) 20 million sEVs from cells without the induction of centrosome 

amplification, iii) 20 million sEVs from cells with the induction of centrosome 

amplification. 48 hours later, a second dose of 20 million sEVs was administered per 

condition. 24 hours post the final addition of sEVs (72 hours post the initial addition of 

sEVs), cells were fixed and stained for α-SMA and DAPI (as described in section 2.3). 

Representative images of the cells were taken using a spinning disk confocal microscope 

as described in section 2.3.4. PS1 activation was quantified based on α-SMA 

organisation, where the formation of α-SMA fibres was used as a measure of activation. 

Roughly 150 cells were quantified by eye per condition. All conditions were quantified 

blind.  
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2.8 SILAC based Proteomic Analysis 

SILAC based proteomic analysis of exosomes was performed in collaboration with Dr 

Faraz Mardakheh. All amino acids (heavy and medium) and buffers were provided by 

our collaborator. 

 

2.8.1 Reagents 

Gibco ™ Foetal Bovine Serum, Dialyzed (FBS for SILAC): 50 ml aliquots were stored at -

20oC. Prior to use aliquots were thawed at 37oC (Thermo Fisher Scientific, 26400044). 

Dulbecco’s modified Eagle’s medium for SILAC (DMEM for SILAC): with L-glutamine, 

deficient in L-lysine and L-arginine. 0.2 µm Sterile filtered.  Stored at 4oC (Thermo Fisher 

Scientific, 88364). 

Buffer A*: 2 ml acetonitrile, 0.1 ml trifluoroacetic acid, 0.5 ml acetic acid in 97.4 ml of H2O. 

Buffer A: 0.5 ml acetic acid in 99.5 ml H2O. 

Buffer B: 80 ml acetonitrile, 0.5 ml acetic acid in 19.5 ml H2O. 

STOP 5 Buffer: 4% acetonitrile, 1% trifluoroacetic acid in H2O. 

 

2.8.2 Generation of SILAC media 

SILAC DMEM was supplemented with 10% dialyzed FBS that had been ultracentrifuged 

for 18 hours at 100,000 x g to removed naturally occurring EVs. Additionally, the media 

was supplemented with 600 mg/L Proline and 100 mg/L of heavy or medium Lysine and 

Arginine depending on the condition. Amino acids were dissolved in deionised and 

sterile filtered prior to media supplementation.  

 

2.8.3 SILAC label incorporation tests 

PaTu-S.PLK4 cells were grown in SILAC DMEM supplement with heavy or medium 

labelled amino acids,  for 2 weeks before label incorporation tests were performed. Cells 
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were trypsinised and pelleted as previously described before being washed twice in PBS.  

Following the final PBS wash, residual PBS was removed from the cell pellet. Samples 

were then processed as described in section 2.8.5. For label incorporation tests, 3 μg of 

each sample was injected into the mass spectrometer for analysis. Upon confirmation 

that the PaTu-S.PLK4 cells had successfully incorporated the SILAC labels, these cells 

were used for further analysis.  

 

2.8.4 Exosome harvest for SILAC based proteomic analysis 

PaTu-S.PLK4 cells were grown in either heavy or medium SILAC in T175 flask. Cells grown 

in heavy growth medium were then induced to overexpress PLK4 with 2 µg/ml 

doxycycline and the cells grown in medium growth medium were left untreated. 24 

hours later, cells were plated into 40 T175 flasks at a density of 1x106 cells per flask, per 

condition. Doxycycline (2 µg/ml) was again added to each flask grown in heavy growth 

medium. The following day, media was removed from the flask, cells were washed twice 

with PBS and then 15 ml of fresh EV depleted medium supplemented with the correct 

amino acids (heavy or medium) was added to the cells. 48 hours later, the conditioned 

medium was harvested from the cells and pooled together.  Additionally, a final cell 

count was performed to ensure that the same number of cells was present per 

condition. EVs were then isolated from the harvested cell culture medium using the 

ultracentrifugation protocol described in section 2.4.3.1. To further purify and separate 

the isolated sEVs, SEC was then performed as described in section 2.4.3.2. Vesicles per 

ml were then quantified in each SEC fraction using ImageStream as described in section 

2.4.4.1. Samples were then frozen at -80οC prior to processing for mass spectrometry 

analysis. The whole experiment was then repeated using the reverse labelling, where 

cells grown in the medium labelled medium were induced with doxycycline and the 

heavy left untreated to replicate the experiment and account for any potential effects 

of the different labels.  

 

 

 



 Chapter 2. Materials and Methods 

86 
 

2.8.5 Sample processing for mass spectrometry 

Cells or extracellular vesicles were lysed in 8 M Urea dissolved on a rocker in 50 mM 

Ammonium bi-carbonate (ABC) (made up in deionised water, pH 8).  Samples were then 

sonicated using a Diagenode Bioruptor sonicator at 4οC. Samples were sonicated at high 

power for 15 cycles of 30 seconds on and 30 seconds off. A reducing step was then 

performed by adding 1 M DTT to a final concentration of 10 mM for 20 minutes at room 

temperature. Next an alkylating step was performed by adding 550 mM Iodoacetamide 

to a final concentration of 55 mM incubated for 30 minutes in the dark. Samples were 

then centrifuged using a tabletop centrifuge at full speed to remove debris. Protein 

quantification was then performed as previously described. 15 µg of protein was then 

selected per sample for the label incorporation tests. Urea was then diluted out of the 

sample from 8 M to 2 M final concentration using 50 mM ABC. Digestion of the sample 

was then performed by incubating the sample with 0.1 µg of trypsin per µg of protein 

for 16-18 hours at room temperature. Digestion was then stopped by acidifying the 

sample using equal amounts of the STOP 5 buffer and sample. Additionally, 2% 

Acetonitrile (ACN) was added to the sample to enable sample binding to the filter for 

stagetipping. It was then ensured that the sample has a pH of less than 2. The sample is 

then cleaned up and desalted using a stagetipping approach. Stage tips were generated 

using 200 μl pipette tips (no filter) as the column. Then 3 layers of C18 were cut out using 

a plunger and then plunged into the bottom of the 200 μl tip. The filter was plunged 

gently and as far as possible to pack the filter down. Stagetips were then added to 2 ml 

collection tubes with a custom-made black holder added to the opening to hold 

stagetips in place. Optimally packed tips elute 200 μl in 3 minutes at 2000 x g and so 

stagetips were tested for this capability prior to use. To activate the filter, 100 μl of 

methanol was added to each stagetip. The stagetips were then centrifuged at 2000 x g 

for 3 minutes at room temperature to pass the methanol through the filter. Next 200 μl 

of buffer A* was added and the stage tips centrifuged as before. Once the flow through 

had been discarded the last step was repeated. The sample was then loaded onto the 

stage tip and centrifuged at 500 x g for 3 minutes at room temperature. 200 μl of buffer 

A was then added to the stage tip and centrifuged at 2000 x g for 3 minutes at room 

temperature. Stage tips were then transferred into RNase free micro-centrifuge 

collection tubes with Mass spectrometry (Mass spec) collection tubes placed inside, 
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ensuring that the stagetip tip was placed inside the Mass spec tube. 20 μl of the elution 

buffer, buffer B was then added to each stage tip. The stagetips were then centrifuged 

at 500 x g for 3 minutes. This step was then repeated resulting in the eluted peptides 

being present in 40 μl of buffer B. Peptides were then dried using a speed vac. Finally, 

the peptides were resuspended in 10 μl of buffer A*. Mass spec and subsequent analysis 

was performed by our collaborator Dr Faraz Mardakheh. 

 

2.9 Statistical analysis  

Graphs and statistics were generated using Prism 8 (GraphPad Software) where results 

are presented as mean ± standard deviation (SD) unless otherwise stated. Statistical 

analysis was performed using one-way ANOVA with Tukey’s post hoc test unless 

otherwise stated. Significance is equal to *p<0.1, **p<0.01, ***p<0.001  and 

***P<0.0001.  
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3.1 Centrosome amplification in pancreatic cancer cell lines 

Pancreatic ductal adenocarcinoma (PDAC) is one of the most lethal malignancies with a 

less than 2% 5 year survival rate (Siegel, Miller and Jemal, 2019). Currently surgical 

resection is the most successful treatment option, however upon diagnosis only 15-20% 

of patients are suitable for this potentially curative surgery (Kim, Ahmed and Hsueh, 

2011). For patients where surgical resection is not an option, chemotherapy can be 

administered. However, current chemotherapeutics for PDAC patients offer limited 

responses and life expectancy in these patients is extended by mere months (Burris et 

al., 1997; Berlin et al., 2000; Conroy et al., 2011; Vaccaro, Sperduti and Milella, 2011). 

Thus, there is an urgent need for further research into the development and progression 

of pancreatic cancer in the hopes of developing novel and more successful treatment 

options.  

A study performed by Sato and colleagues  (Sato et al., 1999)  identified centrosome 

amplification in ~85% of analysed pancreatic tumours. Therefore, understanding the 

role of centrosome amplification in the development of pancreatic cancer could lead to 

the identification of novel targets for new cancer therapeutics. Interestingly in our most 

recent publication (Arnandis et al., 2018) we showed that cells with supernumerary 

centrosomes secrete an increased number of proteins associated with the extracellular 

compartment. In particular these proteins were found to be associated with 

extracellular vesicles (EVs), and more specifically, exosomes. Thus, we hypothesised that 

pancreatic cancer cells with extra centrosomes may secrete more EVs. Additionally, as 

exosomes have been shown to play roles in tumourigenesis (reviewed in Wortzel et al., 

2019), we speculated that an increase in EV secretion may contribute to the progression 

and spread of pancreatic cancer.   

To investigate if pancreatic cancer cells with amplified centrosomes secrete more EVs, 

we first assessed centrosome amplification in a panel of 12 PDAC cell lines: PaTu-T, 

Capan-1, PANC-1, CFPAC-1, Hs766T, BxCP3, AsPC-1, Capan-2, Panc 04.03, PaTu-S, HPAF-

II and MIA PaCa-2, and two immortalised cell lines generated from normal pancreas: 

HPDE and DEC hTERT. Cells were grown on glass coverslips for 48 hours before being 

fixed and labelled with antibodies directed against microtubules (α-tubulin) and 

centrioles (centrin). DNA was stained with Hoechst dye.  



 Chapter 3. Results I 

90 
 

Using 2D immunofluorescence microscopy the percentage of cells with either normal or 

amplified centrosome number was quantified. Since centrosome number changes 

throughout the cell cycle, centrosome amplification was quantified specifically during 

metaphase (as evidenced by the presence of the mitotic spindle). During normal cell 

division, cells in metaphase have one centrosome (2 centrioles) present at each pole of 

the bipolar mitotic spindle (Figure 3.1.1 left panel). Cells with more than two 

centrosomes either in a pseudo-bipolar or multipolar spindle formation are considered 

to have amplified centrosomes (Figure 3.1.1 middle and right panels respectively).  

 

 

Figure 3.1.1 Representative images of cells in metaphase with normal or amplified 
centrosomes. Immunofluorescent staining of microtubules and centrioles in metaphase cells. 
Representative images of cells undergoing bipolar cell division (left), clustered pseudo bipolar 
division (middle) and multipolar cell division (right). Cells stained with centrin (green), α-tubulin 
(red) and DNA in Hoechst (blue). Cells are HPAF-II, scale bar represents 5µm. 

 

Centrosome amplification levels are stratified in the current literature, where > 30% 

centrosome amplification is considered high and < 10% is considered low (Lopes et al., 

2018; Rhys et al., 2018) . As expected, centrosome amplification was found to be low 

(<3%) in the pancreatic control cell lines HPDE and DEC-hTERT. The levels of centrosome 

amplification varied across the panel of PDAC cell lines (Figure 3.1.2), however, with 4 

cell lines exhibiting particularly high levels of centrosome amplification (>30% of cells): 

PaTu-T, Capan-1, Panc-1 and CFPAC-1. In contrast, 3 cell lines emerged as having 

particularly low centrosome amplification (<7% of cells): PaTu-S, HPAF-II and MIA-PaCa-

2. These 9 cell lines harbouring particularly high or low percentages of cells containing 
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centrosome amplification were selected to investigate the secretion of vesicles from 

pancreatic cells in relation to centrosome amplification.  

 

 

Figure 3.1.2 Quantification of centrosome amplification in PDAC cell lines. Average percentage 
of cells with amplified centrosomes in a panel of pancreatic cell lines.  Total centrosome 
amplification (clustered and multipolar) was assessed in 12 pancreatic cancer cell lines (Black 
text) and 2 pancreatic control cell lines (Blue text). The dashed line represents 30% centrosome 
amplification. Centrosome amplification above this threshold is considered high. Error bars 
represent mean ± standard deviation (n=3).   

 

3.2 Extraction of extracellular vesicles. 

3.2.1 Isolation and quantification of extracellular vesicles from cell culture 

medium 

Extracellular vesicles (EVs) including larger microvesicles (100-1000nm) and smaller 

exosomes (30-150nm) are secreted by cells into the extracellular space. In cultured cells, 

the secreted EVs can be isolated from the cell culture medium. As these two types of 

EVs somewhat differ in size/buoyant density (size of particle and density of cargo), we 

can crudely isolate the two populations based on their sedimentation rate using a serial 

ultracentrifugation protocol similar to that used by Costa-Silva et al., 2015 (Figure 

3.2.1.1 A). Initially, the cell culture medium is removed from cells and subjected to a low 
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speed centrifugation (500 x g for 10 minutes) to remove cell debris and apoptotic bodies 

from the supernatant. The supernatant is then centrifuged at 12,000 x g for 20 minutes 

to pellet the large EVs (LEVs) which in theory should be >200nm in size (Théry et al., 

2018) and therefore likely to be microvesicles. The subsequent supernatant is then 

subjected to high speed ultracentrifugation (100,000 x g for 70 mins) to pellet the 

smaller EVs (sEVs), which should be <200nm in size (Théry et al., 2018) and thus enriched 

in exosomes. Non-EV contaminants are removed with a wash step and subsequent high 

speed ultracentrifugation (Théry et al., 2006). Although this wash step is known to 

decrease EV yield it is important for increasing the purity of the EV pellet (Webber and 

Clayton, 2013). Finally, the isolated EV pellet is re-suspended in PBS for further analysis. 

Two parameters for ultracentrifugation are particularly important to ensure good 

separation of the vesicles. Duration of the ultracentrifugation is vital, as increasing the 

time of the spin will increase the presence of impurities in the pellet (Van Deun et al., 

2014). Ultracentrifugation speed is also critical as increasing the speed will elevate the 

formation of EV aggregates. Although re-suspension in PBS can separate most of the 

aggregates, the presence of residual EV aggregates may interfere with downstream 

analysis (Théry et al., 2006).  

To validate the serial ultracentrifugation protocol for isolation of EVs, we isolated LEVs 

and sEVs from the PDAC cell line PaTu-T. Cells were grown in vesicle-depleted media (see 

section 3.2.2) before the culture medium was removed and EVs were isolated. The size 

distribution of vesicles in each pellet was quantified by nanoparticle tracking analysis 

(NTA) using the NanoSight NS300. Analysis using the NTA 3.2 analysis software 

demonstrated that the LEVs population had a mean size of 290.9 nm and a mode size of 

158.7 nm, whereas the sEV population had a mean size of 141.6 nm and a mode size of 

113.3 nm (Figure.3.2.1.1 B). This analysis confirmed that the two populations were 

within the correct average size range to be considered large and small EVs respectively. 

As there is an overlap in the size of microvesicles (100-1000 nm) and exosomes (30-150 

nm), size alone cannot distinguish the two vesicle types. However, the observed size 

ranges suggest an enrichment of microvesicles in the LEV pellet and enrichment of 

exosomes in the sEV pellet.   
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Figure 3.2.1.1 Extracellular vesicle isolation by ultracentrifugation and particle size 
distribution quantification by Nanosight NS300. A) Schematic of the serial ultracentrifugation 
protocol for isolation of Large EVs and Small EVs. B) Size distribution curves determined by 

Nanosight NS300 (Nano-particle tracking analysis) of LEVs and sEV isolates. LEV isolates have a 

mean size of 290.9nm and a mode size of 158.7nm (grey distribution) whereas sEV isolates have 
a mean size of 141.6nm and a mode size of 113.3nm (red distribution). Dotted line indicates the 

mode size of each EV population. Error bars (shown in red for sEVs and grey for LEVs) indicate 
standard error of the mean. 

 

An Amnis ImageStream® Mark II Imaging Flow Cytometer (ImageStream) was used to 

quantify the number of EVs present in each pellet.  Traditionally, NTA  has been 

considered the gold standard for quantification of EV number and EV size. However, 

whilst the ImageStream does not have the capacity to quantify EV size, it offers certain 

advantages for the quantification of EV number. Unlike ImageStream, classical NTA is 

likely to over-estimate EV counts as the technique is not specific to EVs and analyses all 

particles regardless of their composition (reviewed in Théry et al., 2018). The 

ImageStream, however, enables quantification of particles specifically containing lipids 

by virtue of fluorescent labelling, in this case using the lipid dye BODIPY-Maleimide. It 

should be noted that the ImageStream may underestimate vesicle numbers as vesicles 

smaller than 20nm may be below the fluorescence threshold (Headland et al., 2014). 

The ImageStream calculates a BODIPY intensity value and side scatter value for each 

particle, and a graph of BODIPY intensity against side scatter intensity can be plotted. 

Extracellular vesicles are predicted to have low side scatter and mid to low BODIPY 

fluorescence distinguishing them from other particles and thus can be gated as shown 
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in Figure 3.2.1.2 A. Speed beads are used to internally calibrate the machine but can be 

excluded from the gating region as they have high side scatter and low BODIPY intensity. 

Contaminating cells and cell debris can also be removed from the gating region as they 

have high side scatter and high BODIPY intensities (See Figure 3.2.1.2 A)(Headland et al., 

2014). The ImageStream also provides an image gallery of all objects that pass through 

the stream permitting confirmation that the particles within the gated region are small 

and spherical, indicative of vesicles (representative images shown in Figure 3.2.1.2 B). 

We have therefore opted to use ImageStream to quantify vesicle number and NTA to 

quantify vesicle size.  

 

Figure 3.2.1.2 Extracellular vesicle quantification by Nanosight NS300 and Amnis 
ImageStream® Mark II Imaging Flow Cytometer. A) Example graph from the Amnis 
ImageStream, displaying side scatter plotted against BODIPY intensity. Representative gating 
regions are shown. Gating region for extracellular vesicles (in blue) at low side scatter and mid 
to low BODIPY intensity. Gating region for contaminating cells and cell debris (yellow) at high 
side scatter and high BODIPY. Gating region for speed beads (green) used to internally calibrate 
the ImageStream at high side scatter and low BODIPY. Gating region for lysed vesicles (purple) 
at low side scatter and low BODIPY B) Representative images of particles taken from the 
ImageStream image gallery that are present in the extracellular vesicles gating region, showing 
small spherical vesicles. Vesicles are labelled with BODIPY-Maleimide (green).  

 

3.2.2 Depletion of extracellular vesicles from foetal bovine serum 

Foetal bovine serum (FBS) which is used to supplement cell growth media contains a 

large number of bovine extracellular vesicles that may affect the quantitative and 

qualitative analyses of EVs secreted by cultured cells. Therefore, depletion of 
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contaminating EVs from the FBS prior to use in cell culture is crucial. Ultracentrifugation 

is used to remove bovine EVs from the FBS. During this process, the duration of the 

ultracentrifugation was found to be critical and had to be optimised for FBS from 

different providers. We tested vesicle depletion in both Gibco FBS (non-tetracycline 

screened) and GE Healthcare (tetracycline Screened) FBS which are used throughout this 

thesis. Post ultracentrifugation, the FBS was added to DMEM to a final concentration of 

10% and the residual bovine vesicles present in this media were quantified (Figure 

3.2.2). Two hours of ultracentrifugation was sufficient to deplete Gibco FBS of 

contaminating EVs (from a mean of ~1.3 x108 to ~3.8 x107 objects/ml), however, GE 

Healthcare FBS required ultracentrifugation for 18 hours to deplete EVs to acceptable 

levels (from a mean of ~7.1 x108 to ~2.8 x107 objects/ml).  

 

Figure 3.2.2 Optimisation of vesicle depletion in foetal bovine serum (FBS). Gibco  
(non-tetracycline screened) or GE Healthcare (tetracycline screened) FBS was ultracentrifuged 
at 100,000 x g for 0, 2, 6 or 18 hours to deplete bovine EVs. Following the addition of vesicle-

depleted FBS to DMEM, residual vesicles (LEVs and sEVs) present in the media were isolated by 
ultracentrifugation and quantified by ImageStream. Error bars represent mean ± standard 
deviation (n=3). 
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3.3 Extracellular vesicle secretion in pancreatic cancer and 
pancreatic control cell lines 

3.3.1 Pancreatic cancer cells with supernumerary centrosomes secrete more 

small extracellular vesicles 

As previously shown in Figure 3.1 B, centrosome amplification levels vary between 

pancreatic cell lines. To investigate if pancreatic cell lines with amplified centrosomes 

secrete more EVs, LEVs and sEVs were isolated from the following pancreatic cell lines:  

i) PaTu-T, Capan-1, Panc-1 and CFPAC-1 (PDAC cell lines with high centrosome 

amplification), 

ii) PaTu-S, HPAF-II, MIA-PaCa-2 (PDAC cell lines with low centrosome 

amplification), 

iii)  HPDE, DEC-hTERT (pancreatic control cell lines which harbour low  levels of 

centrosome amplification). 

 

Cells were grown in vesicle-depleted media for 48 hours ensuring that at the 48-hour 

time point all cell lines had the same final cell count of ~6x106 cells/ml. The conditioned 

media was then harvested and EVs were isolated using serial ultracentrifugation.  

