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Summary

Cancer remains one of the leading causes of death worldwide. Breast and prostate
cancer are the most frequently diagnosed cancers among women and men, respectively.
Despite some breakthroughs in their treatment, innate or acquired-resistance hinders the
continued success of some treatments. Through the initial use of breast cancer cell lines
with acquired- or innate-resistance to trastuzumab, lapatinib and later assessing neratinib
and afatinib, this PhD investigated the mechanisms behind resistance to these therapies.
Similarly, the mechanisms involved in regulating docetaxel-resistance in prostate cancer
cell lines were also investigated. The second focus of this PhD involved testing the
hypothesis that the extracellular environment may carry biomarkers representative of their
cells of origin, thus offering the potential of identifying biomarkers in a minimaily-

invasive manner.

Global miRNA profiling of breast cancer cell lines and their corresponding
conditioned medium identified miR-630 as one possible regulator of resistance to HER-
targeted therapies, through its apparent regulation of IGF1R. Furthermore, this PhD
describes the potential of Neuromedin U (NmU), a predicted target of miR-630, as another
regulator of resistance, to these therapies through its chaperone protein, HSP27.
Knockdown and overexpression studies identified that both miR-630 and NmU can
regulate many phenotypic characteristics of cells including response to HER-targeted
drugs, motility, invasion and anoikis. Initial characterisation of prostate cancer cell lines
with acquired docetaxel-resistance demonstrated the multifaceted nature of the clinical
problem. Furthermore, this PhD demonstrated that the prostate cancer cell line variants
used in this study can secrete nano-sized vesicles, known as exosomes, which can
modulate the transfer of drug- resistance to secondary cells, potentially via the transfer of
molecules such as MDR-1/P-gp. Global miRNA profiling indentified miR-34a, as a
potential regulator of docetaxel resistance, via its evident regulation of BCL-2.
Interestingly, a strong correlation of miRNAs detected in cells and corresponding
exosomes was identified. In conclusion, this PhD has identified several potential regulators
of resistance to HER-targeted therapies for breast cancer and docetaxel treatment for
prostate cancer. The support of our extracellular studies also highlights the importance of

assessing biological fluids as a source for these biomarkers.
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CHAPTER 1

Introduction — Intracellular and extracellular
biomarkers predictive of response to anti-cancer
treatments for breast and prostate cancer

Parts of this chapter are published in the following paper:
Intracellular and extracellular microRNAs in breast cancer
Claire Corcoran, Anne M. Friel, Michael J. Duffy, John Crown, Lorraine O’Driscoll

Clincial Chemistry, 2011 Jan 57(1), 18-32



1 ABSTRACT

Cancer remains the second leading cause of death among men and women. Apart
from basal and squamous cell skin cancers, breast cancer and prostate cancer are the most

commonly diagnosed cancers among women and men in the US, respectively.

Diagnostic tools for breast cancer and prostate cancer are limited to a few established
biomarkers, such as estrogen receptor (ER), progesterone receptor (PR), and Human
epidermal growth factor receptor 2 (HER2) for breast cancer; and prostate specific antigen
(PSA) for prostate cancer. However these biomarkers are arguably not adequate or ideal

biomarkers for either breast cancer or prostate cancer.

Furthermore, resistance to anti-cancer treatments, such as trastuzumab
(Genetech/Roche) and lapatinib (GlaxoSmithKline) for breast cancer and docetaxel (Sanofi
Aventis) for prostate cancer, remains a major obstacle in the management of HER2-
overexpressing breast cancer and castration-resistant prostate cancer (CRPC).
Unfortunately there are no reliable methods of predicting sensitivity/resistance to anti-

cancer agents.

In this chapter, the current and emerging treatments for breast and prostate cancer are
described and how the acquisition of resistance to these therapies may be limiting their
success. The relevance of microRNAs (miRNAs) as potential biomarkers for breast and
prostate cancer and their ability to be assessed as extracellular and so minimally-invasive
biomarkers is reviewed. Attention is also drawn to the potential of microRNAs (miRNAs)
to be manipulated as therapeutic strategies or targets for disease. The rapidly evolving field
of extracellular vesicles such as exosomes is also reviewed here, giving consideration to

where these nano-sized vesicles may hold substantial bearing in the field of cancer.



1.1 Incidence and diagnosis of breast and prostate cancer
1.1.1 Background

Cancer remains the second leading cause of death among men and women
worldwide surpassed only by heart disease [1]. Apart from basal and squamous cell skin
cancers, breast cancer and prostate cancer are the most commonly diagnosed cancers
among women and men in the US, respectively. According to the American Cancer

Society (www.cancer.org), there is a 1 in 8 chance of a woman developing breast cancer at

some stage during her lifetime. This disease is not restricted to women, as approximately
1% of all cases occur in men. Excluding non-melanoma skin cancer, according to the
National Cancer Registry of Ireland (NCRI), breast cancer remains the most frequently
diagnosed cancer in females with approximately 2767 cases per year [2]. If breast cancer
is detected and treated at an early stage, successful outcomes can be achieved in some
patients. Despite this, breast cancer continues to be an immense problem worldwide, with
more than 1.4 million cases diagnosed in women annually, resulting in approximately 485

000 deaths per annum [1]; this number is predicted to increase in the future [3].

Similar to breast cancer, the occurrence of prostate cancer is frequent with 1 in 6 men
diagnosed with prostate cancer in their lifetime. Specifically, in 2013 there is an estimated
238,590 (28% of total incident cases of cancer among men) cases of prostate cancer in the
US contributing to approximately 29,720 mortalities [4]. Prostate cancer is not only an
immense problem in the US; the NCRI reports that as many as 3014 cases of this disease
are diagnosed in Ireland annually making it the leading cancer diagnosed in males

(excluding non-melanoma skin cancers) [2].
1.1.2 Current Diagnostic tools in breast cancer and prostate cancer

As with many cancers, progress in early breast cancer detection has been inadequate
[5] and methods for determining diagnosis and prognosis of breast cancer are still limited
to invasive procedures, such as tissue biopsies for histological examination [6, 7]. Existing
diagnostic tools for breast cancer, although important and necessary, have many
limitations. For example, although mammography is currently considered the more reliable

option for earliest diagnosis within certain age groups, associated problems have arisen due
9



to varied interpretation of results among radiologists and inconsistent rates of false-positive
results [8]. For breast cancer, ER, PR and HER2 expressions are among a very limited
number of diagnostic biomarkers that have been established as relevant for routine
assessment [9]. Although these receptors have many merits as biomarkers, by their
selective nature they arguably cannot be considered as adequate and ideal candidate
biomarkers for all breast cancer patients. In terms of their use as biomarkers predictive of
response to treatment, for instance, some patients with HER2-positive tumours do not
respond to trastuzumab [10]. Possible suggestions for this include the intratumoural
heterogeneity in the amplification of HER2 gene, expression of truncated forms of HER2
as well as activation of downstream signalling pathways [10]. On the contrary, reports of
some patients described as having HER2-negative (no amplification nor overexpression)
tumours indicate that this subset of patients may also benefit to this HER2-targeted

monoclonal antibody [11].

