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Abstract

Background: The oral canceticroenvironments an evolving landscape comprised of
different cell typesAs the disease progresses environmental conditions within this landscape
change andts composition must evolvandadapt to tis for the tumour to develop. Since the
discovery of mMRNA and miRNA in extracellular vesicles (EVs) much interest has focused on

the contribution of EVs to cancer. Here the role of EVs in oral cancer progression is explored.

Methods: EVs were purified from the conditioned media of oral squamous carcinoma
cells (OSCC) by seriaentrifugationand size exclusion chromatography befoharacterisation
with electron microscopy, western blotting and tuneaddéstivepulse sensing. Next generation
sequencing and mass spectrometry were used to identify the RNA and protein contents of these
EVs. Bioinformatic approaches were used to etate the contents with tumour stage of the
producing cell. A fluorescence staining technique was used to image the transfer of EVs to cells
of the tumour microenvironmeint vitro and the impact of this uptake assessed in normal oral

fibroblasts(NOF).

Results: EVs of between 50 nmwereproduced by cells throughout oral cancer
progression. ThedeVs werepaositive for markers CD63 and TSB(t negative for the golgi
body marker GM130lranscriptomicand proteomic techniques have identified miRNA faasili
and proteins changing in abundance in EVs with tumour stage includinrg@08iRmiR 34,
nespirin 1 and syndecan 4. Edsretaken up by cells of the tumour microenvironmdittis
uptake caused no change to N@Bliferationbut activated them into a carcassociated

fibroblast phenotype.

Conclusions: EVs from OSCC are produced throughoubrigenesignd their contents
could reflect the status of the producing cell enabling them to a@tagsostiomarkers. EV

uptake by NOFs caused them to becomevaigd into a proumorigenicphenotype
Y
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1. Introduction

1.1.Cancer

Cancer is one of the modenno r |bidggst Killers; in the UK it kills someone
every four minutes. In 2@1Cancer Research UK released the worrying forecast that 1
in 2 people will have cancer at some point in their lifet{@ancer Resech UK.,
2014) Often referred to as a disease of old age, cancer is significantly more common in
people over the age of 60, and with improvements in modern medicine and lifestyle
allowing people to live longeso,cancer rates are rising. Medical dicizoies define
cancer as a disease caused by an uncontrolled division of abnormal cells. These cells
arise from a series of mutations caused either by carcinogens such as those found in
tobacco smoke, alcohol and other chemicals, or by errors in replicaticch naturally
increase with age. Despite the rising number of célsesnortality rates haveeen
falling since the late 1970s with the advent of improved screening proggaand new
generations of therapeutidsowever oral cancer mortality rategalowly on the rise,
increasing by 10% in the last decade and 92% since thed@dle (Cancer Research

UK., 2014).

1.2.Oral Cancer

1.2.1. Introduction and statistics
Oral cancers are a subset of head and neck cancers: this collection of tumour types
covers thoserasing from the tongue, throat and the mucosal layers of the oral cavity.
Cancer Research UK figures released in 2flddethe number of cases at 6767 per

year with the number of deaths at 2119 per year. These figures account for 2% and 1%
1



of all cancer ases and deaths in the UK. Of tt&peoplediagnosed with this disease
every day the majority are men, it is most prevalent in thé4s8ge group anfive-
yearsurvival rates are currently at 50% (Cancer Research UK., 2014). As with many
cancers the caas are linked to drinking alcohol, smoking tobacco and poorMae

than two thirds of male cases and half of female cases are linked to tobacco use. The
human papilloma virus (HPY)hat also causes cervical canders been associated

with the risk oforal cancer and has recently become the focus of a vaccine prnogram

in the UK (Waller, 2008)

1.2.2. Stages of oral cancer

Tumaurigenesis is an increasingly welefined process initiated following
multiple genetic alterations caused by exposure to carcisagéabacco smoke,
alcohol or viral I nfections as described by
2001). In oral cancer these mutations, oftansforming growth factor alpha (TGF)
and epidermal growth factor receptor (EGFR) overexpression (Todd et al., 4&9Fge
afflicted cell on the path of tumorigenesiisleadsto cells acquiring some or all of
the hallmarks of cancers as describgdHanahan and Weinberg (Hanahan and
Weinberg, 2011, 2000). Cells which only develop the first three hallmarks: evasion of
growth suppressors, sustained proliferative signalling and resisting cell death form
benign or premalignant dysplasias. Dysplasia® defined as an abnormality of
development or an epithelial anomaly of growth and differentiation (Reibel, 2003).
Often referred to as premalignant lesions they are sometimes the first indication of an
impending cancer in the oral cavity. Leukoplakias @awhite plaque that forms on the

oral mucosa and which cannot be identified as any other condition (Lodi et al., 2006);



similarly, erythroplakia (Reibel, 2003) is a red lesion which cannot be identified as any
other condition. Dysplasias are the physaatence of cells which have acquired those
initial hallmarks of cancer allowing aberrant replication to establish itself within a
population.

Continued exposure to these carcinogens causes increasing damage with Kirsten
rat sarcoma viral oncogene homol@gdRas) mutations, adenomatous polyposis coli
(APC), tumour protein 53 (P53) and anaphase promoting complex subunit Docl (Docl)
inactivation, the overexpression ehtyelocytomatosis viral oncogene (MYC) and
downregulation of Ecadherin (Todd et al., 1997)hisresultsin the progression from
dysplasia to a malignant carcinoma with the cells acquiring the final three hallmarks of
cancers: induction of angiogenesis, replicative immortality and invasion and metastasis.
Carcinomas are a type of cancer th&es from epithelial cells and account for 90% of

all oral cancers (Markopoulos, 2012).

1.3. Compositiorand conditionf the tumour microenvironment

A developing cancer can be thought of as a distinct organ comprising of multiple
cell types each with distihcoles essential to the function of the whole. Constantly
changing environmental pressures will drive the need of a tumour to recruit and
manipulate normal cells like epithelial cells, fibroblasts, keratinocytes and macrophages

into the developing massrieed the tumour microenvironment (TME) (figure 1.1).

1.3.1. Epithelial cells and keratinocytes
Epithelial cells and keratinocytes are the normal cells of therarabsa andre

found as a stratified squamoeysithelum with thin flat cells on the topmost apidaler
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above layers of more regular cuboid cells. Some areas of oral epithelium are
keratinized; like the dorsal surface of the tongue, palate and gingiva. Keratinized
epithelium has a topmost layer of keratinocytes which are differentiated epithegal cell
that are almost completely filled with keratin to produce a barrier (Collins and Dawes,
1987). Epithelial cells are often the cells from which oral cancer will arise, however the
majority of them have too short a life span-@4tdays) to accumulate thecessary

genetic changes to develop into a tumour (Squier and Kremer, 2001). An epithelial
layer, whether keratinized or not, is constantly being replaced with cells dividing and
becoming progressively more differentiated as they rise up the epithgdied.l&Vithin

an epithelium there exists a population of stem cells; these have a low proliferative rate
and a high selfenewal capacity. This population is maintained by asymmetric division.
Asymmetric division (figure 1.2) gives rise to a new stem aall@more differentiated
Anor mal o cel | . Il n this way the number of stem
continuous supply of cells is fed into the differentiation pathway (Thomson et al., 1999).

It is in this population of cells that tumorigemmtations can occur.
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Figure 1.1 Changing oral cancer microenvironment from a healthy epithelial layefutty a

developed squamous cell carcinomamourigenic mutations are acquired by the stem cells and as
the tumour prgresses additional cell types are recruited into the surrounding area particularly
macrophages and neutrophils. The surrounding stromal cells are altered by signals from the
tumour cells forming activated or cancer associated fibroblasts which benefilagleg tumour.

The final image in the set shows a fully developed tumour that has begun to metastasise. This
tumour has established its own blood and lymphatics supply and has established an invasive front
which is breaking through the basement membeantkis beginning to metastasise to secondary

sites.



Symmetricandasymmetric division
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Figure 1.2 Symmetric division as undergone by normal cells and asymmetric division as
undergone by epithelial stem cells. Symmetric division gives rise to twdddedaughter cells
whereas asymmetric division gives rise to a new epithelial cell and a new stem cell; it is this
process that creates a pool of cells with a lower turnover rate in which carcinogenic mutations can

accumulate



1.3.2. Fibroblasts

Fibroblasts ee the cells responsible for secreting the extracellular matrix and are
abundant within the TME. The fibroblasts within a tumour however are very different to
those found in normal tissue. In wounded tissue fibroblasts become activated to form
myofibroblass (Majno et al., 1971), a similar phenomenon is seen in cancer. €ancer
associated fibroblasts (CAFs) have a mepimymorphology and have been identified
by a range of different mar k eSMA) (Benmcdtudi n ¢
al.,1998; Tmas ek et al ., 2002), platelet deri v
tenascirC, periostin, neural/glial antigen 2 (NG2), fibroblast specific protein (FSP) and
fibroblast activation protein (FAP) (Prime et al., 2016; Togo et al., 2013). With so many
different markers it is highly likely that there are actually a number of different sub
populations present in a tumour potentially with subtly different functions. The
activation of fibroblasts to form CAFs is driven by the epithelial cells producing protei
factorssuch agransforming growth factor beta (T&) , t umour necr osi S
(TNF-U) and i ntle rUNMsBimplicated 4rd the)iRNAs miR-210, miR21,
miR-146a, miR27, miR155 and miR200b (Pang et al., 2015; Tanaka et al., 2015; Yao
et al., 2011).lrgrestingly it has also been observed that cigarette smoke, a major risk
factor for oral cancer can regulate some of these miRNA (Pal et al., Z0&3).
relationshipbetween fibroblasts and cancer célactually a reciprocal one, as once
activated, theibroblasts release a range of molecuhetuding prostaglandin E,
stromal cell derived factor 1, bone morphogenetic protein 4, activin A, matrix
metalloproteinases, hepatocyte and keratinocyte growth factors and insulin like growth
factor 2. This potentacktail candrive cell growth (Castells et al., 2012; Olumi et al.,
1999), metastasis, angiogenesis and immune escape (Leef and Thomas, 2013; Togo et

al., 2013) They havealsobeen seen to facilitatvasive resistance by giving alternative
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angiogenesisgthways to tumours treated with VEGF inhibit¢8sin and Nelson,

2012).

Interestingly CAFshave also been seen to releaseipflammatory cytokines
(Muppalla et al., 2013) indicating that CAFs have more in common with myofibroblasts
than just morpholog Rudolf Virchow first postulated that inflammation accelerated
cancer growth in 1863. Although some of his theories on cancer origins were shown to
be incorrect by subsequent scientikis thoughts on inflammation have become widely
accepted as shown recent reviews on the subject (Coussens and Werb, 2002; Gstrand

Rosenberg and Sinha, 2009).

Activated fibroblasts are not the only fibroblasts found in and around a tumour.
Senescence is a state where cells are no longer capable of dividing but riafyiain v
and metabolicalhactive This selfimposed limit on replication is normally triggered in
response to extreme cellutressor to DNA damage and therefore acts as a tumour
suppressing mechanism. Howedroblast senescence has recently been shovie
induced by tobacco and alcohol and that this senescence actually precedes the dysplasia
in a premalignant oral fibrosis condition (Pitiyage et al., 2011). This is a very
interesting observation particularly when viewed alongside otheraatalture
experiments of senescent prostate or lung fibroblasts with theinglignant epithelial
counterparts stimulates cell growth as well as invasion and migration (Bavik et al.,
2006). One of the key contributions from senescent fibroblasts to the TIM& is
senescencassociated secretory phenotype or SASP. This is a combination of
favourable protein factors including IL6 and matrix metalloproteases (MMRg), IL

vascular endothelial growth factor (VEGF) and osteopontin (Coppé et al., 2008; Pazolli
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et al, 2009). These factors contribute to a range of processes including epithelial cell
proliferation, possibly leading to the dysplasias it precedes. Another beneficial aspect of
the SASP is the induction of epithelial to mesenchymal transition (EMT) (Cophe e
2008) This isa phenomenowhere epithelial cells transition from an adhesive

phenotype to a more migratory phenotype similar to that seen in mesenchymal cells. It
is often thought of as being the first step necessary for tumour metadtasever this

theory has potentially been disproved with data emerging showing EMT-sssential

for metastasis (Zheng et al., 2018)t it remains to be seen if this will be true in other

models.

1.3.3. Endothelial cells

The induction of angiogenesis is one of éx¢ended hallmarks of cancer
described by Hanahan and Weinberg in their 2011 sequel, the next generation (Hanahan
and Weinberg, 2011). A study published in 2007 showed that oral cancer patients with
the most heavily vascularised tumours had-frear surwal rates of up to 50% lower
than patients with poorly vascularised tumours (Miyahara et al., 2007). This clearly vital
process is mediated by endothelial cells. In humans, the cells of the vascular
endothelium exhibit different characteristics dependingheir organ of origin
(Langenkamp and Molema, 2009). In recent yesitglies have shown that the
endothelial cells seen in tumours exhibit further heterogeneity. A study from 2000
identified 13 novel protein markers for colon carcinoma endothelial (&fICroix et
al., 2000), similar differences have also been observed in ovarian cancer (Lu et al.,
2007). An interesting molecular difference between tumour andumaur endothelial

cells, is that tumour endothelial cedlse2= more responsive WYEGF (Matsuda et al.,



2010) Additionally, they express high levels of the receptor for epidermal growth factor
(EGF) (Amin et al., 2006). These molecular variations would combine to give tumour
endothelial cells a doubly more responsive phenotype towards anigidgetors,

reflecting the need of tumour endothelial cells to handle the more demanding conditions

of the tumorous pseudo organ.

A paper from 2003 describes how the endothelial cells from a renal carcinoma
were resistant to vincristine (Bussolati ef 2aD03) This trait is seen in hepatocellular
carcinoma with both-fluoruracil andadriamycin (Akiyama et al., 2012; Xiong et al.,
2009). This is an interesting development in the study of tumour angiogenesis, next to
the tumour cells themselves the erddital cells will be the fastest replicating cells
within the microenvironment and highly vulnerable to many of the chemotherapy agents
in use. That the endothelial cells have a way to offset this potential weakness to the
tumour is fascinating. Many drugsll circulate around a tumour using the vasculature
meaning endothelial cells also represent the first contact of the tumour tissue with any
cytotoxic compoundandbeing able to remove some of these from circulation without

cost to themselves is a slébadvantage to the tumour.

Recentstudies havelemonstrated a role fendothelial cellsn tumour
development beyond angiogenesis. Several studies have implicated endothelial cells
cancer metastasis. Metastasis to the blood vessels require the taftsawercome
two challenges, first they mustossabarrier Secondly the cells must acquire a motile
phenotype, either by cytoskeletal remodelling or because of chemotactic gradient
Endothelial cell expression of Akt was seen to be pivotal to pretieg the invasion of

prostate cancer cells through an endothelial cell layer (Gao et al., 20l&).s | o s s
10
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endothelial cells caused increased phospl
tight junctions Aastudy n oral cancedemonstrated thendothelial cells were capable

of secreting EFG which could induce epithelial to mesenchymal transition in head and
neck cancer cells (Zhang., et al 2014). This transition gives the cells a more motile
phenotype and is thought to be essential for metastamither study in oral cancer

show another endothelial cell secreted protein contributing to a different element of
metastasis, interleukin 6 (IL6) secreted by endothelial cells establishes a chemotactic
gradient enabling the movement of cancer cells tdsvthe blood vessels (Kim et al.,

2017).

1.3.4. Immune cells

Many of the cells of the innate immune system have been found in the
microenvironment oflifferenttumour typesand it has beeshown that these cells can
have both pro and antimour roles. Macrogges are phagocytic cells formed by
differentiating monocytedn normal tissues these cells are essential for the clearance of
apoptotic cells and control of epithelial cell turnover (Geissmann et al., 2010;
Medzhitov, 2008). In patients with oral canegrincreased number of macrophages
within the TME correlates with significantly worse outcome (Liu et al., 2008). During
differentiation monocytes can become eitherIMé& or M2 like macrophages and
although both are found in tumours there are contraglistadies describintheir
respective roles. M1 macrophages have been shown to exhibit stretgaoir
behaviours by some groups (Beatty et al., 2011; Fridlender et al., 2009). This subtype is
more commonly associated with the early stages of tumogrgssion and the removal

of macrophages from a tumour in mouse modélsreast cancdyy depletion of the
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macrophage growth factoplony stimulating factor gignificantly impedes the

development of a cancer (Lin et al., 2000h)ey also release a vatyeof chemokine and
cytokines which can promote tumour development (Yang et al., 2008). M2 macrophages
are more common in later stage cancers and as a result are frequently shown to have a

role in metastasis (Na et al., 2013; Yang et al., 2015).

It is interesting to note that M2 macrophages have well documented anti
inflammatory properties (Bouhlel et al., 2007) in contrast to the M1 macrophages which
are known to be pranflammatory. Prolonged inflammation has come to be accepted as
a favourable backdrdjor the development of a tumour, being included as one of the
next generation hallmarks in 2011 (Hanahan and Weinberg, 2011). This would suggest
that the ratio of M1 to M2 macrophages in cancer is dependent on the stage of the
cancer and the need for thether abilities to take precedence at any given stage in the

cancets life span.

The infiltration of neutrophils in head and neck squamous cell carcinomas has
been associated with worse outcome (Trellakis et al., 2011), conversely however in
gastric cacer high neutrophil count is associated with a favourable prognosis (Caruso
et al., 2002)Neutrophils have been linked to genetic instability in a mouse model of
tumour initiation via an inducible nitric oxide synthase (Sandhu et al., 2000). They have
also been seen to increase tumour cell proliferation by transfer of neutrophil elastase to
neighbouring tumour cells, the elastase enhances platelet derived growth factor
signaling (Houghton et al., 2010). In a reciprocal exchange interleukin 8 produced by
melanoma cellsincreasés2 i nt egrin expression on the

interaction between neutrophils and melanoma cells in a way which favours the
12
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movement of the melanoma cells across the endothelium (Huh etldl), #0a breast
cancer model interleukin 17 L 7 ) p r o d-cellsicaomerate with meutrophils to
promote metastasis (Coffelt et al., 2015). First thells release 117 this promotes

the invasion of neutrophils into the tumour. These neutrophils then supress cytotoxic T

lymphocytes which wouldormal inhibit metastasis (Coffelt et al., 2015).

Another class of immune cells, regulatory T cells have been implicated in the
suppression of antumour immune responses. In oral cancer increasing FOXP3 mRNA
expression correlates with increasing madigey (Schipmann S et al., 2014), this
transcription factor helps to recruit the regulatory T cells into the cancer micro
environment to supress the antmour effects. CEB positive Fcells have also been
implicated in oral cancer progression with a higleeel of these cells in biopsies of
oral dysplasias correlating with the prevention of transformation into a carcinoma
(Ohmanet al., 2015)Using a range of mouse models for oral cancer a study showed
that different levels of different-ells are assaated with more or less aggressive
tumours. Less aggressive slower growing tumours were associated with increa8ed CD
positive Fcells whereas more aggressive metastatic tumours were associated with
increased CD4 positive regulatorycélls (Judd et al2012). This study neatly
encapsulates the dynamic nature of the immune component of the tumour
microenvironment. As the tumour progresses and its demands change the composition

of the immune component will be altered with it.
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1.3.5. Changing conditions in thmicroenvironment

Tumour formation i very good example of the evolutionary phenomenon niche
construction occurring on a cellular leviche constructiors the process by which an
organism shapes the niche it inhabits further tailoring it to suieggdfagainst those of
potential rivals. The organisation of cells to form tissues within the human body is very
highly conserved to allow adequate circulation and for the tissues to perform their
biological role. By necessitthe growth and turnover ofssues is kept in check by
homeostatic processes. The mutations that cause tumorigenesis disrupt this process
causing a series of dramatic changes in the conditions of the surrounding tissue (figure
1.3). As soon as a cell has acquired sufficient mutatidregins to replicate
incessantly. This replication causes an increase in the size of the tissue causing cells to
grow further from their nearest blood vess€lsce cells are further than the 2 mm
diffusion limit from a blood vessel they will begin topetience hypoxic conditions
(Rouwkemeet al., 2008)Another early change is caused by the innate immune system.
Our immune system is programmed to recognise and remove transformed cells arising
from replication errorsyhich should normally include canceells Macrophages
neutrophils and leukocytes in the vicinity of the developing tumour will be driving the

establishment of localised inflammation.

14



Oral cancer tumourigenesis

TGF-aand EGFR KRas mutations, APC Overexpression of Myc
P53 and Docl and downregulation of

over expression
inactivation E-cadherin

. Hypoxia Changin
Increased immune YRoXig; DANBINE |
, inflammation and biomechanical
surveillance e
acidosis forces and

cytotoxic drugs

Normal epithelium Mild dysplasia Severe Carcinoma and
dysplasia/carcinoma metastasis

Figure 1.3The progression of oral cancer with the carcinogeniatiarts that cause the transition
between the stages. As tumorigenesis of oral cancer progresses from normal epithelium through to a

metastatic carcinoma the changing environmental pressures experienced by the growing cells are also

indicated
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As a car;mmoma progresses it will establish its own blood supply; howeespite this

many tumous will have a necrotic centre comprising cells that have starved to death. A
large number of dead or dying cells will change the pH of the blood circulating in the
surrounding vesseldueto the breakdown products of the cells causing acidosis.

Because tumours distort the ordered formation of tissues to such an extent they can also
change the biomechanical forces experienced by the surroundingBssuak., 2011)

This effect is particularly apparent where tissue has a very physical role to perform such

as that found in the mouth or oesophagus.

Once a tumour is advanced enough to be diagnosable it is hoped that a patient
would be treatedyhich will often include &her chemo or radiotherapy. Both
therapeutic approaches will have a dramatic impact on the conditions of the tasnour,
both are highly cytotoxic and will have the greatest impact on those cells that are
rapidly replicating. In an established tumour thigentially results in a collapse of the
tissue structure and vasculature along with an increase in the number of dead cells
These effects will again cause acidosis and hypoxia within the surroundin bietae

et al., 2010)

1.3.6. Discoveryof extracellula vesicles
In 1987 Rosemary Johnston was studying the fate of the transferrin receptor
during the maturation of sheep reticulocytes. Using immunogold labelling and
transmission electron microscopy (TEM) she observed the receptor being removed from
the membane and trafficked to multivesicular bodies (MVB), which when they fused

with the plasma membrane released transferrin containing vesicles from the cells
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(Johnstone et al., 1987). This is widely considered as the starting point for a new field of
researchHoweverthe first mention of the term exosomes, that Johnstone is often

credited with coining in this paper, was actually seen in a report from 1981. The study in
guestion observed var i ous-nucleosidaseladtivitye s r e | «
When visualised using TEMhese vesicles were between 500 to 1000 nm in size and

often contained a second smaller population of vesicles of 40 nm in size (Trams et al.,

1981). It was their suggestion that all of the vesicles should be termed exosomes.

twasnét until the early 2000s that thes:s
anything more than cellular waste removal systems. In 2006 and 2007 it was
demonstrated thaxtracellular vesiclesHVs) contained both mMRNA and miRNA
which could be transferrdabtween cells (Ratajczak et al., 2006; Valadi et al., 2007). A
few years later another landmark was reached, the discovemé¢laioma and ovarian
cells produced significantly more EVs than healthy cells (Logozzi et al., 2009; Taylor
and GercelTaylor, 208). Since then research in this area has bloomed with increasing
numbers of groups working to elucidate the roles EVs play in both healthy and diseased
tissuesEVs have been isolatesihd investigatefom an increasing range of biological

fluids and theculture medium of various cell lines.

1.3.7. What 6s in a name?
Names and definitions are an important part of any scientific field but are doubly
important to an emerging field as it takes shape. The International Society for
Extracellular Vesicles (ISEV) ham@eavoured to grapple with this issue in various

position papers and meetings (Gould and Raposo, 2013; Hill et al., 2013; Witwer et al.,
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2013). Currently there are as many as four major classes of EVs being:studied

exosomes, microvesicles, apoptotic ext¢thular vesicles and large oncosomes.

The vesicles Johnstone and her colleagues observed came to be known as
exosomesndthese were distinguished from otli&vs by their formation in MVB
inside the cell (figure 1.4). The majority of studies on Pubf&34) are focused on
exosomesTheseare normally described as being betweer180 nm in size. A second
class of EVs is seen to bud directly from the plasma membrati@thave been
termed microvesicles and range from 4@DO nm in size (Akers et aR013). The
overlapping size ranges of these different EVs present one of the biggest challenges for
the field, as current techniques for extracting them from cell culture media or biological
fluids are incapable of distinguishing between EVs of therdiffeclasses. This is
because existing methods are only capable of separating the EVs by their size or
density. Perhaps one of biggest problems with this is many of the protein markers for
different subclasses &Vs have been determined by studies usiag srdensitybased
separation methods where there will undoubtedly have been some crosdever of
types inevitably making the definitions of some groups inconsistent with what they are
actually studying. A further complication is that there are numgrapsers which still
use older terminology, some of which relates to the producing cells or tissues to
distinguish the EVs such as oncosomes (Di Vizio et al., 2009) or prostasomes (Aalberts
et al., 2012). It is almost certain that the majority of groupsvarking on preparations
containing a mixture of the different subclasses within a densitpiaside range

created by their chosen extraction protocol.
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Apoptotic bodies are vesicles released by apoptotic cells as they breakikaown
et al., 1972Gregory and Pound., 20LSimilarly, to exosomes these have previously
been viewed as waste disposal systems howelkias been demonsted that they
actually play a part in the signalling process of apoptosis (Hawkins and Devitt, 2013).
The final class DEVs is relatively newlarge oncosomes arearounrd D € m i n si z
and bleb from the plasma membrane of cancer aetlsare thought ttunction in very
different ways to the other smaller EVs (Di Vizio et al., 2012; Meehan et al., 2016;

Minciacchi et al. 2015; Morello et al., 2013).

Regardless of the terms used to describe them, or the challenges with defining
them, these EVs are now a pivotal part of the future of cancer treatment with a vast
range of possibilities as a source of biomarkers, therapighes or a previously

unknown signalling system to understand and exploit.
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Figure 1.4Mechanisms of EV release. Exosomes are shown forming in MVBs by inward
invagination of the late endosomal membréhe They ae then trafficked either to the lysosome
and degrade(R) or to the plasma membrane where they undergo fusion releasing the intact
internal vesicles in to the extracellular spatesaddition, somé&Vs can budlirectly from the

plasma membrane in the forof apoptotic bodies and microvesicles.
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1.3.8. Biogenesis of extracellular vesiclesm MVB

The formation of the vesicles derived from MVB is still not clearly understood.
Whilst the process has been visualised using electron microscopy and the stages are
well known, the individual mediators and regulators are not. Johristeady work
showed that the process involved invagination of the limiting membrane that resulted in
a structure that budded into the lumen of the late endosome (Johnstone et al., 1989).
This allows the forming exosome to capture proteins and nucleic acids from the
cytoplasmlnitially the orientation of the membrane relative to the plasma membrane
was unclear. It was later shown that the membrane underwent two inversions, the first
upon @édocytic internalization, and the second as the intraluminal vesicles budded off
into the late endosomal lumen (Février and Raposo, 2004; Lakkaraju and Rodriguez
Boulan, 2008). The second inversion is an essential one as it allows exosomes to present
membane proteins in the same orientation as the cellular membrane therefore retaining
activity in the extracellular spaceesiclesare not directed to a lysosomal compartment
as usual but are directed by a range of proteins and endocytic components taithsion
the plasma membrane and the extracellular space. Currently the mechanisms that drive
and facilitate this process are divided isttdosomal sorting complex required for
transport ESCRT) dependent (figure 1.5) and ESCRT independent mechanisms (figure

1.6).
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ESCRTdependentmechanisms of EV formation
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Figure 1.5ESCRFdependent formation of vesicles in MVBs begins the sequential recruitment of

the ESCRT complex components to the site of invagination (1&2). The next steps are the closure
oftheineckd by the combined dlicfdrming the aorhplei 8eBides Al i x and
within the MVB (3&4) which can then be trafficked to the plasma membrane and released (5).

There are still many gaps in our understanding of this mechanism as it telatsicles that are

released from the cell.
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1.3.8.1. ESCRT- dependent mechanisms

ESCRT is the endosomal sorting complex required for transport, a well
characterised complex with integral roles in intracellular transport and vesicle
formation. There are folBSCRT complexesO-Ill each of these has been, or is being,
studied in the context of exosome production. Several groups have focused on
individual members of these complexes following their detection in proteomic studies
of vesicles. HRS, an ESCRImenber has been established as a requirement for
exosome production in several cell models (Colombo et al., 2013; Gross et al., 2012,
Hoshino et al., 2013; Tamai et al., 201Dgpletion of another ESCRI component
STAML1 alsoreduced exosome production (Cwmilbo et al., 2013). With the involvement
of two of the complex members it is highly likely that depletion of the remaining

components will show similar results.

To date only one ESCRIcomponent has been implicated, with TSG101
depletion reducing exosonsecretion in various cells (Colombo et al., 2013; Abrami et
al., 2013; Baietti et al., 2012). However, this had no impact ineali oligodendroglial
cells, which revealed the existence of an ESCRT independent system for the first time
(Trajkovic et al. 2008). It is here the picture becomes less clear whilst ESCRT Il and IlI
components are seen in proteomic studies of exosome contents, more detailed
experiments are showing conflicting results from different research groups. In their
shRNA screen of ESCRdroteins in HeLaCIITA cells one group saw no impact of
ESCRTII proteins on exosome production and ES@R@ata was inconclusive
(Colombo et al., 2013). However, (CHMP4 an ES@Rmember) has been shown to
play a part in exosome secretion in MCIEels (Abrami et al., 2013). It is possible that

ESCRTFII maybe the odd complex out and plays no role in the production and secretion
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of exosomeshut this is highly unlikely. During canonical vesicle budding in the MVBs
the four ESCRT complexes are recruitedequence to the site of invagination. ESCRT

0 initiates the process and each complex interacts with the other to form HECRT

within the neck formed by the membrane invaginattt®CRFIII then draws closed the

two sides of the neck and is broken donself by a VPS4 VTAL complex (Henne et al.,
2011). While it is a possibility that vesicles which become exosomes exhibit some
differences to this process; it is more likely that they are formed via an identical process
but exhibit different protein suate markers changing their eventual traffic destination.

Currently there is no evidence to support either hypothesis.

Alix is a protein that associates with ESCRTand has been implicated in
conflicting roles Depletion of Alix in HeLaCIITA cells shaved no clear effect on
exosome production, whereas in primary dendritic cells from various donors its
silencing decreased exosome production in half of the cells tested (Colombo et al.,
2013). This data raises an interesting possibility that the mechamischgcing
exosomes are different in healthy and diseased tefias also beeabserved that Alix
silencing decreased production of exosomes but increased the production of vesicles
generated from outward budding of the plasma membrane (Bissig ancé&igien
2014). Further contradictions are seen surrounding the VPS4 protein which is involved
in the final steps of intraluminal vesicle formation. This protein has multiple isoforms
which appears to be complicating the picture. In HELTA cells silencingof the B
isoform increased secretion of exosomes, (Colombo et al., . 20a®)everin MCF-7
cellswhen silencindoth isoforms independently and in combinatiamdan effect was
only observed when they were silenced in conelirth was a decrease in setion

(Abrami et al., 2013)The authors of the first stughostulated that silencing of the B
24



isoform could lead tcompensation by the A isoform or an alternative role for the B
isoform in HelLa cells. It is worth noting that because these vesiclefiemeeleased as

a stress response, experiments relying on silencing of a particular protein need to be
planned and interpreted with caution as observed effects may not be the direct result of

silencing alone.
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ESCRTindependent mechanisms of EV formatio
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Figure 1.6 ESCRFindependent formation of vesicles and their subsequent release. The process is
initiated by changes in lipid membrane composition at the site of invagination with an increase in
PLD2 and ceramide concentration (1) the properties afniiabrane are altered driving inward
curvature at this point it is assumed that proteins like VAMP and SNAREs will be involved in
completing the formation of the vesicles within the MVBs (2 & 3). After their formation the

MVBs can fuse with the plasma merahe and release their contents from the cells.
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1.3.8.2. ESCRT- independent mechanisms

ESCRT- independent mechanisms for exosome production are less well
characterised, but mammalian cells lacking key ESCRT components can still form
MVB and exosomes (Stufferet al., 2009). These mechanisms are thought to rely on
lipids and are frequently studied using disruption of lipid biogenesis. In
oligodendroglial cells, inhibiting neutral sphingomyelinase reduces production of
ceramide. Ceramide is hypothesised to a&dine characteristic curvature of the
membrane in MVBs that leads to exosomes (Trajkovic et al., 2008). Like ceramide,
cholesterol is abundant in exosomes and an important component of MVB. In the same
oligodendroglial cells its accumulation, mediateth@itby drugs or genetic mutation,
causes an increase in vesicle secretion (Strauss et al., 2010). Another candidate is
phospholipase D2 (PLD2) which is enriched in exosomes and has been shown in two
different cell lines to be required for exosome biogen@aietti et al., 2012;
Laulagnier et al., 2004). It is believed to play a similar role to, or work in concert, with
ceramide in facilitating inward curvature of the membrane in the early stages of
exosome formation. Studies of ESCRT independent pathfmatfse biogenesis of
exosomes are hampered by the major contributions of key lipids. Because cellular
membrane is comprised of the same components, albeit in different proportions, it is
highly likely that disrupting the synthesis of one of these compsradters the plasma
membrane stability possibly leading to an increase in the numbers of vesicles formed by
direct budding of the plasma membrane. Until a reliable method for separating the

classes of vesicle is available this problem will remain.

The ame issue is highlightday a studywhich focuses on the regulation of

exosome secretion. RAB7a, a member of the abundant GTPase family, has been
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shown to be the | eading regulator of exosome

mouse tumour cells revesdl the presence of different subpopulations of vesicles
obtained from the standard extraction protocols (Bobrie et al., 2012). Its silencing led to
reduced levels of some of the accepted markers of exosomes but not others. They
demonstrated neatly usingeetron microscopy and sucrose density gradients that this
was caused by the presence of different populations with diverse physical properties and
possibly different origins (Bobrie et al., 2012). This issue is one facing all researchers in
this field, with extraction protocols currently unable to separate vesicles of different
origins the possibility of the different subpopulations of vesicles playing different roles
cannot be eliminated. The RAB family of GTPases has numerous members implicated
in controlof exosome secretion including 2B, 5A, 9A, 11, 35, and both 27A and B they
are thought to function by blocking the release of vesicles from the cell (Kowal et al.,
2014). However, there is still work required to clarify this and to clarify the proportion

of the effects caused by changing exosome secretion as opposed to other secretion
mediated by RAB proteins. SNARE proteins like VAMRnd 8 as well as SNAR3

have been shown to play a role in calcium-omediated fusion of other secretory

bodies with he plasma membrane (Puri and Roche, 2008; Rao et al., 2004; Tiwari et al.,
2008) and targeting of these in combination with or independently of RAB proteins

could help with solving this problem.

1.3.9. Formation of microvesicles and large oncosomes
Both theseeV subtypes form from the outer plasma membrane of a cell as
opposed to the internal membran@ilst some of the processaesimilar there are

some subtle differences. Many of the conditions required for the format®visdfom
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the outer membrane cornader the control of the enzymes responsible for regulating

the fluid state of membranes (Singer and Nicolson, 1972). These changes are thought to
be induced by changing calcium ion levels which are required by scramblase and
floppase type enzyme®nce these are activated they begin to modify the lipid
arrangement within the plasma membrane (Piccin et al., 2007), a major change is the
externalisation of phosphatidylserine (PS) (Lima et al., 2009). Cholesterol is another
major player in this process as sholy its depletion impairing the productionE¥s

from monocytegDel Conde et al., 2005 his is likely to be linked to the recruitment

or formation of lipid raft domains which are seen to be abundant in these microvesicles.
These changes to the lipidraposition make the membrane more amenable to the

curvature necessary to fogVs (figure 1.7).

It is at this juncture that proteins are likely to play their part. One such protein
could be Ras homolog gene family, member A (RhoA) a small GTPase whathdo
with some downstream kinases have been identified as regulators of microvesicle
release (Li et al., 2012pther proteins including ADBbosylationfactor 6 (ARF6)
(MuralidharanChari et al., 2009), calpain a cytoskeletal regulator which is calcium
dependent (Crespin et al., 2009), and Ras homolog gene family, member C (RhoC)
(Cussac et al., 1996) have all been studied in the context of microvesicle release.
However there is a distinct issue facing scientists when trying to elucidate the
mechanisra responsible for forming these vesicles subtypes, that of reliably ensuring a
pure preparation of a single subtype. In the experiments that have identified RhoA as a
potential regulator of microvesicle release the vesicles were isolated by serial
centrifugation culminating in a spin at 100,00@ speeds at which a mixed population

of vesicles will be pelleted (Li et al., 2012). The study that linked-AR&
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microvesicle formation by contrast performed experiments on a population of vesicles

pelleted at 0,000 xg as well as the 100,000gpopulation (Muralidharas€Chari et al.,

2009)Whi I st this is a commonly seen approach

fexosomeso it is still slightly fl awed as

subtypes in théwo different pelletsUnfortunately,at this stage a better approach to
solving this problem has yet to be found by the EV community but it does highlight the

extreme importance of a robust system of definitions being adhered to.

The term oncosome hasdreused by a variety of groups to distinguish EVs
derived from cancerous cell or biofluids. More recently the term large oncosomes has
been used to describe a potentially new subset of EVs. These large oncosomes are
around 110 pm in size and released frdahe outer membrane of cancer cells (Di Vizio
et al., 2012; Minciacchi et al., 2015; Morello et al., 2013). Formation of these large EVs
is thought to be linked to the amoeboid phenotype; this is adopted by invading cancer
cells to overcome problems withdaking down surrounding matrices (Wolf et al.,
2003). Cells with this phenotype have a membrane highly prone to blebbing which is
under the control of RhoA and Riagsociated protein kinase (ROCK), both of which
are linked to microvesicle formation (Opgatlal., 2011). This blebbing is the precursor
to formation of large oncosomes. After treatment with EGF prostate cancer cells were
seen under live microscopy to enter an amoeboid state and release these blebs as intact
vesicles (Di Vizio et al., 2009). Bause they are formed from the membrane of cells in
an amoeboid phenotype their formation is likely to be dependent on proteins that
regulate both mechanisms such as diaphanous related formin 3 (DIAPH3) (Hager et al.,

2012) and ARF6, which is highly abundan large oncosomes (Di Vizio et al., 2012).
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Figure 1.7 A possible mechanism of microvesicle formzxi\é)n with the initial changes in lipid
membrane composition driven by calcigtependent floppase and scramblase enzyma} (1
allowing the outward budding which is then probably chaperoned by a number of proteins under
the control of RhoA/C ROCK and ARF6 signalling@h The final steps involve cytoskeletal

remodelling mediated by calpain to remove the vesicle and reforhpidhéilayer behind it.
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1.4. Packaging of EVs

1.4.1. Proteins

From their initial discovery there has beeareasingevidence indicating the
presence of some guiding system behind the packing of these EVs. But while there are
several steps in their biogengsit which such a system could be involved we are still
some way from a definitive understanding of such a system. The studying of it is
complicated by the fact celtsanproducemultiple distinct populations of EVs at any
given point in their life cyclef-or examplethe colon cancer cell line LIM1863 releases
two distinct populations of EVs; one that bears markers of the apical membrane and
trafficking systems while the other carries markers of the basolateral membrane and
trafficking systems (Tauro et.aR013). It is likely that similar systems exist in other
cells and given the 3D cell spheroid model system urs#ds studyit is highly possible
that a contaebased mechanism could play a role in determining vesicle contents
although as yet there hbsen no evidence for such a mechanism. This work also
highlights one of the weaknesses common to much of the work done in thisiansa
laboratories work with cells in a 2D culture system and as such the cells and by
extension the EVs are likely to shaliiferences betweeinm vivoandin vitro conditions.
However even 3D culture models will have their limitations, most cells exist in vivo in
close proximity to or even contact with other cells, 3D culture with multiple cell types

would obviously not be practical system to study EVs.

Whatever the subclass of EVs their biogenesis begins with changes in the
membrane. Lipid rafts are good candidates for sorting these regions and the membrane

proteins within them. GM1, Lyn, flotillirl and stomatin all of ich have been
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associated with lipid raft domains have been detected in EVs (de Gassatrt et al., 2003)
The gudywent on to demonstrate that the Lyn found in the EVs is further processed
postsorting by caspas@. The fact postranslational modificationsioccurring in the

EVs is compelling evidence for the presence of a deliberate packing process. Lipid rafts
are known to associate with numerous protein types and the idea that rafts change the
membrane properties allowing the curvature characteristiesi€le formation would
suggest that whole rafts are incorporated into EVs bringing with them their anchored

proteins(de Gassart et al., 2003)

Posttranslational modification of proteins by ubiquitination is a common method
for cells to divert proteinmto degradation processg@sicke., 2001) After
ubiquitination the proteins are packaged into EVs formed in MVBs with the help of the
ESCRT complexes. Some of these EVs will follow the normal degradation pathway and
be trafficked to the lysosome while etis could be released from the cell as exosomes.
Research on the ubiquitination status of EV proteins shows that major
histocompatibility complex class Il (MH@) complexes are not ubiquitinated,
(Gauvreau et al., 2009) suggesting that two mechanisnhsaiding these proteins into
MVBs exist. Further work has shown that in immature dendritic eellsquitin-
dependent method issed,and the receptors are degraded. After the cells have been
activated howevenr ubiquitin independent methodused,and he cells release EVs
bearing the MHAI complex that can interact with T cells (Buschow et al., 20i00)
dendritic cells at least, the ubiquitinatistatusof a protein appears to be sufficient to

determine the fate of the vesicle containing that protein
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However, this is not the case for all proteins or all cEljfstein Barr virus (EBV)
protein LMP2A is highly ubiquitinated in exosomes (Ikeda and Longnecker, 2007) and
the Nedd4 family interacting protein 1 which aids in the ubiquitination of pothat
cannot be bound by certain ubiquitin ligases is required for the Nedd4 family proteins to
be present in exosomes (Putz et al., 2008). In cases such as these where the proteins are
ubiquitinated prior to loading into MVBs it is likely that a secoighal is present either
on the protein to determine which vesicle type it is packaged into or on the surface of
the vesicle that distinguishes those that head to the lysosome from those which are

released.