Quantification of the isolated vesicles showed an increased presence of sEVs and LEVs in 

the media of cells with extra centrosomes compared to cells with little or no centrosome 

amplification (Figure 3.3.1 A). Further analysis of these results revealed a strong 

significant correlation between sEVs secretion and centrosome amplification where 

rSpearman=0.6863,  compared to LEV secretion and centrosome amplification where 

rSpearman = 0.2971 (Figure 3.3.1 B). These results demonstrate a robust correlation 

between centrosome amplification and the secretion of sEVs, potentially indicating 

increased exosome secretion in cells with extra centrosomes. This result, however, is 

purely correlative and does not in itself indicate causation, prompting further analysis 

into whether centrosome amplification is sufficient to induce EV secretion in pancreatic 

cancer cell lines. 
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Figure 3.3.1 Extracellular vesicle secretion in pancreatic cells.  A) Quantification of LEVs and 

sEVs secreted by pancreatic cancer cells (black text) and immortalised pancreatic cells (blue text) 
with high and low centrosome amplification. Error bars represent mean ± standard deviation 
(n=6). B) Linear regression graph of the data present in A and Spearman correlation coefficients 

(rSpearman) showing a correlation between LEVs (blue) or sEV (grey) secretion in relation to 

centrosome amplification. Significant correlation is observed between both LEVs and sEV 

secretion and increased centrosome amplification (LEVs rSpearman =  0.2971, sEV rSpearman 
=0.6863 and p< 0.0001). Dashed lines = confidence intervals. 
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3.3.2 Small extracellular vesicle isolates contain canonical extracellular 

vesicle protein markers    

To further validate the presence of EVs in our sEV preparations we analysed the sEV 

isolates for the presence of the canonical EV protein markers CD63, CD81 and flotillin. 

As expected, western blot analysis showed the sEV pellet to be enriched in these EV 

protein markers compared to the cell lysate (Figure 3.3.2). To date, it is not possible to 

conclusively distinguish different types of extracellular vesicles by the presence of 

specific protein markers (Théry et al., 2018). However, the presence of certain protein 

markers may indicate which biogenesis pathway the majority of the EVs in the sample 

originate from. Vesicles in the sEV pellet were enriched in the endosomal sorting 

complex responsible for transport (ESCRT) machinery component TSG101 and ESCRT 

associated protein ALIX (Figure 3.3.2). The presence of these proteins may indicate that 

the vesicles originate from the endocytic compartment and are therefore likely to be 

exosomes. It should be noted however, that to date the only way to specifically 

determine the origin of an EV is through live cell imaging and tracking of the vesicles 

(Théry et al., 2018).  

 

Figure 3.3.2 Western blot analysis of sEVs lysates and total cell lysates from PaTu-T cells. The 
preparations were probed for EV/Exosomal protein markers using antibodies directed against 
CD63, CD81, TSG101 and ALIX and flotillin.  

 

 



 Chapter 3. Results I 

99 
 

3.4 Transient overexpression of PLK4 results in centrosome 

amplification in PaTu-S and HPAF-II cell lines 

Our data thus far suggest that cells with supernumerary centrosomes secrete more sEVs, 

however, it is unclear whether centrosome amplification itself is sufficient to induce sEV 

secretion, or if increased sEV secretion is simply a result of other undefined cellular 

changes. To further explore this,  we investigated whether the induction of centrosome 

amplification in cell lines that naturally harbour low levels of centrosome amplification 

would lead to increased sEV secretion.  

To generate supernumerary centrosomes, a previously established method was used 

whereby centrosome amplification can be achieved through transient overexpression of 

PLK4 (Godinho et al., 2014), the master regulator of centriole duplication (Bettencourt-

Dias et al., 2005; Habedanck et al., 2005; Kleylein-Sohn et al., 2007; Basto et al., 2008). 

PLK4 overexpression is controlled by the presence of a tetracycline repressor (TetR) 

which binds to the CMV/TO promoter inhibiting the expression of PLK4. The addition of 

doxycycline hyclate (DOX) supresses the tetracycline repressor allowing PLK4 

overexpression and the subsequent induction of centrosome amplification.  

We selected two PDAC cell lines which naturally harbour low levels of centrosome 

amplification (<7% of cells), PaTu-S and HPAF-II and transduced them with a tetracycline 

repressor using lentivirus. These cells were then subsequently transduced with lentivirus 

harbouring inducible PLK4, generating two cell lines, PaTu-S TetR PLK4 (henceforth 

referred to as PaTu-S.PLK4) and HPAF-II TetR PLK4 (hence forth referred to as HPAF-

II.PLK4)  in which centrosome amplification can be induced upon the addition of DOX. 

To generate extra centrosomes, DOX was added to the newly generated cell lines for 48 

hours to ensure that sufficient time had passed for centrosome over duplication and 

subsequent maturation to occur (Godinho et al., 2014) (Figure 3.4 A). 

PLK4 overexpression for 48 hours in PaTu-S.PLK4 and HPAF-II.PLK4 cells upon the 

addition of DOX led to significantly increased centrosome amplification in both cell lines 

(Figure 3.4 B/C). With centrosome amplification increasing from average 26% to 92% in 

PaTu-S.PLK4 and from average 18% to 81% in HPAF-II.PLK4. It should be noted that even 

in the absence of DOX, both PLK4 inducible cell lines have higher centrosome 
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amplification than their parental cell lines (PaTu-S and HPAF-II). We attribute this 

observation to the TetR PLK4 system being “leaky” and resulting in low levels of 

recombinant PLK4 expression. However, the increase in centrosome amplification upon 

the induction of DOX is highly significant making these cell lines suitable for further 

study. 

 

 

Figure 3.4 Centrosome amplification upon PLK4 overexpression in PaTu-S and HPAF-II cells. A) 
Schematic diagram illustrating method for inducing extra centrosomes via transient 
overexpression of PLK4. PLK4 overexpression is induced for 48 hours following the addition of 
DOX, resulting in cells with extra centrosomes. B) Centrosome amplification in PaTu-S.PLK4 cells 
treated with (+) and without (-) DOX and the parental PaTu-S cell line (no treatment). C) 
Centrosome amplification in HPAF-II.PLK4 cells treated with (+) and without (-) DOX and the 
parental HPAF-II cell line (no treatment). Error bars represent mean ± standard deviation (n=3, 
300 cells). Data analysed using one-way ANOVA with Tukey’s post hoc test ( **** p<0.0001 *** 
p<0.001 ,** p<0.01). DOX=doxycycline hyclate.   
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3.5 Small extracellular vesicle secretion is elevated upon induction 

of centrosome amplification 

To investigate whether centrosome amplification induces EV secretion in pancreatic 

cancer cell lines, we analysed EV secretion in the newly generated PaTu-S.PLK4 and 

HPAF-II.PLK4 cells with and without the induction of extra centrosomes. PaTu-S.PLK4 

and HPAF-II.PLK4 cells were induced with DOX for 48 hours before the conditioned 

media was removed, the cells were washed and fresh vesicle-depleted media (see Figure 

3.2.2) was added. Cells were subsequently cultured for 48 hours before the conditioned 

media was collected and secreted EVs were isolated and quantified.  

A significant increase in the secretion of sEVs was observed following induction of 

centrosome amplification in both PaTu-S.PLK4 (from a mean of ~2.8 x108 to ~5.6 x108 

objects/ml) and HPAF-II.PLK4 cells (from a mean of ~8 x108 to ~1.9 x109 objects/ml) 

(Figure 3.5). However, no significant difference was observed in LEVs secretion upon 

induction of centrosome amplification in either cell line. This result reflects the data 

shown in Figure 3.3 where a strong correlation was only observed between centrosome 

amplification and sEV secretion in the panel of pancreatic cell lines. Thus, it appears that 

the induction of centrosome amplification preferentially increases the secretion of sEVs.  
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Figure 3.5 Extracellular vesicle secretion upon induction of centrosome amplification in PaTu-

S.PLK4 and HPAF-II.PLK4 cells. A)  Secretion of LEVs and sEVs from PaTu-S.PLK4 with (+DOX) and 

without (-DOX) the induction of centrosome amplification. B) Secretion of LEVs and sEVs from 
HPAF-II.PLK4 with (+DOX) and without (-DOX) the induction of centrosome amplification. Levels 
of centrosome amplification (%CA) are indicated in red. Error bars represent mean ± standard 
deviation (n=6). Data analysed using two-way ANOVA with Tukey’s post hoc test (**** 

p<0.0001). Significance relates to sEVs secretion only. No significant difference was observed in 

LEVs secretion between conditions (DOX=doxycycline hyclate, %CA = % cells with centrosome 
amplification). 

 

3.6 In the absence of centrosome amplification, PLK4 

overexpression is not sufficient to induce extracellular vesicle 

secretion 

To ensure that the increase in sEV secretion observed upon induction of centrosome 

amplification in PaTu-S.PLK4 and HPAF-II.PLK4 is attributed to centrosome amplification 

alone and is not an artefact of the induction method, we controlled for unspecific affects 

caused by the addition of DOX and the overexpression of PLK4.  

Previous studies have shown the centrosomal protein SAS-6 to be necessary for 

centriole duplication, and so depletion of SAS-6 has been shown to hamper the 

amplification of centrosomes induced by PLK4 overexpression (Arnandis et al., 2018). 

Therefore, in order to analyse the effect of PLK4 overexpression on EV secretion in the 
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absence of centrosome amplification we performed siRNA mediated SAS-6 knockdown 

whilst inducing PLK4 overexpression with DOX.  

As expected, quantification of centrosome amplification following siRNA knockdown of 

SAS-6 (siSAS-6) in PaTu-S.PLK4 and HPAF-II.PLK4 treated with DOX, resulted in 

significantly lower centrosome amplification levels compared to cells treated with the 

siRNA control (siCntrl) and DOX (Figure 3.6.1 A/B). SAS-6 depletion in HPAF-II.PLK4 cells 

+DOX resulted in levels of centrosome amplification that were similar to the untreated 

control cells, however, SAS-6 depletion in PaTu-S.PLK4 cells +DOX resulted in 

centrosome amplification levels that were significantly lower than the untreated control 

cells. Centriole number was therefore quantified to ensure that SAS-6 depletion did not 

cause high levels of centrosome loss in cells overexpressing PLK4. Quantification of 

centriole number revealed that SAS-6 depletion in PLK4 overexpressing cells leads to a 

relatively small percentage of metaphase cells containing less than three centrioles 

(Figure 3.6.1 C/D), 35% in PaTu-S.PLK4 cells and 28% in HPAF-II.PLK4 cells. As SAS-6 is 

important for centriole duplication, it is possible that these results arise as a 

consequence of SAS-6 depletion in cells that do not have amplified centrosomes, thus 

preventing centriole duplication in these cells and leading to the observed centriole 

losses. Despite these low levels of centrosome loss, most cells in both cell lines 

contained normal centriole numbers and were able to form a bipolar metaphase plate 

with either 3 or 4 centrioles present at each pole. These conditions were therefore used 

for further analysis. 
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Figure 3.6.1 Centrosome amplification upon siRNA depletion of centrosomal protein SAS-6 in 
the presence of PLK4 overexpression. A) Quantification of the percentage of cells with 
centrosome amplification in PaTu-S.PLK4 cells untreated, or treated with DOX and siCntrl or DOX 
and siSAS-6. B) Quantification of the percentage of cells with centrosome amplification in HPAF-
II.PLK4 cells untreated, or treated with DOX and siCntrl or DOX and siSAS-6. C) Quantification of 
the percentage cells with >4, 3-4 or <3 centrioles in PaTu-S.PLK4 cells untreated, or treated with 
DOX and siCntrl or DOX and siSAS-6. D)  Quantification of the percentage cells with >4, 3-4 or <3 
centrioles in HPAF-II.PLK4 cells untreated, or treated with DOX and siCntrl or DOX and siSAS-6. 
Error bars represent mean ± standard deviation (n=3, 300 cells). Data analysed using one-way 
ANOVA with Tukey’s post hoc test ( **** p<0.0001, ** p<0.01).  DOX=doxycycline hyclate.  
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Extracellular vesicles were then harvested from the conditioned medium of cells treated 

in the same manner as above. It was found that, following SAS-6 depletion, sEVs 

secretion is greatly decreased compared to the siCntrl treated cells, despite DOX 

treatment and over expression of PLK4 in both PaTu-S.PLK4 and HPAF-II.PLK4 cells 

(Figure 3.6.2). No significant difference was observed in LEV secretion between 

conditions. These results indicate that the increased sEV secretion observed upon the 

induction of centrosome amplification is not an artefact of PLK4 overexpression or DOX 

treatment but is instead due to the increased presence of extra centrosomes. 

Taken together, these results indicate that centrosome amplification is sufficient to 

induce sEV secretion in pancreatic cancer cells. In contrast, LEV secretion remains largely 

unchanged following induction of supernumerary centrosomes.  

 

 

Figure 3.6.2 Extracellular vesicle secretion upon siRNA depletion of SAS-6 in the presence of 

PLK4 overexpression. A) Quantification of LEVs and sEVs secreted by PaTu-S.PLK4 cells 

untreated, or treated with DOX and siCntrl or DOX and siSAS-6. B) Quantification of LEVs and 

sEVs secreted by HPAF-II.PLK4 cells untreated or treated with DOX and siCntrl or DOX and siSAS-
6. Levels of centrosome amplification denoted in red. Error bars represent mean ± standard 
deviation (n=3). Data analysed using two-way ANOVA with Tukey’s post hoc test (**** 

p<0.0001). Significance relates to sEV secretion only. No significant difference was observed in 

LEVs secretion between conditions. DOX=doxycycline hyclate, % CA= % cells with centrosome 
amplification. 
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3.7 Discussion 

In recent years centrosome amplification has been shown to play an active role in 

tumourigenesis in vivo (Coelho et al., 2015; Serçin et al., 2015; Levine et al., 2017). Since 

pancreatic tumours have been shown to harbour up to 85% of cells with centrosome 

amplification (Sato et al., 1999), further research into the role of centrosome 

amplification in the initiation and progression of pancreatic cancer may reveal new  

targets for the development of novel therapeutic strategies.  

Recent work from our laboratory (Arnandis et al., 2018), demonstrated that cells with 

extra centrosomes secrete an increased number of proteins associated with EVs. We 

therefore hypothesised, that cells with amplified centrosomes secrete more EVs than 

cells that do not contain supernumerary centrosomes.   

Here we show that centrosome amplification positively correlates with the secretion of 

LEVs and sEVs in pancreatic cancer cell lines. Moreover, using two different cell lines in 

which we can induce centrosome amplification through transient overexpression of 

PLK4, we have demonstrated that centrosome amplification induces the secretion of 

sEVs in PDAC cells. However, no change was observed in the ability of either cell line to 

secrete LEVs upon induction of centrosome amplification. Furthermore, we have shown 

that in the absence of centrosome amplification, DOX treatment and PLK4 

overexpression do not result in increased EV secretion. Taken together these results 

suggest that centrosome amplification itself is sufficient to induce sEV secretion in PDAC 

cell lines. 

Throughout this chapter, vesicle isolation was performed using a serial 

ultracentrifugation protocol which separated EVs into LEVs and sEVs based on 

differences in buoyant densities (particle size and density of cargo). Although the 

classical ultracentrifugation protocol is still widely used, it is not without its drawbacks 

and the purity of the isolated vesicles has been questioned, leading to the development 

of new methods for EV isolation.  In recent years, a modification to the 

ultracentrifugation protocol utilising a density gradient has emerged as a better method 

of EV isolation from cell culture medium (Abramowicz, Widlak and Pietrowska, 2016). 

The presence of a density gradient results in further separation of the EVs due to their 

specific buoyant densities. This method is now believed to yield EVs with a higher purity 
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compared to the classical ultracentrifugation protocol (Théry et al., 2006; Webber and 

Clayton, 2013; Abramowicz, Widlak and Pietrowska, 2016). Size exclusion 

chromatography (SEC), where samples are  passed through a column containing porous 

resin particles, has also emerged as an effective method of EV isolation and purification. 

Vesicles pass through the SEC column largely unimpeded due to their size, whereas 

impurities including small molecules and contaminating proteins enter the pores and 

elute much later. As such,  SEC has been shown to yield high purity EVs (Böing et al., 

2014; Muller et al., 2014; Welton et al., 2015; Benedikter et al., 2017). Although the 

work described in this chapter was carried out using the classical serial 

ultracentrifugation approach for EV isolation, an additional SEC purification step was 

included in subsequent work to improve EV purity where necessary (see chapter 5). 

Although it is not possible to definitively identify the type of EV present in the sEV pellet, 

our work provides evidence to suggest that the pellet may be enriched in exosomes. 

Nano-particle tracking analysis showed that the sEV pellets have a size distribution curve 

with a mode particle size  of 113.3nm. This particle size is within the accepted size range 

for exosomes ie 30-150nm.  Furthermore, the presence of the protein markers TSG101 

and ALIX in the sEV pellet may give insight into the biogenesis pathway from which these 

vesicles originate. Since both TSG101 and ALIX are associated with the ESCRT machinery 

and thus the endocytic pathway, it is likely that the sEV pellet is enriched in exosomes.  

In addition, proteomic analysis recently published by our laboratory (Arnandis et al., 

2018) revealed that cells with extra centrosomes secrete a number of proteins 

specifically associated with exosomes. Taken together these results suggest that the 

vesicles isolated in the sEV pellet are likely to be enriched exosomes, thus indicating that 

centrosome amplification likely results in the increased secretion of exosomes. Further 

evidence  corroborating the identification of these vesicles is detailed in Chapter 5.  

Interestingly, current literature in the extracellular vesicle field has indicated that EV 

secretion is increased in cancer cells and that EV proteins are elevated in the sera of 

cancer patients (Szczepanski et al., 2011; Huang and Deng, 2019). However, it is not 

known if all cancer cells or a subset of cancer cells are responsible for this increased 

secretion. Our results suggest that, a subset of cancer cells, those harbouring amplified 

centrosomes, may contribute to the increase in EV protein secretion that has been 

observed in cancer patients. Since cancer-associated EVs, including exosomes, are 
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known to contribute to the progression and spread of cancers (reviewed in Wortzel et 

al., 2019) our findings may have much wider implications and raise the following 

questions (i) why do cells with extra centrosomes secrete high levels of sEVs and (ii) do 

these vesicles contribute to tumourigenesis? 
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Chapter 4 

 

Results II: 

Centrosome amplification-induced oxidative stress 

impairs lysosome function, preventing lysosomal 

degradation of multivesicular bodies and resulting in 

increased small extracellular vesicle secretion 
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4.1 Cells with Centrosome amplification have increased levels of 

reactive oxygen species  

To better understand the role of centrosome amplification in tumourigenesis we first 

investigated why cells with extra centrosomes secrete high levels of sEVs. Recent work 

published by our laboratory demonstrated that centrosome amplification induces an 

early oxidative stress response through increased generation of reactive oxygen species 

(ROS) (Arnandis et al., 2018). Interestingly, the increase in cellular ROS associated with 

centrosome amplification resulted in an altered secretory phenotype, an extra 

centrosome-associated secretory phenotype (ECASP), that lead to paracrine cell 

invasion. As this work also showed the ECASP included the increased secretion of 

exosomal proteins, we hypothesised that centrosome amplification-associated ROS may 

be responsible for the increased secretion of sEVs. To investigate this, we first quantified 

ROS levels in our PaTu-S.PLK4 and HPAF-II.PLK4 cell lines following the induction of 

centrosome amplification. ROS levels were determined using the Promega GSH/GSSG-

Glo™ Assay. Glutathione (GSH) is an important antioxidant/ ROS scavenger which exists 

mostly in its reduced form, however, following oxidative stress, GSH is converted into 

its oxidized form Glutathione disulfide (GSSG), which consists of two GSH molecules 

linked by a disulphide bond. Briefly, the Promega GSH/GSSG-Glo™ Assay is a linked assay 

utilising glutathione S-transferase and Luciferin-NT that generates a luminescent signal 

in response to levels of GSH present in the sample. The ratio of GSH to GSSG can then 

be calculated to give a read out of oxidative stress in the cells, where a decrease in the 

ratio indicates an increase in oxidative stress. 

As expected, the induction of centrosome amplification (+DOX) in PaTu-S.PLK4 and 

HPAF-II.PLK4 cells results in a decreased ratio of GSH/GSSG indicating an increase in 

cellular oxidative stress/ROS (Figure 4.1.1 A/B). PaTu-S.PLK4 cells were found to exhibit 

~1 fold increase in cellular ROS, whereas HPAF-II.PLK4 exhibited ~2 fold increase. 

Furthermore, it is possible to manipulate levels of cellular ROS using the ROS scavenger 

N-acetyl cysteine (NAC) and the ROS inducing reagent, hydrogen peroxide (H2O2). The 

addition of NAC to samples where centrosome amplification has been induced (+DOX 

+NAC) reverted the ratio of GSH/GSSG back to that of the control cells (no treatment) in 

both cell lines. Moreover, the addition H2O2 at low concentration was sufficient to 
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induce ROS independently of centrosome amplification in both cell lines and results in a 

ratio of GSH/GSSG similar to that observed upon the induction of centrosome 

amplification. Interestingly, PaTu-S.PLK4 cells were found to have higher basal levels of 

ROS compared to HPAF-II.PLK4 cells. Whilst HPAF-II.PLK4 cells exhibited the largest fold 

increase in ROS upon the induction of centrosome amplification, HPAF-II.PLK4 ROS levels 

were still lower than even the basal ROS levels observed in the PaTu-S.PLK4 cells 

(discussed in more detail later in this chapter). 

 

 

Figure 4.1.1 Levels of intracellular reactive oxygen species as measured by the ratio of 
GSH/GSSG. A) Ratio of GSH/GSSG in PaTu-S.PLK4 cells untreated or treated with +DOX, +DOX 
+NAC or + H2O2. B) Ratio of GSH/GSSG in HPAF-II.PLK4 cells untreated or treated with +DOX, 
+DOX +NAC or + H2O2. Error bars represent mean ± standard deviation (n=3). Data analysed 
using one-way ANOVA with Tukey’s post hoc test (**** p<0.0001 , ** p<0.01, * p<0.05). 
DOX=doxycycline hyclate, NAC = N-acetyl cysteine, H2O2= hydrogen peroxide. 

