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Abstract

Currently, non-small cell lung cancer (NSCLC) accounts for 80% of lung cancer diagnoses.

Even with chemotherapy treatment options, the five year survival rate of patients with NSCLC

is only 15%. Cancer stem cells (CSC) are a subpopulation of tumour cells that have the

capacity to self-renew and are thought to be responsible for the chemoresistance seen in cancers

such as NSCLC. Also associated with chemoresistance is the epidermal growth factor receptor

(EGFR), that is overexpressed in some 39% of NSCLC adenocarcinomas. In this study, the role

of EGFR in an in vitro model of NSCLC cancer stem cell chemoresistance is evaluated. A549

NSCLC cells were separated into CSCs and non-CSCs, based on differential expression of the

cell surface marker CD133; CSCs being designated as CD133+ and non-CSCs as CD133−. The

CD133 surface expression was verified in the putative CSC population by immunofluorescence

microscopy. The stem cell properties of the CD133 positive cell population were affirmed by

their ability to form 3D spheroids in cell culture, relative to the adherent monolayers of the

negative cell population. Moreover, some 99% of the CD133+ cells, as shown by FACS analysis,

possessed the ability to efflux Hoechst 33342 via the ATP-binding cassette (ABCG2) trans-

porters, this being a distinctive feature of stem cells. Using cell scratch assays, the migration

rate of the CSCs was determined to be 1.92 fold lower as compared to non-CSCs. Furthermore,

CSCs were significantly more chemoresistant than non-CSCs to a 48 hour 20nM treatment of

Paclitaxel (IC50), a conventional chemotherapeutic agent, with viabilities of 71.3% and 47.0%,

respectively (P<0.05). With regard to EGFR expression, EGFR mRNA levels were approxi-

mately 16 fold higher in CSCs, compared with non-CSCs, when normalised against 4 reference

genes (P< 0.01). Analysis of protein expression by confocal microscopy similarly showed

elevated EGFR expression, of approximately 1.7-fold relative to non-CSCs (P<0.0001), with a
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4-fold increased mean expression of CD133 in the CSCs (P<0.0001). To further investigate the

role of EGFR in CSCs and non-CSCs, knockdown studies were performed, targeting miRNA-7,

a known down-regulator of EGFR expression. Stable lentiviral transduction of U1-pri-miR-7-1

in pHIV-7-GFP was validated in non-CSCs with flow cytometry, which indicated a 97.9%

transduction efficiency. Western blotting revealed no visible knockdown in non-CSCs; and

this may relate to a point mutation found near the 3’ end of the pri-miR-7 sequence, as

demonstrated by sequencing analysis. Confocal microscopy of the miR-7 transduced non-CSCs

showed a differential localisation of EGFR in the nucleus, not present in the miR-107 control.

It is plausible here that the miR-7 mutant causes nuclear localisation of EGFR in the absence

of a knockdown effect. This finding may be of relevance, since nuclear EGFR is associated with

a poorer prognosis in many tumour types and has been shown to be responsible for resistance

to tyrosine kinase inhibitor therapies. In summary, the raised expression of EGFR together

with CD133, compared to the non-CSCs may be consistent with the maintenance of this

NSCLC stem cell population, mediating chemoresistance through increased ABCG2 cell sur-

face expression. Moreover, the identification of regulatory mechanisms in such chemoresistant

lung CSCs may ultimately help to develop novel, effective therapies to alleviate tumour burden.

Keywords: Non-small cell lung cancer, CD133, EGFR, Cancer Stem Cells, A549, chemore-

sistance, Paclitaxel, microRNA-7
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CHAPTER 1

Background and rationale

1.1 Introduction

Lung cancer has the highest mortality rate of all cancers, with approximately 160,000 deaths

reported annually in the United States of America alone (Siegel et al., 2015). Lung cancer, or

bronchogenic carcinoma, is defined as a tumour which affects the parenchyma or airways of

the lung. These cancers are divided into small cell lung cancer (SCLC) or non-small cell lung

cancer (NSCLC), depending on a tissue diagnosis (Kerr et al., 2014) . Histologically, NSCLC

are adenocarcinomas or squamous cell carcinomas. SCLC is derived from neuroendocrine

cells and has a better response to chemotherapy than NSCLC (Früh et al., 2013; Barash

et al., 2012). Currently, NSCLC accounts for 80% of lung cancer diagnoses (Jemal et al.,

2009). Even with chemotherapy treatment options, the five year survival rate of patients

with NSCLC is only 15% (Miller, 2005). Treatment options are limited for NSCLC, with

chemoresistance and radioresistance being common occurrences. New advances based on

the molecular basis of NSCLC will aid in improving long term survival of patients with NSCLC.

The treatment for NSCLC is dependent on the tumour node metastasis (TNM) stage. Treat-

ment options include radiation therapy, surgery and chemotherapy, and treatment choice is

dependent on the tumour stage and functionality status of the patient (Silvestri et al., 2003;

Buccheri et al., 1996). For resectable NSCLC (Stage I or Stage II disease) in a patient with

a good performance status, surgical treatment remains the treatment of choice. In patients
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with metastatic disease, chemotherapy is the treatment offered. More recently, chemotherapy

treatment options have been based on the molecular characteristics of the tumour, where

patients with specific driver mutations can be presented with more targeted therapies that

improve overall survival (Kerr et al., 2014).

1.2 Personalised treatment of NSCLC subtypes

Previously, all patients with metastatic NSCLC would receive cytotoxic chemotherapy. How-

ever, this generalised treatment does not ensure enhanced survival in all patients with the

disease (Kerr et al., 2014). These chemotherapeutic agents are toxic to all rapidly dividing

cells, resulting in unwanted effects on normal cells, increasing patient morbidity (Langer

et al., 2015). NSCLC is known to be the result of a heterogeneous group of mutations and

molecular research has now identified subsets of NSCLC which express biomarkers that can

guide targeted therapy, outlined in Fig.1.1 (Kerr et al., 2014).

Figure 1.1: Molecular targets for personalised treatment of NSCLC, adapted from Kerr et

al., (2014). EGFR, ALK and HER2 amongst others act as oncogenes, increasing downstream

activation of key signalling pathways, incuding the RAS-RAF-MEK and PI3K-Akt-mTOR

pathways. As depicted here, these promote cell growth, enhance invasion and metastasis and

stimulate angiogenesis
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During the evolution of normal lung parenchyma to malignant cells, mutations are acquired

which confer a survival advantage to the malignant cells. These mutations are known as ‘driver

mutations’ and aid in the transformation of non-malignant to malignant cells (Alamgeer et al.,

2013a). Mutations or overexpression of EGFR, ALK, HER2, and other proteins as outlined

in Fig.1.1 act as oncogenes. These oncogenes will increase downstream activation of pathways

including RAS, RAF, PI3K and Akt. These will then increase NSCLC’s ability to prolif-

erate, resist apoptosis while increasing angiogenesis and the invasive ability of the tumour cells.

The two most important proteins mutated or overexpressed in NSCLC are KRAS and EGFR.

KRAS is discussed here, with EGFR discussed below. KRAS mutations are reported in

approximately 20% of NSCLC cases and are associated with decreased survival (Johnson et al.,

2013). KRAS is a membrane-bound GTPase that mediates the expression of mitogen-activated

protein kinase (MAPK) as well as increasing the activation of phosphoinisitide 3-kinase (PI3K).

Acting through these pathways, apoptosis is decreased, enhancing cellular proliferation and

tumour expansion. KRAS mutations confer resistance to chemotherapeutic agents such as

erlotinib, a tyrosine kinase inhibitor, often successful in treating EGFR mutation positive

NSCLC (O’Byrne et al., 2011).

Targeted therapies essentially function to downregulate the effect of these driver mutations to

reverse the survival advantage these cells have over the normal lung parenchyma (Pao and

Girard, 2011). This approach to treatment has improved patient prognosis, whilst decreasing

toxicity to non-malignant cells wherein these driver mutations are absent. The 5-year survival

rate of patients with NSCLC is shown in Fig.1.2 (Rami-Porta et al., 2015). A randomised

control trial (RCT) of NSCLC patients with driver mutations showed the median survival

for those receiving targeted therapies to be 3.5 years compared with the 2.4 years in patients

receiving conventional cytotoxic chemotherapy (Kris et al., 2014).
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Figure 1.2: Percentage 5 year survival (dotted line) of patients with Stage I to IV NSCLC.

Adapted from Rami-Porta et al., (2014)

Unchecked EGFR activity drives NSCLC through increased proliferation, decreased apoptosis

and increased chemoresistance (Su et al., 2014). One of the driver mutations for which there

is a definitive therapy is an EGFR tyrosine kinase mutation. EGFR driver mutations are

present in 15% of diagnosed NSCLC adenocarcinomas and are treated with EGFR tyrosine

kinase inhibitors such as erlotinib (Shi et al., 2014). Driver mutations are not the only

genetically determined factors that play a role in treatment and prognosis. In some NSCLCs,

overexpression of genes relevant to cell proliferation and survival are important. Notably,

however, in many cases of NSCLC, EGFR is not mutated but overexpressed, giving the tumour

the ability to outgrow normal lung tissue with the higher proliferative rate also increasing the

statistical chance for the accumulation of mutations (Gaber et al., 2014). Targeting EGFR

overexpressing tumours with novel therapies has been shown to improve patient outcomes

significantly (Singh et al., 2012). Even with these targeted therapies for EGFR overexpressing

NSCLC, the 5-year survival rate is low (Lee et al., 2011). Since EGFR overexpression is found

in KRAS mutation positive NSCLC and up to 80% of NSCLCs (Hirsch et al., 2009), EGFR

overexpression in this population will be the particular focus of the present study.
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1.3 The role of EGFR in non-small cell lung cancer

EGFR binds extracellular ligands, such as the epidermal growth factor (Oda et al., 2005).

Once a ligand is bound, the EGFR transitions into an active homodimer. This, in turn,

activates protein-tyrosine kinases within the cell, such as RAS, PI3K and Akt (Downward

et al., 1984). This results in a cascade of signals that transduce the extracellular signal

into the nucleus activating genes to increase cellular growth, proliferation and differentiation

(Nakada et al., 2013). Aberrant expression of EGFR within cells results in an increase in the

activation of these pathways causing a higher rate of cellular growth, proliferation, invasion

and metastasis, all associated with the progression of cancer (Johnston et al., 2006; Gaber

et al., 2014). EGFR overexpression confers resistance to chemotherapy through mechanisms

such as decreased Bcl-2 expression, an antiapoptotic protein; and increased expression of efflux

pumps, such as MDR1, that prevent the accumulation of cytotoxic drugs within cancer cells

(Gaber et al., 2014). Moreover, EGFR overexpression is thought to drive dedifferentiation of

cancer cells to form cancer stem cells (CSCs) that display more resistance to chemotherapy

than non-CSCs and are thought to be responsible for tumour relapse (Singh et al., 2012).

1.4 NSCLC stem cell population

Within a NSCLC tumour, there exist different cell types (Alamgeer et al., 2013b). A small

proportion of cells within the mass are cancer stem cells (CSCs) which share some properties

with somatic stem cells (Shimono et al., 2015). CSCs have three main characteristics: their

ability to differentiate, proliferate and renew themselves. These characterists are often referred

to as their ‘stemness’ (Alamgeer et al., 2013b). These stem cells are hypothesised to have arisen

from somatic cells undergoing dedifferentiation. In order to positively identify a cancer stem

cell, xenotransplantation is often utilised, wherein the subsequent induction of a tumour from

the transplanted cell indicates that the cell is indeed a cancer stem cell (Wicha et al., 2006).

The CSCs possess traits which facilitate tumour survival, such as the ability to increase blood

vessel formation via EGFR-induced VEGF expression and cell migration capabilities, through

the process of epithelial to mesenchymal transition. These positively identified CSCs express

high levels of the cell surface marker CD133/prominin-1, a glycoprotein which specifically

localises to membrane protrusions. Currently, its exact function and contribution to the

properties of CSCs remains to be determined (Miqueli et al., 2009). CD133 expressing cells,

CSC, notably have an increased chemoresistance and radioresistance compared with non-CSCs
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(Singh et al., 2012). CSCs exposed to conventional chemotherapy display an increased ability

to repair DNA damage and decreased apoptosis when compared with non-CSC. Some pathways

thought to contribute to the resistance of these cells to therapy are the Notch, EGFR and sonic

hedgehog pathways (Banerji et al., 2015). Moreover, EGFR mediated signalling specifically

has been found responsible for dedifferentiation of non-CSCs to CSCs and maintenance of

CSCs states (Yang et al., 2013). Further details can be found in Chapter 4. Consequently, the

resistance of these CSCs to chemotherapy, coupled with their ability to initiate and maintain

tumour formation deems them key targets for new therapeutics (Banerji et al., 2015).

1.5 miRNA-7 as a novel therapeutic for NSCLC

Poor chemotherapy response is evident in NSCLC patients who have an overexpression of

EGFR (Singh et al., 2012). The ever increasing knowledge of cancer genomics, understanding

of genes and gene regulators involved in cancer development and proliferation, allows for

the formulation of novel therapeutics, potentially to target both cancer cells and their stem

cell side population (Chin et al., 2011). Cancer genomics has yielded insights into miRNAs,

gene regulators implicated in either cancer progression or reduction. These miRNAs are

small, single stranded non-coding RNAs, approximately 22 nucleotides in length and are

known negative regulators of gene expression (Garzon et al., 2010). These miRNAs medi-

ate post-transcriptional gene silencing, preventing translation of their target genes. The

ability for a miRNA to silence a gene is determined by its seed region’s complementarity

to an mRNA sequence. Since the seed regions are often only six nucleotides in length, the

probability of their complementarity to mRNA sequences is relatively high; as a result, miR-

NAs are shown to bind to and silence not just one gene, but numerous genes (Lai, 2015).

Consequently, one miRNA may have the ability to affect gene expression in a number of

pathways. Studies indicate that pathways affected include oncogenic and developmental

pathways, suggesting that miRNAs could be potential therapeutic agents in targeting can-

cers, including NSCLC (Feng et al., 2015). In this regard, Barger and Nana-Sinkam (2015)

recently reported that inducing high intracellular expression levels of miRNA-7 decreases the

synthesis of EGFR and increases the susceptibility of NSCLC to chemotherapy. The role

of miR-7 in mediating post-transcriptional silencing of EGFR is discussed further in Chapter 5.

In the present study, the chemosensitivity of NSCLC CSCs to chemotherapy is evaluated and

compared to non-CSCs. Since EGFR is also correlated to chemoresistance, the expression of
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EGFR in CSCs and non-CSCs is assessed as a potential mechanism for the chemoresistance

of CSCs. Moreover, in view of the potential role of miR-7 as a mediator of cellular EGFR

expression, transduction of miR-7, first in non-CSCs, was performed to determine the effect

it has on both EGFR expression and its intracellular localisation in an in vitro cell culture

model of NSCLC.

1.6 Aim

The potential role of EGFR in chemoresistance and maintenance of the CSC state in NSCLC

is assessed. Moreover, in association with this, the likely regulatory effects of miR-7 on EGFR

expression and its intracellular localisation in NSCLC is investigated.

1.7 Objectives

The objectives of this research are:

• to isolate A549 cells into CD133+ (CSCs) and CD133− (non-CSCs);

• to compare NSCLC CSCs and non-CSCs proliferative ability and sensitivity to Paclitaxel;

• to determine EGFR expression in A549 derived CSCs compared to non-CSCs;

• to stably express hsa-pri-miR-7, initially within non-CSCs;

• and to determine the effect increased pri-miR-7 expression has on the EGFR expression

and localisation in non-CSCs.
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CHAPTER 2

A549 CD133+ CSC isolation and characterisation

2.1 Introduction

Cancer stem cells (CSCs), a minor subpopulation of cells within a tumour, are thought to be

responsible for its initiation and to play a role in increasing its metastatic and invasive ability

(Nguyen et al., 2012). CSCs show an increased resistance to conventional cancer therapies,

such as chemotherapy, compared with non-CSCs. CSCs show multidrug resistance because of

their expression of multidrug transporters such as ABCG2 (Sarkadi et al., 2004; Zhou et al.,

2001).

CSCs have different morphological characteristics to non-CSCs. Unique cell surface markers

have been identified on CSCs that are absent in non-CSCs. CD133 is one such marker, which

is highly expressed on the surface of NSCLC CSCs, but is downregulated as CSCs differentiate

to form the non-CSCs (Peichev et al., 2000). While the exact function of CD133 is unknown,

according to Qu et al. (2013), expression of CD133 on the surface of tumour cells, such as

NSCLC, is associated with a poor prognosis for patients, with lymph node metastasis and a

low 5 year patient survival rate.

Although CD133+ cells display stem-like characteristics, the expression of such a marker on

its own is insufficient to characterise cells as CSCs. CSCs are also distinguished by their 3D

spheroid morphological growth pattern in culture, the presence of excess ATP-pumps allowing
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for multiple drug resistance; and are ultimately distinguished as CSCs through their ability to

self-renew and establish new tumours when xenotransplanted into nude mice (Singh et al.,

2004; Beier et al., 2007; Zhou et al., 2001).

Much is still unknown about the characteristics of CD133+ CSCs in many tumour subtypes,

including NSCLC. The A549 cell line, a model for NSCLC adenocarcinoma, can be separated

into CSC and non-CSC populations (see below). The chemosensitivity and relative EGFR

expression of CD133+ CSC and CD133− non-CSCs will be addressed in Chapters 3 and

4,respectively.

The objectives of this chapter are:

• to isolate CD133+ and CD133− cell populations from the general A549 cell population;

• to compare the cell surface expression of CD133 in CD133+ and CD133− separated

A549 populations;

• to establish the stemness of CD133+ A549 cells through their ability to form spheroids;

• and to assess the capacity of CD133+ A549 cells to efflux Hoechst 33342.
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2.2 Materials and Methods

2.2.1 Human cell lines

The human A549 non-small cell lung cancer (NSCLC) adenocarcinoma cell line was donated

by S. Weiss at the University of the Witwatersrand, originally sourced from the American

Type Culture Collection (ATCC). The A549 cell line was first isolated by Giard et al. (1973)

from a 58 year old Caucasian male. This cell line has a known overexpression of EGFR and

was used here as a model in vitro system for NSCLC.