A candidate for this second signal is phosphairgh, another common protein
modification which has also been implicated in selecting proteins destined folrEVs
Al z h e idisease thestau protein is aberrantly phosphorylated and then added to EVs
which facilitates its spread (Saman et al., 2018)s Would suggest that there are other
parts to this system, possibly proteins that bind preferentially to the aberrantly
phosphorylated taproteinto manipulate it into place within the EVs. A recent study
has identified another fascinating possibilitytey observed the common vesicle
markers CD63 and CD81 docalizing on the cell membrane with complex N linked
glycans and then demonstrated that the same N linked glycans were necessary for the
presence of a CD81 associated protein and subsequenthetiempe of CD81 in these
EVs (Liang et al., 2014). The hypothesis they put forward, that the glycans identify
discrete membrane domains that give rise to EVs, links well with the earlier work on
lipid rafts. Proteins could then be directed to these donhgiggycosylation or other
modifications and either integrated into the membrane or anchored to it prior to the

inward curvature.
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Several less conventional processes for the sorting of individual proteins have also
been reported to dat€he degradation ofthe AP2 adaptor complex drives the binding
of heatshock protein 70 (HSC70) and Alix, both commonly found in EVs, to a site on
the transferrin receptor prior to it being sorted into EVs (Géminard et al., 2004).
Interestingly thisstudyactually identifiesa peptide sequence on the transferrin receptor
with which both proteins canteract,and this sequence encompasses the internalisation
sequence for this receptor. In B cells the sorting of CD23, another membrane protein,
into exosomes was shown to be degent on both CD23 sheddase and a disintegrin and
metalloproteinase domatontaining protein 10 (ADAM10). These enzymes act
together to cleave the CD23 from the membrane prior to its entry to the endosomal

sorting pathway (Mathews et al., 2010).

A recern studyhas identified the KRas mitogen activated protein kinase kinase
(MEK) signalling pathway as being responsible for regulating the sorting of argonaute 2
(Ago2) into exosomefsom colon cancer celldMcKenzie et al., 2016). Ago2 is a
critical componat of the RNA induced silencing complex (RISC) and can bind to
RNA. Ago2 sorting into exosomes regulates in turn the levels of three candidate miRNA
sequences (McKenzie et al., 2016). Whilst neither KRas or MEK are the actual
mediators of the sorting thadt they are involved in its regulation is highly significant
for cancer research as mutations to either or both ggeesmmon to many cancers
suggesting by extension a mechanism by which vesicle packaging can be altered in

cancerous cells compared tormal cells.
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1.4.2. Nucleic acids

Like protein sorting, despite the circumstantial evidence for a sorting process for
nucleic acids into EVs the details of such a process are still scarce. A limited study using
differing serial centrifugation protocols to seq@ the different subclasses of EVs by
size alone identified differences in the RNA profiles of the subclasses. Their data, whilst
allowing for the limitations of the method, is interesting. They showed that apoptotic
bodies contained large quantitiesritiosomal RNA whereas exosomes contained very
little and microvesicles contained little or no RNA (Crescitelli et al., 2013). These
differences not only indicate the presence of a sorting mechanism but also offer hope for
distinguishing between tHeV subdasses in the future. Although they went on to note
that the EVs displayed significant variation in size and appearance under electron
microscopy even within the same size brackets. This would suggest either that cells are
producing different types of eashibclass at any given point in time or that the size of
EVs is not strictly controlled during their release. A similar study carried out on EVs
produced by a panel of prostate cancer cell lines showed that the genomic DNA content

varied between cell lineand within subpopulations (Lazaloafnez et al., 2014).

It has been hypothesised by several groups that a signalling motif exists in RNA
destined for EVs that are released from the cell; this hypothesis was recently proved for
mMiRNA. The group used migarray analysis to identify miRNA enriched in EVs
compared to the whole cell and then performed sequence alignment to identify
conserved regions to each set. They were able to identify two four base pair motifs
(GGAG and CCCU) that were common to the miRN&riched in the EVs alongside
several longer motifs that were common to miRNA enriched in the cells (Villarroya

Beltri et al., 2013). Using site directed mutagenesis they were able to subsequently
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reverse the enrichment of mig®1. They went on to demdrate that the ribonuclear
protein hnRNPA2B1 could recognize this motif and was responsible for packing these
mMiRNA into the EVs when sumoylated (Villarroeltri et al., 2013). This is a huge
landmark for the field of EV research, it has given us tls¢ iart of a system that we

can exploit for medical purposes or use to help map the rest of the system in detail for

the first time.

An alternative mechanism was proposed by another group. This group approached
the sorting from a homeostatic approachmdastrating that an abundance of the target
for a given miRNA leads to its depletion in MVBs and exosomes whereas
overexpression of the miRNA itself leads to it being enriched in MVBs and exosomes
(Squadrito et al., 2014). This suggests that EVs actualfymkction as a form of waste
disposal, albeit one that mostly functions in response to stress caused by artificially
driven overproduction rather than during maturation as was seen with the transferrin

receptor.

1.4.3. Lipids
Whilst their formation and sizdiffer, the lipid membrane composition of these
EVs is similar and often reflects the producing cell. The cholesterol to phospholipid
ratio of the vesicular membrane is similar to that of the plasma membrane (Vidal et al.,
1989), however there are some maijifierences. The lipid bilayer of these EVs is
typically enriched for cholesterol, sphingomyelin, ceramide (Laulagnier et al., 2004;
Trajkovic et al., 2008) and PS but interestingly not lysobisphosphatidic acid which is

typical of the intraluminal vesiclesf MVB where exosomes are formed (Brouwers et
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al., 2013; Karine Laulagnier et al., 2004; Llorente et al., 2013; Wubbolts et al., 2003).

The particular distribution of the lipids in the vesicle membrane is highly characteristic

of lipid rafts and these daains have been linked to the production of exosomes

(Matsuo et al., 2004). Another study used the membrane analysis techniques

fluorescence anisotropy, nuclear magnetic resonance and electron spin resonance to

compare the physical properties of EV membnaitk plasma membrane. They

discovered that despite the similarities in major contents, the membrane of these EVs

has different properties; it afplpempdtsbetowden mo

the membranes (Brouwers et al., 2013).

As the Ife cycle of a cell progresses its needs change and it is reasonable to
assume that the EVs produced will change accordingly. A study that followed exosome
production by maturing reticulocytes showed that their physical properties changed
throughout the matation period. By the end of tisevendayperiod the cells produced
fewer exosomes that were around 10% larger than earlier days (Carayon et al., 2011).
They also observed differences in the lipid composition of the exosomes, with those
produced at day Baving a four times higher ratio of cholesterol esters to free
cholesterol when compared to those from day 4 and 7 (Carayon et al.,|Ri311).

possible that similar changes occur in otmexdels but this has not yet been reported.

1.5. Uptake ofEVs
Thereare a variety of weléstablished mechanisms by which materials from the
extracellular spaces can be internalised across the plasma membrane of a cell.

Interestingly the uptake of EVs appears to make use of nearly all of these. Endocytosis
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is awell-studied process that involves the cell engulfing the molecule in an energy
intensive process. Because it relies on the expenditure of energy its involvement with
EV uptake can be simply tested by incubating the cell8G{@hristianson et al., 2013;
Escreventet al., 2011)which shows that internalization of EVs is dramatically

reduced by this step. There are different types of endocytosis, one of these is clathrin
mediated. Clathrin is a wetlharacterised protein that forms a triskelion shape made up
of three heavy and three light chains. These chains assemble together to form a coated
pit which deform the cells membrane until it collapses into a vesicular bud. The
vesicular bud will then pinch off; now inside the cell it is uncoated and fuses with the
endosme releasing its contents (Kirchhausen, 2000). Blocking of this process either by
treatment with chlorpromazine (Escrevente et al., 2011) or inhibition of dynamin2
(Vallee et al., 1993) was shown to reduce the uptake of EVs. There are also elatherin
independent pathways; one of these relies on caveolae. Caveolae are small depression in
the outer membrane formed by the protein cavebl{Poherty and McMahon, 2009)

the silencing of this protein was shown to impair the uptake of EVs in one experiment
(Nanko et al., 2013) but in another set up was seen to increase the uptake of EVs
(Svensson et al., 2013). The reasons for this duality are unclear, whilst it indicates the
potential for some flexibility in this system, it also could suggest that in someheells
silencing of caveolifl causes changes to the membrane composition, possibly

lesseningts rigidity, that make the uptake of EVs more efficient.

Macropinocytosis is another endocytic pathway, albeit a dramatically different
one. The membrane formgde distinctive protrusions from the cell surface these can
then surround an area of the extracellular space which is then internalizetither

direct fusion with the plasma membrane or by fusion with another protrusion (Swanson,
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2008). As with the othenechanisms researchers have blocked this process by the
inhibition of Na+/H+ exchange or by small molecule inhibitors ofredated C3

botulinum toxin substrate (rek) 1) (Fitzner et al., 2011) both of which have reduced

EV uptake by microglia. Howevgihere are other studies using different inhibitors that
have found no impact on EV uptake (Christianson et al., 2013; Feng et al., 2010; Nanbo

et al., 2013).

Phagocytosis is a highly specialised form of endocytosis that is normally
associated with theaiernalisation ofargeobjectslike bacteria by macrophages.
However an interesting study with leukaemia egélrived EVs showed that they could
only be taken up by macrophages and not other cells suggesting this is occurring by
phagocytosis (Feng et a22010). Further experiments using inhibitors of
phosphoinositol 3 kinase (PI3K) (Feng et al., 2010), to stop phagocytosis, and EVs
stained with the pH sensitive dye pHrodo, which can visualise them inside the acidic

phagosomes, (Montecalvo et al., 201@)frm a role of phagocytosis in uptake of EVs.

Because of the fluid propertiesmembraneit is also possible that EVs can be
taken up by direct fusion with the plasma membrane. Direct fusion between two lipid
bilayers can occur readily in an aqueeunsironment and this process can be visualised
by fluorescent lipid dequenching. Experiments using this technique have shown the
possibility of some EV uptake via this pathway (Parolini et al., 2009) it is likely that this
mechanism owes much to the lipaft like membrane composition of EVs (Valapala
and Vishwanatha, 2011). What is clear however is that this isgepkEindent process
which is likely to limit its capacity under physiological conditions (Parolini et al.,

2009)
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It is apparent from the rangé research being done that there is no one pathway
responsible for EV uptakdhere is good, albeit at times contradictory, evidence for
each of them being involved in EV uptake.
simple question to answer. Thestities in the limitations of the tools available to
researchers to study this. Uptake of EVs can be visualised using a range of lipophilic or
carboxyfluorescein succinimidyl ester (CFSE) dyes which whilst very stable can
potentially introduce artefactShe lipophilic PKH dyes in particular will form micelles
in organic material. Another possible approach to visualising EV uptake is to use
fluorescence tagged versions of marker proteins, whilst these are highly specific there
are two uncertainties. Firdidre is an uncertainty over whether every EV in your
sample will carry that protein and second there is the uncertainty over whether the
addition of a bulky fluorophore will change the behaviour of the tagged protein.
Currently without super resolution gatation the physical resolution of fluorescence
microscopy is also inadequate to resolve an individual vesicle meaning that unless they
aggregateqr the dye diffuses throughout the receptor cell the quantification of the

uptake will not be accurate.

Aside from the technical difficulties there are two different but overlapping
problems introduced by the nature of the EVs themselves. It is possible that different
populations of EVs are taken up preferentially by different routes depending on the cell
typethey are docking with. This is probably mediated by prépeatein or proteih
lipid interactions between the EV and the target cell. If this is the case then manual
transfer of EVs between 2D culture models is going to create a few.iEggtdy, any
EV sample will contain multiple subtypes aselcondlythey may not be delivered in

either a physiologically relevant dose or to an appropriate cell type leading to the cells
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taking them up in ways they woul dgeis nor mal

1.6. The role ofEVsin normalprocesses

To date EVs have been found in a range of biological fluids including: urine (Sato
et al., 1990), saliva (Palanisamy et al., 2010), synovial fluid (Gyorgy et al., 2012),
cerebrospinal fluid (Marzesco et al., Z)(Gtreet et al., 2012), bronchialveolar fluid
(Admyre et al., 2003), nasal fluid (Lasser et al., 2011), uterine fluidDESisary et al.,
2013; Griffiths et al., 2008), amniotic fluid (Keller et al., 2007), breast milk (Lasser et
al., 2011b), blood (Chaadf and West 1946; Wolf, 1967) and seminal plasma (Saez et
al., 2003). The fact that EVs have been discovered in such a wide range of fluids in
healthy individuals indicates a variety of roles in normal processes. The EVs in urine
like those initially founl in blood were suggested to be involved in the disposal of
unwanted proteins and lipids from the cell (van Balkom et al., 2011) but it is also

possible that they can signal along the nephrons (Knepper and Pisitkun, 2007).

In saliva EVs have been shownmdontain tissue factor and can initiate blood
clotting of vesicle free plasma (Berckmans et al., 20&hjch led to the interesting
suggestion that these EVs could be an evolutionary keepsake where licking a wound
initiates the healing process. EVs fregnovial fluid have been shown to carry
functional integrins which can mediate anchorage to cell surface adhesion molecules
and possibly deliver autoantigens (Skriner et al., 2006). In the male reproductive system
proteins are transferred by EVs to the iatare sperm cells during their transit through
the epididymis (Sullivan et al., 2005). There are many hypothesised roles in-mother

foetal communication and placental organization currently being explored; immuno
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competent EVs have been discovered in bmedktraising the possibility of a role in

conferring viral resistance (Admyre et al., 2007).

EVs have long been studied in the context of coagulation and the increased
formation of plateleterived EVs have been shown to enhance thrombin generation and
induce thrombosis in different experimental conditions (Chen et al., 2013; Suades et al.,
2012).The immune system seems to make extensive use of EVs with mature dendritic
cell derived EVs being potent inducers of antigen specific immune responses @egura
al., 2005). A similar role has been observed with keratinocyte derived EVs in mice
(Kotzerke et al., 2013); while-fegulatory cells produce EVs that contain miRNA
capable of suppressing pathogenia€lper cells (Okoye et al., 2014). In recent years it
has also become apparent that EVs are an important aspect of the interactions between a
foetus and a mother during pregnancy (Arck and Hecher, 2013; Chua et al., 1991) with
dysregulation in this process linked to preeclampsia and miscarriages. In luyg inj
EVs derived from marrow cells can modulate the expression of prosurfactant B in

marrow cells starting the repair of this process (Aliotta et al., 2007).

Bone calcification is another area in which EVs have been investigated for many
years, our currdrunderstanding suggests that these EVs originate from the plasma
membrane of mineral forming cells and can then go on to induce calcification during
endochondral bone formation (Golub, 2009). These EVs contain and can transfer bone
morphogenetic protei’n/EGF and bone sialoprotein (Nahar et al., 2008). EVs from
hepatocytes have also been shown to transfer proteins in liver ((andells et al.,

2010, 2008). This signalling has been shown to function both in the cases of liver

damage (Royo et al., 2013)cin normal cellular proliferation (Lee et al., 2008).
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1.6.1. Role of EVs in disease states
With such a wide and varied number of roles within the human body it is
inevitable that EV signalling and its dysregulation will play a part in different disease

states.

1.6.1.1. Cardiac disease

Following a myocardial infarction, EVs from cardiac progenitor cells have been
shown by transfer of conditiced media from cardiac progenitor cells with and without
EVs,to limit the damage by inhibiting cardiomyocyte apoptosis therebyowiuy the
heartoés ability to function (Barile et al., 2
cytoprotective action of mesenchymal stromal cells in response to hypoxia induced
pulmonary hypertension (Lee et al., 2012). However, during myocardi&isa EVs
are produced bearing the hypoxia inducible fadtdd (1HJ)F whi ch i nitiates t
productonof TNFU by macrophages which is damaging to

al., 2012).

1.6.1.2. Neurological disease

In neurological pathologies EVs have been iggtied in a variety of roles. Most
recently they have been shown as a mechanism for the release of prions (Arellano
Anaya et al., 2015)The EVs released by prion infected cells have been shown to have
distinctive structural differences when compared tonaEVs with an increased
number of membranes and a larger diameter (Coleman et al., 2012). EVs have also been
linked to Al zhei mer 6s di gmadicEViWaget_locyt es r el
2012) driving the later phase of the disease, but theg hlso been shown to have a

role in clearingtheamyloi#® f i bri |l s ( Yuyama et al ., 2012) .
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have been s h esynucleih lelpingrtosspread therdisdase through the
central nervous system (CNS) (Boelens et al., 2014pamohilar phenomenon is seen
in amyotrophic lateral sclerosis with the transfer of superoxide dismltdS©D1)

(Gomes et al., 2007).

Multiple sclerosis (MS) is another neurological condition where EVs involvement
is well studied. In MS EVs can botlsdupt the blood brain barrier which allows the
migration of inflammatory cells into the CNS and indtleemigrationof those
inflammatory cellgJy et al., 2004; Sheremata et al., 208@ditionally, these EVs are
found in the plasma of patients durirejapses offering a potential prognostic marker
(Sheremata et al., 200G)here is also some evidence beginning to appear that links
EVs to strokes, with a raised level of EV release from activated endothelial cells being

correlated with ischemic eventscaneurological damaga patientgLee et al., 2012).

1.6.2. Role of EVs in ancer

1.6.2.1. Anti-tumorigeniceffects
EVs appear to be similarly duplicitous and flexible in their functions in cancer
development with research revealing both pro andtantorigenic propdies and traits.
This is to be expected if cells are producing different types of EVs at different stages of
their life cycle and in response to different stimuli or changing conditions in the

surrounding environment.

1.6.2.1.1. Immune activating effects
In vitro studies have shown that EVs produced by melanoma cell lines contain

antigens which can exert a potent effect on dendritic cells upon their uptake causing
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CD8+ T cell dependent artimour effects in established murine tumours (Wolfers et

al., 2001) This disovery has actually led to a dendritiell-basedmmunotherapy

model being investigated. It is however extremely peculiar that a cancer cell would
produce EVs capable of mobilising the immune system against them in such a way and
it is doubtful that thesEVs are constitutively secreted. A likely explanation for this

could be they are released for a short window during which dendritic cells attract the T
cells into the tumour microenvironment to support angiogenesis and once there they
produce a signal td@p the production of those EWs stop them exerting aanti

tumoureffect.

1.6.2.1.2. Induction of apoptosis

The other major antumorigenic role of these EVs is induction of tumour cell
apoptosis. Pancreatic tumour cells produce EVs that are reported to irBagase
expression whilst decreasing B&Lexpression, driving tumour cells towards the
mitochondrial apoptotic pathway (Ristorcelli et al., 2009). Anothersamtiival effect
of this interaction is decreased expression of the-midear target of the Nait-1
signalling pathway and activation of the apoptotic pathway (Ristorcelli et al., 2009).
The production of EVs capable of decreasing their own proliferation is an extremely
puzzling trait for a cancer cell to possess, however it is possible that Mese Ea r e n 6 t
intended to target other tumour ceflsvivo, but to target cells of the immune system

but with the absence of these targetsitro are being taken up by the tumour cells.
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1.6.2.1.3. Therapy vehicles

There are other more indirect ways in which EVsltave antitumorigenic
effects. One of these is as a drug delivery vehicle, EVs being lipid enclosed and
potentially generated from a patient's cells, are an attractive prospect for a drug delivery
vehicle and this reviefTominaga et al., 201%jives a nie summary of the range of
compounds that are currently being studied or have already been successfully loaded
into EVs. One of the more interesting studies has been performed with curcumin,
experiments that deliver this drug encapsulated in EVs shovh@vi® a significantly
improved absorption and bioavailability over unencapsulated curcumin (Sun et al.,
2010). This approach is now in clinical trials and has yielded promising results in
pancreatic cancer patients (Gupta et al., 2013). This approaclrettdahding of

drugs into EVs is one of two avenues tloerapeutic deliverinvolving EVs.

The second is an older one based around the immunogenic capacity of exosomes
released from dendritic cells, a field summarised wethleyeviewof Chaput et b
(2006). It is based around the ability of dendritic cells when challenged by tumour
antigens to produce EVs that can stimulate the induction of cytotoxic T cells against the
tumour (Zitvogel et al., 1998). One of the great advantages to this approaahtise
treatment is uniquely tailored to an individual patient using their own cells to generate a
personalised vaccine against their own tumour removing immunogenicity issues and
optimizing efficiency. This concept has been proved on a scale suibalhetiical
application and has led to clinical trials in both melanoma and lung cancer patients with

mixed results (Escudier et al., 2005; Morse et al., 2005).
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1.6.2.1.4. Biomarkers

A simple search on PubMed for EVs and biomarkers reveals that there are nearly
2000 mpers on the subject and 1500 of these have been published since 2009. Whilst
this rapid expansion owes much to improving technologyalso partly a result of the
changing environment in cancer therapy today to place a greater emphasis on
personalisedreatment. Because EVs are produced by cancer cells and are found in
biological fluids they have huge potential as both diagnostic and prognostic markers. In
oral cancer for instance the availability of &Y saliva offers the tantalising prospect of
a ifglui d bi opsyo where a si mpl e esxigibtnofva sampl e c
tissue for analysis. A recent study showed sladivafrom oral cancer patients contained
a higher number of EVs and that there is a limited degree of molecular differences
between the EVs of healthy individuals and cancer patients (Zlotogduskitz et al.,
2016). The findings of this paper are limited by the techniques they usedely
ELISA and western blotting but other studies have begun to use mass spectrometry
techhiques to screen the contents of salivary EVs (Kawahara et al., 2016; Winck et al.,

2015).

There are numerous similar studies using the same kind of screening of EVs from
biological fluids summarised in several recent reviews (Ciardiello et al., 2016;
Kinoshita et al., 2016). In the last few years a company in the US, Exosome
Diagnostics, has completed clinical trials of an EV based diagnostic kit for certain brain
cancers and is aiming to bring them to clinics in America in the next 12 months, the

compaly also intends to expand its repertoire of kits into other cancers.

48



1.6.2.2.  Pro-tumorigeniceffects
Alongside these antumour effects EVs have been seen to play a role in many of
the hallmarks of cancer described by Hanahan and Weinberg (Hanahan and \Weinberg

2011, 2000).

1.6.2.2.1. Angiogenesis

Angiogenesis is the development of new blood vessels within the growing
tumorous mass. A paper from 2002 demonstrated that EVs rich in sphingomyelin
released from cancer cells could promote angiogenesis (Kim et al., 2002y.eldene
papers suggest that both protein and RNA species within the EVs could also play a part.
Cell lines derived from both renal cancer and leukaemia have been shown to produce
EVs that promote angiogenesis in endothelial cells (Chen et al., 2014; diakp
2012). The renal cancer cell derived EVs increased VEGF expression at both the mRNA
and protein levels by down regulating hepatocyte cell adhesion molecule (hepaCAM),
suggesting that the EVs contain a miRNA for the hepaGARNA (Chen et al., 2014).
The leukaemia derived EVs promoted angiogenesis via the activation of the proto
oncogene tyrosine protein kinase (Src) possibly indicating the presence of a Src binding

kinase in these EVs (Mineo et al., 2012).

Cancers are characterised by rapid repbeoathis accelerated growth frequently
leads to hypoxia as the growing cancer becomes too large for local vasculature to
maintain. In a recent study researchers cultured hypoxia resistant multiple myeloma
cells in a state of permanent hypoxia, they fotlvad these cells produced a greater

number of EVs than the parent cell line in similar conditions (Umezu et al., 2014). They
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went on to demonstrate that these EVs contained significant quantities-af3%iR

which targets the factor inhibiting hypoxiaduncible factor 1 (FIHL) and was shown to
suppress this protein in endothelial cells. This action resulted in an increase in the
formation of endothelial tubes (Umezu et al., 2014). A particularly fascinating paper
released in 2008 describes a novel wawlch EVs can contribute to angiogenesis. In
a glioma model they demonstrated that the EVs can transfer an oncogenic mutated
version of the EGFRhis mutant version is associated with aggressive brain tumours
but only a small percentage of cells may esgrthis receptor (Aledawi et al., 2008)
those cells that do express it are shown to t
arrival of this oncogenic receptor changes the regulation of genes under its control
promoting angiogenesis. Given that thisblem is common to many, if not all cancer
types, it is likely that similarly capable EVs can be produced by other cancer cell lines
under these conditions. Howeyieis worth noting that there are some studies that
show EVs inhibiting angiogenesi®ne study showdthat miR29a andniR-29¢

transferred by EVs inhitétdangiogenesis in a gastric cancer mddélang et al., 2016)
The weakness of this study is that it uses overexpression e28sRnd c in HEK293T
cells to produce EVs carrying miB9a and miR-29c which are then transferred to

gastric cancer cells. Whilst there may be some of these RNA spen@seéngineered

EVs in the TME it may not be present in sufficient quantities to drive these changes.

1.6.2.2.2. Immune evasion and suppression
As discusse previously, cancer cell EVs provide a range of tactics for immune
activation. Perhaps characteristically, other tumour vesicle types have been shown to

have immunesuppressive roles; melanoma and colorectal cancer cell derived EVs
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contain the death ligats: factor related apoptosis ligand (FasL) and TNF related

apoptosis inducing ligand (TRAIL) which can trigger the apoptotic death of activated T
cells (Andreola et al., 2002; Huber et al., 2005). Ovarian tumour derived EVs can also
impair T cell receptosignalling through down regulation of CB3 chai n expres
impairing T cell mediated immune functions (Taylor et al., 2003). In mice with-OVA
expressing tumours the immune responses could be suppressed by MHC class Il bearing

EVs produced by the tumouelts (Yang et al., 2012).

Lymphobl astoid cell l i nes were al so sh
Fas ligand and bearing the MHC class Il allowing them to reduce T cell resjpgnses
inducing apoptosis in these celldinker et al., 2014). A suter approach is adopted by
prostate cancer cell lines, which produce EVs bearing ligands for the NKG2D receptor
on their surface allowing them to dowegulate NKG2D and its cytotoxic response in
natural killer cells and CD8+ T Cells in a dose dependestitibn (Lundholm et al.,

2014). In cervical cancgEVs are produced bearing ectonucleotidases, which hydrolyse
adenosine phosphates to release adenosine, these can then suppress the proliferation and
activation of cytotoxic CD8+ T celi® vitro by prodution of large amounts of

adenosine (de Lourdes Me@arcia et al., 2016). Another recent paper demonstrates a
similar ability in leukaemia but again one mediated by a different mechanisinis

case EVs produced by leukaemia cells carry both the taypootem and a range of

MiRNA which activate nuclear factor kappaB@MB) and cause an i nc
induction ofapoptoticmarkers (ElSaghir et al., 2016). The range of mechanisms used

by cancer cell derived EVs to reach the same objective is axsgght into the extent of

cancers exploitation of this system.
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1.6.2.2.3. Suppression of apoptosis

Like immune evasion the bypassing or prevention of apoptosis is another
necessary step for a developing tumdixtracellular survivin is a potent apoptosis
inhibitor and has been shown to be released in EVs produced by HeLa cells following
irradiation to trigger a stress response (Khan et al., 2009). Bladder cancer cell lines were
shown to produce EVs capable of inhibiting apoptosis in a more complex fashion, they
upreagulated synthesis of B cell lymphoma 2 (3land cyclin D1 whilst reducing the
levels of Bax and caspase 3 suggesting a mixture of mMRNA and miRNA for the affected
proteins being present in the EVs (Yang et al., 2013). It is worth considering that these
responses are likely to be triggered by stress stimuli like hypoxia and that the
production of proteins such as survivin will be critical to the survival of the producing
cell. The release of this havdon advantage into the extracellular space in EVs seems
like a waste of work by the celhoweverthe picture is not as simple as one cell, or a
small group, of them fighting to avoid apoptosis. Cancer cells will produce a range of
different EVs creating a communal pool for all cells in the surrounding a@Ecess
Some of these EVs wil/| be Areservedod or target

a premade source of survivin or other urgently required molecules for all cells to utilise.

When EVs released from CD133+ breast cancer cells are taksnrapeptor
positivecells the proliferation of these cells is increased and apoptosis following
doxorubicin treatment is suppressed. However, the sffi@ewas notobserved after
uptakeof CD133 cells indicating a change in packaging of EVs in theed#ifit breast
cancer cell lines (Shi et al., 2015). Recent data appears to show that this aspect of EVs
contribution to cancer is driven by exchanging EVs between the stromal and cancer

cells. Experiments with an osteosarcoma model show EVs from mesendtgmal
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cells that have been exposed to stress caused osteosarcoma cells to become more
resistant to apoptosis. Further experiments showed that these EVs transfer miRNA
which regulate the expression of PTK2 a versatiereceptoityrosine kinase with

rolesin cell cycle progression proliferation and apoptosis (Vallabhaneni et al., 2016).
There are other examples of the signalling going in the opposite direction, EVs
produced by various cancer cell lines have all been shown to activate the mitogen
activatedprotein kinase (MAPK) pathway in monocytes which improves their survival

in inflammatory conditions (Song et al., 2016). What these recent revelations suggest is
that there is a reciprocal relationship between the stromal cells and the cancer cells to
keepeach other alive in the face of changing conditions to suppoldrlygerm

development of tumour.

1.6.2.2.4. Activation of stromal cells

EV exchange between the cancerous andaameerous cells of a TME is not just
used to keep cells alive. Cancer cells havenlsdb®wn to produce EVs that activate or
differentiate the surrounding narancerous stromal cellsy the case of fibroblasts this
activation is particularly useful to the developing tumour. A single dose of EVs from
prostate cancer cells was able to tfarra bone marrow mesenchymal stem cells or
patient fibroblasts into myofibroblasts (Chowdhetyal., 2015; Webber et al., 2015).
These USMA positive cells we-AdHGRBamkn t o s¢
MMP1,3 and 13which enable fibroblasts to drive tumour angiogenesis, proliferation
and invasion respectively (Chowdhury et al., 201t5vasdemonstrated that fraction
of the total <cellular TGFb was | ocalized

enabled them to drive the myofibroblastic differentiation upon uptake.
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When cellsvere treatedvi t h a si mi |l ar doseeoefls sol ubl e TG
were seen to differentiate intoorphologicallysimilar myofibroblastsput those cells
were unable to promote angiogenesis or tumour proliferation (Webber et al., 2015) in
the same way as t hose aThbssuggests thatéhdelweryeV del i ver
of TGFb to cells via EVs is either targeted t
popul ation or that because the TGFb is delive
in the receptor cell is modified thereby allowing it to secret the beakfiroteins in
sufficient quantitieslt was previoushd e monstr at ed t hat the TGFDb i s
in EVs from every prostate cancer cell line nor is it enclosed within the EVs but bound
to their surface by betaglycan (Webber et al., 2010). Inr@ mecent publicatiort was
shownt hat the ability of the EV tethered TGFb t
presence of heparan sulphate chains on the surface of th@\EWker et al., 2015).
What is interesting about this data is it illustratesitiq@ortance and potential
complexity of the relatively unstudied EV surface interaction with other cells and
proteins. With the large variatiaf heparan sulphate additions possible it is likely that

different chains result in a slightly different effefttloe protein on the target.

Recentlylarge oncosomes have also been shown to activate prostate fibroblasts
through AKT1 kinase activity which is specific to this class of EVs in the plasma of
prostate patients (Minciacchi et al., 20IMe uptake ofttese large oncosomes by
fibroblasts causes the AKT1 kinase to activate the MYC pathway allowing the
reprogramming of the cells. In a pancreatic cancer model a similar activation of
fibroblasts on EV uptake was shown to be mediated by EV delivered 5tifPang et

al., 2015). The fact this ability appears to be common to EVs produced by different
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tumour types each of which uses different mechanisms to produce the same effect

reflects how beneficial the activated fibroblasts are to the developing tumour.

1.6.2.2.5. Invasion and metastasis

Metastasis is a complex series of events that contribute to cancer cells being able
to invade tissues as far as the bloodstream or lymplegselsaand then travel to a new
site and propagate again. This process can be broken d@nanoimber of required
phases many of which EVs have been shown to facilitate. The first step is the
breakdown of the extracellular matrix freeing space for cells to ninth cancer cells
and neighbouring stromal cells have been shown to produce EM®titain high
levels of various protease enzymes involved in the degradation -cketednd cel
matrix junctions (Shimoda and Khokha, 2013). These include the matrix
metalloproteinase MMP14 which is normally a membsaoend protein, research has
shownthis can be released from the cells on vesicle membranes allowing them to access

membranes the cell cannot reach (Hakulinen et al., 2008).

Following the breakdown of cellulgunctions,the cancer cells need to be able to
cross the weakened extracellulaatrix requiring dramatic reorganization of the
cytoskeleton, something that EVs produced by breast cancer cells have been observed
doing (Wang et al., 2014). In another study in breast caB¥srcontaining miRr00
family microRNA were shown to transfdrese to nommetastatic cells which led to
them acquiring metastatic potential (Le et al., 2014). The 20Rfamily regulates
epitheliatmesenchymal transition (Yuan et al., 2014) a process where epithelial cells

become less adherent and more capabheigfation and one that is considered to be an
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essential part of the metastatic process. Experiments in bladder cancer have identified
several othemiRNAs that are abundant in the EVs produced by the cells including
mMiR-23B, miR224 and miR291. Further imestigations have shown that blocking

vesicle release by inactivation of Rab27B blocked the acquisition of metastatic
properties (Ostenfeld et al., 2014). The interesting thing about this experiment is that the
MiRNA in question are tumour suppressimge groups hypothesis is that in order to
progress to metastasis the tumour must remove these using the vesicle export system.
Obviously, this doesné6ét explain how EVs gener
generation of metastatic traits. Howeverawt does reveal is the intricacies of this

system, EVs containing these unwanted molecules must end up somewhere, the
guestion of where they are going and how they are directed there is an important one for

the future.

An alternative strategy has be#gemonstrated in a different breast cancer model,
working with cancer models in orthotopic mice a group has shown that fibroblasts
release EVs that cause the mobilization of \Manar cell polarity signalling in the
cancer cells driving metastasis (Lugakt 2012). This is a fascinating revelation
particularly as it was identified in a live animal model, but it is unlikely to be the whole
story. It is highly probable that before fibroblasts release such EVs they must be
reprogrammed by the cancer cefiessibly by EVs which they have produced first. A
more recent paper has identified something similar in a pancreatic cancer model
However in this model they used CAFs in culture as opposed to an animal model. They
showed that these EVs containing a carpf annexin 6 LDL receptor related protein
and thrombospondin 1 (TSP1) which can only form in the CAFs is necessary for the

cancer cells to develop the invasive properties (Leca et al., 2016).
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EVs inherent stability in the bloodstream means they cchrdistant targets.
This means they can potentially travel ahead of detached cancer cells and prepare the
ground for their arrival. This is the #fAs:i
controversial one. Experiments in mice models have shioatrEVs released by
melanoma cells are targeted to the lymph nodes and trigger changes in extracellular
matrix deposition and vascular proliferation, along with changes that help recruit the
melanoma cells (Hood et al., 2011). Such EVs are likely tmberon to other cancers
too particularly those with preferential metastatic destinations like breast and prostate
cancers. A recergstudyshowed this to be partially true in metastatic osteosarcoma cells,
they produced EVs which not only preferentially lkisxd to the lungs, a major site of
osteosarcoma metastases, but were also capable of increasing metastatic behaviour in
poorly metastatic clones (Macklin et al., 2016). These EVs contain a range of proteins
with roles in processes essential for metas{daklin et al., 2016)Another group
has also focused on the protein contents of EVs in relation to metastasis identifying
EGFlike repeat and discoidinlike domaircontaining protein 3 (EDIL3) as being

critical for the acquisition of invasive propeiof breast cancer cells and accelerating

lung metastasim vivo (Lee et al., 2016)

1.6.2.2.6. Drug resistance
The final major role these EVs can serve in cancers is supporting drug resistance.
This can be acquired through a variety of mechanisms and EVs hawvsHhugen to
both directly play a role in the resistance and act to transfer this resistance through the

tumour environment. Studies in platinum resistant ovarian cancer cells have shown that
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in response to cisplatin treatment cells dramatically increaseptioeluction and

release of EVs and the EVs contain high concentrations of cisplatin (Safaei et al., 2005).
It is assumed that these EVs are designed to take the cisplatonemay trip

possibly to be removed in the urine. Such a mechanism couleégenpin other cancer

cells as a response to other drugs but has not yet been seen. Another method of EVs
aiding in resistance is seen with tr@ibodybasedHerceptin (trastuzumabiiuman

epidermal growth factor receptor 2 (HERR overexpressing tumouelt lines have been

shown to release EVs with a full length and active form of the -BEkblecule on their
surface capable of binding the trastuzumab in place of the target cells (Ciravolo et al.,
2012). Al though it has n &mentg elntbodybasesr wi t h

therapies will be vulnerable to a similar mechanism.

Vesicle transfer has been shown to confer resistance across a population in several
models to date. In prostate cancer docetaxel resistant cells can transfer resistathce to bo
docetaxel and doxorubicin sensitive celllisis thought to be via transfer of the
multidrug resistance protein 1 (MBR/P-glycoprotein (PGP) transporter (Corcoran et
al., 2012). Vesicle mediated transfer of docetaxel resistance has also beehistudie
breast cancer models with one group implicating the transfer of miRNAs notably miR
100 miR222 and miR30a. Interestingly one of the pathwdksese miRNAsare
involved in is membrane vesiculation (G. Chen et al., 2014; Mineo et al., 2012). The
implication of this is that increased vesicle production is involved in the resistance to
the drug in a similar fashion to ovarian cancer cells and cisplatin. The same group has
also identified the vesiclmediated transfer of-BP transporter to sensitive cedls a
mechanism of conferring resistance (Lv et al., 202&Hs a membrane protein

transporter capable of transporting drugs rapidly out of the cell.
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Transfer of resistance is not just limited to caricerancer cell transfers. Normal
cells have been skvn to gift cancer cells with resistance through vesicular transfer of
mMiRNA and proteins. In a model using multiple myeloma cells and bone marrow
stromal cells EVs produced by the stromal cells promoted several pathways including
p38, p53, protein kinad® (AKT) and c¢Jun Nterminal kinase, all of which are linked
to survival (Wang et al., 2014). The group offers three possible explanations for this
effect: the presence of ligands for aapioptotic pathways on the surface of the EVs, the
presence of wholeeceptors for these pathways in EVs, or the direct transfer of
transcription factors miRNA or mRNA for pigurvival genes by EVs. This latter
method is used by mesenchymal stem cells to transfer functionahiéfl to
glioblastoma cells (Munoz et al.023), which causes the miRsuppression of-BP to

be reversed allowing the transporters to exfarozolomide

In situations like this where the surrounding normal cells are delivering essential
components to cancer cells it is likely that a curreatigeen transfer occurs from the
cancer cells to the normal cells first. This transfer would change vesicle production in
the normal cell altering the contents and any targeting on the surface along with the
number produced to meet the demands of the caetls. It is also probable that the
components being transferred by normal cells are produced in higher quantities or are
not possible for the cancer cells to produce themselves. A recent publication reveals data
that shows transformed fibroblasts canrémstant to gemcitabine and can transfer this
resistance to the cancer cells by increaging finger protein SNAIL (Snail) expression
(Richards et al., 2016). CAFs are dramatically altered in comparison to normal
fibroblasts and part of this alteratiomay include changes to vesicle secretisns seen

in the differentiation of stem cells monocytes and ralancer cells.n amodel of
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differentiating stem cells and monocytes where the differentiated cells were seen to
release EVs containing 4343 praeins which could activate dermal fibroblasts (Median
and Ghahray., 2010). Experiments in cobancer cell lines showed treatment with
sodium butyrate increased EV release (Lucchetti et al., 20id/)hese EVs had

different phenotypic effects on recipterells A study published this year identified the
transfer of miR21 from CAFs and cancer associated adipocytes. The2thiR

transferred can confer paclitaxel resistance on binding to apoptotic protease activating
factor 1 (APAF1) (Au Yeung et al., 201&)s with the CAFs it is likely that the cancer
associated adipocytes are altered from their normal form in ways that change EV

production.

1.6.2.2.7. Extracellular vesicles and oral cancer

To date theres a limited number of studies focusing on the EVs produced or
found in oral cancer. One focus of these studies is the diagnostic/prognostic potential of
the EVs, having identified mi#2246 and miR21 as potential markers of oral cancer
(Takeshita et al., 2013; Tanaka et al., 2013). These biomarker discovery saveies h
also focused on saliva as a source of EVs (Iwai et al., 2016; Yap et al., 2016 Kawahara
et al., 2016 and Winck et al., 2015) with saliva being an abundant and available biofluid
in contact with oral cancer it is a logical source of EV based biomaskgrsup in
China has investigated the role of what they term circulating microparticles in
promoting angiogenesis in oral cancer (Ren et al., 2016), these are pellet@d@ixg0
from the blood of patients with oral cancer. Whilst these are unlikellf bee from a
cancerous cell they were capable of promoting human umbilical vein endothelial cells to

form tubules and proliferate. gtudydemonstrated that EVs from oral cancer cells
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could activate MAPK/ERK and JNK/2 pathwaysn vitro which promoted

proliferation and migration of oral cancer cells (Sento et al., 2016). Perhaps the most
interesting discovery in this paper is that fact that the ability of EVs to drive these
changes could be blocked by continuous heparin treatment of the cells. Therteatm
with heparin delayed the uptake of the EVs significantly for four hours after which time
the vesicle uptake resumed as normal. HepsugphateproteoglycangHSPGs)are

thought to function as receptors for cancer cell derived EVs on the target cells
(Christianson et al., 2013) making it a desirable focus of research for potential clinical

applications.