The current strategy for diagnosis of prostate cancer involves measuring PSA levels,
histopathological assessment of prostate biopsies (Gleason Grade) and digital rectal
examination (DRE). PSA is generally found at low levels in the blood of adult males.
Increased release of PSA into circulation has been associated with the onset of prostate
cancer and, thus, its detection in serum has become a universal tool in screening for the
disease; particularly in combination with DRE [12]. Despite this finding, the use of PSA as
a prostate cancer biomarker has faced much controversy in recent years as elevated PSA
levels have also been associated with benign prostatic hyperplasia and prostatic
inflammation and/or infection. The major limitations of this biomarker, therefore, are that
it cannot reliably distinguish between benign and malignant disease, or between low or
high grade prostate cancers [13]. So the fact that PSA may be a prostate-specific rather
than a cancer-specific biomarker has given rise to questions of its efficacy as an accurate
tumour biomarker. Consequently the current limitations of PSA as a definitive biomarker
for prostate cancer implies that a more consistent panel of biomarkers with potential of
indicating invasive prostate cancer; disease progression; and predicting response to therapy

is urgently needed.
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1.2 Current and emerging treatments for breast and prostate

cancer

1.2.1 Targeted therapy in breast cancer

While ER and PR status are important prognostic factors for breast cancer, the recent
focus of research has broadened to include other tumour-specific targets such as HER2
[14]. The predominant emphasis of this thesis is on one of the subtypes of breast cancer,
HER2-overpressing breast cancer. HER2-overexpression occurs in approximately 25% of
breast cancer and is associated with poor prognosis [15, 16]. Investigations into the
pathways involved in HER2-overexpression have led to the development of targeted
therapeutics such as trastuzumab. Trastuzumab, is a recombinant humanised monoclonal
antibody (mAb) targeting HER2 [17]. While trastuzumab has had success in some patients
whose tumour overexpresses HER2, other patients fail to respond and develop resistance
which inevitably leads to metastasis. In an effort to identify additional therapies for
patients for whom trastuzumab is un-successful, receptor tyrosine kinase inhibitors
(RTKIs) such as lapatinib have been developed. Lapatinib concurrently inhibits the
epidermal growth factor receptor (EGFR, also known as ErBb1) and HER2 receptor which
has been shown to block the activation of mitogen activated protein kinase (MAPK) and
phosphatidylinositol 3-kinase (PI3K) signaling pathways, resulting in growth arrest and/or
apoptosis in cell lines and xenograft models [18, 19]. Like trastuzumab, the use of lapatinib
is complicated with the challenge of the development of drug-resistance [20-22]. Thus the
quest to develop strategies that may overcome or avoid the emergence of this associated

resistance is still ongoing.

Several new treatments for HER2-overexpressing breast cancer are currently in the
pipeline, some of which are demonstrating promising results in phase II and III clinical
trials. Pertuzumab (Genetech, Inc.), for example, is a humanized monoclonal antibody that
prevents ligand induced heterodimerisation of HER2 and human epidermal growth factor
receptor 3 (HER3) by its binding to the dimerisation domain II of HER2 [23]. Phase II
clinical trials of pertuzumab with or without trastuzumab or docetaxel or both (Neosphere
trial) demonstrated that the pertuzumab plus both trastuzumab and docetaxel patient group
had a significantly improved pathological complete response rate compared to the other

groups and that pertuzumab plus trastuzumab without docetaxel also eliminated tumours in
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some patients [24]. Other Phase II (TRYPHAENA) and III (CLEOPATRA) trials have
indicated successful results with the use of pertuzumab in combination with trastuzumab or
other chemotherapy and the phase III (Aphinity) is currently underway [25]. More recently
developed HER-targeting drugs include neratinib (Pfizer/Puma), an irreversible small
molecule RTKI of EGFR/HER1, HER2 and epidermal growth factor receptor 4 (HER4)
[26]. In advanced HER2-overexpressing breast cancers, including trastuzumab-refractory
and trastuzumab-naive patients, single-agent neratinib demonstrated some clinical benefits

in both cohorts [27]. Phase II and III clinical trials of neratinib in combination with

trastuzumab and/or classical chemotherapy are underway (www.clinicaltrials.gov Trial
identifiers: NCT01008150; NCT01808573). Afatinib (Boehringer Ingelheim), another
irreversible oral small molecule RTKI of EGFR/HER1, HER2 and HER4 has shown
single-agent activity in a Phase II trial including trastuzumab-refractory HER2-positive
metastatic breast cancers [28]. A phase II trial of afatinib (with vinorelbine versus

venorelbine/trastuzumab) in HER2-positive metastatic breast cancer after trastuzumab

progression is currently recruiting (www.clinicaltrials.gov Trial identifier: NCT01531764).