2.2.2 Culture conditions

The A549 cell line was cultured in Thermo Scientific HyClone DME/F 12 1:1 1× medium

supplemented with 10% heat inactivated Fetal Bovine Serum (FBS) (Lonza), 10 000 IU Peni-

cillin and Streptomycin (Appendix A.1.2), at 37◦C and 5% CO2 in air. Cells were incubated

in 25cm3 culture flasks (Nest). Once 80% confluency was reached, cells were subcultured

by removing media and then washing with 5 ml of sterile phosphate buffered saline (PBS),

prepared using Protocol A.1.1. PBS was discarded and cells were then incubated in 1 ml

Lonza Trypsin/EDTA at 37◦C for 5 minutes. The cells were gently agitated and observed for

detachment on a Carl Zeiss Axiovert 25 microscope at 400× magnification. Once cells were

detached, Trypsin/EDTA was neutralised with an equal volume of CCM. This cell mixture

was transferred to 15 cm3 Nunc tubes and centrifuged at 800× RPM in the MSE Minor

centrifuge for 3 minutes. The resulting pellet was resuspended in 10 ml CCM with 1 ml of the

suspension being transferred into each of 10 75 cm3 cell culture flasks (Falcon). 9 ml CCM

was then added to each 75 cm3 flask to reach a final volume of 10 ml. The 10 flasks were

incubated until 80% confluency was achieved to produce an adequate number of cells for cell

separation.

Post-separation and for the duration of this research, A549 CD133+ CSCs were grown in stem

cell medium in the absence of foetal bovine serum (FBS) (Appendix A.1.2). A549 CD133−

non-CSCs were cultured in CCM, the same medium used for the unseparated A549 cell line.

Cells were cultured in 25 cm3 flasks and subcultured when cells reached a confluency of 80%.
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2.2.3 Stem cell separation

After centrifugation of 1×108 A549 cells at 800× RPM for 10 minutes, supernatant was

removed and cells resuspended in 300 µl PBS (Sigma Aldrich) containing 0.5% BSA (Sigma

Aldrich). Next, 300 µl FcR Blocking Reagent (Miltenyi Biotec) followed by 300 µl CD133

MicroBeads (Miltenyi Biotec) were added to the suspension to a final volume of 900 µl; and

the cells were then placed at 4◦C for 30 minutes. Cells were gently agitated 15 minutes into

incubation time. After incubation, cells were washed with a 2 ml 0.5% BSA-PBS solution.

Centrifugation of cells at 800× RPM for 10 minutes was performed, followed by aspiration of

the supernatant. Cells were resuspended in 1 ml of 0.5% BSA-PBS.

A MACS MS Column (Miltenyi Biotec) was placed into the magnetic MACS stand. The

column was rinsed with 500 µl 0.5% BSA-PBS buffer. The cell suspension was applied to

the column in 200 µl volumes at spaced intervals to prevent the column from clogging. After

this, the column was washed three times with 500 µl 0.5% BSA-PBS. Next, the column was

removed from the MACS magnet and was placed over a sterile 15 ml collection tube. 1 ml of

0.5% BSA-PBS was aspirated into the column and the supplied plunger applied, effecting

the release of the CD133 positive cell fraction into the collection tube. Purity of the CD133

population was increased by applying the CD133+ collected cells into a new MACS MS column.

The flow through from this second column was collected. This CD133− population served

as the non-stem cell NSCLC population, for subsequent experiments. The CD133 enriched

population from the second separation was utilized as the NSCLC stem cell population. The

stem and non-stem cells were expanded in StemPro medium (ThermoFisher Scientific) and

DMEM:F12 10% FBS (Lonza), respectively.

2.2.4 Growth pattern of NSCLC CD133+ and CD133− cells

A particular characteristic of CSCs is a spontaneous ability to form three dimensional

aggregates of cells in culture, termed spheroids. To assess the growth patterns of CD133+ and

CD133− cells, a total of 1×106 cells from each culture were seeded into separate sterile 10

cm bacterial cell culture dishes and grown until the CD133− cells were 80% confluent. Cells

were viewed on an Olympus IX71 inverted microscope and field images were taken for each

subpopulation at 100× magnification to record their growth patterns. Images were taken

using the XLM colour camera and captured using the cellSens Imaging Solutions Software

(Olympus).
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2.2.5 CD133 expression of CD133+ and CD133− A549 cells by confocal

microscopy

Cell surface expression of CD133 is crucial to confirm successful separation into CD133+ and

CD133− populations. 10 000 A549 CD133+ and CD133− cells were seeded in triplicate onto

separate sterilized glass cover slips housed in 5cm3 cell culture dishes. The cells were grown

in appropriate media for 24 hours at 37◦C in a sterilized incubator with 5% CO2 in air. After

24 hours, the cells were washed twice with 2 ml sterile PBS, pre-warmed to 37◦C. The cells

were then fixed for 30 minutes in a 3% formaldehyde PBS solution (Appendix A.4.1). After

fixation, cells were washed three times with pre-warmed PBS and stored at 4◦C in a final

volume of 3 ml 0.5% BSA-PBS solution.

Primary anti-CD133 solution was prepared at a concentration of 1 pg ml−1 by adding 1 µl

of Mouse anti-CD133 (Abcam) to 499 µl 0.5% BSA PBS (Appendix A.2.1) and mixed by

inverting. Each coverslip containing cells was removed from the dish and placed in a sterile

dry dish of the same size. A total of 200 µl primary antibody solution was added carefully

to the coverslip immediately to prevent it from drying. Each dish was carefully sealed with

Parafilm (American Can Co.) and placed in a moist sealed container at 4◦C for 12 hours.

Three wash steps with 1 ml of a fresh 0.5% BSA-PBS solution were performed prior to

secondary antibody staining. The secondary antibody solution (1:100) was prepared by adding

2 µl of anti-mouse Alexa Fluor 488 antibody (Invitrogen) to 198 µl 0.5% BSA-PBS solution.

The coverslips were gently and individually blotted dry with tissue paper. Each coverslip was

then placed cell-side-up onto a labelled microscope slide, to which the total 200 µl secondary

antibody was immediately added. All slides were incubated in a moist sealed container at RT,

for 1 hour in the dark.

After secondary antibody incubation, each coverslip was placed in a separate well in a six

well plate and each well washed 3 times with 0.5% BSA-PBS solution. After the third wash,

each coverslip was removed from its well and placed on the appropriate microscopy slide

after dabbing the side of the coverslip on tissue paper. 200 µl DAPI (Sigma Aldrich) solution

(1:10000 dilution) was then immediately added to the coverslip and then incubated for 5

minutes in the dark at RT.
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After DAPI staining, each coverslip was washed as outlined above for secondary staining. The

coverslips were then ready to be mounted onto slides. Each slide was carefully cleaned with

dH2O and the coverslip dabbed onto tissue paper to remove residual 0.5% BSA-PBS solution.

A drop of Fluoromount (Sigma Aldrich) was applied to each slide and each coverslip was

slowly lowered, to prevent the formation of bubbles, cell-side-down, onto the appropriately

labelled slide. The Fluoromount was dried for 4 hours in the dark at RT before slides were

viewed on a Zeiss LSM 780 confocal microscope. Images were captured using Zen 2012 software.

Every experiment was performed in triplicate and fluorescence was analysed using ImageJ

software. To quantitatively compare the results, the fluorescence intensity was calculated as a

factor of green fluorescence per pixel area for each cell in the triplicate sample. Statistical

analysis was performed using a Student’s t-test.

2.2.6 Confirmation of CD133 + stem cell properties with flow cytometry

CD133+ and CD133− A549 cells were grown to 80% confluency in StemPro medium (Ther-

moFisher Scientific) and CCM respectively. Cells were washed with 2 ml PBS and incubated

with Trypsin/EDTA for 3 minutes. Once resuspended, the Trypsin/EDTA was neutralised with

an equal volume of CCM. Cells were pelleted by centrifugation for 5 minutes at 800× RPM.

The supernatant was decanted and the cell pellet was resuspended in CCM pre-warmed to 37◦C.

Four tubes of 1x106 cells were prepared for both the CD133+ and CD133− populations. In

each of three such suspensions, Hoechst 33342 (Thermo Fisher Scientific) was added to a final

concentration of 5 µg µl−1. The cells within each of these 15 ml tubes were transferred to a 50

ml sterile tube and these were placed in a shaking incubator at 37◦C for 2 hours at 200× RPM.

After incubation, the vials were centrifuged at 800× RPM for 6 minutes. The supernatant

was discarded and cells were resuspended in 50 µl 4◦C PBS. The mixture was left to incubate

for 30 minutes in the dark at 4◦C. After incubation, 450 µl ice cold HBSS+ (Appendix A.2.2)

was added to each sample. Unstained controls were prepared in the absence of Hoechst 33342.

Flow cytometry was performed using the LSR Fortessa BD Pharmingen. The unstained A549

cell line was used to plot the forward scatter area (FSC-A) versus Forward Scatter Height

(FSC-H) graph, from which gating was performed to analyse single viable cells. The LSR

Fortessa is set at 450/20 BP filter to determine Hoechst staining, this to obtain data regarding
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the purity of the isolated stem and non-stem cell populations. Graphic representation and

analysis of results were performed using FACSDiva software, version 6.2.
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2.3 Results

A549 cells were separated into CD133+ and CD133− cells through magnetic cell separation.

The success of the separation itself was confirmed by assessing CD133 cell surface expression

of the CD133+ and CD133− fractions, seen in Fig.2.1. The green fluorescence of the CD133+

fraction indicates CD133 cell surface expression and is 14-fold higher than that of the CD133−

fraction. The CD133− cells had fluorescence levels equal to the negative control. From this,

the marked cell surface expression of CD133 in the CD133+ fraction shows successful cell

separation.

Although CD133 has been described as a good CSC marker for NSCLC, the characteristics of

the CD133+ fractions determines whether the population can be regarded as CSCs. CSC and

non-CSC have distinct growth patterns in culture. In this regard, after a period of 3 days of

culture, the CD133+ cells developed the spheroid morphology growing as 3D cultures typical

of CSCs, while the CD133− fraction remained as an adherent monolayer of cells (see Fig.2.2).

A particular and accepted characteristic of CSCs is their expression of ABCG2 efflux pumps

that prevent the entry of substances into the cells. This principle can be tested through

Hoechst staining, which was measured using flow cytometry as represented in Fig2.3 and

Fig.2.4.

In Fig.2.3, the gating for singlets using FSC-A versus SSC-A was kept consistent for all flow

cytometry samples, as indicated by P1. The percentage of total singlet events gated were

67.3% for Hoechst unstained CD133 − cells, 85.8% for the Hoechst stained CD133 − cells,

53.6% for the Hoechst unstained CD133 + fraction and 47.3% for the Hoechst stained CD133
+ cell fraction.

P2 in Fig.2.4 indicates the percentage population positive for Hoechst 33342 staining, compared

with the unstained control. For the CD133 − fraction of cells, 99.8% are positive for Hoechst

staining, relative to 0.3% for the unstained control. For the CD133+ cell fraction, only 0.9%

of the population were positive for Hoechst staining, compared to 0.4% for the unstained

control.
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2.3.1 CD133 expression of CD133+ and CD133− A549 cells detected by

immunofluorescence

Figure 2.1: (A) Immunofluorescence images depicting the expression of CD133 (green) on

the surface of A549 cells. CD133− (middle panel) and CD133+ (right panel) separated using

magnetic cell separation. The primary anti-CD133 antibody and secondary anti-mouse Alexa

Fluor 488 antibody were at 1:500 and 1:100 dilutions respectively, N, nucleus. (B) Bar graph

of the average green fluorescence per pixel for triplicate samples of both CD133− and CD133+

fractions; P=0.0001. Data are presented as the mean±SD (*P<0.001).
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2.3.2 Growth pattern of NSCLC CD133+ and CD133− cells

Figure 2.2: Growth pattern of A549 CD133− (A) and CD133+ (B) cells obtained through

CD133 selective magnetic cell separation (100× magnification). CD133− cells grow as an adherent

monolayer (A) while CD133+ cells grow in suspension as 3-dimensional spheroids (B)
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2.3.3 Flow cytometry evaluation of CD133+ and CD133− cells’ efflux pump

properties

Figure 2.3: Dot plot of Forward Scatter Area (FSC-A) versus Side Scatter Area (SSC-A) for

Hoechst 33342 unstained (left) and stained (right) A549 cells, separated into CD133− (top) and

CD133+ (bottom) populations through magnetic cell separation, with P1 showing the singlet cell

population selected for subsequent Flow Cytometry experiments
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Figure 2.4: Dot plot of Forward Scatter Height (FSC-H) versus Hoechst-Blue fluorescence

intensity for unstained (left) and stained (right) A549 cells separated into CD133− (top) and

CD133+ (bottom) populations through magnetic cell separation, with P2 showing the Hoechst

positive cell population
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2.4 Discussion

Cancer stem cells have particular morphological and phenotypic characteristics, including

CD133 cell surface expression, a spheroid morphological growth pattern and the expression

of the ABCG2 multidrug transporter channel, indicated through the ability of the CSCs to

efflux Hoechst dye. To ascertain whether the A549 cell line was successfully separated into

CD133+ CSCs and CD133− non-CSCs, a number of experiments were performed.

Flow cytometry was used to confirm the efficiency of cell separation by determining the

percentage of the two cell fractions which had CD133 cell surface expression. Although CD133

is a strong marker for CSCs, further tests were performed to ensure that the CD133+ fraction

displayed the morphologic and phenotypic characteristics of stem cells by assessing the growth

of the cells in culture and their ability to efflux Hoechst 33342.

2.4.1 CD133 expression of CD133+ and CD133− A549 cells by confocal

microscopy

Miltenyi MicroBeads were used to separate A549 CD133+ and CD133− cells (Richardson et al.,

2004). Validation of this separation was performed by confocal microscopy and flow cytometry.

With confocal microscopy, the observed fluorescence of CD133 was qualitatively higher in

the CD133+ than the CD133− fraction (Fig.2.1A). In order to objectively validate this dif-

ference, fluorescence pixel intensity was measured and graphed to compare the density of

green pixels per cell image. For the CD133+ fraction, there was a significant difference in

fluorescence intensity compared with the negative control (P=0.0001). Furthermore, the

green fluorescence observed in the CD133+ fraction is exclusively due to antibody binding

to CD133 on the cell surface, since during preparation of cells for confocal microscopy, the

cells were not permeabilised (Steinmetz et al., 2011). The lack of CD133 expression seen in

the negative population (Fig.2.1B) compared with the control indicates the absence of CSCs

in this population. Since the CD133+ cells showed marked fluorescence where the CD133−

showed none compared with the control (P=0.804), it can be confirmed here that the cells

were successfully separated based on CD133 cell surface expression.

Together, confocal microscopy and flow cytometry confirmed the separation of the cells into

CD133+ and CD133− populations. Since CD133 is a proven cell surface marker for NSCLC
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stem cells, the separation of cells based on this marker from the NSCLC cell line provides for

a stem cell-rich population (Salcido et al., 2010).

2.4.2 Morphological confirmation of cell separation

Since the A549 cells were successfully separated into CD133+ and CD133− fractions, next

their stem cell properties required verification. One method of characterising cancer stem

cells is based on their morphological pattern of growth (Kim et al., 2012b). Figure 2.2 shows

the growth patterns of both the CD133+ and CD133− cell fractions. The CD133+ fraction

displays the spheroid growth pattern typical of CSCs cultured in serum free medium enriched

with bFGF and EGF (Yang and Wu, 2008; Kim et al., 2012b). This spheroid pattern observed

for the CD133+ fraction is absent in the CD133− fraction, thus indicating the absence of CSC

in this cell population (Beier et al., 2007). From a morphological perspective, as described by

Horst et al. (2008), the presence of spheroids in the CD133 + confirms the CSC nature of

these cells.

2.4.3 CD133+ and CD133− cells efflux pump properties by flow cytometry

Further phenotypic characterisation using Hoechst 33342 was used to validate these CD133+

cells as CSCs. The CSC population is defined as a cell side population that has a low Hoechst

staining ability (Goodell et al., 1996). This is due to the phenotypic expression of ABCG2,

a multidrug transporter present on the surface of CSCs (Zhou et al., 2001). As depicted in

Fig.2.4, only 0.9% of the CD133+ population stained positively for Hoechst 33342, indicating

that some 99.1% of the cell population possessed the ABCG2 efflux pump, a key physiological

feature that characterises these cells as CSCs (Zhou et al., 2001).

2.4.4 CD133 as a stem cell marker

CD133 cells are shown by Tirino et al. (2009) to display spheroid growth patterns and have

the ability to initiate tumour formation. Another paper by Hilbe et al. (2004), reported

that CD133+ cells may play a role in tumour neovascularisation. Additional evidence by

Salnikov et al. (2010) noted the chemoresistance potential of these cells, due to their ABCG2

transporter. Despite the evidence produced in support of CD133 as a marker for CSC, there is

also evidence refuting this with one paper showing that both CD133+ and CD133− populations

contain stem cells (Meng et al., 2009).
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Meng et al. (2009) classified their stem cells based on their ability to form colonies, to

proliferate, as well as their resistance to chemotherapy. Although this group performed cell

separation with an equivalent protocol used in Section 2.2.3, their findings with regards to

chemoresistance and colony formation of their cells differs to the findings reported in the

present study (see Section 2.3). Meng et al. (2009) reported spheroid formation in both of

their CD133+ and CD133− fractions, in contrast to the results discussed above (in Section

2.4.2). Additionally, Meng et al. (2009) noted a similar drug sensitivity amongst the CD133+

and CD133− populations. The Hoechst efflux ability of the CD133+ is hypothesised by Ho

et al. (2007) to represent the presence of the ABCG2 multidrug efflux pump. As depicted in

Fig.2.4 here, some 99.1% of the CD133+ subpopulation were able to efflux Hoechst; and this

same population is expected to have the ability to efflux drugs as a mechanism of resistance.

Although from this, resistance is only inferred here, it will be further investigated in Chapter

3. The discrepancies between Meng et al. (2009) and the results obtained here as well as

those presented by Tirino et al. (2009), Hilbe et al. (2004) and Salnikov et al. (2010) could

well be as a consequence of the foetal bovine serum (FBS) supplemented medium used by

Meng et al. (2009) to culture the stem cells; CD133+ and CD133− cells were cultured in

RPMI-1640 supplemented with 10% FBS. Notably, since FBS has been shown to drive the

differentiation of CSCs in culture, this may well explain the presence of stem cells in their

CD133− subpopulation. In the present study, stem cells were only cultured in a defined

serum-free medium, to maintain their stem cell properties and to prevent differentiation.
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2.5 Conclusion

With CD133 being the cell surface marker for CSC in NSCLC, as discussed in Section 2.4.4,

separation of the NSCLC according to this marker was successful in dividing the A549 popu-

lation into CSCs and non-CSCs. To further validate this separation, the CSCs proved to show

sustained growth in a spheroid arrangement and to have Hoechst efflux ability, indicating the

presence of the ABCG2 efflux pump. This was contrasted by the inability of the non-CSCs to

efflux Hoechst as well as their monolayer growth pattern, both being features of non-CSC

properties.