1.7.Future challenges

Research into EV signalling over the past decade has begun to create a map of
interactions occurring in both normal conditions andrth disease. New interactions
between EVs and celige being frequently identifie@hdwhat is obvious is that these
EVs represent an extremely powerful and versatile system involved in a huge number of
processes, including unexpected ones like interspeommunication (Mu et al.,
2014). Our increasing understanding=-mediated signalling in the cancer
microenvironment offers a new range of therapeutic options and strategies to be
explored. If the signalling can be disrupteénsome of the advangas it brings to a
cancemwill be lost, either enabling the a t | immunhessystem to clear out the cancer
or increasing the efficacy of existing chemotherapeutics. There is also the possibility of
utilising vesicle signalling to deliver drugs and severaimising combinations are
being exploredn vitro. One group has developed a technique that enables them to

create EVs with specific contents and targets that can deliver therapeutic SiRNA against
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Al zhei mer 6s di sease i n mmnueogenicity ((Alvarez gh speci fi

Erviti et al., 2011; Cooper et al., 2014). Although in its infancy the potential of this
system is huge and could become a key therapeutic strategy within the next decade.
There is also interest in using EVs as a source of biomsabio¢h for diagnosis and
prognosis with EVs found in urine or blood replacing more invasive biofstesome
Diagnostics are currentlyorking on introducing a microfluidics platform to remove

EVs from biofluids and analyse them quickly and cheaply. plaigorm could be

endlessly adaptable with EVs capable of giving information on various cancer types as

well as neurological disorders.

There are still several key challenges facing the field in the next few years. Firstly,
finding a robust extraction ¢anique that is capable of separating or distinguishing the
vesicle subclasses. This would allow standardisation of both research techniques and
terminology. It is currently expected that the exosome subclass has the greatest
biological impact and some e=rch has seemed to support this with the finding that the
larger microvesiclescontain no RNA (Crescitelli et al., 2013). However, the research is
still hampered by current extraction techniques and the overlapping size ranges of the
EVs. It is also impdant that universal quantification and purity scales are introduced,
there are a growing number of groups using innovative transfer experiments to elucidate
the effects EVs from one cell type can have on another cell type but without such
guantification ad purity measurements there is still the question of the dose of EVs
being biologically relevant and pure. A group in Cardiff has proposed using the ratio of
protein per particle as an indication of purity (Webber and Clayton, Z04i3)method
offers a smple way to obtain the purity of the EVs but does only allowpfotein

basedcontamination of the extractions.
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Although EVtbased therapy methods are currently undergoing clinical trials there
are very few papers that include information on the nurobENSs used to treat celty
animalswith many groups only using a weight of protein to give any indication of the
amount of EVs used. This is a deeply flawed measurement as EV preparations are very
variable in purity and not all the protein present & niajority of preparations will be

EV associated.

Another key area for the next decade of EV research is to try and unravel the
composition of the total population of EVs in a given microenvironment and the impact
this can have. There are also questgursounding the availability of the EVs: are all
EVs available for all cells or are some like those containing drugs prevented from
entering cells by some mechanism? Already an increasing amount of work is being done
on 3D multiple cell type models morédi thein vivo environment and this approach is
going to become essential to understanding the complexity of vesicular signalling
particularly in cancer research. As more details on the mechanisms that target proteins
and RNA to these EVs appears thert be an increase in the possible uses of EVs as a

therapy delivery system.

Four years ago, an editorial piece was submitted to the Bioessays journal
(Sverdlov, 2012) entitteA medeo Avogadrodés cry: What i s
author raised several key points that the EV field needed to address, notably the need for
a more robust system for quantifying exosomes than by weight of protein but also the
idea that miRNA trasfer by EVs causing behavioural changes may not be as simple as

first thought. The basis for his argument is that simple calculations of the number of
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MiRNA present in a tissue and the number of miRNA that could physically be within a
vesicle means thereeaanywhere between 200~ combinations of miRNA cargoes in
EVs. Because our current understanding of EVs has them existing as a heterogeneous
population it is statistically very unlikely therefore that a large enough pool of EVs with
the required miRIA to produce an effeetill exist or be separable from the mass of

other EVs in experiments.

Despite the weaknesses and outstanding questions posed by our current
understanding of the field, there have been many important and exciting revelations to
datke. Vesicle signalling has been shown to be a sophisticated and powerful mechanism
that all cells can make use of. It has been shown to drive progression of phenotypic
change allowing regulation of complex processes requiring the interaction of multiple
cell types. It has been shown to deliver information in multiple directions with high
specificity. With a potentially infinite number of combinations of cargoes and surface
components the circulatirgV population can be viewed like a communal Swiss army
knife, with different attachments contributed by different cell types at different points in
their life cycle. Each of the subsets or combinations of them can be used to perform a
particular task in response to external stimuli or changing conditions. Beidityre
available, this pool offers a lifeline in the form of a faster response to potentially fatal
changes like hypoxia, it allows advantageous mutations occurring in a single cell to be
rapidly shared amongst a growing population of cancer cells arféns olew routes

from therapeutic intervention and diagnostic tools.
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1.8. Hypothesis and Aims

The hypothesis for this study is that EV signalling between oral squamous cell
carcinoma (OSCC) cells and surrounding stromal tissues contributes to oral cancer
progression.To test this hypothesis the project will focus on four separate areas or
questions. Firstly, are vesicles released by oral cancer cells and do the physical
characteristics of these vesicles with respect to production rates, morphology or markers
change with tumour stagd@ethods for the isolation and characterisation of EVs from
the culture media of oral cancer cells will be optimised and used to count and size any
vesicles produced by cells representative of different stages of oral cancer. Tsamsmis
electron microscopy will be used to compare the morphology of any vesicles produced.
Western blotting for proteins marker identified in the literature will be carried out to
characterize both the potential origins of the vesicles as well as to [pdgert context

of vesicles purified in other published studies.

Secondly, wat are thggenomicandproteomiccontents of these vesicles and is
there any variation in these contents with tumour stalg® generation sequencing and
mass spectrometry teclgoies in combination with bioinformatics tools will be used to
identify the miRNA and protein contents of these vesicles and explore any changes with

disease stage.

Can the EVs produced by oral cancer deigaken up by neighbouring cells of
the tumoumicroenvironmenandlastly are the EVs capable of inducing any changes in
those cells7o study this signalling a fluorescenmgcroscopybasedechnique will be
used to visualise the uptake of oral cancer derived EVs by other cells of the tumour

microenvronment. Functional assays for behaviours beneficial to progression of a
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tumour will then be used to determine if the OSCC EVs are capable of effecting these

processes.
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2. Materials and methods

2.1.Materials
All chemicals were routinely purchased from ThernsbEr or Sigma. Cell culture

medium and supplements were purchased from Sigma, unless otherwise stated.

2.2.Cell lines and tissue culture
All cell lines were frozen or brought mycoplasma free and media from cell lines
was routinely sent for mycoplasma testihgpughout the project to ensure they

remained mycoplasma free.

2.2.1. OSCC cell line panel
A panel of cell lines was assembliedm those previously purchased from@C
and held in the lab (H357) or gifted by Professor Keith Hunter. These cells were
representatie of the stages of oral, specifically tongue, cancer: mild and severe

dysplasia, carcinoma and a metastatic deposit from a lymph node.

H357 was established from OSCC of the tongue frai#ywearold male patient
who smoked between the ages of 17 andrBe.carcinoma was a STNMP stage 1, well
differentiated, node negative tumour. This cell line was maintained in Dulbecco's
Modified EaglesMedium (DMEM) supplemented with 10% (v/v) FBS, 2 mM L
gl ut ami ne, 100 I .U./ mL peniioiCélswere and 50

passaged at 780% confluency.

The following cell lines were maintained in KGM mediuBMEM: F12 (3:1

viv)), 10% FBS,2mMig | ut ami ne, 100 I .U./ mL penici/l
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streptomycin.1.8 mM Adenine, 1.45¢1®M Hydrocortisone, 1&g/ml epidermal
growth factor, 16°M c hol er a t oirsulin andpasdages at #F89% ml

confluency.

D20 was established from a leukoplakia (a white lesion of the oral mucosa)
situated on the lateral tongue 0b@yearold non-smoking male and veafound to be

immortal after over a hundred passages.

D35 was established from an erythroleukoplakia (a red and wndnite
homogenoutesion of the oral mucosa) situated on the lateral tong@8-géarold

male smoker and was found to be immortal aftear@ hundred passages

B22 was established from the lymph node metastasis &8-gaarold smoking
male. The tumour originated in the tongue, was stage four, and well differentiated with

invasion of multiple nodes.

2.2.2. Stromal cell panel
OKF6 (ATCC) is anormal oral keratinocyte cell line that was immortalized by the
overexpression of hTERT (Dickson et al., 2000). This cell line was grown in defined

serum free keratinocyte growth medium (Gibco).

HMEC1(ATCC) is a human dermal microvascular endothelidlllces isolated
from human foreskins and immortalized by the addition of a pSVT vector containing

the Simian virus 40A gene product large T antigen. This cell line was grown in MCDB
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131 medium (Gibco) supplemented waimM L-glutaming 1.45x16¢ mM

Hydromrtisoneand10 ng/ml epidermal growth factor

Normal oral fibroblast{NOFs) were donated by healthy volunteers or NHS
patients according to University of Sheffield Ethics Approval 3463 or NHS Ethical
Approval 09/H1308/66, respectiveliable 2.1) NOFswere cultured in DMEM
supplemented with 10% (v/v) FBS, and 200mMglutamine. Cells were passaged at

70-80% confluency.

Name Gender | Age Site Smoking | Ethics
status type
DENFO008 | F 18 buccal NS University
NOF803 | M 45 buccal NS University
NOF804 | F 34 bucca NS University
NOF805 | F 28 buccal S University
NOF806 |F 26 buccal S University
NOF316 |F 22 gingival NS NHS
NOF319 | M 73 gingival NS NHS
NOF335 | M 47 gingival S NHS

Table 2.1Details of patient fibroblasts used during this project detailing age genmubing

status and site of the extraction.

2.2.3. Routine cell culture and maintenance
All cells were cultured in a 3T, 5% CQenvironment. Cell culture was carried

out inside a class 2 tissue culture hood to ensure sterility. Cells were cultured in
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approprate sized flasks or plates according to experimental demands. Upon reaching
70-80% confluency the medium wesmovedand cells washed twice with PBS before
being treated with trypsin EDTA solution at°@7for 5 min. Trypsin was neutralised by
the additiorof the appropriate FBS containing medium before centrifugation at 1000 x
g for 5 min in a benchop centrifuge (Harrier 18/80). The resultant pellet was re

suspended in the appropriate medium before reseeding at the required density.

2.2.4. Cell counting and ssling
Where a particular number of cells was required for an experiment, cells were
counted using a haemocytometer before reseedi
on a haemocytometer slide and the cells counted under a microSetipavith
anomalos morphologie®r those outside of the grid squares were not counted; the final
averaged count was multiplied by 10,000 to give the number of cells per ml of

suspension.

2.2.5. EV-depleted serum
For experiments requiring EV to be harvested from the culture medisicle
depleted serum was used when making the culture medium to avoid contamination with
bovine vesicles. Serum was depleted of vesicle contaminants by centrifugation at
100,000 xg, overnight at AC in a Beckman TLA100.3 angled rotor followed bysiilt

sterilisation with a 0.2 um syringe filter.

2.2.6. Preparation of whole cell lysate

Cells were cultured, as previously described, either in 6 well plates or T75 flasks
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to confluency before being placed on ice. Culture mediunrerasvedand the cells
washel twice with PBS before the addition of 1 ml 1x RIPA buffer containing complete
mini EDTA-free easy protease inhibitors (Roche). After 5 min cells were scraped and
the resulting suspension transferred to a microcentrifuge tube and clarified by
centrifugaton at 8000 x g for 10 min 4PC (Heraeus Fresco 17he supernatant was

transferred to a fresh tube and storedBatC.

2.2.7. Preparation of conditioned medium for tunable resistive pulse
sensing

To determine the vesicle production rate of each cell liaddthowing protocol
was developed. One million cells were seeded in a T25 flask and left to adhere
overnight. The medium was theemovedand the cells washed three times with PBS
before 2 ml of medium supplemented with 10% (v/v) EV depleted FBS wad adde
the cells incubated for 24 h. The conditioned medium was centrifuged as follows: 300 x
g 10 min, 3,000 x g 15 min and 10,000 x g 40 min. The medium was diluted 1/10 with
filtered PBST and filtered through a 0.2 um centrifugal filter unit (Millipgnedr to

analysis.

2.3.EV extraction and physical characterisation

2.3.1. ExoQuick extraction
Conditioned medium was centrifuged at 300§far 15 minutes to remove cell
debris, the supernatant was incubated overnigHfiGavith ExoQuick precipitation
reagent ah ratio of 1:5 (v/v). The mixture was centrifuged for 30 min at 1500 x g and

the supernatant removed. The pellet was washed with PBS and centrifuged at 1500 x g
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for 5 min to remove any excess precipitation reagent before besugpended in PBS.

2.3.2. Valadiet al extraction
The method of Valadi et al. (2007) was performetbisws. Conditioned
medium was centrifuged at 300 x g for 10 min to remove wtells. Celldebris and
large EVs were removed from the supernatant by centrifugation at 16,500 X5 for
min followed by filtration with a 0.22 pm filter. Small EVs were pelleted by
centrifugation at 100,000 x g for 90 min in a Beckman TLA100.3 angled rotor. The

pelleted EVs were then-suspended in PBS.

2.3.3. Théry et alextraction
The method of Théry et.a2006) was performed as follows. Conditioned
medium was centrifuged at 300 x g for 10 min to remove whole cells. Cell debris was
removed from the supernatant by centrifugation at 3,000 x g for 15 min. Large EVs and
small debris were removed by centriftiga at 10,000 x g for 40 min. Small EVs were
pelleted by centrifugation at 100,000 x g for 90 min in a Beckman TLA100.3 angled

rotor and then rguspended in PBS.

2.3.4. Hybrid protocol
A hybrid protocol was created to isolate EVs from small volumes of conddio
medium (up to 30 ml). The protocol uses a serial centrifugation approach adapted from
that described by Théry et al. (2006) and Valadi et al. (2007) with all steps being carried
out at £C. The medium was first centrifuged at 300 x g for 10 min to verhole
cells, the supernatant was then centrifuged for 15 min at 3,000 x g to remove cell debris.

The supernatant was thenagentrifuged at 10,000 x g for 40 min (Beckman Coulter
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Avanti J26 with a JA 12 conical rotor) and the supernatant filtered thra@gy2 pum

filter to remove any additional cell debris or large EVs before ultracentrifugation. The
filtered supernatant was centrifuged at 100,000 x g for 90 min in a Beckman TLA100.3
angled rotor to pellet the small EVs. The pellet was then washed bgditeon of 1 ml

of PBS and a second spin at 100,000 x g for 90 min to remove soluble protein
contaminants before 1®uspending in the appropriate buffer. EVs were typically
resuspended in PBS for storage2dPC and subsequent use in transfer experiment

RNA extraction, lysis buffer (RIPA Buffer containing 1x Complete mini Protease
inhibitors (Roche) and storage-80°C for western blots, or 2% PFA and storage®at 4

for electron microscopy.

2.3.5. Size exclusion chromatography

To isolate EVs from largarolumes of conditioned medium (above 30 ml) that
would yield the required amount of protein and RNA for mass spectrometry and small
RNA sequencing, size exclusion chromatography (SEC) was used as an alternative
method. Conditioned medium was prepared asipusly described. The medium was
processed by the following serial centrifugation steps: 3@€@x 10 min to remove
detached cells 3,000gor 15 min to remove cell debris and 10,000 for 40 min to
remove large EVs. The supernatant was concedtoen to a volume of <1 ml using
a Vivaspin 20 (100 kDa MW cut off) centrifugal device at 6,0@0 A SEC column was
prepared by allowing 15 ml of Sepharose-ZR (GE) slurry to settle under gravity in
an Econopack column (Biorad). A top bed support plased on the Sepharose column
and the ethanol removed by washing with 2 bed volumes of PBS. The concentrated

medium was allowed to enter tBepharose befotbe addition of PBS + 0.03% (v/v)
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Tween20 (PBST) to elute the column and twelve 0.5 ml fractivere taken.

2.3.5.1. Analysis of SEC fractions
SEC fractions were analysed for EV and soluble protein concentration by TRPS
using the gNano instrument (Izon) and BCA assays, respectively. For both small RNA
sequencing and mass spectrometry analysis a high yipld®fEVs was required. To
achieve this, SEC fractions containing abundant EVs, but low soluble protein were

pooled and EVs pelleted by centrifugation at 100,000 x g for 90 miiCat 4

2.3.6. EV quantification bytuneableresistive pulse sensing

EV concentratiorand size distribution were determinedtbgieableesistive
pulse sensinglRPS using a gNano instrument. Calibration was performed using
CPC100B calibration particles (Izon) with a modal diameter of 114 nm diluted 1/2000
(v/v) in PBST. EV samples werduted 1/10 (v/v) in PBST and then filtered through a
0.2 em centrifugal uni t . EV and calibration s
NP100 nanopore with the same settings for voltage, nanopore stretch and pressure.
Settings were chosen that gave an optmsgparation of particles from the background
noise and a constant flow rate of particles. Runs were recorded for 200 particles or 2

min whichever came first.

2.3.7. Electron Microscopyf EV samples

2.3.7.1. Preparation of solutions

2.3.7.1.1. 2% and 4%N/V Paraformaldehyde

2 or4 g of paraformaldehyde powder (BDH Chemicals) were dissolved ml90
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of 0.1M sodium phosphate buffer by heating té®5vhilst stirring. If necessary drops
of 1M NaOH were added until the solution became clear. The solution was made up to
100ml with 0.1 M sodium phosphate buffer cooled and filtered. Aliquots were stored at

-20°C.

2.3.7.1.2. 4% W/V Uranyl Acetate
2 g of uranyl acet® powder (Agar Scientific) wadissolved in 50nl distilled

water and stored in the dark &4

2.3.7.1.3. Uranyl Oxalate
4% (w/v) uranyl aetate was mixed with 0.18 Oxalic acid (Sigma) (0.94§ in

50 ml distilled water) in a 1:1 ratio and stored in the dark’at 4

2.3.7.1.4. Methyl Cellulose
196 ml of distilled water was heated to 90°C and 4 g methyl cellulose added
(Sigma,25 centipoise, M6385) whilst stirring. This suspension was rapidly cooled on
ice whilststirring until the solution had reached 10°C. The solution was left overnight at
4AC with the stirrer on | ow themwasimadet t o
to final volume of 20 ml in distilled water before centrifugatidar 95 min at 100,000

x g, 4°C and the supernatant stored for up to 3 months at 4°C.
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2.3.7.2. Fixation

Samples were prepared for electron microscopy using the following method as
described by Théry et al. (2006) tafficare at all stages to keep the grids wet on the
membrane side and dry on the opposite side. EV pellets wesreire pended i n 50 ¢l
paraformal dehyde (PFA) fixative and placed on
the PFA suspended EVs were placatb a square of parafilm in a petri dish and a 200
mesh formvar coated grid was placed membrane side down on each drop using a pair of
forceps. Grids were then left for 20 min in a dry environment to allow adsorption. The
grids were then washed oncein®B by f |l oating them membrane sid
drop on the parafilm before being transferred

min.

2.3.7.3. Contrasting
Following the treatment with glutaraldehyde the grids were given 8 washes of 2
min each in distilledvater by flotation on drops on parafilm. After the wash steps the
grids were contrasted and embexdlateed first in a
solutions for 5 min and then for 10 min in a
4% Uranyl acetate &ation on ice. The grids were then gently blotted on Whatman no.1
filter paper to remove the excess liquid before being allowed to air dry prior to storage.

The grids were imaged using a Tecani Spirit G2 at 80 kV.

2.4. Protein Analysis

2.4.1. BCA Assay
Protein concemation wasestimatedy micro BCA assay using the following

technique. Bovine serum albumin (BSA) standards of known concentration (0 to 1
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mg/ml) were prepared in the same buffer as samples were made in. All samples were
tested in duplicate witrhd 1a0d deeld dfo eaorh cy:
of assay reagent (consisting of A and B solutions in a 50:1 ratio) was added to each

well. The plate was sealed with a plastic film cover added and incubated for 30 min at
37°C. Following theincubationthe absorbance waseasured at 540 nm on a Tecan

M200 plate reader. A standard curve was created by plotting absorbance values against
BSA concentrations and a polynomial equation used to determine the concentration of

samples.

2.4.2. SDSPAGE
12% Acrylamide gels were cast betwegass plates using the following

guantities to produce two gels.

dH20 4.3ml

40% Acrylamidg(37.5:1acrylamide: 3.0ml

bis-acrylamide)

pH 6.8 Tris Page SDS buffer 2.5ml
10% Ammonium persulfate 350l
Temed 5ul

Table 2.2 Reagents for two 1.6im acylamide resolving gels
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The resolving gel was overlaid with isopropanol and allowed to polymerise.

dH0 4.725ml

40% Acrylamidg(37.5:1acrylamide: 975ul

bis-acrylamidé

pH 6.8 Tris Page SDS buffer 2.1ml
10% Ammonium persulfate 100ul
Temed 17l

Table 2.3 Reagents for two 1.6m acrylamide stacking gels.

The stacking gel was poured on top of the set resolving gel and a sample comb was
inserted before allowing the gel to polymerise for 10 min. The comb was then removed

and each well washed owtth copious amounts of distilled water.

Samples volumes were equalisedhte lowest concentratidh0 €1 wi t h 1 X RI PA bu
(containing protease inhibitors) before the a
Diagnostic). The samples were themteel at 9%C for 5 min.Samples were separated

using either 12% polyacrylamide SB®\GE or precast-48% gradient gels (Biorad) in

Biorad tanks filled with 1X Running buffer (88 g Glycine, 10¥V SDS and 32 g Tris

Base in 1 L dH2O0) .ade@ifeachlwell@abngssda Pngrisian Plusa s | o
prestained protein ladder (Biorad) in the outside wells. Separation was performed at 150

V until the dye front had reached the bottom of the glass plates
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2.4.3. Western Blotting

2.4.3.1. iBlot transfer
Proteins separated byDS-PAGE were transferred using the iblot system (Life
Technologies). The gel was placed on top of the nitrocellulose membrane of the iblot
cathode. This was covered with filter paper-poaked in distilled water taking care to
remove all air bubbles. Thatack was completed by the addition of the anode and a

sponge. Proteins were transferred at 23 V for 6 min.

2.4.3.2. Biorad turbo blot transfer
Following SDSPAGE the gel was placed on the nitrocellulose membrane of a
pre-prepared stack. The sandwich was assentbdtie addition of the top layers and
bubbles removed. Proteins were transferred using an appropriate pregfanthe
thickness of gel. For 1.0 mm gel this was 28 V for 7 min and for 1.5 mm gels this was

28 V for 10 min.

2.4.3.3. Blocking and antibody incubation
The nitrocellulose membrane was blocked in 5% (w/v) skimmed milk in TBST (8 g
NaCl 0.2 g KCI 3 g Tris base in 11 dH20 and 0.1% Tw2epfor 1 h on a rocker
shaker. The membrane was incubated overnight on a rocker shaker with primary
antibody(table 2.4)diluted in blocking buffer, at®. Following incubation with the
primary antibody, the membrane was washed three times in TBST for 15 min and
incubated with the appropriate secondary antiealyle 2.5)diluted in blocking buffer
for 1 h at room tempenate. The membrane was washed three times with TBST for 5
min and placed in cling film. The two pgarof ECL substrate (Pierce) were mixed in a
1:1 ratio and 500 ¢l of the solution was

removed after a few seconds and the cling film was sealed before placing the membrane
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either in an xray cassette for exposure toxamay film and developing with an
automated processor (Xograph Compact X4) or imaged using a Licor scanner (Model

no 3600) on high quality 12 min scan.

Antibody (clone) Blocking buffer| Dilution | Manufacturer (Antibody
number)

Alix (1A12) mouse 5% milk in 1:200 | Santa Cruz (s63540)

monoclonal TBST

Annexin V (G20) goat 5% milk in 1:200 [ Santa Cruz (s&929)

polyclonal TBST

ADP ribosylation factor 6 5% milk in 1:200 | Santa Cruz (s€971)

(ARF6) (3A-1) mouse TBST

monoclonal

CD63 (H193) rabbit 5% milk in 1:200 | Santa Cruz (sc15363)

polyclonal TBST (This antibody was
discontinued in 2016)

CD63 (EPR5702) rabbit 5% milk in 1:500 | Abcam (ab134045) (This

monoclonal TBST antibody was brought in
2016 to replace the
discontinued Santa Cruz
antibody)
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Heat shock prain 70 (HSP70) 5% milk in 1:200 | Santa Cruz (s82239)
(3A3) mouse monoclonal TBST
Thrombospondin 1 (TSP1) [5% milk in 1:200 | Santa Cruz (s69887)
(A6.1) mouse monoclonal TBST
Vesicle associated membrang 5% milk in 1:200 | Santa Cruz (s¢8208)
protein 3 (VAMP3) (N12) goatf TBST
polyclonal
Alpha smooth muscle actin | 5% milk and [ 1:500 | Sigma (A2547)
(USMA) (1 A4) 2.5% bovine
monoclonal serum albumin

(BSA) in TBST
Horseradish peroxidase 2.5% BSAin | 1:20000{ Abcam (abc181602)
conjugated glyceraldehyde 3| TBST
phosphate dehydrogenase
(GAPDH) (EPR6254)abbit
monoclonal
Galectin 3 binding protein 2.5% BSA and | 1:500 | Abcam (ab67353)
(GAL3BP) mouse polyclonal | 5% milk in

TBST
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Major vault protein (MVP) 2.5% BSA and | 1:1000 | Abcam (ab2376)
(1032) Rabbit monoclonal 5% milk in

TBST

Eukaryotic elongation factor 2 2.5% BSA and | 1:10000| Abcam (ab75748)

(EEF) (EP880Y) rabbit 5% milk in
monoclonal TBST
Integrin alpha six (ITAG) 2.5% BSA and | 1:1000 | Abcam (ab181551)

(EPR18124) rabbit monoclon{ 5% milk in

TBST

Table 24 Details of manufacturers, dilutions and blocking buffers for all primary antibodies used

in western blotting experiments

Antibody Blocking buffer Dilution Manufacturer

Anti-mouse 5% milk in TBST | 1:3000 Cell Signalling
(New England

Biosciences)

Anti-rabbit 5% milk in TBST 1:3000 Cell Signalling
(New England

Biosciences)

Anti-goat 5% milk in TBST | 1:3000 Promocell

Table 25 Details of HRP conjugated secondary antibodies, blocking buffer, dilutions and

manufacturers used in western blot experiments
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2.4.4. ITRAQ 8 Plex

2.4.4.1. Sample collection
Conditionedmedumwas harvested from three confluent T175 flasks and EVs
isolated by SEC. Fractions®were pooled and EVs pelleted by centrifugation at
100,000 x g for 90 min. The pellet was then lysed in 50 pl of 1 M triethylammonium
bicarbonate (TEAB) (Sigma), pH 8.5 with 0.05% (w/v) SDS buffer and 0.05% (v/v)
Triton x 100 detergent on ice for 20 min. Samples were centrifuged at 10,000 x g for 20

min at #C and protein concentration was determined by BCA assay.

2.4.4.2. Isobaric tag labelling

Samples were normalised to the lowest concentration in 25 pul TEAB buffer.
Following this reduction of cysteine residues was carried out by addition of 2.5 pl 50
mM tris (2carboxyethyl) phosphine. After vortexing and briefly pulsing the samples in
a microluge they were incubated at°@0for one hour to break amjsulphidebonds in
the proteins. To prevent them from reforming, the samples were allowed to cool to room
temperature before alkylation with 1.25 ul of methyl methanethabeunlate and
incubation 6r 10 min at room temperature. Tryptic digestion was carried out by adding
0.25¢e g of p o rtothessamplesagdpogernight incubation &C3Bamples
were then labelled with ITRAQ reagents (ABSciex) as follows B22 with 117, D35 in
two technical rplicates with 118 and 119, and H357 with 121. TEielledsamples

were then combined, vacuum evaporated and stor2d’at.

2.4.4.3. High resolution hydrophilic interaction chromatography (HILIC)

Il niti al fractionation was cabionexed out
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UltiMate 3000 Autosampler linked to a flow manager and pump system (Thermo
Scientific, UK). Samples were+mispended in 120 uL Buffer A (3% ACN, 0.1% TFA)
and | oaded onto a HypercarbE Porous Graphitic
column (Gt no. 3500352130, ThermoFisher Scientific, UK) with the following
dimensions, 50 mm length, 2.1 mm diameter, particle size of 3 ym and a 250 A pore
size. The flow rate for loading and gradient separation was 0.2 mL/min. A gradient was
established usinBuffer A and Buffer B (97% ACN, 0.1% TFA) in the following
proportions 0% B (&b minutes), 6% B (56 minutes), 535% B (651 minutes), 35

45% B (5156 minutes), 4®0% B (5661 minutes), 90% B (666 minutes) followed

by re-equilibration at 0% B. Peptideactions were dried by centrifugal evaporation

using a Scanvac vacuum centrifuge (Labogene, Denmark) connected to a Vacuubrand
Vacuum Pump (Vacuubrand, Germany). The fractions were then recombined into 6

samples to run on the LMS/MS.

2.4.4.4. Reverse phase liid chromatography (RPLC) and liquid
chromatography tandem mass spectrometry (LC MS/MS) mass
spectrometric analysis
LC MS/MS was performed by nasilow liquid chromatography (U3000
RSLCnano, Thermo Scientific) coupled to a hybrid quadrupddgrap mass
spectrometer (Q Exactive HF, Thermo Scientific)RAQ labelledpeptides were
separated on an EaSpray Gs column (75 um x 50 cm) using as?ep gradient from
97% solvent A (0.1% formic acid in water) to 10% solvent B (0.08% formic acid in
80% acetroniite) over 5 min then 10% to 50% B over 75 min at 300 nL/min. The mass

spectrometer was used in data dependent acquisition mode with 10 product ion scans
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(resolution 15000, automatic gain contrél Baximum injection time 20 ms, isolation
window 1.2 Da, nomalised collision energy 32, intensity thresholcPpger full MS

scan (resolution 60000, automatic gain contfph@ximum injection time 100 ms).

2.4.4.5. Protein identification and relative quantification

ITRAQ ratios used for relative quantification wemrermined by applying an-4n
house data analysis pipeline (Ow et al., 2009). Fjistéyraw data was converted to
generic MGF peaklists via the mascot.dll embedded script (version 1.6 release no. 25)
in Analyst QS v. 1.1 (Applied Biosystems, Sciex; Ma®oience) with the option of
averaging the MS/MS spectra removed. The spectra charge deconvolution was disabled
around the i TRAQ r epornzeCentroideg datamverd 11 317 1 1 ¢
interrogated for identifications using arhouse Phenyx algoritheluster (binary
version 2.6; Genebio Geneva) at the ChELSI Institute, University of Sheffield-The 8
plex data were interrogated using the latest UniProt Human database with the following
modifications set ®lex iTRAQ mass shifts (+304 Da, K andt&fm), methylthiol (+46
Da, C) and oxidation of methionine (+16 Da, M).

Stringent mass tolerances of 0.4 Da on both MS and MS/MS were used along with
peptide level filters of @-score of 5.0 and pvalue significance of 0.0001 to filter the
hits. Phenyx proia scores were set using a tatalcore of 20. MS/MS peptides that
met these criteria were then used as the basis for calculations. In order to confirm
relativequantificationthe iTRAQ reporter intensities for these peptides were
referenced directly tthe centroided data provided in the MGF peaklists. Appropriate
isotopic and median corrections were applied to the reporter ions intensities to

compensate for systematic errors in the sample loading. Students tests with Bonferroni's
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multiple test correctio was performed on the corrected values to compare between the

different vesicle sources

2.4.5. Label freespectrometry

2.4.5.1. Sample collection
Conditionedmedumwas harvested from three confluent T175 flasks and EVs
isolated by SEC. Fractions®were pooled and\E pelleted by centrifugation at
100,000 x g for 90 min. The pellet was then resuspended in 50 pl of 50 mM ammonium
bicarbonate buffer prepared with HPLC grade water (Thermofisher) containing 0.1%

RapiGest (Waters). Sample protein concentration was detedrbly BCA assay.

2.4.5.2. Preparationof samples

Samples were normalised to the lowest concentration in 25 pl 50 mM ammonium
bicarbonate buffer. Following this reduction of cysteine residues was carried out by
addition of 2.5 pl 50 mM tris (Zarboxyethyl) phosphe. After vortexing and briefly
pulsing the samples in a microfuge they were incubated’@t 6@ one hourto break
anydisulphidebonds in the proteins. To prevent them from reforming the samples were
allowed to cool to room temperature before alkgiativith 1.25 ul of methyl
methanethiosulphonasand incubation for 10 min at room temperature. Tryptic digest
was carried out using sequencing grade trypsin (Promega) which was resuspended in
HPLC grade 50 mM ammonium bicarbonate and diluteath® ng/ulworking solution.
Each sample had 5 pl of this solution added to give a final ratio of trypsin to protein of
1:50 (for these samples this was 40 ng of trypsin to 2000 ng of protein). Samples were

incubated with the trypsin overnight at°@7
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2.4.5.3. RPLC and masspectrometric analysis

Samples were run using a reverse phase chromatography column with a 2 um
particle size giving pores of 100 A. The column was run with a flow rate of 0.3pl/min
increasing the concentration of buffer B 80% Acetonitrile, 0.1% v/v foauid in
water from 3% to 90% of the column volume. This creates a potential retention time of
between 5 and 105 min for proteins on the column. Fractions were analysed
individually using al05-minutedata dependent acquisition (DDA) method on a
QExactiveHF. The full MS scan was from 378500 m/z was acquired in the Orbitrap
at a resolution of 120,000 in profile mode. Subsequent fragmentation was Top 10 in the
HCD cell, with detection of ions in the Orbitrap using centroid mode, resolution 30,000.
The following MS method parameters were used: MS1, Automatic Gain Control (AGC)
target £ with a maximum injection time (IT) of 60 ms. MS2, Automatic Gain Control
(AGC) target 2, maximum injection time (IT) of 60 ms and isolation window 2 Da. The
intensity thresbld was 3.3, normalized collision energy 27, charge exclusion was set to
unassigned, 1, exclude isotopes was on, apex trigger deactivated. The peptide match

setting was preferred with dynamic exclusion of 20 seconds.

2.4.5.4. Processing data
Initial data processg was carried out by MaxQuant v1.5.3.30. Samples were
aligned against a human protein database. The following group specific parameters were
used: Type Standard Multiplicity 1 no labels. Trypsin digestion and label free analysis
were selected. Using théobal parameterghe methylthio addition was added to allow
for the changes caused to the protein structure by the reduction and alkylation reactions

detailed in the processing steps. Following this processing with MaxQuant data was
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imported into Perseusl.5.2.6 for further analysis. Once imported into Perseus
contaminants were removed from the list of samples, technical replicates were

combinedand the label free values converted to a Log2x score.

2.5.  RNA extractiorand analysis

2.5.1. MIRCURY RNA extraction kit

RNA was extracted from cells and EVs using the miRCURY RNA extraction kit
(Exigon). Cells or EV pellets were resuspended in 350 pl of lysis buffer and incubated
at room temperature for 5 min. The lysate was then transferred to an RNAse free
microcentrifug tube to which 200 ul of 100% ethanol was added. The tube was
vortexed for 10 seconds and the lysate/ethanol mixture was added to a spin column.
Lysate was centrifuged through the column at 3,56@ox 1 min and the flow through
discarded. The column wahen treated with 10 pl of DNasel in 70 ul of DTT buffer
(Qiagen). The DNase and buffer mixtuvereapplied directly to the membrane and left
for 15 min at room temperature. FollowibiNasetreatmentthe column was washed
three times with 400 pl of wasbuffer and centrifuged for 1 min at 14,00Q.After the
final wash the column was centrifuged for 2 min at 14,00Qodry the filter. The
column was then placed into an elution tube and 50 pl of elution buffer added directly
to the filter. RNA was leited by centrifugation for 2 min at 200pand then 1 min at
14,000 xg. Extracted RNA was typically quantified on a NanoDrop spectrophotometer

(Nanodrop 1000, Thermoscientific) and storeeBatC.

2.5.2. Measuring of RNA concentration using Agilent Bioarzally

Prior to small RNA sequencing analysis RNA concentration was determined by
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Bioanalyzer (Agilent). Reagents were allowed to equilibrate to room temperature for 30
min, 9 ul of gel dye mix was added to the Picochip and the plunger depressed for 60 s
befae being released. 9 ul of RNA conditioning solution and 5 ul of marker were added
to the appropriate wells. 1 ul of ladder and sample were added to the appropriate wells

and the chip inserted into the instrument.

2.5.3. Small RNA sequencing

EVs were purified bysEC and RNA extracted using the miRCURY KRNA
samples were submitted to Edinburgh Universities Clinical Research Facility for small
RNA sequencing. The RNA samples waralysedy Agilent Bioanalyzer using the
RNA 6000 Pico kit to assess the quaktyd integrity of total RNA and then quantified
using a Qubit 2.0 fluorometer and the Qubit RNA HS assay kit. These processes enabled
a standardised amount of RNA to be prepared for each sample. RNA was hybridized
and ligated before being reverse transaiinto cDNA. The cDNA was purified using
magnetic beads and then amplified with appropriate lon torrent adaptors and barcodes
for 18 cycles of PCR before being purified. The library yields were quantified and
assessed for quality using the Qubit 2.0 flosier and a Bioanalyzer running the
appropriate DNA kits. Libraries were combined in equimolar amounts for template
preparation before sequencing on the lon Proton instrument with a P1 v3 chip.
Additionally, a smallRNA analysis plug in was run, this alignisEroRNA reads against
databases of known mature miRNA and unmapped reads against the whole genome to

identify other RNA molecules.
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2.5.4. Quantitve reattime PCR
2.5.4.1. TagMan gPCR

2.5.4.1.1. cDNA Synthesis

cDNA was prepared from extracted RNA using a TagMan reverse tramstiifit
(Applied Bioscience). Reverse transcription master mix was first assembled on ice (0.15
Ol of 100mM dNTPs, 1.00 Ol MultiScribeE Rever
Reverse Transcription Buffer, 0.19 pl RNase Inhibitor 20 U/ul and 4.16pledsel free
water.) This was then combined with between 1 and 10 ng of RNAin a 7 pl:5 pl ratio in
a PCR tube for each reaction, 3 pl of 5X RT primer was then added to the tube before a
5 min incubation on ice. Samples were then treated to the followingapnogin a
thermal cycler: 30 min at 26, 30 min at 4ZC, and 5 min at 8&. The cDNA produced

was stored at20°C prior to being used for qPCR.

2.5.4.1.2. Preamplification of RNA samples

Because some of the sequences were present in very low quantities a
preamplifcationwork flow (Applied Biosystems) was used with some of the miRNA
sequencing validation PCRs. The first step wa
sample 0.80l of 10X MegaplexE RT primers, 0.2
Mul t i scr i banBecripRasey0eSrulsl@X RT buffer, 0.9ul of 25mM Mg@.1pl
of 20U/ul RNase inhibitor and 0.2l of nuclease free water was combined in an RNase
free tube. The tubes were inverted and 4.5ul of the master mix added to 3 pl of
normalised RNA for each samplBubes were incubated on ice for 5 min before being
run with the following programein a PCR machine, 40 cycles of°@6for 2 min 42C

for 1 minute and 5 for 1 second. Samples were incubated &86r 5 min.
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Immediately following the RT reaction sphas were prepared for the pgenplification

step. For each sample 12.5 ul of 2X PreAmp master mix was combined with 2.5 pl of
10x PreAmp primers and 7.5 pl of nuclease free water. The primers used were the
Human Pool A Megapl!l ex EgtReltubgsrand ® min imcubattoh t e r
on ice the RT reaction was run in a PCR machine with the following settif@d@5

10 min 55C for 2 min and 7ZC for 2 min. Followed by 12 cycles of @5 for 15

seconds and 8GQ for 4 min, 10 min incubation at 99®wasused to inactivate the

enzyme. Samples were stored2®°C prior to use in gPCR reactions.

254.13. gPCR

cDNA samples were analysed using a TagMan RTgPCR kit (Life Technologies).
Sufficient master mix was assembled to allow for each sample ro@cG@NA
containng control to be run in duplicate. Master mix was assembled using the following
proportions per well: 0.5 pl TagMan Small RNA assay 2@klé 2.9, containing the
primers and fluorescent probes specific for sequence of the species required), 5ul of
TagMan universal PCR Master mix Il (2x) (with no Uradllglycosylase(UNG)) and
4ul of nuclease free water. 0.5 pl of cDNA was then added to 9.5ul of master mix per

well of 96 well gPCR plate for each reaction.

After the addition of the cDNA the plate was seband briefly centrifuged for 2
min at 1000 >g (Sorval Legend XT) before loading into the gPCR machine (7900 HT
Fast Real Time PCR system). Plates were then run with the following prognasmg
the FAM fluorophore and a standard run mode: 2 min & &ensure no UNG

activity, 10 min at 9%C to activate the polymerase enzyme and the 40 cycleS©f 95
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for 15 seconds to denature the strands afi@ & 60 seconds to extend and anneal the

strands.

Target Thermo fisher assay ID
Let-7a5p 000377

miR-19%:-3p 002304

miR-29b-3p 000413

Table 2.6 ID numbers faragMansmall RNA assays used to validate lonTorrent sequencing data

2.5.4.2. Sybr GreengPCR

2.5.4.2.1. cDNA Synthesis
cDNA was prepared from extracted RNA using a High capacity reverse
transcription kit (Applied Bioseince). Reverse transcription master mix was first

assembled on ice (0.80l of 100mM dNTPs,

1.

