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Abstract
In the UK in 2016, prostate cancer was the most commonly diagnosed cancer

in men and it is the fifth most common cause of death due to cancer worldwide.
90% of these deaths are due to the development of metastatic lesions (most
commonly in bone). The mechanisms which underpin the spread to bone
remain to be determined. Communication of the primary tumour with the bone
microenvironment may prepare the bone for metastasis through pre-
metastatic niche formation. This project investigates this hypothesis through
the determination of the role of extracellular-vesicle (EV) microRNA (miRNA) in
the modulation of osteoblasts, the predominant cell type involved in

osteoblastic prostate cancer bone metastasis.

MicroRNAs (miRNAs) are small, single stranded RNAs, and are hypothesised to
play a role in primary tumour communication with distant sites through altered
regulation of transcription and translation in recipient cells. EVs released from
primary tumour cells are likely important vehicles for the transfer of miRNAs

and other signalling molecules to osteoblasts cells in metastatic sites.

EVs originating from prostate cancer cell lines PC3, LNCaP and C4-2 and non-
malignant prostate epithelial cell line PNT1A were used to investigate the
transfer and subsequent function of miRNAs within an in vitro osteoblast cell

line model (hOB).

The data demonstrated the selective packaging of miRNAs into EVs, indicated
EV content does not reflect cellular expression. The transfer of labelled EV-

miRNA demonstrates the efficiency of miRNA transfer is also dependent upon



the cell line from which the EVs originated. Furthermore, the data indicates
other mechanisms of RNA regulation influence the resulting levels of EV-
miRNAs within the recipient osteoblasts, but that EV-miRNAs are functional
within recipient cells based on proof-of-principle evidence generated using
Renilla-luciferase reporter assays. Finally, using global transcriptome analysis a
number of biological pathways associated with osteoblast survival,
differentiation and proliferation were found to be significantly modulated by

prostate cancer (PC3) EVs compared to non-malignant controls (PNT1A).

This study confirmed the role of miRNAs transported by EVs as important
mediators of alterations in osteoblast gene expression which could aid with
pre-metastatic niche formation. Understanding the methods of
communication between the primary tumour and distant sites is an important
step towards the development of potential therapeutics. Blocking tumour
communication with distant sites may reduce metastatic tumour formation
and therefore have the potential to improve patient prognosis. Further
investigation is needed to confirm whether the findings of this study similarly

applicable in vivo.
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1 Chapter 1: Introduction

1.1 The prostate
The prostate is a small organ (approximately 3x4x2 cm (Moore et al., 2018))

which surrounds the urethra on its exit from the bladder. The majority
(approximately two thirds) of the prostate is made up of glandular tissue which
is surrounded by a fibrous capsule containing nerve and vein plexuses (Moore
et al., 2018) and smooth muscle fibres (IQWiG - Institute for Quality and
Efficiency in Health Care, 2016). McNeal (1981) analysed 500 prostates
removed at autopsy and from the results divided the prostate into 4 anatomic
regions (Figure 1.1) The peripheral zone contains 70% of all glandular tissue and
has significantly different histological characteristics to the Central zone which
contains 25% of glandular tissue. The transitional zone contains the remaining
5% of the glandular tissue (Fine and Mehra, 2015) and periurethral ducts
(McNeal, 1981). The final region described by McNeal (1981) is the anterior

fibromuscular stroma which is synonymous with the fibrous capsule described

by Moore et al., (2018).

Prostate zones

!
a Central zone

b Fibromuscular zone

¢ Transitional zone

d Peripheral zone

Ejaculatory duct— e Periurethral gland region

Figure 1.1 An image showing the zonal anatomy of the prostate.
((De Marzo et al., 2007) Used with permission licence no. 4377680414949)
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The glandular portion of the prostate produces prostatic fluid which contains,
important enzymes to activate sperm, citrate as a nutrient source and prostate
specific antigen (PSA) (Marieb and Hoehn, 2015) which functions to reduce the
viscosity of semen (Balk et al., 2003). Prostatic fluid makes up between 20%
(Moore et al., 2018) and 33% (Marieb and Hoehn, 2015) of seminal fluid and its
propulsion during ejaculation is aided by prostate gland muscle contraction
(IQWIG - Institute for Quality and Efficiency in Health Care, 2016). The prostate
also plays a role in the conversion of testosterone into dihydrotestosterone
which has higher biologically activity and affinity for androgen receptors (AR)

(Feldman and Feldman, 2001).

1.2 Prostate cancer
Prostate cancer is the most frequently newly diagnosed cancer of men in

developed countries, with the third highest death rate of all cancers (Torre et
al.,, 2015). In the UK, in 2016, prostate cancer was the most commonly
diagnosed cancer in males (Office for National Statistics, 2018). Worldwide, it
is the fifth highest cause of death due to cancer and in 2012 over one million
new cases were estimated to have been diagnosed (Torre et al., 2015).
Diagnoses increased after the introduction of PSA testing which enables earlier
detection of disease. In the UK prostate cancer incidence has risen from 172.9
cases per 100,000 men in 2006 to 173.7 cases per 100,000 men in 2016, with a
peak incidence of 192.1 cases per 100,000 men in 2013 (Office for National
Statistics, 2018). During the same period the age standardised mortality rate

has fallen from 52.7 deaths per 100,000 men in 2006 to 47.5 deaths per



100,000 men in 2016 (Office for National Statistics, 2018). However, these
figures may have been affected by over-diagnosis often attributed to PSA
testing (Etzioni et al., 2002, Draisma et al., 2009), where cancers that would not
have presented clinically within the patient’s lifetime are detected. This over-
diagnosis can lead to unnecessary treatment which can have a serious impact
on the patients’ quality of life, as well as incurring unnecessary treatment costs

(Korfage et al., 2005, Draisma et al., 2009).

Growth of early prostate cancer is androgen dependent whereby cells rely on
S5a-dihydrotestosterone (DHT) (Russell and Kingsley, 2003) or testosterone to
stimulate proliferation and inhibit apoptosis (Feldman and Feldman, 2001).
This occurs through interaction with ARs; soluble proteins (Gao et al., 2005)
with three functional domains (Davey and Grossmann, 2016). The N-terminal
regulates transcription (Davey and Grossmann, 2016). The DNA binding region
is highly conserved and separates the N-terminal from the ligand binding
domain (Davey and Grossmann, 2016). The gene for the AR is located on the X
chromosome and codes for a protein 919 amino acids long, this gene is
expressed in a range of tissues and has been commonly identified with
mutations (Gao et al., 2005). In the absence of androgen the AR is located in
the cell cytoplasm but translocates to the nucleus following a conformational
change when androgen binds (Davey and Grossmann, 2016). In the nucleus it
binds to androgen response elements and co-regulators to alter transcriptional
activity (Davey and Grossmann, 2016). The AR can also act more rapidly
without binding directly to DNA through the activation of 2" messenger

pathways or sequestration of vital transcription factors (Davey and Grossmann,
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2016).

Due to the heterogeneous nature of prostate cancer tumours there is a mixed
population of cells which may or may not have mutations to the AR receptor.
Androgen deprivation therapy (ADT)(1.2.2) creates selective pressure so that
cells with mutations which enable androgen independent growth are selected
for (Feldman and Feldman, 2001). Feldman and Feldman (2001) suggested that
there are five mechanisms which enable cell survival and progression of cancer
despite ADT. Briefly, these mechanisms are; the hypersensitivity mechanism,
the promiscuous mechanism, the outlaw pathways mechanism, the bypass
pathway mechanism and the ‘lurker’ cell mechanism. The hypersensitivity
mechanism suggests that the cells adapt so that they are able to maintain
proliferation through utilisation of the low levels of residual endogenous
androgens. This may be through increased expression of the AR (Koivisto et al.,
1997), increased sensitivity of the AR (Gregory et al., 2001) or increased activity
of 5a-reductase (Makridakis et al., 1997) to increase the production of DHT
which has a higher affinity for the receptor. Visakorpi et al. (1995) found that
there was great variability in the number of AR gene copies within cells from
the same primary tumour but that an increased copy number was found in all
cells from patients with androgen independent prostate cancer, suggesting
that these cells had been positively selected for and proving that
hypersensitivity of cells is a possible mechanism. The promiscuous mechanism
involves mutation of the ligand binding region of the AR causing reduced
receptor specificity (Buchanan et al., 2001). This means the receptor is

activated through the binding of non-androgen steroids and androgen
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antagonists. The outlaw mechanism suggests that the AR can be activated
through a ligand independent pathway (Culig et al., 1994). The bypass pathway
suggests that alternative pathways may be activated which entirely exclude the
AR but similarly stimulate proliferation and prevent apoptosis. For example
McDonnell et al. (1992) found increased expression of oncogenic bcl-2, which
supresses apoptosis, in cells from androgen independent tumours. Finally the
“lurker” cell mechanism hypothesises that a subpopulation of androgen
independent cells was always present in the tumour and these cells are able to

proliferate when competing cells are eliminated during ADT (Isaacs, 1999).

Through one of these mechanisms, or potentially a combination of these,
tumour cells progress from androgen dependent to androgen independent,
where cells react to androgens but do not require them for growth. The LNCaP
cell line represents the early androgen dependent stage of cancer
development, these cells express a mutated androgen receptor but are still
sensitive to androgens (Russell and Kingsley, 2003). The LNCaP cell line was
established from cells aspirated from a metastatic lymph node lesion from a 50
year old Caucasian man (Sobel and Sadar, 2005). The C4-2 cell line is a subline
of LNCaP produced through co-injection of LNCaP cells and human
osteosarcoma cell line MS into a castrated host. The C4-2 cells were harvested
from the resultant tumour (Sobel and Sadar, 2005). C4-2 cells are able to
metastasise to lymph nodes and bone if injected subcutaneously or
orthotopically (Russell and Kingsley, 2003). C4-2 cells are similarly androgen
responsive but express only low levels of ARs so are considered independent

of androgens for their growth (Sobel and Sadar, 2005).
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Cells can eventually become completely insensitive to ADT so that even second
line deprivation therapy is ineffective (Davey and Grossmann, 2016), this is
termed castrate resistance prostate cancer (CRPC). PC3 cells are an example of
completely androgen independent, AR negative cells (Russell and Kingsley,
2003) and were established from a metastatic lesion of a 62 year old man
(Kaighn et al., 1979). This cell line represents very late prostate cancer and is

unlikely to be representative of most patients.

1.2.1 Metastasis and the pre-metastatic niche

Prostate cancer metastases show significant tropism to bone (Croset et al.,
2015, Sikes et al., 2004, Vela et al., 2007), with Jacobs (1983) reporting bone
lesions in over 80% of prostate cancer patients at autopsy. High blood flow to
bone marrow is thought to at least partially account for the tropism to bone
(Suva et al., 2011). Expression of specific adhesion molecules on cancer cells is
also thought to contribute as these promote adhesion to bone marrow
endothelial cells (Hensel and Thalmann, 2016). The chemokine ligand 12
(CXCL12) interaction with chemokine receptor 4 (which is expressed on
prostate cancer cells) is suggested to be one of the most important factors for
regulating tropism to bone as CXCL12 is an mediator of bone marrow survival
and expansion (Hensel and Thalmann, 2016). For successful metastasis tumour
cells must undergo epithelial-to-mesenchymal transition (EMT)(Sethi et al.,
2011, Zhau et al., 2008). This process involves phenotypic changes to reduce
intracellular adhesions and increase the cells ability to migrate (Radisky, 2005).
It enables cancer cells to enter circulation and be transported to distant sites

(Montanari et al., 2017).



The pre-metastatic niche refers to a site which has been prepared to increase
the chances of successful colonisation by circulating tumour cells (Weilbaecher
et al., 2011). Tumour secreted factors are believed to be important for niche
formation, these may be novel factors or tumour specific adaptations of factors
already present in the niche microenvironment (Psaila and Lyden, 2009).
Tumour secreted extracellular vesicles (EVs) have been shown to be important
for the preparation of this niche and make survival possible for cells that would
otherwise be destroyed (Hoshino et al., 2015). The hematopoietic stem cell
(HSC) niche within bone comprises of hematopoietic and mesenchymal cells, is
responsible for HSC self-renewal, differentiation and proliferation (Boulais and
Frenette, 2015) and plays an important part in bone marrow regulation. It is
now thought that the HSC niche and the pre-metastatic niche targeted by
prostate cancer cells are synonymous as circulating metastatic tumour cells
compete with HSCs to colonise the same osteoblast regulated environments
(Pedersen et al., 2012). It is yet to be determined the contribution of EVs to

the adaption of the HSC niche and the potential underpinning mechanisms.



1.2.2 Management

Localised or
locally advanced
prostate cancer

Watchful Waltlng \

M'onitoring of cancer long-term but Risk stratification
without treatment unless symptoms Risk category assigned
occur. PSA is measured at least once a based on a combination
year. Used in patients for whom surgery of PSA, Gleason score
or other treatments are not appropriate and clinical stage.

«—— «— _ —a

Low Risk Patients Intermediate risk patients High risk patients

Radical treatment

Active surveillance Radical prostatectomy

PSA measured every 3-4 months Rlem(c;valdolf the:ntlge prostate
in the first year then less glandandlymph hodes

frequently in subsequent years

Radical radiotherapy

Radiation therapy to destroy
tumour cells

Disease progression Androgen deprivation therapy
May be used as an adjuvant to
& radical therapy in patients with
intermediate or high-risk disease.
Radical radiotherapy May be used as a second line
Can be used in patients who therapy for patients who have
have relapsed following radical relapsed following radical
prostatectomy treatment.

\/

Treatment failure

v

Metastatic prostate cancer

Poor prognosis and may progress
further to castrate resistant
prostate cancer.

Figure 1.2 A flow chart showing the management options for localised prostate
cancer once diagnosed through the use of PSA testing, digital rectal examination and
biopsy for histological examination. Adapted from the NICE clinical guidelines;
(National Collaborating Centre for Cancer, 2014).
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Whilst still localised there are multiple treatment options for prostate cancer
depending on risk of progression and the wishes of the patient (Figure 1.2). One
potentially curative treatment is radical prostatectomy (RP) where the entire
prostate gland and, if necessary, associated lymph nodes are surgically
removed. RP is becoming an increasingly common surgery in Western countries
(Bill-Axelson et al., 2005). In England approximately 13% of patients diagnosed
with prostate cancer will undergo radical prostatectomy (Public Health
England, 2014). In 2013 this equated to 3,695 surgical procedures, the majority
(77%) of which were conducted as the primary treatment with the aim to cure
primary prostate cancer (BAUS, 2014). Although RP has been shown to reduce
the risk of eventual distant metastases (Bill-Axelson et al., 2005), Pound et al.
(1999) found that approximately 5% of men who undergo radical surgery will
still develop metastases within 15 years of surgery. Other studies have
examined the risk of biochemical recurrence after RP; Huang et al. (2014) found
that 24% of patients showed increased PSA indicating recurrence within 7
years. Pound et al. (1999) found that the median time to metastasis after
biochemical recurrence observed was 8 years. Not all studies follow patients
for a long enough period to see the development of clinical metastases, which
means the incidence of development of metastases following RP may be higher

than current estimates.

If patients are not considered good candidates for radical treatment or if cancer
has already metastasised, androgen deprivation therapy (ADT) may be used to

halt cancer growth and cause regression (Taplin et al., 1995). Activation of the



androgen receptor on cancer cells can be prevented by removal of androgen
supply or blockage of the receptor (National Collaborating Centre for Cancer,
2014). Surgical or medical castration can be used to reduce testosterone
production (National Collaborating Centre for Cancer, 2014). Bilateral
orchiectomy reduces the level of systemically circulating testosterone by 90-
95% (Rove and Crawford, 2013) but is irreversible and makes intermittent
therapy impossible. Medical castration can be achieved through the use of
Luteinising Hormone-Releasing Hormone (LHRH) agonists or antagonists. LHRH
agonists initially increase testosterone levels but continued stimulation results
in reduced production of Luteinising hormone (LH) by the pituitary and a
subsequent reduction in testosterone production (National Cancer Institute,
2014). LHRH antagonists prevent stimulation of the LHRH receptor in the
pituitary gland (Stricker, 2001) and are reported to have a much more rapid
action to reduce testosterone levels (Stricker, 2001, Crawford and Hou, 2009).
Androgen synthesis inhibitors, such as abiraterone, prevent synthesis of
testosterone by the adrenal glands or by prostate cancer cells themselves
(National Cancer Institute, 2014). They achieve this through inhibition of
CYP17, an enzyme vital for the conversion of cholesterol to testosterone
(National Cancer Institute, 2014). Antiandrogens are androgen receptor
antagonists which prevent activation of the AR through competitive inhibition
of the binding site (National Collaborating Centre for Cancer, 2014). When
medical or surgical castration is used concurrently with antiandrogens this is
termed a combined androgen blockade (National Cancer Institute, 2014). ADT

can be continuous or intermittent. There is evidence that patient quality of life
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is improved when intermittent therapy is used (Hussain et al., 2013, Calais da
Silva et al., 2009) but (Hussain et al., 2013) reported a 10% increase in the risk
of death for patients treated intermittently, although it was noted that this
difference was not statistically significant. Both methods are used to treat
patients and the effect on overall disease progression and survival between
treatment types is unclear. Although ADT can be very effective initially, aftera
median of 18-24 months it is no longer effective (So et al., 2005) and prostate

cancer to progresses despite deprivation.

1.2.3 Prognosis
Prostate cancer which has metastasised is considered incurable (Watahiki et

al., 2011) and therefore the majority of deaths due to cancer are due to the
development of these metastases. Deaths due to the primary tumour account
for only 10% of deaths (Monteiro and Fodde, 2010), which means the ability to
predict metastasis is important for accurate assessment of prognosis. The
ability to stratify patients based on their risk of developing metastasis would
enable more appropriate treatment selection. The initiation of adjuvant
therapy in combination with RP can help to eradicate cells that have already
spread (Weigelt et al., 2005) and therefore reduce the risk of metastases
occurring. Weigelt et al. (2005) looked at prediction of metastasis in breast
cancer and noted that more than 80% of patients received adjuvant therapy
despite only 40% of patients predicted to develop metastatic disease. The side
effects of adjuvant therapy can be severe and so it would be highly beneficial

to develop better predictors of metastatic disease at the time of diagnosis.
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1.2.4 Staging and Gleason Score
All cancer types can be staged according to the TNM staging system. T stage

describes the primary tumour, N describes the involvement of lymph nodes
and M describes whether or not cancer has metastasised (AJCC, 2018). Staging
provides an indicator of patient prognosis and aids management decision
making. Prostate cancers are also given a Gleason score. This technique was
established in 1966 (Gleason, 1966) and has been reviewed by the
International Society of Urologic Pathology twice, most recently in 2014 (Chen
and Zhou, 2016). Low-magnification microscopic assessment of biopsy
samples is carried out and they are assigned scores between 1 and 5 based on
the histological characteristics of cells (Gleason, 1966). The highest grade is
then added to the most common grade to give the Gleason score, with a score
of 6-10 indicating the presence of prostate cancer. Egevad et al. (2002) showed
that in conservatively treated patients Gleason score can be of great prognostic
value to predict disease specific death. This study grouped patients based on
Gleason score (4-5, 6, 7 and 8-10) and found that there were significant
differences in disease specific mean survival between groups with survival
decreasing from 19.5 years (4-5 group) to only 4.7 years (8-10 group). However,
the prognostic utility of the Gleason score system is limited by the difficulty
associated with accurately determining the appropriate grade. Prostate
tumours are highly heterogeneous and there may be multiple tumour foci
within the same prostate (Ruijter et al., 1996). Ruijter et al. (1996) examined
61 prostates removed via RP and identified 155 separate lesions, within which

the histology was also variable. When comparing the RP samples to pre-
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operative biopsy results this study found only 50% of samples had been
correctly graded. In 10% of total cases the biopsy samples had been over-
graded compared to the RP and the remaining 40% had been under-graded. In
the early 2000s other studies report similar levels of agreement, ranging from
55% (Danneman et al., 2017) to 45.5% (Egevad et al., 2001). Danneman et al.
(2017) showed an increase in agreement to 68% in the period of 2000-2012
and Egevad et al. (2001) showed that taking 7 or more biopsies increased
agreement to 53.8% but despite this the accuracy of Gleason scoring is
imperfect at best. In addition to this experienced personnel are needed for
both sample collection and interpretation to ensure accuracy of the results,
which may be lacking in some countries or regions. Patients whose lesions are
under-graded are at risk of not receiving the most appropriate treatment and
therefore a more sensitive method of detection would be highly beneficial to

enable better determination of patient prognosis.

1.2.5 Circulating Prostate cancer markers
MiRNAs are the main circulating markers covered by this review (see 1.3) but

other markers have also been studied.

1.2.5.1 Circulating Tumour cells
As a tumour is proliferating, cells at the peripheries may detach and enter the

blood stream (Williams, 2013). These cells can cause the development of
metastases given the correct conditions at a distant site. However, Liotta et al.
(1976) found that more than 0.5x103fibrosarcoma cells needed to be injected
into the bloodstream to produce metastases in immune competent mice. Fidler

(1970) investigated where cells were distributed after entering the
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bloodstream and found that only 1.5% of melanoma cells injected
intravenously were still viable 24 hours later. Potentially due to this rapid cell
death the levels of circulating tumour cells (CTCs) in the blood of cancer
patients is very low; with up to only 50 cells per 7.5ml of blood (Williams, 2013),
however this varies depending on the individual and the cancer type. Because
of their low level, enrichment of CTCs is needed before detection is possible.
There are a number of methods for this (reviewed by Pantel and Alix-
Panabiéres (2010)) which either separate CTCs based on their buoyancy and
size (Vona et al., 2000) or using immunomagnetic enrichment targeting EpCAM
(Mavroudis, 2010), which is expressed on the surface of most but not all CTCs
(Pantel and Alix-Panabieres, 2010). The method approved for in vitro
diagnostics by the Food and Drug Administration (USA) is the CellSearch CTC
Test (Janssen Diagnostics, 2013, USA). This system has been validated for use
in patients with breast, colorectal and metastatic prostate cancer (Mavroudis,
2010, Riethdorf et al., 2007, Miller et al., 2010). CellSearch is an automated
system which uses magnetic beads coated with EpCAM antibody to separate
the CTCs, followed by staining with fluorescently labelled cytokeratins; CKS8,
CK18 and CK19 (Mavroudis, 2010), which enables CTCs to be counted. Vone et
al. (2000) demonstrated, in a technigue known as ISET, that epithelial CTCs can
be separated based on their size using a filtering membrane. Farace et al.
(2011) compared the effectiveness of these two methods to detect CTCs from
patients with metastatic breast, prostate or non-small cell lung carcinoma and
found that the best method depended on the cancer type. CTC counts for

patients with breast cancer were increased using the CellSearch protocol
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compared to the ISET protocol. However for patients with prostate or lung
cancer they found that ISET was a better detection method. This may be related
to the downregulation of EpCAM associated with EMT which limits the
detection of CTCs via the CellSearch method (Pantel and Alix-Panabieres,

2010).