CSC have been shown to be resistant to conventional chemotherapy, resulting in tumour

relapse. One mechanism of such resistance is the ABCG2 efflux pump discussed in Section

2.4.3. However, other mechanisms of resistance need to be explored.
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CHAPTER 3

Migration and chemoresistance of CSCs

3.1 Introduction

As discussed in Chapter 2, NSCLC A549 cells were separated into CSCS and non-CSCS.

Previous research into breast and glioma CSCs have revealed their resistance to conventional

chemotherapeutic agents such as Paclitaxel (Diaz and Leon, 2011). The mechanism of this

resistance is detailed below. Understanding and targeting pathways conferring this resistance

may result in chemosensitisation of CSC populations and improved patient survival outcomes.

3.1.1 Chemoresistance of CSCs

CSCs are able to self-renew and differentiate to form the bulk of the tumour mass, the non-

CSCs. It has thus been hypothesised that therapies targeting CSCs will allow for eradication

of the entire tumour population (Diaz and Leon, 2011). Most conventional first line chemother-

apies for NSCLC, such as Paclitaxel, have proved ineffective against CSCs. The mechanism of

resistance of CSCs to therapy is not fully understood but many reasons have been suggested in-

cluding slower progression through the cell cycle, resistance to oxidative damage, expression of

anti-apoptotic proteins, improved cellular repair mechanisms, presence of enzymes that detox-

ify drugs and the cell surface expression of ATP-dependent efflux pumps (Diaz and Leon, 2011).

24



3.1 Introduction Migration and chemoresistance of CSCs

Efflux pumps present on CSCs confer resistance

The presence of membrane transporters ABCG2, ABCG5 and ABCB1 confers resistance to

conventional chemotherapy by actively effluxing drugs from the CSCs. This makes current

chemotherapy such as cisplatine ineffective (Diaz and Leon, 2011). As described previously,

the presence of these ATP-dependent efflux pumps was demonstrated in the present study

by the Hoechst efflux ability of the NSCLC CSC population (Fig.2.4). Therapies that target

these transporters have proven more effective than conventional chemotherapy in treating

melanoma (Diaz and Leon, 2011).

Reactive Oxygen Species in CSCs

CSCs have a low metabolic rate with an associated decreased Reactive Oxygen Species (ROS)

level, thought to be mediated by increasing intracellular glutathione concentrations (Kobayashi

and Suda, 2012). Non-CSCs in a tumour population have high ROS levels associated with

their increased metabolism. Many conventional chemotherapy agents and radiation therapy

work through inducing DNA damage mediated by the increased ROS in non-CSCs. However,

the lower ROS level in CSCs protects them from these agents. Low ROS are associated with

decreased apoptosis, further enhancing CSC resistance to chemotherapy mediated cell death

(Ding et al., 2015).

CSC hypoxia mediates resistance

An increased tumour bulk will result in areas of hypoxia, due to inadequate oxygen supply.

This induces expression of HIF-1, a transcription factor that increases neovascularisation and

chemoresistance. CSCs show an increased expression of HIF-1, even in normopoxic conditions,

conferring resistance to radiotherapy and chemotherapy. Interestingly, the increased expres-

sion of HIF-1 in normopoxic conditions is thought to be mediated by increased EGFR levels

associated with CSCs (Diaz and Leon, 2011).

Migration, DNA repair and decreased apoptosis

CSCs show an increased expression of Akt, a protein that increases BCl-2 and Inhibitor of

Apoptosis Proteins (IAPs), all decreasing apoptosis and enhancing cell survival. Downregulat-

ing IAPs and Bcl-2 in combination with chemotherapy has shown promise in treatment of
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advanced carcinomas containing cells expressing the CD133 CSC surface marker (Bertrand

et al., 2014).

Conventional chemotherapy is more effective against rapidly dividing cells, which represent the

non-CSC subpopulation. CSCs have been reported to be quiescent, with a prolonged G2 phase

of the cell cycle. The increased time in G2 allows increased DNA repair and reduced apoptosis

of CSCs. Research into CSCs showed targeting the checkpoint proteins in this particular

phase of the cell cycle, increased apoptosis of these cell (Harper et al., 2010). Additionally,

when the CSCs are exposed to chemotherapeutic agents, asymmetrical division favours an

increase in the percentage of CSCs within a tumour population (Gottschling et al., 2012).

This quiescent population is regulated by pathways such as Akt1, Insulin-like growth factor-1

(IGF-1R), p53, protein kinase C (PKC), Notch, and phosphatase and tensin homolog (PTEN)

deleted on chromosome 10. Akt specifically has been implicated in maintaining the slowed

cell division present in CSCs. The alteration of the levels of the pathways listed above results

in slow cell division, giving CSCs time to repair any DNA damage caused by cytotoxic agents

(Gottschling et al., 2012).

Resistance of CSCs to Paclitaxel

Paclitaxel is one of the first line treatments for NSCLC. Paclitaxel is a Taxane; which functions

to prevent microtubule breakdown in cells. With this mechanism of action, Paclitaxel is more

effective against actively dividing cells, such as non-CSCs (Veldhoen et al., 2013). Paclitaxel

also causes an increase in ROS in the non-CSCs and results in increased apoptosis. However,

in CSCs, it is ineffective at reducing CSC viability. Paclitaxel is effluxed from CSCs through

the ATP-dependent efflux pumps. ROS levels are low, resulting in decreased DNA damage.

Should DNA damage occur, the prolonged G2 phase will provide more time in CSCs than

non-CSCs for DNA repair. Should repair not occur, the CSC will continue to survive due to

reduced BCl-2 and PAI. Research shows an additional mechanism of resistance of NSCLC to

Paclitaxel specifically, namely MDR1 (Gottschling et al., 2012). In a study performed by Kim

et al. (2012a), expression of MDR1 by NSCLC can result in a 200-fold increase in Paclitaxel

IC50 from its normal IC50 of 20 nM.

The previously isolated and characterised CSC population (discussed in Chapter 2) was
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exposed to Paclitaxel, one of the first line therapies for NSCLC. It was hypothesised to

cause less cell death in CSCs through the mechanisms discussed above. The migration

rate of CSCs was also compared to non-CSCs to determine whether the rate of migration

may contribute to chemoresistance, potentially due to the prolonged G2 phase discussed above.

The objectives of this chapter are:

• to investigate migration of A549 CSCs compared to non-CSCs;

• and to establish whether there is a difference in chemoresistance of isolated A549 CSCs

compared to non-CSCs.
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3.2 Materials and Methods

3.2.1 Scratch assay

The migration ability of A549 CSCs and non-CSCs was determined and compared using a

scratch assay. Cells of each stable cell line were seeded into 5 cm3 sterile cell culture dishes in

triplicate and grown in CCM (Appendix A.1.2) and CSC medium (A.1.3) for non-CSCs and

CSCs, respectively. Once cells in each well reached 80% confluency, individual P200 sterilised

pipette tips were used to score a straight line through the centre of the cell monolayer, to

produce a cell-free area. The medium from each well was removed followed by three washes

with PBS to rid the medium of the detached cells. 2 ml CCM, pre-warmed to 37◦C, was

then added to each well. For each well the width of the scratch was measured on the Zeiss

LSM 780 confocal microscope at 0, 2, 4, 24 and 28 hours after the scratch was made. Three

measurements of the width of each scratch was made, the average width being used for

subsequent analysis. Data were captured on Microsoft Excel 2013, a line graph plotted and

an exponential growth trend line was fitted to the CSC and non-CSCs line graphs. The

significance (P<0.05) of the growth was compared using a two-sided Student’s t-test.

The trend lines, expressing migration ability, were differentiated using the chain rule to

produce general expressions for the migration rate of non-CSCs and CSCs. The migration

rate of each cell line was then determined at 24 hours after the initial scratch. A bar graph

depicting the relative rates of migration of the CSCs and non-CSCs at 24 hours was then

plotted.

3.2.2 Chemosensitivity assay

Paclitaxel chemosensitivity was determined for A549 CD133+ and CD133− cells using the

Roche Cell Proliferation Reagent, WST-1. A total of 2×104 cells of each cell population were

seeded into wells of a 96 well ELISA plate, with 3 sample repeats for each population. The

CD133+ cells were grown in 100 µl of stem cell medium (Appendix A.1.3) for 24 hours. The

CD133− cells were incubated in 100 µl CCM (Appendix A.1.2) for 24 hours at 37◦C and 5%

CO2. After 24 hours, the medium was removed from the CSCs and non-CSCs and replaced

with 0 nM or 20 nM Paclitaxel (Thermo Fisher Scientific) in CSC and non-CSC medium

respectively. A Paclitaxel 20 nM solutions was made from the 5 mg stock diluted in 5 ml

DMSO and filter sterilised giving the initial solution a concentration of 0.012M. The drug

28



3.2 Materials and Methods Migration and chemoresistance of CSCs

carrier control used was a filter sterilised 0 nM DMSO solution of CSC medium and non CSC

medium for CD133+ and CD133− respectively.

After the 48 hour drug treatment, 10 µl of WST-1 reagent was added to each well and

incubated for 2 hours at 37◦C and 5% CO2. The absorbance for each well was measured at

480 nm against the relevant blanking control using the Biotex ELx800 Elisa plate reader.

A blanking control was used in which the WST-1 was added to three wells of CSCs and

non-CSCs growing in drug-free media. Median absorbance for the CSCs and non-CSCs were

plotted using Microsoft Excel 2013. Statistical significance was determined using a two sided

Student’s t-test.
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3.3 Results

Migration ability of CSCs and non-CSCs in Fig.3.1 shows that non-CSC are able to migrate

faster, with a distance covered of 302.5 µm compared with the 153.55 µm covered by the CSCs

in the same 28 hour time period. The migration ability of the non-CSCs was statistically

significantly greater than CSCs at time points 2 hours, 26 hours and 28 hours after scoring,

with P values for those time intervals being 0.05, 0.0005 and 0.0004, respectively. The migra-

tion rate for the WT non-CSCs and WT CSCs can be represented by exponential trendlines

f(x) = 24.034e0.093x and g(x) = 4.313e0.125x respectively. The migration rate at 24 hours

after the initial scratch shows that non-CSC has a greater rate, 20.827 µm h−1, compared with

the CSCs, (10.826 µm h−1), see Table 3.3.1 for details on differentiation calculations. Fig.3.2A

contains photomicrographs depicting the visible difference in migration rates of CSCs and

non-CSCs, with non-CSCs covering a greater distance in a 24 hour period compared with the

non-CSCs. For the same time period, Fig.3.2B shows that the migration rate at 24 hours of

non-CSCs is 1.92 times greater than that of the CSCs cells.

The results outlined above indicate that non-CSCs have a higher migration rate than non-CSCs

and are expected to be more susceptible to chemotherapeutic agents such as Paclitaxel. In

Fig.3.3, the viability of CSC and non-CSC treated with DMSO alone (0 nM Paclitaxel) for 48

hours was set to 100%. As predicted, the viability of the CSCs in 20 nM Paclitaxel treatment

for 48 hours showed 71.3%, survival compared with the 47.0% survival of non-CSC in the

same treatment. This finding was statistically significant (P=0.0006).
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3.3.1 Scratch assay results

Figure 3.1: Comparison of migration (in µm) of CSC and non-CSC at 4 time intervals (2 hours,

4 hours, 26 hours and 28 hours), following a scratch in 80% confluent cells with a sterilised P200

pipette tip; P= 0.05, 0.33, 0.0005 and 0.0004, respectively. Data are presented as the mean±SD,

*P<0.05

Table 3.1: Calculated rate of migration (µmh−1) of WT CSC and WT non-CSCs using the

exponential trendlines obtained in Fig.3.1

Migration distance (µm) Migration rate (µmh−1) Migration rate at 24 hours (µm.h−1)

non-CSC WT f(x) = 24.034e0.093x f ′(x) = 2.235e0.093x f ′(24) = 20.827

CSC WT g(x) = 4.313e0.125x g′(x) = 0.539e0.125x g′(24) = 10.826
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Figure 3.2: Comparison of migration (µm) and relative migration rates of non-CSC WT and

CSC WT. (A) Photomicrographs of non-CSC WT and CSC at time 0 and at 24 hours (100x

magnification). (B) Relative migration rate of non-CSC WT and CSC. As is evident, the relative

migration rate of non-CSCs exceeds that of the CSCs by almost 2-fold
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3.3.2 Chemosensitivity assay results

Figure 3.3: Percentage viability of CSC and non-CSC after a 48 hour treatment with 20 nM

Paclitaxel. There is a significant difference in cell viability between non-CSCs and CSCs at 20

nM Paclitaxel (P=0.0006). Data are presented as the mean±SD (*P<0.01)
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3.4 Discussion

According to the scratch assay (Fig.3.1), motility of non-CSCs at 26 and 28 hours was sig-

nificantly greater than that of CSCs (P=0.0005 and P=0.0004, respectively). Consistent

with this was the relative motility rate of non-CSC, which was calculated at 1.92-fold greater

than that of the CSCs (Table.3.3.1 and Fig.3.2). These results are consistent with the results

obtained by Pastò et al. (2012) that confirmed CSCs have a decreased motility compared

to their non-CSC counterparts. The mechanism for this can be explained by the relative

quiescence of CSCs described above in Section 3.1.1. In brief, as described in the literature,

the CSCs have a prolonged G2 phase, increasing the cell cycle length. Akt and other proteins

have been implicated in maintaining the slow division of CSCs and the resulting decreased

rate of motility compared with non-CSCs.

The chemosensitivity assay results show non-CSC being more sensitive to Paclitaxel, compared

with CSCs at 20 nM, the IC50, with viability after a 48 hour drug treatment being 47.0%

and 71.3%, respectively (P=0.0006). The relative resistance of the CSCs can be explained

through a combination of the mechanisms of resistance as previously described in this study

(Section 3.1.1).

The first mechanism of resistance that the experiments show concordance with is the rela-

tionship between migration and chemoresistance. It is reported here that the CSCs have

a decreased migration ability compared to non-CSCs (refer to Figs.3.1 and 3.2). This is

consistent with the longer G2 phase described in CSCs that influences chemosensitivity by

increasing the time available for DNA repair. Furthermore, decreased ROS production results

in less DNA damage and moreover anti-apoptotic proteins increase cell survival should DNA

damage occur. All of these factors very likely contribute to the increased viability of CSCs

compared with non-CSCs, as reported in the present study (see Fig.3.3).

Another mechanism of resistance of CSCs relates to the efflux of Hoechst 33342 by the CSC

population (Chapter 2). As discussed above (Section 3.1.1), Hoechst efflux correlates to

the expression of the ABCG2 multidrug transporter which effluxes Paclitaxel leading to

chemoresistance by decreasing intracellular Paclitaxel concentration. As shown here, the

CSCs had a survival rate of 71.3%, significantly higher than for the non-CSCs, after Paclitaxel

treatment. The non-CSCs were more susceptible to Paclitaxel with a viability of 47% after
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the same treatment. This can be explained by the lower level of Hoechst efflux demonstrated

in this work by these cells (see Chapter 2). It follows that since the non-CSCs are unable to

efflux Hoechst, they will be incapable of effluxing Paclitaxel, allowing the drug to exert its

antimitotic effect on the cells, resulting in higher cell death than was evident for the CSCs.

Another proposed mechanism to explain chemoresistance lies with Hypoxia-inducible Factor-1

(HIF-1). The chemosensitivity assay was performed under normopoxic conditions indicating

that HIF-1 expression, a proven contributor to chemoresistance would be mediated by EGFR

rather than hypoxia. Diaz and Leon (2011) found that overexpression of EGFR induces HIF-1,

which in turn decreases drug sensitivity. The A549 cell line is known to overexpress WT

EGFR and as such, this mechanism of resistance is likely to exist in NSCLC. Although it is

well-known that EGFR is overexpressed in the A549 population, the relative expression of

EGFR in the CSC and the non-CSC subpopulations needs to be characterised. Should EGFR

in NSCLC be increased compared with the non-CSCs, it could provide insight into a potential

key driver of chemoresistance in CSCs. As described, a raised EGFR expression is linked to

two of the mechanisms for CSC resistance as described above. EGFR activates Akt which is

responsible for the quiescence seen in CSCs that allows for improved DNA repair. As previously

mentioned, EGFR increases HIF-1 that also enhances chemoresistance. Further potential roles

of EGFR in chemoresistance and maintenance of CSCs will be considered in detail in Chapter 4

Notably, despite the proposed increased levels of EGFR in CSCs, the migration rates in CSCs

are reduced, compared to non-CSCs. This suggests that the high EGFR levels in CSCs are

not directly controlling cell migration, but may possibly create a selective advantage for the

survival of this population, by increasing quiescence together with the potential for DNA

repair, as well as enhancing chemoresistance. Both knockdown and overexpression studies of

EGFR may help to further understand its regulatory role in CSCs.

It has been reported by West et al. (2008) that some 80% of NSCLC overexpress WT EGFR

and which is reflective of the A549 tumour cell population. EGFR expression has a role

in chemoresistance of both the CSCs and non-CSCs through increased HIF-1 expression

as detailed above. Additionally, EGFR expression increases Akt expression which, in turn,

increases CSC quiescience and improves DNA repair and chemoresistance. Since EGFR

overexpression and CSCs both confer resistance to chemotherapy, perhaps the chemoresistance
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of CSCs is because of the increased expression of EGFR. In order to further validate this

theory, EGFR expression in CSCs should be compared to non-CSCs.
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3.5 Conclusion

The results presented in this Chapter showed a higher chemoresistance of CSCs than non-

CSCs; this may be caused by the presence of ABCG2 efflux pumps and the EGFR mediated

increased CSC quiescience and increased HIF-1 expression. NSCLC commonly shows EGFR

overexpression. Such overexpression itself plays a role in the resistance of this tumour

to chemotherapy agents such as Paclitaxel. With this in mind, determining the level of

EGFR expression within the CSC populations may yield additional insight into its resistance

mechanisms to chemotherapy. Thus, the relative EGFR expression in CSCs and non-CSCs

will be evaluated in the subsequent Chapter.
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CHAPTER 4

EGFR expression in CSCs compared to non-CSCs

4.1 Introduction

The establishment of A549 CSCs and non-CSCs in the present study provides an opportunity

to compare differences in protein expression, in particular, relative EGFR expression within

these subpopulations. CSCs are known for their ability to self-renew, and have been implicated

in the resistance of NSCLC to chemotherapy and radiation therapy as well as tumour relapse.