50 U/ OI, 2.0 Ol 10x Reverse Transcription

10x RT random primers and 3.2ul Nudedree water.) This was then combined with
between 1 and 10 ng of RNA in a 10 ul:5pl ratio in a PCR tube for each reaction.
Samples were then treated to the following prognaim a thermal cycler: 10 min at
25°C, 120 min at 3%C, and 5 min at 8&. The ®NA produced was stored €(°C

prior to being used for gPCR.

2.54.2.2. gPCR
cDNA samples were analysed using a SYBR Green RTgPCR kit (Life
Technologies). Sufficient master mix was assembled to allow for each sample and a
non-cDNA containing control to be run in dlicate. Master Mix was assembled using
the following proportions per well: 0.25 pl of forward primer and 0.25 pl of reverse

primer 5 pl of SYBR Green universal PCR Master Mix Il (2x) and 4 ul of nuclease free
92
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water. 0.5ul of cDNA was then added to 9.5fimaster mix per well of 96 well g°PCR
plate for each reactiofrimers listed in tablg.7.

After the addition of the cDNA the plate was sealed and briefly centrifuged for 2
min at 1000 >g (Sorval Legend XT) before loading into the gPCR machine (7900 HT
Fast Real Time PCR system). Plates were then run with the following progi@srC
for 10 min and then 40 cycles of%@5for 10 seconds to denature the strands af@ 60

for 15 seconds to extend and®@Zor 20 seconds to anneal the strands and acquire the

signal.

Primer Sequence

U6 Forward 56 CTCGCTTCGGCAGCA
U6 Reverse 56 AACGTTCACGAATTT
USMA Forwar d 560 GAAGAAGAGGACAGC
USMA Reverse 56 TCCCATTCCCACCAT

Table 27 List of SYBR greetpr i mer sequences for U6 asAla house

primers were ordered from Sigma Aldrich.

2.6. Cell treatments and assays

2.6.1. Fluorescent iraging ofEV mediated RNA transfer

2.6.2. Staining of extracellulagVs
EVs were extracted from the culture mediof cell lines as described previously
(section2.3.4and resuspended in 300 ¢l of PBS.
treated with two different stas using the following method. Cyto RNASelect (Life
Technologies) was used to st&W RNA, this cell permeable dye binds nucleic acids
but fluoresces strongly when bound to RNA with an absorption/emission maxima

490/530 nm, however when bound to DNA oalpits weak fluorescence. A1 mM
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working solution was made up in dimethyl sulf
the EVs for a final concentration of 0.1 mM. A cell permeable far red 5

Carboxyfluorescein diacetate succinimidyl ester isomer (Life Teches) which

binds covalently to primary amines in membrane proteins, was used to stain the

exosome membranes. The powder was rehydrated
working solution and 1 ¢l of this was added t
stained exosome solutions were wrapped in foil to protect them from light and

incubated at 3C for 30 min. Following this excess or unincorporated dye was removed

using a MW 3000 exosome spin column (Life Technologies). The column was first

rehydratedbylte addi ti on of 6 5n0ooretemperdtureAiBubatiennd a 15 m
before the addition of sample to the column it was centrifuged for 2 min at 750 x g to
remove any remaining interstitial fluid. Samples were loaded on the column and treated
to a secondpin to remove the excess dye. Vehicle controls were prepared by treating a

300 €1 aliquot of PBS to the same protocol

2.6.3. Cell treatment, fixing and mounting

Cells were plated on sterile coverslips in a 24 well plate using 20,000 cells in
vesicle free medi. These cells were left to adhere overnight before the addition of the
stained EVs. After this addition the cells were left for 1 hour in an incubator to allow
uptake of the EVs. Following this the media was removed and cells washed twice with
PBS. The wahed cells were fixed in 4% paraformaldehyde (PFA) for 10 min after
which the PBS was removed and the cover slips washed again in PBS. Slips were
mountedorc | ean gl ass slides using 8 €l of ProLong

Technologies) per cover slip and left to dry overnight. Completed slides were then
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imaged with a Zeiss Axioplan 2 fluorescence microscope.

2.6.4. Proliferation and viability assays

2.6.4.1. Cell seethg density optimisation

In order to optimise the seeding of cells in 96 well microplates for growth
experiments cells were seeded in wells of a 96 well plate at varying densities alongside
appropriate blanks in 90 ul of media. Cells were allowed to goo\®4 48 and 72 h. At
each time point cells were imaged again and then 10 pl of presto blue added and left to
incubate for an hour protected from light. Wells were then read using a Fluorstar plate
reader with absorbance at 570 nm. Following this thdgldge containingnedum
was removed and replaced with fresedum. The absorbance values were normalised

and then used to indicate the growth of the cells.

2.6.4.2. Live/dead cell staining

Cells were seeded at values determined by the density optimisatiagimexys in
triplicate in black walled clear bottom 96 well plates (Corning) in serum free media.
After serum starving for 24 h the media on the wells to be treated with EVs or a vehicle
control was replaced with the appropriate media supplemented witer2¥a £
minimise any growth promoting impact from thredum. The cells were then treated
with either 2000500Q 10000 or 200000 EVs per cell or the same volume of vesicle
free PBS per well for 24 and 48 h. The maximum ratio of 20000 EVs per cell cslls wa
determined from reverse calculating the number of EVs to cells used in the fluorescent
imaging of uptake experiments. Appropriate controls were prepared using phenol red

free DMEM supplemented with 10% FBS and by using cells treated with 70% methanol
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for 30 min to give wells where all or nearly all of the cells were alive or dead. Relative
numbers of live and dead cells were determined using a Life Technologies live dead
staining kit. This kit comprises of ethidium homodimk(EthD-1), which enters cedl

via the damaged membranes of dead cells and underg@dsld enhancement of
fluorescence when bound to nucleic acids, and calcein AM which is retained by live

cells and converted to the intensely fluorescent calcein by intracellular esterases.

After optimising dye concentration, cell number and incubation times. A solution
of 4 ym EthD1 and 2 um calcein AM was assembled from the supplied stock solutions;
the media on the cells was replaced with 100 ul of sterile PBS and a 100 pl of the dual
stain sdution was added to each well for 30 min. The plate was then read on a Tecan
M200 plate reader at 485/530 nm and 530/615 nm excitation/emission. Fluorescence
values were used to calculate the relative number of live and dead cells compared to the

control wells.

2.6.4.3. BRDU ELISA

Changes in cell proliferation following treatment with EVs was assessed using a
BRDU ELISA kit (Roche) this kit incorporates a labelled derivative of thymidine into
DNA during proliferation which can then be detected by an antibody gatgd to an
enzyme with a substrate that can produce a coloured product. Cells were seeded at
values determined by optimisation experiments in triplicate with both a blank and
background wells in a 96 well plate and left to adhere overnight. The cellsheare
changed to 100 pl serum free media overnight and treated with 20000 EVs/cell from the

four cancer cell lines or the same volume of serumrfregium theollowing morning.
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Treated cells were left to incubate for 48 h, at which point they were tneatediO pul

of BRDU labelling solution and the plate wrapped in foil to protect it from light and
returned to the incubator for 4 h. After 4 h the media was removed by tapping the plate
on top of a pad of paper towels. Cells were then fixed by the addft@®0 ul of

fixdenat to the wells and incubation for 30 min at room temperature. During this
incubation antBRDU-POD was diluted 1:100 in antibody dilution solution. The

fixative was removed by tapping off in the same was as before. Wells were tlied trea
with 100 pl of the antBRDU solution for 90 min at room temperature. After which

time the solution was removed and the wells washed three times with 1XPBS following
the final wash step 100 pl of substrate solution was added to the wells and left to
devel op for 15 min. ASOwasmaddddio each well dhdthes | o f

absorbance measured using a Fluorstar plate reader at a wavelength of 450nm.

2.6.5. Fibroblast activation

2.6.5.1. Treatment of fibroblasts
Fibroblasts were seeded at either 8000 per well2d well plate or 250000 cells
per well in a six well plate they were then serum starved for 24 h to synchronize the
cells and prevent activating effects from the serum. After 24 h they were treated with
either 20000 EVs from a cancer cell line 5 ng/mIFTB (R&D Systems UKpr the
same volume of serum freeedium Protein and RNA was harvested and used for

western blots or qPCR with USMA antibodi
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2.6.5.2. Imaging fibroblast activation bynmunofluorescese staining of
alpha smooth muscle acti IMB)

Eight thousand fibroblasts were seeded onto a sterile cover slip in a well of a 24
well plate and allowed to adhere overnight. The cells were then serum starved for 24 h
to minimise any impact of the serum before treatment with twenty thousangdtV
cell from one of the cancer cell lines for a further 24 h. After vesicle treatment the media
wasremovedand the cells were fixed by the addition of 100% methanol for 20 min at
room temperature. The cells were tipemmeabilizedy washing with 4nM sodium
deoxycholate before incubating them in 1 ml of sodium deoxycholate for 10 min at
room temperature. This buffer was then removed before the addition of 1 ml blocking
buffer of 2.5% BSA in 1x PBS, the plate was placed on a rocker at room température
1 hour. Following thisncubationa FI1 TC conjugated antibody for
monocl onal antibody to USMA (1 A4) Sigma) was
and added to the wells, the plate was wrapped in foil to protect the antibody from light
andreturned to the shaker for an hour. Finalye cover slips were washed three times
in PBS and mounted using prolong gold Antifade mounting medium (Life
Technologies) which was left to cure for at least 24 h before being imaged using a Zeiss

Axioplan fluorescent microscope.
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3. Optimisation of methods for purifying and storiBYy's from the culturenedum of

oral cancer cell lines

3.1.Introduction

Cell culture media are routinely supplemented with foetal bovine serum (FBS)
and whilst this acts as a goasusce of growth factors and nutrients allowing the cells
to be maintainech vitro, it also introduces animalerived contaminants that must be
considered during experimental design. In the case of experiments involving EVs, FBS
Is a source of unwanted bhoe EVs, which could interfere with downstream analysis of
cell culturederived EVs. Two methods papers (Théry et al., 2006 and Witwer et al.,
2013) stressed the necessity of either using EV depleted serum, offesggonditions
if the cells could be gmvn without serum, when harvesting EVs from cell culture
media. Recent studies have demonstrated how important this depletion step is when
performing analysis of RNA contents of EVs as some RNA found in FBS is
evolutionarily conserved and is indistinguibleafrom human transcripts (Shelke et al.,
2014; Wei et al., 2016). Depleting the serum of EVs is particularly important when
working with cell lines like the ones used in this project which cannot be grown in

serumfree conditions without affecting cellability.

Depleting serum of contaminating EVs can be performed by centrifugation of
either the serum or the medn containing the serum at 100,00@ for at least 18 h
(Hill et al., 2013). Alternatively, ENdepleted serum can be purchased commerchally.
recent article has raised considerable concerns that existing protocols for EV depletion

are not sufficient to prevent contamination with bovine RNA species. The authors go as
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far as to suggest some early findings that were considered breakthrougheidt
including some of their own work, could in fact just be the results of persisting bovine
contamination in culture as most bovine miRNA are 100% identical to their human
homologs because of a high degree of conservation among mammals (Tosar et al.
2017). The authors have also identified several other possible sources of this
contamination, including growth factors, extractiongdgincolumns and ambiguous
mapping. This is a particular problem with miR46miR-4448, miR3960, miR1248,
mMiR-1290,miR-574-5p and miR644b5p, these species are similar or identical to
regions within ncRNA like RNU2. The suggestion being that the quantitation of these
MiRNA is affected by the presence of fragments of the longer ncRNA within the library
(Tosar et al., @17). The article concludes with the bleak tone that while current EV
depletion approaches may not be good enough, the standard to which we should aspire,

completely RNA free culture, is beyond our ability to achieve at this time.

EV purification hasraditionally been achieved by serial centrifugation of either
culture media or biofluids. There are numerous subtle variations on this methodology in
the literature with additions of wash and filtration steps. Since the early 2000s
biotechnology companidsave begun to produce precipitation reagents aimed at
reducing the time taken to harvest EVs. Work by Clayton and Webber (2013) elegantly
demonstrated the extent of contamination witkpoecipitated proteins when using
different extraction techniques. Thentamination was highest when using a
precipitation reagent and lowest when using sucrose density gradient centrifugation. In
2014 a paper was published demonstrating that size exclusion chromatography could be
used to purify EVs from platelets (Bdingadt, 2014). The same group went on to work

with Izon to develop the gEV column, a column of Sepharose CL2b with a top and
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bottom bed support and a bed depth of 10 cm. Using todsens,it is possible to
separate EVs from soluble proteins. The columasaiso used to process samples with

large starting volumes of biofluid or culture medium.

Literature searches indicate no firm consensus from the field on methods for the
storage of EVs. A receifiternational Society for Extracellular VesicldSEV) position
paper stresses the importance of selecting appropriate storage buffers to prevent pH
changes during storage and freeze thawing cycles (Lener et al., 2015). It also mentions
that EV integrity is preserved better-a6°C and-80°C than at 4C. Howe\er, it only
cites 4 different publications (Kalra et
Sokolova et al., 2011) as evidence for this, indicating just how little published evidence

there is for appropriate storage protocols.

3.2. Aims and objeiives

The aims of this chapter were to determine the most appropriate techniques for the
purification of EVs produced by oral cancer cells for use in our laboratory. Once
optimised these protocols would be used to produce EV samples for all experimental
work performed as part of this PhD. During this optimisation, methods for depleting
FBS of bovine EVs were compared along with different methods for purifying EVs
from both low and high volumes of starting material. As future experiments would
possibly requie the longterm storage of EVs the impact of fredhawing stored EVs

was also assessed.
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3.3. Depletion of bovin&Vs from FBS

3.3.1. Centrifugation for 18 hours at 1@@0x g removes bovin&Vs
from FBS.
The particle counts of commercially available-&¥e serm and EVdepleted

serum made in house were compared to undepleted serum to determine which method
was most effective. Edepleted serum was purchased from SBI (catalogue number
EXO-FBS-50A-1) and used to make a standard DMEM culture medium (DMEM
supplemered with 10% (v/v) FBS, 1% (v/v)4Glutamine and 1% (v/v)
Penicillin/Streptomycin). FBS purchased from Gibco was centrifuged at 100§ x
18 h before being filter sterilisedith a 0.22 pm filterand used to supplement DMEM
culture medium with the saradditives. To compare the success of EV depletion

methods samples were analysed by TRPS using an NP100 nanopore (gNano, Izon).

Both the commercial serum and thehiouse EMdepleted serum show a reduction
of particle counts from 8.5x2@0 1.4x16 and1.65x10 respectively (figure 3.1).
Interestingly neither method reduces the particle count to zero. There was no significant
difference in particle counts between the commercially purchased serum and the serum
depleted of EVs in house. All the samplesibitisimilar size profiles (figure 3.2) with
the majority of EVs below 100 nm in diameter. There are a few larger particles detected
in the EMdepleted serum containing samples, particularly those depleted in house
(figure 3.2 B&C), possibly as a resultafgregation occurring during the depletion
techniques. As the gNano is not capable of determining the identity of particles passing
through the nanopore, electron microscopy was used to visualise the particles present in

the media.
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Overnight centrifugatin at 100000 x g reduces serum patrticle count
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Figure 3.1 Particle concentrations of tissue culture DMEM made with FBS from three
different sources. Unprocessed serum, EV free serum purchased from SBI Biosciences and serum
depleted in house by 100,000 x g centrifugation overnight (18 h). The serum was diluted to a final
concentration of 10% (v/v) in DMEM used for tissue culture. Supplemented DMEM was diluted 1
in 5 with filtered PBS containing 0.03% Twe&0 and run through@. 22 em centri f uga
unit. Samples were then analysed by TRPS using an NP100 nanbipeighouse and the SBI
EV free serum were both seen to have significantly fewer particles when tested Qsiegray
Anova with Tukeysnultiple test correctiom=2 technical replicatesrror bars representing SEM.

% = P <0.0001.
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Figure 3.2 Size distribution profiles of tissue culture DMEM made with FBS from three
different sources. Unprocessedwsar(A), EV free serum purchased from SBI Biosciences (B) and
serum depleted in house by 100,000 x g centrifugation overnight (18 h) (C). The serum was
diluted 1 in 10 with DMEM used for tissue culture, the DMEM plus FBS was then diluted 1 in 5
with fitered PBS containing 0.03% Tween 20 and run
Samples were then analysed using an NP100 nanopore on Izons gNano. EVs are predominantly
smaller than 100 nm in size for all three types of serum. Where the serum depletagddrwas
used, a few larger objects are detected around the 200 nmm2atkchnical replicatesrror bars

representing SEM.
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Overnight centrifugation at 100000 x g removes EV like structures from DMEM

Figure 3.3 TEM images of DMEM supplemented tidifferent serum types negatively

stained with uranyl formate. DMEM made with undepleted serum (image A) at low magnification
several clusters of vesicle like structures can be observed (marked with arrows). Image B is at a
higher magnification and showse of these clusters can be seen in the centre of the image
comprised of multiple EVs. DMEM made with SBI Biosciences serum (Image C) and serum
depleted of EVs in house (Image D) lack the clusters of small EVs observed in the DMEM with
unprocessed serubut a few larger (680 nm) vesicle like structures are observed (marked with
arrows) which is consistent with both the different particle concentrations and size distribution

profiles seen with gNano. Representative images from 2 experiments.
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As expeotd from the particle concentrations seen with the gNano, EVs are readily
visible in the DMEM supplemented with unprocessed serum even at low magnifications
(figure 3.3 A & B). These EVs appear to be quite small (less than 100 nm in size) and
cluster togetér in large clumps which are distinctly visible at lower magnification. This
is again consistent with the size profiles observed by the gNano, and the presence of the
clusters indicates the capability of these EVs to aggregate even when they have not been
subjected to the g forces experienced during the depletion steps. The large dense black
structure seen in imagdeare salt crystals formed during the staining process. Images of
DMEM containing the depleted sera do not show the clusters of small EVstpresen
the unprocessed samples (figure 3.3 C& D). There are a few larger vesicle like
structures present which are around 80 nm in size in the serum depleted in house. This
is consistent with the size distribution data from the gNano which showed 80 nm to be
the modal size of particles in this sample. Similar structures were found in the SBI
serum albeit slightly smaller in size which is again consistent with the data from the
gNano. As depleting the serum of EVs in house was similarly efficient to the method

used by SBI biosciences this method was used for future experiments.

3.4. Comparison of EV purification methods

Three different EV purification methods were compared in order to determine
which was the most efficient in our han@scoQuickreagent (SBI), aesial
centrifugation method from Théry et al (referred to as the Théry method) (Théry et al.,
2006) and a method with a filtration step from a paper published in 2007 (referred to as

the Valadi method) (Valadi et al., 2007). The two serial centrifugatiethaals or
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derivatives of them are widely used in the literature to purify EVs from cell culture
media and using Clayton and Webber ds part
have been shown to produce pure Edth low protein contaminatiofWWebberand

Clayton, 2013).

3.4.1. High protein concentrations are seen in pellets produced by
ExoQuickreagent
EV pellets produced by each of the extraction techniques were initially analysed

by a BCA assay to determine the protein concentration (figure 3.4). Tleénpymids
for the precipitation reagent are between two tanelefold higher than those seen for
the serial centrifugation techniques potentially indicating a large quantity of co
precipitated protein impurities in this preparation. It is also inteige#tiat the protein
yields were more variable in extractions carried out using this reagent than either of the
two centrifugation protocols tested. The Valadi method produces a lower yield of
protein than the Théry method, but because this method utilfdteateon step
excluding anything above 220 nm in size from the sample, it would suggest that the

difference between the two is still contaminating proteins rather than EV proteins.
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Serial centrifugation protocols produce lower protein yields hrecipitation

reagents
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Figure 3.4 Protein concentration of vesicle pellets from three different vesicle purification
techniques. Conditionestiedumfrom confluent H357 cells was treated to one of three different
extraction techniques and the finallperesuspended in 1x RIPA buffer containing protease
inhibitors. A BCA assay was used to determine the protein concentration of the resulting
suspension. Protein concentration is arotwfold higher in the lysate produced by the
ExoQuick method tham those produced by the serial centrifugation methods. Lysates produced
by the Valadi method have marginally less protein in them than those produced by the Théry
method.n=2 biological replicategrror bars representing SEMesults were nasignificant wth

bot h a St udaewhydAsovalvatls Tiukewsmultple test correction
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3.4.2. Detection of EV markers in pellets from different extraction
techniques
To determine if the protein detected by the BCA assay was from lysed EVs, or just

precipitated drng the extraction, protein from the different extractions was normalised
to the sample with the lowest concentration and 5 pg loaded into a well of a 12%
polyacrylamide/SDS gel alongside 5 pg of protein lysate from whole cells. After
transferring to a miocellulose membrane samples were treated with a panel of
antibodies for proteins which had previously been detected in different EVs to

determine which were present in the EVs purified by our techniques (Akers et al.,

2013).
Antibody Marker for Reference
CD63 Exosomes Escola et al 1998
HSP70 Exosomes Greening et al., 2015
ALIX Exosomes Lasser et al., 2012
TSP1 Apoptotic Bodies van Engelanet al., 1998
ANNEXIN V Apoptotic Bodies van Engelanet al., 1998
VAMP3 Micro-vesicles MuralidharanCharietal., 2009
ARF6 Micro-vesicles MuralidharanChariet al., 2009

Table 3.1List of antibodies used on pellets purified by the extraction techniques. The antibodies
are markers for the three major subclasses of EVs identified in the litefBiiase were sl to
determine which previously identified markers were present on EVs purified from these cells using our

protocol.
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EVs purified by all methods are positive for CD63 and TSP1 but not HSP70

Exoquick
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Figure 3.5 Detection of vesicle markers in pellets punodd by three vesicle extraction

techniques. Conditionemiediawas treated to one of three different extraction techniques and the
final pellet resuspended in 1x RIPA buffer containing protease inhibitors. Whole cell lysate was
produced by lysing 500000 H3 cells in 1x RIPA buffer and protease inhibitors. Following a

BCA assay 5 g of protein was run per lane of 12% acrylamide gel before transferring to a
nitrocellulose membrane. Antibodies were diluted at 1:200 in 5% milk in TBST and incubated
overnight 44°C. Secondary antibodies were used at 1:3000 in 5% milk in TBST and incubated for
1 hour. Bands for CD63 were in both the cells and in EVs purified by all extraction methods. TSP1
was in the EVs purified by all of the extraction methods but was nattddten the whole cell

lysates. The reverse was seen for HSP70. Representative blot from 2 experiments
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Only three antibodies from the panel produced visible bands in the vesicle and
cell samples these were HSP70 which was detectable only in thel&H1 which was
only detected in the EVs and CD63 which was detected in the both cells and EVs
(figure 3.5). CD63 is a tetraspanin protein commonly referred to as a marker for
exosomes and can be heavily glycosylated. The glycosylation most likely &timein
multiple bands seen for this protein, eoQuickmethod purifies samples with a
greater proportion of the heavy form of the protein than the serial centrifugation
approaches. The detection of CD63 in these samples would suggest that EVs are being

successfully purified from the conditioned madiof H357 cellswith these techniques.

TSP1 is thought of as a marker of apoptotic bodies and microvesicles. A double
band was observed for TSP1 in #beoQuickpurified samples the second of which is
apprximately double the weight of the first. Howeyirere is no record in the
literature of multiple forms or dimers of this protein occurring, it would also be unlikely
that a dimer would remain intact in the denaturing conditions of the SDS gel. The
secondand is close to the interface between the stacking and the resolving gels
suggesting the upper band could be contaminants stuck in the stacking gel. Because of
this uncertainty over the markers and the higher yields of protein generated using this
methodno further work was done using tB&oQuickreagent. HSP70 was detected in
the cell lysates but not in the EVs purified by any of the methods suggesting it is
unsuitable as a marker for EVs purified from these cells with these methods.
Additionally, becase CD63 was detectable in both the serial centrifugation methods but
the Valadi method produced the lower protein yield, suggesting the filtration step
reduced contamination, a hybrid final protocol was used in subsequent experiments (see

section 2.3.4).
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3421. Wash step reduces protein concentrat:.
markers

Clayton and Webber és work illustrated the e
reducing protein contamination of EV samples (Webber and Clayton, 2013). Before
adding one to our own protogohedia from three confluent T75 flasks of H357s were
treated to the purification protocol detailed in section 2.3.4 both with and without a
wash step the resultant pellets were lysed and BCA assays run to compare the final
protein concentration. The wastep reduced the protein concentration in the sample
from 4.3 mg/ml to 0.5 mg/ml whilst still retaining the band for CD63 indicating the
presence of EVs in the sample (figure 3.6), interestingly the wash step appears to
remove the larger form of CD63 sei@erthe unwashed sample suggesting that this is a
co-precipitated contaminant of the extraction. On the strength of this evidence a single

90 min wash step was added to the combined protocol for subsequent use.
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Figure 3.6 Effect of introducingawash step on protein yield and detection of EV markers
in pellet produced by final hybrid protocol. Conditioned nuedivas treated to the final extraction
protocol. Three preparatisrwere resuspended in 1x RIPA buffer containing protease inhibitors
following the first 100,000 x g step. Three separate preparations were treated to a wash step using
1 ml of PBS and spun for 90 min at 100,000 x g the pellet was then resuspended inf1DO ul
RIPA buffer containing protease inhibitors. BCA assays were performed on the lysates. Protein
concentration is reduced significantly by the wash step as determined by a two tailed unpaired
students t test. 10 pg of EV lysate from the wash step uvasm a 12% acrylamide gel and probed
with CD63 primary antibody overnight after transferring to a nitrocellulose membrane. Following
treatment with a HRP conjugated secondary antibody bands were detected in both the unwashed
and the washed samples indingtthe presence of CD63 in the pelleipresentative blot from 3

experimentsn=3 biological replicategrror bars representing SEM * = P <0fi5dents Fest
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3.4.3. Size exclusion chromatography can be used to purify vesicles
from large starting volues of cuture media

Because of the limited capacity of our ultracentrifuge rotor an alternative method
would be required for processing volumes of conditioned media above 30 ml. Such
large volumes would be required for generating the yields of EV protein and RNA
necessary for proteomic atrdnscriptomicanalysis of their contents. Conditioned
media from 3 confluent T175s of each of the cancer cells lines was concentrated from
60 ml to >1 ml using a Vivaspin 100 kDa MW cut off column and the concentrated
media loaeéd on to a column of 15 ml Sepharose CL2B that had been allowed to settle
under gravity for at least four hours. This gave a bed depth of 10 cm, the same depth
used by the commercial columns. Twelve 0.5 ml fractions were taken from the column
and the fragbns used for a BCA assay to determine protein concentration and run
through a NP150 nanopore on the gNano using appropriate stretch voltages and
pressure settings to determine particle counts. Comparison of the particle count and the
protein concentrationf each fraction was used to generate an elution profile for the
homemadecolumns. EVs eluted between fractions 4 and 9 in all cell lines peaking at
fraction 8, the majority of the protein was eluted in fraction 12 indicating a good

separation between B\and protein is achieved by the column (figure 3.7).
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Figure 3.7 Elution profile of homemade Sepharose column. 60 ml of conditioned media
was cleared ofehd cells and cell debris before being concentrated down to >1 ml in volume using
a 100 kDa MW cut off filter unit. The concentrated media was applied to the top of a fresh
Sepharose CL2B column with a bed volume of 10 ml. Twelve 0.5 ml fractions wezetedl|
using PBS with 0.03% Tween 20. Fractions collected were analysed for protein concentration
using a BCA assay and vesicle number using a gNano TRPS instrument with an NP150 nanopore.
The combined data from four different cell lines was used to caeedenbined elution profile for
thehomemadecolumns. EVs are in fractions four through nine, with the peak being fraction
eight. The majority of the protein elutes from the column in fractions ten to twelddniological

replicateserror bars representj SEM.
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3.5. Storage oEVs

3.5.1. Intact vesicles are seen by TEM after freezing2@tC

Because of the long duration of the intended experiments in this project EVs
would have to be stored regularly. With this in mind EVs from the same serial
centrifugation prparation were used to prepare grids for TEM before and after freezing
to -20°C and thawing on ice to determine if this had any impact on the integrity of the
EVs.Under electron microscopy intact EVs are seen both before and after the freeze
thaw cycle stongly suggesting this does no damage to the EVs structural integrity
(figure 3.8). The EVs in both images have similar size range$%80m) but do
exhibit subtly different morphologiewith those that have been frozen showing a more
compressed shapeottever, it is uncertain if this is caused by the freezing, or as is
more likely the fixation. Similar shapes have been seen by other groups using protocols
that contain a fixation step, this morphology is however missing when EVs are fixed

using cryo EM tehniques.
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Freezing to20°C and thawing on ice has no impact on EV morphology

Figure 3.8 Transmission electron microscopy of EVs before and after freezing. EVs were
extracted from the cultuntmedum of confluent H357 cells using serial ¢afugation and
resuspended in PBS. The final suspension was split into two fractions and one of these was frozen
at-20°C and thawed on ice. Both were then fixed in 2% paraformaldehyde and then adsorbed on to
formvar coated EM grids and negatively staimsthg uranyl acetate and uranyl oxalate before
imaging with a Tecani Spirit G2 microscope. EVs (marked by arrows) were clearly visible both
before (left hand image) and after (right hand image) freeze thawing with intact membrane

structures and similarzs. Representative images from 3 experiments.
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3.5.2. Freezing ta20°C and thawing on ice has no impact on EV
samples particle count

Alongside TEM samples were prepared in a similar fashion and used for analysis
with the gNano. Samples split inte two 50 ¢l
20°C before thawing on ice. Samples were diluted 1 in 10 and ran through an NP100
nanopore wh appropriate stretch, voltage and pressure settings. The particle counts
seen by the gNano were very similar before and after the freeze thawing suggesting that
there is no damage caused to the EVs during the freeze thawing cycles (figure 3.9).
There ishowever a difference in the size distribution profiles of the particles (figure
3.10). Before freezing the mode size is 11120 nm but after a freeze thaw cycle this
has shifted to 790 nm. Taken together this evidence suggests that EVs can be stored at
-20°C and thawed on ice without a loss of structural integrity or a reduction in numbers.
Where required EVs would be stored2(°C in future experiments but with care taken

to minimise the number of freeze thaw cycles a sample was subjected to.
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Freezing to20°C and thawing on ice has no impact on EV sample particle count
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Figure 3.9 Particle counts of EV samples pre and post freezing. EVs were extracted from
the culturemedum of confluentOSCCecells using serial centrifugation and rgselsded in PBS
with 0.03% Tween 20. This final suspension was split into two fractions one of these was frozen at
-20°C and thawed on ice. Both fractions were then run through the gNano using an NP100
nanopore with appropriate settings. Particle counts determined against CPC100B calibration
beads. The freeze thaw cycle has no detectable impact on the number of particles in the sample

difference was nosignificant when tested withsat u d Btest nd4sbiological replicategrror

bars representing SEM
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Freezing to20°C and thawing on ice slightly alters EV particle distribution

Before After
_ )
£ 304 e
| =
c o
g £
= s
3 20 2
[]
S o
: [111] ;
ﬂé, 101 [ o
£ £
Q
o e
Q o
o o

Particle size (nm) Particle size (nm)

Figure 3.10 Size distribution profiles of EV samples pre and post freezing. EVs were
extracted from the cultummedium of confluentOSCCcells using serial centrifagion and
resuspended in PBS with 0.03% Tween 20. This final suspension was split into two fractions one
of these was frozen a20°C and thawed on ice. Both fractions were then run through the gNano
using an NP100 nanopore with appropriate settings.diszgbution profiles were created using
the data from the qNano. The freeze thawing process is shown to have shifted the size distribution
with more smaller particles detected. This could be due to the breakup of vesicle aggregates into

single EVs duringhe freeze thawingi=4 biological replicategrror bars representing SEM.
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3.6. Discussion

In this chapter overnight centrifugation has been shown to deplete FBS of bovine
EVs comparably to commercially depleted serum with around 75% of the EVs present
in undepleted FBS removed by both protocols which is consistent with data from other
groups (Shelke et al., 2014). Two different protocols for extracting EVs from both large
and small volumes of conditioned media have been developed from a combination of
established methods used by other groups. Antibodies for a range of proteins which
have previously been detected in EVs were used to determine which markers were
present in our EVs with whole cell lysate included as a control. Of this panel of
antibodies oly CD63 and TSP1 were present in our EVs. CD63 is widely reported to be
a marker of EVs in the literature and is heavily glycosylated. Its expected weight is 26
kDa but is seen in all our samples to be present in two bands one at 50 kDa a second at
75 kDapotentially caused by variable glycosylation, that similar bands were in the
whole cell lysate and in the vesicle samples suggests this glycosylation is a feature of
the oral cancer from which this cell line was established. TSP1 has been considered as a
marker of apoptotic bodies its presence in EVs purified by all three techniques suggests
either that there is some contamination with apoptotic bodies, which is unlikely as these
cells were grown in normal culture conditions and this protein was not detedte
cells, or it is present on other vesicle classes as suggested by entries in the database

Exocarta (Chan et al., 2015).

EVs produced from these methods have been determined to have a reasonable
degree of purity by methods available to us in thedatory. Unfortunately, a direct
comparison with the particle protein ratios determined by Clayton and Webber was not

possible with this data for two reasons. Firstly, experiments were performed in my first
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year prior to the arrival of the gNano in ouidaatory. Secondly Clayton and Webber

used a Nanosight instrument for the determination of particle count in their samples,
whilst the two instruments perform the same function the different technologies used
mean the particle counts are not easily conmgardhe late arrival of the gNano in our
laboratory also prevented a more detailed comparison of the three extraction techniques
in terms of particles purified being carried out. As using protein concentration alone is
inadequate to quantify the EVs itgsll possible that the ExoQuick reagent was

purifying more particles than the serial centrifugation methbhe.elution profile of

our homemade columns was similar to that published by Izon and their collaborators

(Boing et al., 2014) with EV elution pking at fractions 7 and 8.

Storage of EVs was also assessed using a combination of methods and EVs were
seen to remain intact via TEM after freezing26°C and thawing whilst TRPS shows
no reduction in the number of particles in the sample. There evever differences
in the size profile of the EVs before and after freezing. These shifts are possibly caused
by dissociation of aggregated EVs during the freeze thawing, this wouldxqlkon
the marginally increased particle counts following fretbaving. The gNano is not
able to distinguish clusters of EVs as individual particles and it will instead see them as
a single larger particle. EVs were seen to cluster together under TEM, which may be
caused by the final centrifugation step of the eximagbrocess, but there was no
consistent or quantifiable decrease in size of the EVs seen under TEM post freeze
thawing. Another possibility is that some precipitation of the phosphate salts has
occurred during the thawing process giving rise to smaligestdetectable by the
gNano. This data compliments that published i

touched on multiple freeze thaw cycles (Sokolova et al., 2011) or functional assays of
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the EVs (Kalra et al., 2013) it has combined TEM and TRRish will show any

changes in pure particle number more accurately than the paper published in 2014
(LRrincz et al., 2014), this combination
this context.

For experiments in subsequent chapters, all cultediarrequired to be EV free
will be supplemented with FBS treatetth a 100,000 g centrifugation overnighto
remove bovine EVas described in this chapt&he final serial centrifugation
developed in this chapter (figure 3.11) will be used routifalyvork performed in
other chapters with vesicles stored20°C in appropriate buffers for downstream
experiments for future use. Fgeneratinghe EV to produce sufficient RNA and
protein for thenext generation sequencing and mass spectrotietisze exclusion
protocol developed in this chapter will be used instead of the serial centrifugation

protocol.

3.6.1. Future work

Further work for this chapt should begin by confirming the functional integrity
of EVs pre and post freezing. This would rely onittentification of a functional trait
of the EVs which could be robustly quantifisdch as delivery of a particular protein or
RNA. Work should also be done to study the effect of multiple freeze thaw cycles on
EV numbers size and activityg.would also e instructive to perform a more-depth
comparison of the EVs purified from the different extraction techniques. This should
include average diameters, size ranges, protein and RNA contents as well as functional
activity. An alternative direction to takéis research would be to follow the lead of
other groups in the literature and perform parallel experiments on the products of the

10000 xg and 100,000 g pellets of the serial centrifugation process.
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Final workflow
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Figure 3.11Schematic outlining rdine workflowfor EV purification which will be used for future
chapters. Volume of starting medium will determine the choice of purification technique with
volumes larger than 24 ml purified by size exclusion. The choice of resuspension buffer and storage

will depend on intended downstream experiments with the purified EVs.
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4. Characterisation of EVs produced by oral cancer cells

4.1. Introduction

Oral cancer, like other solid tumours, progresses through a defined process of
tumaurigenesis from dysplasia to carocma and finally, potentially, metastasis. To date
there is a dearth of studies that explore hanvourgenesis effects EV production,
although it is often speculated that circulating EVs in biofluids could be used as
prognostic markers for disease progm@sss discussed in this review (Torrano et al.,
2016). A study using an inducible mouse embryonic fibroblast model identified an
interesting change upon the induction of an oncogenic transformation. The number of
EVs released remained similar but the E®lgased from the transformed cells
contained a signalling protein (Kreger et al., 2016). This protein, focal adhesion kinase,
allowed the EVs to promote the survival of untransformed fibroblasts and enhance their
proliferation under anchorage independsoriditions. This indicates a change in EV

signalling caused directly by the inductiontomouigenesis.

However, this model has its limitations the inductiotushourgenesis is
artificial and simplified by comparison to a real tumour. A study comgarin
oligodendroglioma cells and astrocytes, an example of natural tumour progression,
(Schiera et al., 2013) suggests thahangen vesicle production occurs as a
mechanism for the release of a histone protein H10. However, although they were able
to demamstrate the transformed cells released vesicles containing this protein, they were
not able to detect a change in vesicle production. It is also known that HPV can cause an
increase in EV production in infected cells as a mechanism for spreading viral RNA

(Ahmed et al., 2014). Although this viral transformation of cells is relevant in the
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progression of some oral cancers many cases are not caused by an oncolytic virus but by
other carcinogens.
EV production rates and size ranges can be measured usingramer like the
gNano or Nanosight and changes in these numbers between cancer stages can be easily
identified. Whilst TEM has its limitations when studying EVs, particularly with regards
to fixation induced changes in morphology, when membrane stapitisagents are
included in the protocol it remains a useful and accessible method for visualising the
EVs. TEM experiments can be used to validate the size ranges observed with particle
counting instruments alongside identifying any dramatic changes phwiogy of the
EVs. Thanks to databases like Exocarta and the work of numerous groups within the
field there are a wide variety of protein markers for EVs that can help to distinguish the

origin and status of the vesicle.

4.2. Aimsand objectives

The aims ofliis chapter were to use the protocols developed in the previous
chapter to isolate EVs from the culture media of oral cancer cell lines representing
different stages of the disease. The physical properties of these EVs were characterised
by a combinationoTEM and TRPS to determine the size ranges and rates of
production for the different cell lines. The AgiléBibanalyzerand western blotting
were used to identify RNA populations present in and any protein markers carried by

the EVs produced.
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4.3.EVsare poduced by oral cancer cells representing different stages of
tumourgenesis

Four cell lines were assembled representing various stages of oral cancer
progression from the same primary site. D20 is a cell line established from a
leukoplakia (a white lesioof the oral mucosa) situated on the lateral tonguestf a
yearold nonsmoking male and which was found to be immortal after over a hundred
passages. This cell line is representative of an early stagetafribaigenic process in
oral cancer and progssed into a carcinoma within five years in this patient. D35 is a
cell line established from an erythroleukoplakia (a red and wbitehomogenous
lesion of the oral mucosa) situated on the lateral tong68-péarold male smoker and
which was found todimmortal after over a hundred passages. This cell line represents
a more severe dysplasia which is in the process of acquiring the mutations that will see
it progress into a carcinoma and progressed to a carcinoma in situ shortly after the cell
line wasestablished. H357 is a cell line established from squamous cell carcinoma of
the tongue from @4-yearold male patient who smoked between the age of 17 and 20.
The carcinoma was a STNMP stage 1, well differentiated, node negative tumour.
Finally, B22 is acell line established from the lymph node metastasis 8Bayearold
malesmokes cancer of the tongue. The tumour was stage four well differentiated with
invasion of multiple nodes. This cell line represents a local metastatic deposit of the

lymph nods.

To determine if EVs were being produced by these cell lines the conditioned
media was subjected to the purification protocol developed in the previous chapter and
the resulting sample adsorbed on to a TEM grid. Vesicle like structures can be clearly

seen under the electron microscope (figure 4.1). For the mild dysplasia on the left (D20;
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figure 4.1A) multiple EVs can be seen with a clearly defined outer membrane and an
electron sparse lumen. These EVs range between 50 and 120 nm in size and are not
obseved to cluster. On the right (figure 4.1B) a single vesicle can be seen in the centre
of the image, this is a larger vesicle, 150 nm in size, with a more electron dense cytosol

than the EVs of thieft-handimage, although this may be an artefact of taasng.

For EVs from the severe dysplastic cells (D35; figure 4.1C&D) similar sizes were
observed (around 150 nm) and have very clearly defined membrane bilayerdeft: the
handimage (figure 4.1C) there is some evidence of the 3D shape of the vaticte
concave depression in the centre. Those imi¢ie-handimage are more 2D in nature
(figure 4.1D) indicating the variability of the fixation process. This image is the only
one which shows evidence of a classic lipid bilayer like structure imé¢nebrane, the
other images do show some internal membrane like structure, but this is more central

and possibly artefactual in nature.

Similar morphological variation was seen in the EVs from the carcinoma cell line
(H357, figure 4.1E&F) however unlikthe severe dysplasia derived EVs they were
observed most frequently in clusters like those seen in the centre of both images.
Smaller clusters were also observed in the EVs produced by the metastatic deposit cell
line (B22; figure 4.1G) although the EVsea similar size to those seen from other cell
types. The vesicle in the centre of the right hand (figure 4.1H) image displays an
unusual morphology not seen in the EVs produced by other cell types. This vesicle is
around 160 nm in size and has an extrgretdctron dense region within the lumen

suggesting the presence of more complex lipid or protein structures.
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EVs purified from OSCC culture media medium exhibit different morphologies

under TEM

Figure 4.1 TEM of EVsreleasedy oral cancer cell lines from different stages of oral cancer.