While the targeting of one or several HER family members with or without classical
chemotherapy has demonstrated some success in the treatment of HER2-overexpressing
breast cancer, another approach that has emerged in recent years is the use of antibody-
drug conjugates (ADC). An ADC works by having the specificity of a monoclonal-
antibody and the potency of a cytotoxic agent [29]. Trastuzumab emtansine (TDM-1) is an
ADC that joins trastuzumab with the cytotoxic agent maytansinoid DM1 and is currently at
late-stage trials for the use in HER2-overexpressing metastatic breast cancer [30]. While
phase III trial (EMILIA) has provided strong evidence for the use of TDM-1 in a second
line setting [31], other trials, including phase III (MARIANNE), are investigating it’s use

as a first- line treatment [25].
1.2.2 Treatment strategies for advanced Prostate Cancer

The nature of prostate cancer varies from aggressive to indolent; depending on the
point of diagnosis it can be classified into several stages. In the case of localised prostate
cancer, there are many treatments options available including radical prostatectomy,
radiation therapy and cryotherapy [32]. Androgen-ablation is currently the treatment of

choice for patients with advanced metastatic disease [33].
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Unfortunately, many patients become resistant to hormonal manipulation and
invariably develop a highly-aggressive androgen-independent disease, hormone-refractory
prostate cancer (HRPC) [34, 35]. The term HRPC has also more recently been used
interchangeably with the term castration-resistant prostate cancer (CRPC). CRPC refers to
prostate cancer that has progressed despite castrate serum levels of testosterone [36] and is
associated with significant morbidity and mortality [37]. The Prostate Cancer Working
Group 2 (PCWG 2) have advised the preferred use of the term CRPC, rather than HRPC,
for those patients who have progressed following castration as some of these patients may

yet respond to second- and third-line hormonal therapies [38].

Docetaxel, which is currently the gold standard treatment for patients with CRPC, is
a member of the taxane class of drugs and is a semi-synthetic analogue of the originally
discovered paclitaxel. Docetaxel acts by inhibiting microtubule activity which is required
for cells to undergo mitosis and other cellular functions [39]. When docetaxel binds tubulin
o and B dimers it promotes their binding into stable tubules. This action consequently
inhibits the disassembly of the microtubules, thus preventing mitotic activity and cell
growth [39]. In addition to microtubule stabilisation and blocking of its dynamic events,

docetaxel also inactivates the anti-apoptotic protein, B-cell lymphoma 2 (BCL-2) [40].

While docetaxel offers some improvement in overall survival of patients with CRPC
in comparison to other anti-cancer agents, unfortunately relapse is almost inevitable which
leaves patients with an extremely poor prognosis. Several other treatment options have
demonstrated some clinical benefit for patients with disease progression following
docetaxel treatment. Carbazitaxel is a second generation taxane that has been FDA
approved for the use in metastatic CRPC patients who have failed docetaxel treatment [41].
A current Phase III trial (FIRSTANA), directly comparing carbazitaxel versus docetaxel as

first line treatment is currently on going [42].

Abiraterone acetate (Janssen Biotech, Inc.) is the first FDA approved potent and
tolerable androgen biosynthesis inhibitor which demonstrated a 4-month improvement in
survival of docetaxel-resistant metastatic prostate cancer patients [43]. Aberaterone works
by selectively and irreversibly inhibiting 17 a-hydroxylase/C17,20 lyase (CYP17A1), an
enzyme responsible for the catalysing the conversion of 17-hydroxypregnenolone to the

main androgen precursor dehydroepiandrosterone (DHEA) [44]. Recent reports have
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indicated the benefit of aberaterone in a pre-chemotherapy setting for patients with
metastatic CRPC [45]. Enzalutamide (Medivation, Inc., and Astellas, Inc.) is a second
generation androgen receptor (AR) inhibitor that has also recently been approved for the
use in patients with metastatic CRPC following docetaxel chemotherapy [46].
Enzalutamide acts by competitively inhibiting the binding of androgens to ARs in addition
to preventing nuclear translocation of the ARs and their interaction with DNA [46]. A
recent study however has suggested that resistance to this treatment is possible following

chronic exposure of prostate cancer cells to enzalutamide [47].

1.3 Chemoresistance — A common problem encountered in the

treatment of both breast and prostate cancer

While the treatment of HER2-overexpressing breast cancer as (discussed in Section
1.2.1) and advanced prostate cancer (Section 1.2.2) varies from targeted therapies such as
trastuzumab and lapatinib to the use of cytotoxic drugs such as docetaxel, one of the key
challenges that limits the success of these drugs is the innate or inevitable emergence of
drug-resistance that occurs in many breast and prostate cancer patients. One of the main
aims of the research presented in this thesis was to elucidate novel mechanisms of drug-
resistance in breast cancer (Chapters 2 & 3) and prostate cancer (Chapters 4 & 5). Some
proposed mechanisms and contributing factors reported to be associated with drug-
resistance and aggressive disease in breast and prostate cancer are outlined in Sections

1.3.1-1.3.4.
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1.3.1 Receptor tyrosine kinases

Receptor Tyrosine Kinases (RTKs) have been implicated in regulating many
cellular functions, including differentiation, cell cycle, proliferation, cell motility, and cell
death/survival. These cellular processes are instigated by the vital role of RTKs in signal
transduction and subsequent effect on gene transcription in the nucleus [48]. An example
of some of the important downstream signalling cascades activated by RTKs include the
Ras-extracellular regulated kinase (ERK)-MAPK pathway, the PI3K-AKT (protein kinase
B) pathway, and the Janus kinase/signal-transducer and activator of transcription protein
(JAK/STAT) pathway are outlined in Figure 1.1. RTKs are sub-divided into 20 different
families based on their specific structural features and homologous domains [49, 50]. One
of the most widely documented and well characterised sub-family, the EGFR family, has
been exploited by pharmaceutical companies as a therapeutic target for some current and
emerging anti-cancer therapies. For example, trastuzumab, lapatinib, neratinib, afatinib,
pertuzumab and TDM-1 as mentioned in Section 1.2.1 are currently used or being
evaluated in the treatment of HER2-overexpressing breast cancer [23, 27, 28, 30, 51].
Recent evidence suggests that the deregulated expression of RTKs may be casually
involved in the emergence of resistance to classical chemotherapy [52, 53]. Many RTK
subfamily members have been implicated in regulating drug-resistance. These include
insulin-like growth factor receptor 1 (IGF1R), whose aberrant expression has been
associated with regulating response or resistance to classical chemotherapy [54-58]. EGFR
[54], HER2 [59], fibroblast growth factor receptor (FGFR) [60, 61] met proto-oncogene
(cMET) [62] are among many other RTKs whose deregulated expression can alter drug
sensitivity/resistance. In Chapters 2 and 3 the relevance of some RTKs, including IGF1R,
HER2 and EGFR, is discussed in relation to conferred resistance to HER-targeted therapies
through mechanisms involving miR-630 (Chapter 2) and Neuromedin U (NmU) (Chapter
3).
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Figure 1.1: Some examples of RTK signalling pathways.