West et al. (2008) reported that 80% of NSCLC overexpress WT EGFR, as is documented in

the A549 cell line, and moreover is associated with poorer radiotherapy outcomes (Khan and

Ehtesham, 2015). Considering that EGFR and CSCs are associated with poorer prognoses

and increased resistance to therapy, it is suggested that EGFR expression is modulated within

the CSCs, potentiating their resistance to treatment. EGFR levels have thus far been reported

increased in brain tumour CSCs and moreover has been shown to increase their ability to

self-renew (Khan and Ehtesham, 2015). The relative expression levels (mRNA) of this receptor

in the CSC and non-CSC subpopulations in NSCLC, and in the A549 cell line, has yet to be

established (Singh et al., 2012).

4.1.1 EGFR

EGFR is one of four receptors within a family including ErbB1 or HER1 (more often termed

EGFR), HER2, HER3 and HER4. ErbB1, or EGFR, is a receptor tyrosine kinase (West
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et al., 2008). It has functions in cell survival, differentiation, migration, cellular proliferation

and apoptosis. EGFR is present at the cell membrane as a monomer. EGFR has six ligands

that cause its activation amongst them, EGF and TGF-α. Upon stimulation, cell membrane

associated EGFR becomes dimerised resulting in phosphorylation of its cytoplasmic tyrosine

kinase domain. EGFR can also be phosphorylated by protein kinase C (PKC), with this

regulating distribution of EGFR in the cell membrane. The final fate of EGFR is degradation

in endosomes, but until entry into these endosomes, EGFR maintains its signalling function

in the cytoplasm (Nakada et al., 2013; West et al., 2008).

EGFR is often overexpressed in tumours, through abnormal stimulation or genetic mutation

providing an advantage for excessive cell proliferation and ultimately cancer development.

EGFR overexpression is a common occurrence in NSCLC and gliomas. The A549 NSCLC

adenocarcinoma cell line used in this study displays EGFR WT overexpression (Singh et al.,

2012). EGFR’s downstream activation of the PI3K/Akt pathway results in increased cellular

survival and inhibition of apoptosis while Ras/Raf/MEK/ERK and phospholipase C have

roles in cellular proliferation. EGFR is thought to mediate cell migration, invasion and

epithelial-mesenchymal transition (EMT) in cancer cells. Interestingly, EMT in NSCLC has

been shown to be evident in the CSC subpopulation. This, and other EGFR-driven char-

acteristics present in CSC have been strongly correlated to chemoresistance (Singh et al., 2012).
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Figure 4.1: Outline of EGFR pathway. Adapted from Nyati et al. (2006)

4.1.2 Role of EGFR in CSCs

The role of EGFR in CSCs is highly topical since it has been described that NSCLC and

glioma CSCs overexpress EGFR. Subsequent research implicates EGFR in the maintenance

of CSC characteristics, many of which directly contribute to their chemoresistance. The

potential role of EGFR in EMT is believed to be vital for tumour progression (Appert-Collin

et al., 2015). Furthermore, EGFR overexpression in CSCs has shown to contribute to spheroid

formation, expression of ABCG2 efflux pumps and the expression of HIF-1, all providing the

CSC subpopulation with a survival advantage when exposed to chemotherapy and radiation

therapy. In the present study, as NSCLC CSCs demonstrated Paclitaxel resistance and since

A549 cells overexpress EGFR, it is proposed here that the resistance of these cells is possibly

due in part to increased EGFR levels in the isolated CSCs. Thus, the EGFR levels associ-

ated with the CSCs are evaluated here, using real time reverse transcriptase PCR assays and IF.
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EGFR and spheroid formation

As previously described, a particular characteristic of CSCs is their ability to grow in three

dimensional spheres in vitro as opposed to the adherent monolayers of their non-CSCs counter-

parts (Fig.2.2). High levels of EGFR expression have been linked to driving spheroid formation

in glioma CSCs (Liu et al., 2013). Of more relevance to the present study, blocking EGFR

with inhibitors suppressed the formation of spheroids, in A549 CSCs, further indicating a

dependency on the high expression of EGFR in these cells. Eyler et al. (2008) elucidated that

it is the downstream activation of Akt by EGFR that is responsible for the sphere formation,

since Akt inhibition prevented sphere formation, whilst also inducing apoptosis.

Hypoxic niches

As briefly mentioned in Chapter 3, as the tumour bulk increases in mass, hypoxic niches

develop. Cells in these regions are forced to reach metabolic demands through anaerobic

respiration and as a result produce more lactic acid. The lower pH induces the several tran-

scription factors, including hypoxia-induced factor-1, or HIF-1. HIF-1 induces transcription

of vascular endothelial growth factor (VEGF) to improve the supply of blood to the hypoxic

niche. HIF-1 is also found to increase radioresistance in solid tumours (Morrison et al., 2010).

Interestingly, HIF-1 levels in CSCs is increased despite normopoxia indicating another factor

is responsible for its increase. Research by Morrison et al. (2010) shows the increased EGFR

expression in CSCs is directly responsible for increased HIF-1 in the absence of hypoxia.

The increased HIF-1 in this population is thought to contribute towards its resistance to

conventional therapies. An increased expression of EGFR and HIF-1 as seen in NSCLC CSCs

is associated with a poorer patient prognosis.

EGFR increases Bcl-2 expression

As previously discussed in Chapter 3, CSCs are thought to possess resistance to chemotherapy

through their overexpression of Bcl-2, an antiapoptotic protein. Like HIF-1, the increased

expression of Bcl-2 is noted when EGFR is overexpressed. EGFR activates downstream Akt,

which in turns activates Bcl-2, preventing apoptosis. It has been reported that when Akt was
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downregulated, so too was Bcl-2 (Diaz and Leon, 2011).

EGFR increases ABCG2 expression

EGFR has been shown by Yang et al. (2013) to increase expression of both Sox-2 and ABCG2.

ABCG2 is an ATP-dependent membrane transporter that effluxes drugs from CSCs, providing

resistance to chemotherapy. As described in the present study, some 99.1% of purified CSCs

displayed ABCG2 expression as assayed through Hoechst efflux ability. Deductively, since

ABCG2 expression is high, EGFR expression in this CSC population is expected to be elevated,

relative to the non-CSCs. EGFR is thought to increase ABCG2 expression through increasing

the expression of the pluripotent transcription factor, Sox-2 (Singh et al., 2012). Singh et al.

(2012) demonstrated that inhibition of Sox-2 decreased ABCG2 expression by CSCs in culture.

EGFR increases Sox-2 expression

EGFR is further involved with pluripotency factors, acting to increase Sox2 expression

by phosphorylating Stat3, which once phosphorylated is then responsible for downstream

activation of Sox-2 (Singh et al., 2012). Furthermore, increasing EGF concentrations, with

the activation of EGFR caused an increased percentage of CSCs within a tumour population.

It would then seem that Sox-2, a mediator of stem cell maintenance, may be integral to the

EGFR pathway and the self-renewal of the CSC state.

EGFR increases EMT

Another consequence of increased EGFR stimulation with EGF was the increased N-cadherin

expression in place of E-cadherin. This phenotype represents dedifferentiation of cells and an

increase in the CSC population. Notably, this increased concentration of N-cadherin is thought

to be an important step in migration in the EMT model (Yang et al., 2013). An overexpression

of EGFR and its ligand, EGF were shown in breast cancer to be linked to metastatic disease

and a poorer prognosis. Recent research hypothesises that such EGFR overexpressing cells,

being less differentiated and more chemoresistant, may well be CSC (Mallini et al., 2014).

Metastatic disease is hypothesised to be a result of EMT which is characterised through the

loss of E-cadherin expression and an increased expression of N-cadherin. The epithelial cells

develop filopodia at the edge of migrating cells that adhere to the extracellular matrix (ECM).

The mesenchymal cells are able to contract actinmyosin filaments to migrate.
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Role of EGFR in CSCs

In this Chapter, EGFR mRNA expression is compared in the A549 CSCs and non-CSCs

using qRT-PCR. Although qRT-PCR can identify changes in EGFR mRNA expression, these

changes may not be directly proportional to EGFR expression and this is discussed further in

Section 4.4.. Thus, subsequent qualitative studies using confocal microscopy were performed

to produce more robust results of the comparative EGFR expression in the CSC and non-CSC

populations.

The objectives for this chapter are:

• to perform qRT-PCR to compare EGFR mRNA in CSCs and non-CSCs;

• to use IF to assess qualitative patterns of EGFR expression in CSCs and non-CSCs;

• and to explore the link between CSCs EGFR expression and chemoresistance.
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4.2 Materials and Methods

4.2.1 qRT-PCR EGFR mRNA expression in A549 CSC and non-CSCs

RNA extraction of 1x106 cells from three biological repeats of A549 WT non-CSCs and A549

WT CSCs was performed using the RNA extraction kit (Qiagen) and RNA products were

diluted to 200 ng µl−1 in RNase free water.

cDNA synthesis was performed using the TaqMan cDNA reverse transcription kit (Thermo

Fisher Scientific). 3.8 µl of RNA at a concentration of 200 ng µl−1 from each biological replicate

of A549 non-CSC and A549 CSC sample was added to a sterilised PCR tube containing

2 µl 25mM MgCl2 with 1 µl 10X RT buffer, 1 µl random hexamers, 1 µl RNase inhibitor, 1 µl

deoxyNTP mixture and 0.2 µl MultiScribe Reverse Transcriptase 50 U/µl to a final volume of

10 µl. Reverse transcription was performed in the Biorad MJ Mini with a hexamer incubation

at 25◦C for 10 minutes, reverse transcription at 37◦C for 60 minutes and a reverse transcriptase

inactivation step at 95◦C for 5 minutes.

For each of the three A549 non-CSC and A549 CSC biological repeats, two replicates of

10 µl qRT-PCR reaction mixtures were made, containing 3 µl 50 ng µl−1 cDNA, 1 µl each of

25 pmol µl−1 forward (F) and reverse (R) primers for each of BA, GAPDH, HBMC, UBC or

EGFR and 5 µl AB Applied Biosystems SYBR Green PCR master mix. Reference genes were

provided by The Department of Internal Medicine, University of the Witwatersrand. EGFR

primers were designed using the NCBI Primer Blast Software. qRT-PCR was performed on

an Applied Biosystems 7500 Real Time PCR System with a 5 minute 50◦C start for 2 minutes

followed by 10 minutes at 95◦C, then followed by 40 cycles of 95◦C for 15 seconds, 60◦C for 1

minute and a 30 second elongation step at 72◦C, where data were collected for each step.
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Table 4.1: qRT-PCR forward (F) and reverse (R) primer sequences for EGFR and reference

gene controls.

Primer sequence

EGFR F 5’-GCA CCT ACG GAT GCA CTG GGC-3’

EGFR R 5’-GCG TGC GCT TCC GAA CGA TG-3’

BA F 5’-CTG GAA CGG TGA AGG TGA CA-3’

BA R 5’-AAG GGA CTT CCT GTA ACA ATG CA-3’

GAPDH F 5’-TGC ACC ACC AAC TGC TTA GC-3’

GAPDH R 5’-GGC ATG GAC TGT GGT CAT GAG-3’

HMBS F 5’-GGC AAT GCG GCT GCA A-3’

HMBS R 5’-GGG TAC CCA CGC GAA TCA C-3’

UBC F 5’-ATT TGG GTC GCG GTT CTT G-3’

UBC R 5’-TGC CTT GAC ATT CTC GAT GGT-3’

Data analysis was performed with a modified ∆∆CT method, developed by Hellemans et al.

(2007) which allows for reference gene normalisation for the four reference genes used in this

experiment, namely BA, GAPDH, HBMS and UBC. The control chosen for these calculations

was the A549 non-CSCs. The equations used to calculate normalised relative quantities

(NRQs) were sourced from the Hellemans et al. (2007) paper on which the qBase software

is dependent. The steps used for the relative quantification are described in the following

section.

4.2.2 qRT-PCR equations used to calculate NRQs

Note: These equations are outlined in the paper published by Hellemans et al. (2007)

1) Convert Cq values into relative quantities:

Cq =
∑n

i=1Cqn

n
(4.1)

SD =
√

Σ(x− x)2

n− 1 (4.2)

2) Calculate ∆Cq for each sample

∆Cq = Cqcontrol − Cqsample = Cqnon−CSC − CqCSC (4.3)
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SD(∆Cq) =
√

(SDnon−CSC)2 + (SDCSC)2 (4.4)

3) Relative quantification (RQ) calculation:

RQ = E∆Cq (4.5)

SD(RQ) = × ln 2× SD(∆Cq) (4.6)

4)Normalisation factor (NF) for the four reference genes:

NF =4 √RQBA ×RQHMBS ×RQGAP DH ×RQUBC (4.7)

SD =

√[
SD(RQBA)
RQBA

]2
+
[
SD(RQHMBS)
RQHMBS

]2
+
[
SD(RQGAP DH)
RQGAP DH

]2
+
[
SD(RQUBC)
RQUBC

]2
×NF4
(4.8)

5) Normalised RQ (NRQ):

NRQGOI = RQCSC

NF
(4.9)

SD(NRQ) =

√[
SD(RQGOI)
RQGOI

]2
+
[
SD(NF )
NF

]2
×NRQ (4.10)

4.2.3 Confocal microscopy assessment of EGFR expression in CSC vs non-

CSCs

To qualitatively, and quantitatively assess the cellular expression of EGFR in the CSC and

non-CSCs, confocal microscopy was used. A549 CSCs and non-CSCs were seeded and stained

in triplicate according the protocol detailed in Chapter 2, Section 2.2.5. Antibody changes

were made to primary and secondary antibodies, these being, rabbit anti-EGFR (AbCam,

ab2430) and secondary antibody, anti-rabbit Alexa Fluor 594 (Invitrogen) respectively. The

primary antibody and secondary antibody dilutions were 1:500 and 1:200, respectively. The
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remainder of the protocol was followed as stated in Section 2.2.5.

When using the confocal microscope, the gain was set and maintained at the same value

whilst viewing all the samples, and scan speed was set to 4 with 4 lines/scan. The pinhole

was set to 1AU and cells were viewed using the 63× glycerol objective. Images were captured

using Zen 2012 software. After this, using ImageJ, the average red and green fluorescence per

pixel was calculated for 6 cells per biological sample triplicate, to quantify EGFR and CD133,

respectively. These values were compared using a two-sided Student’s t-test.
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4.3 Results

qRT-PCR was used to determine relative EGFR mRNA expression in the A549 CSC and

non-CSC subpopulations. Bustin et al. (2009) released the Minimum Information for Publica-

tion of Quantitative Real-time PCR Experiments (MIQE), aiming to ensure consistency in

the reporting of qRT-PCR data and to ensure reproducibility of data between laboratories.

The qRT-PCR results in Fig.4.2 show a statistically significant increased NRQ for EGFR

mRNA expression in A549 CSCs compared to the non-CSCs (P=0.0084). In order to achieve

reproducible qRT-PCR results, EGFR mRNA expression was normalised against the four

reference genes, GAPDH, HMBS, BA and UBC. The qBase relative quantification framework

gave an NRQ for non-CSCs at 1, with a SD of 3.54, relative to the NRQ for CSCs at 16.68,

with a SD of 4.49. These statistically significant results indicate that the EGFR mRNA

expression in CSCs is higher than that of the non-CSCs.

The MIQE guidelines caution that the presence of mRNA does not necessarily translate to

an increased protein expression. As a result, protein studies are a necessity when analysing

alterations in EGFR levels within CSCs and non-CSCs. In an article published by Chen et al.

(2002), mRNA and protein expression were found to be discordant in NSCLC. According to

Mehra et al. (2003), proposed reasons for the discrepancies include competition for tRNA and

the concentration of ribosomes within the cells. With this in mind, protein expression studies

using confocal microscopy were also performed, as qRT-PCR does not validate a change in

protein levels.

Results in Fig.4.3A give evidence that EGFR and CD133 appear to be distributed throughout

the cytoplasm in both A549 subpopulations. The EGFR and CD133 staining in the CSCs is

more intense than the non-CSCs. CSC images also show co-localisation of EGFR and CD133,

indicated by yellow staining. Fig.4.3B shows a statistically significant difference in expression

of EGFR and CD133, P=1.04 ×10−5 and P=4.78 ×10−8 respectively, with CSCs having a

higher expression of both proteins.
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4.3.1 qRT-PCR EGFR mRNA expression in A549 CSCs and non-CSCs.

Figure 4.2: qRT-PCR normalised relative Cq (NRQ) of EGFR mRNA expression in A549 CSCs

and A549 non-CSCs showing the increased NRQ in CSCs (16.68) compared with the non-CSCs

(1.00); P=0.0084 (*P < 0.01)
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4.3.2 Confocal microscopy assessment of EGFR expression in CSCs vs
non-CSCs

Figure 4.3: Comparison of EGFR expression in CSCs and non-CSCs through confocal microscopy

and ImageJ analysis. (A) Immunofluorescence images captured with Zen 2012 Software viewed on

a Zeiss LSM 780 confocal microscope depicting the expression of CD133 (green), EGFR (red) A549

CSCs (top panel) and non-CSCs (bottom panel) and the nuclei stained with DAPI (blue). The

primary anti-CD133 antibody and secondary anti-mouse Alexa Fluor 488 antibody were at 1:500

and 1:100 dilutions, respectively. The primary Rb anti-EGFR antibody (ab2430) and secondary

anti-rabbit Alexa Fluor 594 antibody were utilised at 1:500 and 1:200 dilutions, respectively.

Co-localisation is shown as yellow, being a merge of the green and red fluorescence (B) Bar

graphs of A549 CSCs and non-CSCs showing average red fluorescence per pixel indicating EGFR

expression; P=1.04 ×10−5 (left); and green fluorescence per pixel indicating CD133 expression

P=4.78×10−8 (right). Data represent measurements from biological triplicates and are presented

as the mean ±SD (*P<0.0001).
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4.4 Discussion

The qRT-PCR (Fig.4.2) and IF results (Fig.4.3) obtained are concordant. It is shown that the

CSCs have both increased EGFR mRNA and EGFR protein expression, relative to the non-

CSC subpopulation. This increased EGFR expression in CSCs has been previously described

by Soeda et al. (2008) in glioma stem cells, who suggest that EGFR plays a unique role in

this subpopulation, being implicated in the activation and maintenance of CSC populations

and in increasing resistance to conventional chemotherapy.

4.4.1 Role of EGFR in maintenance of CSC state

The IF images in Fig.4.3 show co-expression of CD133 and EGFR in CSCs, but not in

non-CSCs. Both of these proteins are significantly higher in CSCs than in the non-CSC

subpopulation. The co-expression of EGFR and CD133 is consistent with results found

by Miqueli et al. (2009) in glioma CSCs, indicating a relationship between these proteins.

One hypothesis is that EGFR (variant III, specifically) is co-expressed together with CD133,

contributing to the stemness of CSCs (Liu et al., 2013).