From mild dysplasia (A&B), severe dysplasia (C&D)@rmetastaticarcinoma (E&F) and cells

from a metastatic deposit (G&H). Conditioned media from oral cancer cdlsreated to the

serial centrifugation protocol as previously described. The resultant sample was adsorbed onto a
formvar coated 200 mesh TEM grid and negatively stained with uranyl acetate and uranyl oxalate.
Vesicle like structures (marked with arrowsg &learly visible in all images ranging from-300

nm in size. Representative images from 2 experiments
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Figure 4.2 Size distribution profile of EVs produced by oral cancer cell lines from different

stages of oral cancer. From mild dysplasia (A), severe dysplasian(B)raetastaticarcinoma

(C) and cells from a metastatic deposit (D). EVs were extracted from the cultutamuddi

500000 cacer cells using the protocol developed in the previous chapter as far as the filtration
step to minimise the loss of EVs during the higher speed spins and get as close to the total EVs
produced for this cell line as possible. Samples were run through Es0ONRNnopore using

appropriate stretch voltage and pressure settings and the data used to generate a size distribution
profile. Detected EVs range in size fromB00 nm with the modal size being-200 nm.n=3

biological replicategrror bars representir8EM.
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Alongside the electron microscopy conditioned culture media was prepared
to use for TRPS analysis with the gNano to quantify the production of EVs by
these cell lines using methods detailed in 2.3.6. The size distribution profiles
(figure 4.2) genated were consistent with the sizes seen under TEM, with a
marked similarity for all the cell lines EVs, only theetastaticells (figure 4.2D)
produced EVs with a marginally larger modal size of-100 nm as opposed to
90-100 nm for the other cell lise The data acquired shows that EVs from the
different cell lines used in this project share similar physical propeftiey are
similar in size with only EVs from the carcinoma cells showing a slightly different
size profile in that it has no EVs smaltean 70 nm and a larger modal size of
100109 nm. Because of the physical characteristics selected for by the extraction
protocol it was expected that the EVs would share similar size ranges with very
few particles around the 200 nm mark thanks to ilratibn step. Interestingly
when the meadiameterof the EVs is compared (figure 4.3) a trend of increasing
size with cancer stage is observed with the mean diameter increasing #ii6 99
nm. EVs from the metastatic deposit cells were seen to be eajilfi larger than
those of the severe dysplastic cells with a-aag Anova using Tukeys multiple

test correction

Images from the TEM grids show that EVs also share similar morphological
properties. In general, the EVs show a vagfined outer membranwhich is
electron dense with a lumen that is electron poor. There are a few exceptions to
this, notably where only a single EV is in the image frame, where the lumen is
extremely electron rich. This would normally indicate a large quantity of lipids

which stain well with these negative stains, but it is likely to also be an artefact of
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the staining or the software trying to normalise the staining against the

background with a small area of well stained grid in frame.

4.4. Comparison of production rates of EWem different stages of oral cancer

The same samples that were used to generate the size distribution profiles for each
of the cell linederived EVs were also used to generate production figures per cell in 24
hours (figure 4). The rates of EV producin wereconsistentor 3 of the cell lines, the
mild dysplastic, the carcinoma and metastatic cells produced around 1500 EVs per cell
in 24 hours but the severe dysplastic cells produced more than double that at around
4000 per cell in 24 hours. This difesce was statistically significant by a enay

Anova with Tukeys multiple correction test.
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Average sizes of EVs produced by OSCC cells
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Figure 4.3Mean diameter of EVs purified from the conditioned media oflaent OSCC cells

by serial centrifugation. The EVs were resuspended in PBST before diluting 1in10 and running
through a 0.221m centrifugal filter cartridge and measuring on an NP100 nanopore with

appropriate stretch voltage and pressure settings. Vaterescompared to CPC100b calibration

beads and the mean diameter calculated. General trend suggests and increase in average size with
cancer stage, only the difference between the D35 (severe dysplastic) cell EVs and the B22
(metastatic deposit) cell EWgas seen to be significant by eway Anova with Tukeys multiple

test correction. Error barepresenting SENbr n=3 biological repeats. * = P < 0.05
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Severe dysplastic cells produce double the EVsin 24 h
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Figure 4.4 EV productionrates of oral cancer cell lines. EVs were extracted from the
culture mediim of 500000 cells of each of the cell lines using the protocol developed in the
previous chapter as far as the filtration step to minimise the loss of EVs during the higher speed
spins and get as close to the total EVs produced for this cell line as possible. Samples were run
through an NP100 nanopore using appropriate stretch voltage and pressure settings and the
concentration of the samples used to generate a production figurelperac24 period. The
production was seen to be consistent with around 1500 EVs produced per cell in 24 hours for all
bar the severe dysplastic cells where it is nearly 4000 EVs per cell in 24 hours. This difference was
shown to be significant (p=>0.06y aonewayAnova with Tukeys multiple correction test3

biological replicategrror bars representing SEM.
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4.5.RNA can be purified frolaVsproduced by oral cancer cells

The Bioanalyzer (Agilent) was able to detect RNA in EVs produced by each of
the oml cancer cell lines (figure%). The bulk of the detected RNA falls between
around 25 and 200 nucleotides, this spans the size ranges of miRNA and some smaller
MRNA species, the RNA types most commonly associated with EVs. The mild
dysplastic EVs show peak of 20 FU at around 1000 nucleotides; the instrument has
labelled some of this as contamination with 18s rRNA, a structural component of the
small subunit of the eukaryotic ribosome. There are small peaks for this subclass of
rRNA detected in each dfi¢ samples with similar small peaks for 28s rRNA present in
EVs produced by the severe dysplastic and carcinoma cells. The severe dysplastic EVs
contained the lowest signal for RNA, betwee®FU and the mild dysplastic EVs
contained the highest, betwe@® 0 FU. 834. 5 pg/ ¢l and 1602
present in EVs purified by size exclusion chromatography from the culture media of the
mild dysplastic and carcinoma cell lines (figuré)4. Thi s ri ses to aro
and 4 6 0nghe pegeteadydastic and metastatic deposit cell lines respectively
(figure 46). These figures which were generated from separate biological replicates
appear to contradict each other with the severe dysplastic vesicles having the lowest
RNA content in the first expenents and the highest in the second. This would suggest

that the protocols used to harvest RNA from the EVs have a poor repeatability.
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EVs from OSCC contain high numbers of RNA between 25 and 200 nucleotides

long
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Figure 45 Bioanalyzer profile®f RNA isolated from EVs produced by oral cancer cells from
different stages of oral cancer using size exclusion chromatography. A) Mild dysplasia, B) Severe
dysplasia, C) aon-metastaticarcinoma and a metastatic deposit D). Fractiesvére pooled

ard centrifuged at 100,000 x g for 90 mirhe pellet was treated with the miRCURY miRNA

isolation kit and run on a total RNRicochip All samples show a similar output with a large peak
between 25 and 200 nucleotides representing miRNA and other smalpadfes. Only the EVs

from the mild dysplastic (A) cells contain substantial numbers of the larger RNA species shown by
the peak at 1000 nucleotides. There is some contamination with rRNA in each sample with peaks

for the 18s and 28s rRNA in all the sanpI®utputs are representative from 2 experiments.
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EVs from severe dysplastic and metastatic deposit cells contain double the RNA

of EVs from mild dysplastic and carcinoma cells
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Figure 4.6 RNA yields from EVs produced by oral cancer cells purifiddgisize exclusion
chromatography. Fractionstwere pooled and centrifuged at 100,000 x g for 90 min. The pellet

was treated with the miRCURY miRNA isolation kit and run on a total RoAchip RNA yields

were expressed i n pgH3I5Tcell derivesl E\ts sverd corsistently lareundD 2 0 &
1000 pg/el with much more variability in yield
derived EVs have the highest yield of the four cell lime biological replicategrror bars

representing SEMResllts werenors i gni fi cant wi t h bOonewayAaoveSt udent

with Tukeysmultiple test correction.
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4.6. Protein markers of oral cancer extracellulev's

EVs are frequently characterised by particular protein markers to determine their
origin within the cells, either MVBs or the plasma membrane, and subsequently attempt
to identify the vesicle sub class to which they belong. The same antibodies used in the
previous chapter with the addition of GM130 a golgi body marker, the presence of
which would irdicate cellular contamination, CD81 and tumour susceptibility protein
101 (TSG101) which are markers used in other studies of small EVs (Kowal et al.,
2016). Protein lysates from both the producing cell and their EVs were analysed by
western blot using thantibodies listed below (tablel). Bands were detected for
CD63 TSP1 GM130 Alix and TSG101 (figure’/t.No bands were detected for HSP70,
Annexin V, VAMP3, ARF6 or CD81 in any of the sampl€his could be due to them
not being present or not presemisufficient quantities for detection with antibodies in
these cells and their EVSomething which could be confirmed by the use of a positive

control for these proteins.
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Antibody Marker for Citation

CD63(Abcam antibody, Exosomes Escola et g, 1998

HSP70 Exosomes Greening et al., 2015

ALIX Exosomes Lasser et al., 2012

TSP1 Apoptotic Bodies van Engelanet al., 1998
ANNEXIN V Apoptotic Bodies van Engelanet al., 1998
VAMP3 Micro-vesicles MuralidharanChariet al., 2009
ARF6 Micro-vesides MuralidharanChariet al., 2009
CD81 Exosomes Lasser et al., 2012

TSG101 Exosomes Lasser et al., 2012

GM130 Golgi body Lasser et al., 2012
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Table 41 Table of antibodies used in this chapter to characterisge\e@roduced by oral cancer cells




OSCC EVs are positive for TSP1 CD63 and Alix but negative for GM130
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Figure 4.7 Western blots of vesicle markers present in the EVs purified from the conditioned

media of oral cancer cells alongside the lysate of the produeltsy Whole cell lysate was

produced from each of the cancer cell lines as previously described. EVs were purified using size

excl

usi on

chromatography.

These

wer e

t hen

acrylamide gel. After transferring tongtrocellulosemembranethey were blocked and incubated

nor mal

overnight with the primary antibodies. Blots were developed by incubation with appropriate HRP

conjugated secondary antibodies and then exposed to ECL substrateanim and developed

on a Xogeph X4. No bands were observed for CD81 VAMP3 ARF6 Annexin V or HSP70 in any

of the samples. Bands were observed in all whole cell lysate (WCL) and EV lysate (EVL) samples

for CD63 TSP1 and Alix. Bands for TSG101 were in D20 and B22 WCL and H357 EVs. GM130

was detected in WCL of D20 D35 and B22 cells. Blots shown are representative from at least three

experiments.
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4.7.Discussion

In this chapter EVs were shown to be produced by four oral caorggrecancer
derived cell lines representative of different skagethe disease. These vesicles were
shown to have similar size ranges by two different techniques and share similar
morphologies when visualised via TEM. These size ranges and morphologies are
consistent with those in many other studies. The mean measuiehowever do
i ncrease with cancer stage, something whi
date. However, there is evidence of vesicle size increasing with reticulocyte maturation
(Carayon et al., 2011) a process which, tik@mouigenesis, leds to differently

differentiated cells.

Very little data exists on how tumour progression effects EV production, our data
shows that the production rates for three cell lines are very consistent with only the
severe dysplastic cells producing significamtiore. Possible explanations for this lies
in the details of this cell line, the patient from which these were established was a
smoker whereas the other dysplastic cell line was established fromsanoder, this
patients disease also progressed ta@mama shortly after the establishment of the cell
line. Both of these could provide a biological explanation for this observation either in
combination or alone. However, it is worth noting that the patient donors for both the
carcinoma and metastaticpesit cell line were smokers (although the carcinoma
patient had only smoked between the ages of 17 and 20). This suggests that is more
likely to be a combination of the two factors or the severity of the dysplasia alone that is
responsible for the incread production rates. There is also a distinct difference in the
genomic landscape of the cells. All cell lines have P53 mutations however each has a

different mutation. The mild dysplastic cells have a G to A base change at codon 248
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causing an arginine glutamine amino acid change the mild dysplastic cell line has a t
insertion at codon 200 which gives rise to a frameshift mutation. The carcinoma cell

line also has a base change but at codon 110 from G to A, the metastatic cells exhibit a
fourth differen mutation, a 19 bp deletioft.is also possible that the increased EV
production is an artefact caused by an accelerated doubling time of the severe dysplastic
cells relative to the other lines in the OSCC panel, this could be tested for by comparing
thegrowth rates of the cell lines in the same conditions and producing a figure for

vesicles produced per cell per doubling time.

One limitation to our data is that whilst the cell lines cover the same primary site
they are not from the same patient. Similerk would need to be carried out in
samples from more patients encompassing a wider variety of gender (all of our patients
were male) age and smoking status to ensure these observations were not just caused by
patient variability. There are two othestinct limitations in these cells as a model of
tumour progression, first is 2D culture on plastic does not truly represent the complexity
of the tumour with a number of cellular processes demonstrating differences when co
culture or 3D conditions. The swmad is the observed immortality of the dysplastic cell
lines which sheds doubt on how representative they are of an early stage of a tumour.
However whilst 3D culture would have been a more realistic representation of the
tumour environment it would nolie been possible to purify EVs from individual cells

in the same way from a 3D culture model.

It was the discovery that EVs could transfer RNA species between other cells

which caused the fields rapid expansion. The majority of these papers focusreithe
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the coding mMRNA or the necoding miRNA, many of these have benefitted from the
increasing availability of next generation sequencing technology (Jenjaroenpun et al.,
2013; Lunavat et al., 2015). Our data has shown that there is RNA present in the EVs
produced by oral cancer cells although the variability in RNA yields between replicates
make it difficult to make meaningful comparisons. Several groups have made use of the
same Bioanalyzer platform used in this study to analyse vesicle RNA conteiittgsand
instructive to compare their findings with ours. A group in Sweden performed
Bioanalyzer assays on samples from whole cell RNA, microvesicles pelleted at 16500 x
g and exosomes pelleted at 100,009 (kunavat et al., 20155imilarly, to this data

they saw their 100,000xexosome pellets had an abundance of small RNA species
between 25 and 200 nucleotides. Another gidepjaroenpun et al., 20/1Bas

performed similar experiments comparing the outputs from breast cancer cells and the
EVs they prodced, their EVs exhibited similar profiles to ours with large peaks for the
smaller nucleotides and small rRNA peaks, where these EVs appear to differ is they
contain a large number of nucleotides up to 1000 nucleotides in size. The cellular RNA
has moren common with that from the EVs purified from the 1650§centrifugation

step (Lunavat et al., 2015) with large rRNA peaks which mask any signal from smaller

rRNA species.

Data from the western blots strongly suggests that our EVs, or a sizeable
propation of them, originate from within MVBs of the parent cells and could perhaps
be termed exosomeailix is a 97 kDa adaptor protein involved in sorting cargo proteins
in MVBs into the intraluminal vesicles. While bands for Alix were detected in all WCL
ard EVL samples, they were not at the normal size of 97 kDa but were visible at around

the 200 kDa mark suggesting the protein is present as a dimer (figure 4.6). Alix
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functions in the MVBs of cells as a dimer (Hurley and Odorizzi, 2012; Pires et al.,
2009)which binds to the ESCRT Ill component CHMP4. However, the dimer form of

the protein should be reduced to the monomer by the loading buffer and SDS within the
gelalthough i is possible that its packaging into EVs is as part of a complex with

CHMP4 whichprotects it from the reducing conditiorits presence in the vesicle

samples strongly suggests the EVs produced by the oral cancer cells and isolated by our

protocol originate in the MVB of the cells.

CD63 is a tetraspanin protein long establishedraarker of EVs (Escola et al.,
1998; Zitvogel et al., 1998) its molecular weight is normally 26 kDa. There are bands
for this protein in all cell and EV samples on this blot (figure 4.6), however the weights
of these bands are all over 50 kDa. The protsgifiis heavily and variably
glycosylated with three N linked glycosylation sites, cancer cells can exhibit different
glycosylation to healthy celldlorejsi and Vicek, 1991; Metzelaar et al., 1991)
maybe that the form in these cells are very healilgosylated explaining the higher
sized bands than expectdthe Abcam data sheet for the antibody indicates a predicted
range of between of between 30 and 65 kDa and s@sggasthe canonical weight is
only detected in neneducing conditions. The glgsylation of this protein in vesicles
could be confirmed by treating with PNGase. It is still possible that the protein detected
by this antibody is not CD63, however with the monoclonal antibody which was used in
this chapter it is unlikely to be the ca€963 has been shown to have a role in the
intracellular vesicle signalling process (van Niel et al., 2011) which is why it is
frequently used as a vesicle marker. Its detection in these EVs could indicate the

presence of a population of vesicles arignogn MVBs.
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The absence of bands for GM130, a marker of the golgi body, in the EVs indicates
the EVs are not contaminated with cellular debris and are unlikely to be produced by
apoptotic processe&M130 is a 130 kDa golgi matrix protein, the antibodythis was
included to determine that the vesicles purified contained no cellular contaminants or
were not themselves cellular debris. This protein was detected only in the whole cell
lysates of D20 D35 and B22 cells but not in the EV samples from ahg atlls. This
is an important indication that the purification process is not purifying cellular
fragments or co precipitating any cellular debris. Its absence in H357 whole cell lysate
was unexpected but given the weak bands in other samples it nfeat beetsignal was
too weak to be detected in this sample. The double band in the lysate of the D35 cells is
also unusual, whilst the protein has a splice variant it is shorter by 382 amino acids than
the 1002 amino acid full length variant the size défere between the two isoforms
would be expected to be bigger than that seen on the blot. This band could be explained

by a mutated or modified form present in the D35 cells.

The EVs were also positive for the protdimombospondin {TSPJ which has
bee seen to associate with EVs isolated from the saliva of a healthy patient (Geonzalez
Begne et al., 2009) as well as oral cancer cells (Chan et al., 2015) suggesting it is
possibly enriched in oral canc@iSP1 is a highly adhesive glycoprotein which bitals
fibrinogen, fibronectin, laminin, type V collagen and integrins alpha 5 and beta 1 it has
no transmembrane components indicating it should be present inside the EVs although
it could also be bound to matrix associated proteins on the EV surface. Tdia pras
detected in all whole cell and EV lysate samples and has been shown to have roles in

tumourigenesis and angiogenesis both of which might be highly significant given the
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origin of these EVs. Without a loading control however it is not possibledotify any
differences between the amounts present in the samples however the strength of the

bands suggests that it is enriched in the EV samples compared to the cells.

TSG101 is a 43 kDa protein which is involved with ubiquitination and can be
recognzed by the ESCRT complex (Kostelansky et al., 2006; Teo et al., 2006) during
the loading of vesicles. Its presence in so few of the samples was unexpected; it has also
been used consistently as a vesicle maakerhas beeientified as being enriched i
Al ight small EVso a class of EVs they suggest
enriched EVs purely by its physical propertigewal et al., 2016)Its presence in the
H357 EVs could suggest that there is a similar subpopulation of EVs produdeskby t
cells that is distinct from the CD63 positive populatittrshould also be noted that this
protein is not detected in the parent cell lysate for H357 indicating it is possibly
selectively enriched in the EVEhe bands for this protein were of simitazes and
intensity but it is possible that it is not expressed in the other cell lines or not expressed
sufficiently to be detected. Alternatively, it could be expressed in a mutated form, one
which removes its ability to negatively regulate cell gro{iorita et al., 2007) and

which is not detectable by this antibody.

Taken together this chapter indicates that EV production is a constant throughout oral
cancer development, possibly increasing during the final stages of establishing a
carcinoma. EVs a produced with a similar size range throughaotouigenesis with

an increase in mean size observed as the cells progress thumaghigenesis. The

EVs purified by our protocol are positive for two MVB associated proteins and negative

for a golgi marke confirming the presence of a population of EVs derived from the
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MVB of the producing cells in the final sample. Given that the size ranges observed for
the samples are larger than those normally associated with exosomes it is possible that
there are potdtially larger EVs derived from other pathways in the final samples. This
would explain the mixed morphologies present under TEM, particularly the larger EVs

observed alone with the more electron dense lumens (figure 4.1 B, C&H).

4.7.1. Future work

Future work or this chapter should focus initially on performing the same
experiments in a wider range of cell lines. This should include multiple samples from
the same tumour stages as well as samples from patients of different genders and
smoking status. This woulgb someway to overcoming the studies currently
underpowered sample size and would help to confirm if trends identified in our samples
such as an increasing mean diameter or producing rate with cancer stage is true of oral
cancer in general or just in thells used in this studyhe western blot experiments
detailed in this chapter have also raised some questions that were unable to be addressed
during the time span of the project. The CD63 antibody consistently detected bands that
were different to the ecaonical weight for the protein, the impact of glycoslyation on
this should be tested by comparing EV samples treated with PNGase against untreated
samples. Another approach would be to use targeted mass spectrometry for the EV
markers used in the westdyots possibly with an ITRAQ experiment comparing the
levels of those proteins against the producing cells. As with the other experiments these
should ideally be performed in a wider range of cells lines than the four used in this
study. If ethical permissn could be obtained it would be interesting to compare the
results obtained in this chapter with samples from either the saliva or cells isolated from

the biopsies of oral cancer patients.
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5. Next generation sequencing of the miRNA contents of oral cancevs

5.1.Introduction

The discovery that EVs contained miRNA was a catalyst for the fields rapid
expansion. These versatile nucleic acid molecules hinted at the potential for EVs to do
more than act as cellular recycling bins. Small RNA species like miRNAeare
shown to play roles in various cellular processes and disease states, particularly in
cancer (Palanichamy and Rao, 2014, Yuan et al., 2014). The presence of miRNA and
MRNA in exosomes was reported in 2006 and 2007 (Ratajczak et al., 2006; Valadi et a
2007). Subsequently the RNA contents of the different EV clémssaeen shown to
vary (Crescitelli et al., 2013), with little or no RNA present in larger EVs pelleted at
12,200x g. These EVs and similar ones pelleted at medium speeds are oftghttbbu
as microvesicles. A paper in 2012 focusing on immunedelived EVs demonstrated
that the most abundant small RNA species in the EVs were not miRNA but other less
well studied species, namely vault RNARNA and specific-RNAs (Hoen et al.,
2012. Whilst these RNA species are not protein coding some of them have been

observed to have regulatory functions in céfisen et al., 2012)

The RNA contents of EVs have been shown to play potentially important roles
during tumour progression. Earlytmmourgenesis cells evade normal growth

regulation pathways and then, when they grow beyond the 2 mm diffusion limit of O

from the local vasculature, begin to develop their own blood supply. EVs have also been

shown to contribute to dysregulation of ma@l growth controls; in an osteosarcoma

model EVs from mesenchymal stem cells exposed to stress caused osteosarcoma cells
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to become more resistant to apoptosis via the EV mediated transfer of miRNA which
regulate the expression of PTK2, a versatile-remmptor tyrosine kinase with roles in
cell cycle progressigrproliferation and apoptosis (Vallabhaneni et al., 2016). EV RNA
regulates or facilitates angiogenesis in different tumour types. In renal cancer, EVs
increased VEGF expression at both the mRNAgnatein levels by down regulating
hepaCAM, suggesting that the EVs coniamiRNA for the hepaCAM transcript

(Zhang et al., 2013). In myelonaVs carrying miR135b promote the formation of
endothelial tubes during hypoxic conditions (Umezu et al., 2@ther mechanism

is seen in leukaemia where EVs carry a range of miRNA which activate BIF a n d

cause an increase in the induction of angiogenic markefSa@hir et al., 2016).

Metastasis and the acquisition of drug resistance are two processksarhic
occur late itumoutgenesis and are most strongly associated with cancer becoming
lethal. Both have been shown to be regulated by miRNA within EVs. In breast cancer
EVs containing miR200 family microRNA, a family that is highly dysregulated in
caner, were shown to transfer these miRNA to-moetastatic cells which in turn led to
them acquiring metastatic potential (Le et al., 2014). The 20Rfamily regulates
epitheliatmesenchymal transition (D. Yuan et al., 2014), a process in which epithelial
cells become less adherent and more capable of migration, considered a necessary part
of the metastatic process. In a breast cancer modelsetaxelresistance one group
showed that the transfer of miRNAs, notably riiB0 miR222 and miR30a, in EVs

could facilitate this resistance (Chen et al., 2014).

Because of the ease with which miRNA can be detected and identified from low

amounts of RNA there is a significant focus on their application as biomarkers for
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cancers. Coupled to the stability of EVsdinfluids this has led to many studies on the
ability of EV RNA to act as biomarkers. Oral cancer is relatively unique in having a
readily accessible biofluid that could be enriched for products produced by its
component cells, salivary miRNA is likely b encapsulated in EVs and there are
already studies exploring these, riB9a5p and miR31 (Duz et al., 2016; Liu et al.,

2012) are currently being proposed as salivary biomarkers for oral cancer. Next
generation sequencing platforms, such as lonTornpeovjde a technique where the

total RNA contents of a vesicle population can be profiled. This list of contents can then
be interrogated to identify mediators of any observed biological effects or to track
changes in contents with disease progres$idnich could identify potential prognostic

or diagnostic markers which can be looked for in patient samples.

5.2. Aims and Objectives

The aims of this chapter were to identify and characterize the RNA contents of the
EVs produced by oral cancer cells. EVs werefi@al using size exclusion
chromatography with pooled RNA positive fractions being spun down at 100,000 x g
overnight. RNA extraction was carried out using the miRCURY extraction kit. Purified
MiRNA was sent to Edinburgh University for analysis on theirTorrent system.
Analysis was carried out by a range of different bioinformatics techniques. Small RNA

sequencing data was validated using TagMan PCR

5.3. Small RNA sequencing quality and species distribution
EV samples were purified from the conditioned naeafi six confluent T175

flasks per cell line using the size exclusion protocol. Following the Bioanalyzer
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measurements of RNA concentration the samples were sent for lonTorrent sequencing.
Different RNA species were present in the samples (figure 5.1)afdest proportion

of the samples, between 60 and 75% in ea:
include vault RNA, Y RNA as well as unidentified fragments. The next most abundant

class of RNA is mRNA in all samples, with aroundZ&% of the ttal RNA in each

case. The remaining fraction of the samples is comprised efading RNA, including

small nuclear and nucleolar RNA as well as loog-codingRNA. The most widely

studied type of RNA in EVs is miRNA but this class was poorly represemtdtiour

samples both as the primary transcript and the mature final version account for less than

0.5% of the total RNA in each sample.

Quality control measurements from the small RNA sequencing experiment (table
5.1) shows that a higher number of readhs gained from the RNA contained with the
in the dysplastic cell derived EVs than the carcinoma or metastatic deposit derived EVs,
10x1@ and 9x16respectively compared to 4X88nd 5x16. Whilst this figure varies
the mean read length, the filterecds and the aligned reads figures are more similar.
With an average read length of betweer22(base pairs for each sample and between
2.7x1@ and 4.5x16filtered reads and between 2.5%40d 3.9x10aligned reads per
vesicle samples. The trend obseruethe total reads of more reads in the dysplastic
cell derived EVs is lost when the reads are aligned. The fifth column details the
percentage of mapped reads which for all bar the severe dysplastic derived EVs is above
91% but in this sample drops t0.58%. In the final three columns the miRNA contents
of these reads are detailed, in both the D20 and the B22 EVs miRNA accounts for less
than 0.5%f themappedRNA reads; in the D35 and H357 samples this rises to 3.86%

and 1.21% respectively.
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RNA digribution in OSCC by lonTorrent sequencing shows majority of RNA are

categorized other with miRNA being less than 0.2% in all EV types
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Figure 5.1 Distribution of RNA types within the samples sent for ion torrent sequencing. The

largestcomponent of the samples was classified as other RNA which includes vault RNAY RNA

and any unidentified fragments at around/&%. The next largest is MRNA with around2%%

of the total RNA.
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EV origin Total reads| Mean | Reads Aligned | Percentaggd miRNA | Percentagd miRNA
read | passimg reads mapped reads MiRNA detected
length | filters reads reads with at
(BP) least 10

reads

D20 (mild | 10,123,202 20 4,265,363| 3,982,359| 93.37 17,683 | 0.41 138

dysplasia)

D35 (severegl 9,983,848 | 21 4,502,722 2,637,110| 58.57 173,994| 3.86 270

dysplasia)

H357 4,390,352 | 22 2,743,519 2,502,136| 91.20 33,216 | 1.21 174

(carcinoma)

B22 5,006,112 | 20 3,145,916( 2,882,198 91.26 14,896 | 0.47 132

(metastasis

Table 5.1Characteristics of RNA identified by lonTorrent smallRNA sequencing of Evdyzed by

oral cancer cell lines. Over 4x@Wtal reads were identified in each of the EV samples, of these between

2-3x10° were successfully aligned to the human genome. The table also shows the proportion of those

reads which were determined to be mikak being between 0.4 and 3.8% in each of the vesicle types.

5.4. Processing of lonTorrent data

Following the lon Torrent processing the number of miRNA reads ranged from

14896173994. To normalise for this large variation the reads score for each sample was

converted to reads per million mapped reads-ZWDD mMiRNA per vesicle type were

identified by the lon Torrent sequencing experiments (figure 5.2). Using 10 and 100

reads per million mapped reads does not reduce the number of miRNA significantly.

Imposinga minimum of 1000 reads per million mapped reads as a threshold reduced

this to less than 10®iRNAs per vesicle type.

Following this, Euclidean clustering was used to construct a heat map for the 107

MiRNA species common to all the vesicle types. Tieiat map (figure 5.3) shows that
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with respect to the miRNA contents the EVs cluster independently of tumour stage, with
the EVs from the mild dysplastic (D20) and metastatic deposit cells (B22) showing the
most similarity. EVs from the severe dysplastitscerere most dissimilar as they

branch independently to any of other vesicle types, these EVs hdwekl I0ore

MiRNA reads than any of the other vesicle types which may contribute to this difference

in the clustering (table 5.1). miR3a was the most abdant miRNA in all the samples.
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1000 RPM cut of reduces number of miRNA to around 100 per EV type
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Figure 5.2 Following lon Torrent sequencing and mapping to miRBase between 200 and 300

miRNA were identified for eacbell line, cut of levels were imposed to remove sequences that
wereno6ét frequently identified. Several of thes
per million mapped reads; around half of them were read betwe#®d0ltimes per million

mappedeads. Neither of these values represent a significant proportion of the total reads, 1000

reads per million is often used as a cut of value in other similar studies, this cut of value reduced

the number of mMiRNA sequences to between 50 and 100 more absedaences.

155



Euclidean heat map of OSCC RNA shows severe dysplasia and carcinoma cell

derived vesicles have most similar contents

Reads per million mapped reads

B 3

Severe dysplasia Carcinoma Mild dysplasia Metastatic deposit

Figure 5.3 Euclidean clustering was performed on those miRNA with more than 1000 reads per

milion mapped reads using Perseus. The EVs didnot
mild dysplastic and metastatic deposit cells clustering together on the far right, the EVs of the
carcinoma cells are separated from these two by one branch amelfan left are the EVs of the

severe dysplastic cells
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5.5. Comparison of the miRNA contentEdfsproduced by mild and severe dysplastic
cells

As a means of expanding on the comparisons drawn by the heat map the miRNA
contents of the two dysplastic celldsiwere compared in a volcano plot (figure 5.4).
Very few of the miRNA are significantly detected in EVs. The majority of the miRNA
were nonsignificantly detected with a p value of less than 0.05. There are only two
distinct populations revealed by thisagh, the majority of miRNA have between a 0
and 5 log fold difference in levels between the two vesicle types which is not
significant. Five miRNA were significantly detected in the severe dysplastic EVs, these
include 2 members of the M99 and the miB4 superfamilies of mMIRNA. The two
significantly detected miRNA in the mild dysplastic EVs were +hf®73p and miR
12851-5p the latter being the most abundant. A large group of miRNA were common to
both samples, this group includes several memberedathe let7 superfamily along

with miR-23a3p and miR27b-3p.

Of those miRNA which were more abundant in the mild dysplastic EVs, both the
3 and 5p forms of miR 2851 along with miR635-3p, 5905p and 1303p were
between 5 and0-fold more abundannithe mild dysplastic cell EVs (figure 5.5). In the
severe dysplastic cell derived EVs further enrichment for whole families was seen as
three members of the miB99 family and two each of the B0 and miR34 family
are enriched albeit not all of thesee significant, also enrichdd-fold in the severe
dysplastic EVs were m#803-5p and miR708-5p (figure 5.5). The two members of the

miR-34 family were the most abundant miRNA in the severe dysplastic EVs.
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Volcano plot of mIRNA in mild and severesblastic cell derived EVs
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Figure 5.4 Volcano plot of miRNA identified in EVs from mild dysplastic and severe dysplastic
cells. The majority of the miRNA detected were detected with between 0 and 5 log fold difference in
amounts buttanonsignificant levels. Only two miRNA were significantly detected in the mild dysplastic
cell derived EVs miRL2851-5p and miR13071-3p with five significantly detected in the severe
dysplastic cell derived EVs including miF99a1-3p and miR503-5p as well as miR34b-5p and 34kbp.

p <=0.05
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Top 10 most differentially regulated miRNA in mild and severe dysplastic cell derived

EVs

miR-1285-5p -
miR-625-3p
miR-590-5p
miR-1285-3p
miR-1307-3p -
miR-139-5p 4
miR-126-3p
miR-92b-3p
miR-193a-5p -
miR-100-5p 4
miR-183-5p 4
miR-182-5p -
miR-199a-3p -
miR-199a-3p -
miR-200a-3p -
miR-200b-3p -
miR-503-5p
miR-708-5p -
miR-34b-5p
miR-34c-5p 4

miRNA

RS o N % R RS

.

Log2 fold change in relative abundance

Mild dysplasia (D20) Severe dysplasia (D35)

Figure 5.5 Log2 fold change of the 10 most differentially abundant miRNA in the mild dysplastic
and severe dysplastic cell derived EVs. The 80 miR199 and miR34 families are more

abundant in the EVs of the severe dysplastic cells.
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5.6. Comparison of the miRNA contentEMsfrom normetastatic carcinoma and
metastatic deposit cells

In a similarfashion to the EVs from the two dysplastic cell lines the miRNA
contents of the nemetastatic carcinoma and the metastatic deposit were compared. As
with the volcano plot for the EVs from the two different dysplastic cell lines the
majority of the miRNA N the noAmetastatic and metastatic cell derived EVs (figure
5.6) have a log fold change of between 0 and 5 whilst having-aigoificant
difference between them. The only four significantly detected miRNA are all in the non
metastatic carcinoma cell dezd EVs, all of which were from the mi00 family. The
miR-34 and let7 families are abundant in both vesicle types. Of the 10 most
differentially abundant miRNA (figure 5.7) those in the metastatic deposit are all
between 2 an@-fold more abundant wheas those in the carcinoma exhibit fold
changes of betweeti10-fold. In the EVs of the metastatic deposit cells ri#®a2-3p
was most abundant with a log fold change of 6. Also enriched in these EVs are miR
144-3p and miR378a3p. The most abundant miRNAthe nonametastatic cells with a
log fold change of 10 are the mi®0 family members mi200a3p miR-200b-3p and

miR-200¢3p along with miR41-3p.
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Volcano plot of mIRNA in nofmetastatic carcinoma and metastatic deposit cell

derived
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Figure 5.6 Volcano plot of miRNA identified in EVs from nemetastatic and metastatic cells. The
majority of the miRNA detected were detected with between 0 and 5 log fold difference in amounts but at
nonsignificant levels. Only four miRNA hee a significant difference in abundance and all of these were
in the noAmetastatic cell derived EVs. These were the 3p forms for20 miR200b and miR200c

as well as miRL41-3p. p <=0.05
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Top 10 most differentially regulated miRNA in nametasatic carcinoma and

metastatic deposit cell derived EVs

miR-200c-3p -
miR-141-3p
miR-200b-3p -
miR-200a-3p
miR-1307-3p
miR-149-5p
miR-708-5p
miR-181b-5p -
miR-625-3p
miR-182-5p -
miR-143-3p-
miR-146a-5p
miR-365a-3p
miR-361-5p+
miR-1285-3p
miR-125b-5p -
miR-376¢-3p
miR-378a-3p
miR-144-3p -
miR-199a-3p

miRNA

o O o N % K

. .

Log2 fold change in relative abundance

Carcinoma (H357) Metastatic deposit (B22)

Figure 5.7 Log2 fold change of the 10 most differentially abundant miRNA in the carcinoma and
metastatic deposit cell derived EVs. The most abundant miRNA in the metastatic delh&3its
is miR-199a2-3p and the most abundant miRNA in the fioatastatic cell EVs are both 3p forms

of miR-200 family members.
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5.7.Comparison of the miRNA contentfsfrom two oral dysplastic cell lines and an
oral carcinoma cell line

Because the cdiihes used in this project originate from the same primary site it is
appropriate to combine the miRNA content of the EVs from the two dysplastic EVs into
one set to compare these to those detected in the carcinoma cell derived EVs using the
same techniges as used for the other comparisons. The volcano plot in figure 5.8 is
different from that seen with previous comparisons, a far larger number of miRNA were
significantly abundant in the different vesicle types. In the dysplastic EVs four miRNA
are highlysignificant (p= <0.0001); these are mB&c5p miR-34b-3p and 5p along
with miR-199b-3p. A further four are also significant but with a higher p value these
include miR199a3p and miR34a3p. Six MIRNA are significantly abundant in the
carcinoma cell déved EVs these include miR00a b and ¢ 3pAs with the other
comparisons a large proportion of the miRNA are common to both dysplastic cell and
carcinoma cell derived EVs. The shared miRNA include 8 members of {Addetily
along with miR29a and b 3pin the dysplastic EVs the miR99 and miR34 family are
between 4 and4-fold more abundant than in the carcinoma EVs (figure 5.9). Similar
enrichment of families is seen in the carcinoma cell derived EVs with three members of
the miR200 family betwee® and10-fold more abundant in these EVs than in those of
the dysplastic cells. Both miR81a and b 5p are also slightly enriched in the carcinoma
cell derived EVs with between 2 adAdold greater abundance than in the dysplastic

EVs (figure 5.9).
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Volcano plot of miRNA in dysplastic and carcinoma cell derived EVs
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Figure 5.8 Volcano plot of miRNA identified in EVs from dysplastic and carcinoma cells. The
majority of the miRNA detected were detected with between 0 and 5 log ffdcedice in
amounts but at nesignificant levels. Large numbers of miRNA were significantly abundant in
EVs from the dysplastic cells, the most significant were-8dRand miR199 family members.
The significantly abundant miRNA in the carcinoma cell Ewdude miR200 family members. p

<=0.05
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Top 10 most differentially regulated miRNA in dysplastic and carcinoma cell

derived EVs

miR-199a-3p
miR-34¢-5p
miR-34b-5p
miR-34b-3p -
miR-199b-3p 1
miR-199a-3p 4
miR-34a-5p 4
miR-708-5p 4
miR-10b-5p 4
miR-143-3p 1
miR-30a-5p
miR-181a-5p 4
miR-625-3p 4
miR-1307-3p
miR-590-5p 4
miR-181b-5p -
miR-200b-3p -
miR-200c-3p -
miR-141-3p 4
miR-200a-3p

miRNA

» N> S N o
Log2 fold change in relative abundance

Dysplasias (D20+D35) Carcinoma (H357)

Figure 5.9 Log?2 fold change of the 10 most differentially abundant miRNA for the 10 most
abundanmiRNA in the dysplastic cell and carcinoma cell derived EVs. This reveals thd 98i&
family are enriched in the dysplastic EVs and the 4R family members are enriched in the

carcinoma cell derived EVs.
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5.8. Comparison of miRNA levels and target patiigsvan EVsfrom different tumour
stages

Following the differential expression analysis between the vesicle types, those
miRNAs which were common to all of the vesicle types were identified. Out 40ie
mMiRNA with more than a thousand reads péition mapped read§RPM) 44 were
common to all four EVs types. Several of the miRNA have changing levels across the
different tumour stages (figure 5.10), miR1a5p is more abundant in both carcinoma
and metastatic cell derived EVs when compared to the dyspaés with an increase
of between 3 and-ld. The levels of miR31-5p halve in carcinoma and metastatic
cell derived EVs compared to the dysplastic cell derived EVs. Both the 3p and 5p forms
of miR-126 are twice as abundant in the EVs of the mild dyspleslls compared to
the other three vesicle types, whereas+2m3p is twice as abundant in the EVs of the
severe dysplastic cells when compared to the other three types. There are several
mMiRNA which are present in much higher levels in the sevenglaitic cell EVs which
might be caused by tHé-fold higher level of detected reads in this sample. As with the

other analyses mi#23a3p was the most abundant in all EVs types.