 

It has been previously demonstrated that changes in cellular ROS do not affect 

centrosome amplification (Arnandis et al., 2018). To confirm this finding in our cell lines, 

we quantified centrosome amplification in each of the four conditions: i) no treatment, 

ii) +DOX, iii) +DOX +NAC and iv) +H2O2 (Figure 4.1.2 A/B). Centrosome amplification in 

cells treated with DOX and NAC yield similar levels of centrosome amplification (%) to 
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the cells treated with DOX alone. Thus, the reduction of cellular ROS does not prevent 

centrosome amplification in PaTu-S.PLK4 or HPAF-II.PLK4 cells treated with DOX. 

Moreover, centrosome amplification levels in cells treated with H2O2 remain similar to 

those of the untreated control cells, indicating that oxidative stress does not induce 

supernumerary centrosomes.  

 

 

Figure 4.1.2 Intracellular reactive oxygen species do not affect centrosome amplification in 
PaTu-S.PLK4 or HPAF-II.PLK4 cells. A) Centrosome amplification in PaTu-S.PLK4 cells untreated 
or treated with +DOX, +DOX +NAC or + H2O2. B) Centrosome amplification in HPAF-II.PLK4 cells 
untreated or treated with +DOX, +DOX +NAC or + H2O2. Error bars represent mean ± standard 
deviation (n=3). Data analysed using one-way ANOVA with Tukey’s post hoc test ( **** 
p<0.0001). Significance stars shown where conditions are significantly different from the 
untreated control cells.  DOX=doxycycline hyclate, NAC = N-acetyl cysteine, H2O2= hydrogen 
peroxide. 

 

Taken together these results demonstrate that centrosome amplification leads to 

increased cellular ROS in PDAC cell lines. Importantly, however,  changing ROS levels 

does not affect the percentage of cells with extra centrosomes.  
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4.2 Enhanced reactive oxygen species in cells with extra 

centrosomes drives small extracellular vesicle secretion 

Thus far, our results have demonstrated that cells with extra centrosomes secrete 

significantly more sEVs and have increased levels of cellular ROS. We therefore 

investigated whether centrosome amplification-induced changes in cellular ROS were 

responsible for the altered sEV secretion observed. To test this, we harvested LEV and 

sEVs from PaTu-S.PLK4 and HPAF-II.PLK4 cells under the following conditions: i) no 

treatment, ii) +DOX, iii) +DOX +NAC and iv) +H2O2 (see Figure 4.2). Interestingly, whilst 

centrosome amplification induced sEV secretion as expected, quenching ROS with NAC 

in these cells prevented this increase in sEV secretion. This suggests that the increase in 

sEV secretion observed from cells with extra centrosomes is caused by centrosome 

amplification-induced cellular ROS. Additionally, it was found that the induction of ROS 

with H2O2 resulted in a significant increase in sEV secretion compared to the untreated 

control cells. This indicates that increased cellular ROS can induce sEV secretion 

independently of centrosome amplification. No changes were observed in the secretion 

of LEVs under any experimental condition, suggesting that changes in cellular ROS are 

only responsible for the secretion of sEVs. Interestingly, whilst HPAF-II.PLK4 cells were 

found to have relatively less ROS than PaTu-S.PLK4 cells before and after the induction 

of centrosome amplification, these cells always exhibited higher sEV secretion. As basal 

ROS levels do not appear to correlate to sEV secretion, it is possible that centrosome 

amplification induces the production of a specific form of ROS that is capable of 

increasing the secretion of sEV. Importantly, ROS can be produced in different sub-

cellular compartments including the mitochondria, where the majority of cellular ROS is 

produced, and the cytosol (reviewed in Klionsky et al., 2016). Our previous work 

demonstrated centrosome amplification to induce cytoplasmic ROS, where ROS was 

generated by the NADPH oxidases (NOXs) in the cytoplasm (Arnandis et al., 2018). It is 

therefore possible that the generation of cytoplasmic ROS, induced by centrosome 

amplification, is required to induce sEV secretion in PDAC cells.  

 

Taken together, these results indicate that centrosome amplification-induced cellular 

ROS are responsible for the increase in sEV secretion observed in cells with extra 
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centrosomes. Furthermore, the effect of increased ROS is specific to the secretion of 

sEVs only, indicating that centrosome amplification-associated increases in ROS affects 

the biogenesis and/or the trafficking of sEVs. 

 

 

Figure 4.2 Extracellular vesicle secretion is affected by cellular reactive oxygen species in PaTu-
S.PLK4 and HPAF-II.PLK4. A) Secretion of LEVs and sEVs from PaTu-S.PLK4 cells untreated or 
treated with +DOX, +DOX +NAC or + H2O2. B) Secretion of LEVs and sEVs from HPAF-II.PLK4 cells 
untreated or treated with +DOX, +DOX +NAC or + H2O2.  Error bars represent mean ± standard 
deviation (n=3). Data analysed using two-way ANOVA with Tukey’s post hoc test (**** p<0.0001, 
*** p<0.001). Significance relates to sEVs secretion only. No significant difference was observed 
in LEVs secretion between conditions. DOX=doxycycline hyclate, NAC = N-acetyl cysteine, H2O2= 
hydrogen peroxide.  

 

4.3 Lysosomal deacidification by bafilomycin A1 leads to increased 

small extracellular vesicle secretion 

To further investigate how centrosome amplification-induced ROS contributes to 

increased sEV secretion in pancreatic cancer cells we looked into the likely origins of the 

secreted sEVs. Previous analysis of the isolated sEV by nanoparticle tracking analysis 

(NTA) (Chapter 3) indicated that these vesicles are within the size range associated with 
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exosomes. Moreover, western blot analysis revealed the presence of the ESCRT 

associated proteins TSG101 and ALIX in the sEV isolates, indicating a possible endosomal 

origin for these vesicles. Furthermore, proteomic analysis of sEVs isolated from PaTu-

S.PLK4 cells revealed them to be significantly enriched in proteins associated with 

exosomes (see Chapter 5). This analysis also revealed a significant enrichment in 

proteins associated with recycling endosomes, the ESCRT, late endosomes and the 

endocytic vesicle, further supporting the notion that these vesicles are of endosomal 

origin and therefore likely to be exosomes. We therefore investigated the effects of ROS 

on exosome biogenesis and trafficking. 

Exosomes form within the cell by inward budding into early and late endosomes, which 

are generally referred to as multivesicular endosomes, or multivesicular bodies (MVBs). 

These MVBs are usually destined for fusion with lysosomes, resulting in degradation of 

their contents. Alternatively, MVBs can be trafficked to the extremities of the cell, where 

fusion with the plasma membrane results in exosome secretion (C Harding, Heuser and 

Stahl, 1983; Pan and Johnstone, 1983; Johnstone et al., 1987). Interestingly, it has 

recently been shown that lysosome dysfunction can shift the fate of MVBs targeted for 

degradation to fusion with the plasma membrane and exocytosis, leading to increased 

exosome secretion (Alvarez-Erviti et al., 2011; Miao et al., 2015; Latifkar et al., 2019). 

Since the functional capacity of lysosomes is dependent on an acidic luminal pH, 

lysosomes are particularly sensitive to membrane permeabilization and loss of acidity. 

Interestingly, cellular ROS has been shown to contribute to lysosome membrane 

permeabilization (LMP) through the generation of highly reactive hydroxyl radicals 

which compromise the integrity of lysosomal membranes by causing lipid peroxidation 

and damaging lysosomal membrane proteins (Nilsson, Ghassemifar and Brunk, 1997; 

Kurz, Terman, Gustafsson and Ulf T Brunk, 2008; Kurz, Terman, Gustafsson and Ulf T. 

Brunk, 2008; Johansson et al., 2010; Aits and Jaattela, 2013). Other methods of ROS-

mediated lysosome dysfunction have also been suggested, including constitute 

activation of lysosomal Ca2+ channels leading to LMP (Sumoza-Toledo and Penner, 2011) 

and ROS -linked changes in lysosomal enzyme activity (Aits and Jaattela, 2013). We 

therefore hypothesised that increased ROS in cells with centrosome amplification 

impairs lysosome function, preventing lysosomal degradation of MVBs and resulting in 

increased exosome secretion (Figure 4.3.1). 
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Figure 4.3.1 Hypothesis schematic: Increased intracellular reactive oxygen species blocks 
lysosomal/multivesicular body fusion, resulting in increased exosome secretion. ROS = 
reactive oxygen species, MVBs = multivesicular bodies, ILVs = intraluminal vesicles. 

 

Initially, to confirm whether lysosome dysfunction induces the secretion of sEV in our 

cells, we treated cells with low levels (20nM final concentration) of the macrolide 

antibiotic bafilomycin A1. Bafilomycin A1 is potent vacuolar proton pump inhibitor that 

prevents the acidification of lysosomes, thereby hampering their degradative capacity 

(Yoshimori et al., 1991) and results in the increased release of exosomes (Savina et al., 

2003). Bafilomycin A1 has also been shown to inhibit autophagy by preventing 

autophagosome-lysosome fusion (Müller et al., 2015). To confirm bafilomycin A1 

activity in the PaTu-S.PLK4 cells, we immunofluorescently stained for autophagy marker 

light chain 3-II (LC3-II). LC3-II can be used as a quantitative marker for the presence of 

autophagosomes since it is recruited to the autophagosome membranes and degraded 

following fusion with lysosomes (Kabeya, 2000; Mizushima and Yoshimori, 2007; Tanida, 

Ueno and Kominami, 2008; Klionsky et al., 2016; Redmann et al., 2017). As expected, 

LC3-II accumulates following bafilomycin A1 treatment in PaTu-S.PLK4 cells (Figure 4.3.2 

A), indicating an increase in autophagosomes at low antibiotic concentration. Large and 

small EVs were then harvested from the PaTu-S.PLK4 cell line treated with and without 



 Chapter 4. Results II 

117 
 

bafilomycin A1 and quantified (Figure 4.3.2 B). As expected, Bafilomycin A1 treatment 

significantly increased the secretion of sEVs in PaTu-S.PLK4 cells, from a mean of ~ 1.9 

x108 to ~ 6.75 x108. No significant difference was observed in the levels of LEVs secretion.  

These results confirm that deacidification of lysosomes induces secretion of sEVs in 

pancreatic cancer cells.  

 

 

Figure 4.3.2 Extracellular vesicle secretion post treatment with Bafilomycin A1 in PaTu-S.PLK4 
cells. A) Immunofluorescent staining of LC3-II in PaTu-S.PLK4 cells, showing an increase in LC3-
II puncta upon treatment with 20nM Bafilomycin A1. LC3-II (LC3B (D11) XP) shown in green, DNA 
(Hoechst) in blue. Scale bar represents 10 µm. B) Secretion of LEVs and sEVs from PaTu-S.PLK4 
cells treated without (-) and with (+) bafilomycin A1 (20nM final concentration). Error bars 
represent mean ± standard deviation (n=3). Data analysed using two-way ANOVA with Tukey’s 
post hoc test (** p<0.01 ). Significance relates to sEV secretion only. No significant difference 
was observed in LEVs secretion between conditions. Baf.A1 = bafilomycin A1, LC3-II = Autophagy 
marker light chain 3-II. 

 

4.4 Centrosome amplification-associated ROS compromises 

lysosomal protease activity 

Our results thus far have demonstrated that centrosome amplification-associated ROS 

is responsible for the increased secretion of sEVs in cells with extra centrosomes. 

Furthermore, we have demonstrated that lysosome dysfunction induces sEVs secretion 

in PDAC cell lines. We therefore analysed whether centrosome amplification increased 
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in ROS may impair lysosome function, preventing MVB-lysosome fusion and shifting the 

fate of MVBs from degradation by the lysosome to secretion at the plasma membrane. 

To test our hypothesis, we first analysed the activity of the lysosomal hydrolase 

cathepsin B as a proxy to lysosome function in PaTu-S.PLK4 cells under the following 

conditions: i) untreated, ii) + DOX (to induce centrosome amplification), iii) +DOX +NAC 

(to quench the induction of ROS in cells with extra centrosomes), iv) + H2O2 (to induce 

ROS independently of centrosome amplification) and v) + bafilomycin A1 (to induce 

lysosome dysfunction through alkalinisation of the lysosomal lumen). Cathepsin B is a 

cysteine protease responsible for driving proteolytic degradation in the lysosome 

(Leung-Toung et al., 2002). Initially synthesised as an inactive zymogen, cathepsin B 

becomes activated upon entry into the acidic environment of the lysosome (reviewed 

by Stoka, Turk and Turk, 2016), making it a good measure of lysosome function. To 

detect cathepsin B protease activity in live cells we used a Cathepsin B Magic Red ™ kit. 

Magic Red™ is a non-toxic and freely permeable substrate that is cleaved in the presence 

of active cathepsin B to produce a red (Cresyl Violet) fluorescent product. Thus, a strong 

Magic Red™ fluorescence intensity is indicative of functional lysosomes. 

Spinning disk confocal microscopy was used to visualise changes in Magic Red™ 

fluorescence intensity between conditions (Figure 4.4 A). Using Image J the mean Magic 

Red™ fluorescence intensity per cell was quantified and normalised to cell area (Figure 

4.4 B). To ensure that total Magic Red™ fluorescence intensity was analysed per cell, z-

stack sum intensity projection images were used for quantification. Analysis revealed 

that Magic Red™ fluorescence intensity significantly decreased in cells with extra 

centrosomes (+DOX) compared to the untreated control cells (represented in grey). This 

demonstrates that cells with extra centrosomes have decreased lysosomal protease 

activity. Interestingly, quenching ROS accumulation in cells with extra centrosomes 

(+DOX +NAC) prevented this decrease in Magic Red™ fluorescence. Furthermore, when 

ROS was induced in the absence of centrosome amplification (+H2O2), Magic Red™ 

fluorescence intensity also significantly decreased. Together, these results indicate that 

lysosome dysfunction in cells with extra centrosomes is caused by increased cellular 

ROS. Moreover, preventing  lysosome acidification with bafilomycin A1 also lead to a 

marked decrease in Magic Red™ fluorescence intensity (see Figure 4.4).  We therefore 

asked the question, does centrosome amplification-induced ROS causes lysosome 
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dysfunction through the deacidification of the lysosomes or through another, as yet, 

unidentified mechanism? 

 

Figure 4.4 Cathepsin B activity as measured by Magic Red™ fluorescence intensity in PaTu-
S.PLK4. A) Representative confocal z-stack projection images of Magic Red™ fluorescence (red) 
in PaTu-S.PLK4 cells, untreated or treated with DOX, DOX and NAC, H2O2, or Baf.A1. DNA was 
stained with Hoechst. Scale bar represents 10µm. B) Quantification of total Magic Red™ 
fluorescence intensity per cell in PaTu-S.PLK4 cells treated as described in A. Control represented 
in grey, treatment conditions in red. Error bars represent mean ± standard deviation (n=60 ± 5 
cells). Data analysed using one-way ANOVA with Tukey’s post hoc test (**** p<0.0001). 
DOX=doxycycline hyclate, NAC = N-acetyl cysteine, H2O2= hydrogen peroxide, Baf.A1 = 
bafilomycin. A1. 
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4.5 Oxidative stress in cells with centrosome amplification impairs 

lysosome and multivesicular body fusion  

Since centrosome amplification-induced ROS was found to compromise lysosome 

function in pancreatic cancer cells (see Figure 4.4) and compromising lysosome function 

with bafilomycin A1 leads to increased sEV secretion we postulated that lysosome 

impairment may prevent lysosomal degradation of MVBs leading to the increased sEV 

secretion observed in cells with supernumerary centrosomes. Furthermore, we 

hypothesised that centrosome amplification-associated ROS may lead to lysosome 

dysfunction through deacidification of lysosomes. To investigate this, we analysed 

changes in lysosome number, MVB number and lysosome/MVB co-localisation in PaTu-

S.PLK4 cells treated as detailed in Figure 4.4 above.  

Lysosome number was quantified using the red fluorescent dye LysoTracker® Red DND-

99 (LysoTracker). LysoTracker contains a fluorophore linked to a weak base which is 

partially protonated at neutral pH and can freely permeate cell and organelle 

membranes in live cells. Upon entry to the acidic environment of the lysosome, the 

lysotracker red probe becomes protonated and is sequestered in the lumen of the 

lysosome (Zhitomirsky, Farber and Assaraf, 2018). Thus, LysoTracker is highly selective 

for acidic organelles, and a strong LysoTracker fluorescent signal is indicative of 

lysosomes with a functional low pH. PaTu-S.PLK4 cells were incubated with LysoTracker 

Red for 1 hour before being fixed and subsequently stained for the presence of MVBs. 

To analyse MVBs, cells were labelled with an antibody directed against the MVB marker 

lyso-bisphosphatidic acid (LBPA). LBPA plays a role in the formation of intraluminal 

vesicles (Kobayashi et al., 1998). Confocal fluorescence microscopy revealed the 

presence of  red (LysoTracker) and green (LBPA) puncta as shown in Figure 4.5.1.  

To ensure all endosomes were quantified, z-stack projection images were used for 

analysis. Lysosome number was analysed in Image J using the point maxima function to 

quantify LysoTracker positive puncta per cell (Figure 4.5.2 A). This analysis revealed a 

significant decrease in LysoTracker puncta in PaTu-S.PLK4 cells where centrosome 

amplification had been induced (+DOX) compared to the untreated control cells 

(represented in grey). This result suggests that cells with supernumerary centrosomes 

have significantly fewer acidic lysosomes. Furthermore, this result is consistent with our 
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magic red data, in demonstrating the reduced presence of functional lysosomes in cells 

with amplified centrosomes. Interestingly when ROS was quenched with NAC in cells 

with extra centrosomes, the number of LysoTracker positive puncta reverted back to 

that of the untreated control. Additionally, induction of ROS with H2O2 in control cells 

was sufficient to significantly decrease LysoTracker puncta independently of 

centrosome amplification. Together, these results indicate that centrosome 

amplification-associated increases in cellular ROS are responsible for the significant 

decrease in acidic lysosomes observed in cells with supernumerary centrosomes. As 

expected, treatment of PaTu-S.PLK4 cells with the lysosome alkalising agent bafilomycin 

A1 resulted in significantly fewer acidic lysosomes. 

The number of LBPA positive MVBs was also quantified in ImageJ using the point maxima 

function (figure 4.5.2 B). Interestingly, no changes were observed in the number of LBPA 

puncta following the induction of centrosome amplification (+DOX) in PaTu-S.PLK4 

compared to the untreated control (represented in grey). In addition, no changes  in the 

number of LBPA puncta were observed following ROS quenching in cells with extra 

centrosomes (+DOX +NAC), or the induction of ROS in the absence of centrosome 

amplification (H2O2). These results indicate, that the number of LBPA+ve MVBs is 

unaffected by centrosome amplification or ROS. Interestingly, LBPA+ve MVBs were more 

disperse throughout the cytoplasm in cells with centrosome amplification and those 

treated with H2O2 compared to untreated control cells (-DOX). This result may indicate 

enhanced trafficking of MVBs in cells with centrosome amplification and treated with 

H2O2. A significant increase in LBPA positive puncta (MVBs) was observed, however, 

upon treatment with bafilomycin A1, indicating a different mechanism of action from 

increased ROS.  Importantly, bafilomycin A1 has been shown to result in the 

accumulation and expansion of autophagic structures in addition to preventing 

lysosome acidification. It is therefore possible that in bafilomycin A1 treated cells, 

increased LBPA puncta are representative of an increased number of autophagosomes 

(Mauvezin and Neufeld, 2015). 

Next, we investigated whether lysosome dysfunction caused by centrosome 

amplification-induced ROS could also prevent lysosome-MVB fusion in PDAC cells. Using 

the Image J threshold function, fluorescence intensity masks were generated for the 

LysoTracker channel (red) and LBPA channel (green) and overlaid to generate a co-
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localisation mask (co-localisation observed in yellow) (representative images shown in 

Figure 4.5 A). Co-localisation events between LysoTracker and LBPA puncta were then 

quantified as a proxy to lysosome-MVB fusion. Points of co-localisation were manually 

analysed per cell and the percentage of LBPA co-localised with LysoTracker was 

calculated (Figure 4.5.2 C). Induced lysosome dysfunction with bafilomycin A1, resulted 

in a significant decrease in LysoTracker/LBPA co-localisation in PaTu-S.PLK4 cells 

compared to the control cells (represented in grey), confirming that lysosome 

dysfunction impairs lysosome-MVB fusion in PDAC cells. We then went on to analyse the 

effects of centrosome amplification on lysosome-MVB fusion in PaTu-S.PLK4 cells. This 

analysis revealed that cells with extra centrosomes (+DOX) have significantly fewer 

LysoTracker/LBPA co-localisation events compared to control cells indicating that 

centrosome amplification does in fact impair lysosome-MVB fusion. Interestingly, the 

decrease in LysoTracker/LBPA co-localisation in cells with extra centrosomes was 

reverted when centrosome amplification-associated ROS were prevented with NAC 

(+DOX +NAC). This effect of ROS was confirmed using H2O2 treatment in control cells (no 

centrosome amplification), where a significant decrease in LysoTracker/LBPA co-

localisation was also observed (see Figure 4.5.1/4.5.2 C). Taken together, these results 

demonstrate that centrosome amplification-induced increases in cellular ROS are 

responsible for impairing lysosome-MVB fusion in PaTu-S.PLK4 cells.  

In conclusion, these results demonstrate that centrosome amplification-associated 

increases in cellular ROS lead to a significant decrease in the levels of acidic functional 

lysosome and significantly fewer lysosome-MVB co-localisation events in PDAC cells. 