In NSCLC and glioma CSCs, EGFR is thought to play a role in maintenance of CSC states,

including spheroid formation in cell culture and regulation of CD133 and ABCG2 expression

(Eyler et al., 2008). In the present study, both mRNA encoding for EGFR and associated

protein expression levels are notably raised in NSCLC stem cells.

EGFR expression in NSCLC CSCs could be increased as a result of a constitutively active

variant or a greater EGFR copy number, as reported in a study on glioma stem cells by Stoltz

et al. (2015). Furthermore, it is thought that the constitutively active EGFR seen in CSCs

activates Akt and is responsible for transforming non-CSCs to CSCs (Li et al., 2009).

As discussed previously, spheroid formation is a characteristic of CSCs. The NSCLC CSCs

analysed here show high EGFR expression, as compared to the non-CSCs (Figs. 4.2 and 4.3).

Consistent with Yang et al. (2013), the CSCs have a spheroid growth pattern (Fig.2.2B). The

lower EGFR expression in non-CSCs, may correlate to the absence of spheroid growth in cell

culture (Fig.2.2A). In support of this, it has previously been reported that A549 CSCs treated

with the EGFR inhibitors, gefitinib and AG1478, displayed a decreased sphere formation in
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vitro (Kim et al., 2012b). Further, downregulating EGFR inhibits spheroid growth in both

NSCLC and breast CSC cultures (Singh et al., 2012; Yang et al., 2013).

4.4.2 Role of EGFR in chemoresistance of CSCs

CSCs have been reported to be more resistant to conventional chemotherapy than non-CSCs

and in relation to the Paclitaxel resistance reported here, the elevated EGFR in the CSCs is

proposed in the present study to contribute to this resistance. This may conceivably occur

through increasing Akt, Sox-2, HIF-1 and ABCG2 expression.

The phosphoinositide-3-kinase (PI3K)/Akt/mTOR pathway is a commonly dysregulated sig-

nalling pathway in cancer. With regards to EGFR, increased expression activates downstream

Akt. In turn, the Akt/phosphoinositide hydroxykinase pathway in these CSCs increases

tumour survival, proliferation and invasion (Hu et al., 2014). Upon inhibition of Akt in

CSCs, there was an increase in apoptosis and a decreased proliferation of these cells (Hu

et al., 2014). Thus, should the A549 CSC population isolated here be subjected to EGFR

or downstream Akt inhibition, they should show less resistance to Paclitaxel. Interestingly,

NSCLC non-CSC population was found by Li et al. (2009) to be less dependent than CSCs on

Akt for tumorigenesis. These results justify the use of therapies targeted at specific tumour

subpopulations.

The expression of pluripotent factors are also associated with CSCs. In respect of this, Singh

et al. (2012) found EGFR expression to be higher in CSCs and which subsequently increased

Sox-2 protein levels, through the Src/Akt pathway. This is of some importance as Sox-2 is

responsible for stem cell renewal. Conversely, with the inhibition of EGFR, Sox-2 protein

expression was downregulated, together with self-renewal and stem cell expansion (Singh

et al., 2012).

Other pathways are also implicated in the chemoresistance of CSCs to conventional chemother-

apy. As stated, EGFR drives HIF-1 in CSC under normopoxic conditions. The Paclitaxel

chemosensitivity assay in Chapter 3 was performed under such normopoxic conditions. This,

in conjuction with increased EGFR expression, implies that HIF-1 will be preferentially

expressed in CSCs conferring resistance. Furthermore, the confirmed increase in EGFR
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expression will also increase BCl-2 expression and survival, as was seen in the chemosensitivity

assay which displayed less cell death in the CSC population (Chapter 3). The increased

EGFR expression in the CSCs also stimulates the progression of cells from an epithelial to

mesenchymal phenotype. With this change, the cells display resistance to chemotherapy,

consistent with results in Chapter 3. The relatively lower EGFR expression in the non-CSCs

will render them less chemoresistant with a lower migratory and metastatic potential (Yang

et al., 2013).

4.4.3 EGFR as a potential therapeutic target

It is clear from the above discussion that EGFR mediates chemoresistance in CSCs through

multiple pathways. For example, Akt and Sox-2 downstream of EGFR are important for

maintenance and tumorigenesis of CSCs specifically. Therapies targeting these pathways

might yield better outcomes and prognoses for patients with NSCLC. NSCLC shows resistance

to agents such as Paclitaxel. Mechanisms through which EGFR display resistance have

been discussed in detail in this chapter and downregulation of EGFR could mitigate these

mechanisms to increase susceptibility of CSCs to drugs.

In pre-clinical studies, antagonising EGFR with nimotuzumab in gliomas sensitised the CSCs

to conventional chemotherapy (Templeton et al., 2014). Similarly, miRNA-7, a downregulator

of EGFR has been shown by Liu et al. (2014) to increase chemosensitivity of NSCLC. Increasing

miR-7 expression has been shown to decrease chemoresistance and EGFR expression in A549

cells, thus decreasing proliferation and potentially improving patient prognosis (Webster et al.,

2009). Since EGFR is overexpressed in NSCLC, the role of miR-7 as a potential therapeutic

for non-CSCs and CSCs should be explored.
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4.5 Conclusion

Research on CSCs shows that EGFR is vital in maintaining the stem cell state of CSCs.

When EGFR is silenced, the characteristic spheroid growth pattern of CSCs disappears and

pluripotent stem cell markers are downregulated, resulting in decreased maintenance and

growth of stem cells. Furthermore, increased expression of EGFR together with Akt have

been shown to initiate the transition of non-CSCs to CSCs. Akt has also been shown to

contribute to the tumorigenesis of CSCs. From such reports, Akt and EGFR stand out as

targets for chemotherapy and radiation therapy for CSCs. Most of the aforementioned studies

were performed on glioma cell lines.

In the following work, in Chapter 5, the role of EGFR in the maintenance and chemoresistance

of NSCLC CSCs is further evaluated. Lentiviruses were synthesised, to assess the effect of

constitutively active expression of miR-7 on cellular EGFR expression.
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CHAPTER 5

EGFR knockdown mediated by miR-7 transduction

5.1 Introduction

As reported in the present study, EGFR is highly expressed in CSCs. Thus, further evaluate

the role of EGFR in CSCs, a novel knockdown approach, targeting EGFR associated miRNA

expression was undertaken and is presented here. Briefly, microRNAs are small, non-coding

RNA molecules that display complementarity to particular mRNA sequences, targeting them

for degradation, as negative regulators of protein expression. In particular, EGFR is regulated

by miR-7 expression. By introducing lentivirus mediated stable expression of miR-7 into target

cells, will allow for decreased EGFR expression and the role of EGFR in CSC maintenance

and chemosensitivity to be further classified.

5.1.1 microRNA biology

In healthy cells, protein expression is tightly regulated. In cancers, such as NSCLC, overexpres-

sion of proteins is common, with increased oncogene expression and decreased tumour supressor

gene expression driving tumour progression. While there are multiple ways in which protein

expression is regulated within human cells, the particular focus here is through microRNAs.

microRNAs (miRNAs) are non-coding RNA molecules approximately 22 nucleotides in length

that regulate the expression of proteins within a cell (Lim et al., 2003). Over 1000 miRNA

molecules and their targets have been identified. Most miRNAs function to downregulate the
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expression of their target protein. Through this mechanism, they prevent the overexpression of

proteins that would otherwise result in dysregulation of cellular processes and that could lead

to uncontrolled proliferation and cancer (Croce, 2009). Lee et al. (1993) were first to correlate

mutations, deletions and epigenetic silencing of miRNA with the development of cancer. Like

other proteins in the cell, EGFR expression is regulated by miRNA, specifically miRNA-7.

Consistent with Croce (2009), changes in miR-7 expression through various mechanisms, such

as decreased expression or mutations, have been implicated in the development of EGFR

overexpressing tumours.

miRNAs are transcribed by RNA polymerase II as pri-miRNAs, these consisting of between

60 and 100 nucleotides (nt) in length (Starega-Roslan et al., 2011a). Pri-miRNAs have unique

hairpin structures that are different from other stem-loop structures present in the nucleus.

This hairpin structure has a double stranded stem containing on average 30 bp, with flanking

single stranded RNA segments. The pri-miRNA is cleaved by Drosha and DGCR8 in the nu-

cleus to form a pre-miRNA that is transported out of the nucleus by Exportin-5. The miRNA

is cleaved by Drosha 11 bp away from the ssRNA, dsRNA junction, resulting in a pre-miRNA

that has a 3’ overhang and typically has a 16 bp stem that is recognised by Exportin-5. The

final miRNA is formed in the cytoplasm when RNaseIII Dicer acts on the pre-miRNA. Only

the guide strand of the mature duplex miRNA becomes part of the RISC (RNA-induced

silencing complex) (Ryan et al., 2010). The other strand, termed the passenger strand, is

degraded. It is at this stage that the seed region of the miRNA binds to the target mRNA.

The seed region of the miRNA is identified from position 2–7 of the miRNA sequence and is

responsible for binding to the target mRNA at its 3’ untranslated region (3’ UTR) (Starega-

Roslan et al., 2011a). The greater the degree of complementarity between the seed region and

the 3’ UTR, the greater the inhibition and degradation of the target mRNA (Ryan et al., 2010).

5.1.2 microRNA-7 in regulation of EGFR expression

miR-7 is an important regulator of EGFR expression (Landgraf et al., 2007). The most

commonly found miR-7 in Homo sapiens is cleaved from hsa-pri-miR-7-1 (Fig.5.1), which

is found on chromosome 9, in the intron of the HNRNPK gene (Lee et al., 2011). RNA

Polymerase II is thought to be responsible for its transcription. After processing by Dicer

and Drosha, the mature miR-7 is incorporation into RISC. The seed region of miR-7 which
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is complementary to the 3’UTR of EGFR targets EGFR mRNA for degradation. miR-7

mediated EGFR downregulation causes physiological effects due to its decreased expression of

EGFR. miR-7 overexpression is reported to decrease viability, proliferation and the metastatic

potential of some tumour cell lines (Webster et al., 2009). miR-7 is not conserved across

mammalian species having amplifications and mutations, such as deletions or rearrangements

of miR-7, shown in numerous tumour cell lines (Webster et al., 2009).

Figure 5.1: Stem loop structure of hsa-pri-miR-7, with miR-7 sequence detailed in red. Image

adapted from Landgraf et al., (2003)

It may be hypothesised that a decreased miR-7 level, or a mutated miR-7, could be responsible

for an increased EGFR expression in A549 CSCs, and non-CSCs which also overexpress EGFR,

but to a lesser extent. Since miR-7 is an important endogenously controlled silencer of EGFR,

it was chosen as the mechanism through which EGFR was silenced.

5.1.3 Stable transduction of miR-7 in A549 non-CSCs

miRNA studies require that miRNAs are overexpressed (or silenced) through transfection

and transduction techniques to identify their role in cancer pathology. Transduction has

the advantage over transfection, as it allows for stable expression of the desired miRNAs

within the target genome. Transduction is most often performed with vectors derived from

lentiviruses, adeno-associated viruses (AAV) and retroviruses. Some of these vectors have

been engineered to allow integration without replication, decreasing biohazard associated risks

(Yang, 2015).
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Lentiviruses enable transduction of sequences up to 8 kilobases in length. The advantage of

lentiviral transduction over the AAV and retroviruses is that it allows for the transduction

of rapidly dividing and non-dividing cells (Yang, 2015). The efficiency of this transduction

method was demonstrated by Lee et al. (2011), with miR-143 expression increasing some

2500 fold in epithelial cells transduced with lentiviruses containing the pre-miR-143 sequence.

Bielewicz et al. (2013) showed that pri-miRNA transduction results in higher knockdown effi-

ciency than both pre-miRNA and miRNA. Thus, in the present study, lentivirus transduction

of pri-miR-7 was performed for stable expression of miR-7 in A549 CSCs and non-CSCs. The

molecular cloning and lentiviral transduction techniques used in this research are described

in Section 5.2. Lentivirus transduction efficiency can be assessed through GFR fluorescence,

shown in Sections 5.2.7 and 5.3.2.

With verified cloning and sequencing (Section 5.3.1 and 5.3.5 respectively), it can be deter-

mined whether stable transduction of miR-7 was achieved. This stable transduction results

in constitutively active expression of miR-7 and allowing for the role of this miRNA in

chemoresistance and EGFR expression to be assessed in the isolated cell populations. The

efficiency of the transduction is thoroughly discussed in Section 5.4.

Since lentivirus transduction itself may affect the growth rate of A549 cells, a negative control

with miR-107 expression was also cloned. The methods for cloning and transduction and the

result obtained for miR-107 are discussed alongside those for miR-7.

Note: This chapter deals with the transduction efficiency of A549 non-CSCs. Since the

growth rate of non-CSCs is significantly higher than CSCs, transduction was first verified in

this subpopulation. Testing of the knockdown efficiency was performed on non-CSCs before

transduction was performed on the A549 CSCs.

The objectives of this chapter are:

• to clone hsa-pri-miR-7 and pri-miR-107 downstream of the U1 promoter in a lentiviral

plasmid;

• to synthesise lentiviruses containing the U1-hsa-pri-miR-7 and U1-pri-miR-107 sequence;

• to achieve a transduction efficiency of greater than 80% for both hsa-pri-miR-7 and
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pri-miR-107;

• to perform a Western Blot to ascertain EGFR knockdown efficiency of miR-7 transduced

non-CSCs;

• and to use IF to determine EGFR expression changes resulting from miR-7 mediated

knockdown.
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5.2 Materials and Methods

5.2.1 PCR amplification of hsa-pri-miR-7 from A549 genomic DNA

HEK293 genomic DNA was used as a template for conventional PCR, from which hsa-pri-

miR-7 was amplified. 1.3x106 A549 cells were washed twice with PBS after centrifugation for

5 minutes at 300×g. The supernatant was removed and PBS was added to a final volume

of 200 µl. The Qiagen DNA Minikit Blood and Body Fluid Spin protocol was followed for

DNA extraction. The 162 ng product was run on a 1% agarose 1% ethidium bromide gel

at 100V for 1 hour to confirm extraction and visualised with a BioRad gel doc under UV

transillumination to confirm extraction. Both forward and reverse primers were designed

manually, with assistance from Marc Weinberg, to contain BSMB1 restriction sites (see

Fig.5.2). The primers synthesised by the Department of Molecular and Cell Biology at UCT

were used to amplify hsa-pri-miR-7 from HEK293 genomic DNA:

hsa-pri-miR-7 forward primer:

5’-GAT CCG TCT CGT CTC CTG CTT TCT TAC TAA AAA TGA AGA CAT TCA ATA

CTA ATC TTG-3’

hsa-pri-miR-7 reverse primer:

5’-GAT CCG TCT CCA AGT GTG TCA AGA AAA ATG ATG AGT AGT AAA TCG

GAC A-3’

1 µl (50 ng µl−1) of A549 genomic DNA amplification was performed with a 10 minute PCR

hot-start at 95◦C, followed by 30 cycles with three steps: denaturation of DNA at 95◦C for

30 seconds, annealing at 60◦C for 30 seconds and elongation at 72◦C for 60 seconds. Once

cycling was complete, a final elongation at 72◦C was performed. A negative control was run

in the same reaction in which the template was omitted and replaced with nuclease-free water.

The PCR was run in the Biorad MJ Mini.

5 µl of Gene-rule DNA ladder (Thermo Fisher Scientific) and the products from both PCR

reactions were run on a 1% agarose 1% ethidium bromide gel at 100V in TAE buffer for 1

hour, to confirm successful amplification of hsa-pri-miR-7.
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Figure 5.2: Diagram of the strategy used to obtain hsa-pri-miR-7 downstream of the U1 promoter in pU1-neo. Forward and reverse primers were

designed to contain BsmBI recognition sites. These allowed for digestion of the pri-miR-7 sequence and subsequent ligation downstream of the U1

promoter in the pU1-neo plasmid. More details in Section 5.2
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5.2.2 Construction of pU1-neo plasmid with hsa-pri-miR-7 insert

Marc Weinberg provided the pU1-neo plasmid that allowed for the insertion of the hsa-pri-

miR-7 PCR product downstream of the PolII U1 promoter. The cloning strategy designed

with assistance from Marc Weinberg is illustrated in Fig.5.2. pU1-neo-miR107 was provided

for this project by Marc Weinberg to serve as the negative control.

2 µl (100 ng µl−1) of pU1-neo plasmid was transformed with competent E. coli DH5-α. A

negative control was also performed in which dH2O was added to the competent bacteria

in place of the plasmid DNA. DH5-α transformed with hsa-pri-miR-7 and the control were

streaked using aseptic technique onto separate Ampicillin agar plates (prepared according to

B.1.2) and were incubated overnight at 37◦C. One colony was picked and inoculated into LB

Ampicillin broth (prepared according to A.3.3 in Appendix A) for 16 hours. The plasmid was

prepared with the QIAprep Spin Miniprep kit. The integrity of the plasmid was confirmed by

digestion with NotI and the digested product was run on a 1% agarose 1% ethidium bromide

gel at 100V to confirm isolation of pU1-neo plasmid.

PCR cleanup of A549 hsa-pri-miR-7 was performed using the Qiagen Mini DNA kit. 30 ng of

hsa-pri-miR-7 cleaned PCR product and 100 ng pU1-neo were digested in separate reactions

with 0.5 µl NEB BsmBI in 2 µl 2xNEB buffer 3.1 and made up with dH2O to a final volume

of 20 µl. Digestion proceeded for 1 hour at 55◦C and enzyme heat inactivation was performed

at 80◦C for 20 minutes.

40 ng of BSmBI digested pU1-neo and 21ng digested hsa-pri-miR-7 products were ligated

in a reaction containing 2 µl Thermoscientific ligation buffer and 1 µl T4 DNA ligase, made

up to 20 µl with dH2O. 1 µl Thermoscientific FastAP was added to the pU1-neo digestion

reaction. A ligation control was performed to the same volume with dH2O in place of the

hsa-pri-miR-7 insert. After a 1 hour ligation at 22.5◦C followed by a 20 minute 80◦C heat kill

step, 2 µl hsa-pri-miR-7 pU1-neo ligation product and the ligation control were transformed

in two separate vials of 100 µl of competent DH5-α. Three colonies were selected from the

hsa-pri-miR-7 pU1-neo bacterial Ampicillin agar plate and inoculated in separate sterile vials

of 4ml Ampicillin LB broth (Appendix A.3.3) and grown overnight at 37◦C. Plasmids from

each sample were prepared with the QIAprep Spin Miniprep kit and 100ng of plasmid were

digested with 1 µl NotI and 1 µl XbaI for 1 hour at 37◦C. Products were run on a 1% agarose
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1% ethidium bromide gel at 100V for 1 hour and visualized with a BioRad gel doc under

UV transillumination. Digestion was used to verify the correct insert of 700bp, the size of

hsa-pri-miR-7 downstream of the U1 promoter.

