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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 minimally- 

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 IGFIR. 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-l/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 ion 57(1), 18-32
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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.
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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 o f 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 o f 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 o f 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 o f 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 o f PSA as a definitive biomarker 

for prostate cancer implies that a more consistent panel o f 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 ErBbl) 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 o f 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 o f 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 tiunours 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/HERl, 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.^ov Trial 

identifiers: NCTO1008150; NCTO1808573). Afatinib (Boehringer Ingelheim), another 

irreversible oral small molecule RTKI of EGFR/HERl, 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.uov Trial identifier: NCTO 1531764).

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 fo r  advanced Prostate Cancer

The nature o f 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 fiinctions [39]. When docetaxel binds tubulin 

a and p 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 (FIRST AN A), 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/C 17,20 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 o f 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 (IGFIR), 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 IGFIR, 

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 et 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, etc. 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 stressfiil 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. HSP 110) [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 NmlJ 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 o f proliferation and apoptosis.

Adapted from Xi et al, [75]. HSFl: heat shock transcription factor 1; Cyt. C; Cytochrome C.

1.3.3 Drug efflux pumps

The therapeutic failure o f 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-l/P-gp), the gene product of 

multidrug-resistance protein 1 (MDR-1 (also known as ABCBl)) and multidrug- 

resistance-associated protein 1 (MRP-1 (also known as ABCCl)) 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-l/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-l/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-l/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.

EXTRACELLULAR
Anti-cancer Drug SPACE

ABC-Transporter 
eg. MDR-l/P-gp P

_
•

V •

---------O O
^  o

ADP+Pi

CYTOPLASM

*
«

f ^
ATP

Figure 1.3: Drug efflux via ABC-transporters

(eg. Multidrug-resistance protein (M DR-l/P-gp). The energy required for ABC-transporters to efflux drugs is 

based on the conversion o f ATP (Adenosine Triphosphate) to ADP (Adenosine Diphostate). Pi: Phosphate 

group.
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1.3.4 Deregulation o f  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 fiuictions, 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-Xl), and myeloid cell leukemia 

sequence 1 (BCL2-related) (M cl-l) [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-Xl, BID and BAX [90]. In Chapter 

5, BCL-2 is reported as elevated with docetaxel-resistance in 22Rvl 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; 

APAFl: apoptotic peptidase activating factor 1.
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1.4 miRNAs -biogenesis and functional relevance

It has been reported that the miRNA profiUng 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 o f  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 

II) [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 Ill-type endonuclease, Drosha, with its cofactor DGCR8, 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.

^ ^ - - ^ A P O L  ll/lll ^

NUCLEUS
Pri-miRNA

D rosha

CYTOPLASM
Pre-mlRNA

Exportin-5

M a tu re
miRNADicer

Figure 1.5: The generation o f miRNAs 

1.4.2 Mechansims o f  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 eIF4E 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 o f 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 rtiRNA 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:NOTl, which is followed by mRNA 

decapping by DCP1:DCP2 enzyme. Repressed mRNAs are then degraded by 5' to 3' 

exonuclease activity of XRNl (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 suppressors

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

Targets in 
Breast 
cancer Models used

Targets in 
Prostate 
cancer Models used

miR-21
PDCD4 

[118, 1191 MCF-7 cells
BTG2
[120] RWPE-1 cells

ANKRD46
[121]

MCF-7, MDA-MB-231 
cells; tissue specimens; 

Xenograft mouse 
model

RECK
,.........[.1.221....

DU 145 cells; 
tissue 

specimens

BCL-2
..........[.1231......

MCF7 cells; Xenograft 
mouse model

MARCKS
[124]

DU145 & PC3 
cells

TPMl
..........L1251...... MCF7 cells

TIMP3
[126]

BCAP-37, MCF-7, 
MDA-MB-231, MDA- 
MD-435 cells; Tissue 

specimens

miR-27a
ZBTBIO

[127] MDA-MB-231 cells
PHB
[128] LnCap cells

ZBTBIO
........1129J....... SKBR3 cells

FOXOl
[130] MCF-7 cells

AR
[131] LnCap cells

miR-
221/222 p2?Kipl

_____ im .......

MDA-MB-231, BT-20, 
MDA-MB-468 cells; 

Xenograft mouse 
model

p27Kipi

[133]

PC3, LnCap 
cells

ERa
[134] MCF-7 cells

p27Kipi
[135]

LnCap, PC3 
cells;Xenograft 
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; TPMl: tropomyosin 1, TIMP3: tissue 

inhibitor o f metalloproteinase 3; ZBTBIO: Zinc Finger And BTB Domain-Containing Protein 10; PHB: 

Prohibitin; FOXOl: Forkhead Box Protein O l; AR: Andorgen receptor; p27^''’': Cyclin-Dependent Kinase 

Inhibitor IB; ERa: Estrogen receptor-alpha
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miRNA
Targets in 

Breast cancer Models used

Targets in 
Prostate 
cancer Models used

miR-145

N-RAS,
VEGF-A

[136]

MCF-7, MDA-MD-231 
cells; tissue specimens; 
xenograft mouse model

ERG
[137]

Vcap, LnCap, 
DU 145 cells; tissue 

specimens

TP53, ERa 
[138]

MCF-7, MCF-lOA, 
MDA-MB-231 cells

CD133, 
CD44, Oct4, 
c-Myc,Klf4 

[139] PC3 cells
RTKN
[140] MCF-7 cells [141] Tissue specimens

miR-205
HER3
[142] SKBR3, MCF-7 cells

BCL-2
[143] PC3, LnCap cells

VEGF-A
[144]

MCF-7, MDA-MB-231 
cells; tissue specimens

MEDl
[144]

LnCap, PrEC cells, 
tissue specimens

Ki-67, p53 
[145]

MCF-7 cells; 
Blood specimens.

ANp63
[146]

RPWE-1 cells, 
tissue specimens

E2F1,
LAMCl

[147]

MDA-MB-231, BT-459 
cells; tissue specimens; 
xenograft mouse models

IL24, IL32 
[148]

PC3 cells; tissue 
specimems

miR-17
AlBl
[149] MCF-7 cells

MnSOD,
GPX2,
TrxR2

[150] PC3 cells

BRCA-1
[151] MCF-7 cells

VIM
[152]

P69, M2182, 
M2055, M12, F6 
cells; xenograft 
mouse models

PCAF
[153]

RWPE-1, LnCap 
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 e26 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; KLF4: 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; M E D l: 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; LAMCl: aminin, gamma 1 (formerly LAMB2); IL24: e interleukin (IL) 

tumour suppressor genes 24; IL32: e interleukin (IL) tumour suppressor genes 32; AIBl: 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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miRNA
Targets in 

Breast cancer

Role in breast 
Cancer 

metastasis
Targets in 

Prostate cancer

Role in 
prostate cancer 

metastasis

miR-373 CD44
Promoter

[1541 CD44
Promoter 
[154, 1551

miR-520c CD44
Promoter

[1541 CD44
Promoter 
[154, 1551

miR-21

VIM, a-SMA, 
E-Cadherin, N- 

Cadherin, 
ANKRD46, 

RHOB, HER2, 
PDCD4

Promoter 
[121, 156-1581

BTG2, HIF-la, 
VEGF-1, AKT, 
ERK, MARCKS

Promoter 
[118, 120, 1241

miR-34a

E2F3, CD44, 
SIRTl, Fra-1, 

BCL-2
Suppressor
[159-1611

CD44, AR, 
Notch-1

Suppressor 
[162, 1631

miR-101 STMNl, EZH2
Suppressor 
[164, 1651 EZH2, RKIP

Suppressor 
[165, 1661

miR-31 BIM
Suppressor

[1671

E2F1,E2F2, 
EXOl, FOXM l, 

MCM2
Suppressor 
[168, 1691

miR-146/146a
BRMSl,
CXCR4

Suppressor 
[170, 1711

EGFR, MMP2, 
ROCKl

Suppressor 
[172, 1731

miR-126/126* SDF-la
Suppressor

[1741 E§fl7
Suppressor

[1751

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 ; 

ANKRD46: 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-la: 

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; SIRTl: sirtuin 1; Fra-1: Fos-related antigen 1; BCL-2: B-Cell 

Lymphoma 2; AR: Androgen Receptor; Notch-1: Notch gene homolog I; STMNl: 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; EXOl: exonuclease 1; FOXMl: 

forkhead box M l; MCM2: minichromosome maintenance complex component 2; BRMSl: 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-la: 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.

miRNA
Treatments for 
breast cancer Role in resistance

Treatments for 
prostate cancer

Role in 
resistance

miR-21

cisplatin;
doxorubicin;

paclitaxel;
trastuzumab;
doxorubicin;

radiation
Promoter
[176-1811

castration;
docetaxel

Promotor 
[182, 183]

miR-34a

docetaxel; 
doxorubicin; 3,6- 
dihydroxyflavone 

(3,6-DHF)

Promoter 
[184] 

Suppressor 
[185, 186]

camptothecin;
paclitaxel

Suppressor 
[187, 188]

mlR-200c

paclitaxel;
cisplatin;

doxorubicin;
epirubicin;
radiation;

tamoxifen;
fiilvestrant;

5-fluorouracil
Suppressor
[189-193] docetaxel

Suppressor
[194] 

Promoter
[195]

mlR-205 gefitinib; lapatinib
Suppressor

[142] docetaxel; cisplatin
Suppressor
[194-196]

miR-31
radiation;

doxorubicin
Suppressor

[197] docetaxel
Suppressor

[196]

miR-210 Trastuzumab
Promoter

[198]

Varied treatments - 
based on PSA 

response
Promoter

[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 o f 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 fi-om 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 1.5 outlines 

some examples of miRNAs identitied with potential as circulating biomarkers for breast 

and prostate cancer.
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miRNA
Breast Conditions Sample 
Cancer assessed type

Prostate Conditions 
Cancer assessed

Sample
type

miR-21

68 BCa 
Increased Vs 

[220] 40 HC Serum

Serum

51 PCa 
(various stages) 

Increased Vs 
[221J 20 HC Plasma

Plasma
Increased 102 BCa (various 

[222] s t^ e s )  Vs 20 HC

50 PCa
Increased (various stages) 

[223] Vs 6 BPH
100 BCa 

Increased Vs 
[2241 20 HC Serum

miR-210

61 CTC(+) mBCa 
Vs 72 CTC(-) 

Increased mBCa 
[225] Vs 76 HC Plasma

Increased 25 PCa Vs 25 
[199] Healty Controls 

CM from cells 
(LnCap, VCap) in 

Normoxic Vs 
Increased Hypoxic 

[199] conditions 
Increased No PSA response 

[199] Vs PSA response

Serum

Conditioned
media

Serum

18HER2+ BCa- 
CPR to

Increased trastuzumab Vs 11 
[198] residual disease 

Increased 27 BCa 
ri981 Vs 2 8 H C

Plasma

Plasma

miR-141

61 CTC(+) mBCa 
Vs 72 CTC(-) 

Increased mBCa 
£225J Vs 76 HC Plasma

Increased 25 mPCa Vs 
[225J 25 HC Serum

Increased 25 mPCa Vs 
[225J[ 25 HC Serum

78 PCa
Increased (various grades) 

[226] Vs 28 HC 
Increased 16 mPCa Vs 55 

[226] primary disease 
47 mPCa Vs 72 

Increased non-recurrant 
[226] PCa

Plasma
(EVs)

Plasma
(Evs)

Serum
(Evs)

miR-181a

152 BCa 
Decreased Vs 

[227] 75 HC Serum

78 PCa (various 
Decreased grades) 

[226] Vs 28 HC 
Decreased 16 mPCa Vs 55 

[226] primary disease

Plasma
(EVs)

Plasma
(EVs)

Table 1.5: Examples miRNAs identified as potential circulating biomarkers

HC: healthy controls; BCa: Breast Cancer; mBCa: metastatic breast cancer; CPR: Complete pathologic response; PCa: 

prostate cancer; mPCa: metastatic prostate cancer; BPH: Benign prostatic hyperplasia; PSA: prostate specific antigen; 

EVs: Extracellular vesicles; CTC (+): positive for circulating tumour cells; CTC(-) negative for circulating tumour cells.
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1.7 Exosomes and their relevance to cancer

The identification of circulating tumour biomarkers in a wide range of cancers 

(including breast and prostate cancer) has undoubtedly shown great promise for their 

application in a clinical setting. However, the profiling of new biomarkers in bodily fluids 

still remains a huge challenge in cancer research and is faced with several limitations 

including large sample variation and the fact that -97% of body fluids comprises high- 

abundance proteins [228]. Studies in recent years have indicated that biomarkers in the 

extracellular environment may be encapsulated in extracellular vesicles (EVs). Exosomes 

are one type of extracellular vesicles that have been described as approximately 40-100nm 

diameter membrane bound vesicles of endocytic origin that are secreted by many cell types 

into the extracellular space [229]. Intracellular formation of exosomes occurs through the 

inward budding of endosomal membranes (endocytosis) [230] which results in vesicle- 

containing endosomes known as multivesicular bodies (MVBs). The term exosomes is 

derived when the MVBs fuse with the cell membrane and release their internal vesicles 

into the extracellular environment (exocytosis) [231] (See Figure 1.6).

Extracellular space

M embrane
proteins

^  Endocytosis

Exosomes

Early V 
endosom e CxocytosK

Cytoplasm

Figure 1.6: Schematic representation of exosome formation and secretion
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Depending on their cell of origin, these small vesicles have been implicated with 

several different roles some of which suggest their association with diseased states such as 

cancer. Intercellular communication is one such role, through the ability of exosomes to 

promote signal transduction [232] and the transfer of membrane receptors, proteins, 

mRNA, and miRNAs [214] from one cell to another. Exosomes are also implicated in the 

delivery of toxic agents such as chemotherapeutic drugs into cells [233]. Tumour-derived 

exosomes have been found to promote cellular proliferation, as previously demonstrated in 

human U87 glioma cells [219] as well as tumour growth in mouse models of mammary 

carcinoma [234], A correlation of exosomes production with invasiveness of various 

cancer cell lines (8701-BC, MCF-7, MDA-MB-231 and HT-1080) in vitro has also been 

observed [235]. Furthermore, exosomes derived from malignant mesothelioma cells have 

been associated with the suppression of immune response to IL-2 [236], We have recently 

reported on the ability o f exosomes to transfer phenotypic effects representative of their 

cells of origin to secondary cells, in both triple negative breast cancer [218] and prostate 

cancer (described further in Chapter 4) [237]. Some example studies, assessing the 

influences on phenotypic characteristics by exosomes when applied to secondary cells, as 

assessed by our group and others are outlined in Table 1.6. The mechanisms by which 

exosomes can elicit these phenotypic effects may be due to the transfer of proteins and 

RNAs between cells. We and others have reported on the content of exosomes [214, 219, 

237, 238] and in Chapter 5 global miRNA profiling of cells and their corresponding 

exosomes in prostate cancer is examined.
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Source of exosomes

Effect on 
secondary 

cells Secondary cells used

Phenotypic
change

assessed

Hs578T Vs Hs578Ti8 cells
Promote

[21_8]

HS578T, SKBR3, HCC1954, 
MDA-MB-231, and Endothelial 

cells

Proliferation,
Invasion,

Migration,
Anoikis,

Ansiogenesis

TNBC Vs HC serum
Promote

[218] SKBR3 Invasion

22Rvl Vs 22RvlRD cells
Promote

[237] DU145,22Rvl,LnCap
Docetaxel-
resistance

DU 145 Vs DU145RD 
cells

Promote
[237] DU 145, 22Rvl,LnCap

Docetaxel-
resistance

DU 145 Vs DU145RD 
cells

No affect 
[237] DU 145, 22Rvl

Motility & 
invasion

Pea Vs HC serum
Promote

[237] DU145, 22Rvl
Invasion & 

proliferation
Pre-tx Vs Post-tx PCa 

serum
Promote

[237] DU145, 22Rvl
Docetaxel-
resistance

Fetal Bovine Serum
Promote

[239]
MDA-MB-231, MCF-lOA, 

MDA-MB-435

Anchorage
independent

growth
NIH3T3neu Vs NIH3T3 

WT cells
Promote

[240] SKBR3
Trastuzumab- i 

resistance

SKBR3 cells
Promote

[240] SKBR3
Trastuzumab-

resistance
exosomes expressing FasL 
from activated CD8(+) T 

cells from OT-I mice
No affect 

[241] B16, 3LL cells
Proliferation & 

apoptoisis
exosomes expressing FasL 
from activated CD8(+) T 

cells from OT-I mice
Promote

[241] B16, 3LL cells Invasion

SUM 149 cells
Promote

[242] Breast cancer cells: SUM 149 Migation

A172 cells
Promote

[242] Glioma Cells: A 172 Migration
MDCK cells 

overexpressing 
amphiregulin

Promote
[243]

Lung metastatic cells from breast 
cancer (MDA-MB-231 cells): 

LM2-4175 Migration
Human mesenchymal stem 

cells
Promote

[243] Breast cancer cells: MCF7 Migration

Table 1.6: Examples of studies assessing the effects of exosomes when applied to secondary cells.
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1.8 Potential use of miRNAs as therapeutic agents or as 

therapeutic targets for treatment of cancer

The growing list of reports indicating the significance of miRNAs in diagnosis and 

prognosis of breast and prostate cancer has led to the advancement of research to explore 

the potential relevance of miRNAs as therapeutics. An attractive attribute of miRNAs is 

their ability to target gene networks at multiple levels [244]. This finding, together with the 

observations that miRNAs can either promote or suppress tumourigenesis and metastasis, 

and have been found to be associated with tumour subtype and with response to systemic 

therapy, has stimulated efforts to modulate miRNA expression to reduce tumour 

development and metastasis, improve response to treatment, and prevent resistance to 

therapy.

Several methods exist that may be used to adjust miRNA expression, depending on 

whether the objective is to inhibit the expression of oncogenic miRNA(s) or to increase the 

expression of tumour-suppressive miRNA(s). Antisense oligonucleotides or their 

chemically tailored analogs (known as locked nucleic acids) may be used to inactivate an 

oncogenic miRNA; targeting the precursors of mature miRNAs can also inhibit production 

[245]. Such modalities may be considered as part of a treatment regime that also includes 

other small molecule/monoclonal antibody-targeted agents or chemotherapy. Alternatively, 

to increase the expression of a tumour suppressing miRNA (as a miRNA replacement- 

therapy), viral or liposomal delivery methods are showing promise in achieving miRNA 

introduction [as reviewed in [246]]. However, alternate approaches such as repetitive 

administration of miRNAs and exploitation of antibody-mediated endocytosis are also 

being considered as optimal routes for the delivery of small RNA therapeutics.

Although the therapeutic delivery of any new molecular type involves challenges in 

getting acceptance to move from preclinical to clinical investigation, miRNAs have the 

advantage that much of the fimdamental work in this field is already at an advanced stage 

with regard to the delivery of antisense and siRNA therapeutics. Major clinical advances 

are currently underway in the ribonucleic-acid-based arena. For example, a phase Ilb trial 

with an siRNA molecule termed ALN-RSVOl (Alnylam) for the treatment of respiratory 

syncytial virus infections has just been completed indicating it to be well tolerated and
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associated with decreased incidence of new and progressive Bronchiohtis Obhterans 

Syndrome ('w\\A\'.clinicahrials.gov, Trial Identifier: NCT01617967). In relation to cancer, 

a number of other RNA molecules are currently in phase I /II clinical trials, e.g., FANG 

currently in Phase II (Gadalis, Inc.) for the treatment of ovarian cancer 

(ww"w.clinicaltrials.aov. Trial Identifier; NCT01309230); SPC2996 (Santaris Pharm.) 

completed Phase I/II for the treatment of relapsed Chronic Lymphocytic Leukaemi 

(wvt^'.clinicaltri als.gov. Trial Identifier: NCT00285103); ALN-VSP02 (Alnylam)

completed Phase I for the treatment o f patients with advanced solid tumours with liver 

involvement ('www.clinicaltrials.gov. Trial Identifier: NCT00882180).

Several of the studies outlined in Tables 1.1-1.4 have indicated the potential for 

altering expression of many other miRNAs as a means to identify their function and/or 

their potential therapeutic relevance. The inhibition of miR-21 expression in MCF-7 breast 

cancer cells is a prime example of how antisense oligonucleotides may be used to 

manipulate the expression of an oncogenic miRNA [123]. miR-21 expression, known to be 

increased in breast cancer, has also been implicated in the modulation of the tumour 

suppressor, PTEN (phosphatase and tensin) [247], as well as a number of other targets 

indicated in Tables 1.1 and 1.3. miR-21 therefore may be another attractive therapeutic 

target, because PTEN has been reported to be a regulator of sensitivity to trastuzumab 

[248]. This concept is further supported because suppression of miR-21 has been shown to 

sensitize breast cancer cells to several anti-cancer treatments as shown in Table 1.4. The 

fact that miR-21 holds relevance in other cancers, as well as to breast cancer, also indicates 

its potential as a therapeutic target with vast application. However, miR-21 is not the only 

miRNA whose manipulation may be of benefit in sensitizing cancer cells to anti-cancer 

therapy. For example, miR-205 introduction into such cells increases response to Gefitinib 

and Lapatinib in breast cancer. Furthermore, miR-205 can sensitise prostate cancer cells to 

docetaxela and cisplatin treatment. Collectively, these observations support the possibility 

that modulating (singly or multiply) miRNA expression—^through administration of, for 

example, premirs (also known as miRNA mimics) or antimirs (also known as miRNA 

inhibitors)— may be of clinical benefit when combined with chemotherapy or more 

targeted therapies.

Of course, development of the optimal delivery solutions for miRNA therapeutics 

as anti-cancer agents has its own challenges (e.g., identifying cancer cell-specific antigens
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against which to target antibodies for steering deUvery), and this remains an important 

component in reahsing such a therapeutic approach. miRNAs have the advantage that 

siRNA delivery has at least paved the way for the acceptance of the therapeutic use of 

small RNA molecules. Undoubtedly the relevance and potential of RNA-based 

therapeutics has been realised by pharmaceutical and biotechnology companies with 

several miRNA-based therapeutics entering clinical trials for the potential treatment of 

diseases. For example, miR-122 antagonist, miravirsen (Santaris Pharma) has just 

completed phase II clinical trials for hepatitis C with no adverse effects indicated 

(www'.clinicaltrials.aov. Trial Identifier: NCTO 1200420). MiRNA Therapeutics, Inc. have 

recently entered phase I clinical trials with their miR-34 mimic (MRX034) for the 

treatment of patients with primary liver cancer or those with liver metastasis from other 

cancers ('www.clinicaltrials.aov. Trial Identifier: NCT01829971).

These are but a few examples of how the exploitation of miRNA expression may be 

applicable to the future treatment of cancer. Although research in this area looks 

promising, the transition from bench to bedside still faces several obstacles. Depsite 

growing progress to date, the functional validation of cancer-associated miRNAs is still at 

a relatively early stage. The identification of further clinically relevant miRNAs will 

undoubtedly be important. To fully comprehend the significance of these short RNAs, it is 

imperative that all human miRNAs, in addition to those currently known, are identified and 

characterised in full. Standardisation of techniques involved in miRNA analysis and 

comprehensive collaborative studies (such as those proposed in Figure 1.7), with due 

consideration given to technical issues (e.g., type and number of miRNAs to be examined, 

experimental conditions, test sensitivity, specificity) are necessary if  miRNAs are to reach 

their full potential in the clinical setting [97].
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Tissue (Tresh/frozen; KFPE)

■ Tum or
■ Normal

Serum /plasm a, saliva, urine IVimarv cells/cell line^
/  \ and conditioned medium

• M icrovesicles/exosomes ■ Tum or

■ Freely circulating? • Normal

RNA extraction 

(ilohal screening of all hum an miKNAs
XI

'^qPCK (validation)
'^In  situ hybridization (localization)

I &

Pre-mlRs 
into relevant cells

Anti-miRs 
into relevant cells

Bioinformatics— miRNA/correspondin){ tar)>et(s) identification

Validate direct effects on tar}{et(s) 
and associated phenotypic effects on cells

XL
In vivo studies

Figure 1.7: Example work plan for intracellular and extracellular miRNA analysis and the validation 

of miRNAs as biomarkers and/or potential new therapeutic targets.

Figure taken from Corcoran et al. [249].

40



1.9 Project aims

The primary aim of this study was to identify intracellular and extracelluar biomarkers 

predictive of response to anti-cancer therapies in HER2-overexpressing breast cancer and 

castration-resistant prostate cancer; some of which may also have relevance as new 

therapeutic targets.

• In relation to breast cancer, the initial aim of this study was to assess the presence and 

expression of miRNAs in the cells and conditioned media from the HER2- 

overexpressing breast cancer cell line SKBR3 and its trastuzumab (SKBR3-TR) and 

lapatinib (SKBR3-LR) resistant variants. Following global miRNA profiling and 

validation of key leads, the most interesting miRNA (miR-630) was then assessed in 

other lapatinib-resistant cells (HCC1954-LR), established in our laboratory, as well as 

neratinib-resistant variants (SKBR3-NR and HCC1954-NR).

>  Having identified miR-630 as a potential biomarker predictive of response to 

HER-targeted therapies, this study then aimed to perform functional analysis 

on miR-630 to confirm its role in HER2-overexpressing breast cancer.

>  Furthermore, this study aimed to identify the mechanism of action, as well as 

the clinical relevance, of miR-630.

>  One of the predicted mRNA targets of miR-630, Neuromedin U (NmlJ) was 

previously identified in our group as a potential regulator o f resistance to 

HER-targeted therapies. Therefore, in collaboration with Dr. Sweta Rani 

(Post-Doctoral Research Fellow), the aim of this study was also to further 

explore the relevance of NmU in HER2-overexpressing breast cancer.
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• In relation to prostate cancer, in order to assess docetaxel-resistance in castration- 

resistant prostate cancer and to identify biomarkers predictive of response to this 

treatment, an objective of this work was to develop docetaxel-resistant variants of two 

prostate cancer cell lines, DU 145 and 22Rvl; to subsequently characterise these cells 

for cross-resistance (multiple drug-resistance) with other anti-cancer drugs; and to 

assess phenotypic characteristics of the cells. Docetaxel-resistant PC3 cells (a gift 

from Prof. William Watson- University College Dublin) were also included in this 

study.

>  This study also aimed to explore possible mechanisms of docetaxel-resistance;

> To assess the secretion of and phenotypic effects of exosomes derived from the 

docetaxel-resistant cell line variants, on secondary cells.

>  To complete this body of work the final aim of this study was to perform 

intracellular and extracellular miRNA profiling of these docetaxel-resistant and 

sensitive prostate cancer cell lines and to identify key miRNAs relevant to 

docetaxel-resistance.

> Where serum specimens were available or publically available datasets existed, 

this study also aimed to assess clinical relevance of exosomes and selected 

miRNAs in prostate cancer.
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CHAPTER 2

Intracellular and extracellular miRNAs predictive of response 

to HER-targeted agents in the treatment of HER2- 

overexpressing breast cancer -A  role for miR-630.

Parts of this chapter are included in the following paper submitted and currently under peer 

review:

miR-630 targets IGFIR to regulate response to HER-targeting drugs and overall cancer 

cell progression in HER2-overexpressing breast cancer

Claire Corcoran, Sweta Rani, Susan Breslin, Irene M. Ghobrial, John Crown, Lorraine 

O’Driscoll
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2 A b s t r a c t

Introduction: Primary or acquired-resistance limits the success of treatments for 

HER2-overexpressing breast cancer. microRNAs (miRNAs) have potential as diagnostic, 

prognostic and predictive biomarkers for such drugs, as well as replacement therapies.

Methods: Through global miRNA profiling, we investigated the levels of intra- and 

extracellular miRNAs in cells and conditioned media from breast cancer cell lines with 

acquired-resistance to HER-targeting drugs, trastuzumab and lapatinib, compared to their 

corresponding drug sensitive cell lines. We further assessed the relevance of one of these 

miRNAs, miR-630, in cells with acquired neratinib (Phase III drug)-resistance, and cells 

with innate-resistance to HER-targeting agents. To support the role of miR-630 in breast 

cancer, we examined the clinical relevance of this miRNA in breast cancer tumours versus 

matched peritumours. Transfection of miR-630 mimics and inhibitors was used to 

manipulate the expression of miR-630 to assess effects on response to HER-targeting drugs 

(lapatinib, neratinib and afatinib). Other phenotypic changes associated with cellular 

aggressiveness were evaluated by motility, invasion and anoikis assays. TargetScan 

prediction software and immunoblotting were used to assess proteins potentially regulated 

by miR-630, to understand its mechanism of action. Cells with stable miR-630 

overexpression or knockdown were established, using lentiviral transduction; potentially 

for future potential in vivo studies.

Results: We demonstrated that introducing miR-630 into cells with innate- or 

acquired-resistance to HER-drugs significantly restored the efficacy of lapatinib, neratinib 

and afatinib; through a mechanism which we have determined to, at least partly, involve 

miR-630’s regulation of IGFIR. Conversely, we demonstrated that blocking miR-630 

induced resistance/insensitivity to these drugs. Cellular motility, invasion, and anoikis 

were also observed as significantly altered by miR-630 manipulation, whereby introducing 

miR-630 into cells reduced cellular aggression while inhibition of miR-630 induced a more 

aggressive cellular phenotype. Stable knockdown of miR-630 may elicit partial drug- 

resistance, increased proliferation and invasion.

Conclusion: Taken together, our findings suggest miR-630 as a regulator of cancer 

cell progression in HER2-overexpressing breast cancer, through targeting IGFIR. This
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study suggests miR-630 as a diagnostic and predictive biomarker for response to HER- 

targeted drugs and indicates that the therapeutic addition of miR-630 may enhance and 

improve patients’ response to HER-targeting drugs.
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2.1 INTRODUCTION

Approximately a quarter of all breast cancers are associated with the HER2- 

overexpression [15]. Amplification of the HER2 gene has been associated with more 

aggressive disease and, prior to the development of HER-targeted therapies, had an overall 

poor prognosis [250]. Since the initial development of trastuzumab (Herceptin); the use of 

lapatinib (Tykerb) a small-molecule receptor tyrosine kinase inhibitor (RTKI) that dually 

targets human epidermal growth factor receptor 2 (HER2) and epidermal growth factor 

receptor (EGFR/HERl)) have vastly improved clinical benefit in recent years [19, 251]. 

Unfortunately, evidence of innate- or acquired-resistance to these drugs [20, 21, 252, 253] 

indicates that, despite their initial success in the treatment of HER2-overexpressing 

cancers, their use in the clinic is becoming somewhat compromised. Newer HER-targeting 

drugs including neratinib (HK1-272) and afatinib (BIBW 2992), both of which are 

irreversible oral small molecule RTKIs of target HER2, EGFR/HERl and HER4, are 

producing promising results in clinical trials [27, 28]. Unfortunately, it is probable that 

these drugs will eventually be faced with similar problems due to resistance as that of their 

predecessors.

There is an urgent need to identify predictive biomarkers for HER-targeting drugs in 

order to improve patients’ stratification and, subsequently, patients’ outcome. microRNAs 

(miRNAs) are small (approximately 18-25 nucleotides long) non-protein coding RNAs 

that have been associated with regulating gene expression, typically at a post-translational 

level [249]. In general, miRNAs are considered as negative regulators of gene expression. 

For example, miRNAs acting as tumour suppressors are responsible for controlling the 

levels of genes promoting tumourigenesis and are often decreased in cancerous compared 

to normal cells [114].

In this study, global miRNA analysis was initially performed on acquired 

trastuzumab- and lapatinib-resistant SKBR3 cell lines compared to drug-sensitive age- 

matched parent cells in an effort to identify miRNAs that may regulate acquired drug- 

resistance. We also aimed to investigate the miRNA expression profiles in the extracellular 

environment (by evaluating the conditioned media) of the cells themselves as a means of 

identifying cell-derived miRNAs that may be used as potential minimally-invasive 

biomarkers. Advancing on the global profiling and associated data analysis, miR-630 was
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identified as significantly decreased with drug-resistance and so chosen for further study. 

miR-630 has previously been reported to regulate cisplatin-induced cell death in both non­

small cell lung cancer and head and neck cancer [254, 255]. In a separate study, inhibition 

of miR-630 in lung cancer cells was found to be associated with an increase in cellular 

migration and invasion [256]. Furthermore, the overexpression of miR-630 has recently 

been implicated in degradation of Insulin Growth Factor Receptor 1 (IGFIR) mRNA and 

protein levels and subsequent enhanced apoptosis in pancreatic cancer cells [257]. The 

relevance of further studying this target was confirmed by our finding that miR-630 was 

significantly decreased in breast cancer tissue compared to matched peritumour tissue. 

Subsequent studies were performed to investigate if manipulation of miR-630 can 

influence cellular response to HER-targeted agents, lapatinib, neratinib and afatinib and the 

mechanism behind miR-630’s action. In addition, miR-630’s effect on motility, invasion 

and anoikis assays was also assessed. Here we also report on preliminary findings 

performed on stable cell lines that may be used for fiiture in vivo related studies.
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2.2 METHODS
2.2.1 Cell Culture and Treatments

SKBR3, HCC1954, BT474, EFM-192A, MDA-MB-361, HCC1569, UACC812 and 

UACC893 cells, obtained from ATCC, were cultured in RPMI-1640 (Sigma-Aldrich, Cat 

#: R0883) with 10% FCS (PAA Cat. #: A15-151) and 1% L-glutamine (Sigma-Aldrich, 

Cat. #: G7513). MDA-MB-453, a gift from Dr. Komelia Polyak (Dana Farber Cancer 

Institute) were cultured in McCoys 5A (Sigma-Aldrich, Cat. #: M8403) with 10% FCS and 

1% L-glutamine. HEK293T cells were a gift from Dr. Irene Ghobrial (Dana Farber Cancer 

Institute) cultured in DMEM (Sigma-Aldrich, Cat. #: D5671), 10% FCS and 1% L- 

glutamine. All cells were grown in at 37°C/5% CO2 with the exception of UACC812 and 

UACC893 cells which were grown in CO2 deficient conditions. UACC812 and UACC893 

cells were cultured in LI5 media (Invitrogen, Cat. #: 1145049) with 10% FCS and 1% L- 

glutamine. Lapatinib-resistant SKBR3 and HCC1954 cells (SKBR3-LR and HCC1954-LR, 

respectively- developed by Dr. Sweta Rani, Post-Doctoral Research Fellow) were 

established by continuously exposing cells to lapatinib, starting with 5nM and increased 

stepwise to 250nM over 6 months. Similarly, neratinib-resistant cells (SKBR3-NR, 

HCC1954-NR developed by Susan Breslin) were established by continuously exposing 

cells to neratinib, increasing stepwise to 80nM (for SKBR3-NR) and 250nM (for 

HCC1954-NR) for over 4 months. SKBR3 trastuzumab-resistant variants (SKBR3-TR) 

were established through exposure to trastuzumab over a period of 6 months and were 

kindly provided by Dr. Norma O’Donovan (Molecular Therapeutics for Cancer Ireland, 

Dublin City University). For each drug-resistant cell line established, age-matched parent 

cells (SKBR3-Ag, HCC1954-Ag) were maintained in culture, in parallel, but were not 

exposed to drug. Working banks of all cell line variants were cryopreserved (freezing 

media at a final concentration o f 5% Dimetyl Sulfoxide (DMSO, Sigma-Aldrich, Cat. #: 

D2650)) and stored in liquid nitrogen. All experiments on acquired-resistant cells and 

corresponding aged controls were performed within 10 passages in culture and were 

performed on cells that receieved no drug for a minimum of one week. Passage numbers 

used were approximately the following: SKBR3-LR/-Ag (p95-105); HCC1954-LR/-Ag 

(p74-84); SKBR3-NR/-Ag (p99-109); HCC1954-NR/-Ag (p70-80); SKBR3-TR/Ag- (p85- 

95). Cells were routinely tested for Mycoplasma contamination using the PCR 

Mycoplasma Test Kit 1/RT Variant B (Promocell, Cat. #: PK-CA91-3025B) and were
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found to be negative. Lapatinib (Cat. #: SRP012101), neratinib (Cat. #: SRP06000n) and 

afatinib (Cat. #: SRP037103a) were obtained from Sequoia Research Chemicals Ltd. 

(Pangboume UK). Lapatinib, neratinib and afatinib were prepared in DMSO to a 

concentration of lOmM and stored in aliquots at -20°C. Working stocks of 10|j,M were 

prepared fresh every week as necessary and for each biological replicate of toxicity assays. 

Trastuzumab was provided by St. James’s University Hospital, Dublin; prepared at 

21 mg/ml in Bacteriostatic Water for Injection and stored at 4°C. Working stocks of 

1 mg/ml were prepared fresh every week as necessary and for each biological replicate of 

toxicity assays

2.2.2 Conditioned Media collection and filtration

SKBR3 parent cells and variants SKBR3-TR and SKBR3-LR were seeded in 75cm^ 

cell culture flasks (Costar, Cat. #; CLS430641) at 2x10^ cells per flask with 10ml of 

culture medium. A minimum of triplicate flasks of each cell line cells were prepared. 

When cells were approximately 80% confluent, fresh medium was replaced on the cells 

and this medium was then “conditioned” for a further 48hrs. This conditioned medium 

(CM) was subsequently collected and passed through a 0.45|am filter (VWR, Cat. #; 4564). 

250|al aliquots of filtered conditioned medium (CM) were added to TriReagent™ (Sigma- 

Aldrich, Cat. #:T9429) (750|.il TriReagent + 250|j,l CM). These were incubated for 5- 

lOmins on ice (to ensure complete dissociation of nucleoprotein complexes) prior to 

freezing and were subsequently stored at -80°C until required for analysis. The 

corresponding cultured cells were trypsinised, counted and centrifuged (130g for 5mins) to 

form a pellet. Following washing in Phosphate Buffered Saline (PBS) (Sigma-Aldrich, Cat. 

#:D8537) (X2 times), cell pellets were re-suspended in 1ml TriReagent™ and were, 

subsequently, incubated and stored as above.

2.2.3 RNA Isolation and Quantification

Total RNA was isolated from CM and pelleted cells by extracting with TriReagent^*^

with modifications/”optimisation” of the manufacturer's instructions, developed during the

course of this study. In brief, 0.2ml of chloroform (Sigma-Aldrich, Cat. #:C4342) was

added to each sample and this was shaken vigorously for 15 secs, followed by incubation at

room temperature for 15mins. This was then centrifuged at 12,000g for 15mins at 4°C, and

the aqueous phase containing RNA (upper layer) was removed and transferred into a fresh
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RNAse-free 1.5ml Eppendorf tube (Sigma-Aldrich, Cat. #:Z606340). Isopropanol (Sigma- 

Aldrich, Cat. #: 19516) (0.5ml) and glycogen (Sigma-Aldrich Cat. #:G8751) (final 

concentration 120|ag/ml) were added, incubated at room temperature for 5-lOmins and was 

stored at -20°C  over-night, to ensure maximum RNA precipitation. Eppendorf tubes were 

then centrifuged at 12,000g for 30mins at 4°C to pellet the precipitated RNA. Taking care 

not to disturb the RNA pellet, supernatant was removed and the pellet was subsequently 

washed by the addition o f  750^1 o f 75% ethanol (Sigma-Aldrich, Cat. #: E7418) and 

vortexing. Following centrifugation at 7,500g for 5mins at 4°C, supernatant was removed 

(this wash step was repeated). The RNA pellet was then allowed to air-dry for 5-lOmins 

and subsequently was re-suspended in 10|il (for CM-derived RNA) and 30fil (for cell- 

derived RNA) o f DEPC-treated H2O (Ambion, Cat. #: AM9916). Quantity and quality o f  

RNA isolated was assessed on the Nanodrop-ND 1000 spectrophotometer.

2.2.4 Global miRNA profiling using Taqman Low Density Arrays

The Applied Biosystems (ABI) Taqman microRNA Low Density Arrays (TLDA) 

(Life Technologies) were selected as the platform for microRNA profiling. Taqman 

array Human microArray A+B cards Set v2.0 (Life Technologies, Cat. # 4400238) o f 2 

arrays: TLDA panel A (377 fimctionally defined microRNAs) and TLDA panel B 

(290 microRNAs whose function were not yet completely defined) resulting in a total 

o f 667 microRNA assays. RNA (400ng) was pooled from the cells o f  each replicate for 

each cell line and, seperately RNA (30ng) was pooled from the corresponding replicates o f  

CM prior to performing reverse transcription for TLDAs (Figure 2.1).

Taqman Low density array (TLDA)
RNA isolated in 
Triplicate

667 miRNAs

Pooled 
samples
A/B/C

Pooled

A/B/C

Figure 2.1: Taqman Low Density Arrays
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2.2.4.1 Reverse transcription for TLDA

RNA reverse transcription to cDNA was performed according to the ABI microRNA 

TLDA Reverse Transcription (RT) Reaction protocol. In brief, the Megaplex Primer Pools, 

Human Pool Set v2.0 (Applied Biosystems, Cat. #:4400928) and TaqMan MicroRNA 

Reverse Transcription Kit components (Applied Biosystems, Cat. #: 4366595) were 

thawed on ice. Two RT master mixes per sample, one for each TLDA panel (panel A and 

panel B) were prepared as indicated in Table 2.1, with all volumes scaled for the number o f  

reactions required.

M egaPlexRT primers (1 Ox) (Applied Biosystems, Cat. #:4400928) 0.80^1

dNTPs with dTTP (lOOmM) (Applied Biosystems, Cat. #: 4366595) 0.20^1

MultiScribe ReverseTranscriptase (50U/|o.l) 
(Applied Biosystems, Cat. #: 4366595)

1.50^1

lOx RT Buffer (Applied Biosystems, Cat. #; 4366595) 0.80^1

MgCl2 (25mM) (Applied Biosystems, Cat. #:4400928) 0.90^1

RNase Inhibitor (20U/|il) (Applied Biosystems, Cat. #: 4366595) 0.10^1

nuclease-free water (Ambion, Cat. #: AM9916) 0.20^1

Table 2.1: Volumes of components used for TLDA Reverse Transcription Reaction.

All components except for water were part o f either the Megaplex Primer Pools, Human Pool Set v2.0 

(Applied Biosystems, Cat. #:4400928) or the TaqMan MicroRNA Reverse Transcription Kits (Applied 

Biosystems, Cat. #: 4366595).

Three |j,l o f  pooled RNA (equal volumes o f  aliquots from each biological replicate were 

pooled) were loaded into appropriate wells o f a 96-well plate containing 4.5^1 RT reaction 

mix and incubated on ice for Smins. The thermal cycling conditions used in the ABI 9700 

thermal cycler with maximum ramp speed are indicated in Table 2.2.

Ix cycle 40x cycles Hold Hold Hold

16°C, 2mins 42°C, Imin 50°C, Isec 85°C, 5mins 4°C, forever

Table 2.2: Thermal cycling conditions used for TLDA Reverse Transcription Reaction
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2.2.4.2 Pre-amplification reaction for RNA diluted from CM

Due to the low quantity o f  RNA isolated from the CM, a pre-amplification step was 

used before TLDAs were performed. The cDNA product (2.5|al per sample) was pre- 

amplified according to the ABI TLDA pre-amplification protocol. A total o f  22.5^1 o f pre­

amplification reaction mix was prepared as indicated in Table 2.3.

TaqMan PreAmp Master Mix (2x) (Invitrogen Cat. #;4391128) 12.5^1

Megaplex PreAmp Primers (lOx) (Invitrogen, Cat. #:4400928) 2.5^1

Nuclease-free H2O (Ambion, Cat. #: AM9916) 7.5|il

Table 2.3: Volumes o f components used for the pre-amplification reaction.

This pre-amplification mix was added to the cDNA product, derived from Table 2.1, 

in a 96-well optical plate sealed with Micro Amp Clear Adhesive Film (Applied 

Biosystems, Cat. # 4306311). The plate was spun briefly and incubated on ice for 5 min. 

The pre-amplification was conducted in the ABI 9700 thermal cycler using standard 

ramp speed and following thermal cycling conditions indicated in Table 2.4.

Hold Hold Hold 12x cycles 12x cycles Hold

95°C, 10 min 55°C, 2 min 72°C, 1 sec 95°C, 15 sec 60°C, 4 min 4°C, forever

Table 2.4: Thermal cycling conditions used for the pre-amplification reaction.

Following the pre-amplification reaction, the pre-amplification product 25|j,l was diluted 

with 75 ^L o f 0.1 X TE pH 8.0 (Ambion, Cat. #AM9858)

2.2.4.3 Real Time Assav

TLDA TaqMan Real Time Assay was set up for each specimen and was 

prepared as follows: 450ia.l o f  TaqMan Universal PCR Master Mix-No AmpErase®UNG 

(2x) (Applied Biosystems, Cat. #4440048) was added to 9|o,l o f  diluted product following 

pre-amplification (in this case o f CM samples -  see section 2.2.4.2) or 6|al o f  cDNA  

product (in the case o f  cell samples) in a 1.5ml RNase-free microcentrifuge tube containing
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441^1 or 444|j,l of nuclease-free water, respectively. The reaction was mixed by 

inverting the tube 6 times and then briefly centrifuging. One hundred |.il aliquots of the 

PCR reaction mix were loaded into each port o f the TLDA array. The TLDA plate was 

centrifuged with 9 up-and-down ramp rates at 33 Ig for 1 min and loaded into the 7900 HT 

Sequence Detection System using the 384-well TaqMan Low Density Array default 

thermal-cycling conditions.