Scher et al. (2009) looked at the CTC counts of patients with metastatic CRPC
and used these values to group them into those with predicted favourable (4>
CTCs per 7.5ml of blood) or unfavourable (55 CTCs per 7.5ml of blood)
prognosis. To predict the risk of death the authors found that a combination of
baseline CTC, CTC fold change and baseline lactate dehydrogenase was the best
discriminator. However, this study used the CellSearch system and therefore
CTC counts may have been underestimated. Cristofanilli et al. (2004) and
Cohen et al. (2008) similarly categorised patients with metastatic breast cancer
and metastatic colorectal cancer based on CTC per 7.5ml of blood before
beginning treatment. These studies had similar results, showing that a higher
CTC count predicted lower overall survival and reduced progression free
survival. Although their detection can be challenging, the consensus between
the results of different studies across cancer types suggests that CTCs can be a
very useful method of predicting patient prognosis and the likelihood of

successful treatment.

1.2.5.2 Proteins
Prostate specific antigen (PSA) is a protein commonly used diagnostically in

prostate cancer, however its low specificity (when 4ng/ml is used as the
threshold for further investigation the test has a specificity of only 40% (Jain et
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al., 2002)), and tendency to increase in benign conditions (Jain et al., 2002),
makes it less than ideal. Because of the genetic changes occurring during cancer
there is scope for major changes to the proteome of these cells which means
analysis of the proteins in the bloodstream could provide a useful prognostic
indicator. Adam et al. (2002) obtained proteomic data from the serum of
patients with prostate cancer, Benign Prostatic Hyperplasia (BPH) or from
healthy males through the use of Surface-enhanced Laser Desorption
lonisation Time-of-Flight mass spectrometry (SELDI-TOF MS). Because no single
protein peak consistently differentiated healthy individuals and patients this
study used the data from a test set of sera from already diagnosed patients to
create a decision tree classification algorithm. This algorithm was shown to
correctly diagnose prostate cancer 96% of the time with a sensitivity of 83%
and a specificity of 97% when prostate cancer patients were differentiated
from healthy males or those with BPH. Petricoin et al. (2002) also used SELDI-
TOF MS and used a training set of data to teach an artificial intelligence analysis
system to create the algorithm. Using this algorithm they were able to
successfully diagnose 95% of patients with prostate cancer and identified 78%
of patients with benign conditions. Using SELDI-TOF MS only gives the mass to
charge ratio (m/z) of the protein so Malik et al. (2005) used liquid
chromatography and gel electrophoresis to identify the proteins creating the
MS peaks. Apolopoprotein A-ll was identified as a protein consistently
upregulated in prostate cancer (Malik et al., 2005) and was shown to be able
to detect prostate cancer in patients whose PSA was below 4.0ng/ml. These

studies suggest that patterns of proteins can be a useful tool for identification
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of patients with prostate cancer alongside traditional PSA testing.

Protein expression in cells has been found to be significantly different between
patients with localised and metastatic prostate cancer (Pang et al., 2010), with
many proteins upregulated in cells from metastatic tumours. Six of the 58
differently expressed proteins identified by Pang et al. (2010) were able to be
functionally linked to metastasis. This study found e-FABP5 was significantly
upregulated in the prostate tissue and serum of patients with metastatic

disease but did not investigate serum levels of any other proteins.

1.2.5.3 Circulating nucleic acids
Cell free nucleic acids are normally rapidly degraded in serum but in some

malignancies, including cancer, they may be elevated. The mechanism for this
is still under debate: Schwarzenbach et al. (2011) hypothesised that the DNA is
released into the blood after the phagocytosis of cancer cells by macrophages.
Swarup and Rajeswari (2007) suggested that DNA is passively released during
tumour necrosis or cell apoptosis. In addition to increased release from
cancerous tissues the increased level of cell free DNA (cfDNA) may reflect a
reduction of activity of degradative enzymes DNase | and I, which has been
noted during cancer (Swarup and Rajeswari, 2007). Schwarzenbach et al.
(2009) took blood samples from patients with localised or metastatic prostate
cancer and quantified the amount of cfDNA. They found that patients with
metastatic disease had significantly higher levels of cfDNA compared to those
with localised disease and the levels correlated to the extent that the authors
hypothesised that cfDNA level could be used to monitor metastatic
progression. However, Ellinger et al. (2011) stated that the majority of cfDNA
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is produced by healthy cells so measuring expression level may not be the best
method to diagnose or stage prostate cancer. Goessl et al. (2001) looked at
epigenetic changes occurring in the DNA of prostate cancer tumours,
specifically the level of promotor hypermethylation of the glutathione S
transferase P1 (GSTP1) gene. This change causes loss of gene expression and
has not been detected in normal prostate tissue or in the DNA of those with
BPH. DNA was extracted from tissue, nucleated blood cells, ejaculate, urine
sediment and serum or plasma, collected from patients with BHP or prostate
cancer. In all sample types, except urine sediment, detection of GSTPI
promotor hypermethylation had 100% specificity to distinguish between
prostate cancer and BPH patients with sensitivity varying from 30% (nucleated
blood cells) to 90% (tissue). Plasma or serum samples were able to detect
prostate cancer 72% of the time but the sensitivity increased to 93% for
patients with advanced, metastatic disease suggesting it could be particularly
useful to identify patients with advanced disease. The loss of heterozygosity at
specific genome satellites has also been investigates as a marker of cancer but
these were only found to be able to accurately detect prostate cancer in

combination with methylation assays (Sunami et al., 2009).

RNAs are necessary for the production of proteins to cause cell proliferation
and metastasis in cancer. 5T4 is a transmembrane glycoprotein which is
upregulated in many epithelial cancers and is associated with increased
metastatic potential (Kopreski et al., 2001). Using blood samples collected from
metastatic breast and advanced non-small cell lung cancer patients Kopreski et

al. (2001) investigated whether 5T4 mRNA could be detected in the serum.
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Although 5T4 was only detected in 8/19 serum samples this was significantly
higher than the detection rate in samples from healthy volunteers (3/25) which
indicates that further investigation of this mRNA in circulation may be

warranted.

1.3 MicroRNAs
MicroRNAs (miRNAs/miR-) are small, single-stranded, noncoding, RNA

molecules which regulate protein expression (Goto et al., 2015a). The genes
from which miRNA precursors are transcribed are often located at ‘fragile sites’
which frequently undergo deletion, amplification or translocation (Calin et al.,
2004) during cancer development, which combined with epigenetic changes,
means miRNA expression can be significantly altered in cancer. This makes
them an important focus of research aiming to improve cancer diagnostics and
treatment. MIRNAs can act as oncogenes or tumour suppressor genes
depending on the cancer type and status of the surrounding cells (Cortez et al.,
2011). For example Nam et al. (2008) studied the miRNA expression profile of
serous ovarian carcinomas and found that miR-125b was downregulated in
cancerous tissue samples compared to samples from patients with benign
uterine disease. In this tissue type miR-125b acted as a tumour suppressor as
it was associated with reduced cell proliferation. In comparison Ozen et al.
(2008) found that miR-125b was upregulated in prostate cancer tissue,
compared to samples from benign prostate tissue. This study also found miR-
125b was associated with genes for control of translation which are
upregulated in prostate cancer suggesting an oncogenic function. Le et al.

(2009) found that miR-125b is a negative regulator of the p53 pathway for
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apoptosis in humans. P53 is an important tumour suppressor who’s loss of

function could explain the findings of Ozen et al. (2008).

1.3.1 Biogenesis
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Figure 1.3 MiRNA Biogenesis (Goto et al., 2015b) (Used with permiggion. License
number 4377010606519)

RNA polymerases (Il or Ill) transcribe the precursor of miRNAs, which are
cleaved into hairpin intermediates by Drosha RNase Ill endonuclease (Suzuki et
al., 2009). After transport into the cytoplasm the pre-miRNA is cleaved again
by Dicer RNase Il endonuclease into double stranded molecules of 19-22
nucleotides in length (Goto et al., 2015a). This molecule contains a duplex of
miRNA and miRNA* also known as the 3p and 5p strands. The miRNAs bind to
a protein from the Argonaute (Ago) family to form an RNA-induced silencing
complex (RISC) which enables the action of the mature single stranded miRNA
(Goto et al.,, 2015a)(Figure 1.3). Ago proteins bind to the miRNAs’
phosphodiester backbone, so are not limited to miRNAs with specific base

sequences, and this conformation enables efficient recognition of the target
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sequence (Pratt and MacRae, 2009). Imperfect complementarity of the mature
RNA to regions of mRNAs causes translational repression of the target proteins
(Croce, 2009). Perfect matching of the 3’ region with mRNAs causes mRNA
degradation but miRNAs can also bind to the promotor regions of genes
resulting in increased transcription (Goto et al., 2015a). MiRNAs have the
potential to interact with multiple genes and affect transcription and

translation in ways that are not yet fully understood.

1.3.2 MIRNA functions in cancer

1.3.2.1 Oncogenic effects of miRNAs in tissue
miR-409-3p/-5p (MiR-409) was investigated for its effect on EMT, an important

process for metastasis (Josson et al., 2014). Using gRT-PCR analysis this study
found that miR-409 was significantly upregulated in the prostate cancer cell
lines which metastasises to bone in comparison to the non-metastatic line.
They found that miR-409 was similarly upregulated in embryonic stem cells
which undergo EMT as part of normal development. To confirm the oncogenic
properties of miR-409, mice were injected with non-cancerous, miR-409
expressing cells, or control cells. Cells were injected into the mice’s prostates
and they were monitored for tumour development. Of the mice injected with
cells expressing miR-409 60% developed tumours whilst none of the control
mice were affected. Finally, to confirm its role in metastasis miR-409
knockdown cancer cells and control cancer cells were injected via the intra-
cardiac route into mice. Those which received the miR-409 knockdown cells
showed no development of metastases 15 weeks post-injection whilst 100% of

those injected with control cells developed bone lesions. Despite this increase
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in MmiR-409 expression in tissues Nguyen et al. (2013) found that miR-409-3p
was downregulated in the serum of patients with metastatic prostate cancer in
comparison to patients with low risk prostate cancer, which could be explained
by selective expression of miRNAs. However Nguyen et al. (2013) also found no
significant changes of expression across the normal and prostate cancer tissue
samples that they tested which contradicts the finding of Josson et al. (2014).
Josson et al. (2014) used androgen independent prostate cancer cell lines (in
vitro) in their study whereas Nguyen et al. (2013) used samples taken from
patients who were showing progression after androgen deprivation therapy (in

vivo).

MiR-182 is highly upregulated in prostate cancer tumour tissue compared to
non-tumour tissue, collected from patients with prostate cancer (Ambs et al.,
2008). MiR-182 is proposed to be an important oncogene in prostate cancer
development (Hirata et al., 2013). Hirata et al. (2013) used an inhibitor of miR-
182 to prevent expression in PC3 cells, this resulted in significantly decreased
cell proliferation and invasion compared to non-inhibited cells. When a miR-
182 precursor was transfected into a normal prostate cell line the authors
observed significantly increased cell proliferation and migration 48 hours later
in comparison to the non-transfected cells. These findings indicate that
increased miR-182 plays a role in stimulating the development of metastatic

properties but further studies are needed to corroborate these findings.

Watahiki et al. (2011) studied the expression of miRNAs within cells and their

relationship to prostate cancer metastasis using metastatic and non-metastatic
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prostate cancer cell lines. This study used the metastatic line generated by
Wang et al. (2005) (LTI-313H) and its non-metastatic equivalent (LTL-313B).
These cells were xenografted into SCID mice. Unlike commonly used cell lines
such as LNCaP and PC3 these cell lines have not adapted to in vitro growth and
still have a normal tumour stroma which may be important for cancer
pathogenesis (Wang et al.,, 2005). MiRNA was extracted from cells and
sequenced by the Genome Sciences Centre at the British Columbia Cancer
Agency to produce miRNA libraries. They considered the miRNAs to be
differentially expressed when there was at least a 2-fold difference between
normalised counts. In total they found 104 miRNAs to be differently expressed
between the libraries. When only changes of 5-fold or above were considered
they found upregulation of 23 and downregulation of 24 miRNAs which seems
to suggest that the miRNA are split evenly between having tumour suppressive
and oncogenic effects. Whilst this study did not corroborate the findings of
Josson et al. (2014) as they did not find increased expression of miR-409 their

findings correlate with several other studies (Table 1.1).
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Expression change found

by Watahiki et al. (2011)

MIiRNA differentially expressed.

Supporting studies

Increased expression in
samples from patients

with metastatic disease

miR-9%*, miR-379

Brase et al. (2011);

Compared serum samples of patients with localised and metastatic disease.

miR-9*, miR-18b, miR-126, miR-
200a miR-136, miR-let-7d, miR-
27a, miR-27b, miR30a, miR-99a,

miR-142-5p, miR-151-3p

Watahiki et al. (2013);
Compared plasma samples collected from patients with localised and

metastatic CRPC.

miR-125 Mitchell et al. (2008)*;
Compared serum samples from healthy controls and patients with metastatic
disease.

miR-379 Gururajan et al.(2014);
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Compared C4-2 and LNCaP cell lines and found miR-379 to be associated with

EMT.

miR-451, miR-106a

Moltzahn et al.(2011);
Compared tissue expression across healthy, low risk, intermediate risk and

high risk patient samples.

Decreased Expression in
samples from patients

with metastatic disease

miR-191, miR-145

Leite et al.(2013)

Compared tissue expression across localised, high risk and metastatic patient

samples

miR-24 Moltzahn et al.(2011);
Compared tissue expression across healthy, low risk, intermediate risk and
high risk patient samples.

miR-101 Hudson et al. (2013)t;
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Analysis of data set including information on non-cancerous tissue, localised

primary tumours and distant metastases.

miR-16, miR-363, miR-106b, | Watahiki et al. (2013);
miR-205 Compared plasma samples collected from patients with localised and

metastatic castrate resistant disease.

miR-145 Leite et al. (2011b)

Compared tissue expression across healthy, localised and metastatic patient

samples.

Table 1.1 A table showing the studies which support the findings of Watahiki et al. (2011). *Did not ascertain whether miR-125 expression was
greater in metastatic prostate cancer in comparison to localised disease so miR-125 may only be effective at differentiating normal patients from
those with prostate cancer. T Found miR-101 expression to be decreased in localised and metastatic disease compared to healthy samples so

may not be useful to differentiate metastatic disease.
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This study’s method of miRNA detection enabled the identification of novel
miRNAs in addition to measurement of previously noted miRNAs and produced
a much broader signature of results, which are not replicated in their entirety
in any of the other studies. The results of this study are likely to more closely
represent the expression within tumours within humans as the samples were
taken from tumours growing within an organism rather than cells grown purely
in vitro. However, this study included comparison of only one cell line and its
non-metastatic equivalent, so it cannot be assumed that their finding would be
the same for all stages of metastasis or all patients. A wider study using similar

methodology would be highly beneficial to confirm the findings.

1.3.2.2 Oncogenic effects of miRNAs in plasma
Brase et al. (2011) prospectively studied the plasma miRNA signature of

patients with different prostate cancer stages who had not been treated using
androgen deprivation or cytotoxic therapy. On analysis of the samples they
found that in total, patients with metastatic disease had a much higher serum
level of cell free miRNA in comparison to those with primary disease. In their
screening study they found that 5 miRNAs were upregulated in patients with
metastatic disease; miR-375, miR-9*, miR-141, miR-200b and miR-516-3p.
These miRNAs were further validated using a larger cohort and the study found
that miR-375 was the best marker for differentiation between metastatic and
localised prostate cancer. MiR-141 expression was also found to be increased
in patients with higher risk disease (defined as those with a Gleason score
greater than or equal to 8). Nguyen et al. (2013) similarly compared plasma

miRNA signatures in patients with localised and metastatic disease but patients
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with metastatic disease had been treated with androgen deprivation therapy
leading to the development of metastatic CRPC. Despite the difference in the
selection of patients, this study also found that miR-375 and miR-141 were
increased in metastatic disease. Bryant et al. (2012) found no significant
difference in the expression of miR-375 when serum samples from health
controls and patients with prostate cancer were compared but did find a
greater than 10-fold increase when metastatic and localised cancers were
compared. These findings suggest that the change in expression of miR-375
only occurs when the cancer becomes metastatic which would make it a useful

biomarker for diagnosis and prediction.

Of the studies identified in this review, miR-141 is the most commonly reported
miRNA associated with metastasis. In addition to being reported by Brase et al.
(2011) and Nguyen et al. (2013) five other studies were found which reported
an increase of miR-141 in the sera of patients with metastatic disease. Mitchell
et al. (2008) compared age-matched healthy controls with 25 patients with
metastatic disease and selected six miRNAs (miR-100, miR-125b, mir-141, miR-
143, miR-205 and miR-296) which they predicted, based on previous literature,
would be detectable in the serum of patients with metastasis but not in the
sera of healthy individuals. MiR-205 was outside of the detection limit on both
groups but all other miRNA showed increased expression in the metastatic
group with miR-141 showing the greatest (46-fold) increase in expression. This
study found a correlation between miR-141 and PSA level and calculated that
serum levels could be used to detect metastatic cancer with 60% sensitivity and

100% specificity. Using receiver operating characteristic curves Watahiki et al.
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(2013) found miR-141 was similarly of sensitive (56%) and specific (96%) when
used to distinguish between metastatic CRPC and localised disease. Similarly to
the finding of Bryant et al. (2012) for miR-375, Agaoglu et al. (2011) found no
significant difference in the expression of miR-141 between the control and
prostate cancer groups but did find that it was the best miRNA tested to
distinguish between metastatic and localised disease. Despite having an AUC
of 76%, miR-141 was not found to be a better discriminator than PSA
concentration. This suggests the PSA may be useful to detect potentially
metastatic disease even if it is not highly specific for screening purposes
however further studies would be needed to confirm this finding and it is
unlikely to be a better diagnostic tool than bone scanning. Zhang et al. (2013)
looked specifically at miR-141 and its relationship to bone metastasis. This
study found that patients with bone metastases expressed much higher serum
levels of miR-141 than those with localised disease. Further to this, they
discovered a correlation between the amount of miR-141 expressed and the
number of metastases detected using a bone scan. ldentification of bone
metastases on a bone scan requires expertise for both image capture and
interpretation. This study highlights the potential of miR-141 to detect
metastatic disease earlier than would be possible with bone scans and without
the requirement of the same level of expertise. It also suggests that miR-141
could be used as a marker to determine the extent of metastases, which would
be a useful tool to evaluate prognosis. None of these studies have determined
whether miR-141 is itself oncogenic, the results do not indicate causal

relationship and it cannot be determined whether increased levels are causing
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the metastases to develop or whether increased miR-141 occurs subsequently
to metastasis development due to increased cell volume to express it.
Additional pre-clinical studies are needed to determine whether knockdown of
miR-141 could be a potential therapeutic strategy, in addition to being a

metastatic marker.

MiR-21 is a commonly cited as an important marker for cancer (Zhang et al.,
2011, Agaoglu et al., 2011, Liet al., 2012, Goto et al., 2015b). A review by Goto
et al. (2015a) found that within eight published prostate cancer miRNA
signatures, obtained from clinical tissue miR-21 and miR-182 were consistently
upregulated. Li et al. (2012) found that miR-21 had prognostic utility to predict
the risk of biochemical recurrence in patients treated via radical
prostatectomy. MiR-21 levels in tissue samples was found to be correlated to
pathological stage, lymph node metastasis, capsular invasion and reduced
recurrence free survival interval. Its utility as a marker for metastasis was
investigated by Agaoglu et al. (2011) who compared serum expression between
patients with localised, locally advanced and metastatic disease. MiR-21
expression was significantly higher in patients with metastatic disease
compared to those with localised disease. When ROC curves were used to
distinguish patients from healthy control samples miR-21 had an AUC of 88%
indicating it may be a useful screening test and could also aid with determining

prognosis.

1.3.2.3 Tumour suppressive effects of miRNAs
HEF1 is the gene responsible for the production of oncogenic proteins which

promote EMT and bone invasion by prostate cancer cells (Guo et al., 2013).
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Expression of HEF1 is increased in metastatic prostate cancer cells which have
reduced miR-145 expression and transfection of cells with miR-145 causes a
decrease in HEF1 expression (Guo et al., 2013). Guo et al. (2013) suggested that
HEF1 can have a feedback effect on the expression of miR-145 but is also
regulated by it as miR-145 can bind to the 3’-UTR of HEF1 to affect translation.
Leite et al. (2011b), Leite et al. (2013) and Peng et al. (2011) found that miR-
145 expression was significantly higher in tissue samples from localised
prostate cancer than in samples from metastatic cancer. Watahiki et al. (2011)
also found decreased expression of miR-145 in metastatic cell lines but there
was a less than 5 fold change. These studies seem to agree with the findings of
Guo et al. (2013) that miR-145 expression must be decreased to enable cells to
undergo EMT and become invasive enabling the cancer to become metastatic.
MiR-145 appears to act as a tumour suppressor but its effects are overcome

when the cancer has progressed to metastasis.

A similar pattern to that of miR-145 has also been observed for miR-143. Peng
et al. (2011) found that expression of miR-143 was significantly downregulated
in tissue samples from patients with metastatic disease in comparison to
localised prostate cancer. Leite et al. (2013) also found that miR-143 decreased
as the prostate cancer samples tested became increasingly aggressive.
Conversely Mitchell et al. (2008) found that when the serum from patients with
metastatic prostate cancer was compared to healthy controls the expression

of miR-143 was significantly increased.