5.2.3 Construction of pHIV-7-GFP plasmid containing U1-hsa-pri-miR-7

and U1-pri-miR107

pHIV-7-GFP was donated by Bryan Welm and Zena Werb (Welm et al., 2008). pU1-neo-hsa-

pri-miR-7, a positive clone was selected for insertion into the pHIV-7-GFP multiple cloning

site (MCS) by simultaneous digestion of 100 ng pHIV-7-GFP and 100 ng pU1-neo-hsa-pri-

miR-7 with 1 µl NotI and 1 µl XbaI in 2 µl Buffer O. Digestion products were run on a 1%

agarose 1% ethidium bromide gel at 100V. The pHIV-7-GFP backbone and the hsa-pri-miR-7

clone A insert were gel extracted with Thermoscientific GeneJet Gel extraction kit. Ligation

was performed at 22.5◦C for 1 hour with 30 ng pHIV-7-GFP gel extracted vector and 20ng

pU1-neo-pri-miR-7 insert using 2 µl Thermoscientific ligation buffer and 1 µl T4 DNA ligase

in a 20 µl reaction, made up with dH2O. Ligation was followed by a 20 minute enzyme

denaturation at 80◦C. A control ligation was simultaneously performed with dH2O in place

of the U1-hsa-pri-miR-7 insert. For transformation, a 100 µl vial of competent textitE. coli

DH5-α was thawed after which 2 µl of reaction product was added to the E. coli DH5-α. The

cells were heat shocked at 42◦C for exactly 90 seconds. Post transformation, the competent

bacteria containing the ligation product from the U1-hsa-pri-miR-7 and pHIV ligation and

the control were spread using aseptic technique onto Ampicillin agar plates (Appendix B.1.2)

and were incubated overnight at 37◦C. Three colonies were picked and inoculated into three

separate vials of Ampicillin agar broth (Appendix A.3.3) and grown overnight in a shaking

incubator at 200 RPM and 37◦C. Each vial was used in a plasmid preparation with the

QIAprep Spin Miniprep kit.

50 ng of plasmid from each of the three broth cultures was digested with 1 µl Thermoscientific

BamHI in 2 µl BamHI buffer in a total volume of 20 µl made up with dH2O. 50 ng of the

previous round pU1-neo-hsa-pri-miR-7 was digested with NotI and XbaI in 2 µl Buffer O and

made up to 20 µl with dH2O, to act as a control. Digestion products were run on a 1% agarose

1% ethidium bromide gel at 100V and viewed with a Biorad gel doc under UV light. Results

of this cloning are shown in Fig.5.3
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For the negative control, U1-pri-miR-107 clone A was selected for ligation into pHIV-7-GFP.

200 ng of pU1-neo-miR-107 DNA was used to transform competent E. coli DH5-α. Ampicillin

agar plates (Appendix B.1.2) were warmed in the 37◦C incubator. A 100 µl vial of competent E.

coli DH5-α were thawed and 2 µl of plasmid DNA was added to the cells and placed on ice for

30 minutes. After this time, the cells were heat shocked for exactly 90 seconds at 42◦C. After

transformation, the bacteria were spread using aseptic technique onto an Ampicillin agar plate

and incubated for 16 hours at 37◦C. After the incubation period, three colonies were picked

and inoculated into three separate vials of 5 ml LB Ampicillin broth and this was incubated

for a further 16 hours in a 37◦C shaking incubator. Plasmid preparation was done using the

QIAprep Spin Miniprep kit (Qiagen, Germany). Following this, the same cloning procedure

outlined for pHIV7-GFP-U1-hsa-pri-miR-7 was used to achieve pHIV7-GFP-U1-pri-miR-107.

Confirmation of successful cloning was performed by digesting the pHIV-pri-miR-107 with

BamHI (results are shown in Fig.5.5). Fig. 5.3 below outlines the above mentioned cloning

strategy employed.
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Figure 5.3: Summary of cloning strategy employed to create A549 CSC and non-CSC with

constitutive expression of miR-7 and miR-107 using lentiviral transduction techniques. miR-7

was amplified through PCR with BsmB1 sites both upstream and downstream of the pri-miR-7

sequence. pri-miR-7 sequence was then cleaved at the BsmBI sites and ligated into the pU1-neo

plasmid following which the U1-pri-miR-7 construct was cleaved with NotI and XbaI and ligated

into pHIV-7. HEK293T cells were transduced with pMDG2, psPAX and pHIV-7-GFP. The

lentiviral products were collected and used to transduce A549 non-CSCs.
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5.2.4 Verification of successful pHIV-7-GFP-U1-hsa-pri-miR-7 clone

Sequencing of pHIV-7-GFP-hsa-pri-miR-7 clone A and pHIV-7-GFP-pri-miR-107 was per-

formed by Inqaba Biotechnologies with the following primers:

pHIV-7-GFP forward:

5’-GTA GAC ATA ATA GCA ACA GAC ATA C-3’

pHIV-7-GFP reverse:

5’-GTA ATC AAT TAC GGG GTC ATT AGT TCA-3’

5.2.5 Lentivirus synthesis

QiaAmp Midiprep kit was used to prepare pHIV-7-GFP-hsa-pri-miR-7, psPAX and pMDG2

(for lentiviral packaging and envelope proteins) where 26.7 µg, 20 µg and 30 µg of plasmid

was isolated respectively. PEI transfection with these three plasmids was performed on 80%

confluent HEK293T cells in a 100mm x 20mm cell Nest cell culture dish. 26.7 µg pHIV-7

plasmid (containing miR-7 insert), 20 µg psPax and 30 µg pMDG2 plasmid DNA were added

to incomplete DMEM-F12. 100 µl of 1000× dilution of Sigma Aldrich unbranched PEI was

added to the above plasmid mixture and vortexed for 1 second 15 times. The mixture was

incubated for 10 minutes at RT. 6ml of DMEM-F12 with 10%FBS was then added and mixed

by inverting five times. The solution was gently aliquoted onto 80% confluent HEK293T cells

in a drop-wise fashion, ensuring an even distribution of drops throughout the dish. The dish

was swirled carefully so as not to detach the cells. After 3 hours of incubation at 37◦C, 20 ml

of DMEM-F12 with 10% FBS was poured into the dish using aseptic technique. After 24

hours, the medium was collected from the dish and placed into sterile 1.5 ml Eppendorf tubes,

which were then stored at -20◦C. 20 ml of cell culture medium was then added to the dish

and incubated for a further 24 hours and the medium was again collected and stored in 1.5 ml

Eppendorf tubes at -20◦C.

5.2.6 NSCLC lentivirus transduction

Both A549 stem and non-stem cells were grown to 80% confluency in 6 well plates with

cell culture medium (Appendix A.1.2) and Stem Pro medium (Appendix A.1.3) respectively.

Virus titration was performed by adding 200 µl, 400 µl, 600 µl, 800 µl and 1000 µl of lentiviral
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transfection mixture into separate wells and incubated for 24 hours in a total medium volume

of 2000 µl per well. Stem cell transduction was performed in a similar manner, however, the

lentiviral cell lysate was centrifuged at 15000 ×g at 4◦C for 24 hours to rid the medium of

FBS. After the medium was decanted, it was replaced with 1500 µl of StemPro medium and

the same titration procedure was followed as with the non-stem cells, with each well filled to

a total volume of 2000 µl. Wells of CSCs and non-CSCs were viewed under the fluorescence

microscope and the GFP expression noted. The well with the highest transduction efficiency

for both stem and non-stem cells was selected for further passages.

5.2.7 Quantification of transduction efficiency using flow cytometry

A 25cm3 flask of each A549 WT, miR-7 transduced and miR-107 transduced cells were grown

to 80% confluency. The medium was removed from each flask, and the cells were washed once

with 5ml PBS. Each flask was then incubated with 1ml of Trysin-EDTA for three minutes to

promote detachment. Once detached, the trypsin was neutralised by the addition of an equal

volume of CCM. Cell suspensions were centrifuged at 800xg for 5 minutes. Cells were washed

with 5ml PBS and the centrifugation repeated. Cells were resuspended in a final volume of

5ml 0.5% BSA PBS.

The LSRFortessa BD Pharmigen was used to determine the transduction efficiencies in the

miR-7 and miR-107 tranduced A549 populations. Detection of cells containing GFP was

performed using the FITC channel, as FITC and GFP share the same excitation and emission

wavelengths. Compensation was not necessary for this experiment as only a single channel,

namely FITC, was used. Gating of the population to normalise for autofluorescence was

performed using the unstained A549 WT, which lacked expression of GFP. Gating was also

performed using SSC-A and FSC-A to exclude doublets.

5.2.8 Growth kinetics comparison between A549 WT and A549 miR-107

transduced control

Since EGFR is known to have an impact on proliferation of cells, it is imperative to assess

whether the A549 WT has the same growth rate as the miR-107 negative control. Should

the growth rates differ, miR-107 will be used as the only negative control for the subsequent

experiments performed in this research.
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In order to assess relative proliferation rates, a scratch assay was performed. A549 non-CSCs

WT and miR-107 transduced cells were seeded in triplicate onto separate 5cm3 plates. The

cells were incubated at 37◦C and 5% CO2 until 80% confluency was reached. A scratch was

made with a sterile 200 µl pipette tip along the diameter of each plate. The size of the gap was

measured on an Olympus IX71 microscope immediately and at 8 hours, and 24 hours after the

scratch was made. A graph of µl proliferation vs time was plotted. An exponential trendline

was fitted to the growth patterns of both WT and miR-107 transduced non-CSCs with the

intercept set at 1.0. Error bars using standard deviation are plotted on the graph. A two-sided

Student’s t-test was performed to determine statistical significance of the proliferation at each

time point.

Exponential trendline equations were differentiated using the chain rule to yield an equation

for each of which was used to determine the rate of proliferation (µmh−1) of the cell lines at

24 hours after the initial scratch was made. A bar graph depicting the relative proliferation

rates (µmh−1) of the two cell lines at 24 hours was then plotted.

5.2.9 Western blotting

Sample preparation

A549 non-CSC WT, cells transduced with miR-7 and miR-107 were seeded in 25cm3 flasks.

Once 80% confluent, they were subcultured in the same flasks in triplicate. The time from

seeding to extraction was approximately 5 days. Cells within each flask were trypsinised in

1ml Trypsin EDTA. An equal volume of complete DMEM was added and suspended cells

were centrifuged at 800× RPM for 5 minutes at 4◦C and the supernatant discarded. 1×106

collected cells were resuspended in 2ml ice cold PBS (Appendix A.1.1) and centrifuged at

800× RPM for 5 minutes. This wash step was repeated once more, and again the supernatant

was removed. To the cells, 200 µl RIPA buffer (Appendix A.4.2) and 2 µl protease inhibitor

were added followed by vigorous pipetting of the mixture and a 5 minute incubation on ice.

Post-incubation, five sonications of 1 minute each were performed on theUltraSonic Cleaner-

Memory Quick (EUMAX) with 30 second incubations on ice in between each sonication. Sam-

ples were then centrifuged at 16 000 × RPM for 12 minutes at 4◦C. 2 µl of each A549 non-CSC

WT, miR-7 and miR-107 transduced sample were used for BCA protein quantification.
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SDS-PAGE

The Biorad casting stand was used to cast a SDS-PAGE by lining up a short plate and a

1mm spacer plate. An 8% resolving buffer (Appendix A.4.5) was prepared in a sterile 15ml

Nunc tube and mixed by inverting the tube 5 times and was then loaded in the space between

the two glass plates to 1.5cm below the top of the plates. 2 µl 90% ethanol was gently added

above the gel solution. The gel was then left to set. Once set, the ethanol was poured off

and filter paper used to remove residual ethanol. A 10% stacking gel was pipetted gently

over the top of the resolving gel (Appendix A.4.7), and into this a 10 lane comb was inserted,

ensuring no bubbles were present between the gel and the comb. Once the stacking gel had

set, the plates containing the gel were transferred to the Mini-PROTEANr Tetra Cell, and

tank buffer (Appendix A.4.9) was poured until it reached the required level for running one

gel. 5 µg SpectraTM(Thermo Fisher Scientific) multicolour broad range protein ladder, with

bands of molecular weight 10kDa, 15kDa, 25kDa, 35kDa, 40kDa, 50kDa, 70kDa, 100kDa,

140, 260kDa, and 20 µg protein samples from WT, miR-7 and miR-107 transduced cells were

loaded into the wells; and the gel was subsequently run at 80V until the 5kDA protein band

was 1.5cm from the bottom of the gel.

Transfer

The gel was removed from the Mini-PROTEANr Tetra Cell and placed on top of a pre-cut

Sigma Aldrich nitrocellulose membrane. Transfer was performed in transfer buffer (Appendix

A.4.10) in a 5◦C cold room at 15V overnight. The membrane was cut at the 75kDa marker

and placed into two separate petri dishes.

Antibody staining

Blocking was performed for 1 hour in blocking buffer (Appendix A.4.11) on a shaker at 30

revolutions per minute (RPM). After 1 hour, blocking buffer was discarded.

For EGFR detection and BA loading control, 1:1000 primary AbCam Rabbit anti-EGFR

(ab2430) and 1:1000 primary AbCam Rabbit anti-BA (ab8227) respectively, were used. Both

antibody dilutions were made in blocking buffer. For each petri dish, after a 1 hour primary

antibody incubation at 30 RPM, the primary antibody solution was discarded and 3 5-minute

washes in 10 ml wash buffer (Appendix A.4.12) were performed.
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For each petri dish, secondary antibody staining was performed using the InvitrogenWesternDotTM

Western Blot Kit by adding, 4 µl Biotin-XX-Goat anti-rabbit to 8 ml wash buffer and placing

this on the membrane. Incubation in secondary antibody was for a duration of 60 minutes

with shaking at 30RPM. This was followed by three 5 minute wash steps in 10 ml wash buffer.

After decanting the wash buffer, 4 µl Qdot R© 625 streptavidin conjugate was added to 8 ml

wash buffer and gently pipetted into each petri dish. Incubation was performed for 15 minutes.

Three final 5 minute washes were performed in 10 ml wash buffer followed by a final wash in

10 ml ultra-pure water. All washes were performed on the shaker at 30RPM.

Image analysis

The membranes were carefully placed on the UV transillumination tray in the GeldocTMEZ.

The membrane image was captured using SYPRO Ruby software with an exposure time of

1.194 seconds. Lanes and bands for non-CSC WT, miR-7 and miR-107 were manually marked

and band density for each band was calculated using ImageJ. EGFR band densities were

calculated relative to the BA loading control. A bar graph depicting EGFR expression relative

to BA was plotted for non-CSC WT, miR-7 transduced and miR-107 transduced cells.

5.2.10 Confocal microscopy based comparison of EGFR fluorescence in

miR-7 and miR-107 transduced cells

Confocal microscopy was carried out as outlined in Chapter 2.2.5, but with changes to the

primary and secondary antibodies to Rb Ab Cam anti-EGFR (ab2430) (1:500 solution) and

secondary antibody anti-rabbit Alexa Fluor 594 (1:100 solution), respectively. After capturing

the images, ImageJ was used to analyse the intensity of red fluorescence in each cell. This

was achieved by quantifying the number of red pixels in each cell. The cells were individually

assessed by using the RBG analysis which gives a value for average number of red pixels per

pixel, this way adjusting for cell size. 6 cells from each of the three biological repeats were

analysed and a bar graph of the results drawn. Statistically, significance was tested using a

Student’s t-test, where P<0.05 was considered significant.
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5.3 Results

hsa-pri-miR-7 amplification from A549 genomic DNA was confirmed by gel electrophoresis

(Fig.C.1, in Appendix C). Gel electrophoresis was also used to confirm successful cloning of

U1-hsa-pri-miR-7 into the pHIV backbone; Fig.5.3 shows clones A, B and C, digested with

BamHI. Two bands are evident in each lane, one at approximately 9000 bp and the other at

approximately 420 bp. The control lane, pU1-neo-pri-miR-7 digested with NotI reveals the

U1-hsa-pri-miR-7 insert at approximately 400 bp and the pU1-neo backbone at approximately

6000 bp. With the size of the U1-hsa-pri-miR-7 construct also being 420bp, it shows that the

U1-hsa-pri-miR-7 remained intact during the cloning process. To confirm that the backbone

has indeed changed from pU1-neo to pHIV-7-GFP, the size of the upper band must be noted.

The upper band in the control lane is at approximately 4500bp, the expected size of this

plasmid digested with NotI.

Fig. 5.5 shows the successful cloning of miR-107 into the pHIV-7 backbone, with the pri-miR-

107 band evident at approximately 400 bp. Once the sequence was confirmed, lentiviruses were

synthesised in HEK293T cells by tranfecting the cells with pU1-neo-pri-miR-7, psPAX and

pMDG2. Lentiviruses, HIV-7-pri-miR-7, were used to transduce and allow stable expression

of hsa-pri-miR-7 in the non-CSCs. The same methodology was implemented in the synthesis

of HIV-7-miR-107. Transduction efficiency was determined using flow cytometry. In Fig.5.6,

P3 indicates the final gated population adjusted for both doublets and GFP autofluorescence

of the A549 non-CSCs. In Fig.5.7, P4 in the HIV-7-miR-7 and HIV-7-miR107 transduced

non-CSCs indicates the percentage of the gated population positive for GFP fluorescence. The

GFP fluorescence was estimated at 97.9% and 95.8% for the HIV-7-miR-7 and HIV-7-miR-107

transduced non-CSC populations, respectively. The BF images obtained for A549 non-CSC

WT, miR-7 and miR-107 show confluent cell growth. The corresponding fluorescence images

for the same field show no fluorescence of the WT cells, but green fluorescence for both the

miR-7 and miR-107 transduced populations.