2.2.4.4 TLDA Data analysis

TLDA were run in the 7900 HT Sequence Detection system. The ABI TaqMan SDS 

v2.3 software was utilised to obtain raw Ct (cycle threshold) values. Fold changes (of 

miRNAs detected for resistant variants (SKBR3-TR and SKBR3-LR) compared to age- 

matched parent cells (SKRB3-Ag)) were calculated by global mean normalisation as 

previously described [258]. Normalisation was performed as below:

ACt =Ct cell line variant -  mean Ct for all expressed (<35C t) miRNAs for that variant

AACt= ACt Resistant variant -  ACt parental

Where, Ct = Cycle threshold at which the miRNA was detected

Fold change = 2

For example:

A C t for SKRB3-Ag = 25.984 (CTfor miRNA for SKBR3-Ag) -  29.4 (mean C t) = 1.164

A C t for SKBR3-LR= 31.524 (CTfor miRNA for SKBR3-LR) -  30.3 (mean Ct) =-3.416

AACt for SKRB3-Ag = 1.164-1.164 = 0

AACtfor SKBR3-LR = -3.164 -  1.164 = 4.58

Fold change for SKBR3-Ag = 2 =  2̂ °̂  = 1

Fold change for SKBR3-LR = 2  ̂ = 2̂ "̂ ^̂ ^

0.0418 fold change O  1/0.0418 = 23.9 fold decreased
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2.2.5 Validation- Quantitative Real Time Polymerase Chain Reaction (qPCR) 

2.2.5.1 cDNA synthesis

qPCR was performed on individual biological replicates to validate the expression of 

selected miRNAs from TLDA analysis. Selection criteria was based on miRNAs that were 

differentially expressed in the resistant cell lines >1.2 fold compared to the sensitive parent 

cells; that had commonly expressed trends in cells and CM; novelty and relevance to 

literature. A cut off of 1.2 fold change among experimental conditions has been previously 

used in several microRNA profiling studies [259-261]. Synthesis of single stranded cDNA 

from total RNA samples (lOng for cells and 4^1 CM-derived total RNA) was performed 

using the Taqman MicroRNA Reverse Transcription (RT) Kit (Applied Biosystems, Cat. 

#: 4366595) and according to the Applied Biosystems protocol. In brief, each 15|al reaction 

(per single RNA sample) consisting of the components of the Taqman MicroRNA Reverse 

Transcription Kit as outlined in Table 2.5 was prepared with the addition of 3|il RT Primer 

and 5^1 (Cell -lOng) or 4|al (CM) total RNA. Volumes listed in Table 2.5 are for one 

reaction and were scaled to the number of desired RT reactions.

Reaction Mix Cell sampl CM samples

lOOmMdNTPs 0.15|.il 0.15til

MultiScribe Reverse Transcriptase l|il 1^1
lOX MultiScribe ReverseTranscriptase Buffer 1.50^1 1.50^1

RNase Inihibitor 0.19|al 0.19|al

nuclease-free water (Ambion, Cat. #: AM9916) 4.16^1 5.16|al

RNA 5^1 4|il

Table 2.5: Volumes of components used for RT Reaction for Taqman miRNA assays.

All components except for water were part of TaqMan MicroRNA Reverse Transcription Kit (Applied 

Biosystems, Cat. #; 4366595).

The reaction was mixed and dispensed into a single well (per reaction) of a MicroAmp 

Fast Optical 96-well Reaction Plate (Applied Biosystems, Cat. #; 4346907). The plate was 

sealed with MicroAmp clear adhesive film (Applied Biosystems, Cat. # 4306311) and 

incubated on ice for 5mins. The reverse transcription was conducted in the ABI 9700
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thermal cycler using standard ramp speed and the thermal cycling conditions 

indicated in Table 2.6.

Hold Hold Hold Hold

16°C, 30mins 42°C, 30mins 85°C, 5mins 4°C, forever

Table 2.6: Thermal cycling conditions used for RT Reaction for Taqman miRNA assays.

2.2.5.2 PCR Amplification

PCR amplification was performed according to the Applied Biosystems protocol for 

TaqMan MicroRNA Assays. In brief, each 20|il reaction (per single cDNA sample) 

consisted o f 10|il TaqMan 2X Universal PCR Master Mix, No AmpErase UNG (Applied 

Biosystems, Cat. #: 4440048), 7.67|o.l Nuclease-free water (Ambion, Cat. #: AM9916), l|il 

20X Taqman microRNA Assay mix, 1.33|^1 RT product. The reaction was mixed and 

dispensed into a single well (per reaction) of a MicroAmp Fast Optical 96-well Reaction 

Plate (Applied Biosystems, Cat. #; 4346907). The plate was sealed with MicroAmp optical 

adhesive cover (Applied Biosystems, Cat. #: 4311971) and centrifuged briefly to spin 

down contents and eliminate any air bubbles. The PCR reaction was conducted in the ABI 

9700 thermal cycler using standard ramp speed, 9600 emulation run mode and the 

thermal cycling conditions indicated in Table 2.7.

Hold 40x cycles 40x cycles

95°C, lOmins 95°C, 15sec 60°C , Imin

Table 2.7: Thermal cycling conditions used for real time PCR for Taqman miRNA assays.

Taqman miRNA assays (Applied Biosystems, Cat. #: 4427975) were used to quantify miR- 

572 (Assay ID #: 001614), miR-502-5p (Assay ID #: 001109), miR-487b (Assay ID #: 

001285), miR-520f (Assay ID #: 001120), miR-616* (Assay ID #: 001589), miR-135a* 

(Assay ID #: 002232) and miR-630 (Assay ID #: 001563). miRNAs were quantified using 

the cycle threshold (Cj) adjusting to the levels of U6 snRNA (Assay ID #: 001973) used as 

an endogenous control.
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2.2.6 Assessment o f  miR-630 expression in patient derived breast tissue

miR-630 expression in breast cancer [all breast tissue (n=56), HER2+ breast tissue 

(n=6) basal-like (n=7) and luminal (n=43)] was determined based on previous miRNA 

profiling of breast tumours and matched peritumours using a publically available data set 

(GSE40525) on Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geoA) 

[262], miR-630 expression levels, p-values and Log fold change (Log FC) between groups 

were determined using the GE02R analysis fimction.

2.2.7 microRNA inhibition or mimic transient transfection into cells

Drug sensitive SKBR3-Ag and HCC1954-Ag cells were transfected with 30nM of 

miR-630 inhibitor (Applied Biosystems, Cat. #: 4464084, ID: MH11552) or miRNA 

inhibitor negative control (Applied Biosystems, Cat. #: 4464076). To achieve this, cells 

were seeded in 24-well plates (in 500|j1 medium) at a density of 5xlO'*/well for SKBR3-Ag 

and 2.5xl0'*/well for HCC1954-Ag cells. Transfection was performed at the same time as 

seeding of the cells. Similarly, acquired- or irmately-resistant SKBR3-LR (5xlO'*/well), 

HCC1954-LR (2.5x1 OVwell) and MDA-MB-453 (5xlO" /̂well) cells were transfected with 

30nM miR-630 mimic (Applied Biosystems, Cat. #: 4464066, ID MH11552) or miRNA 

mimic negative control (Applied Biosystems, Cat. #: 4464058). Transfection was 

performed using lipofectamine 2000 (Invitrogen, Cat. #: 11668-027) and opti-MEM 

(Invitrogen, Cat. #: 11058-021) following manufacturer’s instructions. In brief, two master 

mixes were prepared and scaled up depending on the number of wells of cells to be 

transfected. Mix A contained: lipofectamine (l|al/well in a 24-well plate) and opti-MEM 

(50nl/well in a 24-well plate); Mix B contained: 30nM of the inhibitor or mimic in 

question and opti-MEM (50|xl/well in a 24-well plate). Both mixtures were incubated for 

5mins at room temperature before equal volume of Mix A was added to the Mix B. The 

combined transfection mixture was incubated for a further 20mins at room temperature 

before 100^1 was added to each well in the 24-well plate. All functional assays were 

performed 48hrs post-transfection.
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2.2.8 Assessing effects o f miR-630-regulated cellular response to HER-targeting 

drugs

Following transfection with miR-630 inhibitor, miR-630 mimic or their relevant 

negative controls, cells were exposed to their approximate IC50 concentrations o f lapatinib 

(as indicated Table 2.10 & 2.11) previously been determined by ourselves and/or others 

[263-266]. Fixed concentrations o f neratinib and afatinib were also used (see Table 2.10 & 

2.11). Following 72hrs incubation with the given drug, cell proliferation was assessed 

using acid phosphatase analysis.

2.2.9 Acid Phosphatase analysis- as used for proliferation and toxicity assays

Medium was removed from plates and cells were washed twice in PBS (Sigma-Aldrich, 

Cat. #: P8537). Sodium acetate buffer was prepared as follows:

-500 ml dH2 0

-4.1g sodium acetate (Sigma-Aldrich, Cat. #: S2889)

-500 |al o f Triton X-100 (Sigma-Aldrich, Cat. #: T8787)

- pH to 5.5 with HCl (Sigma-Aldrich, Cat. #: H I758)

Immediately prior to use, p-nitrophenol phosphate (VWR, Cat. #; 27963.101) was added to 

sodium acetate buffer at a concentration o f 0.027g o f lOmM p-nitrophenol phosphate per 

10ml buffer and was scaled up according to the number o f plates required; allowing 10ml 

per plate. 200|aL o f freshly prepared substrate-containing buffer (lOmM p-nitrophenyl 

phosphate in sodium acetate buffer) was added to each well (o f a 24-well plate; 100|il 

would be added to wells o f  a 96-well plate). The plates were wrapped in aluminium foil 

and placed in the incubator (37°C/5% CO2) for approximately 1.5hrs. After incubation, the 

reaction was stopped by adding IM NaOH (100|al per well o f  24-well plate and 50|al per 

well o f  96-well plate). The absorbance was read at 405nm on a FlouStar Optima 

microplate reader (BMG Labtech).
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2.2.10 Protein quantification and Immunoblotting

Cell pellets were lysed using Cell Extraction Buffer (Invitrogen, Cat. #: FNNOOll) with 

the addition of protease and phosphatase inhibitors as appropriate (Roche, Cat. #: 

05892970001; Cat#: 04906837001). Cell/lysis buffer suspensions were incubated in ice for 

30mins with vortexing every lOmins. Lysates were centrifuged at 13,000g for ISmins at 

4°C and resulting supernatants (containing protein) was transferred to a fresh eppendorf 

tube. Protein was quantified using BioRad protein assay Dye Reagent (BioRad, Cat. #:500- 

0006). In brief, an aliquot of protein was diluted 1:10 (for concentrated protein) with water 

and 10|j,l of this protein was placed into the well of a 96-well plate (duplicate wells for 

each sample were set up). BSA standards were prepared ranging from 1 mg/ml and serially 

diluted to 25|ig/ml. BioRad Dye reagent was diluted 1:4 with water and 200|j.l of this 

solution was added to each well containing protein or standards. The plate was incubated at 

room temperature in the dark for 5mins before being read at 595nm a FlouStar Optima 

microplate reader (BMG Labtech).

Total cellular proteins 30|ig for HER2 and EGFR; 50|ig for IGFIR and 100|ag for 

NmU were resolved on PAGEr Gold precast gels for protein electrophoresis (Lonza). The 

following percentage gels were used: 7.5% (Lonza, Cat. # 59513) for EGFR and HER2; 

10% (Lonza, Cat. #: 59514) for IGFIR, and 12% (Lonza, Cat. #: 59515) for NmU. 

Proteins were transferred to PVDF membranes (Bio-Rad laboratories. Cat. #: 162-0177). 

Blots were incubated in blocking buffer [5% BSA (Sigma-Aldrich, Cat. #A9413) in 

PBS/0.1% Tween (Sigma-Aldrich, Cat. #: P2287)] at room temperature for Ihr. Primary 

antibodies were prepared in 5% BSA in PBS/0.1% Tween and diluted as follows: HER2 

(Calbiochem, CAT. #: 0P15; 1:500 dilution); EGFR (Cell Signalling, D38131; 1:1000 

dilution); IGFIR (Santa Cruz, Cat. #: SC-713; 1:1000 dilution); NmU (Sigma-Aldrich, 

Cat. #: SAB1401542; 1:200 dilution); P-actin (Sigma-Aldrich, Cat. #: A5316; 1:1000 

dilution). Membranes were incubated in primary antibodies over night at 4°C. Membranes 

were then incubated with appropriate horseradish peroxidase-conjugated secondary 

antibodies i.e. anti-mouse (Cell Signalling, Cat. #: 7074; 1:1000 dilution) or anti-rabbit 

(Cell SignaUing, Cat. #: 7076; 1:1000 dilution) for Ihr at room temperature and proteins 

were visualized by chemiluminescence (Themofisher: Cat. #: 34080). Detection was 

performed with a Chemidoc exposure system (Bio-Rad Laboratories). Densitometry on the
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bands of protein expression was performed using NIH ImageJ software and normalised to 

the loading control (p-actin).

2.2.11 Cell motility -assessed using wound healing assays

Transfected cells (3x10^ cells/well for SKBR3 cell line variants and 2xl0^/well for 

HCC1954 cell line variants) were seeded on 24-well plates and cultured for 24hrs to 

confluency. Monolayers were scratched with a 200nl pipette tip and the resulting wounded 

areas were photographed using Cell A software and measured using NIH ImageJ software. 

Throughout the duration of monitoring wound closure, cells were maintained in low serum 

(0.1%) containing medium to reduce any influences due to proliferation. Medium was 

changed before each time point was photographed.

2.2.12 Cell migration and invasion -assessed using transwell inserts

Assays were performed using 8|^m pore size 24-well Transwell chambers (Unitech, 

Cat. #: 353097). For invasion assays, the inserts were pre-coated with extracellular matrix 

(ECM) (Sigma-Aldrich, Cat. #: E l270). Migration and invasion assays were performed 

using transfected cells (HCC1954 variants, 5xlO'*/insert; SKBR3-Ag, IxlO^/insert; 

SKBR3-LR, 5xlO^/insert) were seeded in the upper compartment and allowed to migrate 

for 48hrs (HCC1954 variants) and 72hrs (SKBR3 variants), respectively. Cells were 

seeded in low serum (0.1%) containing medium in the upper chamber and 10% serum- 

containing medium in the well below the insert. Cells in the upper chamber were 

physically removed using a cotton swab soaked in PBS and migrated/invaded cells were 

stained with crystal violet (Sigma-Aldrich, Cat. #: C6158). Staining was solubilized in 

10% acetic acid and absorbance was measured at 595nm on a FlouStar Optima microplate 

reader (BMG Labtech).

2.2.13 Anoikis assay

Anoikis is a form of apoptosis induced by the loss of cell anchorage. For anoikis 

assays, plates were coated with poly(hydroxyethyl methacrylic) acid (poly-hema) (Sigma- 

Aldrich, Cat. #: P3932) made to 12mg/ml (in 95% ethanol), 200|j.l per well allowed and 

allowed to dry overnight in the laminar flow cabinet. A second coating was performed and 

allowed to dry overnight again. Before seeding cells, coated plates were washed twice with
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PBS (Sigma-Aldrich Cat. #: D8537). As a control, plates were also set up and coated with 

just 95% ethanol. Transfected cells (IxlO'^cells/well) were seeded onto a 24-well plate 

coated with poly-hema (Sigma-Aldrich, Cat. #: P3932) or 95% ethanol and were cultured 

for 48hrs. Alamar blue dye (100|il; Invitrogen Cat. #DAL1100) was added/well and 

absorbance read at 570nm on a FlouStar Optima microplate reader (BMG Labtech). 

Percentage cell death of cells grown on poly-hema was calculated against cells grown 

without poly-hema coating.

2.2.14 Generation o f  stable miR-630 knockdown and miR-630 precursor cells

2.2.14.1 Lentiviral transduction of mcherrv/LUC

mCherry is a red fluorescent protein that can be visualised using confocal or 

fluorescence microscopy. Luciferase (LUC) is an enzyme that can catalyse the oxidation of 

luciferin and ATP to produce light that can be visualised for bioluminescence studies. 

Both mcherry and LUC can be used for in vivo imaging. SKBR3 cells overexpressing 

mcherry/LUC (SKBR3 mcherry/LUC+) were kindly provided Dr. Komelia Polyak’s group 

in DFCl. For lentiviral transduction of HCC1954 cells to overexpress mcherry/LUC+ 

initially (this virus was also provided by Dr. Polyak’s group in DFCI and its use has also 

been previously been reported [267-269]), cells (HCC1954) were seeded into 6 well plates. 

When cells were approximately 70% confluent the virus was diluted 1:2 ratio with 

complete growth medium and 8|ig/ml polybrene (Sigma-Aldrich, Cat. #; H9268) which 

was placed onto the cells. Following 48hrs incubation (37°C, 5% CO2), virus was removed 

and replaced with regular growth medium containing the appropriate selection antibiotic 

[in this case 2|j,g/ml puromycin (Invitrogen Cat. #: A11118-03)]. Cells surviving following 

antibiotic selection were cultured for subsequent analysis and stocks were cryopreserved

2.2.14.2 Generation of lentiviruses for miR-630 inhibitor and precursor

The vector map information for all constructs used in this section is shown in 

Appendix I, Section A & B. A sample of the miR-630 and scrambled inhibitor and 

precursor plasmids were sent to Eurofins for sequencing using the primer walking service. 

The obtained sequence read outs were aligned with the expected sequences for each 

construct using MultiAlign software. Blast software was used to confirm that the miR-630 

inhibitior and precursor constructs were matched to miR-630 and that the scrambled
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constructs did not show similarity with any other transcript (Appendix I, Section C, Figure 

C.1-C.8).

n

HEK293T packaging cells were seeded at a density o f 1x10 /ml into 10cm dishes in 

10ml medium (DMEM containing 10% FBS). After 24hrs, when the cells were 

approximately 70% confluent, transfection was performed. A mixture o f three transfection 

plasmids was prepared comprising o f 3|ag o f packaging plasmid (pCMV-dR8.91; 

Appendix I, Figure A .l), 3|ag envelope plasmid (VSV-G/pMD2.G; Appendix I, Figure 

A.2), 3|_ig o f  the plasmid interest [in this case all plasmids for the miR-630 study were 

purchased from Genecopeia: miR-630 precursor (Cat. #;HmiR0257-MR03, Appendix I, 

Figure B .l) , scrambled precursor (Cat. #: CmiR0001-MR03; Appendix I, Figure B .l); 

miR-630 inhibitor (Cat. #: HmiR-AN0740-AM03; Appendix I, Figure B.2); and scrambled 

inhibitor (Cat. #;CmiR-AN0001-AM03; Appendix I, Figure B.2)] and opti-MEM 

(Invitrogen, Cat. #:11058-021) to a final volume o f 90^1. A separate mix o f lipofectamine 

2000 (18|j,l) and opti-MEM to a final volume o f 90|il was prepared. Both mixtures were 

incubated for 5mins and then the 3 plasmid mix was added dropwise to the diluted 

lipofectamine mix whilst flicking the tube. This mix was incubated for approximately 

20mins at room temperature before adding dropwise to the plate o f HEK293T packaging 

cells. The cells were incubated for 18hrs (37°C, 5% CO2) after which medium was 

removed and replaced with high serum (30% FBS) containing medium for virus harvests. 

Cells were incubated for a further 24hrs and media now containing the lentivirus was 

harvested and stored at -SO'̂ C. For harvesting, medium containing the lentivirus was 

centrifuged at 500g for 1 Omins to remove any cell debris.

2.2.14.3 Lentiviral transduction o f miR-630 inhibitor or precursor

Once the new HCC1954 mcherry/LUC+ and SKBR3 mcherry/LUC+ cells were 

established, these cell lines were subsequently transduced in a similar manner with either 

miR-630/scrambled inhibitor or miR-63 0/scrambled precursor (The sequences o f the miR- 

630 and scrambled constructs are shown in Appendix I, Sections C, Figures C.1-C.8). The 

selection o f  miR-630/scrambled inhibitor cells was performed with the addition o f  200|ag 

o f hygromycin (Invivogen, Cat. #:ant-hm-l) in growth medium. As the selection antibiotic 

for miR-630/scrambled precursor was the same as the mcherry/LUC+ (i.e. 2|ig/ml 

puromycin), selection was therefore performed by cell sorting by flow cytometry to
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identify cells positive for the reporter gene, green fluorescent protein (GFP). Cell sorting 

was performed by a research technician at the DFCI Flow Cytometry -Jimmy Fund 

Facility using the BD FACSAria II SORP UV cell sorter.

A model of the virus production and subsequent infection of cells is outlined in Figure 2.2. 

2.2.14.4 Characterisation of new stable miR-630 cell lines

New stable cell lines were visualised for mcherry and GFP reporter genes as appropriate 

using the Nikon floursecent microscope. For GFP expressing cells, these were visualised 

using excitation wavelength at 395/475nm and emission wavelength at 507nm. Cells 

expressing mcherry were visualised using excitation wavelength at 587nm and emission at 

610nm.

Cell lines were characterised for mir-630 expression by qPCR as described in Section 

2.2.5. Proliferation and toxicity assays using acid phosphatase analysis as described in 

Section 2.2.9 were also performed. Drug concentrations, as used for transient transfection 

toxicity assays in Section 2.2.8, were used for these assays. Invasion using cell culture 

inserts, were performed as described in Section 2.2.12.
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Figure 2.2: Schem atic protocol for lentiviral production and infection.

(A) HCC1954 cells were infected with mcherry/LUC+ virus (gift from Dr. Komelia Polyak’s group, DFCI) 

and cells were selected 48hrs later with puromycin (2^g/ml). SKBR3 mcherry/LUC+ cells were generated in 

a similar manner. (B) Lentivirus for miR-630 or scrambled inhibitors and precursors were generated using a 

3-plasmid transfection method o f HEK293T packaging cells. Medium containing viruses were collected and 

used to infect the newly generated mcherry/LUC+ cells.
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2.2.15 Statistical and Bioinformatics analysis

Online miRNA target prediction software (TargetScan Human Release 6.2) was used 

to identify proteins potentially regulated by miR-630. Statistical analysis was performed in 

Excel. P-values were generated using Student’s T-tests, with p<0.05 considered as 

statistically significant. Where multiple cell lines were compared, the Anova statistical test 

adjusting the p-values using Tukey's Honest Significant Difference was performed. 

GraphPad Prism 5.0 was used for graph generation (Graph Pad Software Inc, La Jolla, 

USA). Linear regression analysis and the calculation of R were performed on GraphPad 

and p-values were calculated based on deviation fi-om zero. Hierarchical clustering was 

performed using DChip online software.
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2.3 R E S U L T S

2.3.1 Assessment y ie ld  and quality o f  RNA isolated for global miRNA profiling

Prior to performing global miRNA profiling, the quantity and quality o f RNA 

isolated were measured on the Nanodrop-ND 1000 spectrophotometer. Table 2.8 indicates 

the yields and the 260/280 ratios of RNA isolated from cell pellets and 250|al or their 

respective corresponding CM as used for the TLDAs.

Cell
Samples

Total RNA 
(Mg) 260/280

CM
Samples

Total RNA 
(fig) 260/280

SKBR3-Ag A 56.40 1.97 SKBR3-Ag A 0.27 1.53
SKBR3-Ag B 58.41 1.98 SKBR3-Ag B 0.19 1.48
SKBR3-AgC 63.23 1.97 SKBR3-AgC 0.14 1.58
SKBR3-TRA 89.21 1.93 SKBR3-TR A 0.18 1.51
SKBR3-TRB 80.26 1.95 SKBR3-TRB 0.16 1.56
SKBR3-TRC 90.19 1.91 SKBR3-TRC 0.20 1.49
SKBR3-LR A 45.37 1.97 SKBR3-LR A 0.16 1.40
SKBR3-LR B 55.06 1.96 SKBR3-LRB 0.21 1.58
SKBR3-LR C 35.91 1.94 SKBR3-LR C 0.12 1.49

Table 2.8: RNA yields and quality for cells and corresponding CM.

RNA, as assessed by Nanodrop ND-1000 spectrophotmeter. Biological replicates are indicated by A, B and 

C. RNA from cells was resuspended in 30^1 RNAse free water, whereas RNA from CM was resuspended in 

10^1 RNAse free water. Table indicated total RNA isolated per sample.
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2.3.2 Global miRNA profiling o f  SKBR3 sensitive cells and resistant variants

As detailed in Section 2.2.4, global miRNA profiling of cells and conditioned media 

(CM) of the both trastuzumab- and lapatinib-resistant cell line variants (SKBR3-TR and 

SKBR3-LR) and their respective age-matched parent control cells (SKBR3-Ag) was 

performed for 667 miRNAs. All sets of samples were run on pooled biological triplicate. 

Taking a cut-off point of 35-cycle thresholds (C t) , miRNAs detected <35Ct were 

considered as ‘present’ where as those with values >35Ct were considered as ‘undetected’. 

The distribution of miRNAs detected for all cell line variants is shown in Figure 2.3.
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Figure 2.3: Detection of miRNAs <35Ct in cells and CM of SKB3 cell line variants.

Venn diagrams and graphs illustrating the distribution o f  miRNAs detected in all cell line variants and their 

corresponding CM. Results represent analysis from single samples o f  pooled n=3 biological repeats.
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Linear regression analysis on miRNAs detected at <35Cx in cells and CM indicated 

correlation for all cell line variants (Figure 2.4A) as SKBR3 (R^=0.4037), SKBR3-TR 

(R^=0.3159), SKBR3-LR (R^=0.3367). Hierarchical clustering using normalised fold 

changes for both resistant cell line variants compared to parent cell lines (SKBR3-TR and 

SKBR3-LR) was performed. Clustering of miRNA profile in cells and corresponding CM 

was observed for both resistant variants (Figure 2.4B).
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Figure 2.4: Linear regression and hierarchical clustering of miRNA expression patterns

(A) Linear regression analysis of SKBR3-Ag, SKBR3-TR and SKBR3-LR cell line variants comparing 

miRNAs detected by <35Ct in the cells and corresponding CM. (B) Hierarchical clustering (peformed using 

DChip software) of fold changes of miRNA expression in SKBR3-TR and SKBR3-LR compared to SKBR3- 

Ag for cells and CM, following global mean normalisation. Results represent analysis from single samples 

of pooled n=3 biological repeats
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2.3.3 Identification and discovery o f miRNAs from global miRNAs study

Following normalisation of the global miRNA profiling data to the mean Cj, analysis 

of deregulated miRNAs between cell line variants -  within cells and CM - was performed 

using Venn diagrams to identify key miRNAs that may play an important role in resistance 

to trastuzumab and lapatinib. Taking a cut-off point of 1.2 fold up- or down-regulated 

expression in resistant cell line variants compared to their parent cell lines, a total of 127 

miRNAs were detected as commonly increased in the SKBR3-TR and SKBR3-LR cells 

and 240 were commonly increased in corresponding CM of both cell line variants. On 

comparing these cellular miRNAs and those in CM, 55 were identified as being commonly 

up-regulated in both cells and CM of SKBR3-TR and SKBR3-LR (Figure 2.5).
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Figure 2.5: Identification of miRNAs increased with drug-resistance

(A) Vemi diagrams illustrating the miRNAs commonly increased in cells and corresponding CM from 

SKBR3-TR and SKBR3-LR resistant variants compared to SKBR3-Ag. (B) The miRNAs commonly 

observed to be increased in SKBR3-TR and SKBR3-LR cells was compared to that o f the corresponding 

CM. Resuhs represent analysis from single samples o f pooled n=3 biological repeats.
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Of the miRNAs calculated as greater than 1.2 fold decreased, a total of 137 miRNAs 

were detected as commonly decreased in the cells SKBR3-TR and SKBR3-LR and 252 

were commonly decreased in corresponding CM of both cell line variants. On comparing 

these cellular miRNAs and those in CM, 69 were identified as being commonly down- 

regulated in both cells and CM of SKBR3-TR and SKBR3-LR (Figure 6)
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Figure 2.6; Identification of miRNAs decreased with drug-resistance

(A) Venn diagrams illustrating the miRNAs commonly decreased in cells and corresponding CM from 

SKBR3-TR and SKBR3-LR resistant variants compared to SKBR3-Ag. (B) The miRNAs commonly 

observed to be decreased in SKBR3-TR and SKBR3-LR cells was compared to that of the corresponding 

CM. Results represent analysis from single samples of pooled n=3 biological repeats.
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2.3.4 Validation o f  selected miRNAs from  global miRNAs study

A total of 7 miRNAs were selected for validation by qPCR (Table 2.9 and Figure 

2.7). The selection criteria was based of those miRNAs that were 1.2 fold up- or down- 

regulated in both resistant cell line variants (SKBR3-TR and SKBR3-LR) with a similar 

aberrant expression in the cells and corresponding CM. Two up-regulated miRNAs (miR- 

572, and miR-502-5p) and three down-regulated miRNAs (miR-487b, miR-520f and, miR- 

630) were selected for validation. Other miRNAs (miR-616*) previously demonstrated in 

our group as aberrantly expressed in lung cancer [206] was also selected for validation 

along with one “best guess” from literature (miR-135a*). The expression levels of these 

selected miRNAs after qPCR are shown in Table 2.9, with miR-630 demonstrated in 

Figure 2.7 as it was selected for further analysis based on the best validated results.
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Table 2.9; miRNAs selected from TLDA analysis for validation by qPCR.

Fold change for SKBR3-TR and SKBR3-LR were calculated against SKBR3-Ag which was set at an 

arbitrary fold change o f  1.
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2.3.5 Changes in both intracellular and extracellular miR-630 levels are 

associated with acquired-resistance to lapatinib and trastuzumab

miR-630 demonstrated the most consistent aberrant expression in both the cells and 

CM of SKBR3-TR and SKBR3-LR compared to SKBR3-Ag (Figure 2.7). The levels of 

miR-630, detected by qPCR, was slight but significantly decreased in SKBR3-TR cells 

(1.3±0.1 fold; p<0.05) and corresponding CM (1.2±0.1 fold; p<0.05) compared to SKBR3- 

Ag (Figure 2.1 A). Furthermore, decreased levels of miR-630 was also observed in 

SKBR3-LR cells (3.8±1.5 fold; p<0.01) and corresponding CM (12.8 ±8.1 fold; p<0.001) 

(Figure 2.7B). In addition, this miRNA was further assessed in the cells and CM of 

lapatinib-resistant HCC1954 cell line variant (HCC1954-LR) which established that miR- 

630 is significantly decreased in HCC1954-LR cells (8.9±4.7 fold; p<0.001) and 

corresponding CM (5.0 ±1.2; p<0.001) (Figure 2.7C).
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Figure 2.7: miR-630 decreases with acquired-resistance to trastuzum ab and lapatinib

(A) miR-630 expression, assessed by qPCR, was slightly, but significantly, decreased in cells with acquired 

trastuzumab-resistance (1) SKBR3-TR compared to their age-matched controls (SKBR3-Ag). (B-C) miR-630 

expression was also significantly decreased in cells with acquired-resistance to lapatinib (i) SKBR3-LR and 

HCC1954-LR, respectively) compared to their respective age-matched controls (SKBR3-Ag and HCC1954- 

Ag). (A-C (ii)) Extracellular levels of miR-630 were also assessed in the corresponding conditioned medium 

of these cells and trends followed that of the cells. All results represent biological repeats n=3±SEM, where * 

p<0.05, ♦*p<0.01, ♦♦♦p <0.001.
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2.3.6 Changes in both intracellular and extracellular miR-630 levels are 

associated with acquired-resistance to neratinib and also innate-resistance 

to lapatinib/trastuzumab

As the expression levels of miR-630 were substantially decreased in lapatinib- 

resistant cells (SKBR3-LR and HCC1954-LR) and showed a slight decrease in 

trastuzumab-resistant cells (SKBR3-TR), we elected to further assess whether decreased 

miR-630 may be associated with resistance to other HER-targeted therapies. For this we 

used cells that had acquired-resistance to neratinib (SKBR3-NR and HCC1954-NR). Here 

we observed that miR-630 was significantly decreased in the cells (3.3±1.0 fold; p<0.01) 

and CM (20.3± 11.3 fold, p<0.001) of SKBR3-NR compared SKBR3-Ag (Figure 2.8A). 

Similarly, miR-630 was significantly decreased in cells (1.7±0.2 fold; p<0.01) and CM 

(4.9±1.1 fold; p<0.001) of HCC1954-NR compared to HCC1954-Ag (Figure 2.8B).

Our analysis to this point demonstrated that miR-630 is associated with acquired- 

resistance to some HER-targeting drugs; our next investigation was to examine whether 

this observation may also be associated with innate-resistance to HER-targeting drugs. 

SKBR3 cells have previously been termed as innately-sensitive to both trastuzumab and 

lapatinib, whereas MDA-MB-453 have been characterised as innately-resistant to these 

drugs [265]. In this instance we demonstrate that miR-630 is significantly decreased 

(6.8±4.2 fold; p<0.05) in MDA-MB-453 cells compared to SKBR3 and a similar trend was 

observed for the corresponding CM (2.1±0.7 fold; p=0.07) (Figure 2.8C).
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Figure 2.8: miR-630 decreases with acquired-resistance to neratinib and innate-resistance.

(A-B) miR-630 expression was significantly decreased in cells with acquired neratinib-resistance ((i) 

SKBR3-NR and HCC1954-NR) compared to their respective age-matched controls (SKBR3-Ag and 

HCC1954-Ag). (C (i)) miR-630 expression was also significantly decreased in cells with irmate-resistance to 

lapatinib and trastuzumab (MDA-MB-453) compared to cells with innate sensitivity to both these drugs 

(SKBR3). (A-C (ii)) Extracellular expression of miR-630 was also assessed in the corresponding conditioned 

medium of these cells and trends followed that of the cells. All results represent biological repeats n=3±SEM, 

where * p <0.05, ** p <0.01, *** p <0.001.
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2.3.7 miR-630 levels correspond to innate-resistance in a broad panel o f  HER2- 

overexpressing cell lines

To further explore the observation shown in Figure 2.8C whereby miR-630 was found to 

be at higher levels in SKBR3 cells (which are innately-sensitive to lapatinib) compared to 

innately-resistant MDA-MB-453 cells, we elected to perform qPCR analysis on a panel of 

available HER2-overexpressing cell lines that were deemed either innately-sensitive or 

innately-resistant to lapatinib by O’Brien et al. [265]. Innate-resistance was defined as an 

I C 5 0  > l|iM  for lapatinib. Here the expression of miR-630 for all cells assessed was 

compared to the cell line with the lowest I C 5 0  for lapatinib i.e. BT474, which was given an 

arbitrary value of 1 (Figure 2.9). For all cell lines assessed, which had higher I C 5 0  values 

compared to BT474, there was a significant (p<0.001) decrease in miR-630 levels. 

Specifically, miR-630 was decreased by 4.8±1.1 fold (for SKBR3); 5.0±1.3 fold (for EFM- 

192A); 3.7±0.7 fold (for HCC1954); 5.1±0.2 fold (for UACC812); 22.7±12.2 fold (for 

UACC893); 8.5±1.5 (for HCC1569); 6.9±1.3 fold (for MDA-MB-453) and 7.0±1.9 fold 

(for MDA-MB-361). Furthermore, grouping innately-sensitive SKBR3, EFM-192A, 

HCC1954 and UACC812 together there was on average a 4.6±0.4 fold decrease in miR- 

630 compared to BT474 while grouping innately-resistant UACC893, HCC1569, MDA- 

MB-453 and MDA-MB-361 demonstrated a further significant (p<0.001) decrease 

(11.3±4.4 fold) in miR-630 levels.

1  . 0 - 1  >K>K

<t> ICgn < lu M  : Innate ly  sen s itiv e  IC^n > lu M  : Innate ly  re s is ta n t

Figure 2.9: A n alysis o f  m iR -630  in a b roader panel o f  H E R 2 overexp ressin g  cell lines.

W hen norm alised to the ce lls  w ith the low est IC50 for lapatinib (B T 474), m iR -630 was significantly  

decreased in all cells that had higher ICso’s for lapatinib than B T 474. W hen grouped together, cells with  

innate-resistance to lapatinib compared to cells w ith innate sensitivity had significantly decreased m iR -630  

expression. A ll results represent b iological repeats and assessed  by A nova statistical test. n=3±SE M , where

*** p <0 .0 0 1 .
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2.3.8 miR-630 is decreased in tumour compared to peritumour breast cancer 

tissues

Before progressing further with our analysis of miR-630, we next decided to assess 

the clinical relevance of miR-630. For this, as outlined in Section 2.2.6, we analysed a 

publically available dataset on the gene expression omnibus (GSE40525) comprised of 

breast tumour tissue and matched peritmnour tissue from all breast cancers (n=56), HER2+ 

(n=6), basal-like (n=7) and luminal (n=43). Here we found the miR-630 was significantly 

decreased (p<0.001) in all breast cancer tissues compared to matched peritumours (Figure 

2.10A). Assessing the subtypes individually, there was also a significant decrease observed 

for miR-630 levels in HER2+ (p<0.05), basal like (p<0.01) and luminal (p<0.001) breast 

tumours compared to their respective matched peritumours (Figure 2.10B-D).
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Figure 2.10: Assessment of miR-630 in patient derived tissue.

Using a publically-available data set (GSE40525) on Gene Expression Omnibus (GEO) the expression o f  

miR-630 was determined in breast cancer tiunour tissues compared to matched peritumour. (A) miR-630 

was significantly decreased in all breast tumours (n=56), and also in each subtype assessed (B) HER2+ 

(n=6); (C) Basal-like (n=7); (D) Luminal (n=43) compared with miR-630 levels in peritumour tissue. 

*p<0.05, **p<0.01, ***p<0.001.
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2.3.9 miR-630 regulates cellular response to HER-targeted drugs

Having established that reduced miR-630 expression levels are associated with both 

innate- and acquired-resistance to HER-targeting drugs, and that this miRNA holds clinical 

relevance in breast cancer tumour tissues, we next progressed to establishing if miR-630 

holds a functional role in drug-resistance. miR-630 was only slightly decreased in 

trastuzumab-resistant cells; functional studies therefore focused on lapatinib and neratinib. 

To establish if the role miR-630 is specific to lapatinib and neratinib alone or more 

generally associated with HER-targeting drugs, we also included afatinib in our subsequent 

analyses. The expression of miR-630 following transient transfection with inhibitors and 

mimics are shown in Figure 2.11. Specifically, miR-630 inhibitors induced a 7.8±3.2 

(SKRB3-Ag) and 3±0.6 fold (HCC1954-Ag) decrease in miR-630 levels compared to 

negative control (NC) inhibitor (Figure 2.11 A). The miR-630 mimic induced a 

655.7±152.3 (SKBR3-LR) and 4657.7±1305.6 (HCC1954-LR) increase in miR-630 levels 

compared to NC mimic (Figure 2.1 IB).
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Figure 2.11; Transient transfection of miR-630 inhibitor and mimic

Following transfection with miR-630 inhibitor or a negative control (NC) inhibitor (A) Levels o f  miR-630 

inhibition was assessed by qPCR in (i) SKBR3-Ag cells and (ii) HCC1954-Ag. (B) Similarly, levels o f miR- 

630 overexpression were confirmed by qPCR in (i) SKBR3-LR and (ii) HCC1954-LR cells. Results 

represent n=3±SEM, where *p<0.05, **p<0.01.
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Inhibition o f  miR-630 (in sensitive parent cells) or its mimicked expression (in 

acquired lapatinib-resistant or innately-resistant cells) our studies identified a correlation 

between miR-630 expression and cellular response to all 3 HER-targeting drugs tested i.e. 

lapatinib, neratinib and afatinib (Table 2.10 and 2.11). Specifically, inhibition o f miR-630 

in SKBR3-Ag and HCC1954-Ag increased resistance to lapatinib by 13-22%, neratinib by 

8-15% and afatinib by 11-14% compared to NC inhibitor (Table 2.10). Furthermore, 

mimicked expression o f miR-630 in acquired-lapatinib-resistant SKBR3-LR and 

HCC1954-LR and innately-resistant MDA-MB-453 increased sensitivity to lapatinib by 9- 

31%, neratinib by 4-17% and afatinib by 9-25% compared to NC mimic (Table 2.11).

Drug
Drug
Cone. Cell Line

%  Cell Viability 
Drug

+
NC Inhibitor

% Cell Viability 
Drug

+
miR-630 Inhibitor

%
Resistance 
induced by 

miR-630 
inhibitor p-value

Lapatinib 0.05 nM SKBR3-Ag 50.0±9.6 63.6±9.1 13.6±0.8 0.002

Lapatinib 0.7 ^M HCC1954-Ag 40.8±3.6 63.7±4.8 22.9±6.7 0.039

Neratinib 0.005 nM SKBR3-Ag 34.7±6.4 43.2±7.4 8.6±1.6 0.017

Neratinib 0.005 ^M HCC1954-Ag 43.2±2.3 58.2±2.4 15.1±3.0 0.019

Afatinib 0.005 nM SKBR3-Ag 47.7±5.2 62.3±4.6 14.6±L7 0.002

Afatinib 0.005 nM HCC1954-Ag 70.4±8.3 82.1±9.0 11.7±2.3 0.019

Table 2.10: Inhibition of miR-630 reduces sensitivity to H E R -targeted  drugs.

The percentage cell viability following treatment with HER-targeted drugs in the presence o f negative control 

inhibitor (NC inhibitor) compared to the percentage cell viability following the same treatment but in the 

presence o f miR-630 inhibitor. Percentage resistance induced in the presence o f a fixed concentration of 

given drug, is the difference between cell viability with miR-630 inhibitor compared to NC inhibitor. 

Response to treatment shown here was assessed using the acid phosphatase method. Results represent 

n=3±SEM; p-values are indicated on the Table.
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Drug
Drug
Cone. Cell Line

%  Cell Viability %Cell Viability 
Drug Drug 

+ +
NC Mimic miR-630 mimic

%  Anti 
proliferative 
benefit with 

miR-630 
Mimic p-value

Lapatinib 3^M SKBR3-LR 40.2±5.1 9.2±2.3 31.0±4.0 0.008

Lapatinib 5nM HCC1954-LR 27.6±6.3 17.8±4.5 9.7±2.3 0.026

Lapatinib 6nM MDA-MB-453 19.0±0.9 9.9±0.9 9.1±1.6 0.015

Neratinib 0.5 nM SKBR3-LR 23.9±6.4 9.7±2.3 14.2±4.1 0.037

Neratinib 0.5 nM HCC1954-LR 26.3±4.6 22.3±4.7 3.9±0.1 0.000

Neratinib 0.5 ^M MDA-MB-453 45.3±7.5 28.3±3.0 17.0±4.9 0.037

Afatinib 0.5 ^M SKBR3-LR 32.6±9.3 7.2±2.4 25.4±6.9 0.033

Afatinib 0.5 ^M HCC1954-LR 30.5±7.0 20.7±6.5 9.8±0.5 0.001

Afatinib 0.5 ^M MDA-MB-453 50.6±8.3 31.4±10.4 19.2±2.3 0.007

Table 2.11: M im icked expression of miR-630 restores sensitivity to H ER -targeted drugs.

This table summarises the percentage cell viability following treatment with HER-targeted drugs in the 

presence o f a negative control mimic (NC mimic) compared to the percentage cell viability following drug 

treatment in the presence o f miR-630 mimic. The illustrated percentage anti-proliferative benefit induced is 

the difference between cell viability with miR-630 mimic compared to NC mimic. Response to treatment 

shown here was assessed using the acid phosphatase method. Results represent n=3±SEM, p-values are 

indicated on the Table
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2.3.10 Phenotypic changes in HER2-overexpressing cells including motility, 

invasion and resistance to anoikis are also regulated, at least in part, by 

miR-630

Assessing wound healing ability o f cells (as described in Section 2.2.11) 

demonstrated that the inhibition o f miR-630 was associated with significantly (p<0.05) 

increased motility of HCC1954-Ag by 19.8±6.9% and SKBR3-Ag by 13.2±3.2%, 

compared to their respective negative controls after 72hrs (Figure 2.12).

(i) HCC1954-Ag
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Inhibitor

miR-630
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NC inibitor 
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Ohr 72hr
■

NC 
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Inhibitor \ \ i m
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Figure 2.12: Inhibition of miR-630 increases cell motility.

Following transfection with miR-630 inhibitor or a negative control (NC) inhibitor in (i) HCC1954-Ag and 

(ii) SKBR3-Ag motility, assessed by wound-healing assay, was found to be significantly changed as a 

consequence o f miR-630 inhibition. Results represent n=3±SEM, where * p<0.05

p=0.054
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Furthermore, miR-630 inhibition was associated with significantly (p<0.05) 

increased migration through transwells for (i) HCC1954-Ag by 20.6±4.3% and (ii) 

SKBR3-Ag by 32.0±6.6% compared to NC inhibitor (Figure 2.13A). Invasion through 

extracellular matrix-coated transwells was also increased by miR-630 inhibition, 

specifically for (i) HCC1954-Ag by 29.7±3.2 (p<0.01) and for (ii) SKBR3-Ag by 13.0±4.4 

(p<0.05) (Figure 2.13B). The percentage cell death due to anoikis was significantly 

(p<0.05) decreased following miR-630 inhibition for (i) HCC1954-Ag by 3.9±1.6 fold and 

(ii) SKBR3-Ag by 7.0±2.5 fold (Figure 2.13C).

NC inh ib ito r mlR-630 inhib ito r NC in h ib ito r mlR-630 Inhib itor

B  (i) HCC1954-Ag (ii)  SKBR3-Ag

NC Inhib ito r mlR-630 InhibitorNC Inhibitor mlR-630 Inhibitor

c  (i)H CC 1954-Ag (ii) SKBR3-Ag

NC Inhibitor miR-630 Inhibitor NC Inhibitor miR-630 Inhibitor

Figure 2.13: Inhibition of miR-630 increases migration, invasion and resistance to anoikis.

Following transfection with miR-630 inhibitor or a negative control (NC) inhibitor in (i) HCC 1954-Ag and 

(ii) SKBR3-Ag; (A) migration, through transwells and (B) invasion, through ECM-coated transwells; (C) 

anoikis, assessed using poly(hydroxyethyl methacrylic) acid coated plates, was found to be significantly 

changed as a consequence of miR-630 inhibition. Anoikis assays shown here was assessed using alamar blue. 

Results represent n=3±SEM, where * p<0.05, ** p<0.01.
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On the contrary to the results in Figures 2.12, mimicked expression of miR-630 in 

drug-resistant HCC1954-LR and SKBR3-LR, was associated with significantly decreased 

motility for (i) HCC1954-LR by 32.9±1.8% (p<0.001) and (ii) SKBR3-LR by 32.3±5.6% 

(p<0.05) compared to their respective negative controls after 72hrs (Figure 2.14)
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Figure 2.14: M imicked expression o f m iR-630 increases cell motility.