Thus, our results support our hypothesis that centrosome amplification-induced ROS 

impairs lysosome function, reducing MVB degradation by lysosomes and leading to 

increased sEV secretion in pancreatic cancer cells. 
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Figure 4.5.1 Representative images of LysoTracker and LBPA co-localisation events in PaTu-
S.PLK4 cells. Representative confocal z-stack projection images of LysoTracker (red), LBPA 
(green), merged images and co-localization masks (col-localisation in yellow) in PaTu-S.PLK4 
cells, untreated or treated with i)DOX, ii)DOX and NAC, iii)+ H2O2, iv) bafilomycin A1. DNA was 
stained with Hoechst. Scale bar represents 10 µm. DOX=doxycycline hyclate, NAC = N-acetyl 
cysteine, H2O2= hydrogen peroxide, Baf.A1 = bafilomycin. A1. 
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Figure 4.5.2 Quantification of LysoTracker and LBPA co-localisation events in PaTu-S.PLK4 
cells. A) Quantification of LysoTracker puncta per cell in PaTu-S.PLK4 cells, untreated or treated 
with i)DOX, ii)DOX and NAC, iii)+ H2O2, iv) bafilomycin A1. Control cells (-DOX) are represented 
in grey, treatment conditions are shown in red. B) Quantification of LBPA puncta per cell in PaTu-
S.PLK4 cells treated as described in A. Control cells (-DOX) are represented in grey, treatment 
conditions are shown in green. C) Quantification of LBPA puncta co-localised with LysoTracker 
per cell in PaTu-S.PLK4 cells treated as described in A. Control cells (-DOX) are represented in 
grey, treatment conditions are shown in purple. Error bars represent mean ± standard deviation 
(n= 45 ± 6 cells). Data analysed using one-way ANOVA with Tukey’s post hoc test (**** p<0.0001, 
** p<0.01). DOX=doxycycline hyclate, NAC = N-acetyl cysteine, H2O2= hydrogen peroxide, Baf.A1 
= bafilomycin. A1. 
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4.6 Discussion  

Our initial findings demonstrate that pancreatic cancer cells with extra centrosomes 

secrete an increased number of sEVs (see Chapter 3). Since EVs secreted by cancer cells 

have been shown to play important roles in the development and spread of cancer 

(reviewed in Wortzel et al., 2019), we asked two important questions, (i) why do cells 

with extra centrosomes secrete more sEVs?  and (ii) do sEVs secreted by cells with 

supernumerary centrosomes contribute to tumourigenesis? We address the first of 

these questions in this chapter.   

Previous work from our laboratory (Arnandis et al., 2018) indicated that centrosome 

amplification-associated increases in cellular ROS were responsible for the altered 

secretory phenotype observed in cells with supernumerary centrosomes. We therefore 

hypothesised that centrosome amplification-associated changes in cellular ROS may 

lead to the increased sEV secretion observed by cells with extra centrosomes. Here we 

show that the induction of centrosome amplification in PaTu-S.PLK4 and HPAF-II.PLK4 

cells leads to an increase in cellular ROS in PDAC cells, confirming the findings of 

Arnandis et al in mammary cells and establishing that this effect is not tissue specific. 

Importantly, whilst centrosome amplification is sufficient to induce ROS in PDAC cells, 

changing ROS levels do not affect the levels of centrosome amplification. Furthermore, 

we demonstrate that centrosome amplification-associated increases in cellular ROS are 

in fact responsible for the increased sEV secretion observed in cells with extra 

centrosomes, confirming our hypothesis.  

To further elucidate the mechanisms behind ROS-mediated increases in sEV secretion 

we first investigated the origin of these sEVs. Within this study we have demonstrated 

that the secreted sEVs harbour many characteristics of exosomes, we therefore 

investigated the possible effects of ROS on exosome biogenesis and trafficking. 

Exosomes are generated intracellularly through intraluminal budding into MVBs and are 

released upon MVB fusion with the plasma membrane (C Harding, Heuser and Stahl, 

1983). However, a second fate exists for MVBs, whereby upon fusion with the lysosome 

the MVB contents are degraded and recycled, thus preventing exosome secretion 

(reviewed in Piper and Katzmann, 2007). Interestingly, lysosome dysfunction has been 

shown to prevent MVB-lysosome fusion (Alvarez-Erviti et al., 2011; Miao et al., 2015; 
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Latifkar et al., 2019) and high cellular ROS has been shown to elicit LMP, which leads to 

lysosome dysfunction (reviewed by Aits and Jaattela, 2013). We therefore hypothesised 

that centrosome amplification-associated ROS mediate lysosome dysfunction, 

ultimately reducing MVB degradation by lysosomes and shifting the fate of the MVBs to 

secretion at the plasma membrane. Our results demonstrate that centrosome 

amplification-associated increases in cellular ROS do in fact lead to decreased lysosomal 

activity (as measured by cathepsin B activity) in pancreatic cancer cells. In addition, we 

found that supernumerary centrosome-associated increases in ROS lead to a significant 

decrease in the number of acidic lysosomes. Taken together, these results indicate that 

high levels of cellular ROS, induced by cells with extra centrosomes, results in lysosome 

dysfunction in PDAC cells. Interestingly, centrosome amplification did not induce 

changes in MVB number in pancreatic cancer cells. This indicates that the increase in sEV 

secretion observed from cells with extra centrosomes is not caused by increased MVB 

biogenesis but is a result of altered MVB trafficking.  Furthermore, analysis of lysosome-

MVB fusion events through co-localisation of lysosome (LysoTracker) and MVB (LBPA) 

markers demonstrate that centrosome amplification leads to significantly reduced 

lysosome-MVB fusion in the cells. Additionally, it was shown that quenching ROS (+NAC) 

in cells with extra centrosomes prevented this decrease in lysosome-MVB fusion. Taken 

together, our results suggest that oxidative stress in cells with supernumerary 

centrosomes mediates lysosome dysfunction, subsequently impairing MVB-lysosome 

fusion and resulting in the increased secretion of  sEVs.  

The exact mechanisms behind centrosome amplification-associated ROS-induced 

lysosome dysfunction remain elusive. Currently, our results cannot distinguish whether 

increases in cellular ROS affect lysosome biogenesis, or lysosomes functionality. Current 

literature indicates that high cellular ROS can lead to LMP, resulting in lysosome 

dysfunction (reviewed by Aits and Jaattela, 2013). Our results demonstrate that 

increased cellular ROS depletes lysosomal protease activity and decreases the number 

of acidic, and therefore, functional lysosomes. Thus, centrosome amplification-induced 

increases in ROS may cause lysosome dysfunction through deacidification of the 

lysosomal lumen. To confirm this, we plan to quantify total lysosome number in each 

cell using additional markers for lysosomes that are not dependent on an acidic pH, such 

as LAMP1. Comparison between total lysosome number and acidic lysosome number 
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should give an indication of whether centrosome amplification-associated increases in 

cellular ROS cause lysosome dysfunction/deacidification or if lysosome biogenesis is 

affected.  

It is important to note that the complexity of the endocytic pathways within a cell make 

the identification of specific endosomes very difficult and most markers will identify 

multiple endosomes. For example,  whilst LysoTracker has a high affinity for lysosomes, 

due to their acidic nature, it is also possible that other acidic organelles will be identified 

using this fluorescent probe. Therefore, it is possible that some lysosomes and lysosome 

co-localisation events have been over-estimated. Moreover, the MVB marker LBPA has 

been shown to be present in late endosomes as well as multivesicular bodies, thus it is 

not possible to distinguish which endosomal type is being identified in our cells. It is also 

possible that LBPA+ve MVBs only account for only a subset of the total MVBs present 

within a cell, which may also account for the differences in MVB number we observed 

upon Bafilomycin A1 treatment. It is possible that whilst Bafilomycin A1 results in the 

increased presence of LBPA+ve MVBs, centrosome amplification may affect other subsets 

of MVBs. Thus, analysis with additional MVB markers may reveal previously undetected 

changes in MVB number or size. Additionally, to overcome the limitations of endosomal 

markers, we plan to analyse changes in lysosomes, MVBs and lysosome-MVB fusion 

events in PDAC cells using electron microscopy to visually identify the different 

endosomal types. Furthermore, as analysis of lysosomes, MVBs and lysosome-MVB co-

localisation was performed on z-stack projection images, it is possible that endosomes 

from different plans will project together. Thus, it is possible that the number of 

lysosomes and MVBs have been underestimated and co-localisation events have been 

over estimated. However, these inaccuracies are predicted to be infrequent and 

consistent between treatments. 

Whilst our results to date provide evidence to support our hypothesis, it is possible that  

this mechanism only accounts in part for the increase in sEV secretion observed in cells 

with extra centrosomes. Endosomes, including MVBs are trafficked along microtubules 

within the cell to reach their destination. Interestingly, increased microtubule 

nucleation has been observed in cells with supernumerary centrosomes (Godinho et al., 

2014). It is therefore possible that cells with extra centrosome do have elevated 

numbers of MVBs but they are trafficked for secretion faster than in cells with normal 
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centrosome number and so numerical differences are not observed. We therefore plan 

to investigate the effect of centrosome amplification-induced microtubule nucleation 

on exosome secretion in PDAC cells. To do this, PaTu-S.PLK4 cells induced to have 

centrosome amplification will be treated with siRNA targeted against the centrosomal 

protein CEP192. Depletion of this centrosomal protein has previously been shown to 

revert the level of microtubule nucleation back to that of normal cells without extra 

centrosomes (Godinho et al., 2014). Extracellular vesicles will be harvested from cells 

with extra centrosomes following treatment with siRNA (siCEP192) and the number of 

secreted EVs will be quantified to determine if increased microtubule nucleation 

promotes increased sEV secretion. If microtubule nucleation is found to affect sEV 

secretion, we will analyse the effects of ROS on microtubule nucleation in cells with extra 

centrosomes. Recent literature has shown that high cellular ROS can lead to changes in 

the post-translational modification (PTM) of microtubules including detyrosination (Kerr 

et al., 2015). Interestingly, detyrosination of microtubules has been shown to favour 

microtubule plus end directed transport via kinesin-1 (Janke and Chloë Bulinski, 2011). 

Thus, ROS-linked changes in microtubule PTMs may facilitate MVB trafficking to the 

plasma membrane, potentially resulting in increased sEV secretion. To test this, we plan 

to quantify the levels of microtubule detyrosination via immunofluorescence staining 

and microscopy in PaTu-S.PLK4 cells under the following conditions: i) untreated, ii) + 

DOX, iii) +DOX +NAC and iv) + H2O2. If detyrosination is observed in cells with extra 

centrosomes, it may be possible to analyse the effects on sEV secretion. To do this, levels 

of detyrosination may be reduced in cells with extra centrosomes using Parthenolide, 

an inhibitor of the tubulin carboxypeptidase (Chen et al., 2018), and sEV secretion 

quantified.   

In conclusion, whilst further work is necessary to determine the exact mechanism of 

action, our results suggest that centrosome amplification-induced changes in cellular 

ROS causes reduced lysosome functionality and results in increased sEVs secretion.  
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5.1 Extracellular vesicles secreted by PDAC cells are naturally taken 

up by recipient cells  

Our results thus far have demonstrated that cells with supernumerary centrosomes 

secrete more sEVs. Since cancer-derived sEVs are known to contribute to tumour 

progression and metastasis (Tai et al., 2018; Tung et al., 2019; Wortzel et al., 2019), and 

centrosome amplification has recently been shown to play an active role in 

tumourigenesis (Coelho et al., 2015; Serçin et al., 2015; Levine et al., 2017), we 

hypothesised that sEVs secreted by cells with extra centrosomes may have pro-

tumourigenic properties. We therefore decided to investigate functional roles for these 

vesicles in tumourigenesis. In order to do this, we analysed cellular changes in response 

to treatment with sEVs from cells with and without the induction of centrosome 

amplification. 

Importantly, to elicit biological changes in recipient cells, sEV cargo must be transferred 

to the target cell. Therefore, we first had to determine if sEVs secreted by PDAC cells 

could be naturally taken up by recipient cells to facilitate transfer of their biological 

cargo. As cancer- sEVs have been shown to affect the behaviour of both cancer cells and 

fibroblast/stellate cells, we initially investigated the ability of both the PDAC cell line 

PaTu-T and the pancreatic stellate cell (PSC) line PS1 to engulf sEVs secreted by cancer 

cells. To do this we isolated pancreatic cancer sEVs from the conditioned  media of  PaTu-

S cells using the previously described ultracentrifugation method (Section 2.4) with one 

modification: prior to the final PBS wash step, the isolated sEVs were fluorescently 

labelled by incubation with the lipid dye BODIPY for 5 minutes. The sEVs were then re-

suspended in 31.5 mls of PBS to dilute out any unbound dye and the final 100,000 x g 

ultracentrifugation step was performed. The isolated fluorescent vesicles were then 

added to the growth media of the recipient cells. Cells were incubated with fluorescent 

sEVs over a time course (data not shown) and it was determined that 3 hours of 

incubation with BODPIY labelled sEVs was optimal to visualise uptake. The cells were 

then fixed and stained with phalloidin (F-actin) and Hoescht. Spinning disk confocal z-

stack images were taken of the cells and maximum intensity projection images 

generated using image J. This revealed the presence of BODPIY labelled sEVs (green) 

inside both the cancer cells (PaTu-T) and the PSCs (PS1) as shown in Figure 5.1. The 
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presence of the BODPIY labelled sEVs inside both cell types demonstrates that sEVs from 

PaTu-S cells are naturally taken up by recipient cells. 

 

 

 

 (Figure 5.1 Cancer sEVs uptake in PaTu-T and PS1 cells. Top row, PaTu-T cells untreated (left) 
and treated with BODIPY labelled sEVs (middle = merge, right = sEVs only). Bottom row, PS1 cells 
untreated (left) and treated with BODIPY labelled sEVs (middle = merge, right = sEVs only). Cells 
stained with Phalloidin (F-actin) in red, BODIPY (sEVs) in green and Hoechst (DNA) in blue. Cells 
were fixed for 3 hours  after the addition of sEVs. Scale bar represents 10 µm.  

 

5.2. sEVs secreted by PDAC cells with supernumerary centrosomes 

significantly enhance PSC activation 

Having confirmed that PaTu-S sEVs can be transferred to recipient cells and thus have 

the potential to transfer their biological cargo to target cells, we investigated whether 

sEVs secreted by cells with and without extra centrosomes are functionally different 

from one another. Initially, we decided to investigate possible tumourigenic roles for 

these EVs in the cells of the tumour microenvironment. 
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Pancreatic cancer is characterised by the presence of a dense desmoplastic stroma that 

consists of numerous extracellular matrix (ECM) proteins, and stromal cells including 

cancer associated fibroblasts (CAFs) and pancreatic stellate cells (PSCs) (Erkan, 

Hausmann, et al., 2012). In recent years, the desmoplastic stromal reaction/ fibrosis that 

is characteristic of PDAC has been attributed to chronic and sustained activation of PSCs 

during tumour progression (Erkan, Adler, et al., 2012). Additionally, once activated, the 

PSCs promote fibrosis and facilitate tumour growth progression through extensive 

bidirectional interplay between the PSCs and PDAC cells (Apte et al., 2004; Bachem et 

al., 2005; Rosa F Hwang et al., 2008; Vonlaufen et al., 2008; Xu et al., 2010). Notably, it 

has been demonstrated, that during tumourigenesis, PSCs can become activated in 

response to paracrine signalling from neighbouring cancer cells (Apte et al., 1999; Mews 

et al., 2002; Gao and Brigstock, 2005; Kordes et al., 2005; Vonlaufen et al., 2010). 

Furthermore, recent studies have identified a role for cancer-derived sEVs (e.g. 

exosomes) in the activation of fibroblasts and pancreatic stellate cells (Webber et al., 

2010a; Masamune et al., 2018).  We therefore, decided to investigate changes in PSC 

activation in response to treatment with sEVs derived from cells with and without the 

induction of centrosome amplification. 

 

5.2.1. Design of EV-mediated PSC activation experiments 

To analyse differences in the activating capacity of EVs from cells with and without extra 

centrosomes the following experimental procedure was used: PaTu-S.PLK4 cells were 

plated in T175 cell culture flasks and either left untreated or treated with DOX (to induce 

centrosome amplification) for 48 hours. Cells were then washed in PBS before EV-

depleted growth medium was added to each flask. 48 hours later, the conditioned 

medium was harvested and EVs were isolated by serial ultracentrifugation as previously 

described (section 2.4). As we have previously shown that cells with extra centrosomes 

secrete more EVs, EV quantities were normalised between conditions, either by EV 

protein or EV number. Equal amounts (protein or number) of EVs from cells with (+ DOX) 

and without (- DOX) induction of centrosome amplification were then added to PS1 cells. 

If required, a second dose of the EVs was added 48 hours after the first. A schematic of 

the experimental procedure is detailed in Figure 5.2.1 A. In addition to EV treatments, 
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two control conditions were also included with each experiment:  a negative control in 

which no treatment was issued to the PS1 cells to ensure basal activation levels 

remained low and a positive control in which TGF-β was used to strongly activate the 

PS1 cells to ensure the stellate cells were sensitive to activation stimuli.  

Activated PSCs are characterised by an increase in expression and change in the 

organisation of the cytoskeletal protein α-SMA. Upon activation α-SMA shifts from 

diffuse throughout the cell to organised stress fibres, therefore, to analyse PSC 

activation, we performed immunofluorescent staining of α-SMA on PSCs 72 hours after 

the addition of EVs and quantified stress fibre formation per cell. Activation was 

stratified into three categories; i) basal activation, where α-SMA is predominantly 

diffuse throughout the cell ii) activation, where thin α-SMA stress fibres have formed 

but some α-SMA still remains diffuse throughout the cell and iii) strong activation, where 

α-SMA is no longer diffuse and full α-SMA fibres have formed throughout the cell. 

Representative images of these three activation categories are shown in Figure 5.2.1 B.  

Activation was quantified per cell, based on α-SMA fibre formation in roughly 150 cells 

per condition. 
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Figure 5.2.1 Experimental design for analysing EV-mediated PSC activation. A) Schematic of 
the experimental procedure. EVs were harvested from donor cells (PaTu-S.PLK4) with (+ DOX) 
or without (- DOX) centrosome amplification. EVs were normalised either to EV protein or EV 
number. Equal amounts of the isolated EVs was added to the growth media of PS1 cells. 72 hours 
later PS1 activation was quantified based on α-SMA fibre formation. D= donor cells B) 
Representative confocal images of PS1 activation levels based on α-SMA organisation showing 
low activation, activation and strong activation. α-SMA is depicted in green, DNA in blue. Scale 
bar represents 20 µm. 
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5.2.2. Optimising experimental conditions for analysing EV-mediated PSC 

activation 

Whilst EVs have been used in functional assays for the past few decades, no standard 

protocols are currently in place specifically for sEVs. Initial experiments were therefore 

performed using different quantities and doses of sEV exosomes to optimise the 

experimental conditions. EV quantities were used at 5-30 µg, similar to that used in a 

selection of recent publications (Costa-Silva et al., 2015; Wei et al., 2017).  

Prior to the addition of EVs to PS1 cells, a number of important controls were performed 

and used throughout subsequent experiments (see Figure 5.2.2.1 A). Here we show that 

basal levels of PS1 activation remain consistently at around 5% (ctr; see Figure 5.2.2.1) 

and we demonstrate that the PS1 cells have a high capacity for activation in response to 

recombinant TGF-β, our positive control, which resulted in activation in ~98-99% of cells. 

Furthermore, we tested the activating capacity of the conditioned media harvested from 

PaTu-S.PLK4 cells with (+) and without (-) DOX both before and after EV removal by 

ultracentrifugation (After UC; see Figure 5.2.2.1). To do this, conditioned medium was 

added directly onto PS1 cells for 72 hours and PS1 activation was quantified (see Figure 

5.2.2.1). This analysis showed that conditioned media alone was not sufficient to induce 

PS1 activation above basal levels.  

 To analyse the effect of concentrated EVs on PS1 activation, LEVs and SEVs were 

harvested from PaTu-S.PLK4 cells as described in section 5.2.1 and the protein content 

of each sample quantified using the BioRad protein assay. EV protein concentration was 

then normalised between conditions and incremental concentrations of EVs were added 

to the stellate cells, ranging from 5 µg -30 µg (see Figure 5.2.2.1 A). As LEV harvests 

always resulted in a much lower yield than sEVs harvests, LEVs were used at 20 µg only. 

From these initial experiments, it was found that in all cases, stellate cells incubated with 

EVs from + DOX cells always resulted in increased total PS1 activation (strong activation 

and activation combined) as determined by α-SMA fibre formation, indicating for the 

first time that EVs from cells with supernumerary centrosomes can enhance PSC 

activation. Furthermore, in most cases, a clear increase was also observed in % strong 

activation after treatment with EVs from + DOX cells. As conditioned media alone is not 

sufficient to elicit PS1 activation, this result indicates that a higher concentration of EVs 
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is necessary to induce PSC activation and indicates that it is the EVs and not other 

secreted factors that are causing PSC activation. These initial experiments also 

demonstrate that increasing the sEV protein concentration from 5 µg to 10 µg more than 

doubled the % total PS1 activation, where activation with SEVs from - DOX cells rose 

from 9.7 - 21.1% and activation with SEVs from +DOX cells rose from 16.2 - 38.3%. 

