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Abstract

Tyrosine kinase inhibitors (TKIs) that target the human epidermal growth factor
receptor (EGFR) are targeted therapies used in the clinic for treating non-small cell
lung cancer (NSCLC) harbouring activating mutations in the EGFR protein. As a targeted
therapy, EGFR TKls offer several benefits over broad-spectrum general chemotherapy,

mainly through increased efficacy and a reduction in adverse side effects.

However, acquired drug resistance to EGFR TKls is a pervasive issue, leading to the
development of several generations of these drugs in an attempt to overcome it.
Unfortunately, due to a variety of distinct mechanisms, acquired resistance inevitably
manifests itself after treatment with each new generation of inhibitors. The aim of this
project was therefore to characterise HCC827 and HCC4006 NSCLC cell lines that had
each been drug-adapted to erlotinib, gefitinib or afatinib by examining their
morphology, growth and response to a drug panel comprised of 5 anti-cancer drugs
with varying mechanisms of action — paclitaxel, osimertinib, trametinib, cabozantinib

and dichloroacetate.

The characterisation process highlighted the strong heterogeneity associated with
acquired drug resistance — despite being derived from the same tissue and NSCLC
subtype (adenocarcinoma) as well as harbouring very similar EGFR-activating
mutations, the morphology, growth and drug response rates between HCC827 and
HCC4006 cells adapted to the same EGFR TKI showed a high degree of variability, with
cross-resistance arising in at least one resistant sub-line for each drug. The most
effective drug at overcoming acquired resistance was cabozantinib, with 3 out of 6
resistant sub-lines showing significantly decreased IC50 when treated with the drug

compared to the parental cells.
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1.0. Introduction

1.0. Non-small cell lung cancer

One in two people born in the United Kingdom after 1960 will be diagnosed with
cancer at some point in their lifel. In essence, cancer is the transformation of healthy
cells into malignant cells with unregulated cell division, which can then invade other
tissues. In fact, there are over 100 different types of cancer, being differentiated based
on tissue of origin as well as cancer subtype?. This is important as it means that each
cancer type will have distinct oncogenic drivers and a unique response to anti-cancer

treatments?3.

Of these 100+ types, 13% of the people diagnosed with cancer will be diagnosed with
lung cancer, making it the third most common cancer in the UK, and the most common
worldwide. It is also the cancer with the highest mortality rate in the UK, accounting

for 21% of all cancer deaths?.

Non-small cell lung cancer (NSCLC), which includes squamous cell carcinoma,
adenocarcinoma and large cell carcinoma subtypes, accounts for 87% of lung cancers,
and 49-53% of NSCLCs are diagnosed at stage IV. At this point, surgery ceases to be an
option for most patients due to the cancer metastasising to other sites outside of the
lung, meaning that it is no longer possible to excise all the tumours®. This makes drug
therapy one of the only treatment options, although the current 5 year survival rate of
patients with stage IV NSCLC is under 10%*. This highlights an urgent need for drug

therapies that can effectively treat NSCLC in these patients.

10



1.1. Targeted therapies for treating NSCLC

Whilst general broad-spectrum chemotherapy agents (such as cisplatin, carboplatin,
gemcitabine, paclitaxel, among others®) were the default treatment option for non-
small cell lung cancer for decades, they provide limited efficacy and lead to a plethora
of adverse side effects including strong nausea, fevers, myelosuppression and may also
result in neurotoxicity, nephrotoxicity and ototoxicity>®. However targeted therapies,
the principle of which is to target a specific oncogenic driver, often result in fewer and
less uncomfortable side effects. The first FDA-approved targeted therapies for NSCLC

were EGFR tyrosine kinase inhibitors (TKIs) gefitinib (2003)” and erlotinib (2004)3.
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1.2. Epidermal Growth Factor Receptor (EGFR) signalling and an introduction to

EGFR Tyrosine Kinase Inhibitors (TKIs)

EGFR tyrosine kinase inhibitors (TKls) are a class of small-molecule drugs that target
the epidermal growth factor receptor (EGFR), a member of the HER receptor tyrosine
kinase (RTK) family. Under normal conditions the EGFR receptor plays an important
part in regulating cell growth, proliferation, migration and differentiation by dimerising
either with itself or with other members of the HER family when stimulated by bound
epidermal growth factor (EGF), resulting in signal transduction and thus activation of

proliferation and survival pathways®.
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Figure 1.1 Simplified diagram of EGFR signalling.
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However, in NSCLC, around 24% of patients harbour tumours containing activating
mutations in their EGFR proteins, causing it to become constitutively activel®. Because
this activating mutation is the main driver behind the carcinogenesis (also known as

“oncogene addiction”) in these cells, they are sensitive to EGFR TKls.