Adapted from Archer e al. [63]. Upon ligand binding with the RTK, the cytoplasmic RTK residues become
phosophorylated (P) and activate downstream signalling pathways ultimately altering proliferation, cell
survival, migration, efc. RTK: receptor tyrosine kinase; JAK: janus kinase; STAT: signal-transducer and
activator of transcription protein; GRB2: growth factor receptor bound 2; SOS: son-of-sevenless; RAS: rat
sarcoma viral oncogene; RAF: raf kinase, effector of Ras; MEK: MAPK-kinase; ERK: mitogen-activated

protein kinase 1; PI3K: phosphatidylinositol 3-kinase; ATK: protein kinase B.
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1.3.2 Heat Shock proteins

Heath shock proteins (HSP) are molecular chaperones that are implicated in aiding
the correct folding of proteins in normal conditions and inducing cell response to stressful
conditions [64]. As molecular chaperones, it is thought that the role of HSPs may protect
cells from a variety of stressful conditions by partnering to other molecules ultimately
aiding in assembly and folding of proteins as well as intracellular localisation, secretion,
regulation and degradation of other proteins, failure of which may instigate many diseased
states [64]. There are five major famies of HSPs: HSPA (Hsp70), HSPB (e.g. HSP27),
HSPC (Hsp90), HSPD (Hsp60) and HSPH (eg. HSP110) [65]. In recent years several
studies have indicated the altered expression of HSPs in drug-resistance. In studies not
detailed in this thesis, we have demonstrated the altered expression of HSP70 and HSP90a
can occur in multiple docetaxel-resistant cell lines [66]. HSP70 has also previously been
associated with resistance to cisplatin and several other anti-cancer agents [67, 68]. Due to
the important role that HSPs may play in drug-resistance, several inhibitors have been
developed for use in combination with current drug treatments. Increased expression of
HSP90 has frequently been associated with cancer and its poor prognosis, along with
playing a protective role in cancer cells against the cytotoxic effects of anti-cancer drugs
[69]. For this reason targeting HSP90 with specific inhibitors offers an attractive treatment
option [70]. Another HSP that has been implicated with drug-resistance is HSP27. Through
binding to HER2, HSP27 has been associated with increasing HER2 stability and
consequently reducing cellular sensitivity to trastuzumab [71]. Elevated expression of
HSP27 has also been implicated with increased cancer cell aggression in several cancer
types [72-74]. In Chapter 3 the proposed mechanism of resistance to HER-targeted
therapies and increased cancer cell aggression through regulation of NmU and its partner
protein HSP27 is evaluated. A schematic diagram of the mechanism heat shock protein

regulation is indicated in Figure 1.2.
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Figure 1.2: Heat shock protein signalling in the regulation of proliferation and apoptosis.
Adapted from Xi et al, [75]. HSF1: heat shock transcription factor 1; Cyt. C: Cytochrome C.

1.3.3 Drug efflux pumps

The therapeutic failure of taxanes in prostate cancer and targeted therapies for breast
cancer may, at least in part, be attributed to multidrug-resistance (MDR) mechanisms
protecting cancer cells against chemotherapeutic drugs. MDR is frequently attributed with
the overexpression of one or several transporter proteins, located on the cell membrane,
that act as drug efflux pumps [6, 76]. P-glycoprotein (MDR-1/P-gp), the gene product of
multidrug-resistance protein 1 (MDR-1 (also known as ABCBI1)) and multidrug-
resistance-associated protein 1 (MRP-1 (also known as ABCC1)) are two members of the
ATP-binding cassette (ABC) transporter family that have been broadly studied for their
association with the efflux of some commonly used chemotherapeutic drugs. Several
studies have demonstrated the association of MRP-1 with prostate cancer progression and
subsequent chemoresistance to drugs such as doxorubicin and paclitaxel [77-80]. However,
in general, taxanes are considered to be poor substrates of MRP-1 [6]. Reported expression

of MDR-1/P-gp expression in prostate cancer has been somewhat varied [77, 81-83].
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Although the mechanism of docetaxel-resistance in prostate cancer has yet to be fully
elucidated, MDR-1/P-gp has been reported to convey docetaxel-resistance in both
pancreatic cancer [84] and breast cancer [85]. In Chapter 4, the expression of MDR-1/P-gp
induced in two out of three of our docetaxel-resistant cell lines is demonstrated. This
indicates that, while this drug efflux pump may contribute to docetaxel-resistance,
progression of prostate cancer to an advanced metastatic and chemoresistant stage may
also rely on other different parameters. An example mechanism of how drug efflux pumps

work is indicated in Figure 1.3.
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“ ‘ Anti-cancer Drug  SPACE

ATP ADP+Pi

CYTOPLASM

Figure 1.3: Drug efflux via ABC-transporters
(eg. Multidrug-resistance protein (MDR-1/P-gp). The energy required for ABC-transporters to efflux drugs is
based on the conversion of ATP (Adenosine Triphosphate) to ADP (Adenosine Diphostate). Pi: Phosphate

group.
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1.3.4 Deregulation of apoptosis

Apoptosis is a form of programmed cell that maintains homeostasis within a cell.
Irregular (reduced) apoptosis is often associated with the occurrence and progression of
cancer as well as resistance to treatment [86]. Apoptosis may occur by the intrinsic or
extrinsic pathways. The intrinsic pathway can be induced through the deregulation of
mitochondrial functions, whereas the extrinsic pathway is associated with ligand binding of
membrane-linked death receptors [87]. There are several key ligands that can activate
death receptor systems to modulate the extrinsic apoptosis pathway including tumour
necrosis factor (TNF), Fas cell surface death receptor (FAS) ligand and tumour necrosis
factor (ligand) superfamily, member 10 (TRAIL). The intrinsic apoptotic pathway has
several molecules that control its cascade of events. Caspases are a family of cysteine

proteases that play a central role in the intrinsic apoptosis pathway [88].