U1-hsa-pri-miR-7 was successfully cloned into the pHIV-7-GFP, verified by both analysis of

DNA fragments on an agarose gel and by sequencing of the pHIV-7-GFP MCS. Lentiviruses

were produced by HEK293T cells and collected for transduction of A549 cells. The HIV-

7-miR-7 and HIV-7-miR-107 transduced cells showed 97% and 95% transduction efficiency

respectively, according to flow cytometry analysis (see Fig.5.7).
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Since miR-7 will affect EGFR levels and, in turn, cell proliferation amd the effect that the

lentivirus has on this must be determined using the miR-107 negative control. This will guide

whether non-CSC WT will be able to be used as an additional control for miR-7 transduced

non-CSCs. It is reported here that the non-CSCs WT showed an increased proliferation,

compared with non-CSCs expressing miR-107 which was statistically significant (P<0.05)

for time points 24 hours and 28 hours; and not significant at time points of 2 hours and 4

hours (see Fig.5.8). Exponential trendlines fitted to the non-CSC WT and non-CSC miR-107

graphs describe their proliferation pattern as f(x) = 24.034e0.093x and h(x) = 26.584e0.075x

respectively. Table 5.1 gives calculations of f ′(24) and g′(24), showing that the rate of

proliferation of non-CSCs WT was greater than that of non-CSCs miR-107, with these rates

being 20.827 µm h−1 and 12.06 µm h−1, respectively. As represented in Fig.5.10A, 24 hours

after scoring non-CSCs WT and non-CSCs miR-107 with a P200 sterile pipette tip, the

proliferation of non-CSC WT is visibly increased, compared with non-CSCs transduced with

miR-107. Fig.5.10B gives relative rates of proliferation indicating that the rate of proliferation

at 24 hours is 1.73 times greater than that of non-CSCs transduced with miR-107. Both

Western blotting and confocal microscopy were used to determine knockdown efficiency of

miR-7 transduced non-CSCs. The EGFR expression levels were compared to the negative

control, miR-107 transduced non-CSCs as miR-107 has no known effect on EGFR expression.

Western blotting of 20 ng protein shows no visibly evident downregulation of EGFR in non-

CSC miR-7 compared with the miR-107 control (Fig.5.10A). Densitometry shows EGFR

intensity relative to BA for miR-7 and miR-107 were 4.48 and 5.28, respectively. Although this

difference shows miR-7 EGFR expression to be marginally lower than the miR-107 transduced

cells, Western blotting is not sensitive enough for this difference to be significant. As such,

the EGFR levels seen in the Western blot are approximately equal, as shown by Fig.5.10B,

suggesting knockdown was not achieved.

Since no knockdown was seen with Western blotting, the pHIV-7 containing the pri-miR-7

construct was sent for sequencing. Four sequencing reads were obtained. Sequencing results,

shown in Fig.5.11, were analysed using SnapGene and verified by manual comparison between

plasmid design sequence and sequencing results obtained from Inqaba Biotech. NSCLC has

been shown to have mutations in miR-7, with this hypothesised to be one of the causes of

EGFR overexpression. Interestingly, the sequencing results show an A→G point mutation
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at position A20, from the 3’ pre-miRNA terminus. This mutation was not in the miR-7

seed region or in miR-7 but was near the 3’ end of the pri-miR-7. Since this sequence was

isolated from HEK293 cells, there is a possibility that this mutation is one that may occur in

cancer cells and may be responsible for pathogenesis. As such, confocal microscopy of cells

transduced with this miR-7 was performed to assess the possible effect this miRNA has on

EGFR expression in the cells.

Notably, confocal microscopy images in Fig.5.12A appears to show lower EGFR expression in

A549 non-CSCs miR-7 transduced cells, as compared to the miR-107 transduced negative

control. The EGFR expression in the miR-7 transduced non-CSCs shows differential localisa-

tion of EGFR in the nucleus with very little EGFR expression in the cytoplasm and on the

cell membrane. The EGFR expression in the miR-107 cells was diffuse, present extensively in

the cytoplasm and on the cell membrane, with much less EGFR expression in the nucleus

compared with the miR-7 transduced cells. These expression patterns were observed for all

samples collected and analysed.

ImageJ analysis of the confocal microscopy images in Fig.5.12B showed that the concentration

of red fluorescence per cell, adjusted for cell size, indicates that mean red fluorescence in the

miR107 transduced cells is 14.56 compared with 8.61 in the miR-7 transduced cells. These

results were statistically significant with P=0.00616. This infers that the EGFR expression in

miR-7 transduced cells is lower than in the miR-107 transduced cells.

5.3.1 Verification of pHIV-7-GFP plasmid containing U1-hsa-pri-miR-7 in-

sert
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Figure 5.4: Gel electrophoresis to confirm successful cloning of U1-hsa-pri-miR-7 into pHIV

backbone. Lanes A, B and C representing each of clones A, B and C, respectively, were digested

with BamHI. In clones A and B, this generated an 8500 bp fragment (pHIV-7) and a 420 bp

fragment (the pri-miR-7 insert). Previous round cloning of hsa-pri-miR-7 in the pU1-neo backbone

(4500 bp) digested with NotI served as the control (Ctrl).

Figure 5.5: Gel electrophoresis to confirm successful cloning of U1-miR-107 into pHIV backbone.

Lanes A and B representing each of clones A and B respectively, were digested with BamHI.

In clones A and B, this generated an 8500 bp fragment (pHIV-7) and a 440 bp fragment (the

pri-miR-107 insert). Previous round cloning of hsa-pri-miR-107 in the pU1 backbone digested

with NotI served as the control (Ctrl).
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5.3.2 Transduction efficiency of A549 non-CSCs

Figure 5.6: Dot plot of Forward Scatter Height (FSC-H) versus SSC-A (left) and GFP

fluorescence (right) for A549 non-CSC WT, miR-7 and miR-107. 100 000 events were measured

and gating was done to exclude doublets and GFP autofluorescence.
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Figure 5.7: Dot plot of event count versus GFP fluorescence (left) and the corresponding BF

images (middle) and GFP images at 100x magnification (right) for the WT (top) miR-7 (middle)

and miR-107 (bottom) A549 non-CSCs. 100 000 events were measured and gating was done to

exclude doublets and GFP autofluorescence.
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5.3.3 Growth kinetics of A549 WT vs A549 miR-107 control

Figure 5.8: Proliferation (µm) of A549 non-CSC WT and non-CSC miR-107 control at 2 hours,

4 hours, 26 hours and 28 hours after scoring with a sterilised P200 pipette tip; P= 0.69, 0.43,

0.02 and 0.035, respectively. Images were captured using the Olympus IX71 inverted microscope

with 40x magnification. Data are presented as the mean ±SD (*P<0.05).

Table 5.1: Calculated rate of proliferation (µm.h−1) of WT CSC and WT non-CSCs using the

exponential trendlines obtained in Fig.3.1

non-CSC Proliferation (µm) Growth rate (µm.h−1) Growth rate at 24 hours (µm.h−1)

WT f(x) = 24.034e0.093x f ′(x) = 2.235e0.093x f ′(24) = 20.827

miR-107 h(x) = 26.584e0.075x h′(x) = 1.994e0.075x h′(24) = 12.06
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Figure 5.9: Comparison of growth rates of non-CSC WT and non-CSC transduced with miR-107.

(A) Photomicrographs of non-CSC WT and non-CSC miR-107 at the time of the score with a

P200 pipette (0 hour) and 24 hours afterwards (100 × magnification). (B) Relative growth rate

of non-CSC WT and non-CSC miR-107 transduced cells. The non-CSC WT cells proliferated

approximately 1.7 fold more than the non-CSC miR-107 cells.
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5.3.4 Western blot Analysis

Figure 5.10: Western blotting results showing EGFR expression of non-CSCs WT, non-CSC

miR-7 and non-CSC miR-107 transduced cells, with BA as a loading control. (A) Membrane

exposed for 1.194 seconds in the Biorad GeldocTMafter an overnight transfer and a 1:1000 primary

EGFR (top) and 1:1000 primary BA antibody (bottom) incubated for 1 hour, respectively.

Secondary antibody staining was performed with the Invitrogen WesternDot R© 625 Western Blot

Kit (B) EGFR intensity relative to BA control for non-CSC WT, non-CSC miR-7 and non-CSC

miR-107 transduced control. The relative EGFR expression in non-CSC miR-7 was similar to

the non-CSC WT and non-CSC miR-107 population.
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5.3.5 Sequencing analysis

Figure 5.11: Electropherograms representing the sequencing results for pHIV-7-pri-miR-7

illustrating the U1 promoter sequence (green), the pri-miR-7 sequence (blue), as well as the U1’

termination sequence (red) (performed by Inqaba Biotechnologies).
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5.3.6 IF based comparison of EGFR fluorescence in miR-7 and miR-107

transduced cells

Figure 5.12: Immunofluorescence based comparison of EGFR expression in miR-107 and miR-7

transduced non-CSCs (A) Immunofluorescence staining depicting EGFR expression (red) in

miR107 transduced non-CSCs (top panel) serving as the negative control for miR-7 transduced

non-CSCs (bottom panel). miR-7 and miR-107 transduced cells show GFP fluorescence (green)

(100x magnification) (B) Comparison of EGFR fluorescence in A549 miR7 and miR107 transduced

cells following ImageJ analysis; P=0.00616. The miR-107 cells have a 1.7 fold increase in red

fluorescence (EGFR), as compared to the miR-7 cells. Data represent measurements from

biological triplicates and are presented as the mean ±SD (*P<0.01).
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5.4 Discussion

5.4.1 Verification of pHIV-7-GFP plasmid containing U1-hsa-pri-miR-7 in-

sert

The objective of the bacterial cloning was to ligate the hsa-pri-miR-7 construct downstream

of the U1 promoter in pU1-neo. Second round cloning then involved ligating the U1-hsa-pri-

miR-7 construct into the MCS of pHIV-7-GFP. The upper band of the second round clones

A, B and C are approximately 7100bp, the size of pHIV-7-GFP when digested with BamHI.

Thus, cloning was successful, as the U1-hsa-pri-miR-7 insert remains intact while being cloned

into pHIV-7-GFP.

5.4.2 Transduction efficiency

Comparing the miR-7 and miR-107 transduced populations in Fig.5.6 to the untransduced

control, the rightward shift indicates than the GFP fluorescence of the transduced populations

was significantly higher than the untransduced control. By gating to include only the singlet

population, the events counted represented single cells, wherein the transduction efficiency of

the populations were 97% and 95% for the miR-7 and miR-107 transduced cells respectively,

thus indicating successful transduction. The miR-7 transduced cell population had a wide

range of fluorescence intensities compared with the control. This perhaps indicates that there

is a varied production level of GFP within the population. This range could indicate that

the copy number differs for the cells, and is not necessarily limited to one, the desired copy

number. It can be deduced that there is varied expression of miR-7 within the transduced

cells. Since the overall aim of the research is to investigate the effect of overexpression of

miR-7 on A549 cells, having a higher copy number of miR-7 per cell still permits this to be

determined.

5.4.3 Growth kinetics

Since the effect of miR-7 on proliferation is considered in Chapter 3, the effect of transduction

on proliferation needs to be assessed to determine whether non-CSC WT can also serve as a

negative control for proliferation, in addition to the miR-107 transduced non-CSC cells.

miR-107 transduced non-CSCs had a statistically significant lower proliferative ability com-
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pared with the WT non-CSCs, at times 26 hours and 28 hours (P= 0.023 and 0.035, re-

spectively) as seen in Fig.5.8. Through differentiation, and plotting of relative growth rate,

it was found that the rate of growth of WT non-CSCs was 1.73 fold greater than that of

the non-CSCs transduced with HIV-7-miR-107. These results make it clear that lentivirus

transduction using HIV-7-miR-107 will have a significant effect on proliferation, even though

miR-107 is not implicated to play a role in proliferation. As a result, any analysis of the effect

of miR-7 transduction on proliferation will be compared to miR-107 transduced cells and not

WT non-CSCs.

5.4.4 Knockdown efficiency

miR-7 mediated downregulation of EGFR was assessed through two techniques: Western

Blotting and confocal microscopy. At a protein level, EGFR WB results also showed no differ-

ence between EGFR levels in the miR-7 transduced non-CSCs and the miR-107 transduced

non-CSC negative control. Nevertheless, IF did show a difference in EGFR cellular localisation

in the miR-7 transduced non-CSCs, compared to the miR-107 transduced control. ImageJ

analysis of the IF images, showed EGFR expression to be lower in miR-7 cells compared with

the miR-107 transduced negative control, Fig.5.12B (P=0.00616). The Western blotting and

IF results found are discussed further below.

Results in Fig.5.10 show no qualitative, visible difference between EGFR expression in miR-7

transduced non-CSCs, when compared with the miR-107 transduced non-CSC negative control.

IF shows a lower expression of EGFR in miR-7 transduced control compared with the negative

control; however IF was analysed with ImageJ on a total of 18 cells per cell line. As this is not

representative of the entire cell population the Western blotting results, performed on 1×106

cells per sample were used to confirm that no knockdown was achieved. Reasons for the lack

of knockdown may be due to inefficient lentivirus miR-7 expression. It is possible that the

expression of miR-7 failed to overcome negative feedback control to maintain EGFR expression.

The highly transduced population proved integration of GFP-U1-pri-miR-7 sequence into

some 97.9% of the non-CSCs miR-7 population, (Fig.5.6, discussed in Section 5.4). The

pHIV7-GFP-U1-pri-miR-7 plasmid is designed with the CMV promoter upstream of the

GFP sequence and the U1 promoter upstream of the pri-miR-7 sequence. Although GFP

fluorescence is observed in 97.9% of cells, the pri-miR-7 sequence is expressed from a different
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promoter. Although GFP fluorescence confirms successful transduction, it cannot confirm

successful expression of pri-miR-7. Confirmation of miR-7 expression could be done using

Northern blotting. Explanations for the lack of efficient knockdown would need to consider

the incubation time for the knockdown experiment, the promoter sequence, the miRNA form

used and the miR-7 sequence. These factors are addressed below.

Incubation time for the knockdown experiment

It is important to take into account the half-life of EGFR itself, when analysing both the

Western blotting and IF results. Sorkin and Duex (2010) found that the half-life of EGFR was

approximately 8 to 24 hours through radiolabelling studies. Western blotting was performed

approximately 5 days after seeding of transduced cells. During this time, the expression of

miR-7 would allow for the downregulation of EGFR whilst EGFR expressed at the time of

seeding would have been degraded. Since the half-life of EGFR was taken into account, it is

unlikely that the incubation time is responsible for the lack of EGFR knockdown.

The U1 promoter

In the present study, a polymerase II dependent promoter was used for the expression of miR-7.

Lee et al. (2004) reported that most miRNAs are expressed downstream of a polymerase II

promoter, because many miRNAs have multiple consecutive Uracils which results in premature

termination of transcription if dependent on polymerase III, as seen in hsa-pri-miR-7 (Appendix

C.1.3). The efficiency of transcription for the CMV promoter was found to be the same as that

for the UI promoter in a study by ter Brake et al. (2008). It can be deduced then that the effi-

ciency of transcription in the non-CSCs transduced with hsa-pri-miR-7 should be the same as

that from the CMV promoter, governing GFP expression in the constructs developed, at 97.9%.

U1 promoter expression can be unstable for a transcript without an open reading frame (Pinto

et al., 2011). This may cause decreased intracellular miR-7 levels and could explain the lack

of downregulation caused by miR-7 (seen in Fig.5.10). This said, many researchers have

been able to downregulate EGFR with polymerase II dependent promoters in the NSCLC

A549 cell line (Webster et al., 2009). The use of a TaqMan miRNA assay kit and a luciferase

reporter assay would have been useful to determine whether miR-7 levels are increased in

miR-7 transduced non-CSCs, to further understand the cause of the lack of EGFR knockdown.
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Preferential cloning with pri-miR-7 over miR-7

NSCLC WT cells are able to cleave pri-miR-7 to form pre-miR-7 and subsequently miR-7,

which then acts as a regulator of EGFR expression. The pri-miR-7 sequence was cloned down-

stream of the U1 in the pU1-neo plasmid, as pri-miRNA mediated gene silencing has proven

far more effective than pre-miRNA or miRNA (Bielewicz et al., 2013). The hsa-pri-miR-7-1

sequence used was that identified by Landgraf et al. (2007) and is the most common form of

miR-7 in mammalian studies. As the optimal form of miR-7 was used this is quite unlikely

the cause for the lack of knockdown reported here.

U1-hsa-pri-miR-7 clone A sequence homology to hsa-pri-miR-7

The miR-7 sequence, and more specifically, the seed sequence showed 100% homology to the

Homo sapiens miR-7-1 sequence. An A→G point mutation in the pri-miR-7 sequence was

found, most likely obtained through PCR amplification of pri-miR-7 from the genome of

HEK293 cells. That said, there is a possibility that the point mutation was present in the

HEK293 genome itself. Mutations in miRNA sequences have been implicated in pathogenesis

of cancer (Webster et al., 2009). Mutations in miR-7 can impact on its ability to downregulate

EGFR. This may be responsible for the increased EGFR expression seen in some tumour types.

Although the seed region is important for binding to 3’UTR of the target mRNA, transfection

experiments with the miRNA sequence, or transduction with lentiviruses integrating the miR-7

sequence into the genome, have proven less effective than those that use pri-miRNAs. This

indicates that the pri-miRNA and its sequence are important for the processing of miRNAs

(Ryan et al., 2010).

miRNA studies using deep sequencing has shown that multiple variants of miRNAs can exist,

some displaying variations in lengths, but others having point mutations. Research by Morin

et al. (2008) demonstrated that the 5’ end of pre-miRNAs, processed by Drosha, were far more

conserved than 3’ ends of pre-miRNA, cleaved by Dicer. The increased specificity of Drosha

over Dicer has been hypothesised by Lewis et al. (2003) to be a result of the interaction

between Drosha and DGCR8. Heterogeneity in the 5’ sequences of miRNAs has been shown

to affect the thermodynamic stability of miRNAs and determines which of the miRNA strands
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will be incorporated into RISC. This can result in different mRNA targets. The 3’ end

of the pri-miRNA is thought to influence stability and localisation and may decrease the

efficacy of mRNA targeting (Starega-Roslan et al., 2011b). The potential folding structure

for hsa-pri-miR-7 mutant compared to hsa-pri-miR-7 WT is represented in Fig.5.13. The

significance of the predicted structure is considered below.

Figure 5.13: Comparison of hsa-pri-miR-7 and hsa-pri-miR-7 mutant predicted stem-loop

structures using Quikfold. Structures shown include the miRNA sequence (red) and the Dicer

(red arrows) and Drosha (blue arrows) cleavage sites. Mutant miR-7 will have additional Dicer

cleavage sites indicated by the small red arrows.
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Research by Zuker (2003) showed that mutations in the pre-miRNA affected the cleavage

position of Dicer and resulted in longer miRNAs and the development of a 5’ overhang rather

than the usual 3’ overhang. Only a few pre-miRNAs are shown to have perfectly paired stems

and any unpaired nucleotides within the stem are hypothesised to bulge out of the helix and are

not generally counted by Dicer when it determines its cleavage site, 22 nt from the 3’ termini.