The most common EGFR activating mutations in NSCLC, responsible for 85-90% of
mutations, are an exon 19 deletion resulting in the loss of a leucine-arginine-
glutamate-alanine motif in the tyrosine kinase domain of the receptor, and a
transversion in exon 21 that results in a leucine to arginine substitution at position 858
(L858R), also in the tyrosine kinase domain?®. These mutations enable the receptor to
undergo ligand-independent dimerization, leading to constitutively active signalling!?.
Both of these mutations affect the conformation of the receptor’s ATP binding pocket,
resulting in decreased affinity for ATP and a heightened affinity for EGFR TKls when

compared to the wild-type receptor®?.

EGFR TKls demonstrate increased efficacy in patients with exon 19 deletions and L858R
substitutions compared to classical chemotherapy, with median overall survival being
20 months for patients treated with Erlotinib or Gefitinib'® compared to a median
overall survival of 7.8 months for the reference chemotherapy treatment of cisplatin

and paclitaxel 3.
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1.3. Overview of acquired drug resistance in cancer

One of the greatest setbacks in treating non-small cell lung cancer is the development
of acquired drug resistance, which arises after initial treatment response; if the tumour
is insensitive to the drug from the very onset of the treatment course then this is
known as intrinsic resistance, which is outside the scope of this project. As a basic
concept, acquired resistance can be defined as the “phenomenon that results when
(cancers) become tolerant to pharmaceutical treatments'*.” However, the aetiology of
acquired resistance in the context of cancer is significantly more complex and relies on
a series of often-overlapping factors. The most well-studied of these mechanisms
include epigenetic changes, drug efflux, DNA damage repair, cell death inhibition,
epithelial-mesenchymal transition (EMT), drug target alteration and drug inactivation®*
although other factors such as non-coding RNAs (ncRNA), which can modulate and
interact with the more classical resistance mechanisms are beginning to be uncovered

and investigated in more detail®.

Epigenetics Drug Efflux

Drug Inactivation \ \ / DNA Damage Repair

Drug Resistance

/
Drug Target Alteration — T T Cell Death Inhibition

Epithelial-Mesenchymal Transition

Figure 1.2 An overview of factors contributing to acquired resistance in
cancer. Adapted from Housman et al. (2014) “Drug Resistance in Cancer: An
Overview”
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In the context of NSCLC treatment with EGFR inhibitors, the most common of these
factors is drug target alteration through various different mechanisms, as discussed

below.

1.4. Development and evolution of EGFR tyrosine kinase inhibitors

As with many targeted therapies, drug resistance is a major problem for EGFR TKls. The
most common mechanism of acquired resistance in NSCLC (50-60% of cases of
resistance) is through a secondary gatekeeper mutation in the tyrosine kinase domain
at amino acid 790, known as a T790M mutation® caused by a C>T substitution at
position 2369 in the EGFR gene?’. This has led to multiple generations of EGFR TKls
being developed in an attempt to overcome common resistance mechanisms, with the

most recent attempt being third-generation EGFR TKiIs.

1.4.1. First generation EGFR tyrosine kinase inhibitors

As the name suggests, first-generation EGFR inhibitors were the first to be developed.
These drugs bind reversibly to the ATP binding pocket in EGFR with the
aforementioned activating mutations. The most well-known examples are erlotinib
and gefitinib, which have both been approved for use in NSCLC by the FDA and the
EMA, whilst icotinib has been approved by China’s CFDA8, While initial response rates
to first generation EGFR inhibitors in patients with the exon 19 deletion or L858R
substitutions are high, acquired resistance to the drugs rapidly develops. There are
various mechanisms which can mediate this resistance such as BRAF and PI3K
mutations, as well as MET amplifications. However, the most common is a substitution
from a threonine to a methionine at position 790, also known as a T790M mutation
and is found in over 50% of patients treated with first generation EGFR inhibitors who

have developed resistance'®. There are two main molecular mechanisms describing
15



how the T790M mutation results in resistance. First, the change from a threonine to a
methionine residue with a larger sidechain results in a conformational change in the
ATP binding pocket, decreasing its affinity for first generation EGFR TKIs*°. Secondly,
specifically in tumours containing the L858R activating mutation, the substitution
causes the ATP binding pocket to regain affinity for ATP, bringing it up to near wild-

type EGFR levels and thus decreasing the site’s affinity for the drugs?°.