Interestingly, the % of PS1 activation after treatment with 20 µg and 30 µg of sEVs, 

resulted in only modest increases in activation (~5-6%) compared to those achieved with 

10 µg for both types of sEV. As TGF- β has the capacity to strongly activate almost all the 

PS1 cells present in the sample (~95%), this result may indicate that a threshold exists 

for PS1 activation by sEVs. Whether increased incubation time or further increases in sEV 

protein could overcome this remains to be tested. These experiments also revealed that 

treatment of PS1 cells with 20 µg of LEVs resulted in very minor levels of PS1 activation, 

<9% with LEVs from + DOX cells and < 5% with LEVs from - DOX cells. Thus, as sEVs are 

secreted more and LEVs do not activate PSCs, sEVs became the focus of the subsequent 

work.  
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Figure 5.2.2.1 Initial PS1 activation tests. A) Quantification of % PS1 activation as determined 
by α-SMA fibre formation in control conditions. PS1 cells were treated as follows for 72 hours: 
i) untreated (ctr), ii) TGF-β, iii) CM  from donor cells - DOX, iv) CM  from donor cells + DOX, v) CM 
from donor cells – DOX after UC, vi) CM from donor cells + DOX after UC. Error bars represent 
mean ± standard deviation, N=3. Data analysed using one-way ANOVA with Tukey’s post hoc 
test (**** p<0.0001). Significant difference to the control is highlighted with ****. B) 
Quantification of % PS1 activation as determined by α-SMA fibre formation after 72 hour 
treatment with 5- 30 µg of sEVs and 20 µg of LEVs from donor cells – or + DOX. N=1. 
Activation levels stratified into two categories: strong activation and activation.  Ctr=control, 
CM= conditioned media, UC = ultracentrifugation, DOX=doxycycline hyclate. D = donor cells. 
Donor cells were PaTu-S.PLK4.  
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To determine if the % PS1 activation achieved with 10 µg of sEV protein could be 

improved, similar experiments were set up with an additional sEV dosing step. Here, two 

doses of sEVs at either 10 µg or 20 µg were added to the PS1 cells, the first at 0 hours 

and the second at 48 hours. As can be seen in Figure 5.2.2.2 A, a clear increase in PS1 

activation can be seen upon treatment with 2 doses of sEVs from + DOX cells compared 

to 2 doses of sEVs from – DOX cells both at 10 µg and 20 µg of sEV protein. The addition 

of a second dose of sEVs resulted in around 10% higher PS1 activation in cells treated 

with  sEVs from +DOX cells compared to an increase of merely 4% in sEVs from – DOX 

cells. All subsequent experiments were therefore performed using a double dose of sEVs. 

Whilst two doses of sEVs at 20 µg resulted in visibly higher levels of PSC activation, sEV 

preparation is a limiting step. Consequently, for practical reasons, two doses of sEVs at 

10 µg were used for future experiments.  

While normalising sEVs to protein content has long been the norm for functional assays, 

it is conceivable that the induction of centrosome amplification may alter the protein 

content of the sEVs. As our initial results, (outlined in Chapter 3), show that centrosome 

amplification induces sEV secretion, it was decided that normalising to sEV number may 

be more prudent. Using ImageStream to analyse EV number and BioRad protein assay 

to quantify protein, it was determined that there were roughly 20 million sEVs present 

in 10 µg of the PaTu-S.PLK4 – DOX sEVs. We therefore investigated whether two doses 

of 20 million sEVs would elicit similar results to those observed with 10 µg of sEVs 

protein. As can be seen in Figure 5.2.2.2 B, when sEVs were normalised to number, a 

clear increase in % total PS1 activation (similar to when normalising to EV protein) could 

still be observed in PS1 cells treated with sEVs from + DOX cells compared to sEVs from - 

DOX cells. Notably, however, PSC activation post treatment with 20 million sEVs resulted 

in lower levels of PSC activation compared to treatment with 10 µg of EV protein. It is 

therefore likely that 20 million sEVs does not equate exactly to 10 µg of EV protein. 

However, as 20 million sEVs still resulted in a clear increase in PSC activation, henceforth, 

all further PS1 activation experiments were performed using two doses of 20 million 

sEVs.  
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Figure 5.2.2.2 PS1 activation following 2 doses of sEVs normalised to protein or sEVs number. 
A) Quantification of % PS1 activation as determined by α-SMA fibre formation after 72 hour 
treatment with 2 doses of sEVs from donor cells – /+ DOX normalised to sEV protein (10 µg or 20 
µg) N=2. B) Quantification of % PS1 activation as determined by α-SMA fibre formation after 72 
hour treatment with 2 doses of sEVs from donor cells – /+ DOX normalised to sEV number (20 
million sEVs). N=1.  
Activation levels stratified into two categories: strong activation and activation. Error bars 
represent mean ± standard deviation. DOX=doxycycline hyclate. D = donor cells. Donor cells 
were PaTu-S.PLK4.  

 

5.2.3. sEVs secreted by cells with supernumerary centrosomes significantly 

enhance PS1 cell activation  

Using the experimental conditions outlined in section 5.2.2, we investigated the ability 

of sEVs secreted by PATu-S.PLK4 cells with (+DOX) and without (-DOX) the induction of 

centrosome amplification to activate PS1 cells. Analysis revealed that sEVs secreted  by 

cells with supernumerary centrosomes significantly enhanced PS1 activation (Figure 

5.2.3). An average of 30% total PS1 activation (strong activation and activation) was 

observed in samples treated with sEVs from + DOX donor cells compared to 6.8% total 

PS1 activation in samples treated  with sEVs from - DOX donor cells. In fact, significant 

increases could be observed in strong activation alone, where strong activation reached 

~ 13.9% in PS1 cells treated with sEVs from + DOX donor cells compared to 1.6% in PS1 
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cells treated with sEVs from - DOX donor cells, indicating that sEVs secreted  by cells with 

extra centrosomes have a much stronger effect on the activation of PSCs.  

Taken together, the work presented here demonstrates for the first time that sEVs 

derived from cells with amplified centrosomes elicit a stronger activation of PSCs 

compared to sEVs from cells with normal centrosome number. As sEV number was 

normalised between conditions, our results suggest that sEVs secreted by cells with extra 

centrosomes may have an altered biological cargo. This in turn suggests that centrosome 

amplification may not only induce overall secretion of sEVs but also induce secretion of 

a specific subset of sEVs which have enhanced PSC activating potential. Furthermore, 

these results have since been replicated by another member of the Godihno laboratory  

using sEVs secreted by the HPAF-II.PLK4 cell line, providing further evidence to support 

the findings presented here.  

 

Figure 5.2.3 sEVs from PDAC cells with supernumerary centrosomes significantly enhance PS1 
cell activation. A) Representative confocal images of α-SMA organisation in PS1 cells 72 hours 
post treatment with i) untreated control (ctr)  ii) 20 million sEVs (2 doses) from – DOX donor cells 
iii) 20 million sEVs (2 doses) from + DOX donor cells. α-SMA is depicted in green, DNA in blue. 
Scale bar represents 20 µm. B) Quantification of % PS1 activation as determined by α-SMA fibre 
formation in PS1 cells treated as described in (A). Activation levels stratified into two categories: 
strong activation and activation. Error bars represent mean ± standard deviation, N=3. Data 
analysed using one-way ANOVA with Tukey’s post hoc test (*** p<0.001).  
DOX=doxycycline hyclate. D = donor cells. Donor cells were PaTu-S.PLK4. 
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5.2.4. Centrosome amplification-associated ROS is required for PSC 

activation by sEVs from cells with amplified centrosomes  

Our results demonstrate that sEVs secreted by cells with supernumerary centrosomes 

have enhanced PSC activating capabilities, suggesting that centrosome amplification 

induces not only an increase in total sEV secretion but also in the secretion of a subset 

of sEVs. Since our previous work (Chapter 4) found centrosome amplification-linked ROS 

to be responsible for the increased secretion of sEVs by cells with extra centrosomes, we 

hypothesised that these changes in cellular ROS may also play a role in the secretion of 

sEVs that harbour the heightened PSC activation capacity. To test this, we analysed the 

PS1 activating capacity of sEVs secreted by PaTu-S.PLK4 donor cells that had been 

treated as follows: i) – DOX, ii) + DOX and iii) +DOX +NAC. Interestingly, whilst sEVs 

derived from + DOX cells increased PS1 activation as expected, quenching centrosome 

amplification–associated ROS with NAC in these cells prevented the secreted sEVs from 

eliciting the same increase in PS1 activation. Whilst a third replicate is still required for 

this experiment, these results indicate that centrosome amplification-associated ROS is 

likely responsible for the increased secretion of a subset of sEVs which contain an altered 

biological cargo that confers a heightened capacity for sEV-mediated PSC activation. The 

experiments performed here, however, cannot determine whether the observed effect 

is specific to increased cellular ROS alone, or specific to centrosome amplification- 

associated ROS. It would therefore be interesting to perform the same analysis using 

sEVs  harvested from cells where ROS is induced independently of centrosome 

amplification with H2O2. These additional experiments would provide a clearer view on 

whether this result is specific to centrosome amplification-associated ROS or if it is a 

more global mechanism relating to generalised increases in cellular ROS.  
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Figure 5.2.4 Centrosome amplification-associated ROS is required for PSC activation by sEVs 
from cells with amplified centrosomes. A) Representative confocal images of α-SMA 
organisation in PS1 cells 72 hours post treatment with: i) 20 million sEVs (2 doses) from – DOX 
donor cells ii) 20 million sEVs (2 doses) from + DOX donor cells, iii) 20 million sEVs (2 doses) from 
donor cells treated with DOX and NAC. α-SMA is depicted in green, DNA in blue. Scale bar 
represents 20 µm. B) Quantification of % PS1 activation as determined by α-SMA fibre formation 
in PS1 cells treated as described in A. Activation levels stratified into two categories: strong 
activation and activation. Error bars represent mean ± standard deviation,  N=2.  
DOX=doxycycline hyclate, NAC = N-acetyl cysteine, D = donor cells. Donor cells were PaTu-
S.PLK4. 

 

5.3 sEVs capable of activating PSCs elute specifically in Size 

Exclusion Chromatography fraction 8.  

Whilst classical ultracentrifugation (UC) is still one of the most widely used methods for 

EV isolation it has a number of drawbacks. Crucially, the purity of the isolated vesicles 

has been questioned and a number of studies have revealed EVs isolated by UC to co-

pellet with larger contaminating proteins. Thus, we cannot be certain if the PSC 

activation we observed with sEVs pelleted by UC is truly due to the EVs themselves or 

contaminating proteins/ other aggregates. To address this, the PSC experiments were 

performed using vesicles prepared with an additional EV purification step, whereby EVs 

isolated by UC were then subjected to size exclusion chromatography (SEC). This process 
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involves passing the UC sample through a column containing porous resin particles. Due 

to their size, EVs themselves pass through the column largely unimpeded, however, 

impurities including proteins, protein complexes and other small molecules enter the 

pores of the resin particles. This impedes their passing through the column and results 

in them eluting in much later fractions (see schematic in Figure 5.3.1 A). SEC columns 

such as the qEV original izon science SEC columns used for these experiments, have 

previously been shown to yield high purity EVs (Böing et al., 2014; Muller et al., 2014; 

Welton et al., 2015; Benedikter et al., 2017). To perform SEC, 500 µl of sEVs isolated by 

UC were applied to the column. Once the sample had passed into the top filter, the 

column was topped up with PBS buffer that had been twice filtered using 0.22 µm 

syringe filters. Immediately after the sample had passed into the column, 500 µl 

fractions were taken. Fractions 1-12 were collected, (EVs are expected to elute in 

fractions 7-10 using this column), with contaminating proteins eluting in fractions 11 

onwards (as described in izon science technical note). The number of sEVs present in 

each fraction was then quantified using ImageStream (Figure 5.3.1 B). As expected, sEVs 

were found to elute in fractions 7-10, with the majority eluting in fractions 8 and 9. 

Whilst some vesicles were observed in fraction 7 and 10, the yield is very low. The 

primary eluting fractions (8 and 9) did not change with sample type i.e sEVs isolated from 

donor cells treated with and without DOX eluted in similar fractions. It is important to 

note that whilst purity of these sEVs is improved, the yield is clearly decreased. It was 

found that only around 55-60% of the sEVs present in the UC samples were recovered in 

the SEC fractions (sum fractions 7-10). Additionally, these fractions are significantly 

diluted as they are split over 4 x 500 µl fractions. Therefore, to obtain vesicles after SEC 

at a high enough concentration to perform PSC activation experiments, a much larger 

initial UC harvest of EVs is required. To perform these experiments, we therefore harvest 

EVs from the conditioned media of at least 12 x T175 flasks per condition.  
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Figure 5.3.1 sEV purification and separation by size exclusion chromatography. A) Schematic 
diagram depicting size exclusion chromatography. Larger particles including EVs pass largely 
unimpeded through the column, whereas small molecules including contaminating proteins 
enter the pores of the resin beads, impeding their progress and resulting in their elution in much 
later fractions. B) Quantification of sEVs isolated from donor cells  treated without (-) and with 
(+) DOX, after UC and then subsequently after SEC as measured by ImageStream® Mark II 
Imaging Flow Cytometer. Error bars represent mean ± standard deviation, N=3. 
DOX=doxycycline hyclate, UC=ultracentrifugation, SEC=size exclusion chromatography. Donor 
cells were PaTu-S.PLK4. 

 

In addition to vesicle concentration, the size distribution of sEVs present in each sample 

was also quantified (Figure 5.3.2). As before, size was measured using NanoSight particle 

tracking analysis (NTA) with a NanoSight NS300. Analysis revealed that sEVs isolated by 

UC only, from PaTu-S.PLK4 cells without centrosome amplification had a mean particle 

size of 96 nm. Interestingly, upon induction of centrosome amplification in these cells, 

the mean particle sEV size increased slightly to 101 nm. Furthermore, NTA analysis 

revealed slight differences in the mean sEVs populations in the two main SEC fractions 

(fraction 8 and fraction 9). It was found that sEVs from – DOX cells that eluted in SEC 

fraction 8 had a mean size of 97 nm whereas those that eluted in fraction 9 had a mean 

size of 95 nm. Similarly, sEVs isolated from + DOX cells, that eluted in SEC fraction 8 had 

a mean size of 104 nm compared to a mean size of 101 nm in SEC fraction 9. Therefore, 

in addition to suggesting that sEVs secreted by cells with extra centrosomes may be 

slightly larger than those secreted by cells with normal centrosome number, this result 

also indicates that the vesicles present in each SEC fraction may differ in size. 
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Importantly, the observed particle sizes all fall within the correct size range to be 

considered exosomes. However, whilst size alone is not sufficient to distinguish 

exosomes from MVs or other EV types, this result indicates that there is likely an 

enrichment of exosomes in the isolated sEV pellets. Due to the small volume of vesicles 

collected in Fraction 7, the size of these vesicles could not be analysed. 

 

 

Figure 5.3.2 Particle size distribution quantification of UC and SEC samples. A) Size distribution 
curves determined by Nanosight NS300 (Nano-particle tracking analysis) of sEVs isolated from 
donor cells  treated without (-) DOX after UC alone and post SEC. The primary EV elution 
fractions, SEC fraction 8 and SEC fraction 9 were analysed.  Mean particle size was determined 
as 96 nm for UC isolates (red distribution), 97 nm for SEC 8 isolates (green distribution) and 95 
nm for SEC 9 isolates (blue distribution). B) Size distribution curves determined by Nanosight 
NS300 (Nano-particle tracking analysis) of sEVs isolated from donor cells  treated with (+) DOX 
after UC alone and post SEC. The primary EV elution fractions, SEC fraction 8 and SEC fraction 9 
were analysed.  Mean particle size was determined as 101 nm for UC isolates (red distribution), 
104 nm for SEC 8 isolates (green distribution) and 101 nm for SEC 9 isolates (blue distribution). 
Error bars (shown in red for UC isolates, green for SEC 8 isolates and blue for SEC 9 isolates) 
indicate standard error of the mean. DOX=doxycycline hyclate, UC=ultracentrifugation, SEC=size 
exclusion chromatography. Donor cells were PaTu-S.PLK4. 

 

The sEVs isolated by SEC were then used for subsequent PS1 activation experiments 

(Figure 5.3.3). Additionally, where possible sEVs that eluted in SEC fraction 7 were also 

used, however low yields resulted in only one replicate to be generated with these sEVs.  

Analysis revealed that sEVs derived from cells without the induction of centrosome 

amplification (- DOX) induced only low levels of total activation ( <10%) regardless of SEC 

fraction. As expected sEVs isolated from cells with extra centrosomes (+ DOX) were 
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found to activate PS1 cells as previously demonstrated. Interestingly however, the sEVs 

that retain these activating capabilities were found to elute specifically in SEC fraction 

8, where these vesicles resulted in an average of ~36% PS1 activation. Furthermore, sEVs 

from + DOX donor cells that eluted in this fraction were also found to significantly induce 

strong activation of PSCs compared to controls and all other SEC fractions. 

In conclusion, after the removal of contaminating small molecules by SEC, these results 

provide strong evidence to support the hypothesis that the sEVs in the samples are 

responsible for the observed increases in PS1 activation. Moreover, these experiments 

revealed that the sEVs from + DOX cells that confer PS1 activating capabilities specifically 

elute in one SEC fraction (fraction 8). This result  suggests that cells with centrosome 

amplification may secrete a specific subset of sEVs that have heightened PSC activating 

abilities.  
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Figure 5.3.3 sEVs from PDAC cells with supernumerary centrosomes that elute in SEC fraction 
8 significantly enhance PS1 cell activation. A) Representative confocal images of α-SMA 
organisation in PS1 cells 72 hours post treatment with sEVs derived from – DOX or + DOX donor 
cells that have eluted in SEC fractions 7-9. PS1 cells were treated with 2 doses of 20 million sEVs 
per condition. α-SMA is depicted in green, DNA in blue. Scale bar represents 20 µm. B) 
Quantification of % PS1 activation as determined by α-SMA fibre formation in PS1 cells treated 
as described in A. Activation levels stratified into two categories: strong activation and 
activation. For SEC fraction 8 and 9 N=3, for SEC fraction 7 N=1. Error bars represent mean ± 
standard deviation. Data analysed using one-way ANOVA with Tukey’s post hoc test (**** 
p<0.0001).  
DOX=doxycycline hyclate, SEC=size exclusion chromatography, D = donor cells. Donor cells were 
PaTu-S.PLK4. 
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5.4. Proteomic analysis of sEVs with stable isotope labelling of 

amino acids in culture 

5.4.1 sEVs sample preparation for SILAC-based proteomic analysis 

The difference in PSC activating potential between exosomes from cells with and 

without supernumerary centrosomes suggests that they harbour a different  biological 

cargo. We therefore planned to analyse changes in the cargoes of these vesicles, in the 

hopes of identifying the factor/s contributing to PSC activation. Whilst EVs contain a 

number of different biological cargos, including proteins, RNA, DNA and lipid rafts, a 

number of studies looking at the EV-mediated activation of PSCs had previously 

identified EV proteins  such as TGF-β  to have key roles in this process (Webber et al., 

2010b; Charrier et al., 2014; Masamune et al., 2018). We therefore began our analysis 

on the biological cargo of the isolated sEVs by performing proteomic analysis. To analyse 

protein changes in sEVs upon the induction of centrosome amplification, we used a 

stable isotope labelling by amino acids in cell culture (SILAC) based proteomic technique 

in collaboration with Faraz Mardakheh at the BCI. SILAC is a powerful method of 

quantitative proteomics that involves metabolic labelling of the samples with normal, 

medium and heavy labelled amino acids prior to mass spectrometry (MS). Typically, 

SILAC labelling involves labelling of lysine and arginine residues with normal/light, heavy 

[15N2
13C6-lysine (Lys8) and 15N4

13C6-arginine (Arg10)] or medium [2H4-lysine (Lys4) 

and 13C6-arginine (Arg6)] labels, which in combination with trypsin digest, ensures that 

all peptides in the sample will retain a label. Label incorporation followed by Liquid 

Chromatography with tandem mass spectrometry (LC-MS-MS) enables the 

identification and quantitation of the proteins present in each sample. As this method 

relies on efficient incorporation of the labels, cells are grown in media supplement with 

dialysed serum. This ensures that the amino acids added to the cell culture are the 

exclusive source of amino acids. Proline is also added to the medium to prevent 

metabolic conversion of the labelled arginine to proline. Whilst other proteomic 

methods require labelling post processing, SILAC-based differential labelling of cells 

allows samples to be combined early on during sample preparation. Thus, SILAC samples 

can be processed together, eliminating variability that could result from separate 

sample preparations. Additionally, the samples can be analysed together by LC-MS/MS, 
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enabling the relative peaks of the differentially labelled proteins to be accurately 

quantified in relation to each other and a ratio of the two labels to be generated.  

 SILAC based proteomic analysis of cells is fairly straightforward, light and heavy labels 

are usually sufficient. SILAC proteomic analysis of EVs however proved more complex. 

As EVs contain a relatively small number of proteins compared to total cell lysates, 

contaminating proteins can become an issue. Therefore, as EVs are isolated from the 

conditioned growth medium, it is possible that media proteins will be present in the 

samples and may cloud the analysis. As naturally occurring amino acids, such as those 

present in the  media are labelled light, proteomic analysis of exosomes was performed 

using medium and heavy amino acid labels. This enabled any light labelled amino acids 

present in the samples to be disregarded as media/ other contaminants. 

Prior to vesicle harvest for SILAC based proteomic analysis, PaTu-S.PLK4 cells were 

grown in SILAC DMEM supplemented with 10% dialysed FBS (that had been 

ultracentrifuged at 100,000 x g for 18 hours to deplete EVs), 1% penicillin/streptomycin 

and heavy or medium labelled amino acids for 2 weeks. The efficiency of heavy and 

medium label incorporation into cells was then analysed. To do this, a small aliquot of 

cells was lysed and digested as described in section 2.8 and analysed by Mass spec. 

MaxQuant analysis performed by our collaborator Faraz Mardakheh identified over 99% 

label incorporation in both cell lines. Once label incorporation had been confirmed, cells 

were plated for sEV harvest. 40 x T175 flask containing heavy labelled cells were induced 

to amplify centrosomes (+DOX) and 40 x T175 flasks containing medium labelled cells 

were left untreated (-DOX). A schematic representation of the experimental workflow is 

depicted in Figure 5.4.1.1. Importantly, the experiment was replicated twice, the second 

time with reverse labelling i.e where medium labelled cells were induced with DOX and 

the heavy labelled cells left untreated. Reverse labelling was used to eliminate potential 

protein changes that result from the differentially labelled amino acids.  
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Figure 5.4.1.1 Schematic representation of SILAC proteomic analysis protocol. PaTu-S.PLK4 
cells were grown in SILAC DMEM supplemented with heavy or medium labelled amino acids. 
Conditioned medium was harvested from untreated (- DOX) medium labelled cells and 
centrosome amplification induced (+DOX) heavy labelled cells. CM was harvested from all cells 
and pooled prior to sEV isolation by UC and purification by SEC. SEC fractions 7, 8 and 9 were 
then prepared from mass spec analysis and mass spec was performed by our collaborator Faraz 
Mardakheh. 
DOX=doxycycline hyclate, UC=ultracentrifugation, SEC=size exclusion chromatography, CM = 
conditioned media. 