Previous studies have indicated the regulation of chemoresistance by caspase 3 in
breast cancer [89]. Reduced levels of caspase 3 were associated with resistance to
doxorubicin and re-constituting caspase 3 expression in cells could enhance sensitivity
[89]. Another group of key contributors in the intrinsic pathway is the BCL-2 family [86].
The BCL-2 family comprise of several pro-apoptotic proteins including BCL2-associated
X protein (BAX), BCL2-antagonist/killer 1 (BAK), BCL2-related ovarian killer (BOK),
BCL2-associated agonist of cell death (BAD), BH3 interacting domain death agonist
(BID), BCL2-interacting killer (apoptosis-inducing) (BIK), BCL2-like 11 (apoptosis
facilitator) (BIM), among others. Anti-apoptotic protein members of this family include B-
cell CLL/lymphoma 2 (BCL-2), BCL2-like 1 (BCL-X;), and myeloid cell leukemia
sequence 1 (BCL2-related) (Mcl-1) [86]. In studies not detailed in this thesis, we have
demonstrated the altered expression of some BCL-2 family members with docetaxel-
resistance in PC3 prostate cancer cells including BCL-X;, BID and BAX [90]. In Chapter
5, BCL-2 is reported as elevated with docetaxel-resistance in 22Rv1 cells and is apparently
directly targeted by miR-34a. Altered BCL-2 expression has been associated with drug-
resistance in several other cancer types [91-93]. An illustration of intrinisic and extrinsic

apoptosis pathways is indicated in Figure 1.4.
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Figure 1.4: Example of molecular pathways initiating programmed cell death (Apoptosis).

Adapted from Vila and Przedborski [94]. FAS-L: Fas cell surface death receptor ligand; BID: BH3
interacting domain death agonist; tBID: truncated form of BID; BAX: BCL2-associated X protein; BAK:
BCL2-antagonist/killer 1; BCL-2: B-Cell Lymphoma 2; BCL-XL: BCL-2-like 1; Cyt. C: cytochrome C;
APAF1: apoptotic peptidase activating factor 1.
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1.4 miRNAs —biogenesis and functional relevance

It has been reported that the miRNA profiling of several different tissues is far
superior to mRNA characterisation with regards to their informative nature allowing for
better prediction and more accurate classification of poorly-differentiated tumours of
uncertain origin [95, 96]. In this thesis the relevance of miRNAs in relation to breast
cancer (Chapter 2) and prostate cancer (Chapter 4) is reported. The mechanisms of how
miRNAs are formed and what functional implications they hold that may ultimately lead to

the regulation of diseases including cancer are discussed in Sections 1.4.1 and 1.4.2.
1.4.1 Biogenesis of miRNAs

Mature miRNAs are small (approximately 18-25 nucleotides long) non-protein
coding RNAs. The first step in miRNA generation begins in the nucleus with a long
primary miRNA, produced after miRNA gene transcription by RNA polymerase II (POL
1) [97, 98] or, less commonly, by RNA polymerase III (POL III) [99]. The initial step
involved in the processing of this primary miRNA (pri-miRNA) is mediated by the
microprocessor complex. This complex is comprised of the double-stranded RNA-specific
ribonuclease III-type endonuclease, Drosha, with its cofactor DGCRS, a double-stranded
RNA-binding protein responsible for recognising the hairpin loop of the pri-miRNA and
ensuring correct cleavage by Drosha. This step results in a hairpin-shaped precursor
miRNA (pre-miRNA) of approximately 70 nucleotides in length [100-102]. This pre-
miRNA is then transported across the nuclear envelope to the cytoplasm by the nuclear
transport protein, termed exportin 5, where it is further modified by a second RNase
enzyme, termed Dicer, which acts in conjunction with a double-stranded RNA-binding
protein, TAR (HIV-1) RNA binding protein 2 pseudogene (TRBP/TARBP2P). In
mammalian cells, TRBP recruits argonaute RISC catalytic component 2 protein
(Ago2/EIF2C2); together Dicer, TRBP, and Ago2 form the RNA-induced silencing
complex. Cleavage of the pre-miRNA by Dicer produces a mature miRNA/miRNA
nucleotide duplex approximately 22 nucleotides in length, one strand of which will become
the mature miRNA [101]. A schematic diagram of miRNA biogenesis is shown in Figure
1.5. The Ago2-bound mature miRNA is subsequently assembled into effector complexes
termed miRNA-containing ribonucleoprotein particles. Within the silencing complex,

miRNAs pair to the messages of protein-coding genes, usually through imperfect base
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pairing within the 3'-UTR. The “seed” region (nucleotides 2—7) at the 5' end of the miRNA
is often sufficient for its specificity and functionality. The effect of a miRNA is generally
negative regulation of gene expression, by acting post-transcriptionally. However,
miRNAs have also been implicated in regulating mRNA stability (including degradation,

by accelerating decapping and deadenylation) and compartmentalisation.
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Figure 1.5: The generation of miRNAs

1.4.2 Mechansims of miRNA action

As previously detailed [98], several proposed models exist for the mechanism of
translational repression, including miRNAs repressing translation at both pre-initiation and
post-initiation stages. However, it still remains to be deciphered which of these model
mechanisms are cause and consequence of translational repression. miRNAs that affect
initiation steps are possibly involved in m’G cap recognition, because only cap-dependent
translation is effected by miRNA action. Argonaute proteins contain structural similarities
to cap-binding protein, eukaryotic translation initiation factor 4E (eIF4E), and so it has
been suggested that translational repression may occur owing to competition between
argonaute proteins and elF4E for binding to the cap structure. Argonaute proteins are also
thought to recruit eukaryotic translation initiation factor 6 (eIF6), which binds to the large

ribosomal subunit, preventing binding of the small subunit, thus inhibiting mRNA
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translation. Post-initiation mechanisms of repression that affect both cap-dependent and
cap-independent translation also exist. Polysome profile experiments indicate that, under
conditions of translational repression, target mRNAs are fully loaded with ribosomes, a
number of which are engaged in active translation, suggesting that translation initiation and
elongation phases are not compromised. Two possible hypotheses have been proposed to
explain these findings. The ribosome “drop-off” theory suggests that ribosomes engaged in
translation of miRNA-associated mRNAs are prone to terminate translation prematurely.
Alternatively, association of active ribosomes with repressed mRNAs may also be
explained by the ability of the miRNA complex to recruit proteolytic enzymes to degrade
the nascent polypeptide as it emerges from the ribosome. Conflicting evidence exists on
the role of proteolytic enzymes in miRNA function, because targeting of reporter proteins
and the use of proteinase inhibitors have generally shown no effect on translational

repression.