Following transfection with miR-630 mimic or a negative control (NC) mimic in (i) HCC1954-LR and (ii) 

SKBR3-LR motility, assessed by wound-healing assay, was found to be significantly changed as a 

consequence o f miR-630 inhibition. Results represent n=3±SEM, where * p<0.05 **p<0.01
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Similarly, mimicked expression of miR-630 in cells was associated with significantly 

(p<0.05) decreased migration through transwells for (i) HCC1954-LR by 32.0±6.8% and 

(ii) SKBR3-LR by 16.6±1.7% (Figure 2.15A). Invasion through extracellular matrix- 

coated transwells was also significantly (p<0.05) decreased for (i) HCC1954-LR by 

31.4±7.9% and (ii) SKBR3-LR by 17.2±4.0% (Figure 2.15B). A significantly increased 

percentage cell death due to anoikis was observed following miR-630 mimicked 

expression for (i) HCC1954-LR by 1.8±0.1 fold (p<0.01) and (ii) SKBR3-LR by 1.9±0.4 

fold (p<0.05) (Figure 2.15C).
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Figure 2.15: Mimicked miR-630 decreases migration, invasion and resistance to anoikis.

Following transfection with miR-630 inhibitor or a negative control (NC) mhibitor in (i) HCC1954-LR and 

(ii) SKBR3-LR (A) migration, through transwells and (B) invasion, through ECM-coated transwells; (C) 

anoikis was found to be significantly changed as a consequence of miR-630 inhibition. Anoikis assays shown 

here was assessed using alamar blue . Results represent n=3±SEM, where * p<0.05, ** p<0.01.
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2.3.11 Mechanism o f Action for miR-630

Through the use of target prediction software (TargetScan Human Release 6.2), IGFIR 

was predicted to be regulated by miR-630. Initially the levels of IGFIR in our acquired 

lapatinib-resistant cells (HCC1954-LR and SKBR3-LR) were assessed. Here, a significant 

increase in IGFIR levels were observed in HCC1954-LR by 1.5±0.1 fold (p<0.001) and in 

SKBR3-LR by 2.3±0.3 fold (p<0.01) compared to their corresponding parent cells (Figure 

2.16 (i)). As HER2 and EGFR are the targets for all 3 drugs assessed, we also determined 

the protein levels of these specific targets using immunoblotting, as described in Section 

2.2.10. Significantly increased levels of HER2 were observed for HCC1954-LR by 2.7±0.6 

fold (p<0.05) and for SKBR3-LR by 2.1±0.01 fold (p<0.001) compared to the 

corresponding parent cells (Figure 2.16 (ii)). Furthermore, increased levels of EGFR were 

also observed for HCC1954-LR by 1.6±0.3 fold and for SKBR3-LR by 1.9±0.3 fold 

(p<0.05) (Figure 2.16(iii))
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Figure 2.16: Increased IG F IR , H ER2 and EG FR with acquired iapatinib-resistance.

The innate expression o f  IGFIR (predicted target o f  m iR-630) was initially investigated in cells with 

acquired-resistance to lapatinib. (i) IGFIR was significantly increased in H CCI954-LR and SKBR3-LR  

compared to age-match parent cells (HCC1954-Ag and SKBR3-Ag respectively), (ii-iii) Furthermore, targets 

o f  the drugs assessed in this study (HER2 and EGFR) were also found to be increased in HCC1954-LR and 

SKBR3-LR compared to age-matched parent cells (HCC1954-Ag and SKBR3-Ag respectively). 

Representative immunoblots, n=3±SEM  (corresponding densitometry below blots), where *p<0.05, **

p<0.01 *** p<0.001
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We next investigated if manipulation o f miR-630 could alter the levels of predicted target 

IGFIR as well as HER2 and EGFR. Here we observed that after inhibiting miR-630 in 

parent cells HCC1954-Ag and SKBR3-Ag, there was a significant increase o f IGFIR 

protein levels in HCC1954-Ag by 1.3±0.05 fold (p<0.05) and in SKBR3-Ag by 1.4±0.05 

fold (p<0.01) compared to the NC inhibitor transfected cells (Figure 2.17 (i)). Furthermore, 

inhibition o f miR-630 was associated with increased levels o f HER2 in HCC1954 by 

2.1±0.1 fold (p<0.01) and SKBR3 by 1.3±0.02 fold (p<0.05) (Figure 2.17 (ii)). EGFR was 

also increased upon miR-630 inhibition in HCC1954 by 1.5±0.2 (p<0.05) fold and SKBR3 

by 1.7±0.2 fold (p<0.05) (Figure 2.17 (iii)).
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Figure 2.17: Inhibition o f  m iR-630 increases IG FIR , HER2 and EGFR.

Inhibition o f  miR-630 induced an increase in (i) IGFIR expression in both HCC1954-Ag and SKBR3-Ag 

cells compared to the negative control. Similarly, levels o f  (ii) HER2 and (iii) EGFR were also increased. 

Representative immunoblots, n=3±SEM (corresponding densitometry below blots), where * p<0.05,

**p<0.01
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In contrast to the findings of miR-630 inhibition, mimicked expression of miR-630 in 

lapatinib-resistant HCC1954-LR and SKBR3-LR was associated with decreased levels of 

IGFIR, HER2 and EGFR (Figure 2.18). Specifically, miR-630 mimic transfected cells 

demonstrated a 2.9±0.9 fold decrease for HCC1954-LR (p<0.05) and a 1.9±0.4 fold 

decreased for SKBR3-LR (p<0.05) compared to NC mimic transfected cells (Figure 2.18 

(i). The levels of HER were decreased in HCC1954-LR by 1.9±0.4 fold (p<0.05) and 

SKBR3-LR by 2.6±0.3 fold upon miR-630 mimicked expression (Figure 2.18 (ii)). 

Additionally, EGFR was also decreased in HCC1954-LR by 4.6±2.3 fold (p<0.05) and 

SKBR3-LR byl.5±0.3 fold (p<0.05) (Figure 2.18 (iii)).
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Figure 2.18: miR-630 mimic decreases IGFIR, HER and EGFR.

Mimicked expression o f miR-630 induced a decrease in (i) IGFIR expression in both HCC1954-LR and 

SKBR3-LR cells compared to the negative control. Similarly, levels o f (ii) HER2 and (iii) EGFR were also 

decreased. Representative immunoblots, n=3±SEM (corresponding densitometry below blots), where * 

p<0.05, **p<0.01
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2.3.12 The generation o f  stable miR-630 overexpressing and knockdown cell lines

The assessment of the functional relevance of miR-630 to this point was performed 

on cell lines through transient inhibition or overexpression of miR-630. In order to further 

examine the potential of miR-630 and its relevance for using as an in vivo model, we 

decided to establish cell lines that had stable knockdown or overexpression of miR-630. 

The generation of these stable cell lines were performed by lentiviral transduction (as 

detailed in Sections 2.2.14), a method adopted during a period spent in the Dana Farber 

Cancer Institute (DFCI). Prior to establishing these cell lines, it was necessary to have cell 

lines that expressed the Luciferase gene (LUC) so that it would be possible to visualise in 

vivo tumour growth via bioluminescence. The mcherry/LUC+ virus was kindly provided 

by Komelia Polyak’s group in DFCI which was used to establish HCC1954 

mcherry/LUC+ cells. Previously established SKBR3 mcherry/LUC+ cells were also a gift 

provided by Prof Polyak’s group.

SKBR3 mcherry/LUC+ (Figure 2.19A) and HCC1954 mcherry/LUC+ (Figure 

2.19B) cells were both subsequently infected with viruses containing either an inhibitor for 

the miR-630 mature miRNA or miR-630 precursor sequence. Scrambled inhibitors and 

precursors were used to establish relevant controls for the stable cell lines. After 48hrs, 

successful infection of cells was visualised under a fluorescence microscope (Figure 2.19A 

& 2.19B). The miR-630 precursor and scrambled precursors expressed green fluorescent 

protein (GFP) as a reporter gene. Detection of GFP in the cells infected with either 

scrambled or miR-630 precursors demonstrated successful infection. SKBR3 

mcherry/LUC+ and HCC1954 mcherry/LUC+ Cells that were not infected with any virus 

were also photographed as a control. As expected, GFP was not detected in these cells, nor 

was it detected in cells that were infected with miR-630 inhibitor or scrambled inhibitor. 

As the selection antibiotic for these precursors (puromycin) was also the same as that used 

for mcherry/LUC, GFP+ cells were therefore sorted by flow cytometry. All infected cells, 

including the non-infected cells, had a basal level of mcherry expression (as the cell lines 

used were already mcherry/LUC+). Since mcherry was the reporter gene for miR-630 

inhibitor and the scrambled inhibitor, inhibitor infected cells tended to have a higher level 

of mcherry expression although flow cytometry would not be suitable to sort these cells. 

Therefore selection of these cells was performed using hygromycin (since these cells 

already expressed mcherry, selected for with puromycin) (Figure 2.19A & 2.19B).
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Figure 2.19: Generation of stable miR-630 overexpressing and knockdown cell lines.

Generation of stable miR-630 precursor and inhibitor cells with corresponding scrambled controls using (A) 

SKBR3 mcherry/LUC+ cell (gift from Prof. Polyak) and (B) HCC1954 mcherrry/LUC+ cells (generated 

during course of this thesis).
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2.3.13 Characterisation o f stable miR-630 overexpressing and knockdown cell lines

Following establishment of the stable miR-630 inhibitor cell lines (now called HCC 630 

K/D and SKBR3 630 K/D) and the stable miR-630 precursor cells (now called HCC 630 

PRE and SKBR3 630 PRE), we characterised the cells based on miR-630 expression, 

proliferation, response to chemotherapy and invasion. Here we found that miR-630 was 

significantly decreased (p<0.01) in HCC 630 K/D by 4.2±0.8 fold and SKBR3 630 K/D by 

7.3±4.3 fold compared to their respective scrambled controls (HCC SCR K/D and SKBR3 

SCR K/D) (Figure 2.20A). Screening the cells for response to various HER-targeted 

therapies and also docetaxel, demonstrated that while no significant change was observed 

in response to trastuzumab, miR-630 inhibition increased percentrage cell viability to 

lapatinib by 8.8±2.9% (p<0.05), neratinib by 9.5±0.7% (p<0.01), afatinib by 

19.5±0.6%(p<0.01) and docetaxel by 12.4±4.3% (p=0.053) in HCC 1954 mcherry/LUC+ 

cells (Figure 2.20B(i)). Similarly, in SKBR3 mcherry/LUC+ cells, miR-630 inhibition 

increased percentrage cell viability to lapatinib by 13.7±1.2% (p<0.05), neratinib by 

4.8±1.6% (p<0.05), afatinib by 35.3±12.1%(p<0.05) and docetaxel by 18.5±8.2% 

(p=0.077) (Figure 2.20B(ii)).
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Figure 2.20: Drug screen o f stable miR-630 knockdown cells.

(A) The expression o f  m iR-630 was significantly decreased in (i) HCC 630 K/D and (it) SKBR3 630 K/D 

compared to their respective scrambled inhibitor cells (SCR K/D). (B) (i-ii) Screening o f  several HER- 

targeted therapies as well as docetaxel indicated that miR-630 inhibition can confer resistance to some 

chemotherapy. Response to treatment shown here was assessed using the acid phosphatase method. Results 

represent n=3±SEM, where * p <0.05 **p<0.01
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The expression o f miR-630 was significantly increased (p<0.01) in HCC 630 PRE by 

2.0±0.2 fold and SKBR3 630 PRE by 25.7±3.5 fold compared to their respective 

scrambled controls (HCC SCR PRE and SKBE3 SCR PRE) (Figure 2.21 A). Screening the 

cells for response to various HER-targeted therapies and also docetaxel, showed that while 

trends towards increased sensitivity o f these drugs were observed, most did not show 

significant differences in most cases (Figure 2.2IB).
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Figure 2.21: Drug screen of stable miR-630 overexpressing cells.

(A) Tlie expression of miR-630 was significantly increased in (i) HCC 1954 miR-630 precursor cells (HCC 

630 PRE) and (ii) SKBR3 miR-630 precursor cells (SKBR3 630 PRE) compared to their respective 

scrambled precursor cells (SCR PRE). (B) (i-ii) Screening of several HER-targeted therapies, as well as 

docetaxel, indicated that miR-630 overexpression demonstrated a trend of increased sensitivity although not 

significant in most cases. Response to treatment shown here was assessed using the acid phosphatase method. 

Results represent n=3±SEM, where **p<0.01
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As HCC 1954 cells grow better in vivo than SKBR3 cells, our subsequent characterisation 

focused predominantly on the HCC 630 K/D and HCC 630 PRE cells. Proliferation assays 

performed over 5 days demonstrated that both stable knockdown and overexpression of 

miR-630 could significantly alter proliferation by day 5 for both HCC 630 K/D by 

1.78±0.1 fold (p<0.05) and HCC 630 PRE by 1.6±0.1 (p<0.01) compared to their 

respective scrambled control cells. (Figure 2.22A). Furthermore, invasion assays 

demonstrated that stable knockdown of miR-630 could significantly (p<0.05) increase 

invasion by 60.4±15.3% compared to scrambled controls, where as stable overexpression 

of miR-630 could slightly but significantly (p<0.05) decrease invasion by 12.0±3.3% 

(Figure 2.22B).
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Figure 2.22: Proliferation and invasion of stable miR-630 cells.

(A) Proliferation was significantly increased at day 5 for (i) HCC 630 K/D compared to HCC SCR K/D 

whereas a significant decrease in proliferation was observed for (ii) HCC 630 PRE compared to HCC SCR 

PRE. (B) Invasion assays demonstrated a significant increase in (i) HCC 630 K/D cells and a slight but 

significant decrease in (ii) HCC 630 PRE compared to their respective control cells. Proliferation shown here 

was assessed using the acid phosphatase method. Results represent n=3±SEM, where *p<0.05 **p<0.01
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2.3.14 miR-630 may also regulate Neuromedin U

Another predicted target for miR-630, as identified by target prediction software, was 

Neuromedin U (NmU). NmU is a secreted neuropeptide originally isolated from porcine 

spinal cord which we identified to be elevated in the cells and CM of acquired-resistant 

models to HER-targeted agents. This project, discussed in greater detail in Chapter 3, was 

ruiming in parallel to the miR-630 studies and later we hypothesised that both molecules 

may be linked in regulating drug-resistance. Stable knockdown of miR-630 was associated 

with increased NmU protein in HCC 1954 mcherry/LUC+ cells by 1.8±0.1 fold (p<0.01) 

and SKBR3 mcherrry/LUC+ cells by 1.6±0.1 fold (p<0.05) (Figure 2.23 (i)). No 

substantial change in NmU expression was observed for miR-630 overexpression (Figure 

2.23 (ii)) While results of this observation are somewhat in their infancy, our irmnunoblots 

for NmU on the miR-630 stable knockdown cell lines indicate that the expression of miR- 

630 and NmU maybe inversely correlated (Figure 2.23).
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Figure 2.23: miR-630 may regulate Neuromedin U.

Immunoblotting for NmU was performed on cell lines with stable miR-630 overexpression or stable

knockdown o f miR-630. Here we found that NmU was increased in (i) HCC 630 K/D and SKBR3 630 K/D

compared to their respective scrambled controls. Conversely, a slight decrease NmU expression was

observed for (ii) HCC 630 PRE and SKBR3 SCR PRE compared to their respective scrambled controls.

Results represent n=3±SEM (for K/D blots) and n=2±SEM (for PRE blots) where ’•‘p<0.05, ♦♦p<0.01
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2.4 DISCUSSION

The pursuit of extracellular predictive biomarkers offers potential for minimising 

invasive procedures, such as tissue biopsy procurement in the clinic. Previously, our group 

reported the existence of RNAs circulating extracellularly in serum/plasma from cancer 

patients [201]. We have also reported on the detection of circulating miRNAs [206, 249, 

270]. In this study we performed global miRNA profiling on the cells and conditioned 

media (CM) of cell line models for lapatinib and trastuzumab-resistance. Prior to profiling, 

the success of RNA isolation was determined by assessing yields and quality of RNA in 

our samples. As expected, yields of cellular samples were high and the 260/280 ratio was 

within the recommended 1.8-2.0 indicative of pure RNA. For CM samples, yields ranging 

from 12-27ng/|jl (per RNA sample dissolved in 10|al of RNAse free water) were similar to 

that reported by ourselves and others [201, 271], While the 260/280 ratio ranged from 1.4- 

1.6, lower than the recommended 1.8-2.0; this was not surprising because the cellular RNA 

predominantly consist of ribosomal RNA (rRNA), whereas extracellular RNA does not 

contain rRNA and is mostly comprised of mRNA and miRNAs that may indicate the low 

yield observed here [272]. In terms of quality of RNA observed, due to the low yields of 

RNA present in the CM samples, the 260/280 ratio may not be reliably determined on the 

Nanodrop spectrophotometer [273].

A substantial number of miRNAs were commonly present in both cells and 

corresponding CM of all cell lines profiled in this study. The linear regression analysis 

indicated an R of between 0.32 and 0.4 for the cells and corresponding CM for all cell line 

variants assessed demonstrating a modest positive correlation between miRNAs detected in 

cells and corresponding CM. Furthermore, the relative fold changes in miRNA expression 

of resistant cell lines (SKBR3-TR and SKBR3-LR) compared to sensitive parent cells 

(SKBR3-Ag) also demonstrated that cells and CM clustered together in hierarchical 

clustering analysis with a closer similarity of the CM from SKBR3-TR and SKBR3-LR. 

Taken together these results suggested that CM may carry miRNAs that are reflective of 

their cells of origin. The suggestion that extracellular miRNAs may reflect their cells of 

origin have previously been reported [216, 217, 238] although the contrary has also been 

reported suggesting that miRNAs released may not reflect the abundance of miRNAs 

within the cell of orign [274, 275]. Whether the observations from our study indicate that 

the extracellular miRNAs are freely circulating or predominantly vesicle bound remains to
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be examined. Future work involving the isolation o f vesicle bound RNA (e.g. in exosomes) 

and comparing to the miRNAs detected in the supernatant following exosome isolation 

would help to investigate this. We have recently investigated the extracellular miRNA  

profiles o f a panel o f prostate cancer cell lines focusing on the miRNAs present in 

exosomes; this is discussed in further detail in Chapter 5.

Prior to selecting miRNAs for fiirther analysis, venn diagrams were prepared to 

identify the commonly up- or down-regulated miRNAs in resistant versus sensitive cells. 

In general there was a greater number o f  miRNAs decreased with drug-resistance. This is 

not surprising as miRNAs are considered to predominantly act as negative regulators o f  

mRNAs translation [249].

O f the miRNAs chosen for further analysis fi*om global miRNA profiling, miR-630 

demonstrated the most consistent and significant results in both the cells and CM from 

SKBR3-TR and SKBR3-LR compared to age-matched parent controls (SKBR3-Ag). We 

identified that medium conditioned by both lapatinib- and neratinib-resistant cell line 

variants o f SKBR3 and HCC1954 cells {i.e. HCC1954-LR, SKBR3-LR, HCC1954-NR, 

SKBR3-NR) also demonstrated a significant decrease o f  miR-630 levels compared to CM 

from age-matched parent cells (HCC1954-Ag, SKBR3-Ag), correlating with the 

observation in the corresponding cell lines. This suggests relevance for miR-630 as an 

extracellular i.e. minimally-invasive, predictive biomarker.

To investigate if  miR-630 may be altered with innate-resistance as well as acquired- 

resistance, we initially compared the expression o f miR-630 in innately-sensitive SKBR3 

cells compared to innately-resistant MDA-MB-453 cells. Having established that miR-630 

was decreased in cells and CM o f MDA-MB-453 compared to SKBR3, we next elected to 

use a broader range o f  HER2-overexpressing cells with varied IC50 values for lapatinib. 

Our findings confirm that decreased expression o f miR-630 is associated with increased 

innate-resistance in the panel o f  cell lines used in this study.

Limited studies to date have reported on the role o f miR-630 in cancer. Specifically, 

reports using the lung cancer cell line, A549, identified miR-630 as a regulator o f  cisplatin- 

induced cell death, with mimicked expression o f  miR-630 inducing chemo-protective 

properties [254]. Conversely, the authors o f  that study also identified that miR-630 failed 

to protect cells when treated with C2-CER, CdCli, etoposide, mitoxantrone, and oxaliplatin
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and in some cases induced chemo-sensitivity [254]. In head and neck squamous cell 

carcinoma, also reporting on cisplatin-induced cell death, Huang et al. [255] reported that 

induced expression of miR-630 with cisplatin treatment of HNSCC cells dramatically 

decreased cell survival. Induced miR-630 expression decreased levels of anti-apoptotic 

genes, BCL-2 and BCL2L2, whereas inhibition of miR-630 in HNSCC cells up-regulated 

these genes and was associated with increased cell survival [255], The overexpression of 

miR-630 in the pancreatic cancer cell line PANC-1 has recently been associated with 

decreased mRNA and protein levels of IGFIR as well as enhanced apoptosis [257]. The 

motility and invasion of the ANGPTLl overexpressing lung cancer cell line (CLl- 

5/ANGPTLl) has been shown to be restored following miR-630 inhibition [256]. To the 

best of our knowledge, prior to our studies miR-630 has never been associated with any 

subtype of breast cancer, with response/resistance to HER-targeted drugs and/or breast 

cancer cell aggression. Here we observed that miR-630 is associated with -and may be 

causally involved in- regulating resistance to HER-targeting drugs. As mentioned, initially 

using our cell line models of acquired lapatinib-resistance (HCC1954-LR, SKBR3-LR) 

and neratinib-resistance (HCC1954-NR, SKBR3-NR) and subsequently in a panel of cell 

lines with innate-resistance, we observed a decrease in miR-630 expression.

To support our in vitro findings, and so indicate the relevance of choosing miR-630 

for further functional evaluation, our subsequent analysis was to determine the clinical 

relevance of miR-630. Evidently, miR-630 was decreased in breast cancer tumours 

compared to peritumours which was also apparent when assessed in specifically HER2- 

overexpressing tumours.

Returning to our cell line models, having established that reduced miR-630 

expression levels are associated with both innate- and acquired-resistance, we progressed 

next to establishing if this was specific to lapatinib and neratinib alone or more generally 

associated with HER-targeting drugs. For this purpose, we also included afatinib in our 

analyses. For functional assessement of this miRNA, we initially performed transient 

inhibition and mimicked expression of miR-630. Mimicked expression of miR-630 was 

confirmed by qPCR and conversely inhibition of miR-630 demonstrated a decrease in 

miR-630 expression. miRNA inhibitors are designed to specifically bind to and inhibit 

endogenous miRNA molecules and enable miRNA functional analysis by down-regulation 

of miRNA activity. However, they are not known to cause degradation of the miRNA, thus
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the levels of miR-630 should not necessarily have been changed when assessed by qPCR. 

Recent studies have suggested that much of the apparent decrease in miRNA expression 

that may be associated with miRNA inhibitor transfection is attributable to the suppressive 

effect of antisense inhibitor on the PCR reaction itself [276]. Therefore, other options for 

reporting the relative functional level of a miRNA have been suggested including the use 

of a miRNA reporter (such as luciferase or a fluorescent protein under the control of 

miRNA target sites) [276].

Through inhibition of miR-630 (in sensitive parent cells) or its mimicked expression (in 

acquired lapatinib-resistant or innately-resistant cells) our studies identified a correlation 

between miR-630 function and cellular response to all 3 HER-targeting drugs tested i.e. 

lapatinib, neratinib and afatinib.

To more comprehensively evaluate a functional relevance of miR-630 in HER2- 

overexpressing breast cancer we next investigated whether miR-630 may confer other 

phenotypic influences. Interestingly we observed that inhibition of miR-630, in sensitive 

parent SKBR3 and HCC1954 cells, was also associated with increased cell motility, 

migration, invasion and resistance to anoikis. On the contrary, miR-630 mimicked 

expression in acquired-resistant SKBR3-LR and HCC1954-LR cells resulted in a 

substantial block on these phenotypic changes. In agreement with our observations, 

increased cell migration and invasion have widely been reported to be associated with 

drug-resistance [277-279]. Additionally, we have previously reported that drug-resistance 

can also be coupled with increased resistance to anoikis [237]. Our findings are supported 

by the recent study by Kou et al. [256] demonstrating that lung cancer cells (CL 1-5) 

overexpressing ANGTLl have reduced motile and invasive capabilities with increased 

levels of miR-630; whereas increased migration/invasion induced by shANGPTLl in CLl- 

0 cells was associated with decreased miR-630 expression [256]. The authors of this study 

also demonstrated that inhibition of miR-630 in CL1-5/ANGTL1 cells restored invasion 

and migration [256].

Investigating the mechanism(s) by which miR-630 could be conferring these 

influences on sensitivity/resistance as well as altered cell aggression, IGFIR (which our 

bioinformatics analysis initially predicted as a target of miR-630 and more recently was 

reported by Farhana et al. as a target for miR-630 [257]) was found to be a directly

96



influenced by miR-630 manipulation. Interestingly, elevated IGFIR expression, observed 

in our acquired lapatinib-resistant cells (SKBR3-LR and HCC1954-LR) compared to their 

age-matched parent cells was inversely correlated with decreased miR-630 expression in 

the same resistant cells.

Advancing on this observation, we demonstrate that inhibition of miR-630 -resulting 

in increased resistance and metastatic phenotype in SKBR3 and HCC1954- was associated 

with increased IGFIR expression in both cell lines. Mimicked expression of miR-630, 

which induced an increase in sensitivity to HER-targeting drugs for acquired-resistant 

SKBR3-LR and HCC1954-LR cells as well as decreased cell aggressiveness, caused a 

reduction of IGFIR expression. These observations are in keeping with that of several 

other reports that correlate IGFIR expression with resistance to HER-targeting drugs and 

other chemotherapy [54-58]. Furthermore, increased IGFIR has also been previously 

attributed with an increased aggressive phenotype [280-282]. Our studies, however, are the 

first to determine that the mechanism involved is, at least partly, regulated by aberrant 

miR-630 expression. This observation is supported by the recent study by Farhana et al. 

[257] who demonstrate that miR-630 pairs to a 7 nucleotide conserved region located in 

position 2658-2665 of IGFIR 3'-UTRand showed that overexpression of miR-630 

reduced the mRNA and protein levels of IGFIR in the pancreatic cancer cell line, PANC-1 

[257],

The drugs included in this study target both HER2 and EGFR. For this reason we 

also investigated whether miR-630 may modulate the expression of these receptors. We 

initially observed that the acquired lapatinib-resistant cells used for this study (SKBR3-LR 

and HCC1954-LR) have increased levels of both HER2 and EGFR compared to their age- 

matched parent controls. This is supported by previous studies reported that increased 

levels of HER2 or EGFR correlate with resistance to trastuzumab and other chemotherapy 

[54, 59]. In addition to this, we observed that miR-630 inhibition induced an increase in 

both HER2 and EGFR, whereas mimicked expression of miR-630 decreased the 

expression levels of these proteins. Previous studies have indicated that crosstalk between 

IGFIR and other tyrosine kinases such as HER2 and EGFR can drive cancer progression 

and drug-resistance [283-285]. This supports our hypothesis that miR-630 directly 

regulates IGFIR which, subsequently, leads to alterations in HER2 and EGFR potentially
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driving the phenotypic affects demonstrated in this study. A model for this proposed 

mechanism is illustrated in Figure 2.24.

IGFIR
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Figure 2.24: Proposed model for outcom e from m anipulation of miR-630 in breast cancer cells.

Elevated IGFIR, HER2 and EGFR have previously been associated with drug-resistance and cancer cell 

aggression. Our studies suggest that (A) Introducing miR-630 into acquired- or innately-resistant breast 

cancer cells can (1) directly inhibit the IG FIR  mRNA translation. (2) Crosstalk o f IGFIR with other receptor 

tyrosine kinases (HER2 and EGFR) can lead to their subsequent down regulation and so (3) cause cells to 

become more sensitive to HER-targeting agents as well as decreasing their aggressive phenotype (in terms of 

motility, invasion and resistance to anoikis). (B) Conversely, inhibiting the expression o f miR-630 in 

sensitive breast cancer cells can (1) prevent its binding to, and translational suppression of, target mRNA 

IGFIR. This allows an increase in IG FIR  protein expression which in turn can (2) induce elevated HER2 and 

EGFR expression and, as a result, (3) cells exhibit a more aggressive phenotype.

In order to further investigate the importance of miR-630 in breast cancer, we decided to 

estabhsh cell lines with stable miR-630 overexpression and knockdown that may 

potentially be used for future in vivo studies. Our drug screen indicated that, in keeping 

with our transient transfection studies, stable inhibition of miR-630 expression increased 

resistance to several HER-targeting agents. However drug sensitivity for the stable miR-
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630 precursor cells was not significantly altered. Proliferation and invasion were altered 

with stable knockdown of miR-630, indicating that these stable knockdown cells were to 

some extent confirming some of the observations from our transient transfection studies.

It may be possible that the lentiviral infection o f the precursor however was not efficient 

enough to elicit the same affects observed when the transient mimic transfected cells were 

treated with drugs. For example, the expression of miR-630 achieved in the HCC1954 

miR-630 precursor stable cell lines was only approximately 2-fold increased whereas the 

miR-630 mimic transfected cells had several thousand fold increased miR-630 expression.

Sequencing o f the commercially-available plasmid constructs was performed to confirm 

whether the constructs were correct. The miR-630 inhibitor, miR-630 precursor and 

scrambled controls all showed correct alignment with their expected sequences indicating 

that the constructs used were correct and so not considered to be a limiting factor in 

relation to the results achieved with the precursor cells. Repeating the lentiviral infection 

possibly trying single cell cloning may produce cells with a greater overexpression o f miR- 

630 and so may produce more appropriate models for future miR-630 in vivo studies.

Our preliminary analysis of Neuromedin U expression in these stable cell lines may 

suggest an inverse correlation with miR-630 expression in the stable knockdown cells. 

Both miR-630 discussed here and Neuromedin U discussed later in Chapter 3 have 

individually been shown to regulate resistance and cancer cell aggression, the potential link 

between these two molecules therefore warrants further study.

2.5 CONCLUSIONS

In conclusion, our study indicates that extracellular miRNAs may in fact reflect that 

o f their cells o f origin. Furthermore, we have identified for the first time that miR-630 

plays an important role in modulating response to HER-targeting drugs, as well as in 

overall aggressive phenotypic characteristics o f HER2-overexpressing breast cancer cells. 

We have demonstrated that miR-630 may serve as a predictive biomarker for response to 

treatment in HER2-overexpressing breast cancer; with early indications from our CM 

studies of its relevance as a minimally-invasive (as well as cell-based) biomarker. Our 

functional studies provide evidence that introducing exogenous miR-630 in combination 

with HER-targeted drugs can help to circumvent resistance/insensitivity and reduce cancer
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cell aggression in cell lines. Thus, by improving overall response, miR-630 adds value to 

these HER-targeting drugs.
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CHAPTER 3

Neuromedin U: a potential predictive biomarker and a 

therapeutic target to overcome resistance to HER-tyrosine 

kinase inhibitors

The contents of this chapter were performed in collaboration with Dr. Sweta Rani, Post- 

Doctoral Research Fellow, parts of which are included in the following paper submitted 

currently under peer review:

Neuromedin U: a potential predictive biomarker and a therapeutic target to overcome 

resistance to HER-tyrosine kinase inhibitors

Sweta Rani, Claire Corcoran*, Serena Germano*, Stephen Madden, Susan Breslin, Martina 

S McDermott, Brigid C Browne, Norma O’Donovan, John Crown, Lorraine O’Driscoll
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3 ABSTRACT

Introduction: Not all HER2-overexpressing breast tumours respond to HER-targeted 

drugs, and some patients who initially respond, later relapse. There is an urgent need, 

therefore, to identify predictive biomarkers for improved patient selection and as a means 

of helping circumvent this resistance.

Methods: Initially studying HER2-overexpressing cell lines, we assessed Neuromedin U 

(NmU) mRNA and protein levels, in cell lines with acquired- or irmate-resistance to 

trastuzumab, lapatinib or neratinib, and in the conditioned media (CM), and using qPCR 

and ELISA. Transfection using a plasmid containing NmU cDNA was used to generate 

cell lines stably overexpressing NmU, whereas siRNAs were used to assess effects of 

NmU knockdown in cells. Proliferation assays were performed to assess NmU’s regulation 

of response to HER-targeted therapies. Clinical relevance of NmU was assessed in 21 

microarray publically-available datasets. Other phenotypic changes associated with cellular 

aggressiveness were evaluated by motility, invasion and anoikis assays.

Results: We found NmU to be present at significantly higher levels in the CM from cells 

with acquired- or irmate-resistance to the HER-targeted drugs, reflecting that of the cells 

themselves. Short-term exposure of sensitive cells to these HER2-targeted drugs, i.e. 

lapatinib, trastuzumab, neratinib, afatinib, showed a similar trend; suggesting NmU 

induction is partly an early-response. Analysing 3489 tumours (from the publically- 

available datasets) showed NmU to be associated with poor outcome for patients, 

particularly those with HER2-overexpressing tumours; independent of established 

prognostic indicators. Overexpressing NmU in sensitive cells conferred resistance to all 4 

drugs assessed, while knocking it down in both acquired- and innately-unresponsive cells 

caused drug re-sensitisation. NmU’s mechanism-of-action was found to involve 

complexing with- and induction of- HSP27, its identified partner protein and a known 

stabiliser of HER2 protein. Conversely, NmU knockdown correlated with reduced HSP27 

binding. Further supporting a causative role for NmU, fiinctional NmU receptors on 

HER2-overexpressing cells were observed, with exogenous NmU increasing HER2 and 

EGFR expression and inducing a level of drug-resistance. Furthermore, NmU functioned 

in cellular motility, invasion and anoikis resistance. Here we also report on preliminary 

analysis of cell lines generated for potential in vivo studies.
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Conclusion: Taken together, these results suggest NmU to be a prognostic and predictive 

biomarker for HER2-positive cancers and that therapeutic inhibition of NmU could help 

circumvent resistance and add value to these drugs.
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3,1 INTRODUCTION

As previously outlined in Chapters 1 and 2, the use of current HER-targeting agents, 

trastuzumab and lapatinib, has provided significant clinical benefit in patients with HER2- 

overexpressing breast cancers. However, innate/primary- and acquired- resistance 

represent substantial clinical challenges, in addition to the lack of means to predict 

patients’ response. Furthermore, emerging HER-targeting drugs, such as neratinib and 

afatinib, although demonstrating promising results in clinical trials so far, the possibility of 

resistance to these drugs may limit their long-term success. Predictive biomarkers for 

HER-targeting drugs (ideally extracellular, minimally-invasive) are needed for improved 

patient selection and thus enhanced patient outcome, as are novel therapeutic strategies to 

circumvent resistance. Our previous studies, including those outlined in Chapter 2, indicate 

that analysing extracellular RNAs in medium conditioned by cells can be a useful starting 

point to identifying potential biomarkers, some proving to have functional relevance within 

the cell [286-290].

Through initial analysis of conditioned media from cell lines with acquired- 

resistance to lapatinib, we identified Neuromedin U (NmlJ) as significantly increased with 

acquired-resistance. This observation was also reflected in the cells themselves. NmlJ is a 

secreted neuropeptide originally isolated from porcine spinal cord, along with other 

neuromedins. Members of the neuromedin peptide family, were classified as such due to 

their common ability to stimulate smooth muscle contraction [291]. NmU, originally 

named due to its potent uterine contraction-inducing activity, is synthesised as a 174 amino 

acid precursor and cleaved to a 25 amino acid biologically-active peptide. NmU is found at 

high levels in the pituitary and gastrointestinal tissue [292]. Two G-protein coupled 

receptors (GPCR) for NmU have been identified, NmU-Rl (predominantly in the 

periphery, especially GI tract) and NmU-R2 (predominantly in central nervous system) 

[293]. Evidence suggests a role for NmU in pain, stress, immune-mediated inflammatory 

diseases, and feeding regulation (see reviews [292, 293]). A limited number of studies to 

date have associated NmU with cancer; with conflicting observations depending on the 

cancer type. NmU has never previously been independently associated with breast cancer 

or, indeed, with any HER2-overexpressing cancers.
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In this study, we aimed to investigate the relevance of NmU in breast cancer and its 

potential to regulate response to HER-targeting agents and cancer cell aggression. Our 

initial analysis of extracellular, as well as intracellular, levels of NmU from our acquired 

drug-resistant cell lines identified NmU as being significantly increased compared to drug- 

sensitive age-matched parent cells. Clinical assessment indicated that high expression of 

NmU is significantly associated with poor outcome, particularly for HER2-positive breast 

cancer patients. Advancing on these observations, we subsequently performed NmU- 

overexpression and NmU-knockdown studies to investigate the functional effect of this 

peptide on cellular response to HER-targeted agents, trastuzumab lapatinib, neratinib and 

afatinib and the mechanism by which it NmU acts. NmU’s effect on cancer cell aggression, 

assessed by motility, invasion and anoikis assays, was also performed. Here we also report 

on preliminary findings performed on stable cell lines that may be used for future in vivo 

related studies.
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3.2 METHODS

Contribution: As stated at the beginning, the contents of this chapter were performed in 

collaboration with Dr. Rani. This is indicated throughout and also under the figure legends. 

Sections solely performed by Dr. Rani are stated as follows:  ̂These assays were

performed by Dr. Sweta Rani In sections that were partly performed by Dr. Rani or others 

is stated as follows 'These assays were partly performed by ’ . In terms of ‘partly 

performed’ or ‘parts of these assays’ this indicates that some biological replicates were 

performed or else experiments were performed on one of the cell lines.

3.2.1 Cell culture and treatments

SKBR3, HCC1954, MDA-MB-361, T47D cells, obtained from ATCC, were cultured in 

RPMI-1640 (Sigma-Aldrich, R0883) with 10% FCS (PAA Cat. #: A15-151) and 1% L- 

glutamine (Sigma-Aldrich, Cat. #: G7513). Lapatinib-resistant SKBR3 and lapatinib- 

resistant HCC1954 cells (SKBR3-LR and HCC1954-LR, respectively- developed by Dr. 

Sweta Rani, Post-doctoral Research fellow) were established by continuously exposing 

cells to lapatinib, starting with 5nM and increased stepwise to 250nM over 6 months. 

Similarly, neratinib-resistant cells (SKBR3-NR, HCCl954-NR-developed by Susan 

Breslin) were established by continuously exposing cells to neratinib, increasing stepwise 

to 80nM (for SKBR3-NR) and 250nM (for HCC1954-NR) for over 4 months. SKBR3 

trastuzumab-resistant variants (SKBR3-TR) were established through exposure to 

trastuzumab (SKBR3-TR) over a period of 6 months and were kindly provided by Dr. 

Norma O’Donovan (Molecular Therapeutics for Cancer Ireland, Dublin City University). 

Age-matched parent cells (SKBR3-Ag, HCC1954-Ag) were maintained in culture, in 

parallel, but were not exposed to drug. Working banks of all cell line variants were 

cryopreserved (freezing media at a final concentration of 5% Dimetyl Sulfoxide (DMSO, 

Sigma-Aldrich, Cat. #: D2650) and stored in liquid nitrogen. All experiments on acquired- 

resistant cells and corresponding aged controls were performed within 10 passages in 

culture and were performed on cells that receieved no drug for a minimum of one week. 

Passage numbers used were approximately the following: SKBR3-LR7-Ag (p95-105); 

HCC1954-LR/-Ag (p74-84); SKBR3-NR/-Ag (p99-109); HCC1954-NR/-Ag (p70-80); 

SKBR3-TR/Ag- (p85-95). Cells were routinely tested for Mycoplasma contamination 

using the PCR Mycoplasma Test Kit 1/RT Variant B (Promocell, Cat. #: PK-CA91-3025B)
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and were found to be negative. Lapatinib (Cat. #: SRP012101), neratinib (Cat. #: 

SRP06000n) and afatinib (Cat. #: SRP037103a) were obtained from Sequoia Research 

Chemicals Ltd. (Pangboume UK). Lapatinib, neratinib and afatinib were prepared in 

DMSO to a concentration of lOmM and stored in aliquots at -20°C. Working stocks of 

10|aM were prepared fresh every week as necessary and for each biological replicate of 

toxicity assays. Trastuzumab was provided by St. James’s University Hospital, Dublin; 

prepared at 21mg/ml in bacteriostatic water for injection and stored at 4°C. Working stocks 

of 1 mg/ml were prepared fresh every week as necessary and for each biological replicate 

of toxicity assays.

3.2.2 Short-term drug exposure assays

[These assays were performed by Dr. Sweta Rani]

SKBR3 and HCC1954 cells were seeded (5x10^ cells, 25cm^ flasks) and allowed to 

grow to 80% confluency before being exposed, for 48 hours, to lapatinib (l|iM ), 

trastuzumab (12.5|j,g/ml), neratinib (O.S^M), or afatinib (0.5|j,M). Cell pellets were 

collected, RNA was isolated (as described in Section 2.2.3) and the expression of NmU 

was evaluated by qPCR as described in Section 3.2.8.

3.2.3 RNA isolation from conditioned medium

Conditioned medium (CM) was collected, centrifuged and filtered, as previously 

described [289, 294], prior to NmU mRNA and protein analysis. [Full description of CM 

collection and subsequent RNA isolation is described in Chapter 2, Section 2.2.2 and 2.2.3]

3.2.4 NmU knockdown and overexpression

[parts o f these assays were performed by Dr. Sweta Rani; cloning o f the NmU cDNA 

construct into the pcDNA 3.1(+) vector was performed by Dr. Serena Germano, Post- 

Doctoral Research fellow]

Two siRNAs, designated NmU-1 and NmU-2 (Ambion, Cat. #: s225456 and 

s21351), (30nM) were used to target NmU. Scrambled siRNA (Scr) (Ambion, Cat. 

#:AM4611) was used as a negative control. Transfection was performed using 

lipofectamine 2000 (Invitrogen, Cat. #: 11668-027) according to the manufacturer’s
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instructions and described in greater detail in Chapter 2, Section 2.2.7. Transient 

transfections were har\'ested 72 hours post-transfection for RNA and protein extraction.

NmU full-length cDNA was sub-cloned by digesting from pOTB7 (clone 

IDS502168, Open Biosystems) and ligating into pcDNA 3.1(+) zeo-plasmid vector 

(Invitrogen, Cat. #:V860-20; see vector map information in Appendix I, Section D). The 

construct was verified by DNA sequencing (see Appendix, Section E, Figures E.l & E.2). 

Mock controls used were of pcDNA3.1(+) plasmid lacking NmU cDNA. Cells (SKBR3 

and HCC1954) were seeded into 25cm flasks and allowed to grow to approximately 50- 

70% confluency and were transfected with of NmU-containing plasmid or empty 

plasmid. Lipofectamine 2000 (Invitrogen, Cat. #: 11668-027) was used for transfection 

following the manufacturer’s instructions. Stable transfectants were established by 

selecting with zeocin (Invitrogen, Cat. #;R250-01) (50|ag/ml and 300^g/ml for HCC1954 

and SKBR3 transfected cells, respectively; based on Dr. Rani’s initial assessment of the 

toxicity of zeocin on these cells).

3.2.5 Proliferation assays

Cells with acquired-resistance compared to aged-parent cells and NmU cDNA- 

versus mock-transfected cells (HCC1954 variants, 3x10^ cells/well; SKBR3 variants, 

5x10  ̂ cells/well; in 96-well plates) were seeded for 24hrs prior to drug additions. 

Subsequently, lapatinib (0-l.l|aM for SKBR3; 0-6|^M for SKBR3-LR; 0-500nM for both 

SKBR3-mock and SKBR3-NmU; 0-1.1^M for HCC1954; 0-6|.iM for HCC1954-LR; 0- 

800nM for HCC 1954-mock; 0-15^M for HCC1954-NmU), neratinib (2-40nM for both 

SKBR3-mock and SKBR3-NmU; 0-750nM for HCC 1954-mock; 0nM-1.2^M for 

HCC1954-NmU), trastuzumab (0-500^g/ml for both HCC 1954-mock and HCC 1954- 

NmU) or afatinib (0-32nM for SKBR3-mock; O-lOOnM for SKBR3-NmU; 0-50nM for 

HCC1954-mock; 0-185nM for HCC1954-NmU) was added to the cells. Five days later, 

acid phosphatase assay was performed as previously detailed in Chapter 2, Section 2.2.9.
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3.2.6 Assessing effects o f  Nm U siRNAs with HER-targeted drugs

[These assays were performed by Dr. Sweta Rani]

To investigate if knockdown of NmU affected response to HER-targeting, cell lines 

with acquired lapatinib-resistant (SKBR3-LR, HCC1954-LR) and innately unresponsive 

(MDA-MB-361, T47D) cells were assessed. Cells were seeded into 24-well plates at a 

density of S x lo W ll  (HCC1954-LR, T47D) and IxloVwell (SKBR3-LR, MDA-MB- 

361). Forty-eight hours following transfection with NmU-1 siRNA, NmU-2 siRNA or Scr 

sequences, cells were exposed to their approximate IC50 concentrations of lapatinib (3|j,M, 

SKBR3-LR; 5|^M, HCC1954-LR; l^M, MDA-MB-361; 5^M, T47D), as these IC50 values 

had previously been determined by ourselves and others [263-265]. As in previous studies 

[265] a fixed concentration o f trastuzumab (15|j,g/ml) was assessed for all 4 cell line 

variants. Fixed concentrations of neratinib (l|iM ) and afatinib (0.5|aM) were used similar 

to that o f others [295]. These were cultured for 72 hours and subsequently assessed using 

acid phosphate analysis as previously detailed in Chapter 2, Section 2.2.9.