 

To ensure that the vesicles harvested were suitable for MS analysis, the conditioned 

media from two flasks per condition were collected and the sEVs were isolated by 

ultracentrifugation for use in PS1 activation experiments. Analysis revealed that sEVs 

secreted by + DOX cells for both the forward and reverse experiments were able to 

activate PS1 cells as expected (see Figure 5.4.1.2). Therefore, the sEVs were deemed 

suitable for mass spec analysis. The conditioned media from the remaining flasks was 

then harvested to be processed for MS. Henceforth the conditioned media from the 

heavy labelled and medium labelled cells was pooled together and the samples were 

processed as one, eliminating potential variations associated with separate sample 

preparation. sEVs were then isolated from the pooled conditioned media by 

ultracentrifugation and then purified further by SEC.  
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Figure 5.4.1.2 sEVs isolated for SILAC based proteomic analysis activate PS1 cells. A) PS1 
activation after the addition of sEVs from the SILAC forward labelling experiment.  
Representative confocal images of α-SMA organisation and quantification of activation as 
determined by α-SMA fibre formation in PS1 cells 72 hours post treatment with i) 20 million sEVs 
(2 doses) from – DOX medium labelled donor cells iii) 20 million sEVs (2 doses) from + DOX heavy 
labelled donor cells. α-SMA is depicted in green, DNA in blue. Scale bar represents 20 µm. B) PS1 
activation post the addition of sEVs from the SILAC reverse labelling experiment.  Representative 
confocal images of α-SMA organisation and quantification of activation as determined by α-SMA 
fibre formation in PS1 cells 72 hours post treatment with i) 20 million sEVs (2 doses) from – DOX 
heavy labelled donor cells iii) 20 million sEVs (2 doses) from + DOX medium labelled donor cells. 
α-SMA is depicted in green, DNA in blue. Scale bar represents 20 µm. 
Activation levels stratified into two categories: strong activation and activation. N=1. 
DOX=doxycycline hyclate. D = donor cells. Donor cells were PaTu-S.PLK4. 
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The number of sEVs present in each SEC fraction for both the forward and reverse 

experiments was quantified by ImageStream (see Figure 5.4.1.3). Analysis revealed 

similar distributions of sEVs post SEC as had been previously observed. A slightly higher 

yield of sEVs was recovered, however, in the reverse labelled experiment. SEC fractions 

7, 8 and 9 were then prepared for MS analysis as described in section 2.8. MS and 

MaxQuant analysis was performed by our collaborator Faraz Mardakheh. 

 

 

Figure 5.4.1.3 Purification and separation of sEVs for proteomic analysis by size exclusion 
chromatography. A) Quantification of sEVs isolated from the SILAC forward labelling experiment 
after UC and then subsequently after SEC, as measured by ImageStream® Mark II Imaging Flow 
Cytometer N=1. B) Quantification of sEVs isolated from the SILAC reverse labelling experiment 
after UC and then subsequently after SEC, as measured by ImageStream® Mark II Imaging Flow 
Cytometer. N=1. 
UC=ultracentrifugation, SEC=size exclusion chromatography. Donor cells were PaTu-S.PLK4. 
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5.4.2 SILAC-based proteomic analysis of sEVs derived from cells with and 

without the induction of centrosome amplification 

MaxQuant analysis of the proteomic data provided a comprehensive list of all the 

proteins (heavy and medium labelled) detected in each SEC fraction. A total of 486 

proteins were detected in SEC fraction 7, 825 in SEC fraction 8 and 836 in SEC fraction 9 

(Figure 5.4.2.1 A). Of the proteins identified, 464 were found to be common to all 

fractions, including the key exosomal markers including CD81, CD9, TSG101 and ALIX,  

providing further evidence to suggest that analysed vesicles are likely to be enriched in 

exosomes. CD63, however, could not be detected in any of the 3 fractions. Interestingly, 

other  EV studies have found CD63 expression to be low or restricted in comparison to 

the other tetraspanins including CD81 and CD9 (Kowal et al., 2016b; Barranco et al., 

2019). Therefore, levels of CD63 in our samples may simply be too low for detection. 

Comparison of our sEV proteomics data with the extracellular vesicle database 

Vesiclepedia (Kalra et al., 2012) revealed that the majority of the proteins observed in 

our screen have previously been identified in other EV proteomic studies, with only 14 

emerging as specific to our data set (Figure 5.4.2.1 B). The significant overlap between 

our data set and the Vesiclepedia data set provides further evidence that our samples 

are enriched in extracellular vesicles.  

Initial analysis our SILAC screen also revealed that TGF-β was not present in any of the 

samples. Exosomal TGF-β has previously been shown to trigger fibroblast to 

myofibroblast differentiation (Webber et al., 2010b). The absence of TGF-β in our 

samples therefore indicates that PSC activation is likely achieved through an ulterior 

mechanism. Furthermore, proteins that have previously been linked to oncogenic 

transformation and tumourigenesis were also identified within the samples, including 

CEP55 and CTGF. 
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Figure 5.4.2.1 Venn diagrams comparing extracellular vesicle proteomes. A) Venn diagram 
comparing the sEV proteomes of SEC fractions 7,8 and 9. B) Venn diagram comparing the EV 
proteomes of SEC fractions 7, 8 and 9 with the Vesiclepedia database (Kalra et al., 2012).  
SEC=size exclusion chromatography.  
 
 
 

To identify the most commonly upregulated protein pathways in each fraction, 

enrichment analysis was performed by our collaborator Faraz Mardakheh using a Fishers 

exact test (see Figure 5.4.2.2). This analysis calculates an enrichment score which 

reflects the degree to which proteins associated with a specific category are 

overrepresented in the sample compared to proteins outside of the pathway. We found 

that in all three SEC fractions, the top 3 most significantly enriched categories consisted 

of vesicles, membrane-bound vesicles and exosomes. Furthermore, all three fractions 

were found to also be significantly enriched in pathways unique to exosome biogenesis 

including; ESCRT I, Recycling endosomes, endocytic vesicles and late endosomes. The 

results of this analysis therefore highlight that our samples are significantly enriched in 

protein associated with exosomes.  
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Figure 5.4.2.2 Pathway enrichment analysis of sEV proteins identified using SILAC-based 
proteomics. Bubble graphs depicting pathway enrichment per SEC fraction (7, 8 &9), where 
bubble size is indicative of the number of enriched proteins per pathway. Enrichment analysis 
was performed using a Fishers exact test. Results for SEC fraction 7 shown in green, SEC fraction 
8 in pink and SEC fraction 9 in blue. Left graphs show the top 3 most significantly enriched 
categories per fraction. Right graphs show other highly significantly enriched categories per 
fraction. SEC=size exclusion chromatography.  
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To analyse changes in the ratio of proteins present in the heavy labelled and medium 

labelled sEVs, normalisation was first performed. As samples were mixed at an early 

stage, results were auto normalised to ensure that heavy and medium intensities in each 

sample were equivalent. Subsequently, SILAC ratios of the proteins present in each 

sample were calculated. A fold change of 1.5 or above, that could be replicated in the 

forward and reverse experiments, were considered significant hits . Log2 fold change of 

heavy to medium labels, for the forward and reverse experiments were plotted on 

correlation graphs for each SEC fraction (figure 5.4.2.3). The dashed diagonal line 

indicates where identical M and H values would be plotted. The closer the proteins are 

plotted to this line, the more consistent the values are for the forward and reverse 

experiment.  Interestingly, SILAC ratios did not significantly change in any fraction and 

the fold change per protein largely remained below 1. Where fold changes above 1.5 

were observed, they were only present in one repeat and so not deemed reliable. The 

analysis of these results indicates that the induction of centrosome amplification in 

PDAC cells does not change the relative ratios of the proteins identified inside the 

secreted sEVs. Crucially however, alteration in the protein content of sEVs may not be 

restricted to changes in the ratios of proteins but also total changes in the presence or 

absence of specific protein which SILAC ratios do not reflect. Therefore, whilst analysis 

of SILAC ratios is prudent for whole cell lysates, it may miss key protein changes in EV 

proteins. We therefore also analysed the original intensity files provided by MaxQuant 

analysis to determine if total changes in protein were observed between the SILAC 

labelled samples in each condition per SEC fraction. Interestingly, this new analysis 

revealed total loss/gain of 8 new proteins in Fraction 7 (see Table 5.4.2.1) and 6 proteins 

in fraction 8 (see Table 5.4.2.2). No differences were observed in fraction 9. As fraction 

8 contains the sEVs that activate PSCs, protein changes in this fraction were considered 

our hits.  These hits were the tetraspanin CD81 which was lost in sEVs from + DOX cells 

and phosphoglucomutase 3 (PGM3), carbamoyl-phosphate synthetase 2 aspartate 

transcarbamylase and dihydroorotase (CAD), mitochondrially encoded cytochrome C 

oxidase II (MT-CO2), FAM129A (NIBAN) and coiled-coil domain containing 124 

(CCDC214) which were all gained in sEVs from + DOX cells. These findings confirmed that 

sEVs secreted by cells with extra centrosomes, do have an altered protein cargo and it is 

therefore possible that one or more of these 6 proteins may be responsible for the 
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heightened capacity of sEVs from cells with extra centrosomes to activate pancreatic 

stellate cells.  

 

Figure 5.4.2.3 Correlation graphs of sEV protein expression ratios in forward and reverse SILAC 
experiments. A) Correlation graphs plotting Log2 fold change in the ratio of heavy and medium 
labelled proteins of the forward and reverse experiments from SEC fraction 7 (green). B) 
Correlation graphs plotting Log2 fold change in the ratio of heavy and medium labelled proteins 
of the forward and reverse experiments from SEC fraction 8 (pink). C) Correlation graphs plotting 
Log2 fold change in the ratio of heavy and medium labelled proteins of the forward and reverse 
experiments from SEC fraction 9 (blue). 
Dashed diagonal line characterises where identical M and H values would lie. SEC= size exclusion 
chromatography. 
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Table 5.4.2.1 SILAC protein hits SEC fraction 7 

Gene name - DOX sEVs + DOX sEVs Peptide 

number 

KIF5B  ✓ 42 

B2M  ✓ 3 

CYBRD1  ✓ 1 

ERLIN2  ✓ 13 

SLC25A3  ✓ 14 

OCLN  ✓ 5 

ANXA3  ✓ 19 

MAPK1IP1L ✓  1 

 

Table 5.4.2.2 SILAC protein hits SEC fraction 8 

Gene name - DOX sEVs + DOX sEVs Peptide 

number 

CD81 ✓  3 

PGM3  ✓ 8 

CAD  ✓ 48 

MT-CO2  ✓ 3 

NIBAN  ✓ 9 

CCDC124 

 

 ✓ 8 
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To help narrow down which proteins may be playing a role in PSC activation we checked 

whether or not the proteins identified in SEC fraction 8 were also present in the sEVs 

isolated in fraction 7 and 9 which did not activate PSCs (see Table 5.4.2.3). Importantly, 

whilst the same protein hits were found in both the forward and reverse experiment in 

SEC fraction 8, the presence or absence of these proteins was not robustly established 

across replicates in the other two fractions, making interpretation difficult.  CD81 was 

found to be present in at least one replicate of sEVs isolated from donor cells with (+ 

DOX) and without (-DOX) the induction of centrosome amplification that eluted in both 

SEC fractions 7 and 9. This result may indicate that CD81 is only completely lost in sEVs 

isolated from + DOX cells that elute in fraction 8, making it a strong candidate for further 

investigation (see Table5.4.2.3). Interestingly, CAD was only identified in sEVs isolated 

from + DOX cells that eluted in fraction 8, thus CAD is also a strong candidate for further 

investigation. CCDC124 and MT-CO2, which were identified in SEC fraction 8 +DOX sEVs 

only, were also both identified in SEC fraction 9. However, these proteins were only 

found in one replicate of SEC fraction 9 (CCDC124 in one -DOX replicate and MT-CO2 in 

one +DOX replicate of SEC fraction 9) (see Table 5.4.2.3). It is therefore possible that 

these are false positives and so further validation is required to confirm the 

presence/absence of these proteins under these conditions. Furthermore, NIBAN1 and 

PGM3 were also identified in SEC fraction 9. These proteins were identified in two 

replicates , one +DOX and one – DOX, making interpretation difficult (see Table 5.4.2.3). 

Therefore, until these results are validated, it is unclear what, if any, potential role these 

proteins may play in PSC activation.  

In conclusion, SILAC-based proteomic analysis demonstrated that upon the induction of 

centrosome amplification, cells secrete sEVs with an altered protein cargo. In particular, 

sEVs that retain the PSC activating potential were found to have alterations in the loss 

or gain of 6 proteins. Of these 6 proteins, CD81 and CAD appear to be strong candidates 

for further analysis due to their pattern of presence/absence in various protein fractions 

from treated and untreated cells. Furthermore, enrichment analysis revealed all 

samples to be significantly enriched in proteins associated with exosomes and exosome 

biogenesis, providing further evidence that our sEVs preparations are enriched in 

exosomes.  
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Table 5.4.2.3 Presence of SEC fraction 8 SILAC sEV protein hits (from cells in the 

presence of DOX) in SEC fraction 7, 8 and 9 

 SEC Fraction 7 SEC Fraction 8 SEC Fraction 9 

 - DOX  + DOX  - DOX  + DOX  - DOX  + DOX 

Gene 

name 

Rep 

1 

Rep

2 

Rep 

1 

Rep

2 

Rep 

1 

Rep

2 

Rep 

1 

Rep

2 

Rep 

1 

Rep

2 

Rep 

1 

Rep

2 

CD81 ✓  ✓  ✓ ✓   ✓  ✓ ✓ 

PGM3   ✓    ✓ ✓ ✓   ✓ 

CAD       ✓ ✓     

MT-CO2       ✓ ✓   ✓  

NIBAN   ✓    ✓ ✓ ✓  ✓  

CCDC124 

 

  ✓    ✓ ✓ ✓    
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5.5 Discussion 

Our previous results had demonstrated that PDAC cells with amplified centrosomes 

secrete an increased number of sEVs (Chapter 3). Since sEVs are known to contribute to 

tumourigenesis, we hypothesised that sEVs from cells with extra centrosomes may have 

pro-tumourigenic properties. As sEVs have been shown to promote tumour growth and 

metastasis through activation of cancer-associated fibroblasts and stellate cells we 

decided to investigate the PSC activating capabilities of sEVs derived from cells with and 

without the induction of centrosome amplification.  

Here we report for the first time that sEVs from PDAC cells with supernumerary 

centrosomes significantly enhance PSC activation compared to sEVs from cells with 

normal centrosome number. We also demonstrate that sEVs from cells with amplified 

centrosomes have an altered biological cargo. Interestingly, conditioned medium from 

these cells was not sufficient to induce PSC activation, and we found it necessary to 

concentrate the sEVs to elicit an effect. Importantly, the design of these experiments 

dictated that PS1 cells be treated with equal numbers of sEVs from cells with and without 

the induction of centrosome amplification (to exclude any differential vesicle 

concentration effects). Despite normalisation, sEVs from cells with extra centrosomes 

significantly activated the PSCs whereas those from cells without centrosome 

amplification did not. As our previous work has shown that cells with extra centrosomes 

secrete more sEVs than normal cells, normalisation of the sEV numbers may in fact be 

minimising the true effects of centrosome amplification derived sEVs on PSC activation. 

Additionally, in a tumour setting where cells with extra centrosomes are present, the 

PSCs would likely be in proximity to a more concentrated population of sEVs with 

heightened capacity for PSC activation. Whilst the concentration of EVs present in the 

conditioned media was not sufficient to induce PSC activation over 3 days, it would be 

interesting to analyse activation over a longer time period to determine if an extended 

exposure would be sufficient to elicit a response. Additionally, it would be interesting to 

analyse PSC activation upon co-culture with cells with and without the induction of 

centrosome amplification. This would determine if proximity to a constant supply of sEVs 

would increase PSC activation without the need to concentrate the vesicles. Although 

the results we present here are robust, it will be important to analyse PSC activation 
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using a second PSC cell line to confirm the theory. To rule out experimental artefacts, 

alternative methods of measuring PSC activation may be employed. For example, PSC 

cells become highly contractile once they are activated. It would therefore be interesting 

to analyse the contractility of the PSCs after treatment with sEVs using gel contraction 

assays similar to those performed by Calvo et al., 2013.  

Interestingly, sEVs that conferred heightened PSC activating capabilities were shown to 

elute in one specific fraction following SEC. NanoSight analysis revealed that the sEVs 

present in SEC fraction 8 were slightly larger than those present in SEC fraction 9. 

Together these results indicate that the sEVs that harbour enhanced PSC activating 

capabilities may be a specific subset of sEVs. SILAC-based proteomic analysis of sEVs 

isolated from cells with and without centrosome amplification revealed 6 proteins 

changes in SEC fraction 8, confirming that sEVs from cells with supernumerary 

centrosomes have an altered protein cargo compared to those secreted by cells with a 

normal centrosome number. Importantly, TGF-β was not detected in the any of the 

samples, indicating that the mechanism of PSC activation is TGF-β independent and is 

therefore due to some other factor(s)/mechanism yet to be identified. Candidate 

proteins involved in a TGF-β independent mechanism of activation have been identified 

(CD81, CAD, MT-CO2, NIBAN1, CCDC124 and PGM3), but confirmation of their identities 

is required before further experimentation is carried out. To achieve this, the presence 

or absence of the identified proteins will be analysed in sEVs from PaTu-S.PLK4 and 

HPAF-II.PLK4 cells with and without the induction of centrosome amplification by dot 

blot. Once the protein identities have been confirmed, siRNA knock down of the SILAC 

hits may be performed and the ability of the secreted vesicles to activate PSCs analysed.  

These experiments should confirm whether or not the targeted proteins play a role in 

this TGF-β independent mechanism of activation. 

Thus far, our work has demonstrated that cells with amplified centrosomes not only 

induce sEV secretion (Chapter 3) but also induce secretion of sEVs with an altered 

biological cargo. Importantly, we have previously demonstrated that this increased sEV 

secretion is associated with centrosome amplification-induced ROS (Chapter 4). We 

therefore hypothesised that centrosome amplification-associated ROS may also be 

responsible for secretion of sEVs containing a cargo that confers heightened PSC 

activation capabilities. ROS was therefore quenched in cells with extra centrosomes and 
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the ability of the secreted sEVs to activate PSCs quantified. Analysis revealed that when 

centrosome amplification- associated ROS was diminished, the sEVs no longer retained 

enhanced PSC activating capabilities, indicating that centrosome amplification-

associated ROS is responsible for the secretion of sEVs with an altered biological cargo. 

As our SILAC screen identified a number of EV proteins that change in response to 

centrosome amplification it would be interesting to see if depletion of ROS in cells with 

centrosome amplification reverts the cargo of these EVs back to those of – DOX cells or 

results in a completely different protein cargo. Our initial experiments indicate that 

centrosome amplification-associated ROS is responsible for the secretion of sEVs which 

contain factors that activate PSCs. Whether this ROS related change in secretion is 

specific to centrosome amplification or a more global mechanism remains to be seen. It 

would be interesting to test the ability of sEVs  harvested from cells where ROS is induced 

independently of centrosome amplification with H2O2 to activate PSC. Subsequent 

analysis of protein changes in these sEVs may provide insight into whether centrosome 

amplification-associated ROS or ROS in general is responsible for the changes in EV 

protein cargoes.   

In conclusion, the work presented here demonstrates for the first time that sEVs 

secreted by cells with extra centrosomes have an altered biological cargo that enhances 

PSC activation compared to sEVs from cells with normal centrosome number. SILAC-

based proteomic analysis identified 6 factors present in the sEVs secreted by cells with 

amplified centrosomes that may be involved in PSC activation. Furthermore, our results 

indicate that the changes in  sEV protein cargo observed in cells with extra centrosomes 

may be influenced by centrosome amplification-associated increases in cellular ROS 

levels.  
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6.1 Overview 

In recent years, centrosome amplification has emerged as a hallmark of human 

malignancies including pancreatic cancer (Chan, 2011), with up to 85% of PDAC tumours 

harbouring amplified centrosomes (Sato et al., 1999). In fact, despite offering no 

proliferative advantage to the cancer cells in which the supernumerary centrosomes 

reside, centrosome amplification has been shown to play a role in both the development 

and progression of cancer. Indeed, amplified centrosomes have now been associated 

with tumourigenic properties such as elevated CIN, altered signalling, changes in cell 

polarity and heightened invasive capabilities (reviewed in Godinho and Pellman, 2014). 

For example, a recent study from our laboratory demonstrated that amplified 

centrosomes drive non-cell-autonomous invasion in 3D mammary organoids through 

the secretion of the ECASP (Arnandis et al., 2018). This altered secretion was attributed 

to centrosome amplification-driven changes in cellular ROS (Arnandis et al., 2018). 

Proteomic analysis of the altered secretome revealed that cells with extra centrosomes 

also secrete a number of proteins associated with EVs. As numerous studies have now 

identified clear roles for cancer-derived EVs in the development and progression of 

cancer (reviewed in Xu et al., 2018), we hypothesised that cells with supernumerary 

centrosomes may contribute to cancer progression through the secretion of tumour 

promoting EVs. Here, we show for the first time, that cells harbouring supernumerary 

centrosomes secrete an increased number of sEVs. We identify a role for centrosome 

amplification-associated ROS in the induction of this increased EV release and reveal 

that sEVs secreted by cells with extra centrosomes have an altered protein cargo. We 

also demonstrate that sEVs from cells with amplified centrosomes have heightened PSC 

activating capabilities and are therefore likely to contribute to PSC-mediated fibrosis and 

PDAC progression (see Figure 6.1).  
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Figure 6.1 Working model of tumour progression driven by sEV secretion. Tumour cells 
harbouring extra centrosomes have increased cellular ROS which leads to the elevated secretion 
of sEVs with an altered protein cargo. These secreted sEVs enhance activation of pancreatic 
stellate cells, which may in theory lead to increased ECM deposition/fibrosis and promote 
tumour progression. 