Induction of mRNA decay is another mechanism by which miRNAs apply their
actions. Argonaute proteins, miRNAs, and their repressed target mRNAs have been shown
to accumulate in cytoplasmic foci called P-bodies, i.e. cytoplasmic processing bodies in
mammalian cells. P-bodies are sites of translational repression and mRNA decay, are rich
in factors associated with these processes, and are lacking in ribosomes or any other factors
associated with translation initiation. It has been proposed that P-body proteins may
participate in the formation of a repressive complex on the target mRNA that could
eventually lead to mRNA aggregation into P-bodies. Within P-bodies, miRNA/mRNA-
bound Ago protein recruits trinucleotide repeat containing 6A (GW182) protein, which
subsequently recruits deadenylase enzyme CCR4:NOT1, which is followed by mRNA
decapping by DCP1:DCP2 enzyme. Repressed mRNAs are then degraded by 5’ to 3’
exonuclease activity of XRN1 (5'-exoribonuclease 1). In addition to facilitating mRNA
degradation, P-bodies may function as temporary storage sites for repressed mRNAs. Once

protein synthesis has been stimulated, repressed mRNAs may re-enter translation.

The relevance of miRNAs rests on their involvement in, and subsequent effects on,
many diverse biological functions. Since the discovery of miRNAs over 20 years ago
[103], it has been estimated that miRNAs regulate more than 60% of all human protein-
coding genes [104]. miRNAs have been implicated in the control of a wide range of

essential biological activities, including cellular proliferation [105], differentiation [106],
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and apoptosis [107]. Importantly, the association of miRNAs with cancer (see Section 1.5)
has prompted additional functional classification of these short RNAs and their potential

relevance in cancer diagnosis, prognosis prediction, and treatment.

1.5 The role of miRNAs in breast and prostate cancer

Since the initial association of miRNAs with carcinogenesis, demonstrated in B-cell
chronic lymphocytic leukaemia [108], these short non-coding RNAs have been shown to
have widespread aberrant expression in cancer biology with miRNA profiles identified for
several cancers including breast cancer [109], prostate cancer [110], lung cancer [111, 112]
and colon carcinoma [113]. miRNAs have been demonstrated to have both oncogeneic and
tumour suppressive roles in cancer. Sections 1.5.1-1.5.3 outline some examples of

miRNAs and their indicated roles in breast and prostate cancer
1.5.1 miRNAs as oncomirs or tumour sSuppressors

Oncogene miRNAs, now commonly termed oncomirs, may act by hindering the
expression of tumour-suppressor genes and/or genes responsible for apoptosis and
differentiation [114, 115]. Investigations to identify functional oncogenic role(s) for
miRNAs have, for the most part, involved their individual manipulation in cell-line models
and subsequent assessment of associated phenotypic changes. microRNA-21 (miR-21) is
one of the most widely documented miRNAs in cancer with indications of an oncogenic
role in carcinogenesis [116]. Table 1.1 summarizes some examples of miRNAs that have

apparent oncogenic activity in breast cancer and prostate cancer.

In contrast to oncomirs, if the expression of a miRNA is lowered in cancer cells
compared to normal cells, it is regarded as a tumour suppressor miRNA (oncosuppressor
miRNA). Such miRNAs are associated with tumour suppressive activity, because they
operate by negatively regulating (inhibiting) genes that promote tumourigenesis
(oncogenes) and control cellular differentiation and/or apoptosis [114]. Accordingly, the
dysfunction of an oncosuppressor miRNA may ultimately lead to the development of
malignant cells [117]. Table 1.2 summarises some examples of such miRNAs, which

support their role as tumour suppressors in breast and prostate cancer.
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miRNA Models used Models used
miR-21 MCEF-7 cells RWPE-1 cells
MCF-7, MDA-MB-231
cells; tissue specimens; DU145 cells;
Xenograft mouse tissue
model specimens
- MCF7 cells; Xenograft | DU145 & PC3
mouse model = cells
MCF7 cells
BCAP-37, MCF-7,
MDA-MB-231, MDA- |
MD-435 cells; Tissue
specimens
miR-27a MDA-MB-231 cells LnCap cells
SKBR3 cells
MCEF-7 cells | LnCap cells
miR- MDA-MB-231, BT-20, | PC3, LnCap
221/222 MDA-MB-468 cells; || cells
Xenograft mouse
model
B LnCap, PC3
~ cells;Xenograft
MCEF-7 cells mouse model

Table 1.1: Examples of oncomirs in breast and prostate cancer.

PDCD4: Programmed cell death 4; BTG2: B-Cell translocation gene 2; ANKRD46: ankyrin repeat domain
46; RECK: Reversion-inducing cysteine-rich protein with Kazal motifs; BCL-2: B-Cell Lymphoma 2;
MARCKS: Myristoylated Alanine-Rich Protein Kinase C Substrate; TPM1: tropomyosin 1, TIMP3: tissue
inhibitor of metalloproteinase 3; ZBTB10: Zinc Finger And BTB Domain-Containing Protein 10; PHB:
Prohibitin; FOXO1: Forkhead Box Protein O1; AR: Andorgen receptor; p27**': Cyclin-Dependent Kinase
Inhibitor 1B; ERa: Estrogen receptor-alpha