1.4.2. Second generation EGFR tyrosine kinase inhibitors

Second generation EGFR TKIs were designed as a response to the rapidly acquired
resistance of NSCLC to first-generation drugs. They bind irreversibly to the ATP binding
pocket, which was postulated to increase sensitivity in T790M mutated tumours as the
irreversible binding would allow them to overcome the restored affinity to ATP found
in T790M mutated cells 2. This also meant, however, that their specificity for the
mutant EGFR was reduced, with increased binding to the wild-type receptor compared
to first generation inhibitors?2. FDA and EMA-approved 2" generation therapies
include afatinib and dacomitinib, which were shown to be effective against cells
containing T790M mutations in vitro, but were not able to reach the required
concentration to achieve this effect in clinical trials. Treatment with afatinib after a
course of first-generation EGFR TKIs showed an increase in progression free survival
(PFS) but not overall survival (OS) when compared to a placebo?3. Second generation
EGFR TKIS may thus be better suited as a first-line therapy, as both afatinib and
dacomitinib show an increase in PFS when compared directly to first-generation EGFR
TKls.24#2> Overall, this demonstrates that second-generation EGFR inhibitors did not
have the desired effectiveness against patients with T790M mutated tumours, which in

turn led to the development of third-generation EGFR TKls.
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1.4.3. Third generation EGFR tyrosine kinase inhibitors

A second attempt to effectively tackle the acquired T790M mutation, third generation
EGFR TKls also bind irreversibly to the ATP binding pocket in EGFR. Osimertinib is
currently the only FDA and EMA approved third-generation EGFR inhibitor, so that is
the drug that will be focussed on in this context. In contrast to second generation
inhibitors, it has almost 200 times more potency against the two common mutant
EGFR types compared to the wild-type receptor?®. Its chemical design allows it to
overcome the common T790M resistance mutation, with clinical trials showing that it
is more effective than platinum doublet chemotherapy (10.1 months PFS with
osimertinib compared to 4.4 months with platinum therapy plus pemetrexed)?’ at
treating patients with T790M mutations, making it an effective second-line therapy
once resistance to first or second generation inhibitors develops. Interestingly, it was
also demonstrated to be more effective than first generation inhibitors in treatment-
naive patients with activating mutations, showing a median PFS of 18.9 months for
osimertinib compared to 10.2 months for first generation TKIs?2. Despite its
effectiveness at overcoming the T790M mutation, osimertinib is itself unfortunately
not immune to the generation of resistance. C797S, a tertiary mutation in EGFR caused
by a T>A substitution at position 23982, is one of the most common mechanisms of
resistance to third-generation inhibitors. By changing the conformation of the binding
pocket once again through this substitution, the drug can no longer bind effectively
and the therapeutic effect diminishes3. Other mechanisms include alternate pathway

activations such as c-MET amplification® and increased RAS signalling3.
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1.5. Other resistance mechanisms

Although the T790M mutation is the most common, there are also other mechanisms
of resistance to EGFR inhibitors, such as bypass/alternative pathway activation (1-25%
of cases), histological/phenotypic transformation (5-10%) or unknown causes (20-
30%)3°. Metabolic shifts caused by exposure to the drugs can also affect resistance,
although this appears to be a co-factor more than an individual driver thereof. As they
are the most common and easy to target (respectively) alternative mechanisms, the

focus here will primarily be on alternative pathway activation and metabolic shift.

1.5.1. Alternate signalling pathway activation

The most common pathway bypass leading to drug resistance in NSCLC is an
amplification of MET receptor tyrosine kinase expression. There is significant cross-talk
between the EGFR and MET receptors, as both feed into the MAPK and PI3K signalling
pathways. In cases where MET amplification is the driver for resistance, a sub-
population of NSCLC tumour cells have developed pre-existing MET amplification and
are thus not oncogene-addicted to EGFR, limiting the effect of mono-target EGFR
inhibitors as the MAPK and PI3K signalling pathways remain active to drive cell

proliferation and survival®?.

One possible option in the treatment of MET amplified, EGFR TKI resistant NSCLC is the
use of MET inhibitors. If the tumour cells have abrogated EGFR signalling after
treatment and are now reliant on MET signalling to drive tumourigenesis, then
inhibiting its source should stop disease progression. MET inhibitors are similar to
EGFR inhibitors in that they are small-molecule targeted inhibitors, however their

mechanism of action varies according to the class of the MET inhibitor; some are ATP

18



non-competitive whereas others are ATP competitive33. ATP competitive MET

inhibitors can further be classed into two sub-types: type | inhibitors are highly specific
to MET, whereas type Il inhibitors have broader-spectrum TKI effects and often inhibit

other receptor tyrosine kinases to varying degrees3*3,

Cabozantinib is an ATP-competitive type Il inhibitor and was originally developed to
treat medullary thyroid cancer33. It has a high affinity for MET but also demonstrates
activity against VEGFR2, ROS, KIT, RET, AXL, RON, FLT3 and TIE-2 RTKs to different
extents®. MET, VEGFR, ROS, RET and AXL are implicated in lung cancer
tumorigenesis3®, so cabozantinib has strong theoretical potential as an effective
targeted NSCLC therapy. A clinical trial comparing cabozantinib to erlotinib and a
combination therapy of the two on patients with wild-type EGFR saw significant
increases in progression free survival (PFS) when patients were treated with
cabozantinib (4.3 months) or an erlotinib-cabozantinib combination (4.7 months)
compared to erlotinib alone (1.8 months)3¢. However, it must be noted that this trial
compared the drugs in