 

6.2 The secretion and packaging of sEVs in cells with extra centrosomes 

The work presented here demonstrates a positive correlation between centrosome 

amplification and EV secretion in pancreatic cancer cell lines. In fact, using two cell lines 

in which centrosome amplification can be induced through overexpression of PLK4, we 

reveal that centrosome amplification is sufficient to drive the secretion of elevated 

levels of sEVs in PDAC cells, but not LEVs. Interestingly, increased EV secretion has 

already been observed in a number of tumour-derived cell lines compared to non-

transformed cells, and exosomes are often elevated in the plasma and bodily fluids of 

cancer patients  (Dabitao et al., 2011; Szczepanski et al., 2011; Keustermans et al., 2013). 

It is not currently known, however, if all tumour cells or a subset of tumour cells are 

responsible for the increased EV secretion. Our results suggest that a subset of tumour 

cells harbouring extra centrosomes secrete more EVs than other tumour cells and non-

malignant cells and may be responsible for the elevated presence of EVs in patient fluids.  

Whilst our results provide strong evidence to suggest centrosome amplification induces 

sEV secretion in pancreatic cancer cells, the driving mechanism behind increased vesicle 

release has been elusive. Recent work from our laboratory, however, has revealed that 

centrosome amplification induces an early stress response though increased generation 

of ROS. Moreover, this centrosome amplification linked increase in cellular ROS was 
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found to result in an altered secretion profile, the ECASP (Arnandis et al., 2018). We 

therefore hypothesised that centrosome-amplification induced ROS may also be the 

driving force behind increased sEV secretion in cells with supernumerary centrosomes. 

Here, we confirm the findings of Arnandis et al., that cells with supernumerary 

centrosomes have increased cellular ROS. Furthermore, we demonstrate that this 

increase in ROS is required for the elevated sEV release observed by cells with extra 

centrosomes. Interestingly, however, despite having higher basal levels of ROS, PaTu-

S.PLK4 cells were found to secrete less sEVs than HPAF-II.PLK4 cells. ROS can be 

produced in different sub-cellular compartments including the mitochondria, where the 

majority of cellular ROS is produced, and the cytosol, where ROS is largely produced by 

NADPH-oxidases (NOXs) (reviewed in Klionsky et al., 2016). Recent work from our 

laboratory demonstrated that centrosome amplification-associated ROS is cytoplasmic 

in origin and generated by NOXs (Arnandis et al., 2018). It is therefore possible that the 

relatively high basal levels of ROS in PaTu-S.PLK4 cells are the result of increased 

production of a different type of ROS (ROS from a different subcellular compartment) 

that does not induce sEV secretion.  

In support of our findings, similar mechanisms of stress driven EV secretion have been 

described in the literature. For example, heat stress and ER stress have been shown to 

induce EV release (Kanemoto et al., 2016; Bewicke-Copley et al., 2017). In other work, 

metabolic stress in pancreatic cancer cells was shown to induce autophagy and increase 

EV secretion (Bhattacharya et al., 2014) and a number of studies have now revealed 

increases in EV secretion in response to chemotherapy and radiation-induced cell stress 

(reviewed in O’Neill, Gilligan and Dwyer, 2019). Furthermore, hypoxia has been shown 

to lead to the release of EVs in multiple different cancer types (reviewed in O’Neill, 

Gilligan and Dwyer, 2019). Hypoxia, or low oxygen tension, is a common feature of 

tumours and is caused by the high oxygen demand of proliferating cancer cells coupled 

with the low supply of oxygen due to irregular vascularisation and distance from the 

supporting blood supply (reviewed in Eales, Hollinshead and Tennant, 2016; Ayob and 

Ramasamy, 2018). Hypoxia has been shown to alter the expression of numerous plasma 

membrane receptors including  EGFR and GLUT-1 which can result in increased 

internalisation of these receptors via endocytosis and result in the increased production 

of MVBs and exosomes (Huber, Kraut and Beug, 2005). Moreover, hypoxia is known to 
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induce production of cellular ROS in the cytosol through NOX activation (Jiang, Zhang 

and Dusting, 2011), thus, it is possible that cytoplasmic ROS is also the driving force 

behind EV secretion in hypoxic cells. It is conceivable that cellular stress-induced ROS 

generation may alter the expression of plasma membrane proteins influencing the 

exosome biogenesis pathway, leading to increases in exosome secretion.  

To further understand how centrosome amplification-associated ROS contributes to 

increased sEV secretion in pancreatic cancer cells, we first identified the likely origins of 

these vesicles. Here we demonstrate that the vesicles in our sEV isolates exhibit many 

characteristics of exosomes. Initially, we performed nanoparticle tracking analysis on 

the isolated vesicles which confirmed that these sEVs were within the correct size range 

for exosomes (30-150 nm). Furthermore, subsequent full proteomic profiling of the 

vesicles using a SILAC-based proteomic method revealed the sEVs to be significantly 

enriched in proteins associated with exosomes, and exosome biogenesis. Whilst it is not 

possible to definitively define the vesicles based on these characteristics, our analysis 

provides significant evidence to suggest that our sEV isolates are heavily enriched in 

exosomes. We therefore decided to analyse the effects of centrosome-amplification 

associated ROS on exosome biogenesis and trafficking.  

Using a SILAC-based proteomic approach, our analysis revealed that sEVs secreted by 

cells with and without the induction of centrosome amplification have different protein 

cargos. Interestingly, a number of these differentially expressed proteins, CD81, CAD, 

NIBAN and CCDC124 have been shown to localise, at least in part, to  cellular membranes 

(Sigoillot et al., 2005; Sato et al., 2015; Thul et al., 2017). Changes in the presence or 

absence of these proteins at the plasma membrane may therefore influence MVB and 

ILV formation. As the enhanced sEV secretion observed in cells with supernumerary 

centrosomes is driven by centrosome-associated ROS, it will be important to determine 

if the changes in sEV protein cargo associated with centrosome amplification, can be 

reverted back to those observed in the control conditions upon treatment with the ROS 

quenching agent NAC. 

Whilst the results reported here do not indicate changes in MVB formation upon 

centrosome amplification or ROS induction, only LBPA+ve MVBs were analysed due to 

time constraints. It is possible that LBPA+ve MVBs only account for a subset of the total 
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MVBs present within a cell, therefore analysis with additional MVB markers may reveal 

previously undetected changes in MVB number or size. Our analysis did reveal however, 

that in cells with centrosome amplification, the cellular localisation of LBPA+ve MVBs is 

more disperse throughout the cytoplasm compared to cells with normal centrosome 

number where LBPA+ve MVBs are localised closer to the perinuclear region. These 

observations may indicate that more MVBs are trafficked to the plasma membrane of 

cells harbouring supernumerary centrosomes, enabling the expulsion of more 

exosomes. In our current work we were not able to analyse cellular MVBs in real time, 

so we cannot discount the possibility that cells with extra centrosomes generate 

elevated levels of LBPA+ve MVBs but they are trafficked for secretion faster than in cells 

with normal centrosome number and so numerical differences are not observed.  

MVBs are believed to be trafficked along microtubules and it is now well established 

that centrosome amplification induces increased microtubule nucleation resulting in 

larger microtubule networks (Godinho et al 2014; Monteiro and Godinho, unpublished). 

Interestingly, current work being performed in our laboratory suggests that centrosome 

amplification induces a change in the balance of microtubule motors that favour the + 

end directed motor kinesin-1 (Monteiro and Godinho, unpublished). It is therefore 

possible that centrosome amplification  may result in increased trafficking of MVBs to 

the plasma membrane through the induction of larger microtubule networks and the 

increased activity of kinesin-1. Furthermore, recent studies have shown increased 

cellular ROS to lead to post-translational modifications (PTM) of microtubules, including 

detyrosination which has been shown to favour microtubule + end directed transport 

by kinesin-1 (Janke and Chloë Bulinski, 2011; Kerr et al., 2015). It is therefore also 

possible that centrosome amplification-linked changes in ROS alter microtubule PTMs 

and facilitate increased MVB trafficking to the plasma membrane, resulting in increased 

sEV secretion. In order to provide a comprehensive view of MVB formation and 

trafficking upon the induction of centrosome amplification and ROS treatments, a live 

cell imaging approach should be used. 

The MVBs formed within a cell have two fates, either they are trafficked to the plasma 

membrane, where fusion results in release of their ILVs as exosomes, or they are 

targeted to the lysosome for degradation. Recent work has shown that lysosome 

dysfunction shifts the fate of MVBs targeted for degradation, to instead fuse with the 
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plasma membrane (Alvarez-Erviti et al., 2011; Miao et al., 2015; Latifkar et al., 2019). 

The degradative activities of lysosomes are dependent on the presence of an acidic 

intraluminal pH and so it has been suggested that preventing the acidification of 

exosomes would result in increased sEV secretion (Yoshimori et al., 1991; Savina et al., 

2003). We therefore quantified sEV secretion in our cells following treatment with the 

vacuolar proton pump inhibitor bafilomycin A1 which prevents the acidification of 

lysosomes (Yoshimori et al., 1991). As expected, bafilomycin A1 treatment significantly 

increased the secretion of sEVs in PaTu-S.PLK4 cells confirming what has previously been 

described in the literature. We therefore hypothesised that lysosome function may be 

compromised in cells with amplified centrosomes leading to the observed increase in 

sEV secretion.  

Lipids are one of the most significant targets of cellular ROS. These free radicals steal 

electrons from lipids in cell membranes in a process termed lipid peroxidation which 

substantially impacts the structure and permeability of the targeted membranes 

(reviewed in Tafani et al., 2016). As lysosomal function is dependent on an acidic 

intraluminal pH, lysosomes are particularly sensitive to lipid peroxidation and 

subsequent membrane permeabilisation. We therefore hypothesised that centrosome 

amplification-associated ROS may induce lysosome peroxidation, raising the 

intraluminal pH and impairing lysosome function. Using LysoTracker as a marker for 

lysosomes with a functional low pH and Magic Red as a readout of lysosome activity, we 

showed that cells with centrosome amplification have significantly fewer acidic 

lysosomes and lower lysosomal activity compared to cells with normal centrosome 

number. Taken together, these results indicate that centrosome amplification initiates 

lysosome dysfunction in PDAC cells. Furthermore, we demonstrated that centrosome 

amplification-associated changes in cellular ROS are responsible for this observed 

lysosome dysfunction. Whilst the exact mechanisms leading to this dysfunction remain 

elusive we hypothesis that lysosomal lipid peroxidation may be involved.  Analysing 

lysosomal lipid peroxidation could be achieved using a newly generated Foam-LPO 

fluorescent probe, which specifically targets lysosomes and contains a fluorophore that 

degrades in response to lipid peroxidation, resulting in a fluorescence shift (X. Zhang et 

al., 2015; Ahmad and Leake, 2019). Using this technique, lysosomal lipid peroxidation 

could be monitored over time, in response to centrosome amplification. To analyse the 
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effects of centrosome amplification induced lysosome dysfunction on MVBs and their 

degradation, we analysed co-localisation events between the lysosome marker 

LysoTracker and the MVB marker LBPA as a proxy for lysosome/MVB fusion.  Here we 

demonstrate that centrosome amplification, and more specifically, centrosome 

amplification- associated ROS, significantly reduces the incidence of lysosome/MVB co-

localisation in PDAC cells. These observations indicate that centrosome amplification 

linked ROS may prevent lysosomal degradation of MVBs, shifting the fate of these MVBs 

to fusion with the plasma membrane and resulting in increased sEV secretion. These 

results again highlight the need to analyse MVB trafficking in cells with and without the 

induction of centrosome amplification by live cell imaging. Additionally, it is important 

to note, that the induction of ROS with H2O2 in the absence of centrosome amplification, 

recapitulated the effects of centrosome amplification on lysosomal function and 

lysosome/MVB co-localisation. These findings indicate that the effects are not specific 

to centrosome amplification-associated ROS and may represent a more globalised 

response to certain types of ROS.  

Our results to date indicate that centrosome amplification-associated ROS may change 

the fate of MVBs, directing them away from lysosomal degradation and instead to the 

cell surface where they fuse with the plasma membrane and expel their ILVs as 

exosomes. Since some MVBs within a cell are targeted for degradation and others for 

transport to the plasma membrane, trafficking regulators must be in place to direct MVB 

fate. Evidence now suggests a role for ubiquitination, a reversible PTM, in the sorting of 

protein cargo into ILVs and the targeting of MVBs to the lysosome (reviewed in Davies 

et al., 2009). Similarly, ISGylation, a ubiquitin-like PTM, was also recently shown to 

trigger MVB co-localisation with lysosomes, promoting degradation of the MVBs and 

impairing exosome secretion (Villarroya-Beltri et al., 2016). Moreover, a recent study 

performed by Latifkar et al., revealed that upon the SIRT1-mediated induction of 

lysosome dysfunction, cells secrete an increased numbers of exosomes with significantly 

higher levels of protein ubiquitination (Latifkar et al., 2019), providing further evidence 

to suggest a role for PTMs in directing MVB trafficking. It is therefore possible that 

currently unknown centrosome amplification associated PTMs could influence the 

packaging and trafficking of ILVs and MVBs. Crucially, an increasing number of studies 

suggest that ubiquitination and other PTMs including SUMOylation can be regulated by 
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ROS during oxidative stress (reviewed in Stankovic-Valentin and Melchior, 2018). It is 

therefore possible that centrosome amplification-associated ROS plays a role in both the 

packaging and trafficking of ILVs and MVBs through regulation of PTMs. It would 

therefore be interesting to analyse changes in EV protein cargo PTMs, particularly 

ubiquitination, in response to centrosome amplification and ROS treatments.  

Whilst the PTM status of the protein cargos in sEV secreted by cells with supernumerary 

centrosome is currently unknown, SILAC-based proteomic analysis revealed changes in 

the protein cargo. Six proteins were identified as being differentially present or absent 

upon the induction of centrosome amplification, these were CD81, PGM3, CAD, MT-

CO2, NIBAN and CCDC214. Importantly, CD81, a key membrane tetraspanin, was the 

only protein found to be lost in sEVs secreted by cells with extra centrosomes. 

Interestingly, Latifkar et al., reported similar loses of CD81 in exosomes upon the 

induction of lysosome dysfunction by SIRT1 down regulation (Latifkar et al., 2019). As 

we have shown that centrosome amplification also leads to lysosomal dysfunction, it is 

possible that similar mechanisms of CD81 loss are present in both systems. It has been 

previously demonstrated that ubiquitination of tetraspanins, including CD81 and CD151, 

downregulate their expression at the cell surface (Lineberry et al., 2008). Thus, cellular 

stresses (such as ROS) leading to, or resulting from lysosome dysfunction, may result in 

the PTM of CD81, thereby signalling for its downregulation or preventing its 

incorporation into ILVS.  To gain further understanding as to why CD81 is lost in sEVs 

secreted by cells with supernumerary centrosomes, it will be important to analyse the 

PTM status of CD81 following the induction of centrosome amplification, or H2O2 

treatment. A similar investigation into the PTMs on the other 5 proteins identified in the 

SILAC-based proteomic analysis may provide insight into the mechanisms behind their 

packaging into ILVs and their trafficking to the plasma membrane. 

 

6.3 The activation of PSC by sEVs derived from cells with amplified 

centrosomes 

Since our results show that cells with supernumerary centrosomes secrete more  sEVs 

and amplified centrosomes have been associated with tumourigenesis, we hypothesised 
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that sEVs secreted by cells with extra centrosomes may have pro-tumourigenic 

properties in PDAC. In recent years it has been established that activated pancreatic 

stellate cells have key roles in PDAC tumourigenesis, including facilitating fibrosis, 

tumour growth and metastasis. Since PSCs can be activated through paracrine signalling 

from cancer cells, including through transfer of cancer-derived exosomes, we decided 

to investigate changes in PSC activation in response to treatment with sEVs derived from 

cells with and without the induction of centrosome amplification. Here we report for 

the first time that sEVs  derived from PDAC cells with supernumerary centrosomes 

significantly enhance PSC activation compared to sEVs from cells with normal 

centrosome number. PSCs were treated with equal numbers of sEVs or equal sEVs 

protein from cells with and without the induction of centrosome amplification. In all 

cases, sEVs from cells with extra centrosomes significantly activated the PSCs whereas 

those from cells without centrosome amplification did not. Interestingly, we found that 

the conditioned media generated by cells with extra centrosomes, was not sufficient to 

significantly induce PSC activation, and that concentration of the sEVs was required to 

elicit an effect. Since these experiments were only performed over 72 hours, it would 

be interesting to determine if long term exposure to the conditioned media (where sEV 

concentration is low) would result in enhanced PSC activation, or if sEV concentration is 

absolute required to elicit the effect. In a tumour setting, PSCs are in close proximity to 

large numbers of tumour cells, which could harbour extra centrosomes. Since we have 

already demonstrated that cells with amplified centrosomes secrete significantly more 

sEVs, PSCs may therefore, be in close proximity to a constant supply of elevated levels 

of sEVs from these cells. Therefore, it is conceivable that the close proximity and 

prolonged exposure to these sEVs in tumours tissues would elicit PSC activation. It would 

therefore be interesting to analyse PSC activation following co-culture with PDAC cells 

with and without the induction of centrosome amplification.  

Interestingly, the sEVs harbouring a heightened capacity for PSC activation were found 

to elute in one specific fraction, SEC fraction 8, following size exclusion chromatography. 

Whilst large numbers of sEVs were also present in SEC fraction 9, these vesicles did not 

significantly activate PSCs, indicating that the sEVs conferring heightened PSC activating 

capabilities may be a specific subset of vesicles.  
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The work presented here demonstrates that lysosome function becomes impaired 

following the induction of centrosome amplification due to the presence of centrosome 

amplification associated ROS. Furthermore, we have shown that this lysosome 

dysfunction results in decreased MVB/lysosome fusion and increased sEV secretion. It is 

therefore possible that the MVBs carrying the sEVs capable of inducing PSC activation 

are normally targeted for degradation within the cell by lysosomes. However, upon the 

induction of lysosome dysfunction by centrosome amplification associated ROS, these 

MVBs are instead targeted for secretion resulting in the secretion of sEVs that can 

activate PSCs. Thus, centrosome amplification may play a role in PDAC tumourigenesis, 

by inducing the secretion of a subset of sEVs that contain pro-tumourigenic factors. 

 Our results demonstrate that sEVs secreted by cells with supernumerary centrosomes 

have an altered biological cargo and that the changes to the protein complement are 

dependent on centrosome amplification-associated ROS. In fact, sEVs secreted by cells 

with supernumerary centrosomes where ROS has been depleted through treatment 

with NAC, were found to no longer retain enhanced PSC activating capabilities. A 

number of studies have also identified exosomal cargo changes in response to 

insult/cellular stress that confer pro-tumourigenic properties (reviewed in O’Neill, 

Gilligan and Dwyer, 2019). For example, hypoxia in glioblastoma multiforme (GBM) cells 

results in the secretion of exosomes elevated in protein-lysine 6-oxidase (LOX), 

thrombospondin 1 (TSP1) and VEGF which were shown to enhance tumour progression, 

metastasis and angiogenesis in recipient cells (Kore et al., 2018). Similarly, 

chemotherapeutic stresses have been shown to induce the increased secretion of 

exosomes with an altered cargo that confer drug resistance upon uptake by recipient 

cells (reviewed in O’Neill, Gilligan and Dwyer, 2019). For instance, breast cancer cells 

have been shown to secrete exosomes containing the multi drug resistance related gene 

MDR-1 and P-glycoprotein upon chemotherapeutic insult, that induce a drug resistant 

phenotype in recipient cells (X. Wang et al., 2016). Additionally, upon exposure to the 

microtubule stabilising agent paclitaxel, breast cancer cells were shown to secrete 

exosomes enriched in survivin, which promotes drug resistance and cell survival in 

recipient cells (Kreger et al., 2016).  Furthermore, oxidative stress itself has been shown 

to induce changes in the exosomal cargoes of mouse mast cells which can communicate 

a protective message to surrounding cells upon their uptake, conferring resistance to 
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subsequent oxidative insult (Eldh et al., 2010). Thus, cellular stress induced changes in 

exosomal cargoes are a well-established means of communicating important 

information to surrounding cells to increase cell survival under otherwise detrimental 

stimuli.  

 

6.3.1 Proteomic analysis of sEVs derived from cells with extra centrosomes 

To determine the factors influencing PSC activation, we first analysed changes in the sEV 

protein cargo upon the induction of centrosome amplification. SILAC-based proteomic 

analysis was performed on sEVs from cells with (+DOX) and without (-DOX) the induction 

of centrosome amplification that had been separated into three SEC fraction, fractions, 

7,8 and 9. Crucially, sEVs that contained the enhanced PSC activating potential were 

found to elute specifically in SEC fraction 8. Analysis revealed differential gains or losses 

of six proteins in the sEVs isolated from +DOX compared to – DOX cells that eluted in SEC 

fraction 8. These consisted of gains in CAD, MT-CO2, NIBAN1, CCDC124 and PGM3 and 

loss of CD81. Interestingly, CD81 was identified in at least one replicate of all fractions 

except sEVs from + DOX cells that eluted in SEC fraction 8 (see Table 5.4.2.3). Thus, CD81 

was identified as a strong candidate for further analysis. Additionally, CAD was only 

observed in sEVs from + DOX cells that eluted in SEC fraction 8 and so was also selected 

as a strong candidate for further analysis. Whilst CCDC124 and MT-CO2 were identified 

in sEVs isolated from +DOX cells and not – DOX cells that eluted in SEC fraction 8, these 

proteins were also identified in sEVs that eluted in fraction 9 (see Table 5.4.2.3). Crucially 

however, these proteins were each present in only one sample replicate (CCDC124 in 

one -DOX replicate and MT-CO2 in one +DOX replicate of SEC fraction 9) leading to the 

possibility that these are false positives. Validation of these hits by Western blot should 

determine whether or not these are true findings. NIBAN1 and PGM3 were also 

identified in SEC fraction 9(see Table 5.4.2.3). Both proteins were identified in two 

replicates, one +DOX and one – DOX, making interpretation difficult. Until this result is 

confirmed (for example by validation by Western blot) it is unclear what, if any, potential 

role these proteins may play in PSC activation.  