26



Targets in

Targets in Prostate
miRNA  Breast cancer Models used cancer Models used
N-RAS, MCF-7, MDA-MD-231 Vcap, LnCap,
VEGF-A cells; tissue specimens; ERG DU145 cells; tissue
miR-145 [136] xenograft mouse model [137] specimens
GDI133,
CD44, Oct4,
TP53, ERa MCF-7, MCF-10A, c-Myc, Kif4
[138] MDA-MB-231 cells [139] PC3 cells
RTKN ---
[140] MCEF-7 cells [141] Tissue specimens
HER3 BCL-2
miR-205 [142] SKBR3, MCF-7 cells [143] PC3, LnCap cells
VEGF-A MCF-7, MDA-MB-231 MED1 LnCap, PrEC cells,
[144] cells; tissue specimens [144] tissue specimens
Ki-67, p53 MCEF-7 cells; ANDp63 RPWE-1 cells,
[145] Blood specimens, [146] tissue specimens
E2F1, MDA-MB-231, BT-459
LAMCI1 cells; tissue specimens; BEEENES PC3  cells; tissue
[147] xenograft mouse models [148] specimems
MnSOD,
GPX2,
AlIB1 TrxR2
miR-17 [149] MCEF-7 cells [150] PC3 cells
P69, M2182,
M2055, M12, F6
BRCA-1 VIM cells; xenograft
[151] MCEF-7 cells [152] mouse models
PCAF RWPE-1, LnCap
[153] cells

Table 1.2: Examples of tumour suppressor miRNAs in breast and prostate cancer.

N-RAS: neuroblastoma RAS viral (v-ras) oncogene homolog;VEGF-A: Vascular endothelial growth factor
A; ERG: the v-ets avian erythroblastosis virus €26 oncogene homolog; TP53: tumour protein p53; ERa:
Estrogen receptor-alpha; CD133: prominin 1; CD44: CD44 molecule (Indian blood group); Oct4: POU class
5 homeobox 1; c-Myc: v-myc avian myelocytomatosis viral oncogene homolog; KIF4: Kruppel-like factor 4
(gut); RTKN: Rhotekin; HER3: Human epidermal growth factor receptor 3; BCL-2: B-cell lymphoma 2;
VEGF-A: Vascular endothelial growth factor A; MED1: Mediator 1; Ki-67: antigen identified by monoclonal
antibody Ki 67; p53: tumour protein p53; ANp63: Potein 63 transcript lacking transactivating (TA) domain;
E2F1: E2F transcription factor 1; LAMCI1: aminin, gamma 1 (formerly LAMB?2); IL24: e interleukin (IL)
tumour suppressor genes 24; IL32: e interleukin (IL) tumour suppressor genes 32; AIB1: amplified
in breast cancer 1; MnSOD: manganese superoxide dismutase; GPX2: glutathione peroxidase-2; TrxR2:

thioredoxin reductase-2; BRCA-1: breast cancer 1, early onset; VIM: Vimentin; PCAF: p300/CBP-associated

factor
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1.5.2 miRNAs implicated in cancer invasion and metastasis

Current management strategies for breast and prostate cancer are focused on early-
stage detection, tumour resection, and neo-adjuvant or adjuvant treatment with or without
hormone ablation, radiation, chemotherapy, and/or new targeted agents (generally a
combination of these approaches). Despite advancements in the treatment of these
diseases, both breast and prostate cancer still remain leading causes of cancer death.
Metastasis is the primary reason for high cancer death rates. Hence, to successfully curtail
this disease, there is an urgent need to define therapeutic agents that could effectively
target cancer before it metastasises. As outlined in Section 1.5.1, recent research studies
have established the presence of aberrant expression of miRNAs with the potential of
either promoting or suppressing tumourigenesis in breast cancer compared to normal breast
tissue. The possibility that miRNAs specifically contribute to metastasis has recently been
explored. Table 1.3 below outlines several miRNAs that have been described as potentially

promoting (“metastamirs”) or suppressing metastasis for both breast and prostate cancer.
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Role in breast Role in
Targets in Cancer Targets in prostate cancer
miRNA Breast cancer metastasis Prostate cancer metastasis
Promoter Promoter
miR-373 CD44 [154] CD44 [154, 155]
Promoter Promoter
miR-520c¢ CD44 [154] CD44 [154, 155]
VIM, a-SMA,
E-Cadherin, N-
Cadherin,
ANKRDA46, BTG2, HIF-1a,
RHOB, HER2, Promoter VEGF-1, AKT, Promoter
miR-21 PDCD4 [121, 156-158] ERK, MARCKS [118, 120, 124]
E2F3, CD44,
SIRT1, Fra-1, Suppressor CD44, AR, Suppressor
miR-34a BCL-2 [159-161] Notch-1 [162, 163]
Suppressor Suppressor
miR-101 STMNI1, EZH2 [164, 165] EZH2, RKIP [165, 166]
E2F1, E2F2,
Suppressor EXO1, FOXM1, Suppressor
miR-31 BIM [167] MCM2 [168, 169]
BRMSI1, Suppressor EGFR, MMP2, Suppressor
miR-146/146a CXCR4 170515711 ROCK1 [lf72513])
Suppressor Suppressor
miR-126/126* SDF-1a [174] Egﬂ7 [175]

Table 1.3: Examples of metastasis-promoting or -suppressive miRNAs in breast and prostate cancer.

CD44: CD44 molecule (Indian blood group); VIM: Vimentin; a-SMA: alpha smooth muscle Actin ;
ANKRDA46: ankyrin repeat domain 46; RHOB: ras homolog family member B; HER2: Human epidermal
growth factor receptor 2; PDCD4: Programmed cell death 4; BTG2: B-Cell translocation gene 2; HIF-1a:
hypoxia inducible factor 1 -alpha subunit; VEGF-1: Vascular endothelial growth factor A ; AKT: protein
kinase B; ERK: mitogen-activated protein kinase 1; MARCKS: Myristoylated Alanine-Rich Protein Kinase
C Substrate; EGF3: E2F transcription factor 3; SIRT1: sirtuin 1; Fra-1: Fos-related antigen 1; BCL-2: B-Cell
Lymphoma 2; AR: Androgen Receptor; Notch-1: Notch gene homolog 1; STMNI: Stathminl; EZH2:
Enhancer of zeste homolog 2; RKIP: Raf kinase inhibitory protein; BIM: BH3 interacting domain death
agonist; E2F1: E2F transcription factor 1; E2F2: E2F transcription factor 2; EXO1: exonuclease 1; FOXM1:
forkhead box MI1; MCM2: minichromosome maintenance complex component 2; BRMSI1: Breast
cancer metastasis suppressor 1; CXCR4: chemokine (C-X-C motif) receptor 4; EGFR: Epidermeral growth
factor receptor; MMP2: matrix metallopeptidase 2 ; ROCK 1: Rho-associated, coiled-coil containing protein

kinase 1; SDF-1a: stromal cell-derived factor-1 alpha; Egfl7: EGF-like domain 7.
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1.5.3 miRNAs implicated in resistance to anti-cancer treatments