Using the miRBase tool DIANA the miRNA were mapped to the KEGG pathways
in which their target proteins are found (figure 5.11). The majority of miRNA of interest
are predicted to target multiple pathways, all bar three of the pathways are represented
by at least 50 miRNA in all of the vesicle types. Because of the similar nuofbers
MiRNA representing each pathway it is difficult to determine if there are any variations
in the distribution. Among the pathways targeted by the miRNA in EVs are the MAPK,
PI3K-AKT and WNT signalling pathways as well as focal adhesion and regulation of

actin cytoskeleton. As expected the pathways all appear to be more heavily represented
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in the EVs of the severe dysplastic cells however there are 15 more miRNA with over
1000 RPM in these EVs than any of the other vesicle types with 85 miRNA, those of
the mild dysplasia had 70 the carcinoma 63 and the metastatic deposit cells 68. Putting
these numbers alongside those seen in the graph reveals that for all the pathways bar

fatty acid synthesis over 60% of the miRNA present in the EVs target that pathway.
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Abundance of detected miRNA varies with EV type
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Figure 5.10 Comparison of the abundance of the miRNA common to all EVs types. 108 miRNA

with more than 1000 readger million mapped reads (RPM) were filtered to find those common to

all of the vesicle types. Forpur miRNA were present in EVs from each of the tumour stages, the

amounts of several miRNA vary with tumour stage notably miREgila
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Kegg pathway angsis of EV miRNA contents reveals no significant changes
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Figure 5.11 KEGG pathways represented by the 44 shared miRNA. Shared miRNA with over
1000 RPM were entered into the DIANA miRNA database to identfykiEGG pathways
represented. The database search reveals that the majority of miRNA target several pathways with

most of the pathways being represented by over 50% of the miRNA over 1000 RPM
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5.9. Validation of lonTorrent sequencing data

5.9.1. Selection of targets

In order to validate the lonTorrent data, qPCR was employed to examine the
abundance of target miRNA sequences in whole cell RNA preparations and EV samples.
Candidates were selected for one of two characteristics. Firstly, sequences were selected
which hadhigh and consistent abundance in all samples and would therefore have a
high likelihood of being detected by gPCR in both EVs and cells. Secondly, some
sequences were selected which were not consistently abundant in all the samples,
detection of similar ggerns of abundance by gPCR would indicate that the patterns
seen by sequencing were valid. Detection of these candidates in both EV and cell
samples would indicate that the lonTorrent experiments had identified sequences
successfully in all of our EV sargs. Both let7a and miR29 have high abundance in
each of the samples however 2R has higher abundance in the severe dysplastic cell
derived EVs (figure 5.12) detection of this sequence via gPCR in both EVs and WCL
would indicate the lonTorrent had batetected the correct miRNA and had detected
any patterns of variation of miRNA between EV samples successfullyl88Rvas
only present in theevere dysplastic calerived EVs and would also act to confirm any

indications of variance seen in the lonBmt data.
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Let-7a miR199a3p and miR29a3p are suitable validation candidates
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Figure 5.12 To selecsuitable targets to validate the ion torrent sequengadsper million
mapped reads for diffent mMiRNA sequences was compafeideach of the EV sample§his
figure details the RPNbr three putative validation candidatéet-7a5p and miR29a3p were
selected because they were seen to be abundant in all the samihlecase of miR9a3pthere
was also a difference in abundance seen by ion torrent with the severe dysplastic vesicles
containing several fold more reads of this specieR-199a3p wasselected as it was only
abundant in the severe dysplastic samiesection of these 3 miRN# similar proportions with

gPCR would confirm both the patterns seen with ion torrent and the miRNA idemifield.
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5.9.2. Validation by qPCR

Following thegPCR ,the raw cycle numbers (figure 5.13) show that the EVs of all
the cancer cell lines contain theRNA let-7a5p (figure 5.13 A) and miR9a3p
(figure 5.13 C) as was shown in the lon Torrent data, however the same enrichment of
miR-29a3p in the severe dysplastic EVs which was observed in the sequencing
experiment was not seen in the gPCR. This caujgjsst that this variation is a
technical variation and might not have been present in subsequent sequencing
experiments. Both of the miR9a and le7a were present in the producing cells of
these vesicle types. In the case offlatit was detected 6/Fces earlier in the cell
samples than in the vesicle samples (figure 5
for the samples (figure 5.13 D) the miRNA was significantly more abundant in the cells
as opposed to the EVs in each of the cancer cell lindsoddh there was substantial
variation between the replicates the general trend demonstrates a significant reduction in

the amounts of this miRNA in EVs relative to the producing cells.

In the case of miR29a (figure 5.13 F) the miRNA varied considemalgrms of
relative abundance. In the mild dysplastic cells ¥ was marginally more abundant
(but with no statisticasignificanc@ in the EVs, this abundance increases in the severe
dysplastic EVs to arountifold more abundant. In the carcinoma sdibwever, this
trend isreversedand the miRNA is significantly more abundant in the cells than in the
EVs compared to the other samples. The trend reverses a second time in the metastatic
deposit cells where the miRNA is so®@0-fold more abundant irhe EVs than
compared to the cells. miR99a was selected as is it was only present in the EVs of the
severe dysplastic cells. Using gPCR (figure 5.13 B) it was seen to be significantly more

abundant in both the severe dysplastic cells and the EVs wheracaiip the cells and
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EVs of the mild dysplasia, the carcinoma and the cells of the metastatic deposit,
however it was also present in the EVs of the metastatic deposit although at a much
higher cycle number. When the relative abundance was calculatexk &g 3 E) this
miRNA was4-fold more abundant in the EVs of the severe dysplastic cell8-&vid

more abundant in the EVs of the metastatic deposit cells when compared to their

respective cells.
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Presence of all three validation castaties is confirmed by gPCR
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Figure 5.13 RNA extracted from the oral cancer cell lines and their respective EVs using the
mi RCURY kit was nor mal i z e docDNAbefoderbging used fdr gAICRwithd c o r
TagManProbes for leFa5p miR199a3p and miR29a3p. A, B and C show the gPCR cycle numbers at
which the signal intensities crossed a threshold of 0.05 f@alehiR199a and miR29a. Both lef7ra and
miR-29a aredetected in the cells and EVs of all samples.41#R is in the EVs and cells of the severe
dysplastic cells and was present in the EVs of the metastatic deposit but not in the cells. D, E and F show
the correspondi ng @CT v adangeeostheimRAUA sequencesigthaEVve r el a't
compared to their respective cells-Tet is significantly more abundant in the cells of all the oral cancer
lines, miR199a is less abundant in the mild dysplastic and carcinoma EVs. Fe29aiie miRNA is
margnally more abundant in the EVs of the mild and severe dysplasia. In the carcinoma cells the miRNA
is more abundant than in the EVs whereas in the EVs of the metastatic deposit the miRNA is 900 times
more abundant than in the originating cefks3 biological replicatesrror bars representing SEKne
way Anovawith Tukeys multiple corrections were used to compare between variables * = p>0.05 ***=

p>0.001 ****= >0.0001
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5.10. Discussion

It was the discovery that EVs could transfer RNA species between other cells
which caused the fields rapid expansion. The majority of these papers focus either on
the coding mMRNA or the necoding miRNA, many of these have benefitted from the
increasing availability of next generation sequencing technology (Jenjaroenpun et al.,
2013; Lunavat et al., 2015). Several groups have made use of the different technologies
to compare the RNA contents of Esfsd producing cells. A group working on breast
cancer cell lines showed the EVs purified at 100,00@antained large peaks for Y
RNA and tRNA and lower levels of other small RNA. This was very different to the
distribution of small RNA observed in the parent cell (Tosar et al., 2015). Breast cancer
cells small RNA is predominantly miRNA whereas the vesicle small RNA is only
0.26% miRNAwi t h t he majority being tRNA or 506 tRNA

EVs from a normalignant cell line to@Tosar et al., 2015).

This strongly suggests that either the large rRNA peaks observed in EVs purified
at lower speeds are cellular in originroduced by the difference in formation pathways
or they are cellular fragments-poecipitated with the EVs at this speed. The proportion
of miRNA they observed in the vesicle small RNA samples is consistent with that
observed in our experiments where ldgm 0.5% of the small RNA was miRNA
species in each of the cell lines. Given the number of papers that focus on the miRNA
contents of EVs the low proportion of the total small RNA peak represented by miRNA
sequences was unexpected. However, our dataodisee a similarly large proportion of
tRNA fragmented or otherwise, the largest proportion of our small RNA was

categorized as fAnothero, althodllgidhsegmbent s may be
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covers a large number of poorly studied RNA types ohiolg vault RNA and YRNA

which are not coding sequences. All samples were treated to rRNA depletion as part of
the work flow, despite this step the severe dysplastic EVs show a large amount of rRNA
suggesting either a problem with this step or an abnoyraaiie amount of rRNA in

this cell line as has recently been reported in HEK293T cells (Memet et al., 2017 and
Eckenfelder et al., 2017). It is also worth noting that RNA purified from urine EVs
contain 12% rRNA afterralllumina sequencing experiment Wit similar rRNA

depletion step (Koppeiisalic et al., 2016).

One of the reasons for performing this kind of experiment is to enable changes in
the miRNA contents of the EVs with tumour stage to be explored in detail. Although
hierarchical clustering dighow that the miRNA contents are varying with the vesicle
source the clustering observed was independent of cancer stage. The EVs from the
severe dysplastic cells have the most varied miRNA contents when compared to the
other EVs types with the mild dysglic and metastatic deposit cell vesicle being most
similar. Where this data is only produced from a single biological replicate, any issues
caused by the differences in the number of reads and the difference in the number of
miRNA with over 1000 reads perillion in the difference vesicle sources are unable to
be corrected for. It is possible that the differences observed in the clustering are
impacted by the severe dysplastic EVs having the highest number of miRNA reads and
the lowest percentage of mappedds. The lack of biological replicates is also
responsible for the low number of miIRNA above the significance threshold in the
volcano plots. It is worth noting that the largest number of significantly enriched
MiRNA were seen in the volcano plot whicbmpared the contents of two dysplastic

cell derived EVs, which created the effect of replicates, with those of the carcinoma
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cells.Despite this however there were some miRNA identified as being significantly
enriched in the EVs of the mild dysplasticlsehiR-12851-5p and miR13071-3p.

miR-1285 has not previously been detected in EVs but database searches reveal it
functions as a tumour suppressor (Hidaka et al., 2012; Huang et al., 201-2)307R

has been detected in EVs of colorectal cancer cel I{di et al., 2014) and patient

plasma (Huang et al., 2013) two papers from this year show this miRNA to be involved
in chemo resistance (Chen et al., 2017) and promoting proliferation in tumour cells (Qiu
and Dou, 2017). The enrichment of these miRN#&im EVs of the mild dysplastic cells
would suggest that they are removing a tumour suppressor from the dysplastic cells and

encouraging their proliferation in a bid to drivenouigenesis.

A larger number of miRNA were significantly enriched in the B¥the severe
dysplastic cells these included members of the-tIR and miR34 families both of
which have been seen in EVs from plasma (Huang et al., 2013)1989iRas been seen
to be antitumouigenic, inhibiting invasion and migration in head and nearkcer in a
recent publication (Koshizuka et al., 201¥he miR34 family is a welstudied group
of miRNA that are also seen to be tumour suppressing via SIRT1(Yamakuchi et al.,
2008). The enrichment of tumour suppressive miRNA in the EVs of thisrelkl
interesting when placed in context of the patient data, shortly after the establishment of
this cell line the patients dysplasia progressed to a carcinoma. Indeed, comparing the
contents of the dysplastic EVs with those of the carcinoma cells sebhaalthese
tumour suppressing miRNAs are absent in the carcinomaEdéiiand if a similar
pattern of enrichment was observed in EVs from other oral dysplasia and carcinoma cell
it could be said that the release of EVs constitutes an important pamadfiigenesis.

However, it would be instructive to determine if blocking the release of EVs prevents
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tumourgenesis in an animal model. When comparing the miRNA contents of the EVs
from the two different dysplastic vesicle types and those of the carciBbimthe miR

34 family RNAs were enriched in the severe dysplastic cell EVs this family but were

not present in the other vesicle types from later stages of cancer possibly suggesting that
its removal from the cell is something that is necessary for cautiprogression

throughtumouigenesis.

Although there appears to be an enrichment of tumour suppressing miRNA in the
severe dysplastic EVs there is a group of miRNA which are common to both vesicle
types which comprises several of theletuperfamily ®miRNA this well
characterised group of miRNA has been seen in various vesicle types and is considered
to be tumour suppressing. Another common miRNA is-2ifR-3p which has been
detected in colorectal cancer EVs (Ji et al., 2014) but is-tuprouigenic miRNA in
contrast to some of the others (Lanczky et al., 2016). The most abundant miRNA in all
the vesicle types is mi®3a which is a tumour suppressor in osteosarcoma (He et al.,
2014) and has been detected in in EVs from colorectal cancer cellstamd piasma.
Because there exist within the shared miRNA both tumour suppressing and oncogenic
miRNA it is difficult to assign a patrticular role to the EVs from either of these tumour
stagesSomeof thesemiRNAs are present in all vesicle types bothhie sequencing
experiments and by gPCR, the-Tetamily is known to be differentially regulated in
many cancers (Shell et al., 2007) and its abundance has been linked to the
differentiation state of the producing cell. In our study the levels of this mifaRhAy
were reasonably consistent across the different vesicle types suggesting that any
variation in abundance with differentiat:.

The fact similar miRNA are seen to be in all the vesicle types is somethtrghthdd
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be explored further, it would be valuable to see if the same miRNA are also common to
EVs ofhealthy cells of the oral cavity such as fibroblasts and keratinocytes or if their

presence is as a result of an enrichment that occurs as partmfigenesis.

Only four miRNA were significantly enriched when comparing between the non
metastatic cell and metastatic cell derived EVs and all of them were in the non
metastatic cell derived EVs. Three of these four miRNA belong to the2@0R
superfamilywhich in addition to having been detected in the EVs of colorectal cancer
cells and patient plasma is also found in melanoma cells (Lunavat et al., 2015). When
comparing between the vesicle contents of the dysplastic and carcinoma cell derived
this family of miRNA are three of the seven miRNA enriched in the carcinoma cell
EVs. This family is heavily implicated in cancer and there are papers showing that
miR200a miR200b and miR200c function as tumour suppressors which inhibits
invasion and metastasis (Damo et al., 2017; Xu et al., 2016he fact it is
significantly enriched in the nemetastatic carcinoma EYBut not present above the
1000 RPM threshold in any other vesicle typesentially suggests that again their
removal from the cell is somethgrthat must occur for metastasis to happen. It is worth
noting however that a paper from 2009 (Dykxhoorn et al., 2009) shows that the miR
200 family promotes rather than inhibiting metastasis albeit its positive effect is exerted
on a later stage of theqaress. The hypothesis linking removal of the f&® from the
cells in EVsto metastasimay not stand up to testing. This duality of function observed
in the literature for one miRNA family does highlight some of the challenges when

attempting bioinformat analysis of miIRNA sequencing data.
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The data presented here identifies several miRNA whose abundance varies
between the EVs produced by the cells of different cancer stages. One of these miRNA
is miR-181a5p which appears to decrease in the sevenglastic cell derived EVs
relative to those of the mild dysplasia, but in the EVs produced by the carcinoma and
metastatic deposit cells the levels of this miRNA increase dramatically. A search of
Exocarta reveals that this miRNA has previously been det@tilorectal cancer cell
EVs (Ji et al., 2014) and patient plasma (Huang et al., 2013). In several papers it has
been shown to function as a tumour suppressor (Shi et al., 2017) which is under the
controlof TGFb ( Neel and Lebrun, 2013). Perhap
from 2011 reveals that this miRNA is upregulated in O®€EEwhich developed from
leukoplakia and its over expression is correlated with lymph node metastasis vascular
invasion angoor survival (Yang et al., 2011) which given its previously reported
function as a tumour suppressouiexpectedThegroup also reported that ectopically
over expressing this miRNA caused an increase in the invasion and migration of OSCC
cells. In ths respect miRL81a is similar to the m#200 family in that there is evidence
indicating it can act as both a tumour suppressor and as a tumour promoter, in the case
of the miR200 family it appears that the miRNA acts on different stages of the
metastatiqrocess with different effects, it is possible that the4t82 family behaves
in a similar way. The findings of this paper aeflectedin the data presented in this
chapter, with the EVs from the carcinoma cells having greater levels of this miRNA that
those which originate from the leukoplakia, the levels of the miRNA in the producing
cells should be determined in order to see if the cell line data is consistent with that
from clinical samples and if there are any differences with in the enrichmergdret

the EVs and their producing cells.
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Some miRNA have different levels in the EVs from the dysplastic cells as
opposed to the carcinoma and metastatic deposit cells. In the dysplastic cell EVs miR
31-5p, which has been seen in EVs from colorectal caredés and patient plasma is
twice as abundant compared to those of the carcinoma and metastatic deposit cells, this
mMiRNA has been well studied in oral cancer, it has been shown to be upregulated in oral
cancer tissue samples (Yan et al., 2017) a mowskehof tongue carcinogenesis
showed that miRB1 was one of the first miIRNA to appear in the saliva of the mice
suggesting that it could be in salivary EVs (Kao et al., 2015) another paper which
focused on the formation of leukoplakia identified the 3mfof this miRNA as one of
the miRNA upregulated during the formation of leukoplakia (Xiao et al., 2012)}3hiR
has also been proposed as a biomarker of cancers of the tongue (Liu et al., 2012). Again,
the findings presented in this chapter seem to bastenswith the published data in
that the miRNA levels in the EVs match what has been reported in tissue or cells
however the levels of mik1-5p should be checked in the producing cells to determine
if the levels are consistent with those reported iditeeature and with those in the cell
lines.

A second miRNA is miRL26 which has been detected in the same colorectal
cancer cell and patient plasma studies as the other miRIN&\mMiRNA is twice as
abundant in the EVs of the mild dysplastic caltglin oral cancer this miRNA is
tumour suppressive (Han et al., 2016; Yang et al., 208t ps with other miRNA its
enrichment in the EVs of the dysplastic cells could be contributing to the progression of
oral cancer. Conversely mi7a3p is significantlynore abundant in the EVs of the
severe dysplastic cells compared to the other vesicle types, this miRIN£agenic in

breast cancer (Guttilla and White, 2009; Li et al., 2010) with links to proliferation.
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Four miRNA species were mentioned in the intrcitbn as being currently under
study as biomarkers for oral cancer. The first of these2di@nd miR1245 have been
detected in EVs from the serum of oesophageal cancer patients, neither of these were
detected above the 1000 RPM cut of in our study, hvisidikely to be because of the
different cellular origin, the epithelium found on the tongue is different from that found
in the oesophagus. The second two fBIRand miR139 have not previously been
detected in EVs either in saliva or from oral canetiscbut were detected in our study,
miR-139 was in the EVs of the mild dysplastic cells and4®iRwvas present in all
vesicle types but enriched in the EVs from both dysplastic cell lines. Our findings
would suggest that at least some of the miRNA fes¢htwespecies detected in saliva
is enclosed within EVs, the proportion of the salivary faif® and miR31 which is in
EVs could be easily determined using qPCR experiments on RNA extracted from whole

saliva and on salivary EVs from patients.

Alongsidethese one on one comparisons, KEGG pathways analysis of the miRNA
was performed using the DIANA tool and miRBase. The outputs from this tool reveal
just how multifunctional the miRNA contents of these EVs are. Unfortunately, this
makes it difficult to drev any conclusions as to the EVs functions let alone changes in
function with tumour stage. With the exception of fatty acid metabolism, each of the
pathways is represented by around 80% of the miRNA in the EVs. It is possible that the
EVs purified by thigrotocol are from different populations each with a distinct miRNA
population, if this were the case it could offer some explanation for this difficult to
interpret pathway data. If there were multiple populations with distinct miRNA contents
and thereforaffected pathways this could be masked by viewing the miRNA data for

all the EVs. There are several interesting pathways targeted by the miRNA in these EVs,
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including those that regulate adhesion and the regulation of the cytoskeleton, both of
which are nfluential in metastasis. A missing piece of this jigsaw is the copy number of
MIiRNA per vesicle in the literature this value has been speculated to be significantly
lower than 1 copy number per vesicle (Chevillet et al., 2014), should similar numbers be
observed in our EVs it would indicate one of two things, either random packaging or
mMiRNA into the EVs or that multiple populations are purified. In either case it would

limit any conclusions that could be drawn from further exploration of the pathway data.

The validation experiments performed usiragiMangPCR primers showed that
as in the RNA sequencing experiments the miRNAs,-88R3p and let7a5p were
present in all of the vesicle samples, these miRNAs were also present in the cells that
produced tese EVs, it also confirmed the pattern observed in the RNA sequencing
where miR199a3p was only present in the EVs of the severe dysplastic cells which
would suggest that other patterns in the data are reliable observations. There were a few
differences sen by gPCR however. Firstly, miE®9a was also detected in the EVs of
the metastatic deposit cells although the high cyefgesents the fact it was below the
1000 rpm cut of in the sequencing d&acondly miR29a was seen by RNA
sequencing to havemauch higher abundance in the EVs of the severe dysplasia
however by qPCR there was little variation in the cycle number at which the miRNA
was detected in any of the samples with the carcinoma EVs and metastatic deposit cells
having the highest cycle numigandicating the lowedevels,but this difference was
only marginal. It is possible that these variations were only observed via RNA
sequencing because of technical variation and would not have been detected in
subsequent experiments whereas the gPCRpedormed from three different

biological samples. Whilst the RNA was normalised prior to running the lon Torrent, the
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number of different reads per sample indicates that there was considerable variability in
the quality of the samples which could alsa@unt for this variationlhe consistent
similarity between the results from the two different techniques gives some confidence

to the conclusions drawn from the lon Torrent data.

Let-7a5p was one of the core miRNA species common to all the EVs types,
calculating the @CT values reveals that
originating cell. The Le¥ family of miRNA is commonly enriched in cancer and its
presence in significantly lower levels in the EVs suggests it is not being actively
packayed into these EVs. The substantial variation observed between biological
replicates does not mask the overall difference pattern which is a reduction of between
100 and1L00Gfold of the miRNA in the EVs. LeTa5p is an evolutionarily conserved
miRNA andif it were beingat i vely packaged into the EVs
expected to be closer together. Research has shown that the level3 édutndty
mMiRNA could be of prognostic value in cancer, (Shell et al., 2007) with this in mind the
amounts of Le7a5p should beompared in healthy oral squamous cells to the
cancerous cells as our qPCR experiments give no indication as to differences in the
abundance of this miRNA in the different cancer stages. The information gained from
this experiment could give some biolodicantext to the significant difference in the
abundance of this miRNA in the EVs and cancer cells. It is possible that the miRNA is
deliberately maintained in the cells as opposed to being packaged into the EVs, however
this woul dnoét fvidence detating thel Leetcfamityeas bieiegdumeur

suppressive (Lee and Dutta, 2007).
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miR-199a3p was selected as a validation candidate as it was only present in EVs
from the severe dysplastic EVs, calculating o
increase in the levels of the miRNA in the EVs relative to the severe dysplastic cells.
This miRNA was also enriched in the EVs of the metastatic deposit cells, although this
CT value was <calculated from replicates with
should be viewed with caution. Evidence in the literature shows that this miRNA is
heavily implicated in the acquisition of the invasive and migratory behaviours necessary
for migration (Deng et al., 2017; Koshizuka et al., 2017) and it is possible that its
release in the EVs of this cell line enabled it to obtain those phenotypes. Hawisver
MiRNA was not detected in the other cell lines, this suggests two possibilities, firstly
that this mechanism is not occurring in every case of oral cancer or settatidhis

mMiRNA is not alone in driving the acquisition of these behaviours.

As with Let7a5p, miR29a3p was one of the core RNA shared by all the vesicle
types in the sequencing data. gPCR showed that it was consistently present in all the
cancer chs and the EVs they produced, it was also detected at a similar cycle number
for all the cells and EVs, between-38, however these small variations in cycle
number did indicate that the abundance of the miRNA in the EVs and the cells is not
consistentWhilst the abundance of the miRNA in the EVs relative to the cells steadily
increases with the severity of the dysplasia, for the carcinoma this miRNA is more
abundant in the cells than the EVs. The inverse of which is seen in the metastatic
deposit cellsvhere arB00-fold increase relative to the producing cells is observed. This
is an extreme change in relative abundance when compared to the other cell and vesicle
pairs, unfortunately without a suitable internal control this cannot be correlated to an

increase in this miRNA in the cells or in the EVs. Unfortunatel/were unable to
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establish a similar control for the vesicle samples which prevents robust comparisons

between the miRNA levels of the different vesicle types in the same way.

As is commorwith many miRNA there are conflicting reports in the literature as

to its role in cancers, some articles report that it istantour in gastric cancer cells (L.
Chen et al., 2014) and pancreatic cancer cells (Tréhoux et al., 2015) whereas in
colorectal ancer it promoted metastasis (Tang et al., 2014) and in breast cancer it
promoted proliferation of tumour cells (Pei et al., 2016). It is possible that the function
of the miRNA switches at some stage during tumour progression which would explain
the chang in distribution of miR29a between cells and EVs at the different stages. The
additional information and questions raised by the comparison of the miRNA of the
cells and the producing EVs demonstrates the importance of doing this with the other

candidatesdentified during the analysis of the lon Torrent data.

5.10.1. Future work

This chapter hints that the field (ourselves included) should shift some of the
focus on the miRNA contents of the EVs to the more abundant types of other small
RNA present in these EV$he lon Torrent data was validated by confirming the
expression of three miRNA candidates in the EVs and the corresponding cell lines the
consistency of the results with two different techniques gives a reasonable confidence to
the lon Torrent data. Althagh limited in scope the lon Torrent sequencing has provided
some interesting options for further experimentation. The miRNA that appear to be
differentially abundant in the EVs from the different tumour stages all merit further
exploration although therés one notable caveat that should be addressed. The amounts

of RNA used for sequencing and for the gPCR were not normalised against the number
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of EVs in part due to the technical difficulties of doing so. Because of this it would be
valuable to perfornexperiments using PCBased approaches on the RNA isolated
from a known number of EVs to determine the copy number of the RNA species per
vesicle This would ensure that any changes observed in miRNA abundance were not
caused by different number of EVs haj used to produce the miRN#hese

experiments would be reliant on the identifying suitable controls however.

If possible additional biological replicates of the lonTorrent sequencing should be
performed, although an alternative approach would be ta tideDA microarray or
gPCR for a wider array of targe@nce this has been resolved tighese miRNA
should be confirmeah the cell lines that produced the EVs used in these experiments
along withother cells from the same stages as well as healtiayitkecytes to enable a
wider and more reliable comparison to be dralivathical permission could be
obtained, then these targets could also be validated in EVs produced from cells
extracted from patient biopsies or EV from patient sal@opic over gpression and
knockdown of the miRNA should be used to determine what phenotypic effects delivery
of these species could have on surrounding cells of the TQWEn the number of
miRNA that are linked to invasion and metastasis found in our EVs it would be
interesting to establish a model using transwell or scratch assays to determine the effects
on both cancerous cells, which would implicate these miRNA in metastasis, and
immune cells or fibroblasts which would implicate these miRNA in the establishment of

the TME.

Considering the findings in this chapteat miRNA represent a very small

proportion of the total RNA in the EVs, it would perhaps be most valuable to perform a
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similar range of experiments on other less well studied RNA species in the RIAY
and tRNA have both been identified in similar studies, although normaltgaoding
their apparent enrichment in EVs suggests a biological role which is yet to be

uncovered.
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6. Proteomic analysis of the contents of oral cancer cdllVs

6.1. Introduction

Vesicles are formed by the cell as a method of membrane protein recycling or as
part ofa mechanismeceptor internalisatiorEVs were first identified by tracking
transferrin receptor recycling (Johnstone et al., 19879.membrane contents of EVs
are partialarly significant for vesicles that form via inwards invagination of the
intraluminal membrane in MVBs. Because the membrane undergoes two inversions
during their biogenesis any membrane proteins are presented in their active
configuration when releaserbfn the cell. This is important for trastuzumab resistance
(Ciravolo et al., 2012) as EVs are released bearing active forms of the decoy receptor
which bind drug molecules preventing them from binding the tumour cells. Non
membrane proteins have also bedetected in EVs, including proteins such as survivin
(Khan et al., 2011), which is released during times of stress from the cell, or misfolded
proteins in the case of Al zheimero6s disease (
proteins have been shown toseamultiple functionsthey can be oncogenic forms of
proteins (AtNedawi et al., 2008), transporter proteins that aid in drug resistance (Chen

et al., 2014), or they can be ligands that can kill immune cells (Lundholm et al., 2014).

Proteins containedithin or on EVs form one of two of the major bioactive
groups of molecules within EVs. With the increasing body of evidence for the selective
packaging of proteins into EVs, the comparison of vesicle protein contents between
those produced by diseased &ealthy cells or patients has become an increasingly

important step in studying diseases like cancer (Moon et al., 2016). As EVs yield a
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small amount of protein the sensitivity of mass spectrometry techniques makes them
valuable, enabling the identificatiaf large numbeyof proteins from a minimal

amount of protein. This is particularly useful when applied to patient samples like

saliva, a study by a group from Brazil has used label free analysis of salivary vesicle
protein from healthy and unhealthypa¢ nt s ( Wi nck et al ., 2015
vesicle protein 247 different proteins were identified post processing using aMBLC
system. Label free mass spectrometry assumes that the ion signal detected by the
instrument correlates in a linear fashigith the proteins concentration, the machine

relies on spectral counting or spectral peak intensities to determine this. Spectral
counting works on the principle that peptides that are more abundant will be selected for
fragmentation more often and willdrefore produce spectra of a greater intensity. This
contrasts to iTRAQ which is an isobaric labelling technique where all proteins in a
sample are labelled with small molecular tags which produce fragments of a
characteristic mass enabling the differearhples to be compared. Two recent papers

have made use of iTRAQ tagging to analyse vesicle proteins in both prostate cancer
using urine samples from healthy and unhealthy patients (Fujita et al., 2017), and
malignant mesothelioma using cancerous and pyimmeasothelial cells (Creaney et al.,

2017).
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6.2. Aims and Objectives

The aims of this chapter were to use mass spectrometry to profile the protein
contents of EVs from cell lines representing the different stages of oral cancer. Detected
proteins were @alysed using a variety of bioinformatics tools enabling us to identify
any changes in vesicle contents with tumour progression. GO analysis tools were used
to provide details on the subcellular origin and pathways identified proteins belong to.
This infomation provided details on the potential biological effect of EVs on receptor
cells enabling future experiments to be designed. The mass spectrometry data was
validated by western blotting for suitable candidates identified by the mass
spectrometry. Thesalidation experiments were carried out with whole cell lysates as
well as vesicle lysates to enable comparison of relative abundance between the EVs and

their parent cells.

6.3.ITRAQ mass spectrometry Y contents

EVs were purifiedrom themedia ofmultiple confluent T175 flasksonditioned
for 72 hourger cell line using size exclusion chromatography. The vesicle containing
fractions were pooled and pelleted at 100,000 x g. This pellet was lysed using 0.1 M
TEAB buffer containing 0.1% SDS and samplesis® by iTRAQ 8 plex. Protein
yields were too low from the mild dysplastic c@h20) EVs and so this sample was
excluded from the iTRAQ experiment. As the samples for this experiment were
allocated four of the eight ITRAQ tags available (with the otber being used for
anotheru s eexp&riments), the severe dysplastic vesicle sample was loaded in

duplicate. Following the iTRAQ run the differential abundance of the proteins was
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determined for the EVs from the dysplastic and carcinoma cells and betveeson
metastatic and the metastatic cell derived EVs. Immediately evident is that despite the
effort to separate these EVs from the protein and create pure samples there is
contamination with serum proteins in these samples. Once the bovine proteins are
removed there are 6 proteins decreased in the severe dysplastic EVs and 5 that are
increased when compared to the carcinoma cell derived EVs (table 6.1). No proteins
have significant differences in abundance when the most stringent statistical filters were
used. If the multiple test corrections are removed however, then several proteins are
decreased in the dysplastic EVs (table 6.2); histone 2 b (H2B), elongation factor 2 (EF2)
histone 3.2 (H3.2) and nidogdna basement membrane protein. Only 1 protein is
significantly increased (p=<0.01) in the dysplastic EVs; splicing factor, pralime

glutaminerich (100 kDa DNApairing protein).
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Protein name Fold change in | Number of Number of Species
severe guantificatons unique peptides
dysplastic
vesicles relative
to carcinoma
vesicles
AlphalB 0.75 14 1 Bos taurus
glycoprotein
Histone H2B 0.7 13 2 Homo sapiens
V-type proton 0.7 4 1 Homo sapiens
ATPase catalytic
subunit A
(Fragment)
Alpha2-HS 0.75 53 3 Bostaurus
glycoprotein
(Asialofetuin)
(FetuinA)
Beta2- 0.65 5 1 Bos taurus
glycoprotein 1
(Apolipoprotein H)
(ApoH)
IGK protein 0.7 6 2 Bos taurus
Bifunctional 0.55 2 1 Homo sapiens
glutamate/proline
-tRNA ligase
(Fragment)
Elongation factor | 0.6 13 3 Homo sapiens
2 (ER2)
Serotransferrin 0.65 3 1 Bos taurus
Histone H3.2 04 22 2 Homo sapiens
(Histone H3/m)
(Histone H3/0)
Nidogenl (NID1) | 0.4 5 1 Homo sapiens
(Entactin)

Table 6.1 Proteins downregulated in the EVs of 8everadysplastic cds by iTRAQ (two replicates)

compared to the carcinoma cell derived EVs (single rep
t-test with several correction options to give varying levels of stringency. Proteins in italics have a p value

of 0.01.Those in normal script have a p value of 0.05. The large number of bovine proteins present

indicates the samples are still contaminated with serum proteins. Number of quantifications and unique

peptides are included as a measure of quality control, psotgih a high number of quantifications are

unique peptides are likely to be present as a complete protein and are abundant within the sample.
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Protein name | Fold change | Number of Number of | Species
in severe guantifications| unique
dysplastic peptides
vesicles
relative to
carcinoma
vesicles
Collagen alpha | 6.35 2 1 Homo
2(l) chain sapiens
Uncharacterizeg 1.9 2 1 Homo
protein sapiens
KIAA0408
(Fragment)
Splicing factor, | 1.3 3 1 Homo
proline-and sapiens
glutaminerich
(100 kDa DNA
pairing protein)
60S ribsomal | 1.2 3 1 Homo
protein L8 sapiens
Fibrinogen 1.2 8 3 Bos taurus
alpha chain
Inter-alpha 1.15 9 4 Bos taurus
trypsin inhibitor
HC2 component
homolog
(Fragment)
Calmodulin 1.25 4 1 Homo
sapiens

Table 6.2 Proteins upregulated in tl&/s of theseveredysplastic cells by iTRAQ (two replicates)

compared to the carcinoma cell derived EVs (singl
t-test with several correction options to give varying levels of stringency. Protéiakds have a p value

of 0.01. Those in normal script have a p value of 0.05. The large number of bovine proteins present

indicates the samples are still contaminated with serum proteins. Number of quantifications and unique
peptides are included as a reege of quality control, proteins with a high number of quantifications are

unique peptides are likely to be present as a complete protein and are abundant within the sample.
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Protein name Fold change in | Number of Number of Species
metastatic guantifications | unique peptides
deposit vesicles
relative to
carcinoma
vesicles
Transforming 9.4 2 1 Homo Sapiens
growth factor
beta-induced
protein igh3
(Fragment)
Fibronectin (FN) | 7.5 4 1 Homo sapiens
Immunoglobulin | 5.3 3 1 Hono sapiens
superfamily
member 8
(Fragment)
Major vault 2.3 9 1 Homo sapiens
protein (MVP)
(Lung resistance
related protein)
Elongation factor | 2.0 13 3 Homo sapiens
2 (ER2)
Inter-alphatrypsin | 1.8 17 5 Bos taurus
inhibitor heavy
chain H3
Nidogenl (NID1) | 1.8 5 1 Bos tauus
(Entactin)
Apolipoprotein E | 1.8 4 1 Homo sapiens
(Fragment)
Alphal,4 glucan | 1.8 4 1 Homo sapiens
phosphorylase (E(
2.4.1.1)
Collagen alph& 1.7 2 1 Homo sapiens
(1) chain
? 1.6 2 1 ?
Inter-alphatrypsin | 1.6 9 4 Bos taurus
inhibitor
Fibrinogen alpha | 1.6 3 1 Homo sapiens
chain
Protein AMBP 1.6 4 1 Bos taurus
Charged 1.6 2 1 Homo sapiens
multivesicular
body protein 1b
Thrombospondin | 1.5 5 1 Homo sapiens
4
Fibrinogen alpha | 1.4 8 3 Bos taurus

chain
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Coatomer subunit| 1.3 2 1 Homo sapiens
gamma2

Galectin3- 1.3 22 2 Homo sapiens
binding protein
(Fragment)
Heat shock 1.3 2 1 Homo sapiens
protein HSP 90
beta
Galectin7 1.2 8 1 Homo sapiens
Complement 1.2 4 1 Bos taurus
component C7
Chromobox 1.2 3 1 Homo sapiens
protein homolog 3
(HECH)

PremRNA 1.2 2 1 Homo sapiens

processindactor
19 (Fragment)

Table 6.3Proteins upregulated in the EVs of the metastatic deposit compared to the EVs of the carcinoma
cells by i TRAQ. p val ues -igdwith sedemltcerneation optichstagve ng a
varying levels of stringency. Proteins in bold have a p value of 0.05 with multiple corrections applied.
Proteins in italics have a p value of 0.01 and those in normal script have a p value of 0.05 but no multiple
corrections are applied. The large numbébmfine proteins present indicates the samples are still
contaminated with serum proteins. Number of quantifications and unique peptides are included as a
measure of quality control, proteins with a high number of quantifications are unique peptidesyare li

to be present as a complete protein and are abundant within the sample.
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Protein name Fold change in | Number of Number of Species
metastatic guantifications | unique
deposit vesicles peptides
relative to
carcinoma
vesicles
Aminoacyl tRNA
synthase complex
interacting
multifunctional
protein 2 0.9 2 1 Homo sapiens
Apolipoprotein All
(Apo-All) 0.9 2 1 Bos taurus
Integrin beta4
(GP150) (CD antige
CD104) 0.9 4 2 Homo sapiens
Histone H2B 0.9 34 1 Homo sapiens
Regulator of
nonsense
transcrpts 2 0.9 2 1 Homo sapiens
Deoxyuridine 5'
triphosphate
nucleotidohydrolase 0.9 4 1 Homo sapiens
Protein RCC2 (RCQ
like protein TEBO) 0.9 5 1 Homo sapiens
Histone H1.3
(Histone H1c)
(Histone H12) 0.8 3 2 Homo sapiens
Cofilinl (Fragment) 0.8 5 1 Homo sapiens
Beta2-glycoprotein
1 (Apolipoprotein H 0.8 5 1 Bos taurus
Alphafetoprotein 0.7 3 2 Bos taurus
Fructose
bisphosphate
aldolase A
(Fragment) 0.7 4 1 Homo sapiens
Serotransferrin 0.7 3 1 Bos taurus
Laminin subunit
gamma?2 a) 0.7 2 2 Homo sapiens
Alpha2-HS
glycoprotein
(Asialofetuin)
(FetuinA) 0.7 53 3 Bos taurus
AlphalB
glycoprotein (Alpha
1-B glycoprotein) 0.6 14 1 Bos taurus
Integrin alpha6 0.6 15 3 Homo sapiens
Mutant myocilin
(Myocilin) 0.6 3 1 Homo sapiens
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Table 6.4 Proteins downregulated in the EVs of the metastatic deposit compared to the EVs of the
carcinoma cells by i TRAQ. p Vv adstwithseveva comectidre t e r mi n e
options to give varying levels of stringency. Proteins in balgeha p value of 0.05 with multiple

corrections applied. Proteins in italics have a p value of 0.01 and those in normal script have a p value of
0.05 but no multiple corrections are applied. but no multiple corrections are applied. The large number of
bovine proteins present indicates the samples are still contaminated with serum proteins. Number of
guantifications and unique peptides are included as a measure of quality control, proteins with a high

number of quantifications are unique peptides are liteelye present as a complete protein and are

abundant within the sample.

Much like the comparison between the dysplastic cell EVs and those of the
carcinoma cells the comparison between themetastatic and metastatic cell EVs
(table 6.3 and 6.4) is heigvcontaminated with bovine serum components like
fibrinogen U c haiamyserdivhconsaminason wauld bemxpectece d a
to be consistent across all EV samples. There are two proteins which show a statistically
significant difference in abumdice even with the most robust stringency settings: EF2
and galectir3-binding protein are both increased in metastaticamlived EVs,
although the latter was only identified as a fragment of the main protein (table 6.3). If
the multiple test correctioils removed more proteins have significantly different
abundances. The structural proteinsfiorime n U chain (t he -lhuman
fi bronectin and collagen U 2 (1) chain ai
major vault protein and thrombospondind.t egr i ns U 6 and b 4 ar
in the metastatic cell EVs comparedthenon-metastaticell EVs (table 6.4). EF2,
major vault protein, the galectBtb i ndi ng protein and integr.i

validation with western blotting as they were enriched in one or two vesicle sources and

in the case of EF2 were sem multiple samples. However, given the contamination

199



with bovine proteins and having inadequate amounts of protein to run all of our
samples, the decision was taken to repeat these experiments using label free mass
spectrometry. This had two advantagesr iTRAQ, firstly it could be run with a lower
amount of protein, and secondly it would enable us to generate a list of all proteins

detected as opposed to just the differential intensities of the tagged proteins.

6.4.Label free mass spectrometry of orahcarEV contents

6.4.1. Mass spectrometry data processing

EVs were purified from the conditioned media of three confluent T175 flasks per
cell line using SEC. Multiple preparations were pooled to give sufficient protein for
analyses by reverse phase HPMS. Samjes were reduced, alkylated and then
digested using trypsin. A 105 min data dependent acquisition on an Orbitrap Velos
instrument yielded 1054 identified proteins following processing of the raw data with
MaxQuant. The data was then subjected to post psougin Perseus (figure 6.1A).
Removal of the contaminants identified by MaxQuant reduced the number of proteins to
910. These contaminants included keratin and glu6gs®sphate isomerase, which

are often detected in very high quantities in sample&imgsther signals.

The data was subsequently screened for quality by removing proteins with a low
number of unique peptides; proteins with a razor and unique peptide score of less than 2
were removed leaving 376 proteins. With so few unique peptidestddtthese matches
could not be viewed with the same reliability as those with a greater number of unique
peptides. Razor peptides are those peptides assigned by the software to a protein on the

principle of Occam's razor. Therefoiethe razor peptidés unique it can only match
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with a single protein group. If it is not unique it will only be a razor peptide for the

protein group with the largest number of peptides. Finally, statistics were used to

identify those proteins with significant differencesalmundance between different

samples using a multiway Anova test with appropriate corrections, which gave 194
proteins common to the EVs from all cell lines with a p value of <0.05. The distribution

of these proteins howeyvecellivesa(Bgoré.1Be ven ac.i
ranging from between 18 and 177 proteins detected within the EVs from the cell lines.
Twice the number of proteins were detected in the EV sample isolated from the

carcinoma cell line than in any other sample.