Comparing the results of these studies is difficult due to variation in
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methodology used for samples preparation, RNA isolation and detection.
Mitchell et al. (2008) showed that plasma and serum levels should be
equivalent so this enables studies which used these to be compared, but
studies that used tissue samples may have prepared samples differently
resulting in changes in isolated RNA. Some studies used specific primers to look
for miRNAs that they thought were likely to be differentially expressed (e.g.
(Peng et al., 2011) and (Mitchell et al., 2008)) which means they did not report
variation of expression of as many miRNAs as were reported by studies which
used unbiased methods such as microarrays or sequencing as their detection
method (Watahiki et al., 2011). Normalisation of RT-qPCR Ct values against a
housekeeping gene is very important to enable accurate comparison of
expression. A number of studies (Josson et al., 2014, Nguyen et al., 2013) used
the small nuclear RNA U6 (RNU6) as their normalisation gene despite the
findings of Lamba et al. (2014) and Ratert et al. (2012), who found that RNU6
is an unstable marker which can result in inaccurate normalisation. The use of
different, and potentially unstable housekeeping genes may have therefore

affected the results and the comparability between studies.

1.3.3 MIiRNA transfer between cells
MiRNAs have an intracellular effect but may also be released from the cell via

extracellular vesicles (EVs; including microvesicles (1.3.3.1) and exosomes
(1.4)) and apoptotic bodies (1.3.3.1) or bound to high density lipoproteins
(HDLs) or proteins (1.3.3.2). This enables them to have an intercellular effect.

Exosomes (1.4) are a major vehicle for miRNA transport.

1.3.3.1 Microvesicles and apoptotic bodies
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In addition to exosomes miRNAs can be found contained in circulation within
microvesicles and apoptotic bodies (Sohel, 2016). These vesicles, also
membrane bound but shed directly from the plasma membrane, are larger
than exosomes and are released early (microvesicles) or late (apoptotic bodies)

in the apoptotic process (Sohel, 2016).

Microvesicles are of a less uniform size (50-1000nm in diameter (Lee et al.,
2012)) and more variable membrane composition than exosomes and have no
consistent characteristic markers (Lee et al., 2012) due to their formation
directly from the plasma membrane. Microvesicles can transfer miRNAs into
cells and may provide a mechanism for the introduction of therapeutics into
cells (Ratajczak et al., 2012). Bryant et al. (2012) investigated the miRNA
profiles of microvesicles isolated from the plasma of healthy controls and
patients with prostate cancer and found significant upregulation of 11 miRNAs
in the microvesicles derived from prostate cancer patients’ plasma. The miRNA
profiles were also found to be able to differentiate between metastatic and
localised disease. This study shows that disease state does have an effect on
the miRNAs within microvesicles but whether these miRNAs could be

transferred into other cells was not investigated.

Apoptotic bodies have been shown to convey paracrine signals to other cell
types (Zernecke et al., 2009) and the same study confirmed the transfer of
miRNAs via apoptotic bodies to recipient vascular cells. Aihara et al. (1994)
reported a positive correlation between the number of apoptotic bodies in the

tissues of patients with prostate cancer and Gleason score and hypothesised
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that increased cell death is associated with more malignant tumours. However
this study did not consider the potential for the apoptotic bodies to be a
contributing factor to increased Gleason score and therefore did investigate
their contents. Because of their size, which is similar to that of cell debris, many
protocols investigating circulating miRNAs exclude apoptotic bodies
(Turchinovich et al., 2012) and so their role in miRNA transfer may be

underappreciated.

The author could not find any studies which suggested that apoptotic bodies
or microvesicles are responsible for the transfer of miRNAs to or from prostate

cancer cells.

1.3.3.2 High Density Lipoproteins (HDLs) and protein binding
MiRNAs not contained within vesicles may bind to high density lipoproteins

(HDLs) or to protein complexes which enable them to travel in the blood (Sohel,

2016) and avoid enzymatic degradation.

Vickers et al. (2011) isolated HDLs from human plasma and used a microarray
to investigate whether miRNAs were present. They found that the total levels
of miRNA were increased in patients with familial hypercholesterolemia and
that the number of miRNAs present also increased. This study also found that
when cells were treated with an HDL-miR-375 complex the intracellular
expression of miR-375 was increased 11.8 fold. Luciferase reported assays were
conducted which found that when cells were treated with the HDL-miRNA
complex there was a significant decrease in Renilla-luciferase activity. This

shows that HDLs can transmit functional miRNAs between cells.
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MiRNAs are also found bound to Argonaute2 (Ago2) in circulation
(Turchinovich et al., 2011, Arroyo et al., 2011). Arroyo et al. (2011) found that
the proportion of miRNA in a serum sample contained within vesicles varied
depending on which miRNA was assayed. This study used immunoprecipitation
of Ago2 to confirm that miRNAs are associated with Ago2 in circulation but
noted that the efficiency of the immunoprecipitation was below 60% so the
figures generated were likely to be an underestimate of the actual proportion
of miRNAs complexed to Ago2. This study found that for two of the miRNAs
studied around 20% of total circulating miRNAs were present in these
complexes. Let-7a was not found in plasma in this form so the authors
proposed that although Ago2 complexes are an important carrier of some
miRNAs in circulation others are exclusively associated with membrane bound
vesicles. Turchinovich et al. (2011) similarly studied Ago2-miRNA complexes
and found that these complexes make up a much larger proportion of
circulating miRNA than those contained within exosomes. Similarly to the
findings of Arroyo et al. (2011) they identified 22 miRNAs which were
exclusively isolated from the EV fraction of the plasma but also found 69
miRNAs which were only present in the supernatant bound to Ago2. These
studies did not assess whether these miRNAs could be delivered to other cell
types and affect translation and transcription in these recipient cells. Yoo et al.
(2010) found that cellular Ago2 is more commonly found in cells from prostate
cancer compared to normal prostate tissue but did not investigate circulating
Ago2. Cancer specific studies are needed to assess whether Ago2-bound

miRNAs can play a part in alteration of transcription and preparation of the
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metastatic niche.

1.4 Exosomes
Exosomes are membrane bound vesicles of 50-90nm in diameter, which are

found in almost all biological fluids (Sohel, 2016). Multiple exosomes form via
inward budding of an endosome within the cell to form a multivesicular body
(MVB) (Kowal et al., 2014)(Figure 1.4). The exosomes are then secreted into
the extracellular fluid when the MVB fuses with the plasma membrane (Kowal
et al., 2014). Because of their endosomal origins, certain proteins associated
with membrane binding and fusion are enriched in exosomes (Simons and

Raposo, 2009). These can be used as markers to identify and isolate exosomes.
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1.4.1 Exosome marker proteins

O Microvesicles

Exosomes

Q Endosome Q
Q
e ( © o o

1 Alix 2 Annexin V 3 CD9 4 EpCAM 5 Flotillin-1 6 HSP70 7 ICAM

t Based on information from the Human Protein Atlas (Uhlén et al., 2005) and Uniprot
Database (The UniProt Consortium, 2017).

* Based on information from the Human Protein Atlas (Uhlén et al., 2005)

o Based in information from the Uniprot Database (The UniProt Consortium, 2017)

Figure 1.4 A figure showing the biogenesis of different vesicle types and localisation
of exosome associated proteins in a normal cell. (Used with permission (Raposo and
Stoorvogel, 2013). License no. 4377041018944)

Programmed Cell Death 6 Interacting Protein (Alix) recruits the Endosomal
Sorting Complex Required for Transport (ESCRT) to enable inward budding of
the membrane into the endosomal lumen (Akers et al., 2013). This makes it
vital for the formation of MVBs and therefore is commonly found in exosomes
from multiple cell types (Simons and Raposo, 2009). Alix is also involved in cell

apoptosis (Schorey and Bhatnagar, 2008).

Annexin V is part of the annexin protein group. These are Ca?* dependent
phospholipid binding proteins which regulate cell membrane organisation

(Gerke and Moss, 2002). The conformation of these proteins enables them to
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bind reversibly to membranes as they only interact with the peripheries of
phospholipids (Rescher and Gerke, 2004). They act as scaffold proteins which
enables them to regulate interactions between the cytoplasm and the
cytoplasmic surface of cellular membranes (Rescher and Gerke, 2004). They
enable the membrane to act as a platform for assembly of cytoskeletal
components, such as actin (Rescher and Gerke, 2004). This regulation of the
cytoskeleton (Schorey and Bhatnagar, 2008) is indirectly important for the
formation of exosomes as it enables transport of MVBs to the cell surface.
Annexins are also important for membrane binding which enables fusion of
intracellular compartments (Théry et al., 2002) and therefore the release of
exosomes. Because they are needed for exosome formation Annexins can be
found in almost all exosome types irrespective of their cell of origin (Simons
and Raposo, 2009), the specific annexin present may however be dependent

on cell type.

Tetraspannin-29 (CD9) is part of the tetraspanin glycoprotein family which can
have a positive or negative affect on the activation of associated molecules
(Zoller, 2008). CD9 is localised to the plasma membrane of cells (Uhlen et al.,
2017). Tetraspanins are abundant in exosomes with CD63, CD81 and CD82 also
common (Schorey and Bhatnagar, 2008). CD9 is important for the regulation of
cell morphology, motility and signalling (Hemler, 2005) as it can interact with
many other proteins (Théry et al., 2002). An increase in CD9 expression has
been associated with prostate cancer (Uhlén et al.,, 2005) and metastatic

gastrointestinal cancer (Murayama et al., 2004).
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Epithelial Cell Adhesion Molecule (EpCAM) is an epithelial cell transmembrane
glycoprotein whose expression was found to be related to the level of epithelial
cell proliferation (Went et al., 2004). As its name suggests it is important for
cell adhesion, but in addition to this it is suggested to be important for cell
signalling, migration, proliferation and differentiation (Trzpis et al., 2007). It is
associated with epithelial carcinoma due to its high expression on rapidly
proliferating tumours (Trzpis et al., 2007) and (Went et al., 2004) found that
EpCAM expression was increased in poorly differentiated cells and in CRPC

compared to low grade carcinomas.

Heat Shock Protein 70 (HSP70) is a protein involved in antigen presentation in
combination with MHC I and Il (Schorey and Bhatnagar, 2008) and is ubiquitous
in exosomes (Théry et al., 2002). It acts as a chaperone proteins for the AR
within the cytoplasm in the absence of androgen (Davey and Grossmann,
2016). These proteins have important housekeeping functions including folding
newly synthesised proteins, refolding misfolded proteins and membrane
translocation of secretory proteins and those produced in organelles (Mayer
and Bukau, 2005). They are also important in protecting cells against heat stress
(Mayer and Bukau, 2005). HSP70 expression is decreased in prostate cancer
tissues compared to healthy prostate tissue (Uhlen et al., 2017) though its

expression in normal and cancer-derived exosomes has not be explored.

Intra-Cellular Adhesion molecule (ICAM or CD54) is a cell specific
transmembrane protein (Théry et al., 2002). This protein binds to integrins

(NCBI, 2017) and is important to stabilise intercellular interactions to enable

39



cell signalling. It is commonly found on exosomes derived from antigen
presenting cells due to co-stimulatory functions (Lotvall and Valadi, 2007).
ICAM-1 has been shown to be conserved across exosomes derived from B cells
and dendritic cells (Théry et al., 2002) and it is likely that based on their
increased expression in endothelial cells and other leucocytes (NCBI, 2017) that

they would also be present in exosomes from these cells.

The role of Flotilin-1 is not definitively known (Langhorst et al., 2005) but it is
suggested to be involved in vesicle trafficking and regulation of cell morphology
(NCBI, 2018). Flotilin is known to be involved with membrane transport and
fusion (Simons and Raposo, 2009) making it important for exosome biogenesis.
Flotilin and Alix are commonly enriched in exosomes (Simons and Raposo,
2009) but their expression in prostate cancer tissue was the same or lower than

in normal prostate tissue (Uhlen et al., 2017).
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1.4.2 MiRNAs within exosomes
Containment within exosomes makes the miRNAs resistant to degradation by

RNases (Sohel, 2016) and they can be subjected to room temperature
incubation or freeze thaw cycles without miRNA levels being altered (Mitchell

et al., 2008).

Melo et al. (2014) compared miRNA expression in exosomes released from
breast cancer cells and those released from normal cells. They found that
despite the parent cancer cells containing lower levels of the miRNAs compared
to normal cells, the expression of miRNAs was increased in cancer derived
exosomes. Further to this, they found that the total level of miRNAs increased
in exosomes derived from patients with metastatic disease compared to
localised breast cancer. When exosomes were cultured this study observed an
increase in mMiRNA expression and found that cancer exosomes contain pre-
miRNAs which are then processed into mature miRNAs using RISC proteins
which are also contained within the exosomes. When exosomes from normal
cells were assessed in the same way they were not found to contain the RISC
proteins. Hessvik et al. (2012) conducted a similar study using prostate cancer
and normal prostate cell lines. Exosomes were isolated from the culture media
of these cells and microarrays were used to identify the miRNAs present. They
found 31 miRNAs expressed only in exosomes, 49 which were only expressed
in the cells and 333 which were expressed in both cells and exosomes. The
findings of Sohel (2016) and Melo et al. (2014) confirm that, as suggested by
Hessvik et al. (2012) miRNAs are selectively packaged into exosomes. In

addition to this exosomes from cancer cells can be enriched with miRNAs after
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exosomes budding occurs (Melo et al., 2014) meaning their extracellular

concentration may be very different to the cellular concentration.

Multiple studies have shown that exosomes provide a vehicle for the transfer
of miRNAs to other cells where they are able to alter translational function (e.g.

(Pegtel et al., 2010), (Valadi et al., 2007), (Melo et al., 2014)).

1.4.3 MiRNAs as biomarkers
The reports of overdiagnosis leading to potentially unnecessary, invasive

treatment and reports of disease recurrence despite treatment highlight the
need for more sensitive detection methods, which can distinguish between
patients with indolent disease and those at risk of developing advanced
prostate cancer. Whilst PSA testing is minimally invasive, as it only requires a
patient to supply a blood sample, it cannot accurately determine patient
prognosis. Currently it is used as a screening tool and if the result is suggestive
of disease other, more invasive, methods are used to confirm a diagnosis.
Prostate biopsy followed by histological examination can provide useful
information about tumour stage and grade, but the results may not be
representative of the state of the entire prostate gland due to the nature of
sampling. None of the currently available methods are ideal in terms of

diagnostic accuracy or their ability to predict prognosis.

Despite variations in experimental design, the studies identified in this review
seem to indicate that there is a significant difference in expression of certain
miRNAs once cancer has become metastatic. Whilst detection of these changes

could be useful for the detection of metastasis without the need for invasive
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biopsies it would be even more useful if an miRNA signature could be used at
the time of initial diagnosis to stratify the risk of the patient of developing
advanced or metastatic disease. Weigelt et al. (2005) suggested that breast
cancer with metastatic capacity may have acquired mutations at early stage of
tumorigenesis which enabled distinction of cancers that would remain localised
and cancers that would metastasise based on their gene profiles early in
pathogenesis. Ramaswamy et al. (2003) studied gene expression of metastatic
adenocarcinomas from 12 different sites and compared these to their primary
counterparts. This study found there were 128 genes which could distinguish
between metastatic and primary cancer and hypothesised that some primary
tumours had the gene expression profile associated with metastasis and so are
primed to metastasise whilst others are not. To test this hypothesis,
hierarchical clustering was used on large gene-expression data sets from
patients with primary lung adenocarcinoma and identified two distinct clusters
of genes in primary tumours which correlated with development or lack of
development of metastasis. When this methodology was applied to other
tumour types, the study found consistent upregulation of eight and
downregulation of nine genes across all samples and suggested that there was
a generic gene-expression profile for metastasis in all solid tumours. MiRNAs
can affect the expression of multiple genes so the finding that gene expression
changes sufficiently in early tumorigenesis to enable differentiation of tumour
types suggests that there may be similar changes in miRNA expression. Most of
the studies considered in this review look at the miRNA signature once

metastasis has developed and therefore do not report the miRNA signature at
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the time of diagnosis. Prospective studies where serum or tissue samples are
analysed for the miRNA signature at the time of diagnosis might be key in
determining whether they can be used to predict risk of metastasis very early

on.

Vonderscher (2008) discussed the properties of an ideal biomarker for kidney
toxicity. The findings of this workshop can be applied to biomarkers of other

disease processes; Table 1.2.

Characteristic; Evidence that miRNAs meet this criteria;

High  Sensitivity | Mitchell et al. (2008) and Watahiki et al. (2013) found
and specificity that miRNAs could be used to differentiate between
localised and metastatic prostate cancer with near
perfect specificity however their sensitivity was less
ideal (56-60%). These findings suggest that miRNAs may
not be an ideal biomarker for initial detection but that
they can provide more information about cancer type

after identification.

Easy to measure Plasma samples can be easily collected for analysis and
were shown to have diagnostic potential by multiple
studies discussed in this review. If surgical intervention
is indicated based on miRNA levels in plasma then
biopsies can be taken during removal to provide
additional information about the risk of metastasis and

prognosis.
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Expression should | The expression of miRNAs within tissues or plasma
correlate to | changes depending on disease progression. Increased
severity expression occurs in patients with metastatic disease
compared to localised disease. Zhang et al. (2013) found
that miR-141 expression increased as the number of
metastases increased, showing that miRNAs can be
used to determine severity. However not all miRNAs
followed this pattern as some are expressed only at
certain stages of disease or expression decreases so

whether there is a correlation depends on the miRNA

assessed.
The marker | Subjecting samples to freeze thaw samples or leaving
should be | samples at room temperature does not affect later

analytically stable | analysis (Mitchell et al., 2008) which means miRNA can
be collected from patients and transported without the
risk of affecting the results or stored to enable

subsequent comparison.

Table 1.2 The ideal characteristics of a biomarker as set out by (Vonderscher,
2008) and a summary of the evidence to support whether miRNAs fulfil these
characteristics.

1.5 Study objectives
o To determine whether miRNAs can be isolated from EVs derived from

prostate cancer cells.
o To determine whether EV miRNAs can be transferred into recipient

cells.
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To determine whether transferred miRNAs have an effect on target
gene expression in recipient cells
To determine what changes occur in recipient cells in response to

treatment with cancer derived EVs containing miRNAs.
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2 Chapter 2: Materials and Methods

2.1 Cell lines
PC3 cells were purchased from the European Collection of Authenticated Cell

Cultures (ECACC).

Human adult Osteoblasts (hOB) were kindly supplied by the laboratory of
Professor Susan Anderson, University of Nottingham. This cells line was derived
from adult femoral head trabecular bone and cultured as described (Anderson

etal., 1998).

LNCaP and C4-2 cells were provided in collaboration by Nigel Mongan and were

cultured as described by (Kashyap et al., 2013).

PNT1A were also kindly provided in collaboration by Nigel Mongan. These cells
are immortalised prostate epithelium cells from a normal 35-year-old male and

obtained from ECACC.

HEK293 cells were purchased from the ECACC. These cells are derived from a

normal embryonic human kidney.

2.2 Cell culture
PC3 and hOB cells were cultured in Dulbecco's Modified Eagle's medium

(DMEM) with high glucose, L-glutamine, NaHCO3, sodium pyruvate and phenol
red, produced by Sigma (#D6429, Sigma-Aldrich, UK). C4-2, LNCaP and PNT1A
cells were cultured in RPMI-1640 media with NaHCO3, L-glutamine and phenol
red, produced by Sigma (#R8758, Sigma-Aldrich, UK). Both types of media were
supplemented with 10% Fetal Bovine Serum (FBS) (#F6178, Sigma-Aldrich, USA)
and 1% Pen Strep (#P4333, Sigma-Aldrich, UK). All cells were cultured in T75
flasks and incubated at 37°C in 5% CO. Cells were routinely passaged prior to
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growth exceeding approximately 80% confluency. To subculture, medium was
removed, and the cells washed with 4ml 1X Phosphate buffered saline (PBS)
(#D8662, Sigma Aldrich, UK), prior to the addition of 2ml of trypsin EDTA
(#T4049, Sigma Aldrich, UK) and incubation for 2-5 minutes at 37°C. 8ml of
culture media (containing 10% FBS) was added to neutralise the trypsin and the
cells pelleted by centrifugation at 500rpm for 5 minutes. The pelleted cells

were resuspended in 10ml of media and transferred to new T75 flasks.

2.3 Extracellular vesicle collection
The number of cells used varied between experiments to provide similar yields

of EVs (Table 2.1), total cell counts were conducted using a haemocytometer
(#AC1000, Hawksley, UK). Cells were incubated for approximately 16 hours
overnight at 37°C, 5% CO;, following this incubation cells were washed in 1X
PBS and the media changed to one containing 1% Pen Strep and 10% exosome-
depleted serum (#A25904DG, Gibco, USA) (for volume see Table 2.1). Cells
were incubated for a further 24 or 48 hours (detailed in Table 2.1) at 37°C, 5%

CO; prior to vesicle isolation.
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Experiment Cell Plate size Number of Volume of Hours incubated after
type cells exosome addition of exosome
depleted media depleted media
added
Validation of the transfer of PC3
characterised miRNAs from prostate | hOB 15cm? 5x10° 13ml
24
cancer cell to osteoblasts via vesicles | HEK293
(2.10 and 3.2.3) hOB 10cm? 5x10° 9ml
PC3
Comparison of expression of miRNAs | PNT1A
15cm? 5x108 13ml 24
between cells and EVs (3.2.2) C4-2
LNCaP
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PC3

PNT1A
Characterisation of EVs (2.5 and
C4-2 10cm? 3.5x10° 9ml 48
3.2.1)
LNCaP
hOB
PC3
15cm? 5x106 13ml
RNA sequencing (2.7, 2.21, 3.2 and PNT1A
24
5.2) 15cm? and 5x108 and
hOB 13ml and 9ml
10cm? 5x10°

Table 2.1 A table showing the number of cells used in different experiments
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2.4 Extracellular Vesicle isolation
After incubation the supernatant was collected from the cells and centrifuged

at 500rpm for five minutes at room temperature (approximately 21°C). The
supernatant was processed using the exoEasy Maxi Kit (#76064, Qiagen,
Germany), following the manufacturer’s instructions. Briefly, one volume of
buffer XBP was added to the sample and mixed by inversion of the tube. The
sample was applied to an exoEasy in 16ml aliquots and centrifuged at 500 xg
for 1 minute at room temperature. 10ml of buffer XWP was added to the
column and centrifuged at 2800 xg for 5 minutes. EVs were eluted in 400ul of
elution buffer XE by incubating for 1 minute at room temperature and
centrifugation at 500xg for 5 minutes. Finally, Buffer XE was reapplied to the
column and incubated for a further 1 minute followed by centrifugation at 2800
xg for 5 minutes. EVs were transferred to a 1.5ml microcentrifuge tube and

stored at -20°C until needed.