3.2.7 NmU peptide treatment and assessing affects with HER-targeted drugs

[These assays were partly performed by Dr. Sweta Rani]

To assess if functional NmU receptors are expressed on cells, SKBR3 and HCC1954,
ft  0(1x10 cells) were seeded in 25cm flask, allowed to attach overnight and subsequently 

treated with l|iM  of NmU-25 (Bachem, Cat. #: H5538) for 24-48 hrs. Peptide treatments 

were also performed to assess if endogenous NmU affected response to HER-targeting. 

Cells were seeded into 24-well plates at a density o f 2.5x10^^^611 (HCC1954) and 

5xlO'*/well (SKBR3) and allowed to attach overnight. The next day medium was changed 

and replaced with medium (5ml) containing l|j.M of NmU-25 (Bachem, Cat. #: H5538). 

After 48hrs, medium was changed and cells were treated with lapatinib (l|iM ), 

trastuzumab (12.5|ag/ml), neratinib (0.5|j.M), or afatinib (0.5|iM) -same as used for pulse- 

treated assays. These were cultured for 72hrs and subsequently assessed using acid 

phosphate analysis as previously detailed in Chapter 2, Section 2.2.9.

109



3.2.8 qPCR

[These assays were partly performed by Dr. Sweta Rani]

Total RNA was isolated from cell lines and CM using TriReagent (Sigma-Aldrich, 

Cat. #: T9429). In order to remove any potential contaminating genomic DNA, RNA was 

treated with DNase enzymes and minus reverse transcriptase enzyme controls verified no 

DNA/pseudogene contamination of starting material (this was performed on 

overexpressing cell lines) [289]. For DNAse treatment, in brief, RNA samples were treated 

with lU  of RNase-free DNase (Promega, Cat. #: M6101) per l|ag RNA in a reaction 

mixture of 10|al including reaction buffer (Promega, Cat. #: M l98A). RNA was incubated 

at 37°C for SOmins in the reaction mixture containing RNase-free DNase (Promega, Cat. #: 

M6101) as recommended by the manufacturer. To this mixtiire was added 1^1 of RQl 

DNase Stop Solution (Promega, Cat. #: M199A) to terminate the reaction and further 

incubated at 65°C for lOmins to inactivate the DNase. As a control for qPCR reactions, to 

ensure no DNA contamination was present, cDNA synthesis (as described below in 

Section 3.8.2.1) was also performed for samples without reverse transcriptase (-RT). qPCR 

on H20 was also included as a negative control. Example results of qPCR for Beta Actin 

with and without RT are shown below (Figure 3.1).

Figure 3.1: Demonstration of qPCR amplification following DNAse treatment.

Sample results are indicated for Beta actin expression where 40Cx indicates no expression.

3.2.8.1 cDNA svthesis

cDNA was prepared from 500ng cell-derived and 4}o.l CM-derived total RNA 

respectively, [in this case on average approximately 14±1.5ng/|il -  some individual 

examples of quantification and quality of RNA isolated from cells and CM is detailed in
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Chapter 2, Section 2.3.1]. RNA, diluted in RNase free water, was incubated with Ifil of 

500ng/l oUgo dT primers (Eurofms MWG Operon) and l|j,l o f dNTP (deoxynucleotide 

triphosphate) (lOmM of each dNTP) (Sigma-Aldrich, Cat. #: DNTP 100) to a final volume 

of 10|j.l. Samples were incubated at 70°C for lOmins. This mixture was then cooled on ice. 

The following reaction mixture was prepared to make up a final volume of 10|j,l and added 

to the contents o f each well:

lOX buffer (Sigma-Aldrich, Cat. #: B8559) 2\xl

RNasin (40U/|il) (Sigma-Aldrich, Cat. #: R2520) 0.5|il

Nuclease-free water (Ambion, Cat. #: AM9916) 6.5^1

MMLV-RT (200U/|il) (Sigma-Aldrich, Cat. #: M l302) 1^1

Table 3.1; Volumes of components used for cDNA synthesis reaction

This mixture was incubated at 37°C for SOmins. The reaction tube was then heated to 80°C 

for lOmins to denature the MMLV reverse transcriptase. Another RT reaction was set up 

without MMLV-RT as a negative control.

3.2.8.2 PCR amplification

PCR amplification was performed according to the Applied Biosystems protocol. In 

brief, each 20|al reaction (per single cDNA sample) consisted of 10|al TaqMan 2X 

Universal PCR Master Mix, No AmpErase UNG (Applied Biosystems, Cat. #: 4440048), 

7 |li1 Nuclease-fi’ee water (Ambion, Cat. #: AM9916), l|j.l 20X Taqman mRNA Assay, 2|̂ 1 

RT product. NmU (Applied Biosystems, Cat. #:Hs00183624_ml) was quantified using the 

threshold cycle (Cj) adjusting to the levels of 3-actin (Applied Biosystems, Cat. #: 

4352933E), established as not differing significantly in expression levels between cell and 

CM being assessed and so suitable as endogenous control. The PCR reaction was 

conducted using the ABI 9700 thermal cycler using standard ramp speed, 9600 

emulation run mode and the following thermal cycling conditions: hold 95°C lOmins, 40 

cycles of 2 steps: 95°C for 15 seconds and 60°C for 60 seconds.
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3.2.9 Immunoprecipitation

[Parts o f these assays were performed by Dr. Sweta Rani]

HCC1954 and SKBR3 (-mock and -NmU transfected cells) were harvested, washed 

three times with PBS and lysed using cell extraction buffer (Invitrogen, Cat. #: FNNOOl 1). 

Protein was quantified and lysate was diluted to 1 lag/^l to a final volume of 100|j,l. Primary 

antibody was added (2|ag/100|al of cell extract), mixed and incubated on a revolving 

apparatus for 120mins at 4°C. 20|al of 50% protein A agarose beads (Sigma-Aldrich, Cat. 

#: P7786) was resuspended in the cold lysis buffer (Invitrogen, Cat. #: FNNOOl 1) and then 

added to the cell extract mix. After mixing, it was incubated with gentle agitation on 

revolving apparatus for 60mins at 4°C. This mixture was then centrifiiged at 5000g for 

5mins. The beads were washed 5 times with the cold lysis buffer and centrifiaged at 5000g 

for 2mins. The beads were resuspended in 20|il of Laemmli’s sample buffer and boiled 

(95°C) for 5mins, and centrifuged for 5mins. 18^1 of the samples were loaded per lane in a 

SDS-polyacrylamide gel for electrophoresis.

3.2.10 Immunoblotting and enzyme-linked immunosorbent assay

Cell pellets were lysed and quantified as described in Section 2.2.10. Total cellular

proteins [20|iig for HSP27 (Enzo life Sciences, Cat. #: ADI-SPA5603); 30|ig for EGFR

(Cell signalling, Cat. #: D38131), HER2 (Calbiochem, Cat. #: 0P15), AKT (Cell

Signalling, Cat. #: 9272S), and pAKT (Cell Signalling, Cat. #: S473); and 40|Lig for NmU-

R1 (Sigma-Aldrich, Cat. #: HPA027895) and NmU-R2 (LifeSpan Biosciences, Cat. #: L-

B153);] were resolved on PAGEr Gold precast gels for protein electrophoresis (Lonza, Cat.

#: 59513(7.5%); Cat. #: 59514(10%); Cat. #: 59515(12%)). The following percentage tris-

glycine gels were used: 7.5% for EGFR and HER2; 10% for AKT, pAKT, NmlJ-Rl and

NmU-R2; and 12% for HSP27 and were transferred to PVDF membranes (Bio-Rad

laboratories. Cat. #: 162-0177). Blots were incubated in blocking buffer [5% BSA (Sigma-

Aldrich, Cat. #A9413) in PBS/0.1% Tween (Sigma-Aldrich, Cat. #: P2287)] at room

temperature for Ihr. Primary antibodies were prepared in 5% BSA in PBS/0.1% Tween

and diluted as follows: HER2 (1:500 dilution); EGFR (1:1000 dilution); HSP27 (1:1000

dilution); NmU-Rl (1:500 dilution); NmU-R2 (1:500 dilution); P-actin (Sigma-Aldrich,

Cat. #: A5316) (1:1000 dilution). Membranes were incubated in primary antibodies over

night at 4“C. Membranes were incubated with appropriate horseradish peroxidase-
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conjugated secondary antibodies -Anti-mouse (Cell Signalling, Cat. #: 7076); or -Anti­

rabbit (Cell Signalling, Cat. #: 7074) for Ihr at room temperature and proteins were 

visualized by chemiluminescence (Themofisher: Cat. #: 34080). Detection was performed 

with a Chemidoc exposure system (Bio-Rad Laboratories).

ELISA kit for NmU (Bachem, Cat. #: S I254), HER2 (Calbiochem, Cat. #: QIAIO-IE), 

EGFR (R&D Systems, Cat. #: DYCl 854-2), p-EGFR (R&D Systems, Cat. #: DYC1095-2) 

were used according to the manufacturer’s instructions. Concentrations of proteins used for 

all ELISAs were 20|ig/ml.

3.2.11 Wound-healing assay

[These assays were performed by Dr. Sweta Rani]

HCC 1954-mock and NmU, HCC1954-LR associated Scr- or siRNA-transfected cell 

variants (5x10^ cells/well) and SKBR3-mock and NmU variants (1x10^ cells/well) were 

seeded on 6-well plates and cultured for 48hrs to confluency. Monolayer was scratched 

with a 200|al pipette tip and the resulting wounded areas were monitored and photographed 

by phase contrast microscopy using CellA software and measured using NIH Image J 

software.

3.2.12 Migration/invasion assay

[Parts o f these assays were performed by Dr. Sweta Rani]

Migration and invasion assays were performed as detailed in Chapter 2, Section 

2.2.12. siRNA- or Scr-transfected cells; and NmU cDNA- versus mock-transfected cells 

(HCC1954 variants, IxlO^/insert; SKBR3 variants, IxlO^/insert) were seeded in the upper 

compartment (non-coated for migration & pre-coated with extracellular matrix (ECM, 

Sigma-Aldrich, Cat. #: E1270) for invasion) and allowed to migrate/invade for 48hrs for 

HCC 1954 cells and 72hrs for SKBR3 cells.
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3.2.13 Anoikis assay

[These assays were performed by Dr. Sweta Rani]

Anoikis assays were performed as detailed in Chapter 2, Section 2.2.13. siRNA- or 

Scr-transfected cells; and NmU cDNA- versus mock-transfected cells (HCC1954 variants, 

1x10^ cells/well; SKBR3 variants, 1x10'* cells/well) were seeded onto a 24-well plates 

coated with poly(hydroxyethyl methacrylic) acid (Sigma-Aldrich, Cat. #: P3932) or 95% 

ethanol and cultured for 24hrs and 48hrs, respectively. Cell viability was determined using 

alamar blue (Invitrogen Cat. #DAL1100).

3.2.14 Assessing potential clinical relevance o f  N m U  in breast cancer

[This analysis was performed in collaboration with bioinformatician Dr. Stephen Madden]

NmU expression was evaluated in publically-available microarray data from 21 

datasets representing 3,489 breast tumours. Gene expression datasets were downloaded 

from Gene Expression Omnibus ('http://www.ncbi.nlm.nih.gov/geoA or authors’ websites in 

the form of raw data files where possible. Table 1 provides a list of the datasets used. In 

total 3,489 specimens across 10 different platforms were analysed (30 specimens were 

removed as they lacked clinical information). Where raw data was unavailable, the 

normalised data -as published by the original study- was used. In the case of the 

Affymetrix datasets (.cel files), gene expression values were called using the robust 

multichip average method [296] and data were quantile normalised using the Bioconductor 

package, affy (www.bioconductor.org). For the dual-channel platforms, data were loess 

normalised [297] using the Bioconductor package limma. The R package genefu was used 

to classify the specimens into the luminal A (n= 1,521), luminal B (n=676), HER2 (n=476) 

and basal (n=454) molecular subtypes using the ssp2003 classifier [298]. 362 specimens 

did not fall into any of these groups. The Entrez gene ID (10874) corresponding to the 

array probe targeting NmU was obtained from the Gene database at NCBI 

(www.ncbi.nlm.nih.gov/gene/'). All calculations were carried out in the R statistical 

environment (http://cran.r-proiect.orgA).
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G EO
Accession

Availability Specimen
N um ber

P latform  Type
Reference

GSE7849 Processed only 78 Affymetrix Human Genome 
U95 Version 2 Array

[299]

GSE3143 Raw CEL files 158 Affymetrix Human Genome 
U95 Version 2 Array

[300]

GSE10510 Raw data 
available

152 DKFZ Division o f Molecular 
Genome Analysis Human 
Operon 4.0 oligo Array 35k

[301]

NA Processed only 295 Agilent [302]

NA Processed only 118 Affymetrix U133AAofAv2 [303]

GSE9893 Raw data 
available

155 MLRG Human 21KV12.0 [304]

GSE7390 Raw CEL files 198 Affymetrix U133 A [305]

GSE16391 Raw CEL files 48 Affymetrix U 133 Plus 2.0 [306]

GSE 1992 Processed only 99 Agilent [307]

GSE4922 Raw CEL files 249 Affymetrix U133A/B [308]

NA Processed only 69 Agilent 44K oligo array [309]

GSE9195 Raw CEL files 77 Affymetrix U 133 Plus 2.0 [310]

GSE6532 Raw CEL files 414 Affymetrix U133A/B and 
plus2

[310]

GSE1378, 
GSE 1379

Processed only 60 Custom 22K oligo array [311]

GSE3494 Raw CEL files 251 Affymetrix U133A/B [312]

GSE1456 Raw CEL files 159 Affymetrix U 133 A/B [313]

GSE21653 Raw CEL files 266 Affymetrix U 133 Plus 2.0 [314]

GSE17907 Raw CEL files 51 Affymetrix U 133 Plus 2.0 [314]

GSE11121 Raw CEL files 200 Affymetrix U 13 3 A [315]

GSE2034 Raw CEL files 286 Affymetrix U 133 A [316]

G SE12093 Raw CEL files 136 Affymetrix U 133 A [317]

Table 3.2: Publically-available da ta  sets used to assess NmlJ expression.

List o f - and references to- gene expression datasets that were downloaded from Gene Expression Omnibus 

(http://www.ncbi.nlm.nih.gov/geoA or authors’ websites, as used for the assessment o f the clinical relevance 

for NmU in breast cancer.
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3.2.15 The generation o f  stable overexpression and stable knockdown cell lines fo r  

future in vivo studies

3.2.15.1 Stable NmU expression in HCC1954-LUC+ cells

To further evaluate the role of NmU, our next step was to generate cell lines that may 

be used for future in vivo analysis. Using HCC1954 cells stably expressing the luciferase 

gene, (provided as a gift from Dr. Aimette Byrne, RCSI) and so appropriate for in vivo 

bioluminescence visualisation, HCC1954-LUC+ cells were transfected with either NmU 

cDNA containing plasmid or empty plasmid (as described earlier in Section 3.2.4). These 

newly generated cells were assessed for NmU expression using qPCR, proliferation and 

response to lapatinib using acid phosphatase and invasion using cell culture inserts, all 

methods described earlier (Sections 3.2.5, 3.2.5, 3.2.12)

3.2.15.2 Stable NmU knockdown in HCC1954-LR-LUC+ cells

To ensure an unbiased approach to future in vivo NmU studies, stable knockdown of NmU 

using shRNAs was also performed using luciferase expressing lapatinib-resistant cells 

(HCC1954-LR-LUC+ also provided as a gift from Dr. Annette Byrne, RCSI). 

Commercially available bacterial glycerol stocks of shRNAs for NmU cloned in the 

pLKO.l vector (shRNA #l-#5. Open biosystems. Cat. #: RHS4080_NM-006681) and an 

empty pLKO.l vector control (Open Biosystems, Cat. #: RHS4080) were obtained. The 

vector map information of the pLKO. 1 construct is available in the Appendix, Section F, 

Figure F.l. The bacteria glycerol stocks were streaked onto plates coated with agar 

(Sigma-Aldrich, Cat. #: L2897) and incubated overnight at 37°C. A single colony from the 

streaked agar plates was picked and inoculated in starting culture 5ml of LB medium 

containing the appropriate selective antibiotic (100|jg/ml Carbenecillin, Sigma Alidrich, 

Cat. #: C1613).

2x LB-Lennox Broth 20g/l (Sigma-Aldrich, Cat. #: L7658) medium was prepared in water 

as follows.

This was incubated for 8hrs at 37°C with vigorous shaking in the Innova 4300 

incubator shaker at 300rpm. The starter culture was then diluted 500^1 in lOOmls selective 

LB medium with carbenecillin and grown at 37°C for 16hrs with vigorous shaking in the
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Innova 4300 incubator shaker at BOOrpm. The bacterial cells were harvested at 6000g for 

15mins at 4°C. Isolation of the plasmids from bacterial cell pellets was performed using the 

QIAGEN Endofree Plasmid Maxiprep Purification Kit (Qiagen, Cat. #: 12362) protocol as 

per manufacturer’s instructions. All buffers mentioned in this section were part of the 

Maxiprep kit. In brief, the bacterial pellets were resuspended in lOmls of Buffer PI. lOmls 

of Buffer P2 was then added to the suspension and mixed gently but thoroughly by 

inverting 4-6 times and then was incubated at room temperature for 5mins. lOmls of 

chilled Buffer P3 was then added to the lysate and mixed immediately but gently by 

inverting 4-6 times. The lysate was then poured into the barrel of a QiAfilter Cartridge. 

This was incubated for lOmins at room temperature. The cap of the QiAfilter outlet nozzle 

was removed and the plunger was inserted gently into the QiAfilter Maxi Cartiridge to 

filter the cell lysate into a 50ml tube. 2.5ml of Buffer ER was added to the filtered lysate, 

this was then mixed by inverting the tube 10 times followed by incubation on ice for 

30mins. The QIAGEN-tip 500 was equilibrated by applying 10ml Buffer QBT and 

allowing the column to empty by gravity flow. The filtered lysate was then added to the 

QIAGEN-tip and allowed to enter the resin by gravity flow. The QIAGEN-tip was washed 

twice with 30mls of Buffer QC. The DNA was eluted with 15ml Buffer QN. The DNA was 

then precipitated by adding 10.5mls (0.7 volumes) of room-temperature isopropanol to the 

eluted DNA, this was mixed and centrifuged immediately at 6,000g for 60mins at 4°C. The 

supernatant was carefully removed and the DNA pellet was then washed with 5ml 

endotoxin-free, room temperature 70% ethanol and centrifuged again at 6,000g for 60mins. 

The supernatant was carefully removed again and the DNA pellet was allowed to air dry 

for 5-lOmins before resuspending in 50|il of endotoxin-fi'ee Buffer TE. Quantity and 

quality of DNA isolated was assessed on the Nanodrop-ND 1000 spectrophotometer.

Once plasmid DNA was isolated, HCC1954-LR LUC+ cells were transfected with 4ug 

DNA (as described previously in Section 3.2.4). As HCC1954-LR LUC+ cells were 

already resistant to carbenecillin, selection was performed using puromycin (2|xg/ml) 48hrs 

after transfection (Invitrogen, Cat. #: A11118-03).
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3.2.16 Detection ofN m U  in exosomes

[Exosome isolation was partly performed by Dr. Sweta Rani]

For exosome isolation, all cells were grown in RPMI medium supplemented with 

10% of exosomes-depleted fetal calf serum (dFCS) (PAA, Cat. #: A15-151), 1% L- 

glutamine (Sigma-Aldrich, Cat. #G7513) and 1% penicillin/streptomycin (Invitrogen, Cat. 

#: 15070-063). Exosomes were isolated from HCC1954-Ag, HCC1954-LR and HCC1954- 

NR cells using a combination of filtration and ultracentrifugation as described and detailed 

in full in Chapter 4, Section 4.2.9. All cell line variants were seeded in nine 75cm flasks 

at 5x10^ cells/flask, medium was changed the following day and exosomes were isolated 

from the conditioned media after 72hrs. NmU in exosomes was detected using the NmU 

ELISA kit (Bachem, Cat. #: S I254) using protein concentration of 2|ag/ml.

3.2.17 Statistical analysis

Statistical analysis on cell line- and CM-derived data was performed in Excel. P 

values were generated using Student’s T-tests, with p<0.05 considered as statistically 

significant. GraphPad Prism 5.0 (Graph Pad Software Inc, La Jolla, USA) was used for 

graph generation. Relapse-free survival (RFS) of untreated patients was considered the 

survival end-point. When RFS information was unavailable, distant metastasis-free 

survival (DMFS) data was used and, if neither RFS nor DMFS were available, overall 

survival (OS) was used. Median expression was used to determine high and low expression 

groups within each of the 21 individual datasets. Once a specimen was assigned to a 

particular group, the 21 datasets were combined and a global survival analysis was 

performed. Each dataset was considered separately when determining if a specimen 

belongs to the high or low expression groups, as the expression of mRNAs (including 

NmU) varies across the different experiments/platforms. The survival curves were based 

on Kaplan-Meier estimates and Cox proportional hazards regression was used to estimate 

proportional hazards for the NmU gene expression and other clinico-pathological 

variables, in both univariate and multivariate models. R package survival was used to 

calculate and plot the Kaplan-Meier survival curve.
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3.3 RESULTS
3 . 3.1 Intracellular and extracellular NmU mRNA levels are associated with 

acquired-resistance to lapatinib.

In our efforts to identify extracellular -as well as intracellular- mRNAs that may be 

associated with resistance to HER-targeted agents, our initial analysis included HER2 

overexpressing cell line models, SKBR3 and HCC1954, that were conditioned with 

lapatinib over an approx. 6 month time period resulting in cell populations that we termed 

lapatinib-resistant (LR) compared to their aged-parent populations. Comparing the 

concentration of lapatinib that inhibits 50% of proliferation (IC50) for SKBR3 that had 

acquired-resistance (SKBR3-LR) (IC5o=3tiM) in relation to SKBR3 aged cells 

(IC5o=0.09|iM) as controls (and so termed SKBR3-Ag), a 29.8±2.2 fold resistance to 

lapatinib was observed (Figure 3.2(i)). For HCCI954 cells, a similar trend was observed 

with a 19.1±2.8 fold resistance to lapatinib in HCC1954-LR (IC5o=5|iM) compared to its 

age-matched population, HCC1954-Ag (ICso=0.3nM) (Figure 3.2(ii)).

HCC1954-Ag HCC195-LR

Figure 3.2: Acquired lapatinib-resistance in SKBR3 and HCC1954 cells.

Fold difference in concentration of lapatinib that inhibits proliferation of HER2-overexpressing cells that 

were conditioned with lapatinib (SKBR3-LR and HCC1954-LR) compared to their aged parent populations 

(SKBR3-Ag and HCC1954-Ag). Data are presented as fold change assigning control an arbitrary 1. Response 

to treatment shown here was assessed using the acid phosphatase method. Results represent n=3±SEM, 

where *** p <0.001. Establishment o f lapatinib-resistance was performed by Dr. Sweta Rani.
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Evaluating mRNAs, by qPCR, in medium conditioned by SKBR3-LR and 

HCC1954-LR cells, compared to conditioned medium (CM) from their age-matched 

control cell lines, indicated significantly higher levels of extracellular NmU in SKBR3-LR 

by 2.1±0.2 fold (p<0.01) and in HC1954-LR by 2.1±0.3 fold (p<0.05) (Figure 3.3A (i) & 

(ii)). The trend of increased NmU mRNA levels observed in CM fi-om the resistant 

compared to the sensitive cell lines was subsequently found to reflect that in the 

corresponding cells, whereby NmU was increased in SKBR3-LR by 11.0±0.9 fold 

(p<0.001) and in HCC1954-LR by 4.9±1.2 fold (p<0.05) compared to their respective age- 

matched control cell lines (Figure 3.3B (i) & (ii)).

(i)C M (ii) CM
3i

SKBR3-Ag SKBR3-LR CM HCC1954-Ag HCC1954-LRCM

B (i) Cells *  *  * (ii) Cells

SKBR3-Ag SKBR3 -LR HCC1954-Aa HCC1954-LR

Figure 3.3; NmU is increased with lapatinib-resistance in CM and cells.

(A) qPCR analysis ofN m U  mRNA in CM from (i) SKBR3-LRand (ii) HCC1954-LR compared to CM from 

their aged-parent cells and (B) corresponding NmU mRNA levels within associated cell populations. Data 

are presented as fold change assigning control an arbitrary 1. Results represent n=3±SEM, where *p<0.05, 

**p<0.01, *** p<0.001. Assessment ofN m U  expression here was performed by Dr. Sweta Rani.
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3.3.2 Increased expression ofNmU may be an early response to drug exposure

Investigating if the induced expression of NmU may be an early response to drug 

exposure, we treated cells with lapatinib (luM ) for 48hrs and found that the levels of NmU 

mRNA detectable in CM from the lapatinib-resistant (Figure 3.4A) were significantly 

higher than in the corresponding untreated control CM for (i) SKBR3-LR by 1.5±0.1 fold 

(p<0.001) and (ii) HCC1954-LR by 1.7±0.2 fold (p<0.001) even after this relatively short­

term exposure to drug. As expected, a similar trend was found in the corresponding cells 

with increased NmU expression in SKBR3-LR by 5.4±0.5 fold (p<0.001) and in 

HCC1954-LR by 1.6±0.4 fold (p<0.01) (Figure 3.4B).

(i) CM (ii) CM

^ %

SKBR3P-CM liiMLap-CM HCC1954P-CM I^MLap-CM

B (i) Cells

S.6H
c
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■o
o
IL

SKBR3 P

5 |«5 |e5 ie

1^M Lap

(ii) Cells

HCC1954 P I^MLap

Figure 3.4: Increased NmU with short-term lapatinib treatment.

(A) qPCR analysis o f  NmU mRNA following short-term (48hrs) exposure o f the parent cell populations (i) 

SKBR3 and (ii) HCC1954 to lapatinib showing NmU mRNA levels in their respective CM and (B) in the 

corresponding cells. Data are presented as fold change assigning control an arbitrary 1. Results represent 

n=3±SEM, where **p<0.01, *** p<0.001. Short term Exposure assays were performed by Dr. Sweta Rani.
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Considering a broader range of HER-targeted drugs, treating cells (HCC1954 for 

example) for 48hrs with trastuzumab (12.5|jg/ml) resulted in induced NmU mRNA levels 

in CM (3.9±1 fold; p<0.05) and corresponding cells (3.9±1.15 fold; p=0.06) (Figure 3.5A 

& 3.5B (i)). In relation to neratinib (0.5|iM), the resulting induced NmU mRNA was 3.6±1 

fold (p=0.07) and 3.6±0.54 fold (p<0.01) for CM and cells, respectively (Figure 3.5A & 

3.5B (ii)); and for afatinib (0.5|iM), induced NmU mRNA was 3.3±0.49 fold (p<0.05) in 

CM and 3±0.38 fold (p<0.01) in cells (Figure 3.5A & 3.5B (iii)).
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0
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HCC19S4P-CM O.S^MNer-CM HCC1954P-CM 0.5^MAfa-CM

B (i) Cells
p=0.06

HCC1954P 12.5nglmlTra

(ii) Cells

HCC1954 P 0.5fiMNer
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HCC1954 P 0.5|iM Afa

Figure 3.5: Increased NmU with short-term treatment with trastuzumab, neratinib and afatinib.

(A) qPCR analysis o f NmU mRNA following short-term exposure of the parent cell populations (HCC1954, 

as example), to (i) trastuzumab, (ii) neratinib, and (iii) afatinib showing increased NmU mRNA levels in the 

CM and (B) in the corresponding cells. Data are presented as fold change assigning control an arbitrary 1. All 

resuhs represent biological repeats n=3± SEM, where *=p<0.05, **=p<0.01. Short-term exposure assays 

were performed by Dr. Sweta Rani.

122



3.3.3 Induced NmUprotein expression occurs in cells with acquired-resistance to 

other HER-targeted agents and is not restricted to lapatinib.

We questioned if the changes at the mRNA level in acquired-resistant cells translated 

to NmU protein. In agreement with our mRNA observations, NmU protein levels were 

significantly increased in lapatinib-conditioned cells, SKBR3-LR by 35.9±9.2% (p 

<0.05) and HCC1954-LR by 45.6±9.1% (p<0.01), compared to their aged-matched control 

cells (SKBR3-Ag, HCC1954-Ag) (Figure 3.6A (i-ii)). Interestingly, this observation was 

not limited to lapatinib, but was also found in relation to other HER-targeted drugs where 

acquired-resistance populations were available. Specifically, a similar trend {i.e. 

significantly increased NmU protein levels) was observed in our trastuzumab-resistant 

cells (SKBR3-TRor-TR; by 31.±4.5% (p<0.01)) and neratinib-resistant (SKBR3-NR o r-  

NR; by 71.8±2.6 % (p<0.001)) with their aged-matched control cells (SKBR3-Ag) (Figure 

3.6A (i)) and our neratinib-resistant (HCC1954-NR or-NR; by 31.7±10.0% (p<0.01)) cells 

with their control cells (HCC1954-Ag) (Figure 3.6A(ii)).

3.3.4 Endogenous NmU protein levels may be associated with innate 

sensitivity/resistance to HER-targeting drugs.

SKBR3 cells are sensitive to both lapatinib and trastuzumab; HCC1954 cells are 

sensitive to lapatinib but resistant to trastuzumab; conversely, MDA-MB-361 cells are 

resistant to lapatinib, but sensitive to trastuzumab [265]. Although T47D cells are 

described as having normal HER2 expression [318], they are also unresponsive to both 

these drugs [264, 319] and so we elected to include these in our analysis. As shown in 

Figure 3.6B, endogenous levels of NmU protein correlate with the innate sensitivity versus 

resistance profile of these 4 cell lines. Where compared with SKBR3 cells, increased NmU 

protein expression was observed for HCC1954 by 594.5±403.8%, MDA-MB-361 by 

801.6±432.4% and T47D by 2521.6±1812.9% (Figure 3.6B).
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Figure 3.6: NmU protein is increased with acquired- and innate-resistance to H ER -targeted drugs.

Increased NmU mRNA levels are reflected in significantly increased NmU protein expression in cells with 

acquired-resistance to other HER-targeted agents, trastuzumab and neratinib, as well as lapatinib and also in 

innately-resistant versus sensitive cells. (A) Higher levels o f NmU protein, analysed by ELISA, were also 

found in (i) lapatinib-resistant (SKBR3-LR), trastuzumab-resistant (SKBR3-TR) and neratinib-resistant 

(SKBR3-NR) SKBR3 cells compared to the corresponding SKBR3-Ag cells, (ii) The same trend was found 

with HCC1954 lapatinib-resistant (HCC1954-LR) and neratinib-resistant (HCC1954-NR) cells compared to 

their control HCC1954-Ag cells (trastuzumab-resistant HCC1954 cells are not available to evaluate as 

HCC1954 is innately-resistant to trastuzumab). Data are presented as NmU protein quantity relative to the 

amount in the control aged (100%) population. (B) Increased levels o f NmU protein were also associated 

with innate-resistance to HER-targeted drugs. Results represent n=3±SEM, where *p<0.05, **p<0.01, 

♦**p<0.001. The ELISAs were partly performed by Dr. Sweta Rani.
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3.3.5 NmU expression is prognostic for poor outcome fo r breast cancer patients, 

particularly those with HER2-positive and luminal A subtypes

To determine if NmU has relevance in human breast cancer rather than being solely a 

cell line/CM-related observation, we collated and mined microarray data relating to 3,489 

breast tumours. Kaplan-Meier estimates of survival (Figure 3.1 A) indicated high levels of 

NmU expression to be associated with poor outcome for breast cancer patients (p<le-14). 

Considering each of the breast cancer molecular subtypes within this general population of 

breast tumours, we found NmU expression to be particularly associated with poor outcome 

for those patients who had HER2-positive tumours (Figure 3.7B; p<5e-6) and luminal A 

tumours (Figure 3.7C; p<8e-6). These associations were not significant in patients with 

luminal B (Figure 3.7D; p=0.081) or basal-like (Figure 3.7E; p=0.456) tumours.

Although complete clinicopathological information was unavailable for all 3,489 

patients, multivariate analysis correcting for tumour size, grade, ER status, lymph node 

status and age of patient, where this information was available, confirmed NmU as an 

independent prognostic biomarker rather than it being just a surrogate for an already 

established parameter (Figure 3.7F). Specifically, considering all tumour types where 

information on these five parameters was available (n=966), high levels of NmU 

expression was associated with poor outcome (p=0.007; hazard ratio=1.4). Considering the 

HER2-postive subtype, which is particularly relevant to this study, detailed clinical 

information was available for only ninety-five patients. Following correction, high levels 

of NmU in HER2 tumours tended towards statistical significance (p=0.07; hazard 

ratio=2.1). As information on tumour grade and lymph node status was available for a 

substantial number of the HER2-positive tumours (n=360 specimens), we evaluated NmU 

in this cohort and found it to be independently associated with poor outcome for HER2- 

overexpressing patients (p=0.004; hazard ratio=1.8).
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Figure 3.7: NmU expression is prognostic for poor outcome for breast cancer patients.

(A) Kaplan-Meier estimates indicate that high levels of NmU are associated with poor prognosis in 

breast cancer (n=3,489). The association of NmU expression with patients outcome in relation to 

each breast cancer molecular subtype was subsequently investigated and shown to be significant for 

(B) HER2-positive (n=476) and (C) luminal A (n=l,521) tumours (but not (D ) luminal B (n=676) 

and (E) basal-like (n=454)). (F) multivariate analysis reporting on NmU following adjustment for a 

range of established clinicopathological parameters indicated its independence as a poor prognostic 

biomarker. Clinical analysis was performed in collaboration with Dr. Stephen Madden.
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3.3.6 NmUaffects sensitivity to lapatinib, trastuzumab, neratinib and afatinib

To assess if NmU might be functionally involved in resistance to HER-targeted 

drugs, we stably transfected human NmU cDNA into SKBR3 and HCC1954 parent cells. 

Successful overexpression of NmU in these cells was assessed by qPCR and ELISA. NmU 

expression in SKBR3-NmU cells was significantly increased by 6058±182.2% (for 

mRNA, p<0.001) and 20.2±6.0% (for protein, p<0.01) compared to levels in mock- 

transfected cells (Figure 3.8A (i)). Similarly, increased NmU expression in HCC1954- 

NmU cells by 59.9±9.7% (for mRNA, p<0.01) and 38.9±11.6% (for protein, p<0.05) was 

also observed (Figure 3.8A (ii)). For all drugs tested, the anti-proliferative effects resulting 

were significantly compromised in the NmU-transfected cells compared to the mock- 

transfected cells (Figure 3.8B) i.e. lapatinib ( by 2.3±0.3 fold (p<0.01) for SKBR3-NmU 

and 39.0±10.7fold (p<0.05) for HCC1954-NmU), trastuzumab (by 4.2±2.7 fold (p<0.001) 

for SKBR3-NmU), neratinib (by 1.5±0.1fold (p<0.001) for SKBR3-NmU and 10.1±1.7 for 

HCC1954-NmU (p<0.05)) and afatinib (by 6.8±0.8 fold (p<0.01) for SKBR3-NmU and 

4.6±0.7 fold (p<0.01) for HCC1954-NmU). The exception to this being the response of 

HCC1954-NmU compared to HCCl954-mock cells to trastuzumab (Figure 3.8B(ii)).
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Figure 3.8: NmU overexpression reduces sensitivity to H ER-targeted agents.

(A) Following Nm U cDNA overexpression, levels o f  Nm U mRNA (qPCR) protein (ELISA) detected in (i) 

SKBR3 and (ii) HCC1954 cells compared to moclc-transfected populations. (B) Magnitude o f  fold difference 

in concentration o f  (i) lapatinib, (ii) trastu20imab, (iii) neratinib and (iv) afatinib that inhibits (by 50%) 

proliferation o f  SKBR3-NmU and HCC1954-NmU cells compared to the mock-transfected control cells. 

Response to treatment shown here was assessed using the acid phosphatase method. Results represent 

n=3±SEM, where *p<0.05, **p<0.01, ***p<0.001. Toxicity assays were partly performed by Susan Breslin.
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To further explore a functional role for NmU in resistance to HER-targeted drugs, 

NmU was subsequently knocked-down in both our acquired-resistant cell lines (SKBR3- 

LR, HCC1954-LR) and innately-resistant/unresponsive cells (MDA-MB-361, T47D). 

Again, qPCR and ELIS As established significant knockdown of NmU mRNA as shown in 

Figure 3.9(i) and protein Figure 3.9(ii), respectively, compared to levels in scrambled (Scr) 

control cells. Specifically in SKBR3LR, siRNAs (NmU-1 and NmU-2) achieved 62-75% 

NmU mRNA knockdown and 21-22% NmU protein knockdown. Similarly, siRNA 

knockdown of NmU in HCC1954-LR (NmU mRNA by 39-64% and NmU protein by 17- 

21%), in MDA-MB-361 (NmU mRNA by 48-71% and NmU protein by 11-20%) and 

inT47D (NmU mRNA by 75-78% and NmU protein by 39-41%) was also achieved 

(Figure 3.9).

(i) SKBR3-LR HCC1954-LR MDA-MB-361
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SCR NmU-1 KmU-2 SC R NmU-1 NmU-2 SC R N m U -t NmU-2 NmU-1 NmU-2

Figure 3.9: NmU mRNA and protein expression following siRNA transfection.

Following transfection with two siRNA targeted to NmU (NmU-1 or NmU-2) or a scrambled sequence (Scr), 

(i), qPCR analysis o f NmU and (ii) ELISA analysis o f NmU protein showed partial knockdown o f NmU 

expression in both the acquired lapatinib-resistance SKBR3-LRand HCC1954-LRand innately unresponsive 

T47D and MDA-MB-361 cells. Results represent n=3±SEM, where *p<0.05, **p<0.01, ***p<0.001. siRNA 

analysis here was partly performed by Dr. Sweta Rani.
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In relation to effects on response to drug, while some variation was observed 

between cell lines and siRNAs, NmU knockdown, by siRNAs (NmU-1 and NmU-2), was 

found to increase the inhibition of proliferation achieved in response to lapatinib ( I C 5 0  

concentration) by a further 12-49% (Table 3.3). For trastuzumab, NmU knockdovm added 

a further 14-50% inhibition of growth, with corresponding values o f 19-58% for neratinib, 

and 18-47% for afatinib (Table 3.3).

Drug Drug
conc.

Cell Line
Drug

+
SRC

(+) Anti-proliferative 
benefit with NmU-1 P-value

(+) Anti-proliferative 
benefit with NmU-2 P-value

Lapatinib 3nM SKBR3-LR 50 20.2 0.006 20.7 0.01
5nM HCC1954-LR 50 49.2 0.006 34.3 0.03
1 nM MDA-MB-361 50 43.4 0.00007 13.8 0.002
5 nM T47D 50 15.5 0.002 11.8 0.02

Trastuzumab 15 ng/ml SKBR3-LR 40 41.8 0.0002 20.5 0.009
15 ng/ml HCC1954-LR 15 49.6 0.0000004 32.8 0.0001
15 ng/ml MDA-MB-361 61 37.3 0.001 17.7 0.02
15 )ig/ml T47D 46 27.1 0.002 14.1 0.019

Neratinib 1 nM SKBR3-LR 74 58 0.0004 20 0.04
1 nM HCC1954-LR 65 57.3 0.00002 43.9 0.008
1 nM MDA-MB-361 75 48.1 0.001 23.7 0.004
1 ^M T47D 61 36.7 0.002 18.9 0.004

Afatinib 0.5 nM SKBR3-LR 51 46.5 0.003 25.6 0.029

0.5 ^M HCC1954-LR 32 39.4 0.0001 27.6 0.000002
0.5 ^M MDA-MB-361 13 24.9 0.0002 24 0.00004
0.5 uM T47D 15 21.5 0.002 18.3 0.004

Table 3.3; Nm U knockdown by siRNA can enhance sensitivity to H ER-targeted drugs.

Nm U  knockdown in SKBR3-LR, HCC1954-LR, T47D and M DA-M B-361 cells enhanced the effectiveness 

o f  lapatinib, trastuzum ab, neratinib and afatinib at decreasing proliferation com pared to  that observed in 

corresponding Scr-transfected cells. Response to treatm ent shown here was assessed using the acid 

phosphatase method. Results represent n=3±SEM , w here *p<0.05, **p<0.01, ***p<0.001. siRNA toxicity 

assays were perform ed by Dr. Sweta Rani.
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3.3.7 NmU expression is also associated with other phenotypic characteristics 

including cell motility, invasion and resistance to anoikis

To assess what other functional role(s) NmU may have, NmU-overexpressing and 

NmU knockdown cells were further evaluated. Events associated with more “aggressive” 

cancers include the ability of the cells to move (migration assays), digest and migrate 

through extracellular matrix during intravasation and extravasation (invasion assays) and to 

survive in suspension, as necessary to survive in the peripheral circulation en route to 

metastasise {anoikis assays). NmU cDNA in (i) HCC1954 and (ii) SKBR3 compared to 

HCC 1954-mock and SfCBR3-mock, respectively, was associated with increased motility as 

evaluated by wound-healing (Figure 3.10(i-ii)). Specifically, NmU overexpression 

demonstrated significant increased wound closure in HCC 1954 cells by 49.2±6.0% 

(p<0.01) at 48hrs. Increased wound closure was also observed in SKBR3-NmU cells by 

6.6±2.3% (p<0.05) at 72hrs (Figure 3.10(i-ii)).

(i) NmU overexpression in HCC 1954

0 hrs 24 hrs 48 hrs 100i

3 80-

U 60

3 40

24hrs 48hrs
(ii) NmU overexpression in SKBR3

Ohrs 24hrs 48hrs 72hrs

Mock

NmU

24hrs 48hrs 72hrs

Figure 3.10: Overexpression o f NmU increases cell motility.

Overexpression o f NmU cDNA in (i) HCC 1954 and (ii) SKBR3 cells was associated with increased motility 

assessed by wound healing compared to mock-transfected cells. Results represent n=3±SEM, where 

*=p<0.05, **= p<0.01, ***=p<0.001. Motility assays were performed by Dr. Sweta Rani.
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Furthermore, increased migration through transwells, increased invasion through 

ECM-coated transwells and resistance to anoikis was also observed in cells overexpressing 

NmlJ compared to mock-transfected cells (Figure 3.11). Specifically, significantly 

increased migration was observed for HCC1954-NmU cells by 221.4±34.9% (p<0.05) and 

SKBRS-NmU cells by 38.8±20.4% (p<0.01) (Figure 3.1 lA). Invasion was also 

significantly increased in HCC1954-NmU cells by 160.5±4.3% (p<0.001) and in SKBR3- 

NmU cells by 149.8±5.1% (p<0.01) (Figure 3.1 IB). NmlJ overexpression was associated 

decreased sensitivity to anoikis in HCC1954-NmU cells by 2.2±0.2 fold (p<0.01) and in 

SKBR3 by 3.0±0.7 fold (p<0.05) (Figure 3.11C).

A (i) HCC1954 (ii) SKBR3
*?nn -̂------------------------

^ 1 0 0

Mock

B (i) „ HCC 1954

Mock Mock

C (ii) HCC 1954 (ii) SKBR3
30l 8n---------------------

Figure 3.11: Overexpression of NmU increases migration, invasion and resistance to anoikis.

Overexpression of NmU cDNA in (i) HCC 1954 and (ii) SKBR3 cells was associated with increased (A) 

migration (B) invasion and (C) anoikis resistance compared to mock-transfected cells. Anoikis assays shown 

here was assessed using alamar blue. Results represent n=3±SEM, where *=p<0.05, **= p<0.01, 

***=p<0.001 Migration, invasion and anoikis assays were performed by Dr. Sweta Rani.
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Conversely, NmU knockdown in HCC1954-LR, was associated with opposite 

effects i.e. decreased cellular motility, decreased migration, decreased invasion and 

increased sensitivity to cell death by anoikis compared to scrambled transfected cells 

(Figure 3.12). Specifically, knockdown of NmU, by siRNAs (NmU-1 and NmlJ-2), was 

associated decreased wound closure by 22-28% (p<0.05) at 72hrs (Figure 3.12A). NmU 

knockdown decreased migration through transwells by 43-52% (p<0.01) as well as 

invasion by 34-40% (p<0.05) (Figure 3.12B and 3.12C). Sensitivity to anoikis was also 

increased upon NmU knockdown, by 2-2.1 fold (p<0.05) (Figure 3.12D).

A NmU knock-down in HCC1954- LR

Ohrs 24hrs 48hrs 72hrs

B C D
HCC1954-LR . 5.  HCC1954-LR HCC1954-LR

150-1 I j O-i --------------------------- 20i--------------------------

Figure 3.12: NmU knockdown by siRNA decreases motility, migration, invasion and anoikis resistance.

Knockdown of NmU (by siRNAs NmU-1 and NmU-2) in HCC1954-LR was associated with decreased (A) 

motility by wound healing (B) migration through transwells (C) invasion and (D) increased sensitivity to 

anoikis. Anoikis assays shown here was assessed using alamar blue. Results represent n=3±SEM, where 

*p<0.05, **p<0.01, ***p<0.001. Motility, migration, invasion and anoikis assays were performed by Dr. 

Sweta Rani
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3.3.8 Proposed mechanism-of-actionfor Nm U

We next investigated how NmU knockdown may be enhancing the effects of the 

range of HER-targeted drugs used in this study as well as modulating its effects on cancer 

cell aggression. As HER2 is a target for all 4 drugs and EGFR is also a target of lapatinib, 

neratinib and afatinib, we assessed the levels of these specific targets -their total amounts 

and their phosphorylated forms- using ELISAs and immunoblotting. Of great interest, with 

both SKBR3-LR and HCC1954-LR cells, NmU knockdown was associated with 

significantly reduced levels of total HER2 protein (Figure 3.13).

SKBR3-LR HCC1954-LR
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— --------------
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Figure 3.13: NmU knockdown by siRNA decreases HER2 levels.