6.4.2. Comparison of pr@in contents of oral cancvs

As part of the data processing in Perseus a heatmap was created using Euclidean
clustering (figure 6.2). This clustering produced an unexpected result where the EVs
from the carcinoma cells (H357) clustered independertdly ihe other three vesicle
types, which were clustered from left to right in order of increasing cancer stage. The
heat map also places the EVs from the severe dysplastic cells and the metastatic deposit
in a separate branch from those of the mild dyspl&3ts. A core of proteins is
common to all vesicle types with smaller sections that are unique to one or two of the
types. The heat map also shows that a number of proteins were only detected in one of
the two technical replicates, which were subsequeethoved from the data processing

by the statistical tests.
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Work flow for post processing of label free mass spectrometry data and range in protein

number with EV type

« 1054 proteins identified

200 -

* Remove contaminants - 910
proteins

 d

~

Number of proteins

* Remove proteins with razor +
unique peptides score <2 —
376 proteins

« Statistical analysis — 194
significantly expressed
proteins

EV origin (cancer stage)

Figure 6.1 A) Workflow detailing data processing carried ouPierseus and the corresponding
reduction in protein number achieved by the steps taken. B) Shows the variability in number of
significantly detected proteins between the different cell liBasa produced from n=2 technical

replicates which were mergedatiow statistical tests to be used.
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Protein contents of OSCC EVs do not cluster by tumour stage

Intensity
2 N 3 8 10 12 14 16 18 20 22 24 26 28 »
Y 1 1 i ) 1 ) X 1 ) 3 1

—
i § § & § & § 8
Carcinoma Mild dysplasia Severe dysplasia Metastatic deposit

Figure 6.2 Following label free MS protein hits were mapped using MaxQuant and the resulting

data imported into Perseus where identifiedtamination and poorly identified peptides were

removed. A Euclidean heat map of 376 oral cancer cell vesicle proteins with a razor + unique
peptide score =>2 was produced. This shows the technical replicates of the mass spectrometry runs
clustering togdter but also indicates the vesicles from the carcinoma cells cluster distinctly from
those of the other cell lines which cluster from left to right in order of increasing cancer stage. Red

coloured proteins are those with the highest abundams@stechnial replicates.
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Following data processing in Perseus, gene ontology analysis was performed
using the Panther database. The first characteristic compared was the molecular function
of the proteins (figure 6.3). The most common protein type observed wedirgoin
proteins, which accounted for between68% of the identified proteins. Catalytic
proteins were more abundant in the EVs produced by the carcinoma cells (H357) and
metastatic cells (B22). The EVs from the severe dysplastic cells lacked proteins with
translation regulator or signal transduction activity, possibly caused by the lower
number of proteins detected in these EVs in comparison to the other stages. These

protein classes are highest in the mild dysplastic cell EVs.

The distribution of cellulaorigins was reasonably consistent across the vesicle
types (figure 6.4). A large proportion of the proteins originate from the extracellular
region in all vesicle types, although this is seen to decrease to around 10% in carcinoma
cells. However, there @mlso a significant proportion of proteins that are classified as
cell parts, perhaps suggesting the presence of contaminants from cell debris. Again, a
difference is observed in the severe dysplastic cell EVs with a decrease in the proportion
of proteinsderived from organelles to under 10% which are arour20e5s of the
proteins in the other samples. All vesicle types have betw@&¥8Bof proteins derived
from organelles, upon further analysis (figure 6.5) the majority of these proteins were
from the nuteus in all sources except for the severe dysplastic EVs where the only
proteins present were cytoskeletal in origin. Further exploration of the cell part category
(figure 6.6) indicates the majority of proteins for all the vesicle types are intraceltular
plasma membrane in origin with few belonging to the nuclear outer membrane ER

membrane network in the mild dysplastic and carcinoma derived EVSs.
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Binding and catalytic proteins are most abundant in OSCC EVs

Molecular function
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Figure 6.3 GO molecular function results for 194 statistically significant proteins purified from

the conditioned media of confluent flasks of cell lines from different stages of oral cancer. A) mild
dysplasia, B) severe dysplasia, G)armetastaticarchoma and D) a metastatic deposit. Proteins
were analysed by reverse phase HPLC coupled to label free mass spectroscopy, detected peptides
were quantified and identified using MaxQuant before clean up and post processing with Perseus.
Statistically signifiant proteins were run through the Panther Gene Ontology databases, with the
above graphs detailing the distribution of molecular roles for the proteins detected. The majority of
the proteins for all vesicle types were binding proteins with large numisersnablved in

catalysisn=2 technical replicates.
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EV proteins are predominately cell part of extracellular region in origin
Cellular component
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Figure 6.4 GO cellular componemntesults for 194 statistically significant pratsipurified from

the conditioned media of confluent flasks of cell lines from different stages of oral cancer. A) mild
dysplasia, B) severe dysplasia, Gyarmetastaticarcinoma and D) a metastatic deposit. Proteins
were analysed by reverse phase HPbQGpted to label free mass spectroscopy, detected peptides
were quantified and identified using MaxQuant before clean up and post processing with Perseus.
Statistically significant proteins were run through the Panther Gene Ontology databases, with the
abowe graphs detailing the distribution of cellular origins for the proteins detected. For all cell
types large numbers of proteins were from the extracellular region which is expected. There were
also large numbers of proteins with origins in organellesaegtiular matrix or cellular parta=2

technical replicates.
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EV proteins from organelles are predominantly from nucleus or cytoskeleton in
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Figure 6.5 GO organelle results for 194 statistically sigrafi¢ proteins purified from the

conditioned media of confluent flasks of cell lines from different stages of oral cancer. A) mild
dysplasia, B) severe dysplasia, G)anrmetastaticarcinoma and D) a metastatic deposit. Proteins
were analysed by reversegse HPLC coupled to label free mass spectroscopy, detected peptides
were quantified and identified using MaxQuant before clean up and post processing with Perseus.
Statistically significant proteins were run through the Panther Gene Ontology databds#d® wit
above graphs detailing the distribution of organelle origins for the proteins detected. The largest
group of proteins is from the nucleus for all sources except the severe dysplastic cell derived EVs

(B). n=2 technical replicates.
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EV proteins from cképarts are predominantly intracellular or plasma membrane in
origin
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Figure 6.6 GO Cell part results for 194 statistically significant proteins purified from the

conditioned media of confluent flasks of datles from different stages of oral cancer. A) mild
dysplasia, B) severe dysplasia, G)armetastaticarcinoma and D) a metastatic deposit. Proteins
were analysed by reverse phase HPLC coupled to label free mass spectroscopy, detected peptides
were quatified and identified using MaxQuant before clean up and post processing with Perseus.
Statistically significant proteins were run through the Panther Gene Ontology databases, with the
above graphs detailing the distribution of cell part origins for tbéeprs detected. Proteins are
predominantly intracellular or plasma membrane in origin for all samples with a few belonging to
the nuclear outer membrane ER membrane network in the mild dysplastic (A) and carcinoma

derived EVs (C)n=2 technical replicates
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Nucleic acid binding is the most common function of OSCC EV proteins
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Figure 6.7 GO Protein class results for 194 statistically significant proteins purified from the
conditioned media of confluent flas&$ cell lines from different stages of oral cancer. A) mild
dysplasia, B) severe dysplasia, G)armetastaticarcinoma and D) a metastatic deposit. Proteins
were analysed by reverse phase HPLC coupled to label free mass spectroscopy, detected peptides
were quantified and identified using MaxQuant before clean up and post processing with Perseus.
Statistically significant proteins were run through the Panther Gene Ontology databases, with the
above graphs detailing protein classes for the proteins ddtdarge numbers of nucleic acid

binding proteins are all samples, along with cytoskeletal and matrix proteins. EVs from the
carcinoma cells have a wider range of protein classes within them in comparison to other vesicle

types.n=2 technical replicates.
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Analysis of the protein class reveals more variation than for the protein origin and
molecular function (figure 6.7). Consistent with the large number of proteins identified
as being from the nucleus, there are large numbers of nucleiciadidg proteins in all
samples. However, these are not transcription factors which are listed as a separate
category and are far less abundant in all samples. There are also large numbers of
cytoskeletal and matrix proteins in all samples. As is expecétidadhesion proteins
are present in all samples and account feb%#of the proteins in each sample. Given
the expected origin of some of these EVs is the intraluminal vesicles of MVBs, the
presence of membrane traffic proteins in all bar the seysastic vesicle type is
expected. There is variation in the number of protein classes across the samples, which
is likely to be due to the variation in number of proteins detected across the samples.
There are several enzyme classes in the differentleanipcluding isomerases,
transferases, hydrolases and lyases. Ligases only appear in the carcinoma cell EVs
(figure 6.7 C), as do transmembrane receptor regulator and adaptor proteins. With the
exception of the severe dysplastic cell EVs (figure 6. fiB)iune system proteins are
seen in all the EVs, as are chaperone proteins. Calcium binding proteins appear to be
unique to the metastatic deposit EVs (figure 6.7 D) which in turn lack any transfer or

carrier proteins.
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6.4.3. Comparing the protein contentsiB¥s from mild and severe
dysplastic cells
The advantage of using discovery proteomics approaches is it allows the entire
protein contents of EVs from the different cell lines to be compared at once using
bioinformatics tools. The two dysplastic cell lingsed in this project represent differing
severity of premalignant oral lesions, which may be reflected in the vesicle contents of
these cells. Comparison of the fold changes in abundance and the p values of the
proteins detected in mild and severe dysgitacell derived EVs (figure 6.8 and 6.9)
reveals three distinct populations of proteins that were significant. A group of four
proteins that are unique to the severe dysplastic EVs are phosphate & actin regulator 3,
tumour necrosis factor inducible gee pr ot ein and coll agens U 1 an
large group of proteins are significantly detected and common to both vesicle types
including fibronectin, several hi stone protei
largest group is unique to the milgigplastic cell derived EVs. Two of those with the

hi ghest significance val u-gXliclminaendguaniné her col | a

nucl eotide bindin protein G(i) subunit U

A core group of proteins seen to be common to both EV types|uding several
histone proteins, thrombospondin 1 which was detected by western blots in previous
experiments, and proteins like fibronectin. The laminin subunit proteins are all unique to
the EVs from the mild dysplastic cells (>20 fold more abundant), aseaezal
chaperone proteins including HSP90. Interestingly, glyceraldeByatesphate
dehydrogenase (GAPDH), which is commonly used as a loading control for western
blots, was only detected in the mild dysplastic EVs illustrating the difficulty in finding

loading controls for vesicle western blots. The 10 proteins with the largest changes in
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the mild dysplastic EVs all have fold changes in excess of 20, whereas only 7 of the top
10 changes in the severe dysplastic EVs are abdwolel. This is because thmajority

of the proteins are more abundant in the mild dysplastic EVs (figure 6.9). In the severe
dysplastic EVs phosphate actin regulator 3 saw the largest difference in abundance
being25-fold more abundant in the severe dysplastic EVs. Also listecharive

chains o tlawd@ bdthafgvhich ard oved-fold more abundant in the severe

dysplastic EVs.
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Largest population of EVs is enriched in mild dysplastic cell derived EVs

compared to severe dysplastic cell derived EVs

T
X

Severe dysplasia (D35) Mild dysplasia (D20)

Figure 6.8 Volcano plot comparing the filtered proteins from the EVs of mild and severe

dysplastic cells. Significance was set at p=>0.05 in Perseus, very few of the filtered proteins were
below this line. Three distinct populationsprbteins can be seen on the graph. A small group of
proteins are significantly detected and are unique to the severe dysplastic EVs seen on the far left
of the graph. A second population is common to both vesicle types, the largest population is unique

to the mild dysplastic EVs1=2 technical replicates.
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Top 10 differentially abundant proteins in mild and severe dysplastic cell derived EVs

Phosphatase and actin regulator 3 -

Collagen alpha-1(V) chain -

Tumor necrosis factor-inducible gene 6 protein 4
Collagen alpha-2(V) chain-

Histone H2A type 1-J 1

Transferrin receptor protein 14

Histone H1.5-

Pentraxin-related protein PTX3 -

Histone H2A V1

Collagen alpha-3(V1) chain 4

Putative elongation factor 1-alpha-like 3
Heat shock protein HSP 90-beta-
Glyceraldehyde-3-phosphate dehydrogenase 4
Laminin subunit beta-1

Tubulin alpha-1C chain 4

Laminin subunit gamma-2 4

Laminin subunit beta-3 4

Laminin subunit alpha-34

Laminin subunit alpha-5-

Agrin -
» » ° » w

Protein

Log2 fold change in relative abundance
Severe dysplasia (D35) Mild dysplasia (D20)

Figure 6.9 Fold change in abundance of the 10 most differdptiddundant proteins in mild and
severe dysplastic cell derived EVs purified from the conditioned media of confluent T175 flasks.
More proteins were identified in the mild dysplastic EVs than those of the severe dysplastic cells.
A group of proteins includg several histone proteins were common to both vesicle types. Several
laminin subunits were present in the mild dysplastic EVs but not present in those from the severe

dysplasia derived EV$1=2 technical replicates.
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6.4.4. Comparison of the protein contetsEVs from nonmetastatic
carcinoma and metastatic deposit cells

Another valuable comparison to make is between the contents of the carcinoma
cell derived EVs and those of the metastatic deposit cells. The cells of the metastatic
deposit despite originaiy from the same anatomical site will likely exhibit many
changes from those of the primary carcinoma. As with the comparison between the EVs
of the two dysplastic cell types, comparison of the fold changes in abundance and the p
values of the proteins dmited in carcinoma and metastatic deposit cell derived EVs
(figure 6.10 and 6.11) show three distinct populations of proteins. Ten proteins were
significantly increased in the EVs from the metastatic deposit cells including the (1)
chainsof bothcollaggd 1 and U 2 along with extracellul ar
and emilin 2 (figure 6.10 and 6.11). Nespirin 1, a nuclear membrane cytoskeletal protein
with key roles in cellular movement, was-fold more abundant in EVs from metastatic
deposit cells. Agup of proteins are significantly detected and similarly present in each
of the groups including Hbrondctmactinadd3, col | agen

thrombospondin 4.

158 proteins with increased abundance were detected in thaetastatic
cardnoma cell derived EVs, which includes syndecd8BC4) the HLA class
compatibility antigen A and the lipolysis stimulated lipoprotein receptor being among
the most significantly detected of this gra@ppendix 3)Agrin is abundant in both
EVs from thecarcinoma cells and mild dysplastic cehliss is a proteoglycan with three

potential attachment points for heperarpkakein its structure.
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A group of proteins were common to both of the vesicle types, many of these were
also present in the carcima cell derived EVs. Including subunits of histones H2, 3 and
4 along with collagen U 3 (VI) chain and
cytoskel et al i n nat ur e wdathdrinhtavytcham ongsc t i n
Thrombospondin 1ral major vault protein are marginally more abundant in the EVs
from the noAmetastatic cells whereas the versican core protein is slightly enriched in
the metastatic deposit cell derived EVs. Among the interesting proteins enriched in the
nonmetastaticcaci noma cel | s | 26foid marecagundamt in fhdse wh i c |
EVs, which is consistent with the iTRAQ dataset. Another interesting protein enriched
in the EVs from the nemetastatic carcinoma cells, is the transferrin receptor protein 1,

which is he protein through which EVs were first identified (Apperglix
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Largest population of EVs is enriched in ametastatic carcinoma cell derived

EVs compared to metastatic deposit cell derived EVs

9-
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-30 -20 -10 0 10 20 30
Difference
Metastatic deposit (B22) Carcinoma (H357)

Figure 6.10 Volcano pld comparing the filtered proteins from the EVs of noetastatic cells

with those of the metastatic deposit cells. Significance was set at p=>0.05 in Perseus. Very few
proteins were seen to be below this threshold. Three distinct populations of protefiressegen on

the graph. A small group of 10 proteins are significantly detected and are unique to the metastatic
deposit cell EVs seen on the far left of the graph. A second population is common to both types or
marginally more abundant in the EVs from ti@t+metastatic carcinoma cells. The largest group

of proteins is most abundant in the Ametastatic carcinoma cell derived EVis2 technical

replicates.
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Top 10 differentially abundant proteins in Roretastatic carcinoma and metastatic

deposit cell drived EVs

Collagen alpha-1(l) chain

Nesprin-1-

Collagen alpha-2(l) chain -

Fibulin-2

Golgi-associated plant pathogenesis-related protein 1
Aggrecan core protein-

Latent-transforming growth factor beta-binding protein 1
D-3-phosphoglycerate dehydrogenase -

EMILIN-2 4

Adenylate kinase isoenzyme 1

HLA class | histocompatibility antigen

Pentraxin-related protein PTX3 1

Plectin+

Laminin subunit alpha-3 -

4F2 cell-surface antigen heavy chain 4

Laminin subunit beta-3

Integrin beta-4

Laminin subunit gamma-2

EGF-like repeat and discoidin I-like domain-containing protein 3 -

Agrin
O

Protein

Log2 fold change in relative abundance
Metastatic deposit (B22) Carcinoma (H357)

Figure 6.11 Fold change in abundance of the 10 most differentially abundant proteios-in
metastaticarcinomaand metastatic cell derived EVs purified from the conditioned media of
confluent t175lasks. More proteins are present in the negtastatic carcinoma cell derived EVs

than those of the metastatic deposit cells these include several laminin subunits, agrin and an EGF
like repeat and discoidinllke domaircontaining protein 3. A group @iroteins including several
histone proteins and extracellular matrix proteins are common to both vesicle types. A smaller

group of proteins including some coll agen U ch

derived EVsn=2 technical repliates.
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6.4.5. Comparison of the protein contentstdfs from two oral
dysplastic cell lines with those of oral carcinoma
Because the cell lines used in this study originate from the same primary site it is
appropriate to combine the protein content of the Ediw fihetwo-dysplasticcell
derived EVs into one dataset to compare with those detected in the carcinoma cell
derived EVs. This allows for the identification of any changes in vesicle protein content
as a result of a dysplasia progressing into carcinom&irgly most of the proteins
detected (69) were more abundant in the carcinoma cell EVs. Among the most
differentially abundant and significantly detected proteins \B&€4 the HLA class
compatibility antigen A and the lipolysis stimulated lipoprot&iceptor (figure 6.12).
There is a shared group of 20 proteins present in EVs from dysplastic and carcinoma
cells including fibronectin and histones 2A and 2B. The third population visible is 4
proteins that are more abundant in the carcinoma cell derMed& were not detected
in significant amounts, including-Ras 2 and the 40s ribosomal protein s16. The most
abundant protein in the carcinoma EVs is the EGF like and discoidin 1 like domain
containing protein 3 which 80-fold more abundant in these EM_aminin subunit
proteins are also highly abundant as i s
cancer (Garzinddemo et al., 1998). Thrombospondin 4 is also more abundant in
carcinoma EVs whereas thrombospondin 1 is present in similar leved&h of the

vesicle types.

A common set of proteins was observed including both histone H2 and H3
subunits as well as the proteins laminin and fibronectin. The latter was marginally more
abundant in the dysplastic cell derived EVs. Histone H2E wasfahe most abundant

proteins in the carcinoma EVs as is a |
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not present in the mild dysplastic EVs. Plotting the log fold change of the 10 most
differentially abundant proteins in each sample (figure 6.18)show the majority of
proteins are enriched in the carcinoma EVs with only 3 being enriched in the dysplastic
cell derived EVs. These are fibronectin lactadherin and calldge 3 ( VI ) chai n
which are between 1 argdfold more abundant in these EVEhere are 7 proteins that

are less thab-fold enriched in the carcinoma cell derived EVs including four histone
proteins as well as a heat shock protein. The 10 proteins most differentially abundant in
the carcinoma cell EVs are ov&%-fold more abundat in these EVs and include a

receptor tyrosine kinase, fatty acid synthetase and the HLA class 1 histocompatibility

antigen.
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Majority of proteins enriched in carcinoma cell derived EVs compared to dysplastic cell

derived EVs

-Logp
10
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Carcinoma (H357) Difieronce Dysplasias (D20+D35)
Figure 6.12 Volcano plot comparing the filtered proteins from the EVs of dysplastic cells with
those of carcinoma cells. Significance was set at p=>0.05 in Perseus, there were many proteins
seen to be on or below this line predominantly with great@ndance in the carcinoma samples.
Three distinct populations of proteins can be seen on the graph. A very large group of proteins are
significantly detected and are unique to the carcinoma cell EVs seen on the far left of the graph. A
second populatiois more abundant in the carcinoma EVs but not detected at significant levels, a
small group of proteins is common to the two vesicle classes and significantly dete&ed.

technical replicates.
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Top 10 differentially abundant proteins carcinoma angbldgsic cell derived EVs

EGF-like repeat and discoidin I-like domain-containing protein 3
Retinoic acid-induced protein 34

HLA class | histocompatibility antigen
Histone H2B type 2-E -

Solute carrier family 2

Fatty acid synthase +

Laminin subunit beta-24

Prostaglandin F2 receptor negative regulator -
Tenascin4

Receptor protein-tyrosine kinase -

Laminin subunit gamma-1 -

Histone H4 -

Histone H3.2

Histone H2B type 1-M-

Histone H2A type 2-C+

Heat shock cognate 71 kDa protein -

Histone H1.4 4

Collagen alpha-3(Vl) chain -

Lactadherin -

Fibronectin+

Protein

T
- P ) N K

.

Log2 fold change in relative abundance
Carcinoma (H357) Dysplasia (D20+D35)

Figure 6.13 Fold change in abundance of the 10 most differentially abundant proteins in dysplastic
and carcinoma cell derived EVs purified from the conditioned media of confluentfletKS.

More proteins are present in the carcinoma cell derived EVs than those of the dysplastic cells. A
group of proteins including several histone proteins are common to both vesicle types. An EGF
like and discoidin 1 like domain containing proteirsdighly abundant in the carcinoma cell EVs

but is absent in the dysplastic cell EVis2 technical replicates.
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6.5. Validation of mass spectrometry data

In order to validatéhesedata proteins were selected as candidates for western
blotting in both celland vesicle protein lysates. Candidates were selected that were
detected in all samples as well as those which were enriched in individual samples. As
previously mentioned, antibodies had initially been selected to validate the iTRAQ
dataset. In order toetermine if they would also be suitable for validation of the label
free data, the label free intensities scores and the sequence coverage of these proteins
were examined (table 6.5). Thrombospondin 1 had high scores in all samples and had
been shown to bgresent in vesicle samples during previous experiments (figure 4.6).
Major vault protein similarly had high scores in all samples bar one of the replicates for
D35, which may be due to instrumentation error. EF2 was present in all bar the D35
replicates ad along with Lgalectin 3 binding protein (LGAL3BP), which is present in
both D20 and H357 replicates, would enable the trends observed by the mass

spectrometer to be confirmed.

Also considered was the percentage coverage, which is the percentagetal the
protein sequence covered by the peptides detected by the instrument. The higher the
percentage coverage score the more likely that antibody binding epitopes for these
proteins would be present in the EVs meaning they were more likely to be suitgessfu
validated by western blot. The majority of these were above 25%, the exception being
integrin U 6 which i-Bhadb8th HghlabeWrse intehsitiesimb os pond i
all samples and a comparable sequence coverage to EF2 it was added tddkiervali
panel to further increase the reliability of the screen. Western blots were carried out on
whole cell lysates as well as their respective vesicle samples to compare the abundance

of the target proteins in the EVs against that of their parent tetbmibospondin 1 was
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detected in all of the EV samples as well as the cells from which they originate (figure
6.14). EF2 was detectable in all samples except for H357 EVs and B22 cell lysate. This
is inconsistent with mass spectrometry data by which itdetected in both of these

EV types but not in the EVs of the D35 cells, which along with its producing cells were
seen to contain the protein by western blot. Major vault protein, which was detected in
all of the vesicle samples by mass spectrometry, wgsdetectable in the D20 cell

lysates and EVs, and the B22 cell lysate by western blotting (figure 6.14). Strangely
LGAL3BP which was seen by mass spectrometry to be abundant in the D20 and H357
EVs was detected in the D20 EVs but not in the H357 EVsdstesn blot. It was

however in the B22 EVs, albeit with significantly lower abundance than in the D20
EVs. Il ntegrin U 6 however was not detect

possibly because of its low sequence coverage not including any argjpitalyes.

D20.1 | D20.2 | D35.1 | D35.2 | H357. | H357. | B22.1 | B22.2

1 2
Elongation factor2 | 245 |24.4 |0 0 26.5 26.2 0 21.3
(27.6%)
Integrin alpha 6 0 0 0 0 25.5 25.5 0 0
(18.7%)
Major vault protein | 26.2 | 26.8 |0 226 |26.4 26.5 21.8 | 233
(45.5%)

Thrombospondin 1 | 28 283 | 241 |24 296 |29.7 [26.1 |255
(26.6%)

L-galectin 3 binding | 25.6 |25.7 |0 0 26.3 26.3 0 0
protein (38.1%)

Table 6.5 Log 2x of the label free intensity scores for the selected validation candidates. Thrombospondin

1 and major vault protein were selegtbecause they are present in all samplemléctin 3 binding

protein integrin U 6 and elongation factor 2 wer e
respectively. Percentage value in brackets is the percentage of the total ppi&lece covered by the

peptides detected=2 technical replicates.
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Validation of label free mass spectrometry by western blot confirms presence of

some candidates
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Figure 6.14 Validation of mass spectrometry data by western blotiwgs were purified from the

culture media of confluent oral cancer cell lines using size exclusion chromatography. Fractions 6

9 were pooled and pelleted at 100,000 x g for 90 min before lysing in 1XRIPA buffer with protease

inhibitors. Protein lysate wasgduced from 250000 cells of each line. Protein from all samples

was nor mal

nitrocellulose membrane samples were blocked and incubated with primary antibodies overnight.
Blots were imaged by incubation with a secondary antibody conjugated with HRP before treating

with a chemiluminescent substrate and exposing to X ray film and developing with a Xograph X4

i sed

and

10¢eg

|l oaded

per

sampl e

compact. Thrombospondin 1 is present in all cell lysateEAhdamples. Mpr vault protein was

detectable only in the cell aiglV lysates of the D20 cells and the whole cell lysate of B22 cells.

Elongation factor 2 was present in all bar H357 and B22 EVs with LGAL3BP detected in both

D20 and B22 EVs. Western blots representafiem a minimum of 2 experiments
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6.6. Oral cancerEVsare enriched in proteins from oral cancer associated pathways
Along with identifying any changes in protein contents across the EVs of the
different cancer stages another reason for performing proteonadcments was to
identify possible functional roles the EVs could have. Using the Panther GO database
tool the significantly detected proteins were matched to pathways (figure 6.15). Several
of these are of importance in cancer. Most abundant is the mpghway with
inflammatory and cytoskeletal regulation proteins also present in large amounts. There
are small numbers of proteins involved in the angiogenic, apoptotic and DNA
replication pathways along with a few protein signalling pathways includibd*B8
MAPK fibroblast growth factor and EGF factor pathway. Because of the number of
pathways present in this data set it is very difficult to observe any fluctuations in the

distribution of pathways across the tumour stages.

Focusing on those pathway#lwthe most implication in cancer (figure 6.16),
shows that two of the pathways, the angiogenic and DNA replication are only present in
one of the vesicle types. The angiogenic pathway is only present in carcinoma EVs and
the DNA replication pathway in ¢hmetastatic deposit cell derived EVs. Only the
pathways for apoptosis, cytoskeletal, regulation, inflammation, integrin and P53 are
represented in all vesicle types. The EGF and FGF pathways have no proteins in the
EVs from the severe dysplastic cells ar@ither the severe dysplastic cells nor the
metastatic cells produce EVs containing P38 and MAPK pathway proteins. Because of
the variation in the number of proteins detected in the different samples it is difficult to
determine however if any of theselpaays are increasing or decreasing in

representation across the different stages.
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Integrin signalling, and other pathways are most abundantly represented in OSCC EV

proteins
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Figure 6. 15 Protein pathways repsentedn the protein content afral cancecell derivedEVs.

Following label free mass spectrometry of EV proteins from four oral cancer cell lines the data

was pooled an&V proteins with statistically significant label free intensities and a razbr an

unique peptide score of =>2 were entered into the Panther database and the GO pathways returned.

While the majority of pat hwsinalinganeayteskelemalbel | ed as fAot

regulation pathways are seen to be the most abundghtechical replicates.
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Integrin signalling, inflammation, apoptosis and cytoskeletal regulation pathways

all represented in OSCC EVs
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Figure 6.16 Oral cancer EV proteins with statistically significant label free intensities and a razor
and unique peptide score of =>2 were entered into the Panther database and the GO pathways
returned. The percentage of total proteins for each of the pathways was calowAtethnical

replicates.
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6.7. Discussion

An unexpected outcome of this chapteswlae comparison of iTRAQ ariabel
freemass spectrometry techniques for the analysis of EV protein contents.
Unfortunately, the biggest finding from the ITRAQ data was that the samples were
contaminated with bovine serum proteins despite the multipeepsing steps and the
great care taken to remove all protein contaminations. In hindsight, these experiments
were performed in the wrong order. Label free mass spectrometry should have been
performed first to identify targets that appeared to be diffenpackaged into the
EV types, this could then have been confirmed using iTRAQ. Even allowing for the
limitations of the data output the iTRAQ data did identify several proteins which were
subsequently identified by the label free experiments, incluallirthe validation

candidates and several histone proteins

However, differences in abundance seen via iTRAQ were not seen in the label
free results and vice versa. Label free mass spectrometry is not without its drawbacks as
each sample must be run inidivally causing a large increase in the required instrument
time for experiments and necessitating careful cleaning of the system between each
sample. ITRAQ however enables a degree of multiplexing reducing the instrument time
required which is desirablebut this is what presents limitations when working with
EVs. EV contents are known to exhibit a degree of heterogeneity, something which will
be particularly true when working with patient samples. Because iTRAQ outputs the
comparative amounts of the peot between the samples, the heterogeneity of EVs
means that some proteins that are not present in all samples could be missed. Although
there are studies which have successfully used iTRAQ to study EVs these are only

comparing protein contents of EVs beewn two states, healthy and cancerous cells or
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individuals which are more suitable for iTRAQ than our more ambitious study with its

four different cell lines from different stages of oral cancer.

Label free mass spectrometry was able to identify 376ipsotéthin EVs from
the different oral cancer cell lines of which 194 were present in statistically significant
guantities. The number of detected proteins varied considerably between the producing
cell lines from 18155, this is however unlikely to be @pty caused by any biological
variation but will almost certainly be caused in part by technical variation. Ideally the
mass spectrometry itself would have been carried out in replicate but this was not
possible, however because samples were pooled &vajerenough material to run the
analysis this will have introduced a degree of biological variation into the dataset. The
heat map produced during the processing indicates one of the problems introduced by
the range in protein number observed in the sasadlhe carcinoma cell EVs have over
double the number of proteins of the next higl®stype, which could explain why it
is clustered distinctly from the othEN types, it is also interesting how many of the
proteins are only detected in one of the téchl replicates for the mass spectrometry
run. It was expected that the EVs would cluster by cancer stage, which is seen for three
of the fourEV types and it is possible that had the H357 EVs had a smaller number of

proteins associated with them they Wbhave conformed to this pattern.

Gene ontology (GO) tools were used to give a further insight into the proteins
present within the EVs, firstly the molecular function was compared, this indicated that
the distribution of functions across the EVs wageaéy similar with the majority of
them in all cases being binding proteins. This would suggest that they are largely

membranebound proteins which was shown not to be the case when the cellular origin
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of these proteins was explored with the majority irsathples being classified as
originating from cell parts. The GO tools suggest that there is an increase in the
proportion of catalytic proteins in the carcinoma cell derived EVs and a lack of
translation regulator and signal transduction proteins inabers dysplastic EVs. This
should however be viewed with some caution given these two samples are at the
extreme ranges of the number of proteins seen in our samples and the proportions
maybe affected by this. With the exception of the EVs from the sdysmastic cells a
similar distribution with respect to cellular origin is seen in all samples, although the
carcinoma cell derived EVs saw fewer proteins from the extracellular spaces, with both
cell parts and organelles being the largest groups. Orr @ramination of the cellular
origin the of the proteins they were predominantly nuclear and intracellular which is
unexpected. Given the origin of at least some of these EVs will be from the outer
membrane and others would be from MVBs it was expectédhbanore proteins

would be extracellular and of lysosomal origin.

A study from a group in Brazil performed mass spectrometry on salivary EVs
from oral cancer patients (Winck et al., 2015), their data indicates similarly high levels
of binding proteinswith a large amount of the proteins originating from cell parts, and
much like our data this was predominantly intracellular, however the majority of their
proteins were classified as extracellular region in origin. This is the only paper
published in Enggh that has used mass spectrometry to analyse the protein content of
oral cancer EVs. The similarities between their data and ours end with the protein class
however, none of the proteins they detected in the salivary EVs were characterised as
nucleic aail binding which was the most abundant class of proteins present in our EVs.

Whilst these comparisons are interesting it is important to consider that the EVs isolated
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from a patient's saliva will have been produced by more than one cell type whereas ours
are produced by a single cell type. Taken together this data shows a stronger than
expected similarity between the contents of our EVs with very similar distributions of
protein origin and function. The prevalence of proteins originating in the nucleus and
with nucleic acid binding abilities suggests that these EVs are enriched in proteins like
transcription factors, which has been seen in large oncosomes with AKT1 (Minciacchi
et al., 2017) in prostate cancer and also in HEK293 cell derived EVs which 4e8+§ 1

a n dcaténin (Dovrat et al., 2014). Our data shows many of tie3 family proteins

are actually in our carcinoma EVs with a few of the proteins detected in the mild
dysplastic and metastatic cell derived vesicle. There are however none of them in
severe dysplastic cell derived EVs. Such variation in protein content is one of the major

reasons for performing proteomic analysis of the vesicle contents.

Comparisons between the vesicle proteins of the cell lines indicates that there is a
group d proteins common to all the vesicle types, it would be valuable to determine if
these proteins are also common to EVs produced byaocerous celldncluded in
these proteins are histone proteins, whilst the presence of histones does not necessarily
indicate the presence of genomic DNA this is something that should be tested. During
the RNA extraction protocols the columns are treated BNlse but this was done
more as a precaution than because of any suspicion of DNA being present. There are
currenty very few papers that explore the DNA contents of EV, genomic DNA has been
detected in in EVs produced by various cancer cell lines (Ldbarez et al., 2014)
and (Montermini et al., 2015) but also in those found in patient plasma (Cai et al.,

2013). These papers do suggest that this DNA can have functional effects and is capable

of being actively transcribed. It would be simple to determine if the histones are
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associated with DNA by use of immune affinity techniques.

Comparing the proteins compositialso raises the possibility that the different
collagen U chain subunits are differentially
1 (V) and (XVIIl) chain being enriched in the
enriched in the severe dysplaBia/s, U 3 (VI ) chain common to al
enriched in the carcinoma and U 1 and 2 (X) c
Because the collagen chains will share some sequence commonality there is a degree of
uncertainty in the ability of #®nmass spectrometer to accurately determine between the
different chains if they are present in small quantities, so these findings would need to
be confirmed using western blotting before being pursued further. The experiments
should also be performed @nlarger panel of cells from the different stages to see if this
observation is consistent. Another interesting findingi¥C4a protein that is
significantly enriched in the carcinoma cell EVs but not detected in the other vesicle
types,SDC4is one of d&amily of plasma membrane proteoglycans and associates with
integrins and thrombospondin receptors. Altho
cancer, it is a protein which has been linked to more aggressive forms of breast cancer
(Baba et al., 2006) giblastoma (Huang et al., 2001) and testicular cancer (Labropoulou
et al., 2013). It is commonly associated with the acquisition of metastatic potential in
these tumours and it would be useful to determine if this enrichment was just seen in the
EVs or wheher it is present in the producing cells as well. Searchin§@&4in the
Vesiclepeida and Exocarta databases, shows that it has been detected in salivary EVs,
(GonzalezBegne et al., 2009) as well as in those from undifferentiated keratinocytes
(ChavezMuiioz et al., 2009) and various cancer cells (Demory Beckler et al., 2013;

Hurwitz et al., 2016).
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Searching for a protein witBDC4like extremes of expression in the dysplastic
cell vesicle types was not as successful. Although some laminin subuniés appe
enriched in the mild dysplastic EVs, they are absent from the severe dysplastic EVs but
are found in both the metastatic and carcinoma cell EVs. Likewise, agrin which is
present in the mild dysplastic cell EVs and absent from those of the sgsplastic
cells,but it is also present in the carcinoma cell derived HYis. differential
distribution of agrin is interesting when placed in the context of two separate pieces of
work on the role of hepam sulphate proteoglycans (HSP@GsEVSs. Firstly a paper
from 2013 which demonstrated that heparin treatment reversibly blocked the transfer of
EVs between cells (Atai et al ., 2013). TI
tethered to the surface of EYdg HSPGsawas functionally activén receptor ceff
(Webber et al., 2010). $PGsupporting proteins potentially then have an influence on
boththe functions and destinations of EWse different distribution of agrin suggests
that while the HSPGs are required for EV function the proteins that bear dmevany
from EV to EV.It could also indicate that the vesicles enriched in agrin bear different

HSPGs and therefore have different functions or destinations to the others.

Nesprin 1 was shown to be unique to the metastatic cell derived EVs, this is a
nudear membrane protein which interacts with actin and has implications in the
invasion and migration of cells. Searching for nesprin 1 in the Vesiclepeida and
Exocarta databasesvealsthat this protein has not previously been detected in EVSs.
There are seeral proteins for which the relative label free intensities vary across the
different vesicle samples, which is possibly an indication of changing abundance and

therefore selective incorporation. However, the label free intensities are insufficient to
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determine any enrichment and to confirm this densitometry experiments would need to
be done with antibodies for these proteins. As with other interesting candidates
identified in this chapter it is also necessary to determine their abundance in EVs from

othercell lines from the different stages.

Alongside comparing the different proteins found within these EVs types this
chapter has begun to place these protein contents in the context of cancer and
tumouigenesis. These initial findings show that two siguaifit pathways, angiogenesis
and DNA replication only have proteins in EVs from one of the cancer stages.
Angiogenesis is now recognized as one of the hallmarks of cancer and proteins from
this pathway are only present in the carcinoma cell derived EMsadt known what
the vascular status of this patient's tumour was but as an established tumour it is likely
to have had its own blood supply. The presence of these proteins in the EVs could then
be interpreted as them being removed from the cells as\gerdmeeded or alternatively

being shipped to other cells to change the angiogenic pathways activity in them.

The presence of DNA replication pathway proteins in the metastatic deposit cell
derived EVs is interesting and closer analysis shows theseHistome H3 and
proliferating cell nuclear antigen. Whilst cancer cells are replicating the DNA
replication pathway will obviously be highly dysregulated and whether these two
proteins could affect such dysregulation alone is doubtful. Given this pathbssrsca
in all other vesicle types it suggests that the metastatic cells DNA replication pathway is
in different status to those of the other cells. Batlgiogenesis and DNA replicatiane
more significant in the early stages of a tumour another suctvgaith the

inflammatory pathway proteins; these proteins could be capable of establishing
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inflammatory conditions that are favourable to the progression of the tumour. The

largest proportion of the proteins belong to the integrin pathway, a pathway that is

heavily implicated in oral cancer (Moilanen et al., 2017; Ramos et al., 2009) particularly

in the invasion and migration phenotype required for metastasis. A paper from 2016
details a mechanism in prostate cancer wl
integrins to nortumouigenic cells from théumouigenic cells promotes migration
(Singh et al., 2016). Integrin UV isnoét
another protein implicated in oral cancer. It is possible that the integrin privi¢iese

oral cancer EVs will play a similar role to that seen in prostate cancer in a co culture
experiment. Integrins normally function as adhesion molecules, given they are the most
abundantly represented proteins in these EVs and cytoskeletal regplateins are

one of the other abundant pathways it is very likely these EVs could exhibit a pro

migratory effect on receptor cells. This role could be tested by dosing theaetastatic

cells with EVs from the metastatic cells and performing migrassays to determine if

the phenotype can be transferred. Met ast .
invasion and migration, early in a tumours development the recruitment of immune cells
and fibroblasts into the developing tumour are both be@n&fThis drive could explain

the presence of these proteins in the EVs from all the stagesofiigenesis and

could equally be tested in the same assays used to test the migration of tumour cells.

The validation experiments performed using westéstiibg produced mixed
results. WhileTSP1was present in all the vesicle samples in both the mass spectrometry
and the western blottinfi§F2 was a protein detected in all bar the severe dysplastic EVs
on the mass spectrometry but was missing from botbatenoma and metastatic

deposit EVs in western blotting. Likewise, major vault protein was detected in all
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vesicle samples via mass spectrometry but was only present in the lysate of the mild

dysplastic cells. One likely reason for these discrepancibs i®lative sensitivity of

western blotting vs mass spectrometry. The bands for major vault protein in particular

are extremely weak and it is possible that if higher amounts of protein were loaded then

a greater similarity between the two techniques ddwalve been observed. The lack of

signal for integrin U6 in the carcinoma EVs i
coverage, possibly indicating that the protein is only present as a fragment in the EVs

and that this fr ag mewydpitopedoetsispéarticular anttbbdy.de t he an
Throughout this project performing western blotting on vesicle samples was fraught

with difficulty, a recurring issue was generating sufficient protein to ensure the detection

of the protein with the antibodies. Atihgh 10 pg of protein was loaded as a minimum

for each of the samples because these samples contain a mixture of proteins it is still

evidently not sufficient to detect some low abundance proteins. Although the EVs

protein concentration was compared ta thfahe whole cell lysate a lack of loading

controls all cases prevented densitometry being performed and the bands being

guantified. However, this comparison has revealed that thrombospondin 1 is present in

the whole cell lysate of all the cell linesia€F2.