2.5 Characterisation of EVs
To characterise the types of extracellular vesicle present in the resulting elution

(2.4) they were analysed using western blotting and Brownian motion analysis.

2.5.1 Western blotting
To determine the presence of vesicles, western blotting was used to detect the

presence of protein markers concordant with endosomal biogenesis (HSP70,
CD9, CD54, EpCAM, Annexin V and flotillin-1) and to test for contamination by
other cellular components (Golgin subfamily A member 2 (GM130) protein was
used as a control for this). EV samples were concentrated using Amicon Ultra
0.5 Centrifugal filter devices (#UFC500308, Merck-Millipore, Ireland). Briefly,

400ul of EV sample was added to device and the device was capped and then
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centrifuged at 14,000 xg for 20 minutes at room temperature. The device was
then placed upside-down into a clean 1.5ml microcentrifuge tube and the tube
was centrifuged at 1,000 xg for one minute at room temperature to recover
the concentrated sample. The concentration of the samples was determined
using the Qubit Protein Assay Kit (#Q33211, ThermoFisher, UK) and the Qubit

2.0 instrument (ThermoFisher, UK).

Equal amounts of protein (approximately 40,000ng) were mixed with 4X
Laemmli buffer (#1610747, Biorad, UK) and 12ul of each sample
electrophoresed on a 10% or 4-20% gradient SDS-PAGE gel at 200V for 40
minutes in 1X-Tris-glycine-SDS buffer (#1610732, Biorad, UK). Only one
replicate was used for each sample. Standard protein markers were created by
combining 2ul of Bio-Rad All Blue protein standard (#1610373, Bio-Rad, UK)
with 3ul of MagicMark XP Western Protein standard (#LC5602, Invitrogen,
USA). However, due to poor visualisation of the protein markers the amount of
MagicMark XP was increased to 5ul in later experiments. Proteins were
transferred onto nitrocellulose membrane (#1620112, Bio-Rad, Germany)
using the semi-dry Trans-Blot Turbo Transfer System (#1704150, Bio-Rad, UK)
for 7 minutes at 25V constant in 1X Tris-Glycine buffer (#1610734, Biorad, UK)
with 10% v/v methanol. Following protein transfer, membranes were blocked
in 5% Bovine serum albumin (BSA) (#BP1605100, Fisher, USA) in 1X Phosphate
buffered saline with tween (PBS-T: 3.2 mM Na2HPO4, 0.5 mM KH2P0O4, 1.3 mM
KCl, 135 mM NaCl, 0.05% Tween20, pH 7.4) and incubated at room
temperature with agitation (25rpm) for 60 minutes. Membranes were

incubated with primary antibodies HSP70, CD9, CD54 and EpCAM primary
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antibodies (Exosomal Marker Antibody Sampler Kit #74220, Cell Signalling
Technology, USA) diluted 1:1000 in 3ml of 5% BSA v/v in 1X PBS-T at 4°C for

approximately 16 hours with continuous agitation.

Following incubation with primary antibodies, the membranes were washed 4
times in 1x PBS-T with agitation (45 rpm) for 10 minutes per wash and
subsequently incubated with HRP-linked anti-rabbit secondary antibody
(#74220, Cell Signalling Technology, USA) diluted at 1:50,000 in a 3% solution
of skimmed milk powder in 1X PBS-T. Membranes were incubated with
agitation (25 rpm) for 60 minutes at room temperature followed by a repeat of
the previous wash steps (4X 10 minutes in 1X PBS-T with agitation at 45 rpm).
Antibody-bound proteins were visualised by incubating the membranes with
600ul of SuperSignal West Femto Maximum sensitivity substrate kit (#34095,
Thermo Fisher Scientific, USA) for 5 minutes and room temperature and
imaged using the ChemiDoc MP Imaging System (#17001402, Bio-Rad, UK)

using the default chemiluminscenece setting.

On occasion membranes were reprobed for additional protein markers, where
this was the case the membranes were stripped by incubation in Restore
Western Blotting Stripping Buffer (#21059, Thermo Fisher Scientific, USA) for
10 minutes at room temperature. Following the stripping step, membranes
were washed 3 times in PBS-T for 5 minutes per wash with agitation (25 rpm)
and then blocked and used for subsequent protein detection as previously
described. On occasion stripping of membranes for 10 minutes proved to be

insufficient in removing bound primary antibody. Therefore, the incubation in
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stripping buffer was extended to 20 minutes, all other steps remained the

same.

2.5.2 Brownian motion analysis
To determine whether the EVs contained particles within the size range

attributed to exosomes, EVs isolated from hOB, PC3, C4-2, LNCaP and PNT1A
cells were subjected to Brownian motion analysis. This analysis was conducted
by Dr Victoria James. Briefly, the ZetaView instrument (Particalmetrix)
(Mehdiani et al., 2015) was used to determine vesicle size and number. The
instrument was aligned using 200 nm sized polystyrene particles (Particle
metrix) diluted to a concentration of 600 + 100 particles per mlin HPLC purified
water prior to readings being taken. Vesicle samples at 100ug/ml total protein
concentration were diluted 1 in 1000 in PBS and 1ml of suspension was
analysed using the following settings (sensitivity 85, shutter speed 70,
minimum brightness 25, maximum area 500, minimum size 20, framerate 30,
tracelength 15, video quality medium). Three readings were taken at 11
different positions within the cell and each sample was tested in triplicate.

Average (median) particle size and particle concentration were determined.
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2.6 RNA isolation
RNA was isolated from EVs and cells using the miRNeasy kit (#217004, Qiagen,

Germany), following the manufacturers protocol. Briefly, 700ul of QlAzol lysis
reagent (#79306, Qiagen, USA) was added to the cells or eluted EVs and the
sample was homogenised by pipetting up and down. Additionally, cells were
scraped from the culture surface and transferred to a 1.5ml microcentrifuge
tube. Samples were incubated at room temperature for 5 minutes before the
addition of 140ul of chloroform. Samples were vortexed for 15 seconds,
incubated at room temperature for 2-3 minutes, and subsequently centrifuged
at 12,000 xg for 15 minutes at 4°C. The resulting aqueous phase was transferred
to a new tube and 1.5 volumes of 100% ethanol was added and mixed by
pipetting. Samples were transferred to the miRNeasy spin column in 700pul
aliguots and centrifuged at 8000 xg for 15 seconds at room temperature.
Columns were washed with 700ul of buffer RWT and centrifuged at 8000 xg for
15 seconds at room temperature, followed by 500ul of buffer RPE and
centrifugation as before. A final volume of 500ul buffer RPE was added to each
column and centrifugation was carried out at 8000xg for 2 minutes at room
temperature. The column was transferred to a new collection tube and 30pl of
RNase-free water was added directly to the column membrane to elute the
RNA using centrifugation at 8000 xg for 1 minute. RNA was quantified using the
NanoDrop 8000 Spectrophotometer (#ND-8000-GL, Thermo Scientific, UK) and

stored at -80°C.
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2.7 RNAseq analysis of microRNAs transferred via prostate cancer vesicles
to osteoblasts
This experiment was conducted by Dr Victoria James prior to the author

beginning the project.

Two 15cm? plates of PC3 and hOB cells and two 10cm? plates of hOB were
seeded (Table 2.1). The cells were incubated overnight and then the media was
replaced with exosome depleted media (as previously described in section 2.3),
with the addition of 1ul/ml of 5-ethynyl Uridine (5EU) label (#C10365,
Invitrogen, USA). The cells were then incubated overnight, and EVs isolated as

described in 2.4.

After isolation 10ul of the EVs was mixed with the same volume of 5X lysis
buffer (#£1941, Promega, USA) and frozen overnight before being quantified

using the Qubit protein quantification protocol.

A further 150l of the EVs was diluted with 10ml of DMEM media (containing
10% exosome depleted serum) and added to a 10cm? plates of hOB cells, and

treated cells were incubated overnight at 37°C, 5% CO,.

The RNA was isolated from the remaining isolated EVs (~240ul) and following
incubation total RNA was extracted from the hOB cells following the protocol
described in 2.6. From the total RNA sample, any EU-labelled RNA was isolated
using the Click-iT nascent RNA capture kit (#C10365, Invitrogen, USA). Briefly,
25pl of Click-iT EU buffer, 4ul of CuSOa, 1.25ul Biotin Azide, 17ul EU RNA (at a
concentration to ensure 20,000ng of RNA was added) and 12.5ul of Click-iT
reaction buffer additive 1 were vortexed and then incubated for 3 minutes.

1.5ul of Click-iT reaction buffer additive 2 was added and the sample incubated
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for 30 minutes at room temperature with vortexing at five minute intervals.
10ul of ultrapure glycogen (diluted 1 in 10), 50ul 7.5M ammonium acetate and
700ul of chilled 100% ethanol were added and mixed by inversion. The sample

was incubated for approximately 16 hours at -80°C.

Samples were centrifuged at 13000 xg for 20 minutes at 4°C. The pelleted RNA
was washed with 700ul of 70% ethanol and centrifuged at 13000 xg for five
minutes at 4°C. The ethanol was removed and the pellet left to dry at room
temperature for ten minutes before being resuspended in 35ul of RNase free
water. To prepare the Dynabeads MyOne Streptavidin T1, 15ul of beads per
sample were washed three times with 25ul of Click-iT reaction wash buffer 2.
Washed beads were resuspended in the original starting volume (15ul) of Click-

iT reaction wash buffer 2.

To bind 5-EU labelled RNA, 19ul of RNA were combined with 20ul of 2X Click-iT
RNA binding buffer and 1ul of RNase OUT inhibitor and incubated at 68-70°C
for five minutes. Following the incubation, 15ul of washed Dynabeads and
445ul of wash buffer 2 were added to each binding reaction. Reactions were
incubated at room temperature for 30 minutes with continuous rotation. After
30 minutes, beads were immobilised and subject to five washes in 250ul wash
buffer one followed by five washes with 250ul wash buffer 2. The beads were
resuspended in 15ul of wash buffer 2 and used directly in the cDNA synthesis

protocol described in 2.7.

RNA sequencing (RNAseq) was performed by Barts Genome Centre (Queen

Mary University, London) as follows. Samples were prepared using the Truseq
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RNA and small RNA libraries (#RS-122-2101 and #RS-200-0012, Illlumina, USA)
and sequenced using the NextSeq 500 (lllumina, USA) High Output Run (150
cycles) for two biological replicates. Cutadapt (Martin, 2011), SHRiIMP (Rumble
et al., 2009), SAMtools (Li et al., 2009) and edgeR (Robinson et al., 2010) were
used respectively for trimming, mapping, generating raw counts and

differential expression analysis.

2.8 cDNA synthesis
cDNA was synthesised using the MystiCqg microRNA cDNA Synthesis Mix

(#MIRRT-25RXN, Sigma, USA). Briefly, the maximal amount of RNA -7ul — was
added to 2ul Poly (A) tailing buffer (x5) and 1ul Poly (A) Polymerase (5,000
units/ml) and reactions incubated at 37°C for 30 minutes then at 70°C for 5
minutes. To each reaction, 1ul of reverse transcriptase was and reactions
incubated at 42°C for 20 minutes then at 85°C for five minutes. cDNA was

stored at -20°C.

2.9 MiRNA detection via PCR
Quantitative real-time PCR (qRT-PCR) to detect the levels of miRNAs in EVs and

in cells was conducted using the MystiCg microRNA SYBR Green ¢gPCR
ReadyMix (#MIRRMO3, Sigma, USA). In 96 well gPCR plates 5ul SBYR green
ReadyMix was combined with 0.2ul Assay specific primer, 0.2ul Universal
primer (10 mg/mL) (#MIRUP, Sigma, USA), 1ul of cDNA (product of 2.8) and

3.6ul Nuclease free water.

Reactions were analysed using a LightCycler 480 Il (#05015278001, Roche Life
Science, UK) and a programme consisting of an initial denaturation of 95°C for

2 minutes then 40 cycles of 95°C 5 seconds, 60°C 15 seconds and 70°C for 15
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seconds.

2.9.1 Selection of primers
MiRNAs were selected through bioinformatic analysis and the following miRNA

assays were selected for study; miR-21-5p (10 mg/mL, MIRAP00047, Sigma
Aldrich, UK), miR-100-5p (10 mg/mL, MIRAP00118, Sigma Aldrich, UK), miR-
3182 (10 mg/mL, MIRAP00912, Sigma Aldrich, UK) and miR-4448 (10 mg/mL,

MIRAP01067, Sigma Aldrich, UK).

In addition to these four, miR-101-3p (10 mg/mL, MIRAP00120, Sigma Aldrich,
UK) and miR-223-5p (10 mg/mL, MIRAP00282, Sigma Aldrich, UK) were
identified as potentially useful endogenous controls. However, on analysis miR-
101 was precluded as a control as it presented with a cancer-specific levels

within EVs.

2.9.2 Normalisation
SNORD 43 (10 mg/mL, MIRCP00004, Sigma Aldrich, UK) and SNORD 48 (10

mg/mL, MIRCP00007, Sigma Aldrich, UK) were identified through a literature
search as being stably expressed in all cells and EVs and so were selected for
use as endogenous controls (SNORD 43; (Leite et al., 20114, Leite et al., 2011b,
Sanders et al., 2012, Leite et al., 2013), SNORD 48; (Sauer et al., 2014, Sanders
etal., 2012)). The geometric mean of the triplicates of both of these small RNAs
were used in the analysis of the data to enable comparison of miRNA levels

across cell types or in EVs.

2.9.3 Standard curves
Standard curves for each miRNA assay were created using 1 in 4 serial dilutions

of total PC3 cDNA. Following determination of the PCR efficiencies, the AACT
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method (Livak and Schmittgen, 2001) was chosen for subsequent analysis.

2.9.4 Analysis
Data was exported into Excel (Microsoft, 2016) and AACT analysis was used to

calculate the change of miRNAs level between different cell types, EVs and

between cells and EVs.

The analysis software GraphPad Prism 7.01 (GraphPad Software, 2017) was
used to conduct unpaired, non-parametric t test analysis to look for significant
differences in results. This software was also used to generate graphs from the

data.

2.10 Validation of the transfer of characterised miRNAs from prostate cancer
cells to osteoblasts via vesicles.
The preparation of EV samples was completed by Catherine Probert. Two

15cm? plates of PC3, HEK293, PNT1A and hOB cells and four 10cm? plates of
hOB were seeded (Table 2.1). The miRNAs were labelled with EU label as
previously described (2.7). EVs from each of the 15cm? plates were isolated and
half used to treat hOB cells whilst the RNA was extracted from the other half
(2.6). Following a 24 hour incubation the total RNA was extracted from the hOB

cells and the EU labelled RNA was extracted as previously described (2.7).

MicroRNAs within EVs and labelled miRNAs within cells were quantified by RT-
gPCR as described in 2.9 using assays for miR-21, miR-100, miR-3182, miR-4448

and mir-101 and using SNORD 43 and 48 as endogenous controls.

2.11 Amplification of Reporter Plasmids
Transformed DH5-a E. coli cells containing different reporter plasmids were

cultured to amplify the plasmid DNA. The plasmids amplified were pmiR Renilla
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luciferase vector only (RL-VO) (#AM5795, ThermoFisher) or containing the
3’UTR of RAVER (RL-RAVER), PGL4 Renilla Luciferase (PGL4-RL) (HTM259,
Promega), PGL3 Firefly (PGL3-FF) and Psicheck-2 (#C8021, Promega, UK). The
DH5-a strain is genetically modified to make it non-pathogenic and the

plasmids all confer resistance to ampicillin.

For plasmid amplification, 20ul of E. coli suspension was streaked onto agar
plates containing ampicillin to select for the transformed bacteria only. The
plates were incubated at 37°C for approximately 16hours, following which
colonies were picked and inoculated into 10ml of nutrient broth (#70122,
Sigma Aldrich, UK) with 0.1% v/v ampicillin. Cultures were incubated in a
shaking incubator at 37°C overnight. Following the incubation, the E. coli were
pelleted by centrifugation at 300rpm for 5 minutes. The plasmid DNA was
extracted using the PureYield Plasmid Miniprep system (#A1223, Promega,
USA). Briefly, the E. coli pellet was resuspended in 600ul of RNase free water
and 100ul of Cell Lysis Buffer and incubated at room temperature for two
minutes. 350ul of ice-cold Neutralisation Solution was added to stop the
reaction prior to centrifuging the samples at 14,000xg for 3 minutes at room
temperature (all subsequent centrifugation steps were carried out at 14,000xg
at room temperature unless otherwise stated). The supernatant was
transferred to a PureYield Minicolumn and centrifuged for 15 seconds,
followed by the addition of 200ul of Endotoxin removal wash and a further 15
second centrifugation step. 400ul of column wash solution was added and the
tube centrifuged for 30 seconds. The minicolumn was then transferred to a

new collection tube and 30ul of nuclease free water was added to the
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membrane. The column was incubated at room temperature for one minute
and then centrifuged for 15 seconds to elute the plasmid DNA. The DNA was

quantified using the NanoDrop 8000 and stored at -20°.

2.12 Restriction digest of psiCHECK-2 Plasmid
The psiCHECK-2 vector plasmid (#C8021, Promega, UK) was selected for use

because it contains both Renilla and Firefly luciferase reporter genes to enable

endogenous normalisation.

To enable the insertion of miRNA specific oligos into the psiCHECK-2 plasmid,
1ug of plasmid was digested using 1ul each of restriction endonucleases Xhol
(#R0146S, NEB, USA) and Pmel (#R0560S, NEB, USA), 5ul of 10X CutSmart
Buffer (#B7204S, NEB, USA) and RNase free water to a final volume of 50pl.

Reactions were incubated at 37°C for two hours.

10ul of digested product mixed with 2ul of Gel Loading Dye (#B7024, NEB, USA)
were visualised on a 1% agarose gel containing 0.003% Nancy-520 (#01494,
Sigma-Aldrich, USA) electrophoresis at 120V for 30 minutes in 1X Tris-Acetic
acid-EDTA (TAE) buffer (40 mM Tris-acetate/1 mM EDTA). Gels were visualised
using the ChemiDoc MP Imaging System (#17001402, Bio-Rad, UK) and 10ul of
a 1KB DNA standard (#G5711, Promega, USA) used to determine band sizes.
Bands corresponding to the digested plasmid (appendix Figure 8.1) were
excised and the plasmid DNA isolated using the Wizard SV Gel and PCR Clean-
Up system (#A9281, Promega, USA). Briefly, excised bands were weighed and
incubated in 1ul of Membrane binding solution per mg of gel at 55°C for 10

minutes. Following dissolution of the gel, the sample was transferred to a
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Minicolumn and incubated for 1 minute and then centrifuged for 1 minute (all
centrifuge steps were carried out at 16,000xg at room temperature). The
column was washed once with 700ul of membrane was solution and
centrifuged for 1 minute, and then washed with 500ul of membrane solution
wash and centrifuged for 5 minutes. The minicolumn was transferredtoa 1.5ml
and 50ul of nuclease free water was added and incubated for 1 minute at room
temperature. The tube was centrifuged for 1 minute to elute the DNA. DNA

was quantified using the NanoDrop 8000 and stored at -20°C.
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2.13 Design and Annealing of Oligos
Oligos were designed for miR-21, miR-100 and miR-101 based on the microRNA

sequence obtained from the miRBase database (Griffiths-Jones, 2004). Perfect

(complete match of the seed sequence) and bulged oligos (created by mis-

matching 2 bases within the seed sequence) were designed and the restriction

site sequences for Xhol and Pmel were added to the 5" and 3’ ends of the oligo,

respectively (detailed in Table 2.2).

Forward Reverse
miR- Perfect | >tcgagCACAAGTTCGGAT | >aaacAACCCGTAGATCCGAA
100 CTACGGGTTgttt® CTTGTGc?

Bulged | >tcgagCACAAGTTCGGTG | >aaacAACCCGTAGCACCGAA
CTACGGGTTggggCACAAG | CTTGTGccccAACCCGTAGCA
TTCGGTGCTACGGGTTggg | CCGAACTTGTGcecccAACCCG
gCACAAGTTCGGTGCTAC | TAGCACCGAACTTGTGc ¥
GGGTTgttt ¥

miR- Perfect |~ o
101 tcgagTTCAGTTATCACAGT | aaacTACAGTACTGTGATAAC
ACTGTAgttt ¥ TGAAc ¥

Bulged | “'tcgagTTCAGTTATCTGAG | >aaacTACAGTACTCAGATAA
TACTGTAggggTTCAGTTA | CTGAAccccTACAGTACTCAG
TCTGAGTACTGTAggggTT | ATAACTGAAccccTACAGTAC
CAGTTATCTGAGTACTGT | TCAGATAACTGAAc®
Agttt ¥

miR-21 | Perfect | >'tcgagTCAACATCAGTCT | aaacTAGCTTATCAGACTGA
GATAAGCTAgttt® TGTTGACY

Bulged | >tcgagTCAACATCAGAAG | *aaacTAGCTTATCTTCTGATG
ATAAGCTAggggTCAACAT | TTGAccccTAGCTTATCTTCTG
CAGAAGATAAGCTAgggg | ATGTTGACcccTAGCTTATCTT
TCAACATCAGAAGATAAG | CTGATGTTGACY
CTAgttt®

Table 2.2 A table showing the sequences of the oligos designed based on miR-

21,-100, and -101.
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Oligos were diluted to a concentration of 100uM using Multicore 10x buffer
(#R999A, Promega, USA), oligos were further diluted to a final concentration of
10uM in nuclease free water. 25ul of each of the oligo pair (bulged or perfect)
were combined and annealed by incubating at 95°C for 5 minutes and then

allowed to cool to room temperature.