NmU knockdown with two siRNA (NmU-1 or NmU-2) compared to transfection with a scrambled sequence 

(Scr) in both SKBR3-LR and HCC1954-LR cells was associated with significantly reduced levels o f HER2 

protein, as shown by (i) ELISA and (ii) Immunoblotting. Results represent n=3±SEM, where ’•‘p<0.05,

**p<0.01.

By mining the literature, we found that HSP27 has previously been reported as 

highly expressed in HER2-positive breast cancer [320] and, importantly, has been 

recognized as reducing cellular trastuzumab susceptibility by directly binding to HER2, 

and thus increasing its stability [71]. In addition, several reports have indicated that HSP27 

can regulate cancer cell invasion and metastasis [72-74], We hypothesised, therefore, that 

HSP27 may be the linking molecule in this chain of events by which NmU may be 

contributing to resistance to HER-targeted drugs as well as regulating cancer cell
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aggression. To investigate this, NmU was immunoprecipitated and assessed for HSP27 

binding. Increased levels of the NmU;HSP27 complex were observed, by immunoblotting, 

in NmU-overexpressing (HER-drug resistant) cell lines variants compared to their sensitive 

mock transfected- parent cell lines (Figure 3.14A). Subsequently, knockdown of NmU in 

lapatinib-resistant SKBR3-LR and HCC1954-LR (Figure 3.14B) demonstrated relative 

decreased levels of HSP27.
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Figure 3.14: NmU partners with HSP27.

(A) Immunoprecipitation of NmU in NmU-overexpressing cells, compared to mock transfected cells, was 

associated with significantly increased levels of HSP27 as shown by (i) immunoblotting and (ii) 

corresponding densitometry. (B) NmU knockdown with two siRNA (NmU-1 or NmU-2) compared to 

transfection with a scrambled sequence (Scr) in both SKBR3-LRand HCC1954-LR cells was associated with 

significantly reduced levels of HSP27 protein, as shown by (!) immunoblotting and (ii) corresponding 

densitometry. Immunoprecipiation was partly performed by Dr. Sweta Rani. Results represent n=3±SEM, 

where *p<0.05, **p<0.01, ***p<0.001
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Upon NmU silencing, the total amounts of EGFR present was not significantly affected in 

both cell lines (Figure 3.15A), but phosphorylation of the EGFR that was present was 

significantly reduced (Figure 3.15B). Changes in intracellular signaling through the 

phosphoinositide-3-kinase/Akt pathway have been associated with resistance to some 

HER-targeted drugs. For example, phosphorylation of Akt has been associated with low 

efficacy of lapatinib and/or trastuzumab [20, 265, 321], Here we observed that in NmU 

knockdown cells (which correlated with increased sensitivity to all 4 drugs evaluated); 

there was significantly increased activation/phosphorylation of the remaining Akt (Figure 

3.15C).
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Figure 3.15: NmU also regulates phosphorylated EGFR and AKT.

The mechanism by which NmU affects response to HER-targeted drugs may also involve changes in the 

phosphorylation o f EGFR and AKT. (A) Total EGFR (HERl) levels ((!) ELISA & (ii) immunoblots) was not 

affected in response to NmU knockdown; however (B) phosphorylation (activation) o f the EGFR present was 

significantly reduced as demonstrated by ELISA. (C) NmU knockdown, with associated reduced levels o f p- 

EGFR (and HER2) correlated with increased levels o f phosphorylated AKT. Results represent n=3±SEM, 

where *p<0.05, **p<0.01, ***p<0.001.
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5.5.9 Exogenous NmUpeptide treatment can increase resistance to HER-targeted 

therapies

To further explore the functional role of NmU, we first treated cells with an 

exogenous NmU (NmU-25) peptide and assessed the cells expression of NmU receptors 

(NmU-Rl, NmU-R2) which were found to be present for both SKBR3 and HCC1954 cells 

(Figure 3.16A). We also observed that treating these cells with exogenous NmU (NmU-25) 

induced expression of both HER2 and EGFR proteins (Figure 3.16A) suggesting that either 

or both of NmU-Rl and NmU-R2 are functionally active on these cells. As our studies to 

this point identified a link to HSP27 expression with endogenous NmU, we also assessed 

whether exogenous NmU may alter the levels of HSP27. Here we found that while no 

substantial difference was observed in the levels of HSP27 in SKBR3, there was an 

increase observed in HCC1954 cells following NmU-25 treatment (Figure 3.16B).
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Figure 3.16: Exogenous NmU peptide treatment can also alter protein expression.

(A) NmU-Rl and NmU-R2 receptors were found to be expressed by the parent cells populations using 

immunoblotting. Treatment with exogenous NmU (24, 48hrs) increased expression o f both HER2 and EGFR.

(B) Treatment with exogenous NmU (24, 48hrs) increased expression o f HSP27 in HCC1954 but no 

substantial change was observed in SKBR3.
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Interestingly, this exposure to exogenous NmU also induced a low, but significant, 

level of resistance to HER-targeted drugs (Figure 3.17). Specifically, resistance to lapatinib 

in SKBR3 was increased by 31.9±9.9% (p<0.05) and in HCC1954 by 13±2.0% (p<0.001) 

compared to cells not exposed to exogenous NmU prior to lapatinib treatment. Similarly, 

resistance to trastuzumab was increased in SKBR3 by 13.2±3.6 (p<0.05) and in HCC1954 

by 15.6±1.4% (p<0.001). For neratinib, resistance was increased by 10.9±3.5% (p<0.05) 

for SKBR3 and by 6.7±2.6% (p<0.01) for HCC1954. Finally, assessment of afatinib 

demonstrated increased resistance in SKBR3 cells by 24.2±6.5% (p<0.05) and in 

HCC1954 cells by 8.5±2.7% (p<0.05).

SKBR3 (ii) HCC1954 
120

O  80 -

P Lap Tra Ner Lap Tra Ner Afa

Figure 3.17: Exogenous NmU treatment confers resistance to HER-targeted drugs.

Treatment with exogenous NmU (48hrs) conferred a low, but significant level o f resistance to lapatinib 

(Lap), trastuzumab (Tra), neratinib (Ner) and afatinib (Afa). Effects on untreated cells (the control o f  this 

experiment (P)) were set an arbirtrary 100% while growth in the presence of drug treatments was calculated 

accordingly. Response to treatment shown here was assessed using the acid phosphatase method Results 

represent n=3±SEM, where *p<0.05, **p<0.01, ***p<0.001.
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3.3.10 The generation o f  stable overexpression and stable knockdown cell lines fo r  

fu ture in vivo studies

Our studies to date have indicated that NmU may hold significant relevance to breast 

cancer progression and resistance to HER-targeted drugs. Our next step to further evaluate 

the role of NmU was to generate cell lines that may be used for future in vivo analysis. 

Using cells stably expressing the luciferase gene, (provided as a gift from Dr. Annette 

Byrne, RCSI) and so appropriate for bioluminescence in vivo studies, we transfected 

HCC1954-LUC+ cells with NmU cDNA containing plasmid or empty plasmid. Expression 

of NmU mRNA, assessed by qPCR, was found to be significantly (p<0.05) increased by 

10.5±2.5 fold compared to mock transfected cells (Figure 3.18A). While a decreased trend 

in proliferation was observed for HCC1954-LUC+ NmU compared to mock transfected 

cells, this was not significant (Figure 3.18B). Assessing the response to lapatinib (Figure 

3.18C) demonstrated approximately an 8.0±0.3 fold (p<0.001) increase in resistance to 

lapatinib for HCC1954-LUC+ NmU (IC50 approx.: 310nM) compared to mock transfected 

cells (IC50 approx; 2.5|iM). Furthermore invasion of HCC1954-LUC+ NmU cells was 

significantly (p<0.01) increased compared to mock transfected cells (Figure 3.18D).
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Figure 3.18: Characterisation of HCC1954-LUC+ cells ovexpressing NmU.

(A) Increased NmU expression was confirmed in HCC1954-NmU-LUC+ cells compared to mock transfected 

cells. (B) A trend towards decreased proliferation of HCC1954-NmU-LUC+ cells compared to mock 

transfected cells. (C) HCC1954-NmU-LUC+ cells were 8.0±0.3 fold more resistant to lapatinib than mock 

transfected cells. (D) HCC1954-NmU-LUC+ cells were significantly more invasive than mock transfected 

cells. Response to treatment and proliferation shown here was assessed using the acid phosphatase method 

Results represent n=3±SEM, where *p<0.05, **p<0.01, ***p<0.001.
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To date the plasmids for NmU shRNAs and empty shRNA have been isolated as 

described in Section 3.2.15 and the resulting quantifications are displayed in Table 3.4. 

HCC1954-LR-LUC+ cells were transfected with 4|ag of empty shRNA or NmU shRNA 

#l-#5 and selected in puromycin (2|ig/ml). ELISAs to assess NmU expression were 

performed to determine the level of NmU knockdown by each shRNA (Figure 3.19). 

Specifically, compared to mock (empty) transfected cells, knockdown of NmU in cells was 

achieved in all shRNAs at varying amonts: by 89.9±4.9% (shRNA #1); by 82.8±1.6% (for 

shRNA #2); by 94.3±0.5% (shRNA #5); by 33.7±7.7% (shRNA #4) and by 84.6±5.6% 

(shRNA #5) (Figure 3.19).These cells are currently growing in culture and will be 

characterised similar to the characterisation performed for NmU-overexpressing HCC1954 

LUC+ cells as shown in Figure 3.18.

Plasmid D N A Concentration (^g) 260/280

EM PTY shR N A 121.2 1.85

Nm U ShRNA #1 62.3 1.82

Nm U ShRNA #2 64.4 1.85

Nm U ShRNA #3 9.4 1.48

Nm U ShRNA #4 23.8 1.86

Nm U ShRNA #5 6.1 1.9

Table 3.4: Plasmid DNA isolated for stable NmU knockdown studies.

Plasmid DNA concentrations (ng) from 50^1 samples measured on the NanoDrop ND-1000 

spectrophotometer.

c  120-1
o

Empty #1 #2 #3 #4 #5
NmU ShRNA

Figure 3.19: NmU protein expression knockdown by shRNAs.

Results represent n=3±SEM, where *p<0.05, ***p<0.001.
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3.3.11 NmU is detectable in exosomes

The studies reported in Chapter 2 and 3 to this point have focused on examining the 

conditioned medium as a means of identifying extracellular biomarkers. During the course 

of this PhD increasing evidence suggested the RNAs were encapsulated within exosomes. 

To determing whether NmU was present in exosomes, we therefore performed an ELISA 

on exosomes derived from HCC1954-Ag, HCC1954-LR and HCC1954-NR cells (Figure 

3.20). The NmU levels detected in HCC1954-LR derived exosomes were significantly 

(p<0.01) higher by 61.6±12.1% compared to HCC1954-Ag derived exosomes (Figure 

3.20A). Similarly, HCC1954-NR derived exosomes had significantly (p<0.01) increased 

NmU levels, by 63.5±10.8% compared to HCC1954-Ag (Figure 3.20B)

HCC1954-Ag HCC1954-LR HCC1954-Ag HCC1954-NR

Figure 3.20: Analysis of NmU in exosomes.

NmU protein levels (assessed by ELISA) were significantly increased in (A) HCC1954-LR and (B) HCC1954-NR 

derived exosomes compared to HCC1954-Ag derived exosomes. Results represent n=3±SEM , where **p<0.01
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3.4 DISCUSSION

Neuromedin U (NmU) has previously been associated with cancer, but a specific 

association between NmU and breast cancer or with HER2-overexpression in any cancer 

type has not been previously established.

In acute myeloid leukaemia (AML), using the K562 cell line expressing a dominant- 

negative of c-myb proto-oncogene as model, increased NmU (and NmU-Rl) expression 

was implicated as a growth-promoting autocrine loop [322], In ovarian cancer, microarray 

profiling of cell lines derived from ovarian tumour (n=l 1) and normal (n=2) epithelial cells 

identified NmU as up-regulated in cancer cells [323]. In pancreatic cancer, 

immunohistochemistry showed significantly higher levels of NmU and NmU-R2 in ducts 

from pancreatic tumours (n=6) compared to normal pancreas (n=3) or chronic pancreatitis 

(n=3). Furthermore, serum NmU levels were significantly lower one week post-major 

pancreatic resection compared to pre-operative levels [324]. In lung cancer, 

immunohistochemistry staining of a non-small cell lung cancer (NSCLC) tumour tissue 

microarray showed NmU expression (n=220 positive; n=106 negative) to be associated 

(p=0.036) with reduced survival times, and with both increased growth rate and colony 

formation in lung cancer cell lines [325]. In bladder cancer, NmU overexpression 

significantly promoted tumour formation of both T24 and T24T cell lines and significantly 

enhanced T24T lung metastasis [326]. Using RCCIO as renal cancer cell line model, NmU 

has recently been found to stimulate migration of the cells and to be controlled by von 

Hippel-Lindau tumour suppressor gene [327]. Conversely, in oesophageal squamous cell 

carcinoma, reactivation of genes that have been epigenetically silenced in 3 cells lines 

identified NmU as a potential tumour suppressor gene [328], In oral cancer, expression 

profiling of matched tumour and normal specimens (n=5 each) showed NmU as one of 15 

mRNAs whose expression levels were reduced in cancer specimens [329].

Here we report that increased NmU mRNA expression is significantly associated 

with poor outcome in breast cancer; particularly for those patients with HER2 or luminal A 

tumours. Our data also suggests that NmU expression has independence as a prognostic 

factor for poor outcome and is not simply a surrogate for an already established prognostic 

biomarker.
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Our initial observation o f NmU being associated with resistance to HER-targeting 

drugs was made through analysis of medium conditioned by cells that had acquired 

lapatinib-resistance compared to CM from their respective aged-parent populations. The 

feasibility, quality and yields for CM derived RNA is discussed in Chapter 2. For both cell 

line variants initially analysed (SKBR3-LR and HCC1954-LR) significantly higher levels 

of NmU mRNA were present in the CM, reflecting the status in the corresponding cells. 

This is in keeping with our previous observations from a range of cell lines [286, 287, 289] 

and, indeed, from pilot study analysis of serum and corresponding tumour tissue from 

breast cancer patients [288], indicating that full-length mRNAs can be selectively expelled 

from cells. Similar observations -studying different mRNAs- have been reported by others 

[330]. To ftirther explore whether or not the response of increased intracellular and 

extracellular NmU mRNA is an early event, sensitive cells (SKBR3 and HCC1954 parent 

cells) were exposed to lapatinib short-term (48hrs), showing some increased NmU mRNA 

transcription and which was released from cells within this time-frame. To establish if the 

increase in NmU levels (intracellular and extracellular) is specific to lapatinib or if  NmU 

mRNA may have relevance as a biomarker of response to other HER-targeting drugs, our 

analysis was expanded to also investigate the response to trastuzumab, neratinib and 

afatinib. In all cases, increased transcription o f NmU mRNA resulted. The lower fold 

changes observed in CM compared to cells may suggest that this is not a dynamic event; 

that cells limit the amount o f mRNAs they select to send out into the extracellular 

environment; and/or that some of extracellular mRNA was degraded. However, the NmU 

mRNA levels in CM from resistant cells were always significantly higher than that in CM 

from sensitive cells and evidence suggests that this effect is partly an early event; albeit the 

levels detected in short-term treated cells were not as enhanced as that in acquired- 

resistance cells. Studies have suggested that extracellular biomarkers are encapsulated into 

exosomes [214]. Interestingly, we observed that NmU was detectable at higher levels in 

exosomes from HCC1954-LR and HCC1953-NR cells compared to parent cells. This 

observation of NmU as a potential extracellular predictive biomarker and the functional 

relevance of it presence in exosomes (while not the main focus on this chapter) warrants 

further investigation.

The main focus o f this study after establishing significantly higher levels o f NmU 

mRNA in cells with acquired-resistance to the HER-targeted drug lapatinib, however, 

turned to frirther investigate the extent and relevance of this observation. For a more
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comprehensive understanding, we also elected to expand these studies to evaluate NmU 

protein, in addition to mRNA. Considering innately-sensitive and resistant cells, here we 

found NmU protein levels to correlate with innate-resistance versus sensitivity to HER- 

targeting drugs i.e. with the low levels in SKBR3 (sensitive to trastuzumab and lapatinib) 

progressively increasing in HCC1954 and MDA-MB-361 (resistant to one or other of these 

drugs) and at highest levels in T47D (unresponsive to both HER-targeted drugs considered 

here) cells. While this observation may indicate a correlation with innate response to HER- 

targeted drugs, it must be considered that other factors such as HER2 expression for 

example may reflect the results observed. Thus to fully elucidate the potential significance 

of this finding, a broader panel of cell lines should be assessed with analysis by 

Spearman’s Rank Correlation (as used in similar studies [265, 331]) to investigate the level 

of NmU expression with response to HER-targeted drugs. In relation to acquired- 

resistance, NmU proteins levels were always found to be significantly higher in cells with 

acquired-resistance to lapatinib, trastuzumab and neratinib compared to their aged-control 

parent populations. This suggests that NmU protein, as well as its mRNA, potentially has 

broad application as a predictive biomarker for response to HER-targeted drugs.

Progressing to investigating a functional role of NmU in relation to HER-targeting, 

our overexpression (in sensitive cells) and knockdown (in both acquired-resistant and 

irmately-resistant cells) studies showed NmU levels to inversely correlate with cellular 

response to all 4 HER-targeting drugs tested i.e. lapatinib, trastuzumab, neratinib and 

afatinib. Specifically, NmU overexpression in SKBR3 and HCC1954 cells generally 

conferred resistance to the anti-proliferative effects of all drugs tested. (The exception to 

this was the HCC1954 cells, where NmU overexpression did not affect response to 

trastuzumab. This is likely to be due to by the fact that HCC1954 cells are innately- 

resistant to trastuzumab [265]). Our NmU immunoprecipitation and associated 

investigations to identify the direct mechanism-of-action by which NmU is acting 

indicated a partnership with HSP27. By directly binding to HER2, HSP27 been shown to 

increase HER2 stability and thus reduce cellular sensitivity to this drug [71], This is also in 

keeping with our observation of knock-on effects of NmU expression increasing HER2 

protein levels. The total protein blot for NmU was not performed after 

immunoprecipitation due to the poor quality of this antibody. A negative IgG control 

should be performed in future studies to confirm that the protein brought down in the 

experiment is a result fi-om the specific interaction of the antibody with the antigen protein.
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Conversely, considering NmU knockdown, while there were some differences 

between cell lines and effectiveness of the two NmU siRNAs used, NmU knockdo^vn 

added substantially (12% to 58%) to the anti-proliferative effects o f lapatinib, trastuzumab, 

neratinib and afatinib in both innately- and acquired- resistant cell lines studied. 

Interestingly, this knockdown in NmU was directly associated with subsequent reduced 

expression o f its identified partner HSP27, HER2 protein and the phosphorylated/activated 

form of EGFR, the latter possibly being a consequence o f a reduced transactivation by 

HER2. A proposed mechanism for NmU’s action is outlined in Figure 3.21.

(i) RESISTA N CE
/  L apatinib’’ 
/T ra s tu z u m a b ”

IrnLI
I i HER2

(ii) RE-SEN SITISIN G
/  Lapatinib^ 
/T ra s tu z u m a b ^

ImU

a b ili ty

Figure 3.21: Proposed mechanism of action for NmU.

Our proposed mechanism o f action by which (i) increased NmU (found extracellular, as well as intracellular) 

results in increased NmU:HSP27 complex, subsequent increased HER2 stability and thus resistance to HER- 

targeting drugs, (ii) In contrast NmU knockdown re-sensitises the resistant cells to these drugs.

The associated increased levels o f p-Akt (activation o f p-Akt previously shown to be 

associated with resistance to transtuzumab and/or lapatinib [20, 265, 321]) in response to 

NmU knockdown suggests the P13/Akt pathway may have become activated by NmU 

knockdown. As NmU knockdown induced sensitivity to HER-targeted drugs, activation of 

p-Akt was not necessarily expected, however recent studies have shown that while 

neratinib can inhibit the phosphorylation o f all four HER receptors, reactivation o f HER3 

and Akt are observed after 24 hours [331]. Interestingly, in the same study, the 

combination of neratinib and trastuzumab could delay the reactivation o f HER3 and Akt 

compared to neratinib alone [331]. Thus in relation to our findings, use o f NmU as a single 

target may be limited and so better accompanied with the dual targeting o f HER receptors.

NmU knockdown also resulted in increased sensitivity of T47D cells to all 4 drugs 

despite the fact that T47D cells express normal levels o f HER2 i.e. T47D is not a HER2-
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overexpressing cell line [318]. As both targets of these drugs (HER2 for all 4 drugs; also 

EGFR for lapatinib, neratinib and afatinib) were directly affected by the relatively modest 

NmU knockdown (up to 40% achieved with siRNA), these suggests that co-targeting 

NmU, while targeting HER2/EGFR, may help circumvent resistance to these drugs.

In keeping with our hypothesis that NmU is involved in regulating response to HER- 

targeted drugs, treating sensitive HER2-overexpressing cells (SKBR3 and HCC1954) with 

exogenous NmU was found to slightly; but significantly, reduce the anti-proliferative 

effects of lapatinib, trastuzumab, neratinib and afatinib, in association with increased 

expression of HER2 and EGFR receptors. Furthermore, an increase in HSP27 was 

observed following exogenous NmU treatment in HCC1954 cells. While no change was 

observed for SKBR3 cells, it may be possible that the induced changes of HSP27 protein in 

this cell line may not be evident at the time points used in this study, a longer incubation 

period with the NmU peptide may necessary thus further investigation into this is 

warranted.

The potential benefits of targeting/co-targeting NmU in HER2 breast cancer is 

further supported by our observations that NmU knockdown significantly decreases 

migration/motility, invasion and resistance to anoikis, while its overexpression has the 

opposite effects. These observations of NmU being associated with more “aggressive” 

phenotypic characteristics of cancer cells concur with the reports of NmU being associated 

with oncogenic characteristics in other cancer types including AML, pancreatic, ovarian, 

lung and bladder cancers [322-324, 327]. Furthermore, HSP27, identified here as a partner 

protein to NmU, has previously been associated with regulating cancer cell invasion and 

metastasis [72-74].

To truly establish the role of NmU and its importance in breast cancer, our 

subsequent studies have progressed to generating cell lines for future in vivo studies. At 

this point the generation of stable NmU knockdown in HCC1954-LR-LUC+ cells has just 

been established and characterisation is currently on going; however here we present 

preliminary analysis of newly generated HCC1954-LUC+ cells that overexpress NmU. 

Our initial assessment on these cells confirm that NmU is regulating lapatinib-resistance 

and increases invasion compared to mock transfected cells however the effects are not as 

substantial as those observed from the HCC1954 cells that did not express the luciferase
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gene. While NmU was overexpressed in the NmU transfected HCC1954-LUC+ cells 

(approx. 10 fold), the differences in NmU expression compared to mock transfected cells 

was not as dramatic as that observed for NmU transfected HCC1954 cells (approx. 80 fold) 

possibly explaining why the phenotypic changes observed were not as substantial. For 

fiiture studies, it may be necessary to use the previously established NmU-overexpressing 

HCC1954 cells and transfect those with the Luciferase in the hope that co-transfecting 

cells in this manner will not affect the efficiency of NmU transfection.

3.5 CONCLUSIONS

In conclusion, here we provide evidence that NmU is associated with poor outcome 

from breast cancer, particularly being prognostic of unfavourable outcome for patients with 

HER2-overexpressing tumours; that it has potential as a predictive biomarker of response 

to a broad range of HER-targeting drugs; and that it is mechanistically involved in 

conferring this resistance by working in concert with its partner protein HSP27. Our results 

provide a strong rationale for more extensive analysis of NmU as a companion biomarker 

for HER-targeted drugs and as a co-target to help circumvent resistance and thus add value 

to these drugs. Our preliminary studies from Chapter 2 indicate that NmU may be 

regulated by small RNAs such as miR-630 however the significance of this finding is yet 

to be fully elucidated.
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CHAPTER 4

Docetaxel-resistance in prostate cancer: evaluating associated 

phenotypic changes and potential for resistance transfer via 

exosomes

Parts of this chapter are published in the following paper;

Docetaxel-resistance in prostate cancer: evaluating associated phenotypic changes and 

potential for resistance transfer via exosomes

Claire Corcoran, Sweta Rani, Keith O’Brien, Amanda O’Neill, Maria Prencipe, Rizwan 

Sheikh, Glen Webb, Ray McDermott, William Watson, John Crown, Lorraine O’Driscoll

PLoSOne. 2012;7(12):e50999.
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4 ABSTRACT
Background: Castration-resistant prostate cancer remains hindered by inevitable 

development of resistance to first-line treatment with docetaxel. Recent studies suggest that 

phenotypic changes associated with cancer may be transferred from cell-to-cell via nano­

sized extracellular vesicles known as exosomes. Here we aimed to investigate phenotypic 

changes associated with docetaxel-resistance in order to help determine the complexity of 

this problem and to assess the relevance of secreted exosomes in prostate cancer.

Methods: Docetaxel-resistant variants of DU145, 22Rvl and PC3 cell lines were 

established through continuous exposure of docetaxel for several months. New cell line 

variants were characterised in terms resistance to docetaxel, cross-resistance to other drugs, 

morphology, proliferation, motility, invasion, anchorage-independent growth (anoikis), 

colony formation, exosomes secretion and their functional relevance. Preliminary analysis 

of exosomes from relevant serum specimens was also performed.

Results: Acquired docetaxel-resistance conferred cross-resistance to doxorubicin for 

all three docetaxel-resistant cell line variants assessed, and induced alterations in motility, 

invasion, proliferation and anoikis. Exosomes expelled from DU145 and 22Rvl docetaxel- 

resistant variants (DU145RD and 22RvlRD) conferred docetaxel-resistance to DU145, 

22Rvl and LNCap cells, which may be partly due to exosomal MDR-l/P-gp transfer. 

Exosomes from prostate cancer patients’ sera induced increased cell proliferation and 

invasion, compared to exosomes from age-matched controls. Furthermore, exosomes from 

sera of patients undergoing a course of docetaxel treatment, compared to matched 

exosomes from the same patients prior to commencing docetaxel treatment, when applied 

to both DU 145 and 22Rvl cells, showed a correlation between cellular response to 

docetaxel and patients’ response to treatment with docetaxel.

Conclusions: Our studies indicate the complex and multifaceted nature of 

docetaxel-resistance in prostate cancer and give an indication of aggressive characteristics 

that may be associated with this resistance. Furthermore, our in vitro observations and 

preliminary clinical studies indicate that exosomes may play an important role in prostate 

cancer, in cell-to-cell communication, and thus may offer potential as vehicles containing 

predictive biomarkers and new therapeutic targets.

150



4.1 INTRODUCTION

While docetaxel offers improvement in overall survival for patients with castration- 

resistant prostate cancer (CRPC) as evident from two Phase III trials (TAX 327 and 

SWOG 9916) and subsequent clinical management, unfortunately relapse is almost 

inevitable. Reasons for failure of docetaxel to increase survival beyond ~2.5 months have 

yet to be completely elucidated. Drug-resistance is frequently attributed with the 

overexpression of transporter proteins, including P-glycoprotein (MDR-l/P-gp), associated 

with the efflux of many anti-cancer (and other) agents [77, 83, 85]. Furthermore, chemo- 

resistance has also been shown to contribute to alterations in the invasive and motile 

phenotype of cells [277-279, 332]. Other phenotypic characteristics that may be associated 

with this problem in prostate cancer have yet to be defined.

Added to this, recent studies suggest that phenotypic changes associated with cancer 

may be transferred from cell-to-cell via microvesicles/exosomes. Exosomes have been 

described as nano-sized membrane-bound vesicles o f endocytic origin [333]. Depending 

on their cell o f origin, these small vesicles have been implicated with several different 

roles some o f which include their association with diseased states such as cancer. 

Intercellular communication is one such role, through their ability to promote signal 

transduction [232] and the transfer of membrane receptors, proteins, mRNA, and miRNAs 

[214, 219] from one cell to another. The relevance of exosomes in terms o f their potential 

to assist in prostate cancer progression and the development of chemo-resistance has yet to 

be determined.

Due to the complex nature of prostate cancer progression, docetaxel-resistant 

prostate cell lines were developed and characterised to represent both primary and 

metastatic tumours as well as androgen-sensitivity and androgen-resistance in prostate 

cancer. In this study three cell lines were used to develop docetaxel-resistant variants: 

22Rvl (androgen-sensitive; from a primary human tumour), DU 145 (androgen-insensitive; 

from a brain metastasis), PC3 (androgen-insensitive cell lines, derived from a bone 

metastasis). Cell line variants were assessed for docetaxel-resistance as well as cross­

resistance to the other drugs and alterations in motility, migration, invasion, proliferation 

and anchorage-independent growth. The secretion o f exosomes derived from both 22Rvl 

and DU 145 docetaxel-resistant variants was assessed for their effects on migration,
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invasion, proliferation and docetaxel response of secondary cells. Furthermore, exosomes 

derived from serum from prostate cancer patients was also assessed for affects for 

phenotypic changes of secondary cells.
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4.2 METHODS
4.2.1 Cell culture and treatments

Prostate cancer cell lines, 22Rvl (androgen-sensitive; from a primary human 

tumour), DU 145 (androgen-insensitive; from a brain metastasis), PCS (androgen- 

insensitive cell lines, derived from a bone metastasis), LNCap (androgen-sensitive; from 

lymph node metastasis) were purchased from the American Type Culture Collection 

(ATCC). 22Rvl, DU 145 and PCS cells were cultured in RPMI-1640 (Sigma-Aldrich, 

R0883) with 10% PCS (PAA Cat. #: A15-151) and 1% L-glutamine (Sigma-Aldrich, Cat. 

#: G751S) at S7°C/5% CO2 . LNCap cells were maintained in advanced RPMI (Invitrogen, 

Cat. #: 126SS) supplemented with 10% fetal calf serum (PAA, Cat. #: A15-151), 1% L- 

glutamine (Sigma-Aldrich, Cat. #: G7513) and 1% Hepes (Sigma-Aldrich, Cat. #: H3S75) 

and at S7°C/5% CO2 . Docetaxel (Sigma-Aldrich, Cat. #: 01885) was dissolved in DMSO 

(Sigma-Aldrich, Cat. # D2650) to a concentration o f ImM and stored in aliquots at -20°C. 

Working stocks o f 1 |aM (stored at 4°C) were prepared fresh every week as necessary and 

for each biological replicate of toxicity assays. Doxorubicin (Ebewe Pharma); 5- 

fluorouracil (Moyne Pharma PLC); and carboplatin (Ebewe Pharma) were all provided by 

St. James’s University Hospital, Dublin. Working stocks of IjxM for doxorubicin, 5- 

fluorouracil and carboplatin were prepared to fresh every week as necessary and for each 

biological replicate of toxicity assays and were stored at 4“C away from sun-light.

4.2.2 Establishment o f docetaxel-resistant cell lines

Docetaxel-resistant cell lines (DU145RD; 22RvlRD) were developed over a period o f 6 

months by stepwise increased concentrations of docetaxel. Cells were continuously 

maintained in docetaxel, with treatments beginning at the initial ICsoof the respective 

parent cell lines. Media containing docetaxel was changed every 2-S days. As cells 

displayed resistance to treatments o f docetaxel the concentration was subsequently 

increased with final treatment doses of lOOnM. Resistance was judged based on decreased 

cell death and increased proliferation of cells. Docetaxel-resistant PCSRD cells were a gift 

from Prof William Watson’s group (University College Dublin) and were generated by 

initially treating with docetaxel SnM in 75cm flasks for 48hrs. After treatment, the 

surviving cells were re-seeded into new flasks and allowed to recover for 2-3 weeks. After 

5 treatments at 8nM, the dose of docetaxel was increased to 12nM. The cells underwent a

153



total of 12 treatment cycles at 12nM. As the passage number of these treated cells 

(DU145RD, 22RvlRD and PC3RD) increased over time, a subset of un-treated cells 

(DU145, 22Rvl and PC3) were aged alongside these cells as an appropriate control for all 

experiments. All experiments on acquired-resistant cells and corresponding aged controls 

were performed within 10 passages in culture and experiments were performed on cells 

that received no drug for a minimum of one week. Passage numbers used were 

approximately the following: 22Rvl/22RvlRD (p40-50); DU145/DU145RD (p46-56); 

PC3 (pi 12-122); PC3RD (pl08-118). Cells were routinely tested for Mycoplasma 

contamination using the PCR Mycoplasma Test Kit 1/RT Variant B (Promocell, Cat. #: 

PK-CA91-3025B) and were found to be negative.

4.2.3 Cytotoxicity assays

Cytotoxicity assays for docetaxel, doxorubicin; 5-fluorouracil; and carboplatin were 

performed on all age-matched parent cells and their docetaxel-resistant variants. In brief,

cells were seeded in 96-well plates at a density of 2x10 cells/well (DU 145 and PC3
-2

variants) and 3x10 cells/well (22Rvl variants). The following day, cells were treated with 

a range of drug concentrations: docetaxel: 0-1 InM (DU145 & 22Rvl); O-lOOnM (PC3; 

PC3RD); 0-550nM (DU145RD, PC3RD); doxorubicin, 5-fluorouracil and carboplatin: 0- 

8|.iM (all cell line variants). Five days later, cell viability was evaluated by acid 

phosphatase method as previously described in Chapter 2, Section 2.2.9.

4.2.4 Cell proliferation assays

-y

All cell lines were seeded 5x10 cells/well (in 24-well plates). Cells from 3 wells 

were trypsinised and separately counted using a haemocytometer at 24hr, 48hr, 72hr, 96hr, 

and 120hr time-points. Doubling times were calculated using Doubling Time Software 

vl. 0.10 (http://www.doubling-time.com/compute.php).

4.2.5 Cell motility -assessed using wound healing assays

Cells were seeded at 4xl0^cells/well (DU145, DU145RD), 6xl0^cells/well (22Rvl, 

22RvlRD) and 2xl0^cells/well (PC3, PC3RD) onto 6-well plates and cells were left to 

grow to 90-100% confluency. Monolayers were scratched with a 200|j,l pipette tip and cells 

were gently washed with sterile PBS to remove loose cells following wound generation.
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Low serum (0.1%) media was placed on the cells and the resulting wounded areas were 

monitored, at indicated time-points, by phase contrast microscopy using CellA software 

and measured using NIH Image J software [334], Throughout the duration of monitoring 

wound closure, cells were maintained in low serum (0.1%)-containing medium to reduce 

any influences due to proliferation. Medium was changed before each time point was 

photographed.

4.2.6 Cell migration and invasion -assessed using transwell inserts

Migration and invasion assays were performed as detailed in Chapter 2, Section 2.2.12. For 

the DU 145 and PC3 cell line variants, 5x1 O'* cells/well (migration assays) or 

IxlO^cells/well (invasion assays) were seeded in the upper compartment and allowed to 

migrate for 48hrs. For 22Rvl variants, 6xl0^cells/well were seeded and allowed to migrate 

for 72hrs. Cells were seeded in low serum (0.1%) containing medium in the upper chamber 

and 10% serum-containing medium in the well below the insert.

4.2.7 Anchorage-independent growth assays

Assays were performed using Cytoselect™ 96-well Cell Transformation kit (Cell
-3

Biolabs) according to the manufacturer’s instructions. For all variants, 7.5x10 cells/well 

were incubated for 8 days in a semisolid agar media before being lysed and detected with 

the CyQuant GR Dye in a fluorescence plate reader (FlouStar Optima microplate reader 

BMG Labtech) using a 485/520 nm filter set. An outline of the protocol as indicated from 

Cell Biolabs is shown in Figure 4.1.
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C yO luant GR d y e
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s u s p e n s io n /  
A gar M atrix  

a d d ed

F orm ation  o f Fliiororaietric
ce ll c o lo n ie s d e te c t io n

Figure 4.1: Colony formation assay protocol.

Schematic flow diagram (adapted from Cell Biolab’s protocol) representing method used to assess anchorage 

independent growth o f cells in soft agar using Cytoselect™ 96-well Cell Transformation kit.
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4.2.8 Anoikis assays

Anoikis assays were performed as described in Section 2.2.13. DU145, 22Rvl and 

PCS cell line variants (IxlO^cells/well) were plated onto poly-hema- or 95% ethanol- 

coated plates and were cultured for 24hrs. Alamar blue dye (100|xl; Invitrogen Cat. 

#DAL1100) was then added; incubated for 4hrs and assessed at 570nm. Anoikis was 

calculated as the percentage cell death relative to the adherent controls after 24hrs.

4.2.9 Exosome isolation from  conditioned medium

For exosome isolation, all cells were grown in RPMI medium supplemented with 5% 

of exosomes-depleted fetal calf serum (dFCS) (PAA, Cat. #: A15-151), 1% L-glutamine 

(Sigma-Aldrich, Cat. #07513) and 1% penicillin/streptomycin (Invitrogen, Cat. #: 15070- 

063). PCS was depleted of exosomes by ultracentrifugation at 110,000g for 16hrs [335]. 

While general cell culture procedures in this thesis did not involve the addition of 

penicillin/streptomycin, it was necessary for flasks set up for exosome isolation to 

minimise the potential of contamination occurring (due to the fact that the process of 

depleting the PCS involved extra handling of the PCS). Each cell line variant was seeded 

in nine 75cm^ flasks at 2xl0^cells/ flask (for DU145 and PC3 variants) and 

5xl0^cells/flask (for 22Rvl variants) in regular medium. After allowing cells to attach 

over-night, medium containing 5% dPCS was replaced and the cells were cultured for 3 

(DU 145 cell lines) or 5 (22Rvl cell lines) days in the fi'esh medium; to reach 

approximately 80% confluency. Exosomes were subsequently isolated from conditioned 

medium (CM) using methods that we recently described [335]. In brief, CM fi-om all flasks 

for each cell line variant was pooled and centrifuged at 2000g for lOmins at 4°C to 

eliminate dead cells and large debris. The CM was then filtered using 0.45|am pore filters 

(VWR, Cat. #: 4564) and subsequently ultracentrifuged at 110,000g for 75 min at 4°C on a 

SW28 swinging bucket rotor. Exosome pellets were washed in phosphate buffered saline 

(PBS) (Sigma-Aldrich, Cat. #:D8537) and ultracentriftigation was repeated. The resulting 

exosomes pellets were resuspended in approximately 200|j 1 PBS and stored at -80°C for 

subsequent quantification (using BioRad protein assay Dye Reagent, as described in 

Section 2.2.10) and analysis. Schematic flow diagram of exosome isolation is indicated in 

Pigure 4.2.
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Figure 4.2: Flow diagram summarising the protocol for exosome isolation

4.2.10 Transmission Electron Microscopy

[TEM was performed with the help o f Neal Leddy, Chief technical Officer at the Centre for 

Microscopy and Analysis in Trinity College]

Exosomes were isolated from conditioned media, as described in Section 4.2.10, and 

were analysed by electron microscopy [272]. Briefly, approximately 10|il of exosomes 

samples were placed on parafilm (Sigma-Aldrich, Cat. #: P7793) in duplicate. A 300 mesh 

copper grid was placed on top of the drop and allowed to stand for 45mins. The copper 

mesh was subsequently washed thrice in fresh 0.05 M phosphate buffer (freshly prepared 

using dihydrogen potassium phosphate (Merck, Cat. #: 1.04873.0250) and dipotassium 

hydrogen phosphate (Merck, Cat. #: 1.05104.1000)) for five minutes each, fixed in 3% 

glutaraldehyde (Agar Scientific, Cat. #: 101504)) for lOmins, washed thrice for 5mins 

each in dH20 and contrasted in 2% uranyl acetate (BDH, Cat. #: 30550). Grids were then 

examined by electron microscopy at lOOkV using a JEOL JEM-2100 electron microscope.

4.2.11 Exosome isolation from  serum specimens

Exosomes from human serum specimens, procured through the All-Ireland 

Cooperative Oncology Research Group (ICORG) Translational Trial: 08-08, and with 

consent from the Ethics Committee of Beaumont Hospital, Dublin and the Mater Hospital, 

Dublin, were isolated using Exoquick (Systems Biosciences, Cat. #: EX0Q5A-1), as per 

manufacturer’s protocol. Serum from 6 prostate cancer patients (denoted by Patient #1-6) 

and age-matched healthy controls (Control #1-6) were used for invasion and proliferation 

assays. Exosomes isolated from a further eight prostate cancer patients (denoted by Patient 

A-H) sera procured both before and during docetaxel treatment were used for “docetaxel- 

resistance’Vcytotoxicit}' assays. For the purpose of these studies, patients who achieved
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decreasing PSA levels with treatment compared to their respective PSA levels pre­

treatment were considered as “responders”, whereas patients with elevated PSA following 

treatment were considered as “non-responders”.

4.2.12 Immunoblotting

Proteins were extracted from whole cells or exosomes using Cell Extraction Buffer 

(Invitrogen, Cat. #: FNNOOll) as described in Section 2.2.10. Protein quantification of 

cells and exosomes was performed using BioRad protein assay Dye Reagent (BioRad, Cat. 

#:500-0006) as described in Section 2.2.10. Protein (50|j,g for cellular protein samples and 

30|xg for exosomes from CM samples for the exosome marker TSG101[336, 337] and 

MDR-l/P-gp; 8^g exosomes for the exosome marker PDC6I/Alix [338] and 30^g for 

serum-derived exosomes) were resolved on PAGEr Gold precast gels for protein 

electrophoresis; 7.5% (Lonza, Cat. #: 59513). Immunoblotting involved using the following 

primary antibodies and dilutions: MDR-l/P-gp (Santa Cruz, Cat. #: SC55510; 1:200), 

PDC6I/Alix (Abeam, Cat. #:AB76608; 1:1000 dilution) and TSGlOl (Abeam, Cat. 

#4A10; 1:1000 dilution), GAPDH (Cell Signalling, Cat. #2118; 1:1000 dilution), p-actin 

(Sigma-Aldrich, Cat. #: A5316; 1:1000 dilution). PVDF membranes (Bio-Rad laboratories, 

Cat. #: 162-0177) were blocked as described in Section 2.2.10 and were incubated in 

primary antibodies over-night at 4°C. Membranes were incubated with appropriate 

horseradish peroxidase-conjugated secondary antibodies -Anti-mouse (Cell Signalling, 

Cat. #: 7074; 1:1000 dilution); or -Anti-rabbit (Cell Signalling, Cat. #: 7076; 1:1000 

dilution) for Ihr at room temperature and proteins were visualized by chemiluminescence 

(Themofisher: Cat. #: 34080). Detection was performed with a Chemidoc exposure system 

(Bio-Rad Laboratories).

4.2.13 Addition o f exosomes to invasion, migration, proliferation and cytotoxicity 

assays

To assess any influences of exosomes on cell motility, a scaled down version of the 

wound healing assay described in Section 4.2.5 was used, specifically, 5xlO"^cells/chamber 

(DU 145) were seeded in a 4-chamber slide and 5|ig exosomes from DU 145 (autologous) 

or DU145RD (resistant) cells were applied/chamber, as appropriate. After 48hrs, 

monolayers were scratched and assessed as before in Section 4.2.5.
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To evaluate effects on invasion, invasion assays were seeded as detailed above, 

except that 3xl0^cells/insert were used for 22Rvl cell line. DU 145 or DU145RD 

exosomes (15|j,g) or serum exosomes (25|j,g) were applied as appropriate to each insert 

when cells had attached to the inside of the insert (~4hrs after seeding cells). For
•5 -5

proliferation and cytotoxicity assays, 4x10 cells/well (DU 145) and 5x10 cells/well (22Rvl 

and LNCap) was seeded in a 96-well plate and allowed attach overnight. For LNCap cells, 

plates were pre-coated with poly-d-lysine (Sigma-Aldrich; Cat. #: P6407) to facilitate 

adhesion. Cell-derived exosomes (20|ig) of (DU145, DU145RD, 22Rvl, 22RvlRD) or 

serum exosomes (25|^g) were then applied to each well, as appropriate. For cytotoxicity 

assays, the docetaxel IC50 concentration (as determined in Section 4.3.1) was applied to the 

wells, as set up for proliferation assay, at the same time as exosomes. As a control in 

proliferation and cytotoxicity assays, the equivalent volume of PBS was substituted where 

no exosomes were applied. Proliferation and cytotoxicity assays were incubated for 48hrs 

(for DU145 cells) or 72hrs (for 22Rvl and LNCap cells) after which effects were assessed 

using the acid phosphatase method as detailed in Chapter 2, Section 2.2.9.

4.2.14 Statistical Analysis

Statistical analysis was performed on Excel. /*-values were generated using Student’s 

t-tests, with p<0.05 considered as statistically significant. Results are displayed as n=3± 

standard error of mean (SEM). Except for clinical specimen proliferation and invasion 

studies which was n=6±SEM (patients versus controls). GraphPad was used for graph 

generatioa

159



4.3 RESULTS
4.3.1 Determining the extent o f resistance to docetaxel and cross resistance to 

other anti-cancer agents

As detailed in Table 4.1, DU145RD, 22RvlRD and PC3RD cells were found to be 

approximately 108-, 71- and 19-fold resistant to docetaxel compared to their respective 

aged parent cell lines. All resistant cell line variants exhibited cross-resistance (4-8 fold) to 

doxorubicin (Table 4.1). While no significant differences in sensitivity to 5-fluorouracil or 

carboplatin were observed for DU145RD or 22RvlRD in comparison to their respective 

parent cells, a small but significant (p<0.05) increase in resistance to 5-fluorouracil was 

demonstrated for PC3RD (approximately 3-fold).

Anti Cancer 

Agent DU145 DU145RD

Fold

Change 22Rvl 22RvlRD

Fold

Change PC3 PC3RD

Fold

Change

Docetaxel(nlVI) 1.7 183.3 108.7±7.4 4 277 71.3±8.4 2.1 40.7 19.3+2.7

Doxorubicin(nM) 24 97 4.3+1.0 60 500 8.3+2.0 120 500 4.2±1.2

Fluorouracil(nIV[) 70 77 1.2+0.1 43 70 1.6+0.2 175 517 3.0+fl.7

Carboplatin(nM) 700 700 l.O+O.l 950 2000 2.1+0.6 983 1817 1.7+1).4

T ab le  4 .1: D o cetaxel-resistan ce  and  cro ss-resistan ce  for  prosta te  can cer  ce ll line varian ts.