Despite the issues with the validation experiments, the mass spectrometry
experiments have opened several promising avenues for further research. It is evident
that the protein contents of the EV vary with tumour stage with several proteins that
appear to be unique or differentially in some of our vesicle samples, these require
further validation with western blots in the cell lysates and vesicle lysates of both the
cells in this panel and additional cells covering the stages. Proteomics tocdéand

several phenotypic changes these EVs could possibly drive, of these the most likely is
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invasion and migration. But it also possible that the EVs from the carcinoma cells could
affect angiogenesis and those from the metastatic deposit could imstton

replication. The cancer associated pathways which are well represented in the vesicle
contents are all promising candidates to explore further with functional assays like
transwell assays for migration or tubule forming assays for angiogenesis. $teuld

EVs impact on these pathways then a next step would be to deplete these proteins in the
producing cells and observe any changes in this effect. Whilst this data needs further
validation and additional experiments it does suggest that the EVs produoead b

cancer cell lines could have quite profound biological effects.

6.7.1. Future work

Although the western blots have confirmed some of the findings of the mass
spectrometry such as the enrichment of LGAL3BP in the EVs of the mild dysplasia and
the presencef TSP1 in all vesicle samples, improving the confidence in this validation
is essential and could be achieved in a variety of ways. Firstly, additional antibodies
with different epitopes should be used to determine if thedadection of the proteins
is due to the epitopes not being covered or a weak binding affinity. A second approach
would be to identify other candidates for use with western blotting experiments, these
targets should have a higher sequence coverage and similar patterns of expréssion to
existing targets. Another approach would be to use a higher sensitivity technique such as
targeted mass spectrometry, this could be done using iTRAQ and whole cell lysates run

alongside vesicle samples in an 8 plex experiment.
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Once these issues addressed the findings of this chapter can be expanded
upon.Levels of proteinsike SDC4, nespirin 1 and agrémould be investigated in other
examples of cells from the different stages of oral cancer, healthy normal cells of the
oral cavity and potentily patient samples. This would give more confidence in the
trends spotted in these experiments are representative of changes occurring in the
development of oral cancer. Should the enrichment of these proteins in oral cancer
vesicles be seen to be congzhacross a wider range of oral cancer samples the testing
the impact of these proteins on the phenotype of receptor cells should be explored. This
could be done by depleting vesicles of these proteins and performing functional assays
that tested effectsnoangiogenesis, EV uptake, cell proliferation and invasion and

migration.
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7. Effect of oral cancerEVs on cells of the tumourmicroenvironment

7.1. Introduction

In recent years the role of fibroblasts within the TME has come under increasing
scrutiry, with the fibroblasts within the microenvironment displaying a markedly
different phenotype to their normal relatives. These CAFs have been shown to drive cell
growth (Castells et al., 2012; Olumi et al., 1999), metastasis, angiogenesis and immune
escapdlLeef and Thomas, 2013; Togo et al., 2013). They have even been seen to
facilitate therapy resistance (Sun and Nelson, 2012) and inflammBtien €t al., 2010,
Sharon et al., 20)0The activation of normal fibroblasts @AFsis now considered to

be ore of the major steps lmouigenesis (Hanahan and Weinberg, 2011).

During tumouigenesis activation is driven by a range of biological mediators,
primarily TGFb1l but other proteins and RI
process. It has also beeated that cigarette smoke, a major risk factor in oral cancer,
can also contribute to this activation (Pal et al., 2013). More recent work by Clayton and
Webber has identified a role for prostate cancer EVs in the process. They initially
showed t lassdciatdd@Rhfedosomes on a sucrose density gradient and that
these exosomes were capable of activating fibroblasts in a similar way to soluble
T GF @ebberetal.,,2010) Furt her experi ments showed
to the surface of the EM8a betaglycans. Interestingly, although they showed that this
activation produced morphological and some biological changes which were similar to
those that occurred when fibroblast were

expression were subtlyftérent.
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This was the first time that EVs had been linked to the activation of fibroblasts in
cancer. Since then similar phenomena have been observed in malignant ascites (Wei et
al., 2017), breast cancer (Baroni et al., 2016) and leukaemia (PaggkttRei5s).

These are not the only signals to be passed between tumour cells and normal fibroblasts,
Gutkin et al (2016) showed that hnTERT mRNA could be passed to fibroblasts from
immortalized tumour cells. Another paper from the same year showed th&toEVs
rhabdomyosarcoma cells carry miRNA cargos that promote the invasion of fibroblasts
(Ghayad et al., 2016). Taken together the data shows extensive EV mediated cross talk
between tumour cells and fibroblasts within the TME with a range of outcomggsnot

activation of the fibroblasts, which are beneficial to the progression of the tumour.

7.2. Aims and objectives

The aims of this chapter were to study EV signalling in the Bvié&to test the
hypothesis that oral cancer EVs could activate normal orablissts (NOFS) into
CAFs First the ability of tumour cell derived EVs to be taken up by cells of the
microenvironment was visualised usinfueorescencédasedassay. The impacts of this
uptake on NOF growth was assessed using a range of assays. o asssss if oral
cancer EVs could activate NOFs, immunofluorescence, immunoblotting and gPCR for
USMA expression were used in combination

TGFb1l treat ment .

7.3.EVsproduced by oral cancer cells can be taken up by a rafgell types

A fluorescencéasedassay was used to visualise the uptake of EVs by receptor
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cells. EVs purified from conditioned medéoral cancer cellarere stained with two
different fluorescent labels. The first of these, CellMask red, binds tpitie

membrane, the second is a Ijgdrmeable RNA dye which fluoresces green when in
contact with RNA. Stained EVs were incubated with cells for 1 h%,3ongside

mock controls (the same volume of PBS exposed to the dyes). After 1 h the cells were
fixed and mounted on slides and imaged on a Zeiss Axioplan microscope. The presence
of red fluorescence in the treated samples but not in the controls indicated that the EVs
were taken up by the carcinoma cells (figure 7.1) an immortalised oral keratinedyt

line (figure 7.2) a dermal microvascular endothelial cell line (figure 7.3) and normal

oral fibroblasts (figure 7.4). Additionally, the presence of the green fluorescence in the
treated samples suggests that this uptake causes the release ottimehts into the

receptor cells.
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EVs can be taken up by other OSCC cells

Carcinoma cells

EV Cells + EVs
Cells EV RNA membrane Cells+ EVs +RNA

Figure 7.1EV uptake by OSCC. EVs were harvested from the medium of confluent cancer cells
using the serial centrifugation protocdhe final EV pellet was stained with 0.01 uM Cyto RNA
Select (Life Technologies) and CellMask Red (Life Technologies) for 1 i*@t 3%&tandard dose

of stained EVs was added to 10000 OSCC cells seeded onto coverslips in EV free medium. After
1h at 37C the cdbk were fixed in 4% paraformaldehyde and mounted on slides to image. The
images show that EVs (RED) produced by mild dysplastic cells (A) severe dysplastic cells (B)
carcinoma cells (C) and cells from a metastatic deposit (D) are all capable of tragsferrin
encapsulated RNA dye (GREEN) to OSCC. E is afie¥ control where the same number of cells
were treated with the same volumed free PBS. Images are representative from three

experiments. Scale bars are 25 pm.
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EVs can be taken up by oral keratintesy

Oral keratinocytes

EV Cells + EVs
Cells EV RNA membrane  Cells+ EVs +RNA

Figure 7.2EV uptake by oral keratinocytes. EVs were harvested from the medium of confluent
cancer cellsising the serial centrifugation protoc®he final EV pellet was stained with 0.01 pM

Cyto RNA Select (Life Technologs) and CellMask Red (Life Technologies) for 1 hour 8C3A
standard dose of stained EVs was added to 10000 OKF6 cells an hTERT immortalised oral
keratinocyte cell line seeded onto coverslips in EV free medium. After 1 R@t3& cells were

fixed in 4% paraformaldehyde and mounted on slides to image. The images show that EVs (RED)
produced by mild dysplastic cells (A) severe dysplastic cells (B) carcinoma cells (C) and cells
from a metastatic deposit (D) are all capable of transferring encapsulatedy@NGREEN) to

OKF6 cells. E imnEV free control where the same number of cells were treated with the same

volume of EV free PBS. Images are representative from three experiments. Scale bars are 25 pm.
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OSCC EVs can be taken up by endothelial cells

Endothelial cells

EV Cells + EVs
Cells EV RNA membrane  Cells+ EVs  +RNA
A
B
C
D
E

Figure 7.3EV uptake by endothelial cells. EVs were harvested from the medium of confluent
flasks of cancer cellgsing the serial centrifugation protocdhe final EV pellet was stained with

0.01 puM Cyto RNA Select (Life Teclmtogies) and CellMask Red (Life Technologies) for 1 h at

37°C. A standard dose of stained EVs was added to 10000 HM&«lls, a dermal microvascular
endothelial cell line, seeded onto coverslips in EV free medium. After 1 R@ttB& cells were

fixed in 4% paraformaldehyde and mounted on slides to image. The images show that EVs (RED)
produced by mild dysplastic cells (A) severe dysplastic cells (B) carcinoma cells (C) and cells
from a metastatic deposit (D) are all capable of transferring encapsuldfedyR (GREEN) to

HMEC-1 cells. E is a vesicle free control where the same number of cells were treated with the
same volume oEV free PBS. Images are representative from three experiments. Scale bars are 25

pm.
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OSCC EVs can be taken up by NOFs

Normal oral fibroblasts

EV Cells + EVs
Cells EV RNA membrane  Cells+ EVs +RNA

Figure 7.4 EV uptake by normal oral fibroblasts. EVs were harvested from the medium of
confluent flasks of cancer cellsing the serial centrifugation protoc®he final EV pellet was

stained with 0.01 uM Cyto RNA&dect (Life Technologies) and CellMask Red (Life

Technologies) for 1 h at 3C. A standard dose of stained EVs was added to 8000 normal oral
fibroblasts seeded onto coverslips in EV free medium. After 1 h°&t Bié cells were fixed in 4%
paraformaldehydand mounted on slides to image. The images show that EVs (RED) produced by
mild dysplastic cells (A) severe dysplastic cells (B) carcinoma cells (C) and cells from a metastatic
deposit (D) are all capable of transferring encapsulated RNA dye (GREEN)| fibaoblasts. E is

a vesicle free control where the same number of fibroblasts were treated with the same volume of

EV free PBS. Images are representative from three experiments. Scale bars are 25 pm.
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7.4. Optimisation of fibroblast seeding densities in fidtum and serum free conditions

In order to assess any Eiediated impact on NOF growtihe characteristics of
the fibroblasts in normal conditions needed to be determined before experiments could
be designed. Fibroblasts were seeded at various demnsides well plate in full serum
and serum free media presto blue staining was performed at 0, 24, 48 and 72 hours.
Figure 7.5 shows the growth curves for the NOFs in nomealium(A) and serum free
medium(B). In normalmediumthe cells show proliferain across the full 72 h
incubation with an increase in fluorescence at each time point. The rate of growth slows
between 5000 and 10000 cells per well at 72 h suggesting the wells have reached
contact inhibition. In serum fremediumthe reverse is obsemavith almost no growth
observed at 72 for all cell densitiesAt densities up to 3000 cells thereaisincrease in
fluorescence over 48 h, at higher densities a decrease in fluorescence is obgved at
h. For subsequent proliferation experiments diessof 2000 cells per well andedium

containing 2% serum was used to allow some growth to occur over a 48 h period.
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NOF growth curves in presence and absence of serum
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Figure 7.5 Growth curves for NOFs in normailedum (A) and serum freenedum (B). Varying
densities of cells were seeded in a 96 well plate and stained with presto blue at 0, 24, 48 and 72
hours with fluorescence at 570 nm being proportional to cell number. In novedklm the cells
continue to replicatever the 7 incubation, in serum fremedum however the reverse is seen

with no growth at 72 hours. At densities above 3000 cells per well in serumdidiem the

growth arrest begins &4 hours.n=3 technical replicates.
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7.5.EVsfrom cancer cefi have a minimal impact on fibroblast turnover

Firstly, the impact of EV treatment on NOFs viability was determined using a
live/dead assay. NOFs isolated from three different patients (NOF804, NOF805 and
NOF806) were seeded at 2000 cells per well in lemsm medium and treated with
various doses of EVs for 24 and 48 h. Cells were then incubated with an ethidium dimer
and a spectrophotometer used to measure upkakepercentage of dead cells was
calculated by comparing with wells containing 100% deald.CEhis assay (figure 7.6)
shows that the uptake of EVs from all of the cancer cell lines causes a small but not
significant increase (~10%) in cell death after 24 hours with the severe dysplastic cell
(figure 7.6 B) derived EVs being marginally less ¢gtac than those of the mild
dysplastic (figure 7.6 A), carcinoma cells (figure 7.6 C) and metastatic deposit cells
(figure 7.6 D). By 48 hours however this increase in cell death relative to the negative
control is no longer detectable. This effect doaisstmow any dose dependency at either
time point with all EV doses causing a similar effect at 24 hours and no effect at 48

hours.
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Treatment with increasing doses of OSCC EVs has no effect on NOF viability

after 48 hours
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Figure 7.6 Effect of EV uptake on NOF viability. NORSIOF 804, 805 and 806)vere seeded at

2000 cells per well in a 96 well plate and treated for 24 and 48 h with varying doses of cancer
derived EVs in medium supplemented with 2% & serum. Cells were treated with 4 uM

EthD-1, which stains dead cells, the fluorescence was read on a Tecan plate reader at 645 nm. The
resulting values were compared to wells treated with the same volumedaim with 2% EV

free serum. A positive comi was used to measure 100% dead cells by treating with 100%

methanol for 20 min. The fold changes in the 100% dead controls indicate an increase in the
number of dead cells in the non EV treated samples after 48 hours in the minimal meum.
biological replicatesrror bars representing SEMata was nossignificant withbotha t udtent 6s

test andbneway Anova with Tukeys multiple test correction.
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Cell death is not the only aspect contributing to NOF turn over. Changes in the
proliferation of the NDFs following EV uptake was assessed using a BRDU ELISA kit.
NOFs from four different patients (NOF 806, NOF316, NOF319 and NOF335) were
treated with the maximum dose of EVs used in the cell viability experiments and treated
for 48 h. After 48 h the cellwere treated with BRDU for 4 h and then incubated with
an antibody conjugated to a peroxidase enzyme. Changes in proliferation were detected
by treatment with tetramethyl benzidine which when cleaved by the peroxidase
produces a blue coloured product tbamh be detected by a spectrophotometer. EVs
produced by the severe dysplastic, carcinoma and metastatic deposit cells have no
significant impact on proliferation (figure 7.7) with even a slight negative impact on the
proliferation of fibroblasts. There wastrend of increased proliferation in NOFs treated
with EVs from the mild dysplastic cells. However, neither of these changes were

statistically significant.
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Treatment with OSCC EVs produces no significant change in NOF proliferation

Figure 7.7 Effect of EV uptake on NOF proliferation. NORSOF 806, 316, 319 and NOF335

after 48hours
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were seeded at 2000 cells per well and serum starved overnight. They were then treated with

20,000 cancecellsderived EVs per cell in medium containing 2% EV free serum and incubated

for 48 h.ce |

)

wer e

ncubated

wi t h

10

eM BrduU

abel

incubated with antibody solution. Following this, cells were treated with substrate and allowed to

develop for 15 min to produce a detectable colorimetric response. Gteagtere then stopped

using 1 M HSQyw and read at 450 nm on a Fluorstar plate readdrbiological replicategrror

bars representing SENResults were nesignificant withas t u d Btest. 6 s
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7.6. Uptake of oral cancer derivelVs causes normal oral fibrobséés to display cancer

associated fibroblast characteristics.

NOFs can be activated in vitro to adopt CAF like phenotype by treatment with 5
ng/ el TGFbl (Webber et al., 2010). This actiyv
expression of alpha smooth muscle actin (USMA
of the stress fibres responsible for the activated fibroblast morphology. Webber et al
(2010) have shown that treatment of lung fibroblasts with prostate, bladder and breast
cancer cell derived EVs causes them to adopt a similar morphology (Webber et al.,
2010) NOFs from four patients were treated with a standard dose of EVs, alongside
TGFb1l treated control s. USMA expression at th
gPCR and western blot, respectively. In addition, the formation of stress fibres was

visualised by immunofluorescence.

Following EV uptake by NOF803 cells the gPCR data (figure 7.8 A) indicates an
increase in the mRNA for USMA upon uptake of
metastatic deposit derived EVs but not the dysplastic cell derived Bissintrease is
2-foldl ess than in the TGFb1l treated control s. We
increase in USMA protein when the fibroblasts
cell lines and this increase is similar to thfold increasen the positive control
sampl es. Fluorescent staining for USMA (figur

TGFb1l treated controls that are absent i n the

Gene expression data (figure 7.9ptA) showed

when NOF316 were treated with TGFb1l and dyspl
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however, between a 2 aBdold increase in the mRNA in these cells when treated with
the EVs from the carcinoma and metastatic deposit cell derived EVs. The western blot
(figure 7.9 B) shows that the TGFb1l treat me
USMA protein, in contrast to the gPCR whi
decreased, however EV treatment has no el
fibroblast cultureNOF3 16 cel |l s exhibited similar US

treatment as the positive controls (figure 7.9 C).

NOF 319 cells show a different trend a
(figure 7.10 A). This <cel | wthrespecttathes agai
mRNA for USMA, however there was an incr
with EVs from the mild dysplastic, carcinoma and metastatic deposit cells but not the
severe dysplastic cells which actually caused a decrease in the aihoRNA for
USMA. The western Dblot and associated del
patient fibroblasts are not responsive t
Nor does the |l evel of USMA prot einthe chang:e
cancer cell lines, with the exception of those from the metastatic deposit cell line which
causes a very slight increase in the protein abundance. NOF319 cells (figure 7.10 C)
show the presence of the USMA fdericedEVs f ol |

and TGFb1l using Iimmunofl uorescence, i n Kkt

The qPCR data for NOF335 cells show that (figure 7.11 A), whilst the treatment
with TGFb1l causes no change in the mRNA f
MRNA when they are treated with EVs from the mild dysplasia, carcinoma and

metastatic deposit cells. There is howevebdoldi ncrease in the USM/
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treated with EVs from the severe dysplastic cells. The western blot data shows similar

changesinte USMA protein as the NOF319 cells (fig
not responsive to TGFb1l with respect to USMA
USMA protein doesndt change when they are tre
with theexception of those from the metastatic deposit cell line which causes a very

slight increase in the protein abundance. NOF335 again shows the same stress fibre

formations under immunofluorescence (figure 7.11 C) as the other patients fibroblasts

folowngeV and TGFb1l treatment. Taken together th
from or al cancer cells can cause the formatio
allowing them to adopt a phenotype similar to the CAFs. However, this is always not

accompanie by a corresponding detectable increase

patientsNOFsafter 24 hours.
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treat ment of NOF803 cells produces

formation of stress fibres
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Figure 7.8 EV mediated activation of NOF 803 cells. NOFs were serum starved for 24 h before
treatment with 20000 EVs per cell in serum free medium and allowed to incubate for 24 h.
Negative controls were treated with the same volume of skmremedium, positive controls
were treated with 5 ng/el of TGFb1. RNA was
USMA, U6 was used as a housekeeping gene to
the control sampl e stinfreadein sdinBldsAeatadRwitihdyspiastic EVs but
did increase when samples were treated with

treatment these cell s s hwo=tectnical @plicatesrrorbaass e i n

harvest ¢

all ow t|
carcinol
USMA mRI

representing SEMDatawasnors i gni fi cant wRrdtein lysatesweng dilsont 6 s t est

harvested from the treated NOFS and were run on a 12% acrylamide gel before transferring to a
nitrocellulose membrane. The membrane was probed with a mouse monoclonal antibody for
U S Mdiluted 1:500 (v/v) and a HRP conjugated rabbit monoclonal antibody for GAPDH as a

loading control diluted 1:20000 (v/v). Densitometry of the bands was performed using ImageJ (B),

tor

ma ¢

unlike the mRNA USMA protein incmplessegRBRinaiyn sampl es
cells were incubated with a FITC conjugated USMA ant
buffer for 1 h before mounting on slides. After i
stress fibres were visible in EV treated samplesan n TGFb1l treated control sa

fibres visible in the negative controls (C).
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EV treat ment of NOF316 cells produces
the EVs from carcinoma and metastatic deposit cells, no change at the proteautevel

does produce stress fibres
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Figure 7.9 EV mediated activation of NOF 316 cells. NOFs were serum starved for 24 h before

treatment with 20000 EVs per cell in serum free medium and allowed to incubatehfor 24

Negative controls were treated with the same volume of serum free medium, positive controls

were treated with 5 ng/el of TGFb1. RNA was harvest e

USMA, U6 was used as a housekeeofTngabees tel atioe t

the control samples (A). USMA mRNA didnoét increase |i
did increase when samples were treated with carcinol
treat ment these cel | smRbAo=-2tectnical wplitatestrorbaass e i n USMA

representing SEMSi gni fi cance was {tests=ped5 t*s p>A.¢0l*#**=st udent 6s t
>0.0001 Protein lysates were also harvested from the treated NOFS and were run on a 12%

acrylamide gel before trafesring to a nitrocellulose membrane. The membrane was probed with a

mouse monoclonal antibody ahHRP cobj®Med rattit! ut ed 1: 500 ( v/
monoclonal antibody for GAPDH as a loading control diluted 1:20000 (v/v). Densitometry of the
bandswap er f or med wusing | mageld (B), unlike the mRNA USM
by TGFb1l but not with those treated by EVs, there w:
the EV treatmenta=L Finallyc el | s wer e i ncubat edMAeantitody a FI TC conj uc
diluted 1:1000 (v/v) with blocking buffer for 1 h before mounting on slides. After imaging on a

Zeiss Axioplan comparable USMA stress fibres were Vi

treated control samples with no fibres visible in tegative controls (C).
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EV treatment of NOF319 cells produces
the EVs from carcinoma and metastatic deposit cells, no change at the protein level but

does produce strefibres
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Figure 7.10 EV mediated activation of NOF 319 cells. NOFs were serum starved for 24 h before
treatment with 20000 EVs per cell in serum free medium and allowed to incubate for 24 h.
Negative controls were treated with the same volume of sereamiedium, positive controls

were treated with 5 ng/el of TGFb1. RNA was harvest e

USMA, U6 was used as a housekeeping gene to allow t|
the control sampled MRNA Nociumcecdaise s$amplSés treat ec
USMA mRNA increased in the samples treated with mil
but a decreased in the samples treated with severe (¢

treatment these cellsslwe d no i ncr e a sne?tdchmicalieplivhdesemoR s .

representing SEMSi gni fi cance was {tests=ped5 t*s p>A.¢01l #**=st udent 6s t
>0.0001 Protein lysates were also harvested from the treated NOFS and were run on a 12%

actylamide gel before transferring to a nitrocellulose membrane. The membrane was probed with a

mouse monoclonal antibody ahHRP cobj®Med rattit! ut ed 1: 500 ( v/
monoclonal antibody for GAPDH as a loading control diluted 1:20000 (v/v). emsiry of the

bands was performed using I mageld (B), unl i ke the mRI
samples treated by TGFb1l but not with those treated
protein with any of the treatments except the EVs from the tat¢itadeposit which showed a very

small increase in protein concentrationl. Cells were seeded at 8000 per well on coverslips in a

24 well plate and allowed to adhere overnight. Finalyls were incubated with a FITC

conjugated USMA:1G0O /) with digcking buffen ford # before mounting on

slides. After imaging on a Zeiss Axioplan comparabl e
treated samples and in TGFbl treated control sampl e

controls (C).
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EV treatment of NOF335 cells only produces a change in mRNA levels when
treated with EVs from severe dysplastic cells and produces no change in protein levels

but does produce stress fibres
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Figure 7.11 EV mediated activation of NOF 335 cells. NOFs were serum starved for 24 h before

treatment with 20000 EVs per cell in serum free medium and allowed to incubate for 24 h.

Negative controls were treated with the same volume of serum free medium, pasitigdsc

were treated with 5 ng/el of TGFb1. RNA was harvest e
USMA, U6 was used as a housekeeping gene to allow t|
the control samples (A). No addmanysamples exteBtMA mMRNA e x pr
those treated with severe dysplastic cell derived B¥8technical replicatesrror bars

representing SENSi gni fi cance was {tests=tped5 s p>0.¢01 &d**=st udent 6s t
>0. 0001. Protein lysates were also hariegsfrom the treated NOFS and were run on a 12%

acrylamide gel before transferring to a nitrocellulose membrane. The membrane was probed with a

mouse monocl onal anti body ahHRP cobj@aed rathbit!l ut ed 1: 500 ( v/
monoclonal antibody for GAPB as a loading control diluted 1:20000 (v/v). Densitometry of the

bands was performed using ImageJ (B), similarly to the mRNA there was no change in the protein

|l evel s of USMA i n t hi sn=t &Herdewds a magginal increasein of t he samp]l
samples treated with EVs from a metastatic depzmit Finally, cells were incubated with a FITC

conjugated USMA antibody diluted 1:1000 (v/v) with
slides. After imaging on a Ziwdswee vidiblaioE)Yl an compar abl
treated samples and in TGFbl treated control sampl e:

controls (C).
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7.7.Discussion

Here we have demonstrated that EVs produced by cells at different stages of oral
cancertumouigenesisare capable of being taken up by a range of cell types that could
be present in the TMH:he fluorescence technique used indicates that the RNA contents
of the EVs at least are released into the cells. As no green fluorescence is visible in the
controls,which are vesicle free PBS treated with the same dyes as the vesicle samples
and run through dye removal columnssitikely that this fluorescent signal is caused
by RNA internalised within EVs rather than-peecipitated free RNAHowever, this
does ned to be confirmed with further experiments ideally vesicles or liposomes
depleted of RNA and labelled with the dye alongside vesicle free RNA in PBS labelled
with the dye and run through the spin columns should be used. The combination of such
controls wauld give a better insight into the behaviour of the dye in this experifieat.
assay does not allow the protein contents of the EVs to be monitored as neither
fluorescent label associated specifically with protdiuos it is likely that protein
contentsare also released into the receptor cells. The fate efds¥ciated proteins
once taken up by cells, however, remains unclear. The cell types used as receptor cells
in this assay represent cells that would be present in a developing oral tumour and each

of them could potentially respond to the signals borne by the tumour cell derived EVs.

This assay is a very crude representation of conditions within the
microenvironment and it should be noted that both the endothelial cell line and the
keratinocyte celline have been artificially immortalised which may have changed their
phenotype with respect to vesicle uptake over their normal form. It is also not clear if
this uptake is occurring because the conditions have been rendered favourable by

saturation kingcs. A physiologically relevant number of EVs in a system is currently
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not possible to determine, and it is possible that the dose used in this assay exceeds the
physiological level. It is likely that some of these EVs would not be taken up by local
cellsonce released as they would be removed from the area by blood flow or that some
EVs are prioritised for uptake by certain cell types within the area. Because this assay
only has a single donor and receptor cell if the doses used were far above a
physiologcal level it is possible that the EVs are being taken up because they have
nowhere else to gdn its current form the assay is also unable to give an insight into

any variation in uptake efficiencies between the different combinations tested. The assay
could be adapted to use flow cytometry as the endpoint as opposed to fluorescence
microscopy. This would allow comparisons of the rate of uptake of EVs from the

different OSCC cells by the various recipient cells to be made.

Limitations aside however thassay does reveal the potential for a complex
network of EV mediated communication throughout oral canoeouigenesis with
EVs being used to convey signals to normal and cancerous cells. It would be useful to
develop this assay further to allow theddins of the uptakes to be quantified and
compared, either through live cell imaging or through a FACs based microplate assay.
Such an assay would identify any possible preferences for uptakeeliiines,
something which hasn't been demonstrated ititdrature to date. The fate of these
EVs within the cell is beyond the scope of this assay to reveal, the fact the RNA bound
dye remains visible and is spread throughout the cell suggests that the contents are
trafficked quickly throughout the cell andmain intact post uptake. The dye only
fluoresces detectably when bound to RNA, if the RNA contents of the EVs were being
broken down it would be expected that the fluorescent signal would be reduced. This

assay has its limitations compared to more readwances used by other groups with
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Cre-Lox or similar reporter systems to visualise the uptake of EVs which have the

advantage of demonstrating that some of the EV contents remain biologically active.

EVs are not normally considered to be cytotoxic,thate are a few exceptions to
this, notably inlymphocyteghe death of can benefit a developing tumour (Andreola et
al., 2003. Although there have been studies that sherophagesan be more
beneficial to the developing tumour alifiduber et al., 208). There are a number of
studies which have transferred EVs between different cell types without reporting cell
death upon uptakeOur dataareconsistent with this, increasing doses of EVs up to
20000 per cell were shown to have no impact on fibrobllesth at 48 hours. The small
increase in cell death at 24 h in our system is unlikely to have a significant biological
effect. The notable caveat with this data is of course the physiological relevance of this
EV dose is unknowrThe maximum dose was esliahed from previous fluorescence
experiments performed before our lab had the ability to count the EVs in our samples.
The dosaised was ahe lower threshold of th@verage EV dosesed in these
experimentsas determined by triplicate measurementsgusie gNano of similar sized
preparationslt is possible that significantly higher doses of EVs could prove to be

cytotoxic, but again the physiological relevance of such doses is unknown.

Whilst tumour cell derived EVs are not often shown to be cyiottixey have
been shown to have growth promoting effects (Gutkin et al., 2016; Hong et al., 2009;
Wei et al., 2017) on a variety of cell types. This was not seen in our model system; no
change in fibroblast proliferation was observed in any of the pa@nples following
EV treatment. However, neither of these studies focused on fibroblasts but mesothelial

and endothelial cells respectively. Despite the variability in gender, age and smoking
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status of the patients from which the fibroblasts used in #gssriments were derived,
the data from these experiments was more consistent than that obtained from similar

sets of fibroblasts used in fibroblast activation experiments.

This data demonstrates neatly the heterogeneity of healthy fibroblasts. The
different fibroblasts are each taken from a different healthy voluateleexhibit a
range of r espon snBNAandrbotht abundasce and lockliSatbA of the
proteinfollowingEV a n d tréaBrferfit Healthy fibroblasts normally exhibit an
increase n USMA protein expression when treated wi
335 exhibit no change in protein level following the treatment. Only the NOF803 cells
showed an increase in USMA mRNA following tre
lines showingho change in mMRNA levels and NOF316 even showing a reduction in
USMA mRNA. Despite this apparent | ack of resp
protein |l evels the i mmunofluorescence shows t
organisation occurring in all the fibriatst cells lines following the treatment. A similar
change is observed in all samples when they are treated with taelederived EVSs,

however predictably a different response is observed at the mRNA and protein level.

Much of this variability will bedown to inter patient variation, between NOFs 316
and 319 there is Bl-yearage range. Aeventyyearold patientsfibroblasts would not
be expected to respond as robustlp &sentyyear oldas is seen in responses to UV in
skin fibroblasts (Pernodet al., 2016). NOF335 and 803 were both established from
patients in their 4006s but showed a different
indicating that age is not the only contributing factor. Of the patient samples used only

NOF316 was established froafemale making it difficult to determine the impact of
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gender on these results. Smoking status of the patient should also be taken into effect as
exposure to the mutagenic compounds in tobacco smoke will have altered the patients
cells. NOF335 was establied from a patient who smoked, all other patients were non
smokers, and NOF335 showed a distinctive

severe dysplasticvesislpr oduci ng an increase in the n

Although a consistent response withpesct t o mMRNA and prote
is not seen followingVsuptakethei ncr eased for mation of USI
indicate that th@ormal oral fibroblasts are activated into the cancer associated form
following EV uptake The more differentiatedarcinoma and metastatic deposit cell
derived EVeproducea mor e dramati c increase on the
dysplastic cell derived EVs suggesting this effect is more potent in the later stages of
tumour development. This would fit with the idefaniche construction, an increasing

number of CAFs will create a more favourable environment for metastatic deposits to

form, remodelling the matrix and creating an inflammation rich environment.

7.7.1. Future work
This data does however have its limitati@nd further work would be needed to
confirmsome of the findingslo confirm the observed changes in NOF morphology as
activation into CAFsChanges to different markers such as vimentin or fibronectin
should be studied in t heuptakeohEVsytaguldalso US M,
be interesting to study the changes in markers over different time scales than those used
in this study. Lastly these EV activated

activated fibroblasts and cancer associated fibrobiastspatient samples in functional
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assays like contractility and invasion assays to compare any differences in the types of

activated cells.

There is much opportunity for further work with the fluorescence uptake imaging
assay. As mentioned earlier lmetchapter additional controls should be incorporated to
confirm the green fluorescence observed in the images is produced by EV mediated
transfer of RNA. Adapting the assay to include labels specific for lipid or protein
components of the EVs could alldar those to be tracked in the same fashion. Use of
super resolution microscopy and pH sensitive dyes could be used to image and monitor
endosomal escape of the EVs contents. The assay also has the potential to be adapted to

explore the kinetics of this tgke through use of FAC sorting.
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8. Discussion

In the last ten years increasing attention has focused on the role of EVs in cancer
progression with a variety of elegant studies revealing a complex signalling network.
Oral cancer research lags bahresearch into other tumour types such as breast cancer.
There are very few studies focusing on vesmkdiated signalling in head and neck
cancer. The few published studies focus on biomarker discovery or on tumours of the
nasopharynx, which given th80% of oral cancers arise from squamous cells in the
oral cavity is perhaps a missed opportunity. Four studies explicitly use carcinomas of
the tongue and of thedgvo focus on which cells of the TME the EWan interact with
(Al-Samadi et al., 2017; Daw et al., 2012) others are focused on the contents of these
EVs (Han et al., 2014; Kawakub@sukochi et al., 2017). This project attempted to

explore both questions.

8.1. Method optimisation and characterization

One of the strengths of this project is theeasbly of a panel of cell lines isolated
from the same primary anatomical site and that are representative of the distinct
histological stages dtimouigenesis. This offered the opportunity to compare how EV
cargo and mode of action are altered with peeging tumour stage. Whilst such a study
has not yet been published in oral cancer, similar approaches have been used in other
tumour models, which utilise patient samples or animal models to study EVs from the
different stages aumouigenesigLiu et al, 2015; Melo et al., 2015). Those that do use
cell lines do not have such an extensive panel of site matched cells (Lizx@ea et
al., 2017). Whilst patient and animal models have their advantages over 2D tissue

culture models they are more expensind emore complicated to establish, which still
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leaves a place for using cell lines as models particularly in such early stage studies. The
panel of site matched cell lines allow our study to be compared favourably with the
others that explore EV signalling different cancer stages. Crucially our cell lines are
accompanied by a large amount of patient information including the smoking status,
which is particularly relevant to oral cancer. One of the differences between the two
dysplastic cell lines is ther®king status of the patients, the mild dysplasia having
arisen from a nossmoker, the severe dysplasia from a smoker. This difference adds an
extra dimension to any comparisons drawn between the EVs produced by these cell
lines as they could be causedeitby the difference in tumour stage or the difference

in smoking status. This is particularly relevant to the study of EV miRNA cargo as
cellular miRNA expression has previously been shown to be altered on exposure to
cigarette smoke (Pal et al., 201Bhe difference in disease aetiology between these cell
lines may mask any changes that occur purely as a result of tpnoguession but

given the correlation between smoking and oral cancer it would be difficult to find
patients with severe oral dysplashat are nosmokers. An ideal panel of cell lines

would be site and patient matched so that the lesions could be compared throughout
their development. However, whilst patients with ndigplasiasre often observed for
malignant transformation, thogeéth severe dysplasia normally undergo medical
intervention and it would be unethical to allow a severe dysplastic lesion to progress to
carcinoma for the purpose of researthis is where animal models have an advantage

over cell lines and human samples.

The first years of this project were spent establishing protocols for the purification
and characterisation of EVs from the conditioned media of oral cancer cell lines.

Established protocols for serial centrifugation performed on conditioned medid of ora
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cancer cells yielded EVs which were positive for protein EV markers including TSP1
and CD63. Measurements using a gNano instrument, which was purchased part way
through the study, showed that the serial centrifugation protocols were purifying
particles @ a size range (5200 nm) consistent with the published literature (Johnstone
et al., 1987 and Valadi et al., 2007). We also sought to determine if storage of-EVs at
20°C and freezg¢hawing was causing a reduction in EV concentration or integrity.
Whilstt hi s wor k hasndét explicitly analysed
(Sokolova et al., 2011) or performed assays to check the function of the EVs is not lost
by freeze thawing (Kalra et al., 2013) the EVs used in several of the functional assays
and imaging experiments were subject to multiple freeze thaw cycles with no

discernible loss of function during between the replicates.

In order to generate sufficient yields of RNA and protein for the sequencing and
proteomic experiments, respectivahis project took advantage of size exclusion

chromatography (SEC) to purify the EVs (Bo6ing et al., 2014). EVs purified using SEC

were a similar size by TEM and TRPS and contained the same protein markers as those

purified by serial centrifugation (Appendl). The issue of differences in functionality
between EVs purified by different techniques is one that is currently being debated by
the field. A recent paper showed that in a cardiac model, EVs purified by SEC produced
a higher pERK/ERK ratio in endotine cells post uptake than those purified by
ultracentrifugation (Mol et al., 2017). Because this problem is one that can affect EVs
purified from any source the most suitable functional assay would be one that tests a
function common to all EVs allowinigr a single answer to this question. However,

such a universal function has not been identified, meaning that the question should be

addressed in each individual model system. During this project one such function was
273

t



identified in oral cancer EVs, theilty to activate normal oral fibroblasts into a cancer
associated phenotype. Whilst this function appeared to be common to all EV types the
variability in responses from normal patient fibroblasts makes quantifying this effect too
difficult to use in thigole. It is possible that different purification techniques isolate
subtly different populations of EVs which could result in different functional effects and
this should be tested in every model system once a suitable function has been identified.
Such aunction would ideally be a positive or negative effect on proliferation or another
similarly easily measurable trait. Whilst the size distribution profiles from the two
different techniques used here are similar, size is known to be insufficient tmideter
between EV populations. The detection of the same proteins by western blots in EVs
purified by both techniques is encouraging and does suggest that a similar EV
population was isolated by both. Mol et al (2017) demonstrated that electron
microscopy iunable to distinguish between the EVs purified by the different
techniques. They showed a large amount of variability in EV structure even within grids
containing EVs from the same source. This variability would make any differences

observed by TEM incorgsive.

8.2. Oral cancer cell derived vesicles deliver cargos to the surrounding cells of the
tumour microenvironment
Through the use of fluorescent dyes, the uptake of oral canceleceitd EVs by
a range of normal cell types was examined. The cells ose¢ddse experiments
included some of the major components of the OSCC TME: normal oral fibroblasts,
endothelial cells, carcinoma cells and oral keratinocytes. Although this assay has many

limitations it does show that EVs from oral cancer cells can lntag by surrounding
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normal cellsn vitro. The assay used two different stains, one of which was

encapsulated in the EV lumen and fluoresced when bound to RNA. This allowed
visualisation of the release of luminal contents of EV after uptake. After onmtyir60
incubation with the stained EVs green fluorescence, from the RNA dye, was observed to
be widespread across the cell. This observation indicates that the EV contents can be
released from the EV into the recipient delever it is still unclear whethéhe dye is
remaining bound to the EV RNA or is merely being delivered unbound by the EVs.
Experiments using EVs loaded with prestained RNA would be needed to resolve this

uncertainty

In this study we have focused on the effect of uptake of calecered EVs by the
cells of the TME. However, given reports in other tumour models that normal cells
produce EVs capable of being taken up by the cancer cells (Hu et al., 2015) it is likely
that this signalling is bdirectional in oral cancer, with EVs flowirgetween normal
and cancerous cells as well as between cancer cells and normal cells. Isolation of EVs
from primary stromal cells is challenging and whether sufficient EVs could be purified
from endothelial cells or fibroblasts to produce detectable fheerece using this assay
remains to be elucidated. Given the range of reported functions for EVs in cancer it is
highly likely that different populations of EVs will exhibit preferential targeting to a
particular cell type in order to produce a desiredoeffiéis also possible that some
EVs, such as those which contain cisplatin when it is shuttled out of resistant ovarian
cancer cells (Safaei et al., 2005), are never intended to be delivered to a cell, but
because of the limitations of amvitro set uplike this one are being taken up. Each of
the normal cell types used in these imaging experiments has potential for further

experiments. It would be valuable to study any changes in cell turnover following EV
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uptake in each case as well as any changglsaenotypic behaviour such as motility or

tubule formation.

8.3. Next generation sequencing alathel freemass spectrometry techniques reveal
differences in vesicle contents which are linked to tumour stage

lonTorrent sequencing and mass spectrometry techsigeee used to elucidate the

contents of the EVs produced by oral cancer cells. Proteomic and transcriptomic

analysis of the EV contents have identified some patterns relative to the tumour stage of

the producing cell (figure 8.1). A core group of miRNAlgroteins were detected,

these include the l&t miRNA superfamily, miR29a3p, miR27b3 p a, col |l agen U 3

(IV) chain, histone proteins, EEF2 and major vault protein. These cargoes are

commonly associated witlimourgenesisand their presence in EVs cdde due to

their abundance in the cells from which they originate. The release of EVs containing

several members of afttimouigenic miRNA families like miRL99 miR34 and miR

200 from severe dysplastic cells or carcinoma cells suggests that this emdddssary

for tumour progression. Particularly interesting is therB&tliated export of mi00

from the carcinoma cells. Blocking EXediated export of antumouigenic miRNAs

could be a novel therapeutic strategy. Each of these proteins and miRNgergpgood

candidates for follow up, but validation in humanvivosamples would be preferable

before subsequent functional studies.
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MiRNA and protein enrichment in OSCC EVs changes with tumour stage

Figure 8.1 miRNA and protein identified by proteomic analysis as being enriched in EVs

produced by different tumour stages. Several miRNA were changed in enrichment between tumour
stage, miR126-3p and 5p were reduced in all EVs compared to those afildedysplastic cells.
miR-181a5p increases in EVs produced by cells of later stages. Whole families of miRNA were

enriched in EVs of severe dysplastic cells and carcinoma cells includind 98iRnd miR200.
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