2.14 Ligating the oligos and Plasmid
For the ligation reaction 2l T4 DNA ligase buffer (#B0202S, NEB, USA), 8ul 33ng

digested plasmid (product of 2.12), 1ul Annealed miR-21 Oligos (product of
2.13), 1ul T4 DNA ligase (#M02020S, NEB, USA) and 8ul RNase free water were
combined and incubated for 16 hours at 16°C. The enzyme was inactivated
through incubation at 65°C for 10 minutes. The tubes were cooled on ice for 10
minutes then stored at -20°C. The resulting reporter has been named miR21-

PsiCHECK-2.

2.15 Transforming of E. coli with ligated plasmids
To amplify the ligated plasmids, E. coli were transformed as follows: 1l of each

of the ligated plasmids was added to 50ul of DH5-a E. coli cells (#C2987H, NEB,
USA). 50ul of E. colionly and a control plasmid (#N3041A, NEB, USA) were used
as positive and negative controls for the transformation. E. coli were incubated
on ice for 30 minutes and then heat shocked for 45 seconds at 42°C using a
water bath. They were then rapidly returned to ice for two minutes, following
which 1ml of nutrient broth was added and the E. coli were incubated at 37°C
for one hour. Following the incubation, 200ul of the E. coli suspension was
spread onto 0.01% w/v ampicillin agar plates. Plates were incubated for 16

hours at 37°C
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Following the incubation, colonies were picked and inoculated into 5ml of
nutrient broth containing 0.1% v/v ampicillin. Cultures were incubated
overnight at 37°C in a shaking incubator to enable aeration. 800ul of the
Incubated cultures were mixed with 300ul of 50% v/v glycerol in nuclease free
water and stored at -80°C as a stock for future use. The remaining culture was
centrifuged at 3000rpm for 5 minutes to pellet the E. coli and the plasmid DNA

extracted as previously described in 2.11.

2.15.1 Sequencing of PsiCHECK-2 plasmid with miRNA oligo inserted DNA
To confirm the insertion of the annealed oligos, 10ul of plasmid DNA at a

concentration of 100ng/ul was supplied to Source Bioscience along with a
custom designed primer at 10nM concentration for Sanger sequencing. The

resulting sequence histograms were analysed using FinchTV (GeoSpiza, 2016).

2.16 Plasmid transfections — Optimisation
To determine an optimal transfection technique, electroporation via the Neon

System (#MPK5000, Invitrogen, UK) and lipid-mediated transfection using
TransIT-2020 Transfection reagent (#MIR5400, Mirus, USA) and the TransIT-X2
Dynamic Delivery System (#MIR6000, Mirus, USA) were compared. For this
optimisation, RL-RAVER and RL-VO plasmids at a ratio of 1:50 (firefly:renilla)

were used.
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2.16.1 Neon Transfection System
This system uses the Neon Pipette (#MPP100, Invitrogen, UK) and Pipette

station (#MPS100, Invitrogen, UK) to electroporate cells to enable introduction
of the plasmids. Briefly, PC3 cells were passaged (as described previously) 48
hours before electroporation. Prior to performing the electroporation,
reagents were warmed to 37°C in a water bath. Trypsinised cells were washed
in PBS and resuspended in DMEM media to give a concentration of 1.0 x10’
cells/ml. The solution was pipetted up and down to obtain a single cells
suspension. Two wells of a 24 well plate were prepared with 0.5ml| of DMEM

media with 10% FBS but no antibiotics.

The Neon Pipette Station was prepared by adding 3ml of Electrolytic Buffer to
the Neon tube and slotting this into the station and the protocol set as 1250V,
with pulse width of 30ms and a single pulse. To a 1.5ml tube 0.5ug of plasmid
DNA was added followed by 1ul of Nuclease free water and then 7.5ul of the
cell suspension (equivalent to 0.75 x10° cells per well). The mix was drawn up
into a 10ul Neon pipette tip and fitted into the pipette station. The cells were
pulsed and then ejected into the pre-prepared 24-well plate. Cells were
incubated for 48 hours at 37°C, 5% CO; before assaying for luciferase

expression.
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2.16.2 TransIT-2020 Transfection reagent System and TransIT-X2 Dynamic
Delivery System
For these lipid-mediated transfection systems, PC3 cells were seeded into a 24

well plate at 0.95x10° cells/well with 0.5m|I DMEM media per well. Cells were

incubated overnight at 37°C, 5% CO..

Twenty-four hours later, TransIT-2020 and TransIT-X2 reagents were warmed
to room temperature and vortexed to mix. OptiMEM reduced serum media
(#31985062, Gibco, USA) was warmed to 37°C in a water bath. 0.5ug of plasmid
DNA (equivalent to that used with the Neon electroporation protocol) was
mixed with 50ul of OptiMEM and 1.5ul of the appropriate TransIT reagent.
Reactions were incubated at room temperature for 20 minutes to enable a
transfection complex to form and then added dropwise to the cells in the 24-
well plate, the plate was rocked to distribute the complex and cells were

incubated for 48 hours.

2.17 Renilla Luciferase expression assay
The transfected cells were assayed using the Dual-Luciferase Reporter Assay

system (#E1910, Promega, USA). Cells were washed in 1X PBS, then lysed in
100ul of 1x Passive lysis buffer (#£1910, Promega, UK) and incubated at room
temperature for 15 minutes with constant agitation. 25ul of Luciferase Assay
substrate Il was predispensed into 1.5ml Eppendorf tubes, lysed cells were
pipetted to obtain a single cell suspension and 5ul of the suspension was mixed
with the Luciferase Assay substrate Il by pipetting. The GloMax 20/20
Luminometer (#E5311, Promega, USA) was set up using the Promega Dual Glo
protocol and was used to measure the luminescence. After the first
measurement (measuring firefly luminescence) 25ul of pre-prepared Stop &
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Glo reagent was added to the tube and mixed by pipetting. The tube was
returned to the machine and the second measurement taken (measuring
Renilla luminescence). For the optimisation experiment only 2 replicates were

used for each transfection type.

Renilla luciferase expression was normalised to the firefly luciferase values.

2.18 Transfections with miR21-PsiCHECK-2 reporter
The optimisation experiments indicated that the TransIT-X2 system was the

best method for transfection and so this was used to transfect PC3 cells with
miR21-psiCHECK-2 reporter. Cells were transfected with 0.5ug miR21-
psiCHECK-2 following the protocol described in 2.16.2 using the undigested
PsiCHECK-2 plasmid (amplification described in 2.11) as the control. The
luciferase assay was conducted as described in 2.17 but only 1l of lysed cells
was added to the reaction due to the luminescence being above the detectable

range when 5ul was used.
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2.19 Investigation of the effect of adding EVs on renilla luciferase activity
For each cell type (PC3, LNCaP, C4-2, PNT1A and hOB) 3.5 x10° cells were

seeded onto each of two 10cm? plates. EVs were collected following the
protocol described in 2.3 from one 10cm? plate, whilst the other was used to
collect total conditioned media. The conditioned media was concentrated
using Pierce Protein Concentrator PES, 100K MWCO columns (#88532, Thermo

Scientific, UK).

Both the isolated EVs and the concentrated conditioned media were quantified

using the Qubit protein quantification protocol.

HOB cells were seeded and transfected with 0.5ug plasmid DNA as previously
described with either the PsiCHECK-2 only plasmid as a vector only control or
the miR21-psiCHECK-2 reporter. Five hours post-transfection, either EVs or

concentrated media were added at 100ug of protein per well.

The luminescence was assayed as previously described 2.17.

This experiment was repeated with two biological replicates and each were

assayed with two technical replicates.
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2.20 Viability assay
When the cells were microscopically examined before being assayed using the

Promega Dual Glo protocol, an increase in the number of detached cells in the
wells treated with EVs, was observed, this indicated a potential reduction in
viability. To investigate whether this was coincidental or a significant
difference, an additional experiment was designed to compare the viability of
cells which had been transfected and treated with EVs or elution buffer to
those which had not been transfected and treated. Trypan Blue 0.4% solution

(#15250061, Gibco, USA) was used to count only viable cells.

First, to determine the effect of the transfection complex alone, controls which
were not transfected and which were treated with the transfection reagent but
without DNA were compared to transfection with miR21-psiCHECK-2. The
viability of cells treated with only the transfection complex was not found to
be significantly different to the viability of cells which were not transfected so

only the non-transfected cells were compared to the miR21-psiCHECK-2

transfected cells.
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Figure 2.1 A plan showing the treatment of hOB cells in two 24-well plates for the
viability repeat experiment.

Briefly, 0.95 x10° viable cells were seeded per well into two 24-well plates as
shown in Figure 2.1. Cells were cultured overnight. Cells were either
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transfected (as previously) with 0.5ug plasmid DNA containing the miR21-
psiCHECK-2 reporter or treated with an equal volume of media. At this time cell
counts were conducted on the first four wells (as described below) to give the
number of viable cells at the time of transfection. Four hours later cells were
treated with normal media, elution buffer, PC3 EVs or PNT1A EVs at 100ug of
protein per well according to Figure 2.1. EV samples were diluted appropriately

with nuclease free water so that the same volume was added to each well.

The next day the media was removed from the wells and they were rinsed with
1x PBS. Cells were trypsinised with 100ul of Trypsin EDTA then this was
neutralised with 500ul of DMEM. The suspended cells were centrifuged at
1800rpm for four minutes. The supernatant was removed and the cells were
resuspended in 0.5ml of PBS. In a new tube 100l of suspended cells was mixed
with the same volume of trypan blue. A cell count was conducted using the
haemocytometer. Separate counts of viable and blue stained (dead) cells were
kept so that percentage cell viability could be calculated. For each treatment
group there were 4 biological replicates and 2 technical replicates from each

biological replicate.

GraphPad Prism was used to create graphs of the data and perform statistical
analysis. 2-way ANOVA analysis was used to look for differences in viability

between transfection type and treatment type.
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2.21 Preparation of samples for RNA sequencing and Bioinformatic analysis
EVs were isolated from PC3, PNT1A and hOB cells as previously described (2.3,

2.4). The protein concentration of these EVs was determined using the qubit
protocol. Half of the remaining preparation was combined with 10ml of
exosome depleted media, added to established hOB cells and incubated for
24hours. The RNA was extracted from both the EVs and the treated hOB cells
(2.6) and RNA sequencing was performed by Barts Genome Centre (Queen
Mary University, London) as follows. Samples were prepared using the Truseq
RNA and small RNA libraries (#RS-122-2101 and #RS-200-0012, Illlumina, USA)
and sequenced using the NextSeq 500 (lllumina, USA) High Output Run (150

cycles) for three biological replicates.

2.22 Analysis of RNA sequencing data
The preparation of this sequencing data for analysis was conducted by Dr Tania

Dottorini.

For each replicate the sequencing produced four data sets because the sample
was split across four lanes for sequencing. Each data set contained the forward
and reverse sequences and these had to be separately concatenated with the
other 3 sequences from each replicate. This generated a complete forward and

reverse sequence for each replicate.

The analysis pipeline was different for this set of RNAseq data due to there
being three replicates compared to the two in the previous experiment (2.7)
and because more up to date software became available after the first analysis

was conducted. Skewer (Jiang et al., 2014) was used to remove the sections of
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sequence associated with the primers required for sequencing. Kallisto (Bray et
al., 2016) quantified the abundances of transcripts using pseudoalignment with
targets and Sleuth (Pimentel et al., 2017) was used to compare the enrichment
of transcripts between treatment groups. Strict selection criteria were used so

that only transcripts with a g-value of 0.01 or less were included in the output.

Three data sets showing comparative expression of transcripts were produced

using sleuth;

o hOB cells treated with PNT1A EVs (HP) (Control) vs hOB cells treated
with PC3 EVs (HP3) (treated)

o hOB cells only (H) (control) vs hOB cells treated with PNT1A EVs (HP)
(treated)

o hOB cells only (H) (control) vs hOB cells treated with PC3 EVs (HP3)

(treated)

The output from Sleuth was converted to an excel file to enable the author to
filter the results. They were then ordered based on their log, fold change and
any with fold change between -2 and 2 were removed. Each of the three data
sets was then subdivided into up- or downregulated of the transcripts of the

treated group.

NIPA functional analysis was then conducted to determine whether the
identified genes showed enrichment within KEGG pathways (Kanehisa et al.,
2016). This was done using version 0.6.3 of a script written by Professor Richard
Emes. A P-value cut off of 0.05 was used to ensure only significant results were
generated.
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3 Chapter 3: Investigation of miRNAs contained within and transferred to

recipient cells by Prostate cancer vesicles

3.1 Introduction
The current literature suggests that extracellular miRNAs may play an

important part in the formation of the pre-metastatic niche and the
progression of prostate cancer through their transportation to other cells by
cancer vesicles (Hessvik et al., 2012, Melo et al., 2014, Takahashi et al., 2017).

This has led to the formation of the following hypotheses:

> MIRNAs can be isolated from extracellular vesicles

> MIRNAs can be transferred between cells

3.2 Results

3.2.1 Characterisation of EVs
We intended to investigate the role of miRNAs contained within vesicle

preparations that correspond to the size of exosomes and are enriched for
markers concordant with exosome biogenesis. However, although isolated
using a propriety exosome isolation kit (#76064, Qiagen, Germany), it is unlikely
that other vesicles were not also present in the resultant preparations. This is
currently a caveat of all small-vesicle studies due to the absence of vesicle-type
specific markers. Western blot analysis was used to determine whether EVs of
endosomal origin are enriched in these preparations through the detection of
marker proteins related to their biogenesis. Brownian motion analysis was also
used to confirm that the isolated vesicles were within the expected range of

diameter for EVs.
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3.2.1.1 Western Blotting analysis
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Figure 3.1. Characterisation of vesicle preparations
by determining the expression of membrane
proteins. The presence of transmembrane protein
CD9 was determined by Western blot in vesicles
isolated from prostate cancer cell lines PC3, LNCaP,
and C4-2, and non-cancer cell lines PNT1A and hOB.
A comparison to total protein lysates prepared from
prostate cancer PC3 cells was used as a non-vesicle
control. Representative of 2 replicates.

The expression of cell
surface protein CD9
was analysed by
western blot and was
shown to be present in
the vesicle
preparations from all
the cell lines, although
only a low level was
seen in the C4-2 sample
(Figure 3.1). Whilst CD9
is expressed on the

surface of cells, it is

enriched in the membrane of EVs. Therefore, the lack of detectable CD9 in the

PC3 total protein lysate lane (of equivalent protein concentration)

demonstrates the enrichment of this marker in the vesicle fractions,

concordant with the enrichment of EVs in these preparations. In addition to

CD9, although not considered to be exclusive to EVs we determined the

presence of other vesicle membrane proteins EpCAM, Annexin, CD54 and

flotillin (Figure 3.2), heat shock protein HSP70, and as a negative control the

presence of golgi protein GM130 (Figure 3.3).
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Figure 3.2 Characterisation of vesicle preparations by determining the expression of
membrane proteins. The expression of proteins EpCAM (A), Annexin V (B), CD54 (C)
and Flotillin (D) were determined by Western blot in vesicles isolated from prostate
cancer cell lines PC3, LNCaP, and C4-2, and non-cancer cell lines PNT1A and hOB. A
comparison to total protein lysates prepared from prostate cancer PC3 cells was used
as a non-vesicle control. Representative of 2 replicates.

Expression of EpCAM (Figure 3.2A) was detected in all EV preparations except
those isolated from PNT1A, and expression was lower in the EV fraction
isolated from hOB cells when compared to the prostate cancer cell lines. As
EpCAM is upregulated in cells undergoing increased proliferation (Went et al.,
2004), the high level of expression in vesicles isolated from prostate cancer cells
is as expected when compared to slower growing stromal cells. The lower
expression in hOB EVs may also relate to the non-epithelial origin of the cell
lines, as in healthy tissues EpCAM expression is limited to epithelial cells (Trzpis

etal., 2007).

Annexin V is important during the biogenesis of EVs (Théry et al., 2002) and

represents the translocation of phosphatidylserine to the outer membrane.
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Annexin V is not uniquely a marker of EVs and can be found on other vesicle
types including apoptotic bodies. As with the other markers used in this
analysis, their relevance to EVs has been determined using non-neoplastic cell
types (Futter and White, 2007, Théry et al., 2002). Annexin V was found in all
EV preparations, with the exception of LNCaP, as well as the total cell lysate
control (Figure 3.2B). It is unclear why LNCaP EV preparations would not
possess Annexin V, but as the same preparation contains CD9 (an established

marker of EVs) this sample was likely to still be enriched in EVs.

HSP70 was not detected in any of the EV preparations from any of the cell types
assessed. This is understandable considering expression has been observed to
decrease in prostate cancer cells (Uhlen et al., 2017) and is not thought to be
highly expressed in non-antigen presenting cells which do not interact with
MHC I and Il (Schorey and Bhatnagar, 2008). Therefore, the lack of expression
in hOB and PNT1A cells is not surprising. However, at the current time we

cannot rule out the lack of detection was not a result of the antibody used.

CD54 is a commonly found protein on EVs from haematopoietic cells (Zhang
and Grizzle, 2014) and is expressed on a range of epithelial cell types (NCBI,
2017). CD54 was detected in the EVs isolated from the PC3 cell line, as well as
PNT1A and hOB (Figure 3.2C), albeit the level was lower in these latter two cell
lines. Rokhlin and Cohen (1996) reported that PC3 cells release soluble CD54,
but LNCaP cells do not. Cell-specific mechanisms of CD54 release could account
for the different expression between the EVs isolated from these cell types.

Since it is a subline of LNCaP, C4-2 is likely to show the same expression pattern.
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Flotillin was detected in the EVs preparations (Figure 3.2D) from all the cell

types (though weakly in C4-2 EVs) which reflects its vital role in membrane

fusion, which enables EV formation.

Finally, as a negative control we
tested for the expression of golgi
apparatus  protein  GM130
(Uhlen et al., 2017). GM130
expression was not detected in
any of the EV preparations,

confirming the lack of total cell

lysate contamination (Figure 3.3).
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Figure 3.3 Characterisation of vesicle preparations
by determining the expression of membrane
proteins. The expression of golgi apparatus
protein GM130 was determined by Western blot
in vesicles isolated from prostate cancer cell lines
PC3, LNCaP, and C4-2, and non-cancer cell lines
PNT1A and hOB. A comparison to total protein
lysates prepared from prostate cancer PC3 cells
was used as a non-vesicle control. Representative

3.2.1.2 Brownian motion analysis
EVs were characterised by electrophoresis and Brownian motion analysis using

laser scattering microscopy (ZetaView, ParticleMetrix) (Figure 3.4). These data

demonstrate the range of vesicle sizes detected and the particles per mi

detected. The predominant vesicle population in our preparations is >100nm,

suggesting we are purifying a mixed vesicle population. However, the size range

of exosomes, and other vesicles, can be variable and dependent upon the cell

types and other stimuli. We are yet to fully understand how culture conditions

influences vesicle characteristics.
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Figure 3.4 Electrophoresis and Brownian motion video analysis combined with
laser scattering microscopy were used to determine the average concentration of
EV particles isolated per assay setup and the average size (peak) compared
between cell lines. Example traces and still frames of the video tracking analysis
conducted per cell line are shown. N=3

ns = not significant, *** P<0.0001 (One-way ANOVA and Holm-Sidak correction)
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3.2.1 RNAseq analysis of microRNAs transferred via prostate cancer vesicles
to osteoblasts
To determine if miRNAs can be transferred from prostate cancer vesicles to

osteoblasts we identified miRNAs found within EVs prepared from PC3 cells.
Using an RNA tracking technique, based on labelling prostate cancer cell RNA
with 5EU label, we determined if prostate cancer cell derived RNAs could be
detected in osteoblasts treated with prostate cancer vesicles.

Analysis of the 5EU-labelled RNAs originating from PC3 prostate cancer cells,
determined 16 miRNAs were detected in the osteoblasts treated with 5-EU
labelled PC3 vesicles. When compared with the miRNAs present in PC3 vesicles,
13 of the 16 miRNAs were detected (3.3% of the miRNA EV cargo) between the

isolated 5EU-RNA and PC3 EV populations Figure 3.5.

PC3 EVs SEU-RNA (hOB)

3
(0.8%)

Figure 3.5 Comparison of the miRNAs detected in extracellular vesicles (EVs) isolated
from PC3 cells and those detectable in recipient hOB cells following transfer from
EVs. Venn diagrams created using Venny 2.1.0 (Oliveros, 2007-2015)

Three miRNAs were significantly enriched (see Table 3.1) in the 5EU-isolation
but not detectable in the PC3 EVs indicating a background level of false-positive
enrichment at 18.75% of the captured RNA population or equivalent to 0.8% of
the EV RNA cargo population. The 13 in common miRNAs are detailed in Table
3.1
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MiRNAs significantly enriched | miRNAs significantly enriched in the

uniquely in hOB cells 5EU-labelled RNA population and also
present in PC3 EVs

miRNA P-value miRNA P-value

hsa-miR-1-3p 2.33x1020 hsa-let-7f-5p 0.46497

hsa-miR-199a-3p | 4.36x10% hsa-let-7g-5p 0.835838

hsa-miR-199b-3p | 5.13x10°3° hsa-miR-100-5p 0.000606
hsa-miR-101-3p 7.36x10°
hsa-miR-182-5p 0.00451
hsa-miR-191-5p 5.97 x10°
hsa-miR-21-5p 2.12 x10°®
hsa-miR-23a-3p 2.59 x10°®
hsa-miR-3135b 1.48 x107°
hsa-miR-3182 2.42 x10°®
hsa-miR-4448 1.02 x10°®
hsa-miR-4791 0.003987
hsa-miR-542-3p 0.853179

Table 3.1 A summary of miRNAs detected in the 5EU-labelled RNA population

isolated from hOB cells treated with PC3 EVs.
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FunRich (Pathan et al., 2017) was used to look at the genes targeted by these
13 transferred miRNAs and to investigate their potential functions. FunRich
uses the HPRD (Keshava Prasad et al., 2009), Entrez gene (Maglott et al., 2005)
and UniProt (UniProt Consortium, 2010) gene ontology databases. Using the
‘find targets’ function generated 1900 potential gene targets. The cellular
component, which describes the location of action of gene products, indicated
that most of the products of genes targeted were found in the nucleus and
cytoplasm (Figure 3.6). Although the P-value for this was not significant this
analysis also showed that 24.59% of gene products were localised to the

plasma membrane.