Average IC50  values and fold changes o f  prostate cancer cell lines and docetaxel-resistant variants. Toxicity 

assays for PCS cell line variants were partly performed by Anna O ’Brien. Toxicity assays were seeded on 

day 1, treated the following day with a range o f  drug concentrations and response was assessed 5 days later. 

Response to treatment shown here was assessed using the acid phosphatase method.
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4.3.2 Docetaxel-resistant variants do not differ in morphology but showed 

different proliferation rates versus parent cell lines

Observation o f cell morphology by phase contrast microscopy did not reveal any 

substantial differences in the morphology o f the cells following acquired docetaxel- 

resistance (Figure 4.3), although in general resistant cells proliferate more slowly 

(significantly p<0.05 for DU145RD and 22R vlR D but not significant for PC3RD cells) 

than their docetaxel-sensitive parent populations (Table 4.2).

DU 145 DU145RD

PC3 PC3RD

22Rvl 22RvlRD

Figure 4.3: Cell m orphology o f  cell line variants

Images o f sensitive parent and docetaxel-resistant variants o f DU145, PCS and 22Rvl cell lines. (Olympus 

CKX4, 20X magnification).

Cell line variant Doubling time (hr)

DU 145 24.0± 1.4

DU145RD 33.4±2.4

22Rvl 32.2±2.3

22RvlRD 46.0±4.1

PC3 26.5±2.8

PC3RD 34.3±2.8

Table 4.2: Proliferation rates o f  docetaxel-resistant cell line variants.

Average doubling time for prostate cancer cell lines and respective docetaxel-resistant variants. Proliferation 

assays for PC3 cell line variants were partly performed by Anna O ’Brien. Proliferation assays shown here 

were manually counted using a haemocytometer and doubling time was calculated using Doubling Time 

Software v l.0 .10 ('http://www.doubling-time.com/compute.php).
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4.3.3 Docetaxel-resistant variants have distinct motile and invasive phenotypes 

versus parent cell lines

Wound-healing assays were used to evaluate the effects of docetaxel-resistance on cell 

motility (Figure 4.4). After 24hrs, DU145RD cells demonstrated significantly (p<0.05) 

increased wound closure by 8.9±2.7% compared to DU145. In contrast, PC3RD exhibited 

significantly (p<0.001) reduced wound closure by 62.0±2.4% compared to PC3. 22RvlRD 

also showed slight, but significantly (p<0.05) decreased wound closure by 8.7±1.1% 

compared to 22Rvlafter 48hrs (Figure 4.4). All wound healing assays were performed in 

low (0.1%) serum to avoid any influences of wound closure due to proliferation.

(i) Ohr 24hr
DU14S
DU14SR0 i|c

DU 145

DU145RD

(ii)

(iii)

22Rvl

22RvlRD

PC3 
EE3 PC3RD

*  *  *

O 100

Time (hr)

22Rv1 
22RV1RD

PC3RD

Time (hr)

Figure 4.4: Wound healing assays of docetaxel-resistant variants.

(i) DU145RD cells were significantly more motile than DU145 whereas (ii) PC3RD and (ii) 22RvlRD were 

less motile that PCS and 22R vl, respectively. Results are displayed as n=3± SEM, where *p<0.05, ** 

p<0.01, ***p<0.001 (Student’s t-test). Wound healing assays for PCS cell line variants were partly 

performed by Anna O’Brien.
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Possible associations between acquired docetaxel-resistance and cellular migration (Figure 

4.5A) and invasion (Figure 4.5B) were also assessed using transwell assays. Again, 

DU145RD was found to have increased migration by 62.7±9.3% (p<0.01) and invasion by 

50±13.6% (p<0.05) when compared to its aged-parent population DU 145. In agreement 

with motility results from the wound-healing assay, PC3RD demonstrated less migration 

by 44.1±11.6% (p<0.05) and invasion by 46.4±5.4% (p<0.001) potential in comparison to 

PC3. 22RvlRD compared to 22Rvl cells also followed the same trend of decreased 

migration by 29.9±6.2 (p<0.01) and invasion by 37.9±6.5 (p<0.05). As with wound healing 

assays in Section 4.3.2, cells were seeded in low serum medium in upper compartment of 

inserts to avoid proliferation influences.

B

?  150-

o  100-

DU145RD 22RV1RD
I

* * *

DU14SRD 22RV1RD

'  -v>

Figure 4.5:Transwell migration and invasion assays of docetaxel-resistant variants.

(A) Migration assays were performed using S^m pore size 24-well transwell chambers, (i) DU145RD cells 

displayed significantly more migration than DU145 whereas (ii) PC3RD and (ii) 22RvlRD was less 

migratory than PCS and 22Rvl respectively. (B) The same trends were observed for invasion assays where 

the inserts were pre-coated with ECM. Results are displayed as n=3± SEM, where *p<0.05, ** p<0.01, 

***p<0.001 (Student’s t-test).
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4.3.4 Acquired docetaxel-resistance influences anchorage-independent survival 

and growth

Investigating if acquired drug-resistance may also confer anoikis resistance, we 

observed drug-resistance to be significantly associated with decreased cell death under 

anoikis conditions for all 3 drug-resistant variants compared to age-matched parent cells. 

Specifically, decreased cell death was observed for DU145RD by 2.2±0.9 fold (p<0.05); 

22RvlRD by 3.6±1.1 fold (p<0.05) and PC3RD by 7.5±2.4 fold (p<0.001) compared to 

their respective age-matched control cells (Figure 4.6A). Subsequently evaluating if these 

viable cells are also able to proliferate in suspension, colony formation in soft agar was 

found to be significantly increased in DU145RD by 1.3.0±0.4 fold (p<0.05) and 22RvlRD 

by 7.6±2.2 fold (p<0.05) in comparison to their respective parent cells (Figure 4.6B). In 

contrast, however, PC3RD cells had significantly decreased ability to form colonies by 

2.9±0.1 fold compared to PC3 cells (p<0.001).

(i)
15

B

S ■■■■! ■

I 1°' ^

\ ‘m S -
DU14S DU14SR0 PC3 PC3RD 22Rv1 22RV1RD

D U U5 DUUSRD PC3 PC3RD 22Rv1 22RV1RD

Figure 4.6: Anchorage independent growth of docetaxel-resistant variants.

(A) For anoikis assays, cell line variants were plated onto Poly (hydroxyethyl methactylic) acid-coated 24- 

well plates -  or 95% ethanol-coated plates, as controls, (i-iii) All docetaxel-resistant cell lines had significant 

resistance to anoikis compared to age-matched control cells. (B) Colony formation assays were performed 

using Cytoselect™ 96-Well Cell Transformation kit. (1, iii) Here DU145RD and 22RvlRD both had 

significantly increased colony formation compared to age-matched control cells, (ii) In contrast, PC3RD cells 

had decreased colony formation compared to PCS. Anoikis assays shown here was assessed using alamar 

blue. Results are displayed as n=3± SEM, where *p<0.05, ***p<0.001 (Student’s t-test).
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4.3.5 Characterisation o f exosomes derived from DU 145 and 22Rvl cell line 

variants

For the purpose o f exosome assays in this chapter, DU 145 and 22Rvl cell line 

variants were used. TEM identified the presence of exosomes isolated from the 

conditioned medium of DU145 and 22Rvl cell line variants (Figure 4.7A). Furthermore 

immunoblotting for both TSGlOl and PDC6I/Alix (Figure 4.7B), proteins commonly 

associated with exosomes formation and thus considered to be important markers of 

successful isolation of exosomes [335, 339], were detected in isolates from the conditioned 

medium of DU145 and 22Rvl cell line variants. No loading control was used for the 

immunoblot due to the fact that exosomes secreted by cells may vary among experimental 

conditions and therefore their protein may not be the same. Previous studies have noted 

this issue when they found inconsistent detection o f GAPDH and no detection o f Beta 

Actin (both of which commonly used as loading controls for immunoblots on cell lysates) 

in their experiments [340]. Amounts o f exosomes expelled from the docetaxel-resistant and 

aged-matched variants did not differ significantly (Figure 4.7C). Examples of the 

exosomes quantities isolated per IxlO"* cells are indicated in Figure 4.7C however further 

examples of protein and also RNA content for all three cell line variants is indicated in 

Chapter 5.

165



DU145 DU145RD B

P C D < S lA lx
9 & D Am vlR D

TSGlOl
43kDA

004

i OM

1 0.03
o

1 0.01

0 00
?»v1 23flv1P)D DU14S OUUMO

Figure 4.7: C haracterisation of cell derived exosomes.

(A) Transmission Electron Microscopy was performed to investigate the approximate size and structure o f 

exosomes. (B) Immunoblotting was performed to assess the expression o f  common exosomes markers in 

30ng (TSGlOl) and 8ng (PDC6I/Alix) exosomes isolated from DU 145 and 22Rvl cell line variants (C) 

Following exosomes isolation, cells were trypsinised from flasks and counted (n=3± SEM) and exosomes 

were quantified using BioRad protein assay Dye Reagent. Exosomes quantities were calculated per 1x10'' 

cells.
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4.3.6 Exosomes secreted from prostate cancer cells can influence response to 

docetaxel but do not significantly alter proliferation, motility and invasion.

As acquired docetaxel-resistance in the DU145RD cells was associated with 

increased migration and invasiveness, we next investigated if autologous (DU 145 cells) or 

resistant (DU145RD cells)-derived exosomes could alter motility as assessed by wound- 

healing capacity (Figure 4.8A) and invasion (Figure 4.8B(i)) of DU145 cells. No 

significant difference between wound closures of cells in the presence of DU 145 or 

DU145RD exosomes was found. Similarly, when applied to 22Rvl cells, neither DU 145- 

nor DU145RD-derived exosomes conferred a substantial effect on invasion (Figure.4 

8B(ii)).

■  DU14S+DU145 exo 
r a  DU146+DU145RD exo

DU 145

DU145RD

T im e (hr)

DU145 exo DU145RD exo DU145exo DU145RDexo

Figure 4.8: Exosomes from DU145 and DU145RD do not alter motility or invasion of secondary cells.

(A) DU 145 wound-healing assays in the presence o f  exosomes (S^g) from DU 145 cell line variants. (B) (i) 

DU145 invasion assays in the presence o f exosomes (15ng) from DU145 cell line variants (ii) 22Rvl 

invasion assays in the presence o f exosomes (15ng) from DU 145 cell line variants. Results are displayed as 

n=3± SEM.
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A slight increase in proliferation of DU 145 cells by 6.8±2.5% in the presence o f 

DU145-derived exosomes was noted. This approached significance (p=0.053); however, 

DU145RD exosomes did not significantly alter the proliferation o f DU145 cells (Figure 

4.9A(i)); possibly as a consequence of the slower growth rate o f the cells fi'om which the 

latter exosomes were derived. Following treatment with the IC50 concentration o f 

docetaxel, a significant level o f docetaxel insensitivity (resistance) was induced in DU 145 

cells the presence o f DU 145 exosomes by 12.3±2.9% (p<0.05) and to a greater extent 

DU145RD exosomes by 22.2±4.5% (p<0.01) (Figure 4.9A (ii))

To more broadly investigate if DU145RD-derived exosomes can induce similar 

affects when applied to other cell lines, we next investigated the effects of these exosomes 

on both 22Rvl and LNCap cells (Figure 4.9B and 4.9C). Neither DU145- nor DU145RD- 

derived exosomes significantly affected the proliferation o f 22Rvl or LNCap cells (Figure 

4.9B (i) and 4.9C(i)). Following treatment with docetaxel, no substantial change in 

response o f 22Rvl or LNCap cells to docetaxel in the presence o f DU 145 exosomes was 

observed when compared to the effect of the drug in the presence of PBS instead of 

exosomes (Figure 4.9B(ii) and 4.9C(ii)). However, in the presence of DU145RD 

exosomes, the ability o f 22Rvl and LNCap cells to survive in this concentration of 

docetaxel was significantly increased by 15.6±1.6% and 11.7±1.3% respectively (p<0.001) 

(Figure 4.9B(ii) and 4.9C(ii)). To determine if this is likely to be specific to exosomes from 

one cell line variant (DU145RD) or more general to exosomes from docetaxel-resistant 

cells, exosomes isolated from 22Rvl and 22RvlRD variants were subsequently assessed. 

Here we found the same trend to occur i.e. there was no significant increase in proliferation 

o f DU145 or LNCap cells in the presence of either 22Rvl or 22RvlRD exosomes (Figure 

4.9D(i) and Figure 4.9E(i)). There was no significant change in response to docetaxel, by 

either DU145 or LNCap cells, in the presence of aged-parent 22Rvl-derived exosomes. 

However, in the presence of exosomes from the resistant-variant 22RvlRD, both DU 145 

and LnCap cells demonstrated a significant increase in resistance to docetaxel by 

12.3±1.5% (p<0.01) (Figure 4.9D(ii)) and and by 17.1±3.5% (p<0.01) (Figure 4.9E(ii)) 

respectively.
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Figure 4.9: Proliferation and toxicity assays in the presence of exosomes.

(A-C) (i) DU145, 22Rvl and LNCap proliferation in the presence o f exosomes (20|xg) from DU145 cell line 

variants; (A-C) (ii) Response o f  DU 145, 22Rvl and LNCap cells to docetaxel in the presence o f  exosomes 

(20ng) from DU 145 cell line variants; (D-E) (i) DU 145 and LNCap proliferation in the presence of 

exosomes (20|xg) from 22Rvl cell line variants; D-E (ii) Response o f  DU 145 and LNCap cells to docetaxel 

in the presence of exosomes (20ng) from 22Rvl cell line variants. Response to treatment shown here was 

assessed using the acid phosphatase method Results are displayed as n=3± SEM, where *p<0.05, **p<0.01, 

**’'‘p<0.001 (Student’s t-test).
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We have previously reported that both DU145RD -and 22RvlRD to a greater extent- 

expressed MDR-l/P-gp, whereas MDR-l/P-gp was undetected in the age-matched control 

cells, DU145 and 22Rvl as well as PCS cell line variants [90] (Figure 4.10A). To 

investigate whether MDR-l/P-gp is possibly carried via exosomes from DU145RD or 

22RvlRD cells, we investigated the presence of this efflux pump in exosomes isolated 

from these resistant variants. Here we report that MDR-l/P-gp is, in fact, present in the 

corresponding exosomal extractions (Figure 4.1 OB).
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Figure 4.10: M DR-l/P-gp expression in cells and exosomes.

(A) Immunoblotting was performed to assess the expression o f M DR-l/P-gp in total cellular protein (50ng) 

o f DU 145, 22Rvl and PCS cell line variants (B) corresponding exosomes (30ng) o f DU 145 and 22Rvl cell 

line variants.
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4.3.7 Exosomes are detected in serum from prostate cancer patients and can 

influence cellular proliferation, invasion and response to docetaxel

Immunoblotting for both exosomes markers TSGlOl and PDC6I/Alix (Figure 

4.11 A) demonstrated the successful isolation of exosomes from sera of prostate cancer 

patients and healthy controls. Amounts of exosomes detected in the sera of prostate cancer 

patients and aged-matched controls did not differ significantly (Figure 4.1 IB). When 

added to DU 145 cells, exosomes from docetaxel-naive prostate cancer patients (n=6) 

demonstrated a significant (p<0.001) increase in invasion by 25.3±6.4% when compared to 

exosomes from age-matched healthy controls (Figure 4.11C). Furthermore, when applied 

to 22Rvl cells, there was a significant increase in proliferation by 11.6±4.5% in the 

presence of prostate cancer exosomes in comparison to those from healthy controls 

(p<0.01) (Figure 4.1 ID).
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Figure 4.11: Isolation o f exosomes from serum and assessment of effects on cells.

(A) Immunoblotting was performed to assess the expression of common exosome markers in 30ng exosomes 

isolated from sera o f  docetaxel-naive patients (patient #1-6) and age-matched healthy controls (control #1-6).

(B) Exosome quantification per 200nl of serum from treatment naive patients and age-matched healthy 

controls (C) DU 145 invasion in the presence o f exosomes from docetaxel-naive patients and aged-matched 

healthy controls (25|ig), with representative invasion image displayed. (D) 22Rvl proliferation in the 

presence of exosomes from treatment-naive patients and age-matched healthy controls (25 ng). Results are 

displayed as n=6± SEM, where **p<0.01, ***p<0.001
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For the purpose of assessing potential relevance of circulating exosomes with 

regards to how they may help predict or, indeed, affect patients’ response to docetaxel 

treatment, the influences of exosomes isolated from patients pre-docetaxel treatment (n=8) 

compared to matched exosomes isolated from the same patients during the course of their 

10 cycles of docetaxel treatment were assessed. Based on the availability of patient 

specimens, the selection of patients was based on those patients who had a blood samples 

and PSA information taken prior to any treatment and then the furthest cycle that they had 

received for which PSA information was available. For consistency, patients were selected 

mainly from cycle 7 or 8 which the exception of one patient who was at an earlier stage in 

their treatment regime and so at cycle 3. For the purpose of this pilot study, patients (n=6) 

who achieved decreasing PSA levels with treatment compared to their pre-treatment PSA 

levels were considered as “responders”, while those (n=2) whose PSA levels increased 

during the course of treatment were considered as “non-responders”. As indicated in Table 

4.3, 22Rvl and DU145 cells were exposed to their approximate IC50 concentrations of 

docetaxel and the resulting cell viability was subsequently assigned an arbitrary value of 1. 

The exosomes isolated during the course of treatment from patients with increasing PSA 

levels (Patients A & B; “non-responders”) were found to protect both 22Rvl and DU 145 

cells from the effects of docetaxel. In contrast, for the 6 docetaxel “responders”, the 

exosomes isolated during their course of treatment seemed to enhance the inhibitory effects 

of docetaxel on both the 22Rvl and DU 145 cells.
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Patient Pre-tx.
PSA

(ng/ml)

PSA during the 
course of tx. 
[pre-cycle x)

With Pre-tx. 
exosomes;

+ Docetaxel [IC5 0 I

With exosomes procured With exosomes procured 
during the course of tx. during the course of tx. + 

+ Docetaxel [ICjd] Docetaxel [ICjo]

22Rvl,DU145: 
viable cells = 

arbitrary 1

22R vl: viable cells 
relative to arbitrary 1

DU145: viable cells 
relative to arbitrary 1

A 18.8 35.7 [pre-cycle 7] 1 1.28 1.40

B 11.0 42.8 [pre-cycle 7] 1 1.17 1.33

C 2803.0 1843 [pre-cycle 8] 1 0.65 0.91

D 128.7 69.5 [pre-cycle 7] 1 0.57 0.87

E 23.8 1.5 [pre-cycle 8] 1 0.82 0.87

F 15.7 0.2 [pre-cycle 7] 1 0.86 0.89

G 1152.4 28.6 [pre-cycle 7] 1 0.86 0.83

H 812.1 98.2 fpre-cvcle 31 1 0.74 0.86

T able 4.3: Assessm ent o f serum derived exosom es in relation to docetaxel response.

Response, to docetaxel, o f  22R vl and DU145 cells in the presence o f  serum -derived exosom es from patients 

w ith elevated PSA levels (n=2; Patients A & B) and in the presence o f  exosom es from  the patients with 

decreased PSA levels (n=6; Patients C-H). Response to treatm ent shown here was assessed using the acid 

phosphatase method.
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4.4 DISCUSSION

While docetaxel remains as the current gold standard for CRPC treatment, it only 

increases overall survival by on average of 2.5 months and those patients who initially 

respond eventually develop resistance to this drug. In this study, we demonstrate the 

complex nature of docetaxel-resistance through the use of in vitro human prostate cancer 

cell line models. All docetaxel-resistant cell line variants in this study demonstrated cross­

resistance to doxorubicin, which is consistent with previous studies of docetaxel-resistant 

pancreatic cancer cells [84] and breast cancer cells [341]. In addition, paclitaxel, from 

which docetaxel is synthetically-derived, has been associated with cross-resistance to 

doxorubicin in paclitaxel-resistant prostate cancer cell lines [83]. Interestingly, unlike 

DU145RD and 22RvlRD, PC3RD also displayed some cross resistance to 5-fluorouracil. 

The fact that 5-fluorouracil is not a substrate for MDR-l/P-gp [342, 343], which we found 

was expressed in DU145RD and 22RvlRD but not PC3RD, may account for the slight 

variation in cross-resistance phenotype of these cells.

In this study we found that while DU145RD cells had increased migration and 

invasion compared to DU145, the other two resistant cell lines, PC3RD and 22RvlRD 

demonstrated decreased trends compared to their respective parent cell lines, PC3 and 

22Rvl. Increased invasion and migration have previously been linked with chemo- 

resistance [277-279], however it has been demonstrated that while the knockdown of beta 

catenin in osetocarcinoma cells increased resistance to doxorubicin, cellular invasion was 

suppressed [332], Furthermore, multi-drug resistant cell lines derived from the Duiming 

R3327 model of rat prostatic carcinoma have previously been shown to lose metastatic 

potential in host animals in comparison to their parent cells [344]. A recent study, using 

docetaxel-resistant prostate cancer cells derived from DU 145 and PC3, revealed a 

contradictory overlap of differentially expressed genes in both cell line variants associated 

with several cellular mechanisms including cell growth, apoptosis and the ECM [345]. 

Specifically, LAMC2 was found to be significantly down regulated in the two docetaxel- 

resistant PC3 cell line variants, while expression of this gene was up-regulated in the 

DU145 resistant variant [345]. An overexpression of LAMC2 has previously been 

associated with increased cell migration in prostate cancer [346]. It is feasible to suggest 

that the opposing invasion and motile effects found in the cell line variants of our study
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may be partially due to differential deregulation of genes associated with motility, such as 

LAMC2, as chemoresistance develops.

Previous studies using colorectal cancer cells (HT29), breast cancer (T47D) cells and 

colon cancer (H630) cells, in accordance with our own, have found that acquired chemo­

resistance can reduce the rate cell proliferation [347, 348]. Reduced cell proliferation due 

to the presence of chromosomal instability, which is associated with multi-drug-resistance, 

has recently been demonstrated in colorectal cancer cells [349]. Thus the increased ability 

of docetaxel-resistant variants to resist cell death under anoikis conditions cannot be 

attributed to the rate of proliferation. The association between increased clonogenic 

survival and chemo-resistance, observed in both DU145RD and 22RvlRD, is consistent 

with several other studies [347, 350, 351]. The disparate colony formation of PC3RD cells 

further indicates the complex nature of docetaxel-resistance, suggesting that the pathway of 

docetaxel-resistance in this cell line may not be associated with, or rely upon, altering 

colony formation.

Several characteristics, including cross-resistance to doxorubicin, proliferation and 

anoikis that were assessed with the three docetaxel-resistant cell lines were common to all. 

However it must be considered that some characteristics (such as migration, invasion and 

colony formation) differed. As this cannot be associated with already known difference 

between cell lines (primary vs. metastasis and androgen-resistant vs. -sensitive), it further 

emphasizes the need for such studies and the inclusion of larger panels of cell line models, 

which may better reflect other patient-to-patient diversities and so increase our 

understanding of the complexity of docetaxel-resistance in prostate cancer.

The emerging evidence that cells may communicate with neighbouring “or 

secondary cells” through the secretion of micro- or nano-sized vesicles (known as 

exosomes) carrying cellular information has recently highlighted the importance of these 

entities [352]. We, therefore, investigated the potential of exosomes to be expelled and 

transfer phenotypic changes, associated with docetaxel-resistance, to secondary cells. For 

the exosome studies in this Chapter, we chose to use DU145 and 22Rvl cell line variants 

as the yields of exosomes from these cell lines were generally higher and more consistent 

between isolations than the PC3 cell line variant (See Chapter 5 Section 5.3.2). The 

quantities of exosomes chosen for assays were based on several conditions, including the
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yields of exosomes from our isolations, any optimised procedures deemed successful in out 

laboratory and previous reports from other studies. For exam.ple, 15|j,g per insert from cell 

derived exosomes was used for invasion assays, a similar study within our lab group using 

this same quantity from triple negative breast cancer cells was foimd to increase invasion 

of secondary cells [218]. Wound healing assays have previously been shown to be altered 

in the presence of l|j,g of cell-derived exosomes [242], while this quantity did not 

demonstrate any substantial differences on an initial trial, 5|j,g was therefore used, although 

this did not demonstrate any differences either. For proliferation and toxicity assays, 20^g 

per well from cell-derived exosomes were used which is in keeping with that used by 

Ciravolo et al, for their studies involving trastuzumab [240]. For serum-derived exosomes, 

the yield of exosomes was more concentrated using exoquick and so it was possible to use 

a higher amount of exosomes for assays. In all cases however, equal quantities of 

exosomes between test and control conditions was used for assays (i.e. exosomes derived 

from parent versus -resistant cell line variants; or exosoms derived from sera of controls 

versus patients; or sera from pre-treated patients versus post-treated patients).

No substantial differences in the motility, invasion or proliferation of DU 145 and 

22Rvl cells were observed in the presence of DU145- or DU145RD-derived exosomes. 

Limited studies, to date, have demonstrated that exosomes expressing amphiregulin [243] 

and HSP90a [242] can increase cancer cell motility and migration. However, this does not 

appear to be the case with the prostate cancer cell-derived exosomes assessed here.

Interestingly we found induced docetaxel-resistance with DU145 cells in the 

presence of DU145RD exosomes (approx. 22%), compared to when these cells were 

exposed to their own exosomes. This suggests that DU145RD exosomes are, in fact, 

transferring resistance to docetaxel. Furthermore, a similar pattern was found when 

DU 145- and DU145RD-derived exosomes were added to 22Rvl and LNCap cells. 

Specifically, a significant increase in docetaxel-resistance (approx. 15% for 22Rvl; 16% 

for LNCap), independent of proliferation influences, resulted. This, for the first time 

suggests that exosomes may be a means of communicating docetaxel-resistance between 

cells. To confirm that the observed effects of DU145RD-derived exosomes are not limited 

to this cell line variant, we performed a similar investigation with 22Rvl and 22RvlRD 

exosomes. In keeping with the findings from our initial DU145RD exosomes assays, we
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observed a similar trend o f conferred docetaxel-resistance (i.e. an increase o f approx. 11- 

12%) to both DU 145 and LNCap cells in the presence o f  22RvlRD exosomes.

M DR-l/P-gp is expressed by both our DU145RD and 22RvlRD cells but is 

undetectable in the parent cells, implicating it as involved in the acquired docetaxel- 

resistance (this observation is somewhat in keeping with the clinical situation where the 

majority o f prostate cancers are MDR-l/P-gp-positive [353]). Importantly, we found that 

the expression pattern in the corresponding exosomes reflected that o f  the cells from which 

they were derived, further supporting the potential o f resistance transfer and our suggestion 

that MDRl/P-gp could potentially be, at least partially, involved in the newly-acquired- 

resistance conferred by the exosomes. However, the difference in M DR-l/P-gp levels 

between exosomes from docetaxel-resistant variants compared to their parental cells does 

not necessarily imply a causal role for M DRl-/P-gp in the drug-resistance observed.

To further investigate the potential o f  exosomes in a clinical setting, as a pilot study 

we isolated exosomes from docetaxel-naive prostate cancer patients and age-matched 

healthy controls. We investigated effects o f  these exosomes on cancer cell invasion and 

proliferation. The increased proliferation and invasion o f cells in the presence o f  exosomes 

from cancer patients suggests a causative role for these exosomes. While this is a small 

pilot study, taken together with our cell line-derived exosome studies, it further supports 

the hypothesis that exosomes may have a role in prostate cancer cell communication.

In the context o f docetaxel-resistance, we subsequently investigated the relevance o f  

exosomes derived from relevant patients. Specifically this pilot study (n=8 patients) 

included matched serum exosomes obtained before and during the course o f docetaxel 

treatment. Here we assessed the response o f  DU145 and 22Rvl cells to their IC50 

concentrations o f docetaxel (as shown in Table 4.1 i.e. 1.7nM for DU 145 cells; 4nM for 

22R vl cells) in the presence o f  these exosomes populations. The observed docetaxel- 

resistance conferred to both cell lines by exosomes isolated from pre-cycle 7 sera (n=2 

patients) correlated with the patients’ increase in PSA levels. The exosomes from the 

remaining 6 patients seemed to confer increased sensitivity to both DU 145 and 22Rvl 

cells, correlating with the patients (n=6) decreased levels o f  PSA over their course o f  

treatment.

177



A possible explanation for the manner whereby exosomes are affecting the 

phenotype of the “target” cells is that they are transferring mRNAs, miRNAs and/or 

proteins from the acquired-resistance cells that are causal molecules in changing the 

cellular phenotype of the recipient secondary cells. This is in keeping with accumulating 

evidence that exosomes play an important role in cell-to-cell communication. For example, 

in 2007 Valadi et al. demonstrated that mRNAs carried via exosomes from mast cells are 

translated into protein on their transfer to target cells [214]. The successful uptake of 

exosomes by secondary cells was also demonstrated by Skog et al. [219] when 

fluorescently-labelled glioblastoma exosomes were incubated with endothelial cells. Many 

more recent examples of these observations have been reported and a recent opinion by 

Mittelbrunn and Sanchez-Madrid [354] further describes how this transfer of genetic 

information may occur, with the effects of exosomes on secondary cells potentially 

contributing to carcinogenesis and tumour growth; moulding the tumour 

microenvironment; promoting angiogenesis; and modulating immune response [355, 356]. 

Specifically in relation to modulating response to anti-cancer therapy, HER2- 

overexpressing exosomes from donor cells have been shown to decrease sensitivity of 

recipient cells to trastuzumab [240]. So while we cannot speculate, at this point, as to the 

particular molecules that may be carried via exosomes from our resistant cells to induce 

phenotypic changes in target cells (other than to suggest that the transfer of MDR-l/P-gp 

protein may, in part, be a contributing factor), it is reasonable to suggest that it may be a 

single -or combination of- mRNAs, miRNAs and/or proteins that have a causal role in 

docetaxel-resistance. Thus, now that functional relevance has been associated with these 

exosomes in conferring a level of docetaxel-resistance, profiling the content of these 

exosomes is warranted to better understand the precise molecule(s) and mechanism(s) 

involved. Chapter 5 discusses subsequent miRNA profiling performed on the docetaxel- 

resistant cell line variants used in this chapter and their corresponding exosomes
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4.5 CONCLUSIONS

In conclusion, this study corroborates that docetaxel-resistance in prostate cancer is 

highly-complex and may be associated with varied cellular effects in terms of resistance to 

other chemotherapeutic drugs, motility, invasion, and anchorage-independent growth. It is 

clear, however, that given the multi-faceted nature of docetaxel-resistance that not one, but 

several factors are likely to mediate their effects in prostate cancer. Here we show, for the 

first time, that cellular communication via exosomes may, in part, result in conferred 

docetaxel-resistance to secondary cells. Future studies on larger cohorts of serum 

specimens, from both docetaxel-naiVe patients and also from patients following docetaxel 

treatment, are warranted -assessing both the effects of and the molecular contents of the 

exosomes- to expand our understanding of exosomes and their relevance to cell 

communication and docetaxel-resistance in prostate cancer.
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CHAPTER 5

miR-34a is an intracellular and exosomal predictive biomarker 

for response to docetaxel with clinical relevance to prostate 

cancer progression
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5 ABSTRACT

Background: Despite initial success of docetaxel in the treatment of castration- 

resistant prostate cancer, most patients unfortunately relapse due to the emergence of 

docetaxel-resistance. miRNAs have potential as diagnostic, prognostic and predictive 

biomarkers, as well as replacement therapies. Here we investigated the intracellular and 

exosomal miRNA levels in a panel of cell line models of docetaxel-resistance (described in 

Chapter 4), as a means of identifying extracellular miRNAs regulating docetaxel- 

resistance, which are representative of their cells of origin.

Methods: We performed global miRNA profiling using Taqman low density arrays 

on the cells and corresponding exosomes from three cell line models of docetaxel- 

resistance (i.e. DU 145/DU 145RD, 22Rvl/22RvlRD and PC3/PC3RD). We analysed the 

data to identify miRNAs that were commonly de-regulated in both the cells and exosomes. 

To evaluate the clinical relevance of our selected miRNAs, we assessed the expression of 

these miRNAs in 4 clinical cohorts representing tissues and urine from prostate cancer 

versus benign patients, as well as prostate tissues from patients with biochemical 

recurrence versus non-recurrence and also from patients presenting with metastatic disease 

versus primary disease and benign tissue. Immunoblotting was used to assess miR-34a’s 

target proteins. Transfection of miR-34a mimics and inhibitors was used to manipulate the 

expression of miR-34a in docetaxel-resistant or -sensitive cells to enable its direct effect 

on response to docetaxel to be determined.

Results: Our findings demonstrate a correlation between miRNAs detected in the 

exosomes and their corresponding cells of origin. Of the miRNAs chosen for further 

validation and clinical assessment (miR-598, miR-34a, miR-146a and miR-148a), 

decreased miR-34a expression showed substantial clinical relevance and so was chosen for 

further functional assessment. Our knockdown and overexpression studies confirmed that 

miR-34a directly regulates BCL-2. Introducing miR-34a into docetaxel-resistant cells also 

indicated that this miRNA can, in part, increase cellular sensitivity to docetaxel.

Conclusion: This study confirms that exosomes derived from the media conditioned 

by a panel of docetaxel-sensitive and -resistant prostate cancer cell lines do represent the
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cells of origin. Furthermore, our functional assessment of miR-34a supports its role as a 

predictive biomarker for docetaxel-resistance in prostate cancer.
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5.1 INTRODUCTION

As detailed in Chapter 1, Section 1.1.2, increased release of PSA into circulation has 

been associated with the onset of prostate cancer. Thus PSA’s detection levels in serum 

has become a universal tool in screening for the disease; particularly in combination with 

digital rectal examination (DRE) [12]. Despite this finding, the use of PSA as a prostate 

cancer biomarker has faced some limitations [13]. This highlights the need to identify more 

biomarkers, particularly those that could be asessed in a minimally-invasive manner. This 

could perhaps support PSA diagnostics and ultimately aid in earlier detection of prostate 

cancer together with monitoring disease progression and potentially predict treatment 

response.

Castration-resistant prostate cancer (CRPC) refers to prostate cancer that has 

progressed despite castrate serum levels of testosterone [36] and is associated with 

significant morbidity and mortality [37]. While docetaxel, which is currently the first-line 

treatment for patients with CRPC, offers some improvement in overall survival in 

comparison to other anti-cancer agents; unfortunately relapse is almost inevitable, leaving 

patients with a poor prognosis. As described in Chapter 1, Section 1.3.3, the failure of 

taxanes to increase survival beyond the median of 2.5 months may be caused, at least in 

part, by multidrug-resistance (MDR) mechanisms protecting cancer cells against cytotoxic 

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 [76]. We have 

previously shown, in Chapter 4, that MDR-l/P-gp is over-expressed in some docetaxel- 

resistant prostate cancer cell lines [90, 237] although we have also reported mechanisms 

independent of MDR-l/P-gp expression to also contribute to docetaxel-resistance [90].

Growing evidence supports the role of microRNAs (miRNAs) as potential 

biomarkers for a range of diseases including cancer. Their post-translational regulation of 

mRNA transcription has implicated these short non-coding RNAs (approximately 18-25 

nucleotides long) in a range of essential biological activities [249]. Reports on the stability 

of miRNAs in biological fluids have suggested their latent use as minimally-invasive 

biomarkers [203, 249]. These miRNAs may be encapsulated into nano-sized vesicles 

(known as exosomes) and secreted from cells into circulation [214], Recently studies have 

suggested that exosomal miRNA profiles can reflect their cells of origin [216, 238].
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Using acquired-resistant cell line models developed during the course of his project 

(see Chapter 4, Section 4.2.2), representing the clinical problem of docetaxel-resistance in 

prostate cancer, we aimed to investigate the intracellular and extracellular (cell-derived 

exosomes) miRNA profile as a means o f identifying potential clinically relevant 

biomarkers for docetaxel response in prostate cancer. Our study reports a direct correlation 

between the detected miRNAs in the cells and corresponding exosomes for all cell lines 

assessed. We demonstrate that reduced miR-34a expression has substantial clinical 

relevance. Furthermore, our functional studies indicate that miR-34a can directly regulate 

BCL-2 and may, in part, increase the sensitivity of cells to docetaxel.
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5.2 METHODS

5.1.1 Cell lines and cell culture

Prostate cancer cell lines, 22R vl (androgen-sensitive; from a primary human tumour), 

DU 145 (androgen-insensitive; from a brain metastasis) and PCS (androgen-sensitive; from 

bone metastasis) were purchased from the American Type Culture Collection (ATCC). All 

cells were maintained in RPMI-1640 (Sigma-Aldrich, R0883) with 10% FCS (PAA Cat. #: 

A15-151) and 1% L-glutamine (Sigma-Aldrich, Cat. #: G7513). at 37°C/5% CO2 . 

Docetaxel-resistant cell line variants, 22RvlR D, DU145RD, and PC3RD were generated 

as previously described [90, 237] and in further detail in Chapter 4, Section 4.2.2. Age- 

matched parent cells (22R vl, DU 145 and PC3) were maintained in culture, unexposed to 

docetaxel, as controls for all experiments. All experiments on acquired-resistant cells and 

corresponding aged controls were performed within 10 passages in culture and 

experiments were performed on cells that received no drug for a minimum o f one week. 

Passage numbers used were approximately the following: 22R vl/22R vlR D  (p40-50); 

DU145/DU145RD (p46-56); PC3 (pi 12-122); PC3RD (pl08-118). Cells were routinely 

tested for mycoplasma contamination using the PCR Mycoplasma Test Kit 1/RT Variant B 

(Promocell, Cat. #: PK-CA91-3025B) and were found to be negative.

5.1.2 Exosome isolation from conditioned medium

For exosomes isolation, all cells were grown in RPMI medium supplemented with 

5% o f exosomes-depleted fetal calf serum (dFCS) (PAA, Cat. #: A15-151), 1% L- 

glutamine (Sigma-Aldrich, Cat. #07513) and 1% penicillin/streptomycin (Invitrogen, Cat. 

#: 15070-063). FCS was depleted o f  exosomes by ultracentrifugation for 16hrs. Cells were 

seeded at a density o f 1x10^ cells/ flask (for DU145 and PCS variants) and 5xl0^cells/flask 

(for 22Rvl variants). After allowing cells to attach over-night, medium was replaced and 

the cells were cultured for 3 (DU 145 cell lines) or 5 (22R vl, PCS cell lines) days in the 

fresh dFCS medium; to approximately 80% confluency. Exosomes were subsequently 

isolated from conditioned medium (CM) using methods that are detailed in Chapter 4, 

Section 4.2.9. The resulting exosomes pellets were resuspended in approximately 200|il 

PBS (Sigma-Aldrich, Cat. #:D8537) and stored at -80°C for subsequent quantification 

(using BioRad protein assay Dye Reagent, Cat. #:500-0006, as described in Section 2.2.10)
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and for RNA analysis. The corresponding cells from which the exosomes were isolated 

were harvested for subsequent RNA analysis. Cells were washed twice with PBS and 

pelleted for RNA analysis.

5.1.3 Transmission Electron Microscopy

Exosomes were isolated from conditioned media as described above, and analysed 

by electron microscopy as detailed in Chapter 4, Section 4.2.10 and similar to a protocol 

previously described [272].

5.1.4 Immunoblotting

Total cellular proteins were extracted from whole cells and exosomes using cell 

extraction buffer (Invitrogen Cat. #: FNNOOll) as described in Section 2.2.10. Protein 

quantification of cells and exosomes was performed using BioRad protein assay Dye 

Reagent (BioRad, Cat. #:500-0006) as described in Section 2.2.10. Protein (50|j,g for 

cellular protein samples and 20|xg for exosomes from CM samples) were resolved on 

PAGEr Gold precast gels for protein electrophoresis; 7.5% (Lonza, Cat. #: 59513) for 

exosome markers (TSG101[336, 337] and PDC6I/Alix [338]) and 12% (Lonza, Cat. #: 

59515) for BCL-2. Immunoblotting involved using the following primary antibodies and 

dilutions: PDC6I/Alix (Abeam, Cat. #: Ab76608; 1:1000 dilution) and TSGlOl Abeam, 

Cat. #:4A10; 1:1000 dilution), BCL-2 (Calbiochem, Cat. #: OP60; 1:500 dilution), P-actin 

(Sigma-Aldrich, Cat. #: A5316; 1:1000 dilution). Membranes were then incubated in 

primary antibodies over night at 4°C. Membranes were incubated with appropriate 

horseradish peroxidase-conjugated secondary antibodies -Anti-mouse (Cell Signalling, 

Cat. #: 7074; dilution); or -Anti-rabbit (Cell Signalling, Cat. #: 7076; 1:1000 dilution) for 

Ihr at room temperature and proteins were visualized by chemilumineseence 

(Themofisher: Cat. #: 34080). Detection was performed with a Chemidoc exposure system 

(Bio-Rad Laboratories).

5.1.5 RNA isolation o f  cells and exosomes

Total RNA was isolated from cells and corresponding exosomes of all three 

docetaxel-resistant cell line variants and respective aged-parent controls using the 

miRNeasy mini kit (Qiagen, Cat. #: 217004) according to manufacturer’s instructions.
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Isolation from exosome suspensions was based on a slightly optimised Exiqon protocol for 

RNA isolation from biological fluids using the miRNeasy kit, specifically concerning the 

volume of QlAzol and chloroform used and the addition of an extra wash step with RPE 

buffer. In brief, cell pellets and exosomes (in 200|^1 PBS) were disrupted using QIAzol 

(700|4.1 for cells; 750|j.l for exosomes) followed by vortexing for Imin. To facilitate 

homogenisation of cells, cell/QIAzol suspensions were passed through a needle and 

syringe several times. Homogenates were incubated at room temperature for 5mins, 

followed by the addition of chloroform (Sigma-Aldrich, Cat. #: C2432) (140|al for cell 

samples; 200|il for exosome samples). Tubes were shaken vigorously for 15 seconds and 

then allowed to stand at room temperature for 2-3mins. Samples were then centrifuged at 

12,000g at 4°C for 15mins. The upper aqueous phase was transferred into a new collection 

tube followed by the addition of 1.5 volumes of 100% ethanol (Sigma-Aldrich, Cat. #: 

E7418) which was mixed thoroughly by pipetting up and down several times. 700|al of the 

mixture was transferred into an RNeasy spin column and centrifuged at 13,000g at room 

temperature for 30 seconds. This step was repeated with the remainder of the sample. 

700|il of buffer RWT (provided in kit) was added to the spin column and centrifuged at 

13,000g for Imin. 500|al of buffer RPE (provided in kit) was then added to the spin column 

and centrifiiged at 13,000g for Imin; this step was repeated 3 times. After each 

centrifiigation step to this point, the flow- through was discarded. The spin column was 

transferred to a new collection tube and centrifuged at 13,000g for 2mins. The columns 

were left open for Imin and then placed into a new RNAse-free 1.5ml Eppendorf tube 

(Sigma-Aldrich, Cat. #:Z606340). DNase/RNase free water (Ambion, Cat. #: AM9916) 

was added to the spin columns (50|al for cell samples and 20|al exosome samples), 

incubated for Imin at room temperature and the centrifiiged at 13,000g for Imin. Yield and 

quality of RNA was assessed on the Nanodrop ND-1000 spectrophotometer.

5.1.6 Global miRNA profiling o f  cells and exosomes

The method for global profiling of miRNAs using the ABI Taqman miRNA Low 

density arrays (TLDA, Applied Biosystems) is previously detailed in Chapter 2, Section 

2.2.4, however some changes to the method are outlined in this section. TLDA (Version 

3.0, Cat. #: 4444913) panels A and B for the assessment of a total of 754 miRNA assays 

were used for the miRNA profiling. cDNA was prepared from 3^1 of cellular and exosomal 

RNA following TLDA RT protocol as described in Chapter 2, Section 2.2.4. RNA for the
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RT step was diluted to a constant amount for the cells and exosomes from all cell line 

variants -  (85ng for 22Rvl and DU145 cell line variants, and 50ng for PCS cell line 

variants - due to lower RNA yields from the exosomes of the latter). cDNA (2.5|il) was 

pre-amplified and then quantified using Applied Biosystems ViiA7 Real-Time PCR 

system. Global miRNA profiling data was normalised to the mean of three miRNAs (miR- 

618, miR-659 and miR-454) that were found not to be significantly altered between our 

resistant cell line variants and their respective parent controls for cells and exosomes and 

so deemed suitable as an endogenous control. A similar strategy of normalising TLDA data 

to several stable miRNAs has been recently reported [357]. Normalisation is outlined 

below:

ACt =C t cell line variant -  mean Ct of miR-618, miR-659 and miR-454 

AACx= Ct Resistant variant -  Ct Sensitive parent 

Where, Ct = Cycle threshold at which the miRNA was detected 

Fold change = 2

5.1.7 Validation o f  selected miRNAs by qPCR

miRNAs selected for further validation were based on the following criteria: 

miRNAs significantly (p<0.05) altered by >1.5 fold in both the cells and exosomes of at 

least two docetaxel-resistant cell line variants compared to their aged-matched drug- 

sensitive parent cell lines. In Chapter 2, a cut-off of 1.2 fold change was selected for the 

miRNAs chosen for validation, however, due to the low number of miRNAs that validated 

successfiilly, for this study a 1.5 fold change cut-off was selected to improve validation of 

selected miRNAs. cDNA was prepared from lOng cell-derived and exosome-derived total 

RNA, as we described previously [358] and further detailed in Chapter 2, Section 2.2.5. 