This means that there is plasticity with the base sequence at the 3’ end of the pre-miRNA

(Starega-Roslan et al., 2011b). A seminal paper published by Starega-Roslan et al. (2015)

further characterised Dicer cleavage. This research showed that in the absence of secondary

structure (such as internal loops and bulges), Dicer produced miRNAs of various lengths. This

finding showed that it is not only the distance from the 3’ end that determines the cleavage

site of Dicer. The bulges and internal loops are pre-miRNA structures important in cleavage

of the miRNA. The sequence is integral to the formation of the secondary structures seen in

miRNAs. Starega-Roslan et al. (2015) found that mutant miRNAs, with point mutations,

contribute to the site at which Dicer cleaves the pre-miRNA. A change in the nucleotide

sequence of Dicer resulted in a change in the final miRNA produced. This proves that Dicer

cleavage is not solely dependent on distance from the 3’ end. Further investigations showed

that G residue in position A20 resulted in miRNA heterogeneity, with the generation of both

21 nt and 22 nt miRNA sequences, as indicated in Fig.5.13. The point mutation found in

position A20 of the sequence (Fig.5.11), according to Starega-Roslan et al. (2015), would

result in heterogeneity of the resulting miRNA product. Moreover, the different secondary

structure of the mutant pri-miR-7 may also alter the heterogeneity of the miRNA product.

Since no knockdown was observed in Fig.5.10, it can be hypothesised that heterogeneous

miR-7 are produced with the miR-7 mutant transduced cells, which is not efficient enough to

allow visible knockdown of EGFR to be observed.

5.4.5 Differential localisation of EGFR in miR-7 transduced cells

Starega-Roslan et al. (2015) showed that a G residue point mutation in position A20 resulted

in some miRNA product heterogeneity. Some miRNA products were the normal 22 nt miRNA,

whilst others were 21 nt in length and may have altered function in RISC. Applied to the

mutant miRNA-7, it can be hypothesised that the production of some normal 22 nt miR-7 was

however not enough to cause knockdown of EGFR. The differential localisation of EGFR to the

nucleus when compared to the diffuse appearance of EGFR in the miR-107 transduced control,
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indicates that the miR-7 mutant may affect nuclear-cytoplasmic shuttling of EGFR, but in the

absence of a specific knockdown effect. This miR-7 mutant may be important since nuclear

EGFR is associated with a poorer prognosis in many tumour types and has been shown to be re-

sponsible for resistance to Tyrosine Kinase Inhibitors, such as gefitinib (Wang and Hung, 2013).

The process through which EGFR is transported from the cell surface to the nucleus is

poorly understood. What is known currently is that EGFR on the cell surface is internalised

to the Golgi apparatus mediated by microtubules associated with dynein. EGFR is then

transported to the endoplasmic reticulum (ER) through retrograde trafficking and from the

ER, it localises to the inner nuclear membrane. The EGFR is then released from the internal

nuclear membrane mediated by Sec61β after which EGFR can exert its functions in the

nucleus (Wang and Hung, 2013). In tumour biology, increased internalisation of EGFR is

seen, although the mechanism through which this occurs is yet to be understood.

Dysregulation of miRNAs was demonstrated by Croce (2009) to be a mechanism through

which cancers develop. Wang and Hung (2013) subsequently showed that altered localisation

of EGFR has been linked to the development of certain cancer types, such as oral cancers

(Wang and Hung, 2013). Perhaps the nuclear localisation of EGFR as a result of the miR-7

mutant increase resistance of tumours to chemotherapy, through the transcriptional acti-

vation of genes such as DNA-dependent protein kinase (DDPK) and ABCG2. See details

on ABCG2 in Chapters 2, 3 and 4. DNA repair is also thought to be mediated by nuclear

EGFR’s interaction with DDPK. It increases DDPK which repairs double strand breaks in

DNA. Ryan et al. (2010) showed that many single nucleotide polymorphisms (SNPs) exist for

known pri-miRNA sequences. Research by Webster et al. (2009) discovered that miRNAs

are not conserved and deletions, mutations and rearrangements thereof are seen in tumour

cells. Since miRNAs are heterogenous, it can then be hypothesised that the point muta-

tion in this miR-7 may be present in some NSCLCs and thus could influence the increased

nuclear EGFR expression. Raised nuclear EGFR mediates its effects as a transcription fac-

tor, to increase proteins such as ABCG2 so mediating chemoresistance (Wang and Hung, 2013).
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5.5 Conclusion

Cloning, lentiviral transduction was successful in approximately 97.9% of the non-CSC popu-

lation, indicated by the GFP fluorescence of cells. Western blotting showed no downregulation

of EGFR expression mediated by the miR-7 insert, most likely due to the identified point

mutation near the 3’ end of the pri-miR-7 construct. The literature indicates that Dicer

specificity at the 3’ end is relatively low, and deep sequencing suggests that indicated miRNA

sequences are highly heterogeneous. That said, a decreased efficiency of miRNA mediated

knockdown has also been observed in miRNA mutants. Interestingly, the confocal microscopy

image of miR-7 transduced cells shows differential nuclear localisation of EGFR in response

to this mutant miR-7. Since Western blotting shows no downregulation of EGFR, it can be

hypothesised that the mutant miR-7 did not effectively knockdown EGFR, but is responsible

for the shuttling of EGFR to the nucleus. It is known that mutations of miRNAs are seen in

tumour cells, and this particular miR-7 mutant may be responsible for nuclear localisation of

EGFR, resulting in chemoresistance through mechanisms such as upregulating ABCG2.
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CHAPTER 6

Final conclusion and future work

In summary, raised expression of the epidermal growth factor receptor (EGFR) would appear

to be a central characteristic of the stem cells derived from the A549 NSCLC adenocarcinoma

line. As elucidated in the present study, the stem cells expressed increased amounts of mRNA

encoding for EGFR and this was reflected in raised amounts of EGFR detected subcellularly

in these cells. Moreover, since the CSCs expressed elevated quantities of the ABCG2 drug

transporter, this contributed to chemoresistance of these cells to Paclitaxel. The findings of

the present study are diagrammatically summarised and integrated with relevant findings in

the literature and the ‘’Hallmarks of Cancer’ as described by Hanahan and Weinberg (2011).
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Figure 6.1: Summary of findings of the present study and the relationship of these to previous

studies, including selected Hallmarks of Cancer.
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6.1 Future work

The present work highlights some interesting comparisons between the tumorigenesis of CSCs

and non-CSCs. It also describes the potential role of mi-7 in cancer as well as exploring

the function point mutations have in the development of cancer. The work presented could

be strengthened in a number of ways. The tumorigenesis of the CSCs and non-CSCs were

compared using a Scratch Assay that quantifies motility. The spheroid nature of CSCs

might indicate that a MTT or WST-1 assay may be more appropriate for this. Furthermore,

measuring chemosensivity with the Annexin V assay would allow relative apoptosis of the

CSCs and non-CSCs in response to Paclitaxel to be measured rather than using viability

alone (Vermes et al., 1995). Further research with other miRNAs that do not affect migration

should be performed. miR-107 has more recently been found to affect MCl-1 expression that

in turn affects cellular proliferation (Zhou et al., 2014). Further studies using a scrambled

sequence control should be implemented.

Currently, miRNAs are being investigated for their use as potential therapies for CSCs with

many miRNAs being shown to increase chemosensitivity of CSCs to conventional treatments

(Feng et al., 2015). miRNA-7 is being investigated for its ability to chemosensitise EGFR

overexpressing tumours. Furthermore, research shows that mutant miRNAs may be respon-

sible for increased expression of proteins implicated in the development of cancer (Lin and

Gregory, 2015).

The research performed here shows that miR-7 mutant did not have the same knockdown

ability as seen in miR-7 WT, as identified in previous research (Webster et al., 2009). This

shows that the pri-miRNA sequence, and not just the miRNA sequence is important in

the ability of miRNAs to knockdown their target mRNAs. Although seminal research has

been performed in the importance of pri-miRNA sequences, most of the work has been done

using Mfold or on other miRNAs, as reported in the paper by Starega-Roslan et al. (2015).

Point mutations at different positions of miRNA-7 should be performed and characterised

with Northern blotting for heterogeneity and efficiency of EGFR knockdown. According to

Ryan et al. (2010), there is a large variation in pri-miRNA sequences due to SNPs. The

research outlined in Chapter 5 shows that a single nucleotide change in the pri-miRNA-7

sequence may result in ineffective knockdown. Despite the ineffective knockdown, a change

in the localisation of EGFR was found, which is hypothesised here to be EGFR acting as
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a transcription factor to increase its own expression. Nuclear EGFR has also shown to be

implicated in chemoresistance (Wang and Hung, 2013). Further research into SNPs present in

NSCLC pri-miR-7 sequence would help identify miR-7 mutants, including the mutant clone in

Chapter 5, that can be stably transduced and investigated in vitro for their effects on EGFR

expression, their role in EGFR nuclear localisation and their effect on chemoresistance to

conventional chemotherapy in NSCLC CSCs and non-CSCs. This will help identify possible

SNPs in NSCLC that show ineffective knockdown of EGFR and may explain the EGFR

overexpression in these NSCLC tumours. Furthermore, the role of miR-7 WT delivery, or

silencing of mutant miR-7, as potential therapeutic options in these patients can be explored.

Strengthening the methodologies for tumourigenesis would improve the robustness of the

results. Relative motility of the CSCs and non-CSCs could be done using the WST-1 assay,

as CSCs do not grow in a linear pattern and this analysis may have limited the ability to

determine motility in CSCs.
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APPENDIX A

Solutions

A.1 Cell culture

A.1.1 Phosphate buffered saline

Dissolve 1 Sigma-Aldrich PBS tablet in 200ml dH2O and autoclave.

Storage: at 4◦C for one month.

A.1.2 CD133 − CCM

5ml FBS (Sigma-Aldrich)

45ml DMEM F-12 (3:1) (Lonza)

100 µl Ampicillin (Sigma-Aldrich)

A.1.3 CD133+ Stempro CCM

45ml Stempro medium (Thermo Fisher Scientific)

100 µl Ampicillin (Sigma-Aldrich)

A.2 CD133+ cell isolation and characterisation

A.2.1 0.5% BSA PBS

0.250g BSA (Sigma Aldrich)
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A.3 Lentivirus synthesis and NSCLC transduction Solutions

Fill up to 50ml with PBS and filter sterilise

Storage: RT, use within 12 hours.

A.2.2 HBSS+

0.2ml FBS (Sigma Aldrich)

10mM HEPES (Sigma Aldrich)

Fill up to 10ml with PBS

Storage: 4◦C for up to a month

A.3 Lentivirus synthesis and NSCLC transduction

A.3.1 Transformation buffer

15ml 100% glycerol (Sigma Aldrich)

1.47g CaCl2.2H2O (Sigma Aldrich)

3.02mg PIPES.HCl

Adjust pH to 7 with NaOH

Make up to 100ml with dH2O

Storage: autoclave and store at -20◦C

A.3.2 1000× Ampicillin stock

5g Ampicillin (Sigma Aldrich)

25 ml 100% ethanol

25 ml dH2O

Dissolve the Ampicillin in the ethanol and then add the dH2O.

Final concentration: 100 mg ml−1

Storage: at -20◦C for up to 6 months

A.3.3 Ampicillin agar broth

5g NaCl (Merck)

5g Tryptone (Sigma Aldrich)

2.5g Yeast extract (Sigma Aldrich)
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A.4 miR-7 EGFR knockdown efficiency Solutions

Make up to 500ml with dH2O

Autoclave for 30 minutes and add 500 µl of a 1000X Ampicillin stock (Appendix A.3.2) when

mixture has cooled to 55◦C

Storage: store at 4◦ for 1 month

A.3.4 0.5M EDTA pH 8.0

93.05g Na2.EDTA (Merck)

10.14g NaOH

500ml H2O

Storage: RT for a number of years

A.3.5 TAE buffer

242g Tris-base (Sigma Aldrich)

57.1g Acetate (Sigma Aldrich)

100 ml 0.5M EDTA (Appendix A.3.4)

Make up to 1 l with dH2O

A.3.6 1% TAE agarose gel

1g agarose (Sigma Aldrich)

100ml 1× TAE buffer (Appendix A.3.5)

5 µl Ethidium Bromide (Thermo Fisher Scientific)

Add the agarose to the 100ml TAE buffer. Microwave for 3 minutes, swirling the solution at

30 second intervals. Once cooled to 55◦C, add the Ethidium Bromide, swirl the solution and

then pour into a casting tray and leave to set.

Safety: Ethidium Bromide is a known carcinogen and should be handled with care. Gloves

should be worn and aliquoting should be done under a fume hood.

A.4 miR-7 EGFR knockdown efficiency

A.4.1 3% formaldehyde PBS solution

1.5ml formaldehyde (Merck)
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A.4 miR-7 EGFR knockdown efficiency Solutions

48.5ml autoclaved PBS prewarmed to 37◦C

Use within 12 hours of preparation

A.4.2 RIPA buffer

25ml 100mM Tris-HCl (pH 7.4) (Sigma Aldrich)

0.87g NaCl (Merck)

1ml NP-40 (Bio-rad)

1g Sodium deoxycholate (Sigma Aldrich)

Make up to 100ml with dH2O

Storage: filter sterilise and store at 4◦C

A.4.3 20% Ammonium persulfate (AP)

0.1g AP

Make up to 500 µl in dH2O

A.4.4 40% Acrylamide/Bis

38.68g Acrylamide (Bio-rad)

1.32g Bis-Acrylamide (Bio-rad)

Make up to 100 ml in dH2O

Store in foil at 4◦C

A.4.5 8% Resolving gel

2.4ml 40% Acrylamide (Bio-rad)

1.5ml 8× Resolving buffer

8.1ml dH2O

60 µl 20% SDS (Bio-rad)

6 µl TEMED (Thermo Fisher Scientific)

30 µl 20% AP (made fresh) (Merck)
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A.4 miR-7 EGFR knockdown efficiency Solutions

A.4.6 8× Resolving buffer

36.3g Tris-base (Sigma Aldrich)

Make up to 100 ml with dH2O

Adjust pH to 8.8 with HCl

Store at 4◦C for up to 6 months

A.4.7 Stacking gel

1ml 40% Acrylamide (Bio-rad)

2ml 4× Stacking buffer

5ml dH2O

60 µl 20% SDS (Bio-rad)

8.3 µl TEMED (Thermo Fisher Scientific)

21.6 µl 20% AP (made fresh) (Merck)

A.4.8 4× Stacking buffer

6.05g Tris-base (Sigma Aldrich)

Make up to 100 ml with dH2O

Adjust pH to 8.8 with HCl

Store at 4◦C for up to 6 months

A.4.9 1× Tank buffer

3.03g Tris-base (Sigma Aldrich)

14.4g Glycine (Sigma Aldrich)

1g SDS (Bio-rad)

Make up to 1 l with dH2O

Store at RT

A.4.10 1× Transfer buffer

12.12g Tris-base (Sigma Aldrich)

57.6g Glycine (Sigma Aldrich)

400ml Methanol (Sigma Aldrich)
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A.4 miR-7 EGFR knockdown efficiency Solutions

Make up to 2 l with dH2O

Store at 4◦C

A.4.11 Blocking buffer

5g skim milk powder (Elite)

Make up to 50 ml in 0.05% Tween-20 solution (Wash buffer)

Make fresh

A.4.12 Wash buffer

250 µl Tween-20 (Thermo Fisher Scientific)

Make up to 500 ml with PBS

Store at RT
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APPENDIX B

Protocols

B.1 Lentivirus synthesis and NSCLC transduction

B.1.1 Competent bacteria

1. Thaw transformation buffer on ice

2. Inoculate 8ml of LB broth with an aliquot of E. coli DH5-α and grow overnight at 37◦C

at 200 RPM

3. Transfer 8ml of culture into 42ml fresh LB. Incubate for 2-3 hours at 37◦C at 200rpm

until OD600 0.3-0.5 indicative of exponential growth phase

4. Culture should be placed on ice once exponential growth phase is reached

5. Centrifugation of culture at at 1500 RPM for 15 minutes. Pour off supernatant

6. Gently resuspend pellet in 1ml of ice cold transformation buffer (A.3.1). Add another

3ml to the suspension

7. Gently place the cells on ice for 30 minutes

8. Centrifugation of cells at 1500 RPM at 4◦C. Pour off supernatant

9. Gently resuspend pellet in 1ml of transformation buffer

10. Aliquot 100 µl of suspension into 1.5ml Eppendorf tubes and store at -4◦C
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B.1 Lentivirus synthesis and NSCLC transduction Protocols

B.1.2 Ampicillin agar bacterial plates

1. Add the following to an Erlenmeyer flask:

5g NaCl

5g Tryptone

2.5g Yeast extract

7.5g Agar

2. Make up to 500ml with dH2O

3. Autoclave for 30 minutes

4. Add 500 µl of a 1000× Ampicillin stock when mixture has cooled to 55◦C

5. Pour agar plates at a sterile bench and store at 4◦C until use

B.1.3 Ligation

1. Calculate the insert mass needed with the following formula using a 30 ng vector mass:

Insert mass = 6× Insert length (bp)
Vector length (bp) ×Vector mass (B.1)

2. Add dH2O into a sterile 1.5 µl Eppendorf tube for a final volume of 20 µl by subtracting

the calculated vector and insert volume

3. Add 2 µl 10× ligation buffer

4. Add volume of insert to allow for mass calculated in Equation B.1 above

5. Add 30 ng vector

6. Add 1 µl DNA ligase

7. Incubate the ligation mixture at 22.5◦C for 1 hour or overnight

8. Use 2 µl of reaction to transform electrocompetent bacteria

Note: Always perform a control ligation reaction with the same mass of the vector and dH2O

in place of the insert
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APPENDIX C

Supplementary data

C.1 Lentivirus synthesis and NSCLC transduction

C.1.1 Molecular cloning

Figure C.1: Gel electrophoresis to confirm successful PCR amplification of hsa-pri-miR-7 and

hsa-pri-miR-107 from the A549 genome. hsa-pri-miR-7 and hsa-pri-miR-107 products with

flanking BsmBI restriction sites are 480bp and 500bp, respectively
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C.1 Lentivirus synthesis and NSCLC transduction Supplementary data

Figure C.2: pHIV-7-GFP vector map
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C.1 Lentivirus synthesis and NSCLC transduction Supplementary data

Figure C.3: Vector maps of pHIV-7-pri-miR-7 (top) and pHIV-7-pri-miR-107 control (bottom).

Vector maps were constructed on SnapGene, based on the pHIV-7 sequence kindly donated by

Marc Weinberg.
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C.1 Lentivirus synthesis and NSCLC transduction Supplementary data

C.1.2 Sequencing results

C.1.3 hsa-pri-miR-7 sequence and the U1 promoter

hsa-miR-7 sequence with polIII termination sequence in bold:

5’-UUGGAUGUUGGCCUAGUUCUGUGUGGAAGACUAGUGAUUUUGUUGUUUUUA

GAUAACUAAAUCGACAACAAAUCACAGUCUGCCAUAUGGCACAGGCCAUGCCU

CUACAG-3’

Sequence sourced from Landgraf et al. (2007)
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