Stress fiber {0.5%)

Golgi aparatus (8.4%)

Receptor complex (0.4%)
Cytoplasm (45.8%)

Lysosome {13.6%)

Nucleus (48.4%)

Figure 3.6 A pie chart showing the cellular component of the genes targeted by the
13 transferred miRNAs (Table 3.1). This shows the 7 areas where the genes are
predicted to most commonly act; nucleus (P= 8.89x10-10), cytoplasm (P= 2.69x10-6),
Golgi apparatus (P= 0.058), stress fibres (P= 0.088), receptor complex (P=0.370 and
Lysosomes (P=0.668). The percentages indicate the percentage of genes which are
found to act at this location.

The molecular functions of the target genes were also analysed using FunRich;

(Figure 3.8). The genes were found to most commonly affect transcription,
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translation, protein synthesis, energy metabolism and cell signalling.

Receptor signaling complex scaffold activity {2.9%) Protein serine/threonine kinase activity (2.8%)

Translation regulator activity {(1.2%)

Protein tyrosine/serinefthreonine

phosphatase activity (0.6%)
Ubiquitin-specific protease activity (3.5%)

Transcription factor activity (7.2%)
Figure 3.8. A pie chart showing the molecular functions targeted by the genes
targeted by the 13 5EU labelled, transferred miRNAs (Table 3.1). The percentages
indicate the percentage of genes associated with this function. The most commonly
affected functions are; Transcription factor activity (P=1.09x107), Ubiquitin-specific
protease activity (P=3.36x10®), Translation regulator activity (P=4.74x10%), Protein
serine/threonine kinase activity (P= 2.12x10*) and Receptor signalling complex
scaffold activity (P= 1.84x104).

Analysis of the biological processes (Figure 3.7) demonstrates an enrichment
of targets involved in the transport and regulation of nucleic acid metabolism,
a finding which supports the potential for transferred miRNAs to impact upon
gene regulation by modifying nucleic acid availability. In addition to nucleic acid
metabolism, signal transduction and cell communication are also highlighted
as being enriched for target genes (Figure 3.7). Together these data support

the contribution of EV miRNAs in potentially regulating the gene expression

ide and nucleic acid Cell communication {23.1%)
transport {0.2%)

Fatty acid metabolism (0.2%)

Signal transduction (24.8%)

Resulation af niiclaol laasid lastidaand
nucleic acid metabolism {19.1%)

Cell cycle {0.3%)

Figure 3.7 A pie chart showing the biological processes associated with the genes
targeted by the 13 transferred miRNAs (Table 3.1). The 6 most commonly associated
processes are; Regulation of nucleobase, nucleoside, nucleotide and nucleic acid
metabolism (P= 8.46x10°), Signal transduction (P= 4.04x10), Cell communication (P=
0.0021), Cell cycle (P=0.0201), Nucleobase, nucleoside, nucleotide and nucleic acid
transport (P=0.272) and Fatty acid metabolism (P= 0.0276). The percentages indicate
the percentage of genes associated with this function.
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and cellular communication of recipient osteoblasts (hOB).

This data was compared with miRNAs previously reported to be upregulated in
metastatic or localised prostate cancer compared to normal tissues by Bryant
et al. (2012) and Watahiki et al. (2011). Very few miRNAs were found to be in

common across these studies (Figure 3.9).

Bryant et al 2012

Watahiki et al 2011

SEU labelled Transferred miRNAs

Figure 3.9 A Venn diagram showing the interaction between the miRNAs identified
through our experiment and those previously cited in literature. (Bryant et al.,
2012, Watahiki et al., 2011). Generated using FunRich.

However, when the gene targets of these miRNAs were investigated and
similarly compared (Figure 3.10), 5.36% of the genes were common to all three
studies. Further to this, 86.68% of the genes targeted by the 5EU labelled

transferred miRNAs were also targets of at least one miRNA cited in the other

Gene targets of 5EU labelled transferred miRNAs

Gene targets of Watahiki et al (2011) miRNAs

Gene targets of Bryant et al (2012) miRNAs

Figure 3.10 A Venn diagram showing a comparison of the genes targeted by the
miRNAs identified as being associated with prostate cancer.
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studies.

Investigation of the molecular functions of the genes associated with the
miRNAs from the cited studies shows similarities between commonly affected
functions (Figure 3.11). For all gene sets transcription factor activity was the
most commonly enriched function with around 7% of genes from each set
affecting this function (5EU- transferred miRNAs 7.2%, P= 1.09x107. (Bryant et
al., 2012) 7.6%, P= 6.25x107°. (Watahiki et al., 2011) 7.2%, P= 2.15x107%).
Ubiquitin-specific protease activity (USPA) and Protein serine/threonine kinase
activity (PSTKA) were commonly affected by both the 5EU -transferred miRNAs
(USPA: 3.5%, P=3.36x107. PSTKA: 2.8%, P= 0.00021) and the miRNAs identified
by (Watahiki et al., 2011) (USPA: 3.3%, P= 6.24x10°. PSTKA: 2.6%, P= 3.43x10°
7). Receptor signalling complex scaffold activity was a function affected by both
S5EU- transferred miRNAs (2.9%, P= 0.00018) and (Bryant et al., 2012)’s miRNAs
(3.5%, P=0.070). Further to these similarities, when the top 20 most affected
molecular functions from each miRNA set was compared 70% of functions
affected by the 5EU- transferred miRNAs were also affected by at least one

other data set.
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Molecular functions of genes targeted by EU labelled, transferred miRNAs

Receptor signaling complex scaffold activity {2.9%) Protein serine/threonine kinase activity (2.8%)

Translation regulator activity (1.2%)

Protein tyrosine/serine/threonine phosphatase

Ubiquitin-specific protease activity {(3.5%) activity (0.6%)

Transcription factor activity (7.2%)

Molecular functions of genes targeted by (Bryant et al., 2012)’s miRNAs

| Receptor signaling complex scaffold activity (3.5%) |

Receptor signaling protein serine/threonine

Transcription factor binding {(0.4%)
kinase activity (0.5%)

Phosphoric diester hydrolase activity (0.6%)

Signal transducer activity (0.6%)

|Transcription factor activity (7.6%) |

Molecular functions of genes targeted by (Watahiki et al., 2011)’s miRNAs

Transcription regulator activity (5.9%)

| Protein serine/threonine kinase activity {2.6%) |

Guanyl-nucleotide exchange factor
activity (1%)

Ubiquitin-specific protease activity (3.3%)

GTPase activity {2.2%)

|Trans:ription factor activity (7.2%)

Figure 3.11 A figure showing the comparison of the molecular functions between the
results from this study and the cited studies. The red outline highlights those functions
which are the same as those most common in the 5EU labelled pie.
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3.2.2 Comparison of miRNA expression in cells and EVs
Based on the results of the RNAseq analysis of miRNAs transferred from

prostate cancer cells to osteoblast via vesicles, we undertook to characterise
the expression of a subset of these miRNAs in other prostate cancer cell lines
and the EVs they produce. We selected to look at the expression of miR-21,
mir-100, miR-4448 and miR-101 by quantitative PCR in both the cells and the
resulting EVs from prostate cancer cell lines PC3, LNCaP, C4-2 and non-cancer

prostate epithelial cell line PNT1A.

Ct values greater than or equal to 35 meant that this analysis was not possible

for miR-223 and miR-3182 and these were subsequently removed from the

MiR-21 expression in EVs relative to cells = MiR-100 expression in EVs relative to cells
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Figure 3.12 Graphs showing the difference in expression of miRNAs miR-21, miR-
100, miR-4448 and miR-101 between cells and EVs. Bars indicate which values were
compared through unpaired, non-parametric t-tests.
*  P<0.05 ** P<0.005 *** P<0.0005 **** P <0.0001

N=3
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analysis.

To investigate the selective packaging of miRNAs into EVs, their expression in

cells and in EVs originating in the same cells type was compared (Figure 3.12).

Expression of miR-21 was found to be significantly different (LNCaP P=0.0055,
C4-2 P=0.0004 and PNT1A P<0.0001) between cells and EVs for all cell types
except PC3. MiR-100 expression was found to be significantly decreased (PC3
P<0.0001, LNCaP P=0.0023, C4-2 P= 0.0017 and PNT1A P= 0.0001) in EVs
compared to cells for all cell types. Expression of miR-101 was found to be
significantly increased (PC3 P= 0.0004, LNCaP P< 0.0001 and C4-2 P=0.0003) in
EVs compared to their cells of origin for all cell types except PNT1A. MiR-4448
expression was significantly increased (P= 0.0014) in PC3 EVs compared to PC3
cells but was significantly decreased (P= 0.0040) in PNT1A EVs compared to
PNT1A cells. The Ct values of 235 for LNCaP and C4-2 EVs make this analysis
unreliable for these cell types. The expression of miRNAs varies depending of
the cell type, the data supports the selective inclusion/enrichment of some

miRNAs into EVs when compared to the overall abundance within the cell.
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Figure 3.13 Showing the difference in expression of miRNAs (miR-21, miR-100,
miR-101 and miR-4448) in cancer cells relative to the expression in PNT1A cells.
Bars indicate which values were compared through unpaired, non-parametric t-

tests.
*  P<0.05 ** P<0.005 *** P<0.0005 ****PpP<0.0001

N=3
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To investigate whether certain miRNAs are commonly upregulated in cancer
cells, expression in PC3, LNCaP and C4-2 cells was compared to PNT1A cells
(Figure 3.13). Expression of miR-21 was significantly lower (P< 0.0001 for all cell
types) in all cancer cells in comparison to the PNT1A cell. MiR-100 expression
was significantly increased (P< 0.0001) in PC3 cells but was not significantly
different in LNCaP or C4-2 cells. MiR-101 expression was significantly decreased
(PC3 P=0.0095, LNCaP P=0.0029 and C4-2 P=0.0003) in all cell types. MiR-4448
expression was significantly decreased (P< 0.0001 for all cell types) in all cell
types compared to PNT1A cells. MiR-100 expression in PC3 cells was the only
instance in which the expression was higher in a cancer cell compared to the
PNT1A cell. However, the previous analysis indicated that expression in EVs can
be considerably different than cellular expression so the expression of miRNAs
within EVs originating from cancer cells was compared to expression in PNT1A

EVs.
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MiR-21 expression in EVs MiR-100 expression in EVs
relative to PNT1A EV expression relative to PNT1A EV expression
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Figure 3.14 Showing the difference in expression of miRNAs (miR-21, miR-100, miR-
101, miR-3182 and miR-4448) in cancer EVs relative to the expression in PNT1A EVs.
Bars indicate which values were compared through unpaired, non-parametric t-tests.
*  P<0.05 ** P<0.005 *** P<0.0005 **** P <0.0001

N=3

93



The expression of miRNAs in cancer cell EVs was investigated, relative to the
expression in PNT1A EVs (Figure 3.14)

Expression of miR-21, miR-100, miR-101 and miR-4448 was significantly
increased (miR-21 and miR-100 P< 0.0001, miR-101 P= 0.0005 and miR-4448
P=0.0025) in PC3 EVs compared to the expression in PNT1A EVs. Expression of
miR-21 was significantly decreased (LNCaP and C4-2 P< 0.0001) in LNCaP and
C4-2 EVs compared to the PNT1A EVs. Expression of miR-100 and miR-101 in
LNCaP and C4-2 EVs were significantly increased compared to the level in
PNT1A EVs (miR-100: LNCaP P= 0.0172, C4-2 P< 0.0001. miR-101: LNCaP P<
0.0001, C4-2 P= 0.0004). Ct values were greater than or equal to 35 for the
expression of miR-3182 and miR-4448 in LNCaP and C4-2 EVs. There was no
significant difference in expression of miR-3182 between PC3 and PNT1A EVs.
Despite expression being significantly lower in the cancer cells compared to the
PNT1A cells (excluding miR-100 expression in PC3 cells), miR-21 and miR-4448
were both found to have higher expression in PC3 EVs compared to the PNT1A
control and expression of miR-100 and miR-101 was significantly increased in
all cancer EVs, consistent with the selective packaging or miRNAs into cancer

vesicles.
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3.2.3 Validation of the transfer of characterised miRNAs from prostate

cancer cell to osteoblasts via vesicles.

5-ethynyl Uridine (SEU) label Media and EVs Total RNA
added and incorporated into containing SEU W"WmDNA
newly produced RNA labelled RNA added. ‘ ]
Total cell
Isolated RNA U
EVs Isolated
[ 7 T ] MiIRNAs
.T I‘ I | quantified using
Incubated EVs combined Incubated Yr—1 RT-qPCR
overnight with EV overnight [ /
depleted media
PC3, HEK293, PNT1Aor hOBs cells seeded in
hOBs cells seeded in 15¢m? 10cm? plate. SEU labelled
plate with EV depleted RMA extracted
media. and converted

to cDNA
Figure 3.15 A figure to explain the stages of the experiment. For a more detailed
description see materials and methods section 2.11.

In order to validate the RNA sequencing data, RNA labelling experiments were
repeated and the transfer of miRNAs from prostate cancer cells to recipient
osteoblasts was determined by gPCR. The addition of 5EU label to prostate
cancer cells allows the identification of miRNAs produced in prostate cancer
cells and then their subsequent transfer into osteoblasts via prostate cancer
vesicles (Figure 6.15). PNT1A EVs were also investigated as a non-cancer

prostate control and HEK EVs were included as a non-prostate comparison.
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Figure 3.16 A: A graph showing the expression of total miR-21 in hOB cells
treated with EVs relative to the expression in hOB cells not treated. B: A graph
showing expression of miR-21 in PC3, PNT1A, hOB or HEK EVs relative to PC3 EV
expression. C: A graph showing expression of 5EU-transferred miR-21 from hOB
cells treated with different EVs. Bars indicate which values were compared
through unpaired, non-parametric t-tests.

*  P<0.05,** P<0.005, *** P<0.0005

N=3
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Initially, we examined what happens to the total expression (endogenous
osteoblast level plus any transferred miRNA for each miRNA of interest). When
hOB cells were treated with PC3 EVs, it resulted in a modesty but statistically
significant reduction in expression of total miR-21 (P= 0.0210) compared to
hOB cells which were not treated (Figure 3.16 A). However, treatment of hOB
cells with EVs from non-cancer cells (PNT1A, hOB and HEK) caused modest but
statistically significant increases (PNT1A P= 0.0036, HEK P<0.0001 and hOB P=
0.0251) in the total expression of miR-21. The expression of miR-21 was
significantly increased in the PNT1A EV sample (P=0.0364) but was significantly
decreased in the hOB (P=0.0174) and HEK (P= 0.0066) EV samples compared to
the PC3 EVs (Figure 3.16B). However, whether these differences would lead to
functional changes is not certain given the low amplitude of the differences.
Despite the lower level in the PC3 EVs, when we isolated and quantified only
the 5-EU labelled miRNAs transferred into osteoblasts from the EVs, 5EU
transferred miR-21 expression was subtly higher in osteoblasts following
treatment with PC3 EVs than when osteoblasts were treated with the PNT1A
EVs (P= 0.0264) (Figure 3.16C). Similarly, the expression of 5EU-transferred
miR-21 was significantly decreased in osteoblasts treated with hOB EVs (P=
0.0297) but given the very low amounts of miR-21in hOB EVs the data supports
the theory that the efficiency of transfer differs depending on the origin of the

vesicle. However, this requires further investigation to be conclusive.
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Figure 3.17 A: A graph showing the expression of total miR-100 in hOB cells

treated with EVs relative to the expression in hOB cells not treated. B: A graph

showing expression of miR-100 in PC3, PNT1A, hOB or HEK EVs relative to PC3 EV

expression. C: A graph showing expression of 5SEU-transferred miR-100 from hOB

cells treated with different EVs. Bars indicate which values were compared

through unpaired, non-parametric t-tests.

* P<0.05, ** P<0.005, *** P<0.0005

N=3
The level of total miR-100 was found to be significantly slightly increased in hOB
cells treated PNT1A EVs (Figure 3.17A) (P= 0.0257) but none of the other EV
treatments cause a significant change in miR-100 level. The level of MiR-100
showed a statistically significant increased in PC3 EVs compared to all other EV
types (PNT1A: P= 0.0014, hOB: P= 0.0014 and HEK: P= 0.0012)(Figure 3.17B)
the fold change was only moderately different. Analysis of EU-transferred miR-

100 (Figure 3.17C) showed similar levels as seen in the EVs as PC3 EVs

transferred more miR-100 compared to all other EV types - this difference was
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slight but statistically significant (PNT1A: P=0.0276, hOB: P= 0.0019 and HEK:

P=0.0164).
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Figure 3.18. A: A graph showing the expression of total miR-3182 in hOB cells
treated with EVs relative to the expression in hOB cells not treated. B: A graph
showing expression of miR-3182 in PC3, PNT1A, hOB or HEK EVs relative to PC3
exosome expression. C: A graph showing expression of EU labelled, transferred
miR-3182 from hOB cells treated with different EVs. Bars indicate which values
were compared through unpaired, non-parametric t-tests.

*  P<0.05,** P<0.005, *** P<0.0005

N=3
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Total miR-3182 level was subtly but statistically significantly decreased in all
cells treated with EVs (PC3: P= 0.0093, hOB: P= 0.0055 and HEK: P= 0.0073)
except those treated with PNT1A EVs for which the difference was not
significant (Figure 3.18A). MiR-3182 expression in PC3 EVs was significantly
increased in comparison to PNT1A (P=0.0037) and hOB (P=0.0224) EVs (Figure
3.18B) however the fold change was minimal. There was no significant
difference in expression between PC3 and HEK EVs but there was a statistically
significant and marked (fold change >16) increase in the level of 5EU-
transferred miR-3182 in cells treated with HEK EVs (P= 0.0119) compared to
those treated with PC3 EVs (Figure 3.18C). Similarly to the pattern of vesicle
levels 5EU-transferred miR-3182 was at a statistically significant but modestly
lower level in cells treated with hOB EVs (P= 0.0007) compared to PC3 EVs

(Figure 3.18C).
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Figure 3.19 A: A graph showing the expression of total miR-4448 in hOB cells
treated with EVs relative to the expression in hOB cells not treated. B: A graph
showing expression of miR-4448 in PC3, PNT1A, hOB or HEK EVs relative to PC3
exosome expression. Bars indicate which values were compared through unpaired,
non-parametric t-tests.
* P<0.05, ** P<0.005, *** P<0.0005. e Not detected under conditioned
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Total miR-4448 level was significantly increased in all cells treated with EVs
(PC3: P=0.0326, PNT1A: P= 0.0055, hOB: P=0.0105 and HEK: P=0.0027. Figure
3.19A) however only cells treated with PNT1A cells had a greater than 2 fold
change in the miR-4448 level. There were no significant differences in miR-4448
level between different EV types (Figure 3.19B). The levels of 5EU-transferred
miR-4448 could not be detected under the conditions employed, which
suggests very low transfer of this miRNA via EVs. The increase in total miR-4448
in all treated cells despite the low level of vesicle miR-4448 may indicate other
factors contained within EVs are causing stimulation of endogenous miR-4448

production.
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Figure 3.20 A: A graph showing the expression of total miR-101 in hOB cells treated
with EVs relative to the expression in hOB cells not treated. B: A graph showing
expression of miR-101 in PC3, PNT1A, hOB or HEK EVs relative to PC3 exosome
expression. Bars indicate which values were compared through unpaired, non-
parametric t-tests.

* P<0.05, ** P<0.005, *** P<0.0005. ® Not detected under conditioned

employed.
N=3

Total levels of miR-101 were significantly decreased in hOB cells treated with
all EV types (PC3 and HEK P<0.0001 and PNT1A: P= 0.0089. Figure 3.20A)
compared to the untreated cells. However, the fold change for this decrease
was still minimal. The level of total miR-101 in cells treated with hOB EVs
resulted in a Ct value >35. Both PNT1A and HEK EVs showed modest but
statistically significant reductions in the level of miR-101 (PNT1A: P= 0.0002,
HEK: P=0.0004) compared to PC3 EV expression (Figure 3.20B) despite the
levels being subtly increased in the cells treated with these EVs. The levels of
5EU-transferred miR-101 were not detectable under the conditions employed
suggesting a low level of transfer. This suggest that the increase in total miR-

101 could be due to an endogenous mechanism of upregulation.
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In designing this experiment we assumed that the vesicles from different cell
types have similar properties, are produced from parent cells at the same rate
and have similar delivery efficiency and therefore that the variation of miRNA
expression in the parent cells would reflected the level transferred. This data
demonstrates changes in the total osteoblast abundance of all the miRNAs
investigated following treatment with vesicles. However, these changes in total
abundance within the osteoblasts are not consistent with the levels of the
same miRNAs present within or transferred from (5EU-transferred miRNAs) the
parent cells. Therefore, indicating that other mechanisms of RNA regulation are
contributing to the overall abundance of these miRNAs and their transfer from
vesicles is just one factor. Despite the complexity of determining the
contribution of vesicle-miRNAs to the overall abundance present in
osteoblasts, the data does demonstrate differing efficiencies of miRNA transfer
from vesicles that appears to be dependent on the cell origin of the vesicles,
this is particularly evident for miR-21. The results from miR-21 showed
increased expression of 5SEU- transferred miR-21 from prostate cancer PC3 EVs
relative to PNT1A EVs suggesting that PC3 EVs may be transferring this miRNA
more efficiently into the recipient cells. This experiment did not consider
differences in the vesicles other than their miRNA content and therefore varied
membrane composition and vesicle size variation could account for this
difference. The use of a synthetic miRNA would provide the opportunity to pre-
load vesicles with a standardised amount of a specific miRNA, allowing the
comparison of different vesicle characteristics (e.g. cell type of origin) in the

transfer efficiency of that miRNA.
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4 Chapter 4: Investigation of the effect of transferred miRNAs in recipient
Osteoblasts

4.1 Introduction
The experiments detailed in Chapter 3 indicated that miRNAs can be isolated

from EVs and that they can be transferred from these to other cell types.
Though transfer into the cell has been demonstrated, it remains to be
determined whether delivered miRNAs can alter gene expression in recipient
cells. Therefore, we hypothesised treatment of osteoblasts with vesicles would
enhance suppression of target genes when compared to untreated control

cells.