Research to date has predominantly focused on the role of miRNAs in the
emergence of cancer, acting as oncomirs or tumour suppressors. This later evolved to
focusing on the role of miRNAs in regulating cancer progression and metastasis. Recent
studies however have indicated that miRNAs may also play a significant part in regulating
resistance to anti-cancer therapies, the findings of which are growing exponentially. In
Chapters 2, the role of miR-630 regulating cell response to HER-targeted therapies in
breast cancer is demonstrated. Furthermore, Chapter 5 indicates the potential relevance of
miR-34a in regulating docetaxel-resistance in prostate cancer. The role of several other

miRNAs in regulating anti-cancer treatments for both breast and prostate cancer are

outlined in Table 4 below.

Treatments for Treatments for Role in
miRNA breast cancer Role in resistance prostate cancer resistance
cisplatin;
doxorubicin;
paclitaxel;
trastuzumab;
doxorubicin; Promoter castration; Promotor
miR-21 radiation [176-181] docetaxel [182, 183]
docetaxel; Promoter
doxorubicin; 3,6- [184]
dihydroxyflavone Suppressor camptothecin; Suppressor
miR-34a (3,6-DHF) [185, 186] paclitaxel [187, 188]
paclitaxel;
cisplatin;
doxorubicin;
epirubicin;
radiation; Suppressor
tamoxifen; [194]
fulvestrant; Suppressor Promoter
miR-200c¢ 5-fluorouracil [189-193] docetaxel [195]
Suppressor Suppressor
miR-205 gefitinib; lapatinib [142] docetaxel; cisplatin [194-196]
radiation; Suppressor Suppressor
miR-31 doxorubicin [197] docetaxel [196]
Varied treatments -
Promoter based on PSA Promoter
miR-210 Trastuzumab [198] response [199]

Table 1.4: Examples of miRNAs regulating resistance to anti-cancer treatments for breast and prostate

cancer
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1.6 Extracellular biomarkers for cancer

The pursuit of minimally-invasive biomarkers is a challenging, but exciting, area of
research. Clearly, such markers would need to be sensitive and specific enough to aid in
the detection of cancer at an early stage, would monitor progression of the disease, and
could predict the individual patient's response to treatment. Existing diagnostic tools for
breast and prostate cancer, although important and necessary, have many limitations. For
example, although mammography is currently considered the more reliable option for
earliest diagnosis within certain age groups, associated problems have arisen due to varied
interpretation of results among radiologists and inconsistent rates of false-positive result
[8].

For breast cancer, ER, PR, and HER2 expression are among a very limited number of
biomarkers that have been established as relevant for routine assessment [9]. Although
these receptors have many merits as biomarkers, they are not as adequate and ideal
candidate biomarkers for all breast cancer patients. For example, some patients with
HER2-positive tumours do not respond to trastuzumab [10]. Even some of the diagnostic
tools for prostate cancer used in the clinic, while considered the best options at present,
they too have limitations. For example, while clinically useful, the main disadvantage of
the digital rectal examination is the invasive and uncomfortable procedure associated with
it. As indicated earlier in Section 1.1.2, the use of PSA, despite its initial advancement in

prostate cancer diagnostics, also has limitations.

In addition to PSA for prostate cancer, several other circulating tumour protein
biomarkers frequently used clinically, such as carcinoembryonic antigen and carbohydrate
antigen 15-3, both of which have been noted to have low pre-operative diagnostic
sensitivity, thus indicating their limited use for detecting early-stage breast cancer [200].
Over the past decade, certain mRNAs have been reported as circulating in serum/plasma
from cancer patients [201, 202]. In fact, the feasibility of using whole-genome microarrays
and subsequent qPCR as a means of identifying panels of extracellular mRNAs with
potential as diagnostic and prognostic breast tumour biomarkers was initially demonstrated

in our laboratory [201].
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1.6.1 Circulating miRNAs in Cancer

Reports on the existence of circulating miRNAs associated with cancer have,
emerged only within the past few years [203-206]. The stability of miRNAs, demonstrated
to be well preserved in formalin-fixed paraffin-embedded tissue [207] prompted
researchers to investigate whether such miRNAs exist in blood and other bodily fluids. In
2008, in the first report of miRNAs in serum, increased levels of tumour-associated
miRNAs were identified in patients with diffuse large—B-cell lymphoma [208]. In our pilot
global studies, in addition to circulating mRNAs [201], we observed that circulating
miRNAs (including miR-141 and miR-195) were present at significantly higher levels (p<
0.001) in serum from patients recently diagnosed with breast cancer compared with age-
and sex-matched healthy volunteers (unpublished data). Since then, our group have
identified a panel of miRNAs as potential biomarkers for lung cancer [206]. Several other
very interesting studies have revealed associations between circulating miRNAs and the
presence of cancers, including pancreatic [209], colorectal [210, 211], and breast cancer
[212, 213]. In Chapter 2, the relevance of miR-630 in relation to breast cancer and
associated resistance to HER-targeted therapies is demonstrated. In addition to this the
altered expression in cells was reflected in medium conditioned by these cells indicating

the potential of miR-630 as a circulating biomarker.

The concept of miRNAs existing in the systemic circulation extends beyond that of
free miRNAs in plasma and serum, because miRNAs (as well as mRNAs and proteins)
have been shown to exist in circulating extracellular vesicles [214, 215]. For example,
exosomes (described further in section 1.6.2) , which are nano-sized extracellular vesicles,
contain miRNAs and have been associated with cancers, including those of the lung [216],
ovary [217] and breast [218] as well as glioblastoma [219]. Research of circulating
miRNAs is evolving rapidly, however evidence from the studies outlined above indicates a
positive correlation between these potentially non-invasive biomarkers and cancer
diagnosis. Whether these miRNAs exist freely in the systemic circulation or are
predominantly transported via tumour-secreted microvesicles remains somewhat unclear,
given that evidence supporting both possibilities has been documented. Table 1.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>