Taqman miRNA assays (Applied Biosystems, Cat. #: 4427975) used for miRNA 

validation: miR-598 (Assay ID #: 001988), miR-148a (Assay ID #: 000470), miR-34a 

(Assay ID #: 000426) and miR-146a (Assay ID #: 000468) were quantified using the cycle 

threshold (Ct) adjusting to the levels of miR-618 (Assay ID #: 001593) as an endogenous 

control as it showed no significant changes among cells and exosomes of parent and 

resistant cell line variants and so deemed a suitable for data normalisation.
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5.1.8 Assessment o f  miRNA expression in clinical specimens

As a means of selecting the most appropriate miRNA to further evaluate for 

functional relevance, we assessed the clinical impact of the four validated miRNAs using 

publically available datasets on the gene expression omnibus.

Of the datasets available, the expression of these miRNAs were initially assessed in 

localised prostate cancer tissue (n==21) versus matched benign tissue (n=21) (GSE36802; 

l'ittp://ww\v.ncbi.nlm .nih.gov/eeo/quei'v/acc.cgi?acc=GSE36802'). To assess the extracellular 

relevance of these miRNAs, their expression was assessed in urine samples from prostate 

cancer patients (n=9) versus patients with benign prostatic hyperplasia (n=8) (GSE39314; 

http://w w w .ncbi.nlm .nih.aov/geo/querv/acc.cgi?acc=G SE39314) .

To establish the relevance of miRNAs with more aggressive disease, where 

information was available, tissues from patients with known biochemical recurrence 

following radical prostatectomy (n=30) was compared to those with non-recurrence (n=53) 

(GSE26247; http://\vwvv.i'icbi.nlm.nih.gov/geo/qiierv/acc.cai?acc=GSE26247) . Furthermore, 

the association of our selected miRNAs was assessed in a cohort of patients with known 

metastases (n=14) compared to either primary disease (n=99) or normal adjacent tissue 

(n=28) (GSE21036; http://\vww.ncbi.nlm .nih.aov/geo/querv/acc.ctii?acc=G SE21036). An online 

software tool, MIRUMIR [359] http://www.bioproFilina.de/GEO/MIRUMlR/mirumir.html 

was used to predict the association between miR-34a and overall survival from prostate 

cancer on the GSE21036 dataset.

5.1.9 miRNA inhibition/mimic manipulation in cells

As miR-34a was not significantly altered with docetaxel-resistance in the DU 145 cell 

line variant, PC3 and 22Rvl cell line variants were therefore used for subsequent studies. 

PC3 and 22Rvl cells were transfected with miR-34a inhibitor (Applied Biosystems, Cat. #: 

4464084, ID: MH11030) or miRNA inhibitor negative control (Applied Biosystems, Cat. 

#: 4464076). Similarly, PC3RD and 22RvlRD cells were transfected with miR-34a mimic 

(Applied Biosystems, Cat. #: 4464066, ID MCI 1030) or miRNA mimic negative control 

(Applied Biosystems, Cat. #: 4464058). Transfections were performed using a final 

concentration of 30nM (inhibitor/mimic) and transfected using lipofectamine 2000 

(Invitrogen, Cat. #: 11668-027) following manufacturer’s instructions and further detailed
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in Chapter 2, Section 2.2.7. Cells were seeded at a density of 2.5 xlO'^cells/well (PCS 

variants) and 5xlO''cells/well (22Rvl variants) in 24-well plates. For assessment of protein 

changes, transfected cell pellets were collected after 48hrs for subsequent immunoblotting 

(as detailed in Section 5.2.4).

5.1.10 Assessing effects o f miR-34a -  regulated cellular response to Docetaxel

Following transfection with the miR-34a inhibitor, miR-34a mimic or their relevant 

negative controls for 6 hrs, 22Rvl and 22RvlRD cells were exposed to their approximate 

IC5 0 concentrations of docetaxel (Sigma-Aldrich, Cat. #: 01885) as previously determined 

[237] and indicated in Chapter 4, Section 4.3.1. Following 48hrs incubation with 

docetaxel, cell viability was assessed using acid phosphate analysis as described in Chapter 

2, Section 2.2.9.

5.1.11 Statistical Analysis

Statistical analysis was performed on Excel. P-values were generated using Student’s 

t-tests, with p<0.05 considered as statistically significant. Results are displayed as n=3± 

standard error of mean. GraphPad was used for graph generation. Linear regression 

analysis and the calculation of R were performed on GraphPad and p-values were 

calculated based on deviation from zero. Hierarchical clustering was performed using 

DChip online software and based on advice from bioinformatician Dr. Jai Prakesh Metha. 

For clinical data obtained from publically available datasets on Gene Expression Omnibus 

(GEO) (http://www.ncbi.nlm.nih.gov/geo/) [262], miRNA expression levels and p-values 

between groups were determined using the GE02R analysis function. For survival analysis 

of miR-34a, the MIRUMIR online software [359] uses the R statistical package to perform 

survival analyses and to draw Kaplan Meier plots. TargetScan 6.2 and Diana miRPath 

online softwares were used to assess the predicted targets for miR-34a.
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5.3 RESULTS

5.1.12 Characterisation o f  isolated exosomes

Exosomes, isolated from the conditioned medium of all cell line variants, were 

assessed by transmission electron microscopy to identify the presence of vesicles of 

approximately lOOnm in diameter, indicative of exosomes (Figure 5.1 A). TSGlOl and 

PDC6I/Alix proteins commonly associated with the formation of exosomes and thus 

considered to be important markers of successful isolation of exosomes were detected 

[335, 339] by immunoblotting of isolates from the conditioned medium of all cell line 

variants (Figure 5.IB).
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Figure 5.1: Confirmation of exosomes isolation from conditioned media isolates.

(A) Transmission Electron Microscopy was performed to investigate size and structure of exosomes;

(B) Immunoblotting was performed to assess the expression of common exosomes markers (TSGlOl and 

PDC6I/Alix) in exosomes isolated from PCS, DU145 and 22Rvl cell line variants.
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5.1.13 Yield and quality o f  cellular and exosomal RNA

Following isolation and prior to performing miRNA profiling, the yield of exosomes 

was determined by quantifying the protein content of the exosomes using the BioRad 

protein assay as described in Chapter 2, Section 2.2.10. RNA was subsequently isolated 

from the exosomes and pellets of the corresponding cells of origin using the miRNeasy kit. 

The yield of exosomes isolated (represented by protein quantity), the RNA yield and RNA 

quality (measured by 260/280 reading on the Nanodrop ND-1000 spectrophotometer) from 

exosomes and corresponding cells are indicated in Tables 5.1-5.3.

Ceil
Samples

RNA
(Mg) 260/280

Exosome
Samples

Quantity of exosomes 
[protein (ng)]

RNA
(ng/jil) 260/280

PCS Rl 47.0 2.06 PC3 Rl 37.5 0.25 1.74
PC3 R2 62.2 2.05 PC3 R2 101.1 0.46 1.95
PC3 R3 37.3 2.07 PC3 R3 84.8 0.41 1.92

PC3RDR1 32.4 2.01 PC3RDR1 27.8 0.21 1.75
PC3RDR2 58.9 2.06 PC3RDR2 62.1 0.31 1.73
PC3RDR3 40.2 2.07 PC3RDR3 77.6 0.18 1.72

Table 5.1: Exosomes quantities, RNA yields and quality as assessed by for cells and corresponding 

exosomes of the PC3 cell line variants.

Biological replicates are 

also indicated.

indicated by R l, R2 and R2. Yields o f  exosomes isolated, measured by protein is

CeU
Samples

RNA
(Mg) 260/280

Exosome
Samples

Quantity of exosomes 
[protein (fig)]

RNA
(ng/fil) 260/280

DU145 Rl 57.8 2.08 DU145 Rl 49.8 0.61 2.06
DU145 R2 52.9 2.08 DU145 R2 54.9 0.60 1.99
DU145 R3 119.0 1.8 DU145 R3 68.1 0.54 2.07

DU145RDR1 66.5 2.06 DU145RDR1 86.5 0.29 1.84
DU145RDR2 64.3 2.07 DU145RDR2 59.4 0.45 1.9
DU145RDR3 89.7 2.02 DU145RDR3 41.9 0.69 1.97

Table 5.2: Exosome quantitites, RNA yields and quality as assessed for cells and corresponding 

exosomes of the DU145 cell line variants.

Biological replicates are indicated by R l, R2 and R2. Yields o f  exosomes isolated, measured by protein is 

also indicated.
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CeU
Samples

RNA
(Jig) 260/280

Exosome
Samples

Quantity of exosomes 
[protein (^g)]

RNA
(ng/fil) 260/280

22Rvl Rl 124.0 1.87 22Rvl Rl 107.9 2.20 2.05
22Rvl R2 121.1 1.84 22Rvl R2 139.8 2.30 2.02
22Rvl R3 66.7 2.07 22Rvl R3 139.4 2.12 2.06

22RvlRDRl 115.6 1.83 22RvlRDRl 103.6 2.24 2.06
22RvlRDR2 97.1 2 22RvlRDR2 167.6 3.60 2.02
22RvlRDR3 109.2 1.89 22RvlRDR3 131.7 1.39 2

Table 5.3: RNA yields and quality as assessed for cells and corresponding exosomes of the 22R vl cell 

line variants.

Biological replicates are indicated by R l, R2 and R2. Yields o f exosomes isolated, measured by protein is 

also indicated.
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5.1.14 miRNA profiling o f docetaxel-resistant cells and corresponding exosomes

Global miRNA profiling of cells and exosomes of all the docetaxel-resistant cell line 

variants (PC3RD, DU145RD and 22RvlRD) and their respective age-matched parent 

controls (PC3, DU145 and 22Rvl) was performed for 754 miRNAs (see Section 5.2.6). All 

sets of samples were run in biological triplicate. Taking a cut-off point of 35-cycles 

threshold (C t) , miRNAs detected <35C t were considered as ‘present’ where as those with 

values >35C t were considered as ‘undetected’. The mean distribution of miRNAs detected 

for all cell line variants is shown in Figure 5.2.
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Figure 5.2: Distribution of miRNA expression for cells and exosomes from all cell line variants.

The presence of a miRNA was taken at a set cut-off of 3 5 C t , thus miRNAs detected below 3 5 C t  were 

considered as ‘present’ where as miRNAs detected beyond 35Ct were classified as ‘imdetected’. The 

relevant mean distribution of miRNAs detected in cells and exosomes for each cell line variant is displayed. 

Resuhs represent n=3±SEM.
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Setting the combined number o f all miRNAs detected in cells and exosomes as an 

arbitrary one hundred per cent, the corresponding percentages o f miRNAs detected in each 

population of cells and exosomes are shown in Table 5.4. The average percentage of 

miRNAs detected in cells from all cell line variants (with the exception o f PC3) was 

significantly greater (p<0.01) compared to their corresponding exosomes (Table 5.4). 

Interestingly, on average almost 77% of miRNAs detected in any cell line variant was 

found in the corresponding exosomes. Furthermore, the average percentage of miRNAs 

solely detected in cells was significantly (p<0.01) greater than that of exosomes only 

(Table 5.4).

Cell line Detected in 
Cells

Detected in 
Exosomes

Detected in 
Cells & Exosomes

Detected in 
Cells only

Detected in 
Exo only

PC3 86.2+1.1 90.9+0.5 77.0+1.0 9.12+0.5 13.8+1.1
PC3RD 91.9+0.7 83.9+2.6 75.8+2.0 16.1+2.6 8.1+0.7
DUNS 92.6+1.2 85.4+2.9 79.8+1.7 12.8+2.9 7.4+1.2

DU145RD 92.8+0.8 85.9+1.9 76.1+1.3 16.1+1.9 7.8+0.8
22Rvl 91.4+0.6 85.5+1.0 76.9+0.5 145+1.0 8.6+0.6

22RvlRD 91.3+0.9 82.3+1.4 73.6+1.9 17.7+1.4 8.7+0.9
Average 90.2 86.4 76.5 13.6 9.8

Table 5.4: Percentage and distribution o f  m icroRNAs detected <35Ct in all cell line variants.

Taking a cut-off point o f 35-cycle thresholds (C t), miRNAs detected < 3 5 C t were considered as ‘present’ 

where as those with values > 3 5 C t were considered as ‘undetected’. Setting the total number o f miRJ^lAs 

detected as an arbitrary one hundred per cent, the corresponding percentages of miRNAs detected in cells and 

exosomes are shown. Results represent mean percentages for n=3 biological repeats.
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Linear regression analysis on miRNAs detected <35Ct in cells and exosomes 

indicated a significant (p<0.0001) strong correlation for all cell line variants between cells 

and corresponding exosomes (Figure 5.3). Specifically, PC3 (R^=0.8316), PC3RD 

(R^=0.8144), DU145 (R^=0.8140), DU145RD (R^=0.7793), 22Rvl (R^=0.7325), 

22RvlRD (R =0.6897). This suggests that exosomes strongly represent their cells of 

origin.
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Figure 5.3: Linear regression analysis.

Linear regression analysis was performed to demonstrate the correlation between the mean Cx values o f  

miRNAs detected for cells and corresponding exosomes for each cell line variant. Results represent mean Cj 

values from n=3 biological repeats.
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Hierarchical clustering using normalised fold changes (using 2 method as described

in Section 5.2.6) for all biological replicates (denoted by R l, R2, R3) of the 3 resistant cell 

line variants compared to respective parent cell lines (PC3RD, 22RvlRD, DU145RD) was 

performed. Clustering of miRNA fold changes for each cell line with its corresponding 

exosomes was observed for all three resistant variants (PC3RD, 22RvlRD, DU145RD) 

(Figure 5.4).
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Figure 5.4: Hierachical cluster analysis

Hierarchical clustering o f miRNA expression fold changes for docetaxel-resistant cell lines (PC3RD, 

DU145RD and 22RvlRD) compared to their respective age-parent controls (Rl, R2 and R3 denotes each 

biological replicate performed for cells and exosomes (EXO))

5.1.15 Selection o f  miRNAs for validation

Following normalisation of the global miRNA profiling data, analysis of deregulated 

miRNAs between cell line variants -  within cells and exosomes -were performed using 

Venn diagrams to identify key miRNAs that may play an important role in docetaxel- 

resistance. Taking a cut-off point of 1.5 fold up- or down-regulated expression in resistant 

cell line variants compared to their parent cell lines, the common miRNAs (from the 3 

biological replicates) that were identified in cells and exosomes were selected for fiirther 

assessment. Furthermore, we identified miRNAs common in cells and exosomes as well 

as between all cell lines. Compared to their respective age-parent control cells and 

exosomes, 44 miRNAs were determined to have commonly reduced levels in cells and 

exosomes in PC3RD. Similarly, 12 miRNAs for DU145RD and 12 miRNAs for 22RvlRD 

were also reduced (Figure 5.5).
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Overall, one miRNA was commonly decreased in cells and exosomes of all three cell 

line variants and 6 other miRNAs were identified as decreased in at least two of the three 

docetaxel-resistant cell line variants compared to age-parent control cells and exosomes 

(Figure 5.5).
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Figure 5.5: Identification o f  m iRNAs decreased with docetaxel-resistance.

Venn diagrams were used to assess the miRNAs that had decreased levels greater than 1.5 fold in the cells 

and corresponding exosomes o f docetaxel-resistant cell lines (PC3RD, DU145RD and 22RvlRD) compared 

to their respective age-matched parent controls. Results represent mean of n=3 biological repeats.

199



While a total of 84, 18 and 5 miRNAs were commonly increased in cells and 

exosomes of PC3RD, DU145RD and 22RvlRD, respectively, there were no miRNAs 

identified as commonly increased among the three cell line variants compared to their age- 

parent control cells and exosomes (Figure 5.6).
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Figure 5.6: Identification o f m iRNAs increased with docetaxel-resistance.

Venn diagrams were used to assess the miRNAs that had increased levels greater than 1.5 fold in the cells 

and corresponding exosomes o f docetaxel-resistant cell lines (PC3RD, DU145RD and 22RvlRD) compared 

to their respective age-matched parent controls. Resuhs represent mean o f n=3 biological repeats.
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The expression of the 7 most substantially decreased miRNAs in docetaxel-resistant 

cell line variants comparted to their sensitive-parent cell lines, as identified from the global 

profiling, is shown in Figure 5.7.
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Figure 5.7: Top miRNAs decreased with docetaxel-resistance.

The expression o f the 7 most substantially down-regulated miRNAs, as identified from the global miRNA 

profiling, are shown. Results represent n=3±SEM.
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Volcano plots were used to demonstrate the spatial expression of all miRNAs assessed 

(Figure 5.8).
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Figure 5.8: Volcano plots were used to demonstrate the spatial expression of all miRNAs assessed.

Four miRNAs were selected for independent validation by qPCR as indicated on the volcano plots. Results 

represent mean fold changes o f n=3±SEM
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Fold changes of these miRNAs that were individually validated by qPCR are shown in 

Table 5.5.

miR-598
Cells Fold 

Change 
measdzSEMl P-Value

Exosomes Fold 
Change 

meatttSEMI P-Vahae

22RvlRD
DU145RD

PC3RD

-2.08±0.21
-15.65±4.9

-95.5±19.87

0.0001
0.0301
0.0086

-2.01±0.42
-15.62±3.14
-16.93±6.42

0.0021
0.0061
0.0492

miR-148a
Cells Fold 

Change 
rM M i^sE B ii P-Value

Exosomes Fold 
Change

P-Vatae
22RvlRD
DU145RD

PC3RD

-1.27±0.5
-8.37±2.38

-48.64±3.97

0.0000
0.0172
0.0002

-2.39±0.2
-3.95±1.06
-9.93±4.27

0.0001
0.0095
0.0626

miR-34a
Cells Fold 

Change
P-Vadlue

Exosomes Fold 
Change 

mernrntSSMi P-Vahie
22RvlRD
DU145RD

PC3RD

-7.80±0.61
-1.08±1.12
-4.68±1.71

0.0001
0.1378
0.0294

-11.13±0.85
1.33±0.3

-5.69±1.98

0.0001
0.3331
0.0278

miR-146a

Cells Fold 
Change

«MeandJKiH P-V*lue

Exosomes Fold 
Change

P-Val«e
22RvlRD
DU145RD

PC3RD

2.14±0.05
-54.42±16.41
-120.41±96.5

0.0000
0.0279
0.2758

3.06±0.95
-81.16±13.42
-72.65±7.87

0.0953
0.0036
0.0007

Table 5.5: miRNAs selected for validation for qPCR.

Validation of miR-598, miR-148a, miR-34a and miR-146a expression in cells and corresponding exosomes 

by qPCR. Fold changes in expression were calculated for all docetaxel-resistant cell line variants (22RvlRD, 

DU145RD and PC3RD) compared to age-matched parent controls (22Rvl, DU145 and PC3). Results 

represent n=3±SEM.

5.1.16 The clinical relevance o f  selected miRNAs

In order to determine whether any of the selected miRNAs from the global profiling 

were worthy of pursuing for further functional assessment, we next assessed if these 

miRNAs had significant association in a clinical setting. Using publically-available 

datasets on the gene expression omnibus and analysing using the GE02R fimction, we 

assessed the expression of miR-34a, miR-598, miR-148a and miR-146a in a number of



patient cohorts (Figure 5.9 and Figure 5.10). miR-34a was found to be significantly 

decreased (p<0.05) in prostate cancer tissue compared to matched benign tissue from the 

same individuals (Figure 5.9A (i)), while a significant increase (p<0.01) of miR-148a was 

observed (Figure 5.10B (i)). No significant difference in miR-598 or miR-146a was 

observed (Figure 5.10A (i) and 5.IOC (i)). To investigate the potential of our selected 

miRNAs to be used as circulating and thus minimally-invasive biomarkers, we examined 

their expression in urine samples from patients with benign prostatic hyperplasia (BPH) 

compared with patients with prostate cancer. A trend towards decreased miR-34a 

expression was observed in urine from prostate cancer patients (Figure 5.9A (ii)). miR- 

148a also showed significantly decreased (p<0.05) expression in urine from prostate cancer 

patients compared to those with BPH whereas the expression of miR-598 or miR-146a was 

not significantly altered (Figure 5.10A-C (ii)). Biochemical recurrence, defined as a rise in 

serum prostate specific antigen (PSA) levels following radical prostatectomy and/or 

radiation therapy, is considered an indicator of more aggressive disease and predictive of 

early treatment failure [360], Here we identified a significant decrease of miR-34a 

expression (p<0.05) in the tissues from a cohort of prostate cancer patients experiencing 

biochemical recurrence compared to patients that had no recurrence (Figure 5.9A (iii)). 

Assessment of miR-598, miR-148a and miR-146a did not demonstrate any significant 

discrimination between biochemical recurrence and non-recurrence (Figure 5.10A-C (iii)). 

As a final assessment of miRNA expression and aggressive disease, we next examined 

tissue specimens from patients with evidence of metastasis compared to patients with 

primary localised prostate cancer and also normal adjacent tissues. miR-34a was 

significantly decreased in both primary (p<0.01) and metastatic (p<0.01) disease compared 

to non-malignant tissue (Figure 5.9A (iv)). Furthermore, there was a significant (p<0.05) 

fiirther decrease in miR-34a expression in metastatic compared to primary disease. The 

other selected miRNAs (miR-598, miR-148a and miR-146a) displayed some significant 

alterations in expression, although no consistent trend was observed (Figure 5.10A-C (iv)). 

Using an online tool (MIRUMIR) [359] to examine miRNA association with cancer 

survival, we identified that low expression of miR-34a, while not statistically significant 

(p=0.075), tended towards an association with poor survival in prostate cancer (Figure 

5.9B).
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Figure 5.9: Clinical assessm ent of tniR-34a.

Using publically available datasets on the gene expression omnibus and analysing using the G E02R 

function, we assessed the expression o f  miR-34a in a number o f patient cohorts (A) (i) miR-34a was found to 

be significantly decreased (p<0.05) in prostate cancer tissue (n=21) compared to matched benign tissue 

(n=21). (ii) A trend towards decreased miR-34a expression was observed in urine from prostate cancer 

patients (n=9) compared to patients with benign prostatic hyperplasia (BPH) (n=8). (iii) Here a significant 

decrease o f miR-34a expression (p<0.05) in the tissues from a cohort o f prostate cancer patients experiencing 

biochemical recurrence (BCR) (n=30) compared to patients that had no recurrence (no BCR) (n=53) was 

observed, (iv) miR-34a was significantly decreased in both primary (n=99) (p<0.01) and metastatic (n=14) 

(p<0.01) disease compared to non-malignant tissue (n=28). Furthermore, there was a significant (p<0.05) 

fiirther decrease in miR-34a in metastatic compared to primary disease. (B) Using an online tool (MIRUMIR) 

to predict miRNA association with cancer survival, we identified that low expression of miR-34a, while not 

statistically significant (p=0.075), tended towards an association with poor survival in prostate cancer. 

*p<0.05 **p<0.01
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Figure 5.10: Clinical assessment of miR-598, miR-148a and miR-146a.

Using publically-available datasets on the gene expression omnibus and analysing using the G E02R 

function, we assessed the expression o f miR-598, miR-148a and miR-146a in a number of patient cohorts. 

(A-C) (i) No significant difference in miR-598 or miR-146a was observed in prostate cancer tissue (n=21) 

compared to matched benign tissue (n=21), conversely a significant increase (p<0.01) of miR-148a was 

observed, (ii) miR-148a also showed significantly decreased (p<0.05) levels in urine from prostate cancer 

patients (n=9) compared to those with Benign Prostatic hyperplasia (BPH) (n=8), whereas the expression of 

miR-598 or miR-146a was not significantly altered, (iii) miR-598, miR-148a and miR-146a did not 

demonstrate any significant discrimination between biochemical recurrence (BCR) (n=30) and non­

recurrence (No BCR) (n=53). (iv) Assessment o f miR-598, miR-148a and miR-146a displayed some 

significant alterations in expression in primary (n=99) or metastatic (n=14) disease compared to normal 

adjacent tissue (n=28) although no consistent trend was observed.*p<0.05 **p<0.01, ***p<0.001
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5.1.17 Mechanism o f  action and functional relevance o f  miR-34a

Since miR-34a showed the most consistent cUnical relevance in the 4 cohorts of 

patient specimens assessed, our subsequent analysis was to further assess the function of 

miR-34a in our prostate cancer cell lines. Using target prediction software and literature 

survey, we identified B-cell Lymphoma 2 (BCL-2) as a potential target of miR-34a. Initial 

assessment of basal BCL-2 expression did not show a significant difference in PC3RD 

compared to age-matched parent cells; however, a significant increase in BCL-2 

expression was observed in 22RvlRD by 2.1 ±0.2 fold compared to 22Rvl (p<0.01) 

(Figure 5.11 A). Inhibition of miR-34a in parent cells (PC3 and 22Rvl) caused a 

significant, increase in BCL-2 protein expression by 1.5±0.1 fold (for PC3RD; p<0.01) and 

1.8±0.2 fold (for 22RvlRD; p<0.05), compared to BCL-2 levels in corresponding negative 

control inhibitor transfected cells (Figure 5.1 IB). Conversely, mimicked expression of 

miR-34a in PC3RD and 22RvlRD cells caused a significant reduction in BCL-2 

expression by 2.4±0.1 fold (for PC3RD; p<0.001) and by 2.0±0.3 fold (for 22RvlRD; 

p<0.01) compared to negative control mimic transfected cells (Figure 5.11C).

B
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PCS 22Rvl
M IM ICKED EXPRESSION 

PC3RD 22RvlRD
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Figure 5.11: miR-34a mechanism of action.

(A) Initial assessment o f basal BCL-2 expression did not show a significant difference in PC3RD compared 

to PCS; however, a significant increase (p<0.01) in BCL-2 expression was observed in 22RvlRD compared 

to 22Rvl. (B) Inhibition o f miR-34a in parent cells (PCS and 22Rvl) resulted in a significant (p<0.01, 

p<0.05) increase in BCL-2 protein expression, compared to BCL-2 levels in negative control (NC) inhibitor 

transfected cells. (C) Conversely, mimicked expression of miR-S4a in PCSRD and 22RvlRD cells caused a 

significant reduction in BCL-2 expression (p<0.001, p<0.01) compared to NC mimic transfected cells. 

Results represent n=S±SEM, where *p<0.05, **p<0.01, ***p<0.001.
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As the innate expression of BCL-2 was significantly increased in 22RvlRD cells 

compared to 22Rvl (whereas no significant difference was observed in PCS compared to 

PC3RD) we elected to use these cell line variants to assess whether altering miR-34a 

expression could have an effect on proliferation and response to docetaxel (Figure 5.12). 

No significant difference was observed on either the proliferation or response off 22Rvl to 

docetaxel in the presence of miR-34a inhibitor compared to NC inhibitor (Figure 5.12A). 

While, again, no significant difference was observed on the proliferation of 22RvlRD after 

miR-34a introduction, there was however a significant (p<0.01) decrease by 9.7±0.3% in 

resistance to docetaxel in the presence of miR-34a mimic compared to NC mimic (Figure 

5.12B).
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Q  miR-34a inhibitor

B
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22RV1RD
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B D  miR-34a mimic

Medium Medium Docetaxel Docetaxel Medium Medium Docetaxel Docetaxel

Figure 5.12: Effect of miR-34a on proliferation and response to docetaxel in 22Rvl and 22R vlR D  cells.

Proliferation o f cells in the absence (medium only) or presence of docetaxel following miR-34a manipulated 

expression, (i) No significant difference was observed on either the proliferation or response o f 22Rvl to 

docetaxel in the presence o f miR-34a inhibitor compared to NC inhibitor, (ii) While no significant difference 

was observed on the proliferation o f 22RvlRD, there was however a significant (p<0.01) decrease in 

resistance to docetaxel in the presence o f miR-34a mimic compared to NC mimic. Proliferation and response 

to treatment shown here was assessed using the acid phosphatase method. Results represent n=3±SEM, 

where **p<0.01.
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5.4 DISCUSSION

While the first line-treatment for castration-resistant prostate cancer (CRPC), 

docetaxel, has demonstrated initial success in improving overall survival, evidence of 

acquired-resistance among patients is continuing to be an immense problem in attempts to 

circumvent the disease. Substantial findings to date have suggested that aberrant miRNA 

expression is implicated in cancer initiation and progression [95, 361] and more recently 

the relevance of miRNAs regulating drug-resistance has also been reported [362]. Thus the 

detection of miRNAs for use as diagnostic, prognostic and predictive biomarkers for 

treatment response is now warranted to advance this field. The detection of these miRNAs 

in an extracellular environment, offers the prospect of a minimally-invasive and easily 

attainable biomarker for the clinic. Expanding research in the quest to identify circulating 

(extracellular) biomarkers has indicated that molecules such as miRNAs may be actively 

secreted within nano-sized vesicles, known as exosomes, with the potential o f being taken 

up into secondary cells [215, 217-219]. We have previously reported in Chapter 4 that 

exosomes derived from the conditioned media o f docetaxel-resistant cell lines can be up 

taken into secondary cells and induce docetaxel-resistance; at least in part, it seems, by the 

transfer of proteins like the multidrug-resistance protein 1 (MDR-l/P-gp) [237]. To fiirther 

explore the role of exosomes in prostate cancer progression and docetaxel-resistance, we 

elected to perform global miRNA profiling o f the cells and corresponding exosomes from 

a panel of cell lines with acquired-resistance to docetaxel and their age-matched sensitive 

parent cells. Before miRNA profiling was performed, the exosomes isolated from the 

conditioned media of all cell line variants were assessed by TEM for size and shape and by 

immunoblotting for the expression of exosomal proteins. The general size of the isolated 

vesicles for all cell line variants was o f approximately lOOnm and taken together with the 

expression of exosome markers TSGlOl and PDC6I/Alix we confirmed the presence of 

exosomes.

Prior to performing miRNA profiling, the RNA yield and quality isolated from the 

cells and corresponding exosomes was assessed using the Nanodrop ND-1000 

spectrophotometer. Initial observations indicated that the 22Rvl cell line variants had the 

largest yield of exosomal RNA while PC3 cell line variants had the lowest. The quantity of 

RNA isolated, however, was generally indicative o f the initial yield of exosomes 

(measured in protein) that was isolated from the conditioned media for each cell line
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variant, thus the 22Rvl cell line variants in this case also generated the highest yield of 

exosomes. One suggestion for the varied production of exosomes between cell lines is the 

difficulty associated with achieving high density cell cultures using adherent cells as 

opposed to suspension cells for example [363]. Due to the nature of 22Rvl cell line 

variants in terms of morphology (See Chapter 4, Figure 4.1) and growth patterns it was 

possible to seed these cells at a higher numbers than PC3 or DU 145 cell line variants -  

which were visually larger in size, grew faster and so would reach the desired confluency 

in a shorter period of time. The 22Rvl cell line variants could have a higher number of 

cells per flask without the cells becoming too confluent. Similar to the miRNA profiling 

study discussed in Chapter 2, the quality of RNA (measured by 260/280 ratio on the 

Nanodrop) used in this study was also assessed. The 260/280 ratio for all cellular RNA was 

again within the expected range of 1.8-2.0. Interestingly however, the exosomal RNA had 

a higher 260/280 ratio (1.7-2.0) than that reported for the conditioned media RNA in 

Chapter 2. There are some possible reasons for this: Firstly, exosomes have been known to 

protect RNAs from RNAse activity [364]; it may be likely therefore that any freely 

circulating RNA from the conditioned media (that was not solely encapsulated in 

exosomes) used in Chapter 2 may be subject to partial degradation due to RNases. 

Secondly, the RNA isolated in Chapter 2 was from just 250|il CM as opposed to the 

exosome samples (which were resuspended in 200|il PBS) that were isolated from 90mls 

of CM, representing nine 75cm flasks. Thus the yields of RNA from the exosomes which 

were derived from a larger volume of media had in general larger amounts of RNA 

ultimately leading to better reads on the 260/280 ratio. Thirdly, different methods of RNA 

isolation were used in Chapter 2 (TriReagent) and Chapter 5 (miRNeasy mini kit). As the 

risk of phenol contamination may be more likely to occur with TriReagent than with the 

miRNeasy kit this may be another reason for lower 260/280 ratios observed. Finally, the 

RNA isolations used for the miRNA profiling in Chapter 2 were performed at an earlier 

stage of this Phd compared to the RNA isolated for the miRNA profiling in Chapter 5, thus 

a great degree of experience wdth RNA may have correlated with the quality and yields of 

RNA isolated.

Initial assessment of our miRNA profiling data identified that of the total miRNAs 

detected in cells and exosomes, approximately 77% were commonly detected in both cells 

and exosomes of all cell line variants. Linear regression analysis indicated a positive strong 

correlation of the miRNA detection of all cell lines when compared to their corresponding
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exosomes. Furthermore, hierarchical clustering using relative fold changes {i.e. the fold 

change of miRNA expression of each docetaxel-resistant cell line variant compared to its 

respective age-matched parent control) for all three docetaxel-resistant cell lines clustered 

together with their corresponding exosomes. This observation is in keeping with that of 

several others studying other cancer types [216, 217, 238], In a panel of 8 miRNAs 

assessed, Taylor and Gercel-Taylor observed a correlation between miRNA expression in 

tumours from patients with ovarian cancer compared to the miRNA expression derived 

from the serum of the same patients [217]. Furthermore, a strong correlation between the 

expression of 12 miRNAs in non-small cell lung cancer tumours and the levels of 

peripheral blood-derived exosomal miRNAs has also been observed [216]. More recently, 

Xiao et al. [238] performed global mRNA and miRNA profiling on the cells and 

corresponding exosomes derived from melanoma cells (A375) and human epidermal 

melanocyte cells (HEMa-LP) and demonstrated a correlation between the mRNA and 

miRNA content of each cell line and their corresponding exosomes [238]. Taken together 

our data suggests that exosomal miRNA presence does, in fact, strongly reflect that of their 

cells of origin and so supports the potential use of exosomes derived from biological fluids 

as a source of biomarkers that may be easily attained with minimal invasion and also likely 

to be representative of the clinical situation. Some studies have suggested that exosomal 

miRNAs are selectively secreted or retained by cells and that their miRNA expression does 

not directly reflect the cells of origin [274, 275]; while this is not the primary observation 

of this study, we cannot solely exclude the fact that some miRNAs may be detected at 

higher levels in the cells compared to exosomes and vice versa. As shown in Figure 5.2, 

some miRNAs were detected in the exosomes only suggesting that these may have been 

selectively secreted from the cells. The objective of this study, however, was to focus on 

miRNAs that had similar detection intracellularly and extracellularly in association with 

the development of docetaxel-resistance, as a means of identifying potential biomarkers 

representative of the cellular phenotype.

After profiling 754 miRNAs in cells and exosomes, we selected four miRNAs for 

further evaluation. Specifically, we selected miR-598 for validation by qPCR and 

assessment in clinical data sets as it was decreased in all three docetaxel-resistant cells and 

exosomes compared to their respective age-matched controls and has never previously 

been associated with prostate cancer or drug-resistance indicating that miRNA may be 

novel to docetaxel-resistance in prostate cancer. We also selected miRNAs that had
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previous associations with either prostate cancer and/or drug-resistance. miR-146a and 

miR-148a, both of which were decreased in the cells and exosomes in at least 2 of the cell 

lines assessed, have been associated with prostate cancer [172, 365-368]. miR-148a has 

also been associated with regulating response to paclitaxel in prostate cancer [367], 

cisplatin in breast cancer [369], 5-fluorouracil and cisplatin in oesophageal cancer cells 

[370]. miR-146a has been demonstrated to regulate resistance to interferon a in 

hepatocellular carcinoma [371] . Our fourth miRNA selected for validation was miR-34a; 

its association with prostate cancer has been reported [162, 372, 373] and here we found it 

to be decreased in cells and exosomes of two (i.e. 22RvlRD and PC3RD) out of three 

docetaxel-resistant cell lines. Studies have also shovm this miRNA to regulate resistance to 

camptothecin and paclitaxel in prostate cancer [187, 188], docetaxel-resistance in breast 

cancer [184] and cisplatin resistance in bladder cancer [374]. Subsequent data mining from 

clinical specimens indicated that of these four miRNAs, miR-34a was the most 

consistently deregulated miRNA in all clinical cohorts assessed i.e. it was significantly 

decreased in cancer versus normal tissues; in biochemical recurrence versus non­

recurrence tissue; in metastatic versus primary disease prostate tissue; and it also held 

relevance as an extracellular marker in terms of demonstrating a decreased trend in urine 

from prostate cancer patients compared to those with benign prostatic hyperplasia. None of 

the other three miRNAs showed such consistent and/or significant trends in all four of the 

clinical cohorts assessed. For this reason, we focused our subsequent fiirther ftmctional 

analysis on miR-34a.

TargetScan 6.2 and Diana miRPath softwares identified B-Cell Lymphoma 2 (BCL- 

2) to be a target of miR-34a. Studies using other cell lines or in other cancer types have 

also suggested the association of miR-34a with BCL-2 regulation, thus we elected to assess 

its relevance in our study [184, 188, 375]. BCL-2 was confirmed as a target of miR-34a, by 

manipulating miR-34a expression in our parent and docetaxel-resistant cell lines and 

subsequently assessing BCL-2 levels. Specifically, upon inhibition of miR-34a in sensitive 

parent cells (PC3 and 22Rvl) an increase in BCL-2 expression was observed, whereas 

mimicking miR-34a expression in docetaxel-resistant cells (PC3RD and 22RvlRD) 

resulted in decreased BCL-2 expression. Several reports have indicated an association 

between increased BCL-2 expression and drug-resistance [91-93, 375]. In fact, miR-34a 

regulation of BCL-2 has previously been reported to attenuate paclitaxel resistance in 

acquired paclitaxel-resistant prostate cancer cells [188]. More recently, miR-34a has been
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demonstrated to induce sensitivity to sorafenib in hepatocellular carcinoma cell lines by 

inhibiting BCL-2 expression [375] while in vitro and in vivo models o f multiple myeloma 

indicate that the use of synthetic miR-34a mimics can down regulate BCL-2 expression 

[376], The association between miR-34a targeting BCL-2 and regulating docetaxel- 

resistance in breast cancer has also been reported, although the authors in this study found 

that miR-34a was elevated with docetaxel-resistance [184], Although this observation in 

breast cancer conflicts with the findings o f our study, there is a greater number o f studies 

that support miR-34a as being decreased with drug-resistance and/or to negatively regulate 

BCL-2 [188, 374-379]. Here we found that, while inhibition of miR-34a in 22Rvl cells did 

not alter response to docetaxel, introducing miR-34a into docetaxel-resistant 22RvlRD 

cells enhanced the cytotoxic effects of docetaxel.

5.5 CONCLUSIONS

In conclusion, we have identified a panel of miRNAs that are commonly decreased 

in the cells and exosomes of acquired docetaxel-resistant cell lines. To the best o f our 

knowledge this is the first study to perform global miRNA profiling o f both cells and 

corresponding exosomes in the setting of docetaxel-resistance in prostate cancer and to 

identify a correlation of miRNA expression in the cells and exosomes o f all cell lines used 

in this study. Furthermore, the clinical evaluation of our chosen miRNAs supports the 

relevance of miR-34a in particular with prostate cancer incidence and progression. The 

observed decreased expression of miR-34a in tissues from patients with biochemical 

recurrence also suggests its relevance as an indicator of potential early treatment failure 

while its detection and corresponding decrease in urine from prostate cancer patients 

compared to patients with benign prostatic hyperplasia further supports its potential as a 

minimally-invasive biomarker. Finally our functional analysis indicates that miR-34a may 

have a role in influencing cell response to docetaxel, at least partly by its regulation o f anti- 

apoptotic protein BCL-2. The association o f miR-34a with docetaxel-resistance in prostate 

cancer observed here has not be previously reported but is supported by several studies in 

other cancers and/or with resistance to other treatments. To the best of our knowledge this 

is the first study to identify the novelty of miR-34a to also be utilised a minimally-invasive 

biomarker predictive of response to docetaxel in prostate cancer. Despite the growth of 

research in exosomes in recent years, few studies have focused on profiling of both cells 

and their corresponding exosomes. In order to determine if exosomes do in fact represent
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their cell of origin, and so could be utilised as potential circulating biomarkers to be used 

in the clinic, a study like this reported here is a necessary starting point for determining 

predictive biomarkers that could be obtained in a mimially-invasive manner.
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CHAPTER 6

6 Discussion & Conclusion
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6.1 Discussion & Conclusion

The aim of this PhD was to determine the mechanisms behind resistance to 

treatments for the leading causes o f cancer among the male population (prostate cancer) 

and female populations (breast cancer). As discussed in Chapter 1, the diagnostic and 

prognostic tools for these cancers are inadequate and there are limited means of predicting 

response to treatments. Thus the second aim o f this PhD was to identify biomarkers 

predictive of response to treatments for both cancer types, ideally with potential to be 

obtained in a minimally-invasive manner. Part o f the research undertaken for this thesis, 

therefore, had an emphasis on biomarkers identified in an extracellular environment.

The miRNA profiling performed in Chapter 2 indicated that there was a modest 

positive correlation between miRNAs detected in cells and corresponding conditioned 

medium (CM). This initial observation indicates that the miRNAs detected in the 

extracellular environment may be representative o f their cells o f origin. Studies within our 

laboratory focused initially on biomarkers that could be detected in biological fluids such 

as CM and serum for example [201, 206, 289]. Over the course of this PhD however, 

increasing evidence emerged that many of the biomarkers detected in biological fluids may 

be encapsulated into nano-sized vesicles such as exosomes. Thus, research in this PhD then 

evolved to focus on exosomal content of biological fluids. In Chapter 5, miRNA profiling 

was performed in a similar manner to Chapter 2, but this time focusing on docetaxel- 

resistance in prostate cancer cell lines and using exosomes derived from CM. Here we 

found that detection of miRNAs in the exosomes in fact demonstrated a strong correlation 

with the detection of miRNAs in the corresponding cells o f origin. The stronger correlation 

observed between cells and exosomes compared to the cells and CM may be a result of 

several possibilities.

Firstly, CM contains both freely circulating and vesicle (exosome) contained miRNAs, 

thus the lower R value, observed for in the linear regression analysis of in Chapter 2, may 

be due to the mixed populations of extracellular miRNAs (i.e. freely circulating and vesicle 

bound) examined. As the prostate cancer study focused solely on concentrated exosomal 

miRNAs rather than all circulating miRNAs, exosome isolation prior to profiling may have 

increased the sensitivity of miRNA detection and so resulting in a better correlation with 

the corresponding cells of origin. A recent study by Gallo et al. [380], supports this
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hypothesis whereby the authors concluded that the majority of miRNAs detected in serum 

and saliva are concentrated in exosomes. In that study, on comparison of both exosome 

depleted supernatants compared to exosomes fractions, the authors demonstrated the 

miRNA content was higher in exosomes [380]. Furthermore, on comparison of 

unfractionated serum compared to exosomes from the same serum specimens, the detection 

of miRNAs was increased in the exosomes. While these suggestions are possible, direct 

comparisons between both miRNA profiling studies (CM versus exosomes) in this thesis is 

not possible as different cell lines were assessed. The differences observed here may be a 

cell line and/or cancer specific phenomenon. Nevertheless, one of the common 

observations that was found in both studies is that a substantial number of miRNAs 

(-75%) were detectable in both cells and their corresponding extracellular environments 

further supporting the relevance of examining circulating miRNAs as potential minimally- 

invasive biomarkers in breast and prostate cancer.

To truly assess whether the miRNAs or mRNAs of interest are predominantly 

enriched in exosomes or freely circulating would involve examining the exosome Ixaction 

and the corresponding supernatants simultaneously. While a study of this description is 

important for future studies, the main focus of this PhD however was twofold, firstly to 

detect biomarkers that may be associated with drug-resistance in breast and prostate cancer 

and secondly to determine if these biomarkers demonstrated a similar trend in the 

extracellular environment. Identifying the exact format of how these biomarkers exist in 

circulation (be it freely circulating, within exosomes or both) was not the initial focus of 

this PhD. The latter chapters of this thesis had a greater focus on the role of exosomes in 

drug-resistance as it was becoming clear that exosomes may have an important role to play 

in cancer biology.

In this thesis, miR-630 is demonstrated to be significantly down-regulated with 

resistance to HER-targeted RTKIs -  lapatinib, neratinib and trastuzumab. To the best of 

our knowledge this is the first association of miR-630 with resistance to HER-targeted 

treatments and also to breast cancer. Our observations are supported by studies that have 

shown miR-630 to regulate cisplatin response in head and neck carcinoma cells [255]. In 

addition to drug-resistance, this thesis also shows that miR-630 may regulate other 

phenotypic affects including motility, invasion and anoikis some of which were also 

observed in recent studies in lung cancer [256]. From our subsequent functional studies,
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our proposed mechanism of action involves IGFIR, an RTK that has previously been 

associated with both drug-resistance and cancer cell aggression [54-58, 280-282]. 

Furthermore, recently the link between miR-630 and IGFIR has been demonstrated in 

pancreatic cancer [257] .

While the miR-630 project was ongoing, a second study (discussed in Chapter 3) 

investigating NmU was underway in our laboratory. Here we demonstrate that NmU could 

also be associated with resistance to RTKIs and, similarly to miR-630, could also regulate 

other phenotypic changes such as motility, invasion and anoikis. These studies also 

demonstrated the relevance of NmU as an extracellular biomarker, detectable in CM but 

also in exosome derived from CM. This finding, in addition to that from the miR-630 

studies, ftirther supports the relevance of assessing the extracellular environment for 

biomarker discovery. We found that the mechanism of NmU’s action involved its 

chaperoning with HSP27. HSP27 has previously been associated with both drug-resistance 

and cancer cell aggression [71-74]. Interestingly, assessment o f the predicted targets for 

miR-630 also indicated that NmU may be regulated by miR-630. While our preliminary 

results support this possibility, further studies are necessary to confirm the significance of 

their relationship.