To determine whether miRNAs are having a functional affect it is possible to
investigate the genes that are targeted by these miRNAs. Luciferase reporter
assays were designed to incorporate the 3'UTR of genes predicted to be targets
of our miRNAs of interest. The ligation of a 3’UTR downstream of the Renilla-
luciferase gene allows the effects of miRNAs on translation and mRNA stability
to be assessed by monitoring luciferase expression. This technique was
successfully used by Pegtel et al. (2010) where firefly luciferase reporter assay
was ligated with the cDNA sequence of an Epstein Barr Virus (EBV) derived
miRNA sequence. When cells were transfected with this reporter and treated
with EVs derived from B-cells infected with EBV, this study reported an 80%
reduction in luciferase activity compared to the control which indicated a high

level of gene suppression by the miRNAs.
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4.2 Results

4.2.1 Design of luciferase reporter assays
Sequences corresponding to miR-21, miR-100 and miR-101 were designed as

either a perfect match to the miRNA or as a double base mis-match within the
seed region of the miRNA. The creation of a perfect match to the miRNA
sequence would be expected to result in the binding of the miRNA and
subsequent cleavage of the RNA via Ago2. Whereas, by including a two-base
mismatch following miRNA binding translational repression mediated by the
RNA-Induced Silencing Complex (RISC) would ensue. The design and production
of these inserts is described in methods section (2.13). Ligated constructs were
sequenced to confirm the insertion of each miRNA target site. Only the perfect
miR-21 target sequence was found to be correctly inserted into the PsiCHECK-
2 plasmid backbone (Figure 4.1). Therefore, subsequent experiments are based

on this reporter assay only.

Xho1 restriction Pmel restriction
Psicheck2 Sequence Perfect miR-21 oligo \’ Psicheck?2
AGCAGTAATTCTAGGCGATCGCTCGAGTCAACATCAGTC TGATAAGCTAGTTTAAACCTAGAGCGGCCC

330 340 350 360 370 380 34

Figure 4.1 The chromatograph showing the insertion of the perfect miR-21 target
oligo sequence and the restriction sites where the PsiCHECK-2 plasmid was digested
in preparation for insertion.

4.2.2 Optimisation of Renilla luciferase luminescence assays

In order to test if the miR-21 luciferase assays (miR21-psiCHECK-2) could be
effectively repressed within cells, we transfected miR21-psiCHECK-2 into PC3
cells and determined the expression of luciferase compared to transfection of
the psiCHECK-2 plasmid only (no inserted miRNA sites). The results of the PC3

transfections confirmed the miR21-psiCHECK-2 reporter produced a lower level
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of luciferase expression compared to the plasmid only control, suggesting
translational repression associated with the miR-21 target site, however this

would have to be confirmed by analysing resulting protein levels.

We tested our plasmids in PC3 cells due to established protocols for
transfection of this cell type. However, as our experiments rely on using
osteoblasts we repeated the same optimisation experiments using the hOB cell
line. The results showed a similar downregulation of the luminescence in the

cells transfected with miR21-psiCHECK-2 compared to the plasmid only control.
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4.2.2.1 Investigation of the effect of exogenous EVs on Renilla luciferase
activity in osteoblasts
HOB cells were transfected with miR21-psiCHECK-2 and 24-hours later

subjected to treatment with either conditioned media or EVs isolated from
prostate cancer PC3, LNCaP or C4-2 cells or non-malignant PNT1A. T-test
analysis was used to determine whether there were significant differences

between EV treated and non-treated cells.
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Treatment of hOBs cells

Figure 4.2 A graph to show the Renilla Firefly ratio of cells transfected with the
miR21-psicheck2 reporter and then treated with isolated EVs or conditioned
media (CM) from PC3, LNCaP, C4-2 or PNT1A cells.

* P <0.05
**  P<0.005
N=4

Treatment of hOB cells with hOB EVs and PC3 EVs led to a significant reduction
in Renilla luciferase expression (PC3: P= 0.0073, hOB: P= 0.0022). This decrease
is consistent with the findings of Chapter 3 which showed that miR-21 is

abundant in the EVs of PC3 cells. The reduced Renilla luciferase expression on
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treatment with hOB EVs is unexpected considering miR-21 expression was
found to be lower in hOB EVs compared to PC3 EVs (Figure 3.16B). There was
no significant difference in Renilla luciferase expression for the cells treated
with LNCaP or C4-2 EVs or conditioned media. There was a significant increase
in the level of luminescence in cells treated with the PNT1A EVs (P= 0.0456) or
conditioned media (P= 0.0143). This could be explained by these EVs causing
downregulation of endogenous miR-21 or through sequestration of miR-21 by
other targets within the PNT1A EVs, further investigation would be needed to

determine which was occurring.

When unpaired, non-parametric t-testing was carried out to compare the
difference in expression in cells treated with EVs and those treated with
conditioned media from the same cell type, only osteoblasts treated with PC3
EVs or PC3 conditioned media were found to have significantly different levels
of Renilla luciferase expression (P = 0.0038). This suggests that EVs and

conditioned media do not have significantly different constituents.

The significant further reduction in the level of Renilla luciferase expression
following treatment with vesicles indicates that the miR-21 present in the EVs
is having a significant and measurable effect on post transcriptional gene

expression.

Interestingly, when the isolated EVs were added the viability of the plasmid
transfected cells appeared to decrease (raw data: Table 8.2), leading to much
lower Renilla and firefly luminescence compared to when conditioned media

was added. Further investigation of this was subsequently conducted (2.20,
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4.2.3).

4.2.3 Viability experiment
This experiment investigated the viability of hOB cells transfected with miR21-

psiCHECK-2, or a control, which were subsequently treated with normal media,
elution buffer (from ExoEasy Maxi Kit), PC3 EVs and PNT1A EVs. The effects of
transfection type and treatment type on hOB cell viability were both
investigated.

To ensure the transfection complex was not the cause of altered viability a pilot
study compared viability in cells which were not transfected, mock transfected
or transfected with miR21-psiCHECK-2 reporter assay. There was no significant
difference in viability between the control, untransfected and mock
transfected cells and therefore the mock transfection was not carried out in
the investigation.

For each well two counts were taken, so eight replicates were used for the
statistical analysis and viable cell count was used to compare the effects of

treatment.
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Transfection causes a significant reduction in the number of viable cells when
they had been treated with normal media (P<0.0001) or PC3 EVs (P<0.0001)
(Figure 4.3). Transfection had no significant effect on cell survival when the cells

had been treated with elution buffer or PNT1A EVs.
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Treatment of hOBs cells

Figure 4.3 A graph comparing the number of viable cells remaining at 24hrs post
transfection when cells have been transfected or not transfected and treated with
normal media, elution buffer, PC3 EVs or PNT1A EVs. Bars indicate where 2-way
ANOVA analysis indicated significant differences between treatment groups.

**** P <0.0001

N=8 (All conducted on the same occasion. 2 technical replicates for each of 4
biological replicates).
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In untransfected cells, treatment with elution buffer, PC3 EVs and PNT1A EVs
resulted in a significant reduction in the viable cell count compared to cells
treated with normal media (P<0.0001 for all) (Figure 4.4), this difference was
greatest when cells were treated with elution buffer. The PC3 and PNT1A EVs
are eluted within this buffer so the significant increase in viability of cells
treated with PC3 EVs compared to the elution buffer (P< 0.0001) suggests that
something contained within the PC3 EVs is either increasing cell proliferation
or reducing apoptosis to overcome the negative effect of the elution buffer.
There was a significant decrease (P=0.035) in viability of cells treated with
PNT1A EVs compared to those treated with PC3 EVs which suggests that the

factor increasing viability is cancer specific and not a general property of EVs.
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hOB cell treatment
Figure 4.4 A graph showing the effect of treatment with normal media, elution
buffer, PC3 EVs, or PNT1A EVs on the number of viable hOB cells remaining at
24hrs when cells had not been transfected. Bars indicate where 2-way ANOVA
analysis indicated significant differences between treatment groups.
*  P<0.05
**  P<0.005
*Ex* P <0.0001
N=8 (All conducted on the same occasion. 2 technical replicates for each of 4
biological replicates).
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Transfection with the miR21-psiCHECK-2 plasmid resulted in an overall
reduction in the number of viable cells, which may make the effects of different
treatment types (e.g. elution buffer versus vesicles) appear to be less significant
(Figure 4.5). However significant reductions were still seen when cells were
treated with elution buffer (P=0.013) and PC3 EVs (P=0.0487) compared to

treatment with normal media.
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hOB cell treatment
Figure 4.5 A graph showing the effect of treatment with normal media, elution
buffer, PC3 EVs, or PNT1A EVs on the number of viable hOB cells remaining at
24hrs after cells were transfected. Bars indicate 2-way ANOVA analysis indicated
significant differences between treatment groups.
* P<0.05
**  P<0.005
**** P <0.0001
N=8 (All conducted on the same occasion. 2 technical replicates for each of 4
biological replicates).

Taken together, this data indicates that treatment of osteoblasts with vesicles
does result in an enhanced reduction in miR-21 target gene expression,
strongly supporting a functional role for a functional role of vesicle-miR-21
function. However, this may be a miR-21 specific phenomenon and as yet we

cannot rule out indirect effects. Therefore, further investigation of vesicle-
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miRNA function is required to confirm this result. Our investigation of cell
viability following the combination of transfection and treatment with vesicles
demonstrates the complexity of these assays and that caution needs to be
taken when interpreting these artificial assays, future studies should include

comparisons of endogenous targets.
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5 Chapter 5: Bioinformatic analysis

5.1 Introduction

The luciferase assays in chapter 4 suggested that miR-21 transferred via EVs is
having a functional effect on translation in recipient cells based on the altered
expression of the reporter gene. To confirm this, it would be necessary to
investigate the alteration of target mRNA and protein levels. To begin to
understand the potential contribution of prostate cancer vesicles in the
regulation of osteoblasts, it is necessary to look at the global effects of vesicle
cargos. We sought to use RNA sequencing (RNAseq) of osteoblast mRNA to
determine changes in expression that result from exposure to prostate cancer

and non-malignant prostate vesicles.

5.2 Results

5.2.1 Characterisation and filtration of RNAseq data

Osteoblasts were treated with vesicles isolated from either the prostate cancer
cell line PC3 (H+P3), non-malignant prostate cell line PNT1A (H+P) or other
osteoblasts (hOB) cells (H). Total RNA was extracted from the vesicle treated
osteoblasts and subject to next-generation sequencing to determine the mRNA

content (see methods sections 2.21 and 2.22).

The RNAseq analysis produced three sets of data through comparison of the
treatment groups; H+P vs H+P3 (HPvsHP3), H vs H+P (HvsHP) and H vs H+P3
(HvsHP3). Due to the large amount of data produced by the RNAseq analysis it

was necessary to filter the results to remove transcripts which showed low
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log, fold change (fold change less than 2 or -2) as these are likely to be

background genes which are not affected by treatment.

HPysHP3 HysHP HPvsHP3 HvsHP

B

HvsHP3

HvsHP3
Figure 5.1 Venn diagrams comparing the genes differentially expressed between the
different treatment groups. A: raw data before filtering. B: Filtered data with all
transcripts with log; fold change between -2 and 2 removed.

Venny 2.1.0 (http://bioinfogp.cnb.csic.es/tools/venny/) was used to compare
which genes commonly showed altered expression across the data groups.
Figure 5.1 shows this comparison before the data with a low log; fold change
was removed and what the overlap was once the data had been filtered. The
number of genes found in only one treatment group stays consistent between
these two figures, which suggests this method of filtration is effective at
removing the genes whose expression is not treatment dependent whilst
keeping the genes showing potentially interesting expression.

When the genes were split based on whether they were up- or downregulated
the Venn diagrams showed reduced overlap between groups Figure 5.2. This
suggests that the remaining genes are specifically altered in the individual data

sets and are therefore less likely to be housekeeping genes. Filtering based on
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whether transcripts are up or downregulated appears to be an appropriate

method to identify which genes are likely to be altered due to treatment.

HPvsHP3 HvsHP HPvsHP3 HvsHP

wHE Upregulated  HvsHP3

Downregulated -
Figure 5.2 Venn diagrams showing the overlap of genes differentially expressed
between treatment groups when genes are split into those that are up and
downregulated.

5.2.2 Gene enrichment analysis
A large number of differentially expressed gene transcripts were found

between each treatment group. Table 5.1 shows the number of gene
transcripts and genes differentially expressed in each treatment group and the

numbers found to be up- or downregulated.

HPvsHP3 HvsHP HvsHP3
Transcripts | Genes | Transcripts | Genes | Transcripts | Genes
Total 2392 1963 | 2845 2423 | 3739 3029
Down- 1312 1084 | 1663 1465 | 2275 1910
regulated
Upregulated | 1079 889 1182 977 1464 1145

Table 5.1 A table showing the number of gene transcripts found to be

differentially expressed and the number of genes that these transcripts
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related to. HP = hOB cells treated with PNT1A EVs. HP3 = hOB cells treated

with PC3 EVs. H = hOB cells treated with hOB EVs.

The difference between the number of transcript IDs and genes is due to
multiple transcripts being produced by the same gene. There was also a small
proportion of transcripts the genes for which have not yet been annotated

(HPvsHP3 = 0.84%, HvsHP = 0.56% and HvsHP3 = 0.88%).

For each treatment group around 35% (HPvsHP3 = 37.2%, HvsHP = 31.6% and
HvsHP3 = 37.7%) of genes generated two or more transcripts. Within this
percentage the maximum number of transcripts affecting one gene varied from
8to 11 (HPvsHP3 =8, HvsHP = 11 and HvsHP3 = 9). Of the genes which produce
more than one transcript, over 7% (HPvsHP3 = 7.84%, HvsHP = 8.47% and
HvsHP3 = 7.17%) have at least one transcript which was upregulated and at
least one which was downregulated. Because the differential expression was
calculated for the gene transcripts there is some overlap between the up or
downregulated groups when the genes are compared (Figure 5.3). These data
suggest that regulation at the individual transcript level is influenced by
vesicles, a previously unreported finding that requires further investigation to
determine how opposing regulation of transcripts of the same gene affect
osteoblast function. Alternative splicing has the potential to cause alteration of
the 3’ target site which alters the 3’ miRNA target sequence and could thereby

alter miRNA gene regulation.
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Upregulated Downregulated Upregulated Downregulated

1074

(54.7%)

HPvsHP HvsHP

Upregulated Downregulated

1884

(62.2%)

HvsHP3

Figure 5.3 Venn diagrams showing the overlap between the up and downregulated
genes for each treatment set.

5.2.3 KEGG pathway enrichment analysis
Using the human genome as the background gene list the NIPA functional

analysis identified the biological pathways within which the differentially
expressed genes could be found. This enables analysis of the potential effects
of up- or downregulation of these genes on biological processes. The script uses
multiparametric testing to determine whether pathways are significantly
enriched in genes showing altered expression based on the number of genes in
the pathway and the number affected; the g-value cut off was 0.05 for

significance.

The number of significantly enriched pathways found by the NIPA analysis
varied depending on whether data was split into up and downregulated

pathways before analysis and on which treatment group was analysed (Error!
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Reference source not found.). Although there is overlap between treatment
groups this comparison does not indicate whether the same genes are

commonly altered between the groups.

When the input data was split into up and downregulated genes prior to
analysis the KEGG pathways found to be significantly enriched where altered.
Handling the data like this results in some additional pathways being found to
be significant, which are examined in the next section (5.2.3.1). These results
further reinforce the previous assumption that splitting the data into those
transcripts which were up- and downregulated is the most appropriate analysis

pipeline.

5.2.3.1 Enriched KEGG pathways for HPvsHP3
We focussed on the comparison of hOB cells which had been treated with

either PNT1A (non-malignant prostate) (HP) or PC3 (prostate cancer) (HP3) EVs.
NIPA functional analysis is not a discriminative analysis technique so that
although 32 (12 upregulated and 21 downregulated) pathways were found to
be significantly enriched not all of these are relevant to the alterations
occurring in osteoblasts. Therefore, it was necessary to focus on pathways
known to be relevant to osteoblast function and bone remodelling as these are
the processes affected during development of bone metastases. The selected
pathways were cell cycle (Figure 5.4. q = 0.000395), Cellular senescence (Figure
5.5. q = 0.000295), cell adhesion molecules (Figure 5.7 q = 0.04622),
proteoglycans in cancer (Figure 5.6. g= 0.003379) metabolic pathway map (g =
3.93x10!1), Wnt signalling pathway (Figure 5.8. g = 0.01825) and The PI3K-AKT
signalling pathway (Figure 5.9 g= 0.002194).
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Downregulation of p53 was common to all of these pathways and cyclins were
commonly downregulated in both the cell cycle and cellular senescence
pathways. All of the pathways investigated were found to contain both up and
downregulated genes. Genes highlighted as both up and downregulated are
due to differently expressed genes within a family (where only the family name
is included on the KEGG map) or where different transcripts from the same

gene are expressed in opposite directions.

The KEGG metabolic pathway map was significantly (g = 3.93x10*?) enriched in
genes which were upregulated in the hOB cells treated with PC3 EVs. 91 out of
1273 genes in the pathway were upregulated and 65 were downregulated. This

suggests multiple changes to cell metabolism.
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Figure 5.4 The cell cycle
pathway was significantly
(g=0.000395) enriched in
genes downregulated in
hOB cells treated with PC3
EVs in comparison to
those treated with PNT1A
EVs. 17 genes out of 124
were downregulated (red)
by at least two-fold.

This pathway was not
significantly enriched in
upregulated genes (green)
but 6 genes in this
pathway this were
upregulated by at least 2-
fold.

Cyclin D represents both
cyclin D1 (upregulated)
and Cyclin D3
(downregulated).
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Figure 5.5 The cellular senescence pathway was significantly (g= 0.000295) enriched in genes downregulated in hOB cells treated with PC3 EVs in
comparison to those treated with PNT1A EVs. 20 genes out of 160 were downregulated (red) by at least two fold. This pathway was not significantly
enriched in upregulated genes (green) but 9 genes in this pathway this were upregulated by at least 2-fold.
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Figure 5.7 The cell
adhesion molecules map
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Figure 5.8 WNT signalling pathway was significantly (q= 0.01825) enriched in genes upregulated in hOB cells treated with PC3 EVs in
comparison to those treated with PNT1A EVs. 14 genes out of 146 were upregulated (green) by at least two-fold. This pathway was not
significantly enriched in downregulated genes (green) but 10 genes in this pathway were upregulated by at least 2-fold. CaN had had
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In addition to those already discussed the NIPA functional analysis script
generated a further 10 pathways which were significantly enriched in
upregulated genes and 14 pathways which were significantly enriched in
downregulated genes (see appendix Table 8.3). Although not obviously related
to osteoblast function there is the potential that some of these pathways could
be relevant to the progression of cancer. Although not relevant to osteoblast
function the treatment with cancer EVs resulted in alteration of cancer specific
pathways; Pathways in cancer (q = 5.59x107) and Prostate cancer pathways (q=
0.00618) were significantly enriched in downregulated genes and the
transcriptional misregulation pathway was significantly (g = 0.007922)

enriched in upregulated genes.

These results show that the treatment of hOB cells with PC3 EVs results in
significant alteration in the expression of genes on an individual and pathway
level. Despite altered gene expression we cannot conclude that the same level
of alteration occurs in the proteome of cells as there may be other forms of

post transcriptional mRNA regulation.
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6 Chapter 6: Discussion

6.1 Investigation of miRNAs contained within and transferred to recipient
cells by Prostate cancer vesicles

6.1.1 Characterisation of Extracellular Vesicles

The International Society for Extracellular Vesicles has created a set of
minimum criteria for the definition of extracellular vesicles (Lotvall et al., 2014).
They have stated that to be defined as EVs, samples should show enriched
levels of at least one Transmembrane or lipid bound extracellular protein and
of at least one Cytosolic protein. In addition to this samples must be shown to
have low levels of an intracellular protein. Our results confirm the isolation of
EVs since CD9 (a transmembrane protein) was expressed in all EV preparations,
Annexin V (a cytosolic protein) was found in all preparations, apart from LNCaP
EVs, and GM130 (an intracellular protein) was not found to be expressed in any
preparations. The lack of expression of Annexin V in LNCaP EVs may be due to
cancer specific modifications or disruptions of vesicle production pathways,
which have yet to be fully elucidated (Akers et al., 2013). The high level of CD9
is as would be expected given the findings of Yoshioka et al. (2013), who
demonstrated that it is consistently present on all EVs irrespective of the levels
of expression in the cells or origin. Our results also provide confirmation that
the samples tested were enriched in exosomes since the results showed
enrichment of proteins associated with exosome biogenesis; Annexin V and

Flotillin-1.

The Brownian motion analysis showed that a proportion of the EVs isolated in

this study are of a size consistent with exosomes, although given the diversity
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of sizes other EV subpopulations are also present.

6.1.2 RNAseq analysis of microRNAs transferred via prostate cancer
vesicles to osteoblasts
This experiment identified 13 miRNAs transferred from the prostate cancer PC3

cells to hOB cells by vesicles. Gene ontology analysis showed that the majority
of the genes targeted by these 13 miRNAs had products localised to the nucleus
which suggests they commonly affect RNA synthesis and processing. As
expected the commonly affected molecular functions of targeted genes were

transcription factor activation and translational regulation.

The similarities between the gene targets of the miRNAs identified in this
experiment and the targets of miRNAs identified by Bryant et al. (2012) and
Watahiki et al. (2011) were encouraging as they suggested that the miRNAs we
had identified were targeting similar genes and pathways and thus were
potentially important in metastasis. The similarities in molecular function also
strengthen the evidence that the miRNAs we identified act similarly to those
previously reported. However, the actions of miRNAs can be dependent on the
tissue type and therefore they may still affect gene expression differently

depending on the context (Cortez et al., 2011).

6.1.3 Comparison of miRNA expression in cells and EVs
MiR-21 is widely reported to be increased in metastatic and castrate resistant

prostate cancer. Ribas et al. (2009) linked increased miR-21 to increased
growth of both androgen-dependent and independent prostate cancer cell
lines and Zhang et al. (2011) showed that it is elevated in patients with CRPC.