As discussed above, CD81 and CAD were selected as strong candidates for further 

analysis due to their presence/absence in specific sEV samples and the effects of these 
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samples on PSC activation. CD81 is a cell surface glycoprotein that is a member of the 

transmembrane 4 superfamily known as the tetraspanins. Interestingly, the tetraspanins 

have been shown to influence cell proliferation and migration and tumour cell invasion 

(Hemler, Mannion and Berditchevski, 1996; Raimondo et al., 2011). In addition to 

appearing on cell surface membranes, the tetraspanins have been identified on the 

surface of EVs including exosomes (Berditchevski and Odintsova, 1999; Sincock et al., 

1999; Witwer et al., 2018). A mounting body of evidence now suggests that interplay 

between tetraspanins, integrins and other adhesion molecules on the surface of EVs are 

crucial for regulating targeting and uptake of EVs (reviewed in Willms et al., 2018). In 

fact, a recent publication has demonstrated that neuroblastoma cells secrete different 

subsets of exosomes which have altered protein cargoes, where one subset was CD63 

positive and the other negative for CD63 but positive for amyloid precursor protein 

(APP) (Laulagnier et al., 2018). Crucially, whilst the CD63 positive exosomes were able 

to bind to multiple target cells, the APP positive subset were found to be specifically 

endocytosed by neurons (Laulagnier et al., 2018). It is therefore possible that changes 

in the expression of CD81 on  the surface of the sEVs could alter targeting and uptake of 

the vesicles. Thus, loss of CD81 in  sEVs secreted by cells with extra centrosomes may 

facilitate increased EV uptake. Proteomic analysis identified the presence of numerous 

proteins inside the isolated sEVs that have previously been associated with 

tumourigenesis. Increased delivery of these EVs would therefore potentially result in the 

increased transfer of a number of oncogenic proteins. 

The second protein identified as a strong candidate for PSC activation, CAD, is a 

multifunctional protein that catalyses the first three steps of de novo pyrimidine 

biosynthesis. Pyrimidine nucleotide biosynthesis is essential for DNA synthesis and so 

upon phosphorylation by its activator mitogen-activated protein (MAP) kinase, CAD  

plays an important role in regulating the cell cycle and proliferation (Sigoillot et al., 

2005). CAD has also been shown to regulate notch signalling (Coxam et al., 2015) which 

is known to mediate cell proliferation and differentiation as well as cell fate. 

Furthermore, Notch signalling has been shown to play a role in the activation of hepatic 

stellate cells (HSCs) (Bansal et al., 2015). Therefore, delivery of CAD to PSCs by sEVs may 

initiate PSC activation by inducing Notch. Additionally, whilst CAD is usually located in 

the cytoplasm, it has also been shown to accumulate at the membranes of LAMP2 
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positive late endosomes (Sigoillot et al., 2005; Sato et al., 2015), thus CAD may be 

present on the surface of sEVs. Similar to CD81, it is therefore possible that CAD could 

affect the behaviours of PSCs by facilitating increased delivery of the sEVs. 

Proteomic analysis also revealed MT-CO2 to be gained in sEVs derived from cells with 

extra centrosomes. MT-CO2 is the second subunit of the mitochondrially encoded 

cytochrome C oxidase (COX) enzyme. COX is a large transmembrane protein that plays 

a key role in the final stages of the respiratory electron transport chain by catalysing the 

reduction of oxygen to water. Importantly , the biogenesis and activities of COX appear 

to prevent oxidative stress (Bourens et al., 2013). Down regulation of MT-CO2 has been 

shown to decrease the activity of COX and initiate the differential expression of genes 

involved in cell cycle, signalling, apoptosis and angiogenesis (Nuha M, Hiba S and 

Christina Wasunna, 2015). Additionally, MT-CO2 is highly prevalent in the plasma of 

cancer patients, including sufferers of breast cancer, ovarian cancer and melanoma 

(Jang et al., 2019). Thus, it is hypothesised that MT-CO2 may play a role in 

tumourigenesis. Therefore, whilst a link between MT-CO2 and PSC activation is not 

immediately apparent, it is possible that exosomal delivery of MT-CO2 to PSCs may 

induce pro-tumourigenic changes in these cells resulting in their activation. 

Furthermore, Jang et al., described MT-CO2 as being present within the membranes of 

cancer-derived EVs (Jang et al., 2019). As EV membrane proteins can affect the uptake 

of sEVs by their target cells, this protein could also play a role in delivery of sEVs to PSCs. 

CCDC124 was also found to be gained in sEVs secreted upon the induction of centrosome 

amplification. CCDC124 is a novel centrosomal protein that co-localises with ϒ-tubulin 

at the centrosome until telophase where it relocates to the midbody, where it is 

required for the progression of the late cytokinesis stage (Telkoparan et al., 2013). 

Whilst little is known about this protein, it has been identified as an unfavourable 

prognostic marker in liver cancer (Uhlen et al., 2017) and its presence in EVs has been 

confirmed in Vesiclepedia data sets (Kalra et al., 2012). Additionally, CCDC124 has been 

identified as enriched in both the cytoplasm and in the plasma membrane (Thul et al., 

2017). It is therefore possible that CCDC124 could affect PSC activation itself, or by 

mediating delivery of the sEVs to PSCs. As the activity and function of this protein remain 

relatively unstudied, it is not clear exactly how transfer of CCDC124 would mediate PSC 

activation. 
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Although not considered a strong hit, PGM3 was also identified as gained in sEVs 

secreted by cells with amplified centrosomes. Whilst this protein is not one of the 

strongest candidates for inducing tumourigenesis due to its presence in multiple SEC 

fractions, a role for this protein in PSC activation cannot be ruled out. PGM3 plays an 

important role in carbohydrate metabolism by mediating glycogen formation and 

utilization. Interestingly, inhibition of PGM3 by the inhibitor FR054 has been shown to 

decrease the proliferation, survival, adhesion and migration of breast cancer cells, 

highlighting a potential role for PGM3 in promoting cancer growth and spread 

(Ricciardiello et al., 2018). Additionally, the presence of PGM3 has been identified as an 

unfavourable marker for breast cancer and prostate cancer (Munkley et al., 2016; Uhlen 

et al., 2017). Whilst studies describing the presence of PGM3 in EVs are currently lacking, 

its appearance in the Vesiclepedia database indicates its presence in vesicles (Kalra et 

al., 2012). Furthermore, PGM3 is a cytoplasmic protein that has not been identified in 

cell membranes  (Thul et al., 2017) and is therefore not likely to be involved in the 

delivery of EVs to target cells. Therefore, any PGM3 mediated PSC activation is likely to 

de due to the transfer of PGM3 itself.  Exactly how PGM3 could activate PSCs, however, 

is unclear and would require further experimental investigation. 

The last protein that we identified as potentially  gained in our sEVs  is NIBAN1, although 

further validation is required to confirm this finding. NIBAN1, also known as FAM129A, 

is believed to have a role in the endoplasmic reticulum stress response and modulates 

apoptosis by regulating translation (Sun et al., 2007). NIBAN1 has also been shown to 

promote prostate cancer cell growth and survival through regulation of ATF4 (Pällmann 

et al., 2019). In fact, NIBAN1 is highly expressed in a number of cancers including 

prostate, thyroid, renal and head and neck cancers (Adachi et al., 2004; Matsumoto et 

al., 2006; Ito et al., 2010; Pällmann et al., 2019). Crucially, NIBAN1 was found to be 

overexpressed in HSCs upon activation (Kannangai et al., 2005). Moreover, NIBAN1 has 

been identified in EVs as reported by Vesiclepedia  (Kalra et al., 2012). It is therefore 

possible that sEV directed transfer of NIBAN1 to pancreatic stellate cells may induce their 

activation, making NIBAN1 a promising candidate for future analysis if presence in the 

activating fraction alone is confirmed. Furthermore, NIBAN1 has also been shown to 

localise to the plasma membrane. Thus, as with CD81, CAD, MT-CO2 and CCDC124, 
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NIBAN1 may play a role in enhancing the delivery of sEVs to target PSCs, thereby 

promoting PSC activation.  

To investigate roles for these proteins in sEV-mediated PCS activation, a small siRNA 

screen will be performed to deplete each protein from sEVs secreted by cells with 

amplified centrosomes and the PSC activating potential of the vesicles will be quantified. 

If proteins involved in the activation are identified, these will be selected for further 

analysis. It is possible, however, that the PSC activation observed is not mediated by sEV 

protein but by other sEV cargoes, such as RNA. In fact, a number of studies have now 

identified specific miRNAs as having a role in PSC activation and inducing PSC-mediated 

fibrosis. For example, exosomal transfer of miRNA from hepatitis C virus replicating cells 

has been shown to induce HSC differentiation (Kim, Lee and Lee, 2019), whilst cancer-

derived exosomes harbouring miR-214 promoted HSC activation and liver fibrosis (Ma 

et al., 2018). Additionally, exosomes derived from pancreatic cancer cells that were 

enriched in mir-1246 and mir-1290 were shown to upregulate fibrosis related genes in 

PSC (Masamune et al., 2018). Therefore, if sEV protein proves not to be responsible for 

the observed PSC activation, additional sEV cargos should be analysed. Furthermore, it 

has recently been demonstrated that ROS can be transferred to recipient cells via 

exosomes or other EVs (reviewed in Tafani et al., 2016). As cells with extra centrosomes 

have increased cytoplasmic ROS, it is possible that the sEVs secreted by these cells 

harbour ROS that can be transferred to target cells upon uptake by the recipient cells. 

Importantly, ROS has been shown to activate stellate cells by elevating  NF-κB activation 

(reviewed in Gandhi, 2012), therefore direct transfer of ROS via sEVs may induce PSC 

activation.  

 

6.3.2 Delivery of sEVs derived from cells with supernumerary centrosomes to PSCs 

As the proteins identified in our SILAC screen may be affecting sEV delivery, it will be 

necessary to quantify the uptake of sEVs from cells with and without centrosome 

amplification in PS1 cells. To analyse vesicle uptake, PS1 cells are currently generating a  

Cre-LoxP reporter system which will result in a cell colour change  due to a switch from 

dsRed to EGFP expression upon Cre-mediated recombinase incorporation. In parallel we 

are generating PaTu-S.PLK4 cells to overexpress (OE) Cre, leading to Cre incorporation 
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into secreted EVs. As demonstrated by Zomer et al., 2015, encapsulation of Cre inside 

EVs is sufficient to drive the dsRed- EGFP switch (see Figure 6.3.2). Once the system is 

generated, sEVs secreted by Cre OE in PaTu-S.PLK4 cells with and without the induction 

of centrosome amplification will be isolated and added to the conditioned media of PS1 

dsRed-EGFP cells. sEV uptake will then be quantified based on the number of GFP 

positive cells. If uptake of sEV differs between sEVs secreted by cells with amplified and 

normal centrosome number, we will analyse the ability of sEVs secreted by cells with 

extra centrosomes to enter PSCs following depletion of each of the previously identified 

candidate proteins in an attempt to identify factor(s) responsible for increased sEV 

uptake. Should sEV uptake be found to be affected, sEV cargos that do not change 

between the activating and non-activating sEVs could be influencing the activation of 

PSC. 

 

 

Figure 6.3.2 Schematic diagram of Cre-loxP reporter system for dsRed to EGFP switch upon 
delivery of Cre enriched exosomes. Cre-LoxP reporter system results in a cell colour change 
from dsRed to EGFP expression upon Cre-mediated recombinase. sEVs secreted by PaTu-S.PLK4 
cells over-expressing Cre will be enriched in Cre and drive a dsRed- EGFP switch following their 
incorporation. 

 

Our SILAC-based proteomic analysis revealed a large number of additional proteins 

present in the isolated sEVs, however, a few are particularly noteworthy including 

connecting tissue growth factor (CTGF/CCN2) and Cep55.  CTGF is known to be a central 

mediator of tissue remodelling through the activation of HSCs resulting in increased ECM 

deposition and liver fibrosis (Huang and Brigstock, 2012; Lipson et al., 2012; Hao et al., 

2014). Furthermore, it is has been demonstrated that CTGF can be transferred between 

HSCs in exosomes  (Charrier et al., 2014). Thus, it is possible that sEVs derived from PDAC 

cells with centrosome amplification activate PSCs due to increased uptake and 
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subsequent heightened transfer of the pro-fibrotic CTGF. Additionally, whilst not yet 

shown to play a role in stellate cell activation directly, the centrosomal protein CEP55 

has been shown to promote pancreatic cancer progression and aggressiveness (Peng et 

al., 2017). CEP55 promotes progression through the activation of NF-κB signalling (Peng 

et al., 2017) and since activated PSCs are known to have elevated NF-κB activation 

(Masamune et al., 2002; Masamune and Shimosegawa, 2009), it is possible that CEP55 

could induce PSC activation through activation of NF-κB (Peng et al., 2017). Hence, the 

increased delivery of sEVs derived from cells with extra centrosomes could result in PSC 

activation through CEP55 mediated NF-κB activation. 

Therefore, although the identity of sEVs factor(s) mediating PSC activation remains to be 

confirmed, a number of candidate factors have been identified for further analysis. 

 

6.4 Future directions 

Here we report the increased secretion of sEVs from cells harbouring supernumerary 

centrosomes. We also demonstrate that these sEVs have an altered protein cargo 

compared to sEVs secreted from cells with a normal centrosome number. Furthermore, 

we have shown that sEVs secreted specifically by cells with extra centrosomes are able 

to activate the main fibrosis promoting cells of the pancreas, the pancreatic stellate 

cells. The mechanisms leading to this PSC activation however remain elusive. Initially, 

we plan to perform a small siRNA screen based on our SILAC proteomic analysis, to 

deplete the identified protein in sEVs. The PSC activating potential of the sEVs will then 

be analysed to determine if these proteins play a role in sEV-mediated PSC activation. 

Additionally, as ROS can be transferred to recipient cells directly through exosomes 

(reviewed in Tafani et al., 2016), we plan to assess the potential role of ROS transfer. To 

do this we will quantify PSC activation upon treatment with sEVs in the presence of the 

ROS scavenger NAC. Furthermore, whilst our proteomics data rule out TGF-β as the 

direct activator of the PSCs (since TGF-β was not identified in the sEVs), a role for the 

TGF-β pathway could initially not be ruled out. Recent work performed in our laboratory 

however found that sEV-mediated PSC activation did not result in the accumulation of 

nuclear SMAD4 (Csere and Godinho, unpublished) which is a hallmark of TGF-β  

activation (Dennler et al., 1998). Thus, indicating that sEVs from cells with extra 
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centrosomes activate PSCs in a TGF- β independent manner. We therefore plan to 

perform RNA-seq and phosphoproteomics analysis to determine the signalling pathways 

activated upon sEV-mediated PSC activation. 

Although we have identified a role for sEVs in the activation of PSCs, the direct cellular 

consequences of this activation remain to be analysed. Future work will therefore focus 

on determining the physiological effects of PSC activation by sEVs from cells with extra 

centrosomes, looking in particular at ECM deposition/fibrosis and PSC mediated PDAC 

cell invasion. Initially, centrosome amplification-induced fibrosis will be analysed in vitro 

by performing matrisome proteomic analysis of PSC derived ECM upon treatment with 

sEVs from cells with and without the induction of centrosome amplification. If a 

centrosome amplification-associated fibrotic signature is identified, this signature will 

be subsequently analysed in 3-D using a recently establish 3-D spheroid model (in 

collaboration with Richard Grose and Ed Carter at the BCI). Prior to co-culture, PSCs will 

be pre-educated with sEVs derived from PaTu-S.PLK4 and HPAF-II.PLK4 cells with and 

without the induction of centrosome amplification. The resultant PSCs will then be co-

cultured with PaTu-S or HPAF-II cells and the presence or absence of a centrosome 

amplification-associated fibrotic signature will be analysed. As activated pancreatic cells 

have been shown to induce PDAC cell invasion, we will also utilise this model to analyse 

the role of centrosome amplification associated PSC activation on PDAC cell invasion. 

Again, PSCs will be pre-educated by sEVs derived by PDAC cells with and without 

centrosome amplification before being co-cultured with PDAC cells. PSC led PDAC 

invasion out from the 3D sphere will then be analysed by quantifying the total 

percentage invasive area after 2-5 days.  

If centrosome amplification associated activation of PSCs results in fibrosis, the role of 

PSC activation will be analysed in vivo. In collaboration with Professor Hemant Kocher 

at the BCI we plan to use orthotopic xenograft models to assess the role of cells with 

centrosome amplification in the recruitment and activation of PSCs, development of 

fibrosis and metastasis. PDAC cells with and without the induction of centrosome 

amplification will be injected orthotopically into the pancreases of 

immunocompromised mice (Hotz et al., 2003) and 10 weeks later, the mice will be 

sacrificed and the tumours analysed. Paraffin embedded tumour sections will be used 

to perform immunofluorescence staining of α-SMA to enable PSC 
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recruitment/activation to be quantified. Frozen tumour sections will be analysed for the 

fibrotic signature developed in vitro, and mRNA and protein analysis will be performed 

(see Figure 6.1.4). MRI will be used throughout the experiment to monitor tumour 

burden and metastasis to the liver (the main metastasis site for pancreatic cancer). 

Furthermore, to analyse the effects of sEVs secreted by cells with supernumerary 

centrosomes in PDAC fibrosis, we are currently developing a synergistic mouse model 

to enable us to track cells that incorporate sEVs.  To do this we will use the mT/mG 

mouse model which constitutively expresses membrane targeted tdTomato until Cre 

recombination switches expression to membrane targeted GFP (Muzumdar et al., 2007) 

and the mouse KPC-derived cell line TB32048, that we are currently generating to 

express our PLK4 inducible construct (enabling the induction of centrosome 

amplification) and constitutive Cre. As has been previously described by Zomer et al., 

2015, overexpression of Cre results in its incorporation into exosomes/ sEVs (Zomer et 

al., 2015). Therefore, mT/mG mouse cells that incorporate sEVs from TB32048.PLK4.CRE 

cells will result in a cre recombination mediated switch from membrane targeted 

tdTomato to membrane targeted GFP, permitting us to determine which of the 

surrounding tumour cells incorporate sEVs from the tumour. The mT/mG mouse will be 

injected with TB32048.PLK4.CRE cells with and without the induction of centrosome 

amplification. After 4 weeks, mice will be sacrificed and tumours will be analysed.  

Analysis of the GFP+ve cells will enable us to determine differences in the uptake of sEVs 

from cells with and without centrosome amplification. Furthermore, we will quantify 

the percentage of activated fibroblasts using an α-SMA+ve GFP+ve cell analysis, to 

determine if cells with extra centrosomes enhance PSC activation via exosomal cargo 

transfer in vivo compared to cells with normal centrosome number. Subsequently, 

fibrosis and metastasis will be analysed again as previously described. If changes in PSC 

activation and fibrosis are observed upon injection of TB32048.PLK4.CRE cells induced 

for centrosome amplification, we will analyse the response of these tumours to the 

PDAC chemotherapeutic agent gemcitabine. As fibrosis is known to provide a barrier to 

therapeutic intervention, we hypothesise that increased fibrosis induced by cells with 

centrosome amplification will hamper treatment. 

In addition to analysing the effects of centrosome amplification derived sEVs on 

tumourigenesis, we also aim to determine whether or not these sEVs may be used as a 
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centrosome amplification associated prognostic biomarker for PDAC. As our proteomic 

analysis revealed gains and losses in 6 key proteins, we plan to determine if these 

changes in sEV protein can be used as a signature for centrosome amplification. We 

therefore plan to isolate sEVs from the blood of mice taken at multiple time points 

following injection with PDAC cells with and without the induction of centrosome 

amplification. sEVs in the blood will be harvested and analysed for our centrosome 

amplification signature (see Figure 6.4). This mouse model will enable us to quantify 

centrosome amplification at various stages of PDAC progression and blood biopsies 

taken from the same mice will enable us to identify the stage of PDAC progression in 

which our marker presents.  Furthermore, in collaboration with Professor Hemant 

Kocher at the BCI we also plan to analyse matching blood and tumour samples from 

PDAC patients to determine whether or not centrosome amplification in human 

tumours correlates with our centrosome amplification signature in liquid biopsies (see 

Figure 6.4). 

The dense fibrosis associated with PDAC is now understood to be a significant barrier to 

therapeutic intervention. Thus, therapeutics were designed to ablate the tumour stroma 

in the hopes of improving drug delivery and reducing metastasis (Provenzano et al., 

2012; Chauhan et al., 2013; Jacobetz et al., 2013). Mounting evidence now indicates, 

however, that ablating the tumour stroma is actually detrimental to survival and 

promotes tumour cell proliferation and invasion (Özdemir et al., 2014; Rhim et al., 

2014). Subsequent efforts have therefore been focused on modulating the tumour 

microenvironment rather than completely ablating it. Clearly it is necessary to increase 

our understanding of stroma dynamics in PDAC. The future work presented here aims 

to identify a centrosome amplification associated stromal signature that could help us 

identify novel targets to modulate the PDAC stroma. Furthermore, we aim to identify a 

centrosome amplification associated sEV signature that could potentially be used as a 

biomarker for PDAC patients with tumours harbouring extra centrosomes. In this way, 

we hope to be able to identify patients who may benefit from centrosome amplification 

targeting or associated therapies.  
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Figure 6.4 Schematic diagrams of future in vivo work. A) Mouse xenograft model. 
Immunocompromised mice will be injected with cells harbouring supernumerary or normal 
centrosomes. Tumours will be analysed for PSC activation and fibrosis. sEVs from the blood of 
the mice will be isolated and analysed for the presence of the centrosome amplification-
associated sEV signature. B) Human validation model. Matching human tumour and blood 
biopsies will be used to determine whether a centrosome amplification marker can be detected 
in sEVs isolated from the blood of patients with tumours harbouring supernumerary 
centrosomes. 
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