Clinical assessment o f miR-630 and NmU in publically-available datasets indicated 

that these biomarkers may hold relevance in not only HER2-overexpressing breast cancers 

but in other subtypes also. While the scope o f this PhD focused on HER2-overexpressing 

breast cancer, future studies are necessary to fully elucidate the full spectrum of NmU and 

miR-630’s activity. Furthermore, considering that miR-630, for example, has previously 

been associated with cisplatin resistance [255] suggests that it may have relevance in other 

therapies. Assessment o f miR-630 in a publically available data from patients with high 

risk ER+ breast cancer receiving adjuvant tomoxifen therapy indicated that low miR-630 

expression was associated with overall poor outcome [see Appendix I, Section G]. Our 

initial drug screen o f stable miR-630 knockdown cells (as shown in Chapter 2, Section 

2.3.12) indicated that inhibition of miR-630 increased resistance to docetaxel which 

approached significance. Future studies examining the relationship of miR-630 with 

docetaxel and/or other classical chemotherapy would be useful to determine its relevance 

in other treatment strategies.
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In Chapter 4 the multifaceted and complex nature of docetaxel-resistance in 

prostate cancer is demonstrated. While all three docetaxel-resistance cell lines studied 

shared some common characteristics such as cross-resistance to doxorubicin, decreased 

proliferation and resistance to anoikis there were, however, other phenotypic differences 

observed between the drug-resistant cell line variants such as motility, invasion and colony 

formation. This study further emphasises the importance of using several cell lines when 

performing in vitro experiments to better predict the likely patient diversities that may 

present in a clinical situation. Two of the three docetaxel-resistant cell lines expressed the 

drug-efflux pump, MDR-l/P-gp which was also observed to be present in the exosomes 

derived from these cells. Incidentally, exosomes derived from these cell line variants 

induced an increase in docetaxel-resistance when applied to secondary cells, further 

supported by a pilot study using exosomes derived from clinical specimens. These 

observations strongly support the significant functional role of exosomes in prostate 

cancer. As mentioned earlier in this Chapter, to further elucidate the mechanisms behind 

docetaxel-resistance and the content of the cell-derived exosomes, we performed global 

miRNA profiling (as described in Chapter 5). The limited number o f miRNAs detected to 

be commonly decreased in the cells and exosomes of all three cell line variants further 

highlights the complex nature of docetaxel-resistance in prostate cancer. Considering the 

number of variables included in this profiling study may also be a reason for the low 

numbers of common miRNAs identified (i.e. 3 sensitive cell lines, 3 resistant variants and 

corresponding exosomes for all cell lines). Nevertheless, we identified miR-34a as one of 

the miRNAs that may regulate docetaxel-resistance and may also be an exosomal 

biomarker. Supported by mining of several publically-available clinical datasets, previous 

associations with drug-resistance [188, 374-379] and an identified mechanism through the 

targeting of BCL-2, these studies suggest that miR-34a may be an important regulator of 

docetaxel-resistance in prostate cancer. The clinical data sets support an association with 

prostate cancer but to truly assess the clinical relevance of miR-34a with docetaxel 

response, a cohort o f patients that have received docetaxel treatment should be assessed. 

We are currently collaborating with Prof. Colm Morrissey at University of Washington to 

address this issue by assessing the levels o f miR-34a in a cohort of tissues from patients 

who either responded or failed to respond to docetaxel treatment.

In conclusion, here presented is research investigating the limiting factor of drug- 

resistance that currently is associated with HER-targeted therapies and docetaxel for the
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treatment of breast cancer and prostate cancer, respectively. This PhD highlights the 

multidimensional nature of drug-resistance in both cancer types and emphasises the critical 

role that miRNAs can play in cancer biology. Furthermore, this PhD confirms the 

importance of many types o f protein families in the regulation of drug-resistance and 

cancer cell aggression including receptor tyrosine kinases, heat shock proteins, drug-efflux 

pumps and apoptosis-regulating proteins. Finally the novel observations demonstrating the 

relevance of biomarkers in an extracellular environment, particularly those encapsulated in 

exosomes highlights the importance of assessing biological fluids for biomarker discovery. 

There are several questions that remain to be answered from the research within this PhD 

and although it was not possible to address all elements in this field, some suggested ftiture 

directions are outlined in Section 6.2.

6.2 Future Directions

•  Assessment o f  miR-630 in the CM from a broad panel o f  cell lines

In Chapter 2, Figure 2.9, an association of miR-630 expression with innate 

sensitivity/resistance in a broad panel o f HER2-overexpressing cell lines was 

observed. To investigate if the findings from these cells are similar to that o f the 

extracellular envirormient, the CM (and/or specifically exosomes) from these cell 

lines should also be assessed for the levels of miR-630 also.

•  Is miR-630 concentrated in exosomes?

Our studies on miR-630 so far has demonstrated decreased expression in cells and 

CM of acquired-resistant cells to HER-targeted drugs. Deciphering whether miR- 

630 is present in exosomes or freely circulating may further increase our 

knowledge of its function relevance.

•  Can NmU in exosomes be transferred to secondary cells?

In studies, not detailed in this thesis, our group has demonstrated that exosomes

derived from lapatinib- and neratinib-resistant cell lines can increase lapatinib-

resistance in secondary cells. Whether this is due to transfer of NmU within

exosomes remains to be interpreted. In this thesis, NmU was demonstrated to be

present in exosomes, with higher levels in exosomes derived from lapatinib- and

neratinib-resistant cell lines compared to parent cell lines. Assessing NmU
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expression of secondary cells following incubation of exosomes expressing NmU 

may indicate if NmU is uptaken into secondary cells.

• Assessment o f miR-630 in vivo

In order to fully elucidate the significance of miR-630, in vivo studies involving the 

effects of stable knockdown and overexpression of miR-630 are necessary. As 

described in Chapter 2, stable cell lines were established however the miR-630 

precursor cells did not demonstrate strong overexpression of miR-630 and so there 

were little or no changes observed in the phenotype of these cells. Thus before 

proceeding further, attempts at generating these cells again (this time perhaps using 

single cell cloning) should be performed.

• Assessment o f NmU in vivo

As described in Chapter 3, NmU appears to play a significant role in HER2 

overexpressing breast cancer and is associated with overall poor prognosis. To 

further examine the functional role of NmU in breast cancer, we have generated 

cell lines that have stable overexpression and knockdown of NmU for in vivo 

analysis. Ethics approval is currently being sought for this study.

• Further analysis o f miR-630 and NmU relationship.

In Chapter 2, a preliminary study on miR-630’s regulation of NmU was performed. 

Here we observed that stable knockdown of miR-630 caused an increase in NmU 

protein levels. This potential relationship should be further examined, by checking 

if, for example, overexpression of miR-630 can decrease NmU. While 

immunoblots for the stable miR-630 precursor cells were performed, these cells did 

not achieve substantial overexpression of miR-630 and so significant differences in 

NmU was not observed. The direct interaction of miR-630 with NmU could be 

demonstrated using a 3’UTR luciferase assay.

• Assessment o f miR-630 and NmU in serum

The significance of both extracellular miR-630 and NmU was demonstrated in the 

conditioned media from our acquired-resistant cell lines. In order to investigate if 

this applies to the clinical situation, serum is currently being collected from patients
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undergoing treatment for HER2 overexpressing breast cancer. This study is part of 

the All Ireland Cooperative Oncology Research Group (ICORG 10-15) trial.

•  Does miR-630/NmU have a significant functional role in other breast cancer 

subtypes and treatments?

Assessment of miR-630 and NmU in the publically-available data sets indicated 

that both miR-630 and NmU may hold relevance in other breast cancer subtypes. 

As indicated in the Appendix I, Section G, low expression of miR-630 may is 

associated with poor survival of ER+ patients treated with tomoxifen. Thus it is 

possible that miR-630 may regulate response to other treatments in addition to 

HER-targeting drugs. It is important for future studies to investigate this further as 

a wider application of miR-630/NmU would be attractive for pharmaceutical 

companies.

•  Does miR-630/NmU hold relevance in other cancers?

Some studies have indicated the role of miR-630 in pancreatic cancer, lung cancer 

and head and neck cancer. Similarly, increased NmU has been previously 

associated with acute myeloid leukemia, ovarian, pancreatic cancer and bladder 

cancer. Further broadening our studies to assess treatment response in these cancer 

types and other cancer types may support their significance as universal predictive 

biomarkers.

•  Does miR-34a correlate with response to docetaxel?

While much of the publically available data sets demonstrate that decreased miR- 

34a is associated with prostate cancer and metastatic disease, an obvious question 

that remains to be answered is its clinical relevance in association with docetaxel 

treatment. We are currently collaborating with Prof. Colm Morrissey in the 

University of Washington with the aim of obtaining tissue specimens from patients 

who responded to or failed docetaxel treatment. Furthermore, the ICORG 08-08 

trial, from which the senom specimens in Chapter 4, Table 4.3 were obtained is 

currently still recruiting and once a substantial cohort of ‘responders’ and ‘non­

responders’ have been collected, miR-34a expression will also be assessed in these 

specimens.
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• Do exosomes derived from docetaxel-resistant cells increase the levels o f  MDR- 

1/P-gp or BCL-2 in secondary cells?

In Chapter 4, we demonstrated that exosomes derived from cells expressing MDR- 

1/P-gp also have detectable levels o f this protein and that application of exosomes 

from these cells can induce docetaxel-resistance. To further assess whether this is 

due to transfer of MDR-l/P-gp, its expression level should be assessed in the 

recipient cells following incubation with these exosomes. Similarly, we proposed 

that BCL-2 was regulated by miR-34a and may also regulated docetaxel-resistance. 

Assessment of this protein in exosomes and in secondary cells following incubation 

with exosomes may also be an important study to perform.

• miR-34a in vivo

Similar to the proposed in vivo studies for miR-630, generation of cell lines with 

miR-34a knockdown and overexpression would be necessary to support the 

importance of the molecule in prostate cancer and in regulating response to 

docetaxel.

• Can MRX034 reverse docetaxel-resistance?

MiRNA Therapeutics have recently developed a miR-34 mimic (MRX034) that has 

currently started Phase I clinical trials for the treatment of patients with primary 

liver cancer or those with liver metastasis from other cancers. A potential 

collaboration with this company to obtain a sample of their therapeutic may be 

worthwhile to see if it may reverse or reduce docetaxel-resistance in our cell lines.

The future directions listed above are some examples of where the research presented 

in this thesis could be taken to next, the results of which may open new ideas to exploring 

other cancer types and drugs-treatments where relevant.
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A. Packaging and envelope plasmids for lentivirus production

Packaging plasmid

Circular Map (switch to linear)
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Figure A .l: Vector map of packaging plasmid.
The packaging plasmid was used for the generation o f lentiviruses; this vector information was obtained 
from: h t tp : / / v v \> \v . i id ( lg c n e .o r g /v e c to r - ( l a ta h a s e /2 2 2 l /
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Envelope plasmid
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Figure A.2: Vector map of evelope plasmid.
The envelope plasmid was used for the generation of lentiviruses; this vector information was obtained from: 
httD ://w  vvvv.addgene.org/12259/

255



B. Plasmids used for miR-630 knockdown and overexpression

m d w r r y  tniRNA in h ib ito r  

Hyg;o‘ f /
HI cP PT

R R E f - j  I 'L T R

PEZX-AM03 iS V 4S pA

5'LTR RSV p U C O fi B li

Figure B .l: Vector map for m iR-630 and scrambled inhibitor plasmids.
The miR-630 inhibitor plasmid was used for the stable knockdown of miR-630 expression. The scrambled 
plasmid was used as a control for the experiments. The vector information was obtained from: 
h  tti)://ww w.genecoDoeia.coiii/w i)-con ten t / u  I) l o a d s / o l d  pdfs/prod L i c t / m l i  na/i) E ZX -A M 03.pdf

CMV P urom ycin

»c
2
j
UJ

■0 »c c
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K n
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ipUCOri

Figure B.2: Vector map for miR-630 and scrambled inhibitor plasmids.
The miR-630 precuror plasmid was used for the stable overexpression of miR-630. The scrambled plasmid 
was used as a control for the experiments. The vector information was obtained from: 
h t tp :/ /ww w.genccoDoeia. com/wp-con ten t/u ploads/old pd fs /p roduc t/m irna /p t~ .y .\-M R 03 .pdf
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C. Sequencing of miR-630 and scrambled plasmids

In order to confirm that the plasmids obtained from genecopeia were correct and therefore 

appropriate for use for the miR-630 experiments. A sample of the commercially available plasmids 

was sent to Eurofms for sequencing. The readout obtained was aligned with the expected sequence 

using Multialign software. Blast software was used to determine that the miR-630 

inhibitor/precursor plasmid sequences were specific to miR-630 and that the scrambled plasmids 

did not show similarity to any specific transcripts.

HniR-flN0740-IIH03
Consensus

G G T C flfK M IH X T flC III)G G IX M )G llf l6 im T G C R G im im n illM 6 T C IIO T C M IG T T G 6 IC ^ ^

85S1 8590 
1

8600 8610 8820 8630 8640 8650 8660 8670 8680 8690 8700 8710

2
Hiufi-flN0740-flH03

Consensus
CGCOCTCCIICCGGCGGCflTGGtCGIIGCTGTflCnHGTfKtTCGnGTGCGGCCCCRHITRnTGflTmflTTnGICTGflTIKTaCCTGnCGTTGCRflCHIflnGRTGAGCflflTGCnTmRTRRTGCC

87U 8720 8730 8740 8750 8760 8770 8780 8790 8800 8810 8820 8830 8840
1

2
HniR-AN0740-flll03

Consensus

8841 88S0 8860 8870 8880 8890 8900 8910 8920 8930 8938

2
HidJ!-flH0740-(ill03

Consensus

CflflCflCCTTCCCTGCTflTCTRCflGflflTflCTCflftGTflTTCTGGTCflCflGflflTflCflflCflCCTTCCCTGGTflTCTflCflGflflTflCT
HCGGCGCTflGGflTCIITCflflCflCCTTCCCTGGTflTCTflCflGflRTIlCTCflflGTIiTTCTGGTCflCflGflflTflCflflCflCCTTCCCTGGTflTCTflCRGflflTflCT

F igure  C . l :  A lignm en t o f m iR -630 in h ib ito r p lasm id sequence
A lignm ent o f  m iR-630 inh ib ito r (H m iR -A M 0740-AM 03) construct using M u litA lig n  software indicates that 
the expected insert sequence as given from the plasmid supplier (Genecopeia) aligns w ith  the results after 
sequencing was performed. The label ‘H m iR -A M 0740-A M 03 ’ refers to the expected sequence given from  
Genecopeia w hile the label ‘2 ’ refers to the sequence readout obtained after sample was sent to Eurofms fo r 
sequencing.

Homo sapiens m icroRNA 630 (MIR630), rmicroRNA 
Se<iiieiice ID: reflNR 030359.11 Leii<ith:97 lliin ih e i of M<itches: 1

Ranae 1: 39 to  55 GenBank Graohics

Score Expect Id e n titie s Gaps Strand
34 ,2  b its (1 7 ) 8 .8  1 7 /1 7 (1 0 0 % ) 0 /1 7 (0 % ) Plus/P lus

Query 3 TATTCTGGTCACAGAAT 19 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

S b jc t  39 TATTCTGGTCACAGAAT SS

F igure  C.2: m iR-630 in h ib ito r  is specific fo r  m iR-630.
Assessing the sequence on Blast Software confirms that the m iR-630 inh ib ito r sequence is matched to m iR - 
630
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8841 8850 8860 8870 8880 8890 8900 8910 8920 8930 8936
I - - - - - - - - - , - - - - - - - - - - - 1- - - - - - - - - - - 1- - - - - - - - - - - - - - - - -   1- - - - - 1- - - - - - - - - - - 1- - - - - - - - - - - 1- - - - - - - - - - - 1- - - - - - 1

4 flflGCCflCftflCGflflTCTCTRTflTCflTCRRGTflTTClGGTCRCflGflflTRCflflCflflGCCflCRflCGflRTCTCTRTRTCflT
Cnil!-flM0001-flll03 RCGGtGCTRGGATCIITCRRCHHGrtRCRHCGrtnTCTCTRTRTCIITCRflGTRTTCTGGTCRCRGflRTRCflRCRRGCCflCRRCGRRTCTCTRTRTCflT 

Consensus . . . . . . . . . . . . . . . . . . . . . . . . . . RRGCCRCRRCGflflTCTCTflTRTCflTCRRGTRTTCTGGTCRCRGflflTRCflflCRRGCCRCRRCGRRTCTCTflTflTCRT

Figure C.3: Alignm ent o f  scram bled inhibitor plasmid sequence.
Alignment o f scrambled inhibitor (CmiR-AM0001-AM03) construct using MulitAlign software indicates 
that the expected insert sequence as given from the plasmid supplier (Genecopeia) aligns with the results 
after sequencing was performed. The label ‘CmiR-AM0001-AM03’ refers to the expected sequence given 
from Genecopeia while the label ‘4 ’ refers to the sequence readout obtained after sample was sent to Eurofins 
for sequencing.

 ̂ BLAST®
Horn* Rtctnl Resutti | { Sinnd S trjU jk i  ̂M l

(i: Bl BLAST' Wastii suite; Foi iiMltbm Results - 3KHW/1EG015

Edit an d  R e su b m it S av e  S e a rc h  S tra te g ie s  > F o rm a tlin a  po tions  fr Download

Nucleotide Sequence (76 letters)

Quer7  ID lcl|14355 
D escription None 

Molecule type nudeic add 
Query Length 76

0  No significant sim ilarity found. For reasons w hv.click here

O ther reports: frSeardi Summary

Figure C.4: Scram bled inhibitor is not specific for any transcript.
Assessing the sequence on Blast confirms that the scrambled inhibitor does not show any similarity to other 
franscripts

D atabase Name Human G+T (2 databases) 
D escription > See details

P rogram  BLASTN 2.2.28+ » Citation
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C on sensu s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

7931  7940 7950  79G0 7970 7980 7990 9000  8010  8020  8030  8040 8050  BOGO
I------- ^ --------1------- - ( --------- H------- +--------- i-------- -+---------t--------- ♦---------<------ —<-------- -+--------- 1

1 GICGflCGTTIfliCGCGflTCGCflGfllCCICCTICIflCClCifiCIIflflCllICBIIiCTIICCICTTIGTflTCflllllTTBGTTRTTCIGGlCflCllfiliflTGIlCCIIlGTIlIICTGIflCCflGGGiGGIflGT 
H iuR0257H f!03 GT8Gi,ICGIiCGIlTflllflCGCGI)TCGCflGllTCCTCCTICTflCCTGiflCnflflCflICflIGCTfiCCTCTTTGIflTCIlTflnillGIimiCTGGICIICflGlillIG[lCCIflGTIlTICIGI(iCCIlGGGiGGTflGT 

C on sensu s ....GICG8CGIITIIIl(ICGCG(ITCGCflGIITCCICCTICTI)CCTGIlll8CIIflfiCllTCIITGCTI)CCTCITTGI(iICBTflITIIIGITIIITCTGGTCIlCBGIl(ITGIICCIIIGTIIIICTGI(lCC8GGGiGGTflGT

mi 8070  8080 8090  8100  8110  8120  8130  8140  8150  8160  8170  8180  8190
I--------- 1--------1-----------1-------- 1----------1----------- 1----------1--------- >--------- *---------<----------1--------- 1----------1

1  ICITflflCIBTflTTGIflCTnilflliflCCflCBTTBfflGflCCIlBITCIIfiGCIITTTIflCCCflGCTTTCTTGIflCflBflGTTGGCBTTBTflBGIlflBGCfillGCTIIITCflfllllGTIGCIlflCGflflCflGGICflCTfiTC 
B iiil!0 2 5 7 ^ l!0 3  ICnilfiCKITflTIGTflCTnfiflflflCCflCBTTBIIflGflCCflBIICflBGCTTTTTTfiCCCflGCTTICTTGTBCfliGTIGGCfiTTBTflBCfiflBGCfllTGCTTmCillTGIIGCflflCGflflCflGGICflCTIlIC 

C on sensu s tClTflflCieTBlTGTflClTTIlflflflCCflCflTIfliGBCCflBIICflBGCTTTTTTIlCCCflGCTTTCTTGTBCfiiGTTGGCflTTBTflflGflflBGCBITGCnflTCiniGnGCflflCGiCflGGICflCIflTC

8191  8200  8210  8220 828B32
I— — ♦ - - - - - - ♦ - - - - - - h - - - - - - + -I

1  flGlCflfiffllllBflflTCIITTBinGCCflTCCBGCTGBTfllCCCC 
B id l!0 2 5 7 -ll!0 3  BGICflflBeiflBfllllCllTIBTIIGCCfllCCBGCIGBTflTCCCC 

C on sensu s BGICflfiflfllBBfllllCIITIflinGCCfllCCBGCIGBTflTCCCC

Figure C.5: Alignment of miR-630 precursor plasmid sequence.
Alignm ent o f  miR-630 precursor (Hm iR-0257-M R03) construct using M ulitAlign software indicates that the 
expected insert sequence as given from the plasm id supplier (Genecopeia) aligns with the results after 
sequencing was perform ed. The label ‘H m iR -0257-M R03’ refers to the expected sequence given from 
Genecopeia while the label ‘ 1 ’ refers to  the sequence readout obtained after sample was sent to Eurofms for 
sequencing.

Homo sapiens tnicroRNA B30 (MIR630), microRNA 
Se<|ueiice ID: rsflNR 030359.11 Lenytli: 97 lliimbei of M.itches; 1

R an ge 1: 11 to  7 9 G enBank Graphics

S co re  E x p ec t Id e n t it ie s  Gaps Strand
1 2 2  b its (6 6 )____________4 e -2 6  6 8 /6 9 (9 9 % )__________ 0 /6 9 (0 % )__________ P lu s /P lu s

Q u ery  1 CATGCTACCTCTTTGTATCATATTTAGTTATTCTGGTCACAGAATGACCTAGTATrCTGT 60
I I I I I I I I I I  I  I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

S b j c t  11 CATGCTACCTCTTTGTATCATATTTTGTTATTCTGGTCACAGAATGACCTAGTATTCTGT 70

Q u ery  61 ACCAGGGAA 69
I I I I I I I I I 

S b j c t  71 ACCAGGGAA 79

Figure C.6: miR-630 precursor is matched to miR-630.

Assessing the sequence on Blast confirms that the m iR-630 precursor sequence matches to miR-630
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7801 7810 7820  7830  7840  7850  7860 7870 7880  7890 7900 7910  7920  7930

3
cn lR 0 0 0 1 -lf i0 3

CTGTflCflfl 
GTflCflfl 

.CTGTRCflfl

7931 7940  7950  79G0 7970  7980  7990
I -  1- - - - - - - - - - 1- - - - - - - - - - 1- - - - - - - - - - , - - - - - - - - - - 1- - - - - - - - - - H

8010  8020 8050  8060

3  GTflGGTCGflCRGflTCTGCflTGTCGflTflflCGCflGflGflCTCflaCflCCCTGTTTflTTGflTGCTGflTGflflTGftCflGCTCGTflflTTCflGTGflCTGflCTGGCCflGGTTCflTCTGCTGTflflTflflCGCCCCGGflCGCG 
M iR 0 0 0 1 - l« 0 3  GTflGGTCGflCflCflTCTGCflTGTCGflTflflCGCflGRGflCTCflflCflCCCTGTTTflTTGflTGCTGflTGIiflTGflCflGCTCGTRflTTCflGTGflCTGflCTGGCCflGGTTCflTCTCCTCTflflTflflCGCCCCGGflCGCC 

GTflGGTCGflCflGflTCTGCflTGTCGRTflflCGCflCflttlCTCflflCflCCCTGTTTflTTGflTGCTGflTGfflTGflCflGCTCGTflflTTCRGTGflCTGflCTGGCCflGGTTCflTCTGCTCTIWTflflCGCCCCGGItCGCG

8061 8070  8080
I  i f -

8100  8110  8120  8130  8140  8150 8170  8180 8190  
— I

auROOOl-11103 GGflGTGGCCGflGGCGTTflGCflGflGflflTflflCflGGCTflCCTGTCflCTflflTGflCflTGGCflflfiCCflflflGTTGCTTCflflflGCTTGflTGflflTTGflflGCTTTTTTG 
C o n se o su s  GGAGTGGCCGflGGCGTTflGCflGflGflfllflftCflGGCTflCCTGTCflCTflflTGflCflTGGCflflflCCflflRGTTGCTTCflflflGCTTGflTGflflTTGflflGCTTTTTTG.

8191 8200 
I ♦ -

8210  8220 8230 8240  8250 8260  8270 8298293

3  GflCHIflT6GGflGTflTTC8TCC flCflflTTnflflflim ilCG G G G G flnG G G G G G TRCfleTG Cfl6G 6G I)H m Tn6TinCflTIIITflK ^^
cn lR 0001-IK 03

C o n se n su s

Figure C.7: Alignment of scrambled precursor plasmid sequence.
Alignment o f scrambled precursor (CmiR-00001-MR03) construct using MulitAlign software indicates that 
the expected insert sequence as given from the plasmid supplier (Genecopeia) aligns with the results after 
sequencing was performed. The label ‘CmiR-00001-MR03’ refers to the expected sequence given from 
Genecopeia while the label ‘3 ’ refers to the sequence readout obtained after sample was sent to Eurofins for 
sequencing.

B LA ST®

Hom« Recent R«suHb Saved

I R r B LA ST'bliistn siitte  FoiitwittiDg R esu lts  - 3KH1KWVWV01R

Edil and  R e su b m it S av e  S e a rc h  S ira le a ie s  » Form altini? op tions  >  Download

Nucleotide Sequence (371 letters)

Q uery ID ld | 15893  
Description None 

M olecule type nucleic add  
Query Length 371

D atab ase Nam e Hum an G+T (2 d a ta b a s e s )  
Description » S ee  de ta ils

Program  BLASTN 2 .2 .2 8 +  »  C itation

O  No sign ificant sim ilarity found. For rea so n s w h v .ciick here

O ther rep o rts : »  Search  Summary

Figure C.8: Scrambled precursor is not matched for any transcript.

Assessing the sequence on Blast confirms that the scrambled precursor does not show any similarity to other 

transcripts
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D. Generation of stable NmU-overexpressing cells

(-)
>

'.(T — C£. • I  _ -  -
2 c ' ® ® 0 ' S ^ P - > - P ^ ^ c ' H — 2  
f C Q . - Q ; C O t a O i o O c a ( D  «= c ,

I f  g Q . < t > < > < ^ g m j Q . U j O Q C D i g : C ' ^ Q . |

Zeo (+)

•863
>ascs 863-882 
5 895-1010 
bases 1022-1039 
il: bases 1021-1235

pcDNA3.1/Zeo
5.0 kb

F igure  D . l :  V ector m ap  fo r p lasm id  co n tru c t used fo r NmU overexpression .
The pcDNA™ 3.1/Zeo (+) vectors contain the Zeocin resistance gene for selection o f  stable cell lines using 
Zeocin. Vector information was obtained from:
h tt  i)://tools. lifetechnoloi>ies. corn/cun ten t/s fs /m an u a ls /o cd n a3  Izeo m an .u d f

E. Generation of pcDNA3.1(+)zeo NmU construct

NmU (NM 006681) cDNA was bought from OpenBiosystems (Cat. No. IHS1380- 

97652453 clone ID LIFESEQ2498716) in pINCY vector.

The subcloning strategy involved cutting of NmU cDNA from the supposed to be pcDNAS 

NMU construct (previously cloned EcoRV-Notl) with BamHI and Notl enzymes and 

cloning in the pcDNA3.1(+)zeo vector with the same enzymes.

One colony obtained fi-om the ligation reaction was sent for sequencing with the primer

pcDNAS FOR (GGTCAACTAGAGAACCCACTG, 823-844)
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Sequencing result;

> p c D N A 3 .1 Z E 0  N M U _ p cD N A 3 _ fo r —  1 . . 9 1 5  o f  s e q u e n c e
ATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTGGTACCGA
GCTCGGATCCACTAGTCCAGTGTGGTGGAATTCTGCAGATCACGCGTACGTAAGCTCGGA
ATTCGGCTCGAGGTCCTGTGTCCGGGCCCCGAGGCACAGCCAGGGCACCAGGTGGAGCAC
CAGCTACGCGTGGCGCAGCGCAGCGTCCCTAGCACCGAGCCTCCCGCAGCCGCCGAGATG
CTGCGAACAGAGAGCTGCCGCCCCAGGTCGCCCGCCGGACAGGTGGCCGCGGCGTCCCCG
CTCCTGCTGCTGCTGCTGCTGCTCGCCTGGTGCGCGGGCGCCTGCCGAGGTGCTCCAATA
TTACCTCAAGGATTACAGCCTGAACAACAGCTACAGTTGTGGAATGAGATAGATGATACT
TGTTCGTCTTTTCTGTCCATTGATTCTCAGCCTCAGGCATCCAACGCACTGGAGGAGCTT
TGCTTTATGATTATGGGAATGCTACCAAAGCCTCAGGAACAAGATGAAAAAGATAATACT
AAAAGGTTCTTATTTCATTATTCGAAGACACAGAAGTTGGGCAAGTCAAATGTTGTGTCG
TCAGTTGTGCATCCGTTGCTGCAGCTCGTTCCTCACCTGCATGAGAGAAGAATGAAGAGA
TTCAGAGTGGACGAAGAATTCCAAAGTCCCTTTGCAAGTCAAAGTCGAGGATATTTTTTA
TTCAGGCCACGGAATGGAAGAAGGTCAGCAGGGTTCATTTAAAATGGATGCCAGCTAATT
TTCCACAGAGCAATGCTATGGAATACAAAATGTACTGACATTTTGTTTTCTTCTGAAAAA
AATCCTTGCTAAATGTACTCTGTTGAAAATCCCTGTGTTGTCAATGTTCTCAGTTGTAAC
AATGTTGTAAATGTTCAATTTGTTGAAAATTAAAAAATCTAAAAATAAAAAAAAAAAAAA
AAGGGGCCG

Blast with pcDNA3.1(+)ZE0 sequence:

>lcl|34603 pcDNA3.1/Zeo(+), 5015 bp 
Length=5015

Score = 185 bits (100), Expect = 6e-50
Identities = 100/100 (100%), Gaps = 0/100 (0%)
Strand=Plus/Plus

Query 1 ATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTGGTACCGA 60
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

Subject 865 ATACGACTCACTATAGGGAGACCCAAGCTGGCTAGCGTTTAAACTTAAGCTTGGTACCGA 924

Query 61 GCTCGGATCCACTAGTCCAGTGTGGTGGAATTCTGCAGAT 100
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

Subject 925 GCTCGGATCCACTAGTCCAGTGTGGTGGAATTCTGCAGAT 964

Figure E .l: Alignment and confirmation of pcDNA3.1 (+) ZEO construct.

Assessing the sequence on Blast confirms that the pcDNA3.1(+)ZE0 construct used for NmU 
overexpression studies matches to pcDNA3.1(+)ZE0 sequence. ‘Query’ here represents the sequence read 
obtained after the sample o f the plasmid was sent for sequencing at Eurofms, while ‘Subject’ represents the 
expected sequence for pcDNA3.1(+)ZEO
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> l c l l 2 5 8 4 7  g i 11955393931  r e f  1NM 0 0 6 6 8 1 .2 1  Homo s a p i e n s  n e u r o m e d in  U (NMU), 
mRNA
L e n g th = 8 1 8

S c o r e  = 1 5 0 9  b i t s  ( 8 1 7 ) ,  E x p e c t  = 0 .0  
I d e n t i t i e s  = 8 1 7 /8 1 7  (1 0 0 % ), G aps = 0 /8 1 7  (0%)
S t r a n d = P l u s / P l u s

Que r  y  133  GTCCTGTGTCCGGGCCCCGAGGCACAGCCAGGGCACCAGGTGGAGCACCAGCTACGCGTG 192

S b j c t 2
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
GTCCTGTGTCCGGGCCCCGAGGCACAGCCAGGGCACCAGGTGGAGCACCAGCTACGCGTG 61

Q u e ry 193 GCGCAGCGCAGCGTCCCTAGCACCGAGCCTCCCGCAGCCGCCGAG CTGCGAACAGAG 2 52

S b j c t 62
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
GCGCAGCGCAGCGTCCCTAGCACCGAGCCTCCCGCAGCCGCCGAGATGCTGCGAACAGAG 121

Q u e ry 253 AGCTGCCGCCCCAGGTCGCCCGCCGGACAGGTGGCCGCGGCGTCCCCGCTCctgctgctg 312

S b j c t 122
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

AGCTGCCGCCCCAGGTCGCCCGCCGGACAGGTGGCCGCGGCGTCCCCGCTCCTGCTGCTG 181

Q u e ry 313 ctgctgctgctCGCCTGGTGCGCGGGCGCCTGCCGAGGTGCTCCAATATTACCTCAAGGA 372

S b j c t 182
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
CTGCTGCTGCTCGCCTGGTGCGCGGGCGCCTGCCGAGGTGCTCCAATATTACCTCAAGGA 241

Q u e ry 373 TTACAGCCTGAACAACAGCTACAGTTGTGGAATGAGATAGATGATACTTGTTCGTCTTTT 432

S b j c t 242
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 M 1 1 1 1 1 1 1 
TTACAGCCTGAACAACAGCTACAGTTGTGGAATGAGATAGATGATACTTGTTCGTCTTTT 301

Q u e ry 433 CTGTCCATTGATTCTCAGCCTCAGGCATCCAACGCACTGGAGGAGCTTTGCTTTATGATT 492

S b j c t 302
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
CTGTCCATTGATTCTCAGCCTCAGGCATCCAACGCACTGGAGGAGCTTTGCTTTATGATT 361

Q u e ry 493 ATGGGAATGCTACCAAAGCCTCAGGAACAAGATGAAAAAGATAATAC AAGGTTCTTA 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

ATGGGAATGCTACCAAAGCCTCAGGAACAAGATGAAAAAGATAATACTAAAAGGTTCTTA

552

S b j c t 362 421

Q u e ry 553 TTTCATTATTCGAAGACACAGAAGTTGGGCAAGTCAAATGTTGTGTCGTCAGTTGTGCAT 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ! 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
TTTCATTATTCGAAGACACAGAAGTTGGGCAAGTCAAATGTTGTGTCGTCAGTTGTGCAT

612

S b j c t 422 481

Q u e ry 613 CCGTTGCTGCAGCTCGTTCCTCACCTGCATGAGAGAAGAATGAAGAGATTCAGAGTGGAC 672

S b j c t 482
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
CCGTTGCTGCAGCTCGTTCCTCACCTGCATGAGAGAAGAATGAAGAGATTCAGAGTGGAC 541

Q u e ry 673 GAAGAATTCCAAAGTCCCTTTGCAAGTCAAAGTCGAGGATATTTTTTATTCAGGCCACGG 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
GAAGAATTCCAAAGTCCCTTTGCAAGTCAAAGTCGAGGATATTTTTTATTCAGGCCACGG

732

S b j c t 542 601

Q u e ry 733 AATGGAAGAAGGTCAGCAGGGTTCATTTAAAATGGATGCCAGCTAATTTTCCACAGAGCA 792

S b j c t 602
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

AATGGAAGAAGGTCAGCAGGGTTCATTTAAAATGGATGCCAGCTAATTTTCCACAGAGCA 661

Q u e ry 793 ATGCTATGGAATACAAAATGTACTGACATTTTGTTTTCTTCTGaaaaaaaTCCTTGCTAA 852

S b j c t 662
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

ATGCTATGGAATACAAAATGTACTGACATTTTGTTTTCTTCTGAAAAAAATCCTTGCTAA 721

Q u e ry 853 ATGTACTCTGTTGAAAATCCCTGTGTTGTCAATGTTCTCAGTTGTAACAATGTTGTAAAT 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

ATGTACTCTGTTGAAAATCCCTGTGTTGTCAATGTTCTCAGTTGTAACAATGTTGTAAAT

912

S b j c t 722 781

Q u e ry 913 G T T C A A T T T G T T G a a a a tta a a a a a tc ta a a a a ta a a  94 9 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Figure E.2: Alignm ent and conflrm ation o f pcDNA3.1 (+) ZEO construct.

Assessing the sequence on Blast confirms that the insert contained in the construct is effectively NM U cDNA  

and that it is inserted in the right orientation in pcDNA3.1(+) ZEO ‘Query’ here represents the sequence read 

obtained after the sample o f  the plasmid was sent for sequencing at Eurofms, while ‘Subject’ represents the 

expected sequence for NmU mRNA.
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F. Stable knockdown of NmlJ by shRNAs

Vector Map

ShRNA
7,084

cPPT hPGK
prom oterhum an 

U6 prom oter

PuroR
RRE

3' LTR-SIN

pLKO.1 
7.1 kb

SV40 oh'

RSV/5'LTR F1 ori-^o '

-35/-10 prom oter

lUC origin

0 0 9 t

Figure F .l: Vector map for plasmid contruct used for NmU knockdown.

The pLKO.l HIV-based lentiviral vector allows for transient and stable transfection o f  shRNA. Stable cell lines can be 

selected using the puromycin selectable marker. pLKO.l Vector Information from Open Biosystems (Thermofischer) 

technical manual
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G. Survival analysis of miR-630 in ER+ breast cancer

Survival Model details
.  GEO d atase t ID; G SE37405
• GEO d atase t Type: b r e a s t  c a n c e r
• GEO d atase t Title: G lobal microRNA C H presston  profiling o f h ig h -risk  ER-f b r e a s t  c a n c e r s  f ro m  p a t ie n ts  rec e iv in g  a d iu v a n t  Tam oH ifen m o n o ­

th e ra p y ;  a  DBCG s tu d y

• Submitted MicroRNA; HSA-M IR-630
• Mapped MiaoRNA: HSA-MR-630
• probe ID: 17327

Statistical details
• groups 11 low expression of H SA -M lR-630
• g roups^: high expression of HSA-MIR-6 3 0

[ ^ |0 b g e rv e d |p M p e c te d ||(0 -E )^ 2 /E ||(0 -E K 2 /V |

|g ro u p -l [ l2 |[8.71 1^71 j | ^  |

|g r o u p - 2 ^ |6 .9 4  i|l l .9 4  | |U .4  |

ChgQ* ii ;4  on 1 d60fg§5 of fFg§dom, p»  0;00074§
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n
CO

no

00
d

CO
d

-H— I------ f-

(0
>
E
3

( /)

d

CNJ
d

o
d

Low Expression HSA-MIR-630 
High Expression HSA-MIR-630

20 40 60

Time in Month

\

80

n

100
I

120

Figure C .l: Survival analysis of miR-630 in ER+ breast cancer.

The onhne software, MIRUMIR, was used to assess the expression of miR-630 in association with survival 

in ER+ breast cancer patients receiving adjuvant tomoxifen treatment.
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APPENDIX II

Publications, Achievements & Presentations
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A. Publications

Research Articles

Exosomes from triple-negative breast cancer cells can transfer phenotypic traits 
representing their cells o f origin to secondary cells
O ’Brien K, Rani S, Corcoran C, Wallace R, Hughes L, Friel AM, McDonnell S, 
Crown J, Radomski MW, O’Driscoll L.
European Journal o f  Cance. 2013 May;49(8):1845-59.

Docetaxel-resistance in prostate cancer: evaluating associated phenotypic changes and 
potential for resistance transfer via exosomes
Corcoran C, Rani S, O’Brien K, O’Neill A, Prencipe M, Sheikh R, Webb G, McDermott R,
Watson W, Crown J, O’Driscoll L
PLoS One. 2012;7(12):e50999. Epub 2012 Dec 10.

The use of LC-MS to identify differentially expressed proteins in docetaxel-resistant 
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Corcoran C, Friel AM, Duffy MJ, Crown J, O'Driscoll L 
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Relevance of circulating tumour cells, extracellular nucleic acids, and exosomes in 
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Rani S, O'Brien K, Kelleher FC, Corcoran C, Germano S, Radomski MW, Crown 
J, O'Driscoll L. Methods Mol Biol. 2011;784:181-95.

Published abstracts
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Corcoran C, Rani S, O’Brien K, Crown J, O’Driscoll L
Annual meeting o f  the Biomedical Sciences section o f  RAMI 2011; Trinity College Dublin. 
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Corcoran C, Rani S, O'Brien K, Crown J, O'Driscoll L 
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Submitted papers

miR-630 targets IGFIR to regulate response to HER-targeting drugs and overall cancer
cell progression in HER2 overexpressing breast cancer
Corcoran C, Rani S, Breslin S, Ghobrial IM, Crown J and O'Driscoll L
Submitted and under review

Neuromedin U: a potential predictive biomarker and a therapeutic target to overcome 
resistance to HER-tyrosine kinase inhibitors
Rani S , Corcoran C^, Germano S^ , Madden SF, Breslin S, Me Dermott MS, Browne 
BC , O'Donovan N, Crown J, O’Driscoll L 
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B. Awards, Honors & Other

• June 2013: Travel award to attend and present research at the American Society 
for Clinical Oncology (ASCO) Annual meeting, Chicago, Illinois (May 31̂ * -June 
4 * , 2013)

• Sept 2012-Present: Peer reviewer for Clinical Chemistry

• March 2012: : Awarded Travel grant from Trinity College for poster presentation 
at the 103’̂ '̂ Annual meeting for the American Association of Cancer Research, 
Chicago, Illinois (March 31 -April 4* , 2012)

• January 2012: Awarded “Best Oral Presentation” at the Trinity College Post 
Graduate Research Symposium for presentation titled ‘Intracellular and 
extracellular biomarkers predictive o f response to anti-cancer treatments in breast 
and prostate cancer’

• December 2011: Awarded Science Foundation Ireland’s Short Term Travel 
Fellowship award to conduct research at the Dana Farber Cancer Institute, Harvard.

• June 2011: Shortlisted for the Donegan Medal at the aimual meeting of the 
Biomedical Sciences section of the Royal Academy of Medicine in Ireland (RAMI) 
for oral presentation titled ‘The use of in vitro cell line models to investigate 
Docetaxel-resistance in Prostate Cancer’ (June 22"‘* 2011)

• April 2011: Awarded ‘Best Poster Prize’ at the All Ireland Schools of Pharmacy 
Conference 2011 for poster titled ‘The pursuit of miRNAs as minimally-invasive 
biomarkers predictive of response to anti-cancer treatment for HER2 positive breast 
cancer’ (April 18“'-19*, 2011)

• March 2011: Travel award to attend and present research at the 102"̂ * Annual 
meeting for the American Association of Cancer Research, Orlando, Florida (April 
2"‘‘-6 ^  2011)

• October 2010: Awarded registration fee waiver for poster presentation at the 
EMBO/EMBL Symposium: Non-Coding Genome Heidelberg, Germany (October 
12*-16*, 2010)

• Sept 2010: Awarded Travel grant from Graduate Studies TCD to attend 
EMBO/EMBL Symposium: Non-Coding Genome, Heidelberg, Germany (October 
12*-16*, 2010)
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C. International and National conference presentations
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Corcoran C
Docetaxel-resistance in Prostate Cancer -  A role for extracellular vesicles?
WG4: Diagnostic & therapeutic potential o f  microvesicles & exosomes

meeting for the European Network for Microvesicles and Exosomes in Health and 
Disease, 17'*' May 2013, Trinity Biomedical Sciences Institute, Dublin.

Corcoran C, O’Brien K, O’Driscoll L
MicroRNAs as Biomarkers & Therapeutics Targets for Cancer
Dublin microRNA Day, 29* May 2013, O'Callaghan Stephen's Green Hotel, 1-5 Harcourt, 
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Corcoran C, Rani S, O’Brien A, O’Neill A, O ’Brien K, Prencipe M, Crown J, Watson W, 
O’Driscoll L
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Corcoran C, Rani S, O’Brien K, Crown J, O’Driscoll L
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Corcoran C, Rani S, O’Brien K, O’Neill A, Watson W, O’Driscoll L 
Investigating the mechanisms of Docetaxel-resistance in prostate cancer 
All Ireland Schools of Pharmacy Conference 2011,
Royal College of Surgeons, Dublin (April 18-19, 2011)
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Corcoran C, Rani S, Breslin S, Ghobrial IM, Crown J and O'Driscoll L 
The potential of miR-630, an IGF 1R regulator, as a predictive biomaiker for HER2-targeted drugs 
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Centre, Chicago, Illinois (May 31-June 4, 2013)

Corcoran C, Rani S, O’Brien K, O’Neill A, Prencipe M, Watson W, Crown J,
O’Driscoll L
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O’Driscoll L
The relevance of exosome secretion in prostate cancer and their potential to confer 
docetaxel-resistance to secondary cells
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McCoimick Place Convention Centre, Chicago, Illinois (March 31-April 4, 2012)

Corcoran C, Rani S, O’Brien K, O’Neill A, Prencipe M, Ray McDermott, Watson W, 
Crown J, O’Driscoll L
Prostate cancer progression: Do Exosomes play a role?
All Ireland Schools of Pharmacy Conference 2012,
University College Cork (April 1-2, 2012)

Corcoran C, Rani S, O’Brien K, Crown J, O’Driscoll L
Establishing and Characterising New in Vitro models of Docetaxel-resistance in Prostate 
Cancer
The European Multidisciplinary Cancer Congress, Stockholm (Sept 23-27, 2011)

Corcoran C, Rani S, Browne B, Crown J, O’Donovan N, O’Driscoll L 
The pursuit o f miRNAs as minimally-invasive biomarkers predictive of response to anti­
cancer treatment for HER2 positive breast cancer 
All Ireland Schools of Pharmacy Conference 2011,
Royal College of Surgeons, Dublin (April 18-19, 2011)

Corcoran C, Rani S, Browne B, Crown J, O’Donovan N, O’Driscoll L 
Extracellular miRNAs have potential as minimally-invasive biomarkers for predicting 
response to HER2-targeted agents, including Trastuzumab, as used in breast cancer 
102"̂ * Annual Meeting of the AACR 
Orlando Convention Centre, Florida (April 2-6, 2011)
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Corcoran C, Rani S, Browne B, Crown J, O’Donovan N, O ’Driscoll L 
Identification of intracellular and extracellular miRNAs in SKBR3 and its Herceptin- 
resistant variant with potential as predictive biomarkers for breast cancer 
EMBO\EMBL Symposium: Non-Coding Genome
EMBL Advanced Training Centre, Heidelberg, Germany (October 13-16, 2010)
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