Surprisingly, the results presented here showed a lower expression of miR-21
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in prostate cancer cells in comparison to a non-cancer control. However,
despite this the level of miR-21 was significantly increased in PC3 EVs compared
to the PNT1A EVs. LNCaP and C4-2 EVs showed the lowest levels of miR-21
expression suggesting that it is elevated only in the EVs from cellular models of

advanced prostate cancer.

MiR-100 had consistently lower levels in the EVs compared to the cell of origin,
this might suggest that the miR-100 is not as commonly transferred as other
miRNAs. Despite this, when miR-100 expression in PC3 cells and EVs was
compared to PNT1A cell and EV levels there was significant enrichment in the
PC3 samples, this pattern was not mimicked in the other prostate cancer cell
types. These findings contradict those of Porkka et al. (2007), who found that
miR-100 was downregulated in more advanced CRPC but are consistent with
the findings of Leite et al. (2011b) and Leite et al. (2011c) who showed that
miR-100 is increased in high grade tumours and that increased miR-100 was
correlated with increased risk of biochemical recurrence. Based on these
results and the available literature it seems that miR-100 may be an important

marker for advanced but not localised prostate cancer.

The results obtained here showed reduced expression of miR-101 in the cancer
cells which concurs with the findings of Hudson et al. (2013) who described
miR-101 as a tumour suppressor gene and found its expression to be reduced
in localised and metastatic prostate cancer in comparison to non-malignant
prostate cells. However, miR-101 was significantly increased in EVs compared

to all cell types and was also increased in the cancer EVs compared to the
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PNT1A EVs. Hudson et al. (2013) investigated miR-101 expression in tissues,
and therefore did not consider the potential effects of increased circulating

miR-101 due to release from prostate cancer cells.

As predicted the miRNAs investigated were shown to be selectively packaged
into EVs with almost all miRNAs showing significantly (see 3.2.2) different levels
across all cell types (miR-21 expression in PC3 cells and EVs and miR-101
expression in PNT1A cells and EVs were the only non-significant results for
which both values were measurable). These results showed that miRNA level
in the cell does not necessarily correlate to the level in EVs and therefore
provides no information on the circulating level. When considering the
hypothesis that a prostate cancer may adapt a pre-metastatic niche within the
bone, investigating the effects of circulating miRNAs is likely to be highly
important. Our data indicates the degree of selective packaging of miRNAs into
EVs is cell type dependent and so no assumptions can be made about EV-
miRNA expression based solely on cellular expression without investigation of
EV packaging by the specific cell type. Further to this Melo et al. (2014) noted
that miRNAs expression increased in EVs which had been cultured for 72hrs in
comparison to those cultured for only 24hrs due to intra-vesicle processing of
pre-miRNAs. Since the assays were conducted after 24hrs of culture and
detected only mature miRNAs these results cannot indicate whether the

packaging of pre-miRNAs shows the same pattern as those of mature miRNAs.
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6.1.4 Validation of the transfer of characterised miRNAs from prostate
cancer cell to osteoblasts via vesicles.

Changes in the total osteoblast miRNA expression, following treatment with
EVs, were seen that did not relate to the proportions of EU labelled miRNAs
transferred from prostate cancer EVs to osteoblasts. This suggests indirect
mechanisms of regulation need to be considered when predicting the effect of
EV cargos on recipient cells. Mathivanan et al. (2010) hypothesised that EVs
could trigger the activation of signalling cascades through contact dependent
binding of EV surface proteins to cell surface receptors or through cleavage of
EV proteins to create ligands for these receptors. This study suggested that the
process of EV-cell fusion needed to enable delivery of the miRNA cargo would
also cause alteration of the cell membrane with potential downstream effects

on the target cell.

The data generated demonstrates that miRNAs can be transferred into
recipient cells. However, we cannot yet conclude that miRNA transfer by cancer
EVs is more efficient than by EVs produced by non-cancer cells, although the
results for miR-21 suggest that this might be possible. Kim et al. (2003) and
Baran et al. (2010) both reported an increase in the number of circulating EVs
in the plasma of patients with gastric cancer compared to healthy controls
which suggests that, even though their EVs may not have innate advantages for
miRNA delivery, cancer cells are likely ultimately delivering more miRNAs than

other cell types.
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6.2 Investigation of the effect of transferred miRNAs in recipient

Osteoblasts

6.2.1 Investigation of the effect of adding EVs on renilla luciferase activity
Investigation of Renilla luciferase activity showed that miR-21 transferred by

EVs is able to alter reporter gene expression in recipient osteoblast cells.
Furthermore, this change in miR-21 target expression was only significant when
cells were treated with cancer EVs isolated from PC3 cells, consistent with the
previous finding that PC3 EVs showed the highest levels of miR-21 transfer to
osteoblasts. The PC3 cell line represents the most aggressive form of prostate

cancer and the type most likely to be preparing a pre-metastatic niche.

Treatment with non-malignant PNT1A EVs had no effect on reducing miR-21
target expression, suggesting the levels of miR-21 transferred were not
sufficient or that alternative mechanisms of regulation controlled the action of

miR-21 in this case.

6.2.2 Viability experiment

Transfection of cells with the luciferase reporters appeared to change the
ability of cells to respond to EVs, resulting in a reduction in viability. It is unclear
why this would be the case, but our studies clearly show the response to be

different.

The finding that the addition of PC3 EVs reduced the amount of cell death in
comparison to cells treated with elution buffer or other EVs suggests that
components of these cancer EVs contain factors which encourage reduced cell

death or increased proliferation. Both would be expected in cells undergoing
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oncogenesis. Overall, the data demonstrates the need to interpret luciferase
reporter assays with caution and that future studies will need to include an

evaluation of endogenous targets.

Reduced cell viability is a common consequence of cell transfection.
Transfection complexes are taken up via endocytosis and then need to escape
the endosome to deliver their cargo to the nucleus (Juckem, 2012). This may
activate stress pathways in the cell leading to altered regulation of the cell cycle
and metabolism (Juckem, 2012). If an excess of DNA is added to the cells the
increased number of complexes per cell can lead to further reduction in cell
viability (Juckem, 2012), further investigation using variable concentrations of
DNA could determine whether this was the issue in this case. Shaffer et al.
(2011) suggested that the quality of the plasmid DNA used for transfection
could also affect cell viability since it could contain a high concentration of salts
or transfer endotoxins. The isolation of plasmid DNA using the PureYield
Plasmid Miniprep system has a stage for endotoxin removal however
confirmation that this was effective was not conducted. Elution in nuclease free
water means that high salt concentrations were unlikely. Although transfection
of cells with a reporter plasmid is a useful method to prove that miRNAs
transferred to osteoblasts can alter translation this method does not indicate
what changes are occurring and there is potential for the transfection itself to

alter intercellular pathways and cell regulation.
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6.3 Bioinformatic analysis
6.3.1 Gene enrichment analysis

RNAseq of the osteoblast transcriptome following treatment with EVs isolated
from the prostate cancer cell line PC3 and the non-malignant prostate cell line
PNT1A, highlighted the regulation of alternative transcripts as an important
change as a result of EV treatment. In cancer cells canonical splicing of genes is
commonly altered (Sveen et al., 2015) and this is likely to drive oncogenesis
through the formation of transcript isoforms (Oltean and Bates, 2013). Multiple
isoforms have previously been identified in genes affecting oncogenesis, for
example Bcl-x has two isoforms which have opposite effects (Cloutier et al.,
2008). Bcl-xs is pro-apoptotic and Bcl-x/ is anti-apoptotic due to alternative
splicing through alternative 5’ prime splice selection (Cloutier et al., 2008). The
tumour suppressors PTEN and p53 are also known to have more than one splice
variant which affects their function (Oltean and Bates, 2013). There is usually
tissue specificity to determine which isoform is more highly expressed (Sveen
et al., 2015) but in cancer cells the balance of these isoforms can be altered to
favour tumour progression (Oltean and Bates, 2013). Given 7% of genes
produced differentially regulated transcripts suggests a role for EVs in
controlling the predominance of specific gene transcripts, how this potential

promotes tumour progression remains to be determined.

6.3.2 hOB cells treated with PNT1A EVs vs hOB cells treated with PC3 EVs
KEGG pathway analysis

Several of the genes were found to produce multiple transcripts, which

following exposure to EVs were differentially regulated. These are represented
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on the KEGG pathways as showing both up and down-regulation, as without
further investigation of the function of these alternative transcripts the true
effect on the molecular pathways cannot be determined. Additionally, in some
cases the KEGG pathway only includes the family name and not the individual
genes and so where genes in the same family showed opposing expression they

are highlighted as being both up and downregulated.

Cyclin dependent kinases (CDKs) are important controls for the progression of
the cell cycle and form complexes which trigger apoptosis in response to
deviance from normal replication (Casimiro et al., 2012). Cyclin D1 (CCND1) is
produced in response to mitogenic stimuli (Balk and Knudsen, 2008) and, along
with its complexes CDK4 and CDK6, was upregulated in the cell cycle and
cellular senescence pathways (Figure 5.4 and Figure 5.5). This suggests
increased progression through the cell cycle of hOB cells treated with PC3 EVs
through activation of associated target genes (Casimiro et al., 2012). CCND1
has many functions including its importance for the development of the
chromosomal instability (Casimiro et al., 2012) which increases alteration of
the genome and has the potential to give rise to phenotypic changes (Bayani et
al., 2007) in hOB cells. Cyclins A (CCNA) and B (CCNB) were downregulated in
both these pathways in contrast to the findings of Wegiel et al. (2008), who
found that expression of CCNA1 increased in patients with advanced prostate
cancer. However, Arsic et al. (2012) found that CCNA2 depletion resulted in
increased cell migration, an important requirement for metastatic cells, and
that CCNA2 expression was lower in metastases. This study examined cyclin

expression in osteoblasts, therefore, the changes in cyclin expression may
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reflect the need for osteoblast migration to remodel bone. Bone remodelling
releases bone derived growth factors which encourage cancer cell growth
(David Roodman and Silbermann, 2015). Cancer cells in turn release
osteoblastic factors to increase differentiation and proliferation, resulting in a

vicious cycle to promote bone metastasis (Roodman and Silbermann, 2015).

Dysregulation of proteoglycans would be expected in metastatic bone lesions
due to their role within the bone ECM for skeletal development (Lamoureux et
al., 2007). Decorin is a small leucine rich repeat proteoglycan (SLRP) which was
downregulated in hOB cells treated with PC3 EVs (Figure 5.6). This is likely to
affect the structural organisation of the bone matrix and cause changes in
collagen fibril size (Lamoureux et al., 2007). There was altered expression of
genes within the heparin sulphate proteoglycan pathway which has been
implicated in bone cancer and metastases development through sequestration
of chemokines and growth factors (Lamoureux et al., 2007). FGF-2 and VEGF
were downregulated in this pathway which may be due to this sequestration

in response to the treatment with the PC3 EVs.

The cell adhesion molecules pathway (Figure 5.7) showed upregulation of
ICAM-1, an adhesion molecule cited as being important for the adhesion of
CTCs to the cells in the niche to enable metastatic colonisation (Ren et al.,
2015). This suggests osteoblasts are undergoing changes to increase their
ability to accommodate metastatic cells. This pathway also showed altered
expression of claudin (CLDN), an important protein family for the formation

and function of tight junctions between cells (Hewitt et al., 2006). CLDN3 and
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CLDN4 were upregulated, whereas CLDN11 was downregulated. Claudins are
potentially responsible for the variation in cell permeability through changes at
cell-to-cell tight junctions (Tsukita and Furuse, 2000). This indicates that the
osteoblasts treated with PC3 EVs may undergo changes affecting their
intercellular adhesion and migration within the bone niche. Migration of
osteoblasts, which are important regulators of the hematopoietic stem cell
(HSC) niche (Pedersen et al., 2012), is an important feature to make way for
engraftment of CTCs which have been noted to compete for space in the HSC
niche (Shiozawa et al.,, 2011). Shiozawa et al. (2011) also reported that
increased numbers of osteoblasts resulted in increased likelihood of bone
metastases developing suggesting that genes promoting osteoblast

proliferation ultimately aid metastasis.

The Wnt signalling pathway (Figure 5.8) regulates cell growth, differentiation
and cell death (Krishnan et al., 2006). This pathway is always activated by Wnt
protein binding to frizzled protein family members and following this there are
three different pathways through which Wnt signalling can occur (Krishnan et
al., 2006). Most relevant to bone is the canonical or B-catenin Wnt signalling
pathway as this increases bone mass through regulation of osteoblasts
(Krishnan et al., 2006). The canonical pathway increases osteoblast survival and
proliferation through prevention of degradation of B-catenin and alteration of
its subcellular localisation (Westendorf et al., 2004). Wnt was upregulated in
osteoblasts treated with PC3 EVs and Frizzled 8 (FZD8) was similarly
upregulated whilst Frizzled 7 was downregulated (Figure 5.8). Despite the

upregulation of Wnt, the B-catenin transcript is downregulated which suggests
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that the survival of these cells may not be protected. DKK, an inhibitor of the
frizzled receptor in this pathway, was found to be upregulated. Since this
protein is also an inhibitor of osteoblastogenesis (Westendorf et al., 2004) its
upregulation may have reduced osteoblast proliferation. As well as its role in
the prevention of apoptosis B-catenin is important to link the actin
cytoskeleton with cadherins and so plays a role in cell adhesion and migration
(Westendorf et al., 2004). Presumably in response to the low B-catenin
expression, TCF transcription factor expression was downregulated in this
pathway. Despite this there was still increased expression of the proto-
oncogene c-myc suggesting that this gene may be activated through other

mechanisms, highlighting the complexity of biological pathway interactions.

The PI3K-AKT signalling pathway is important for regulation of cellular growth,
proliferation and survival (Vara et al., 2004). Changes to this signalling pathway
have been previously associated with prostate cancer development
(Mulholland et al., 2012) and our data found that it was significantly enriched
in downregulated genes (Figure 5.9). Figure 5.9 show upregulation of genes
associated with cell cycle progression and downregulation of PTEN, an
important tumour suppressor (Song et al., 2012). The downregulation of PTEN
leads to excessive recruitment of AKT proteins which are responsible for cell
survival, proliferation and metabolism through downstream signalling (Song et
al., 2012) so its downregulation in our results suggests that multiple changes
could be occurring in the osteoblast cells. PTEN has also been suggested to play
an important role in regulating the tumour microenvironment through

inhibition of stromal fibroblasts (Trimboli et al., 2009). Trimboli et al. (2009)
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found that PTEN deletion in fibroblast cells caused increased speed of invasion
and colonisation by mammary epithelial tumour cells. Although this study
looked at the fibroblasts and mammary tumour cells osteoblasts play a similarly
significant role in stromal regulation (Jeong et al., 2016) and therefor the
downregulation of PTEN could have a similarly pro-oncogenic effect. Metabolic
reprogramming has been suggested to be an important adaption of cells prior
to development of cancer characteristics (Vander Heiden et al., 2009). The
increased cell proliferation and cell cycle progression means that glycolysis is
increased to keep up with cellular energy demands (Vander Heiden et al., 2009)
which may explain the upregulation of genes associated with glycolysis seen in
Figure 5.9 and suggests that the osteoblasts are undergoing changes

compatible with cancer development.

Downregulation of p53, an important tumour suppressor gene, enables
proliferation and increased cell survival (Wang et al., 2006). In addition to its
role as a tumour suppressor, p53 is a negative regulator of osteoblast
differentiation through suppression of the osteoblast specific transcription
factor, osterix (Wang et al., 2006). The downregulation of p53 in the osteoblast
cells treated with PC3 EVs may increase differentiation and thereby increase
osteoblast numbers (Wang et al., 2006). Wang et al. (2006) found that mice
which did not express p53 had higher bone density that the wild-type mice,
which fits with the common clinical presentation of metastatic prostate cancer
bone lesions (Roudier et al., 2008). Metastatic prostate cancer bone lesions
commonly appear osteoblastic on radiographic imaging and yet patients are at

increased risk of fractures (Roudier et al., 2008). Examination of bone biopsies
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from 12 patients who died of metastatic prostate cancer by Roudier et al.
(2008) showed that within each patient there was variation of histology from
osteodense to osteopenic phenotypes, sometimes within the same biopsy,
indicating a complex interaction between blastic and lytic bone remodelling.
Further to this, the osteodense lesions were commonly made up of woven
bone without significant amounts of osteoid which weakens the resulting bone

despite increased osteoblast activity.

The dysregulation of these pathways affects osteoblast regulation either
directly or through links between the genes within the pathways. There is not
altered expression of RANK and RANKL, important for osteoclast regulation
(Naito et al., 2001), but the competitive inhibitor OPG (Schoppet et al., 2002)

was downregulated suggesting that this pathway is likely still active.

Overall, the results suggest exposure of osteoblasts to prostate cancer EVs
could potentially result in increased proliferation and altered interaction with
the microenvironment promoting cell migration and altering the balance of
bone resorption and production in favour of osteoblasts. Given the importance
of osteoblast function in prostate cancer bone metastasis, this data supports
the re-education of osteoblasts by the prostate cancer EVs to promote an
environment primed towards the formation of osteoblastic bone lesions.
Further investigation using in vivo models of prostate bone metastasis would

demonstrate the feasibility of this proposed hypothesis.
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6.4 Conclusions
In conclusion, the data presented within this project shows that osteoblast cells

can be functionally altered by their interaction with miRNAs and other small
RNAs delivered by prostate cancer EVs. The level of functionality of transferred
miRNAs compared to endogenous miRNAs remains to be fully elucidated. This
is an important finding given EVs may deliver these miRNAs both locally to aid
primary tumour development and also in distant tissues to create a pre-
metastatic niche. The RNAseq data showing alteration of the osteoblast
transcriptome supports the ability of PC3 EVs to aid with pre-metastatic niche
formation through alteration of gene expression potentially resulting in
increased osteoblast survival, differentiation and proliferation. Treatment with
PC3 EVs may also alter the osteoblasts’ ability to interact with the
microenvironments thereby priming the bone niche for potential metastatic
colonisation. These changes have yet to be definitively linked to the EV miRNA
cargo but the data supports at least a partial role for transferred miRNA
activity. All experiments were conducted in vitro and therefore further
investigation is necessary to confirm whether prostate cancer communication
in the development of metastasis occurs similarly in vivo. Additionally the
development of new tools capable of determining the specific role of miRNAs
within EV cargos will be important for development of potential therapeutics

to prevent EV mediated prostate cancer communication to metastatic lesions.
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8 Appendix

8.1 Restriction digest results
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Figure 8.1 Ethidium
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Digested Plasmid

Bromide exposure

showing the two separated bands
representing the Digested and undigested

8.2 Renilla luciferase luminescence assay results

8.2.1 hOB transfection optimisation results

Sample

Firefly

luminescence

Renilla

Luminescence

Ratio

(renilla/firefly)

perfect miR-21

oligo insertion

PsiCHECK-2 only | 32912 1783902 54.2
plasmid
PsiCHECK-2 with | 102022 88431 0.867

Table 8.1 The results from the transfection of hOB cells with PsiCHECK-2 only

and PsiCHECK-2 with miR-21 inserted plasmids.

8.2.2 Investigation of the effect of adding EVs on Renilla luciferase activity
results
Treatment Repeat | Luminescence T-test
Firefly Renilla Ratio | Average | p-value
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No EVs 54827 107958 1.97
45908 149951 | 3.27
67114 159196 2.37
52165 171849 3.29 2.725 N/A
hOB EVs 138 126 0.91
119 110 0.92
60 65 1.08 0.0022
63 70 1.11 1.008 ok
hOB 33491 79440 2.37
Conditioned 38352 79841 2.08
media 30092 52492 1.74
30624 68515 2.24 2.109 0.1352
PC3 EVs 43 71 1.65
49 63 1.29
43 43 1.00 0.0073
46 59 1.28 1.305 *x
PC3 35658 106787 | 2.99
Conditioned 29929 68923 2.30
media 54465 113101 2.08
29206 90860 3.11 2.621 0.8113
LNCaP EVs 113 321 2.84
119 236 1.98
112 241 2.15 2.270 0.2795
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4 106 223 2.10
LNCaP 1 35629 87188 2.45
Conditioned | 2 31308 145410 4.64
media 3 25628 153580 | 5.99
4 31253 71727 2.30 3.845 0.2851
C4-2 EVs 1 152 363 2.39
2 94 520 5.53
3 529 4052 7.66
4 468 4118 8.80 | 6.095 0.0588
C4-2 1 38140 143415 3.76
Conditioned | 2 28248 155451 5.50
media 3 33398 88827 2.66
4 24589 159579 6.49 4.603 0.0875
PNT1AEVs |1 310 1103 3.56
2 353 1532 4.34
3 341 2715 7.96 0.0456
4 420 2206 5.25 5.278 *
PNT1A 1 41006 176687 431
conditioned | 2 30269 4717 0.16
media 3 42980 172656 4.02 0.0143
4 34454 146436 4.25 4.192 *

Table 8.2 A table showing the raw data from the luminescence assay.
Represented graphically in Figure 4.2.
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8.3 KEGG pathway analysis

Pathways significantly enriched in

Downregulated genes

Pathways significantly enriched in

Upregulated genes

Fluid shear stress and | 0.000514
atherosclerosis

Hippo signalling pathway | 0.000626

Herpes simplex infection | 0.000877

Antigen processing and 0.00213

presentation

Pathway g-value Pathway g-value
(3s.f) (3s.f)
Phagosome 2.66x107 | Fructose and mannose 0.00191
metabolism
Pathways in cancer 5.59x107 | Insulin signalling = 0.00210
pathway
HTLV-I infection 1.46x10° | PPAR signalling pathway | 0.00443

Biosynthesis of amino | 0.00578
acids

Arginine and proline | 0.00680
metabolism

Transcriptional 0.00792
misregulation in cancer

Focal adhesion 0.0193

PI3K-Akt signalling | 0.00219
pathway

Focal adhesion 0.00288
Prostate cancer 0.00618
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MAPK signalling pathway | 0.0211

Cysteine and methionine | 0.0211

metabolism

Small cell lung cancer 0.0489




Pertussis 0.00953
Complement and  0.0142

coagulation cascades

DNA replication 0.0162
Melanoma 0.0275
Kaposi's sarcoma- 0.0332

associated herpesvirus

infection

Table 8.3 A table showing the remaining significantly upregulated pathways
generated by the NIPA functional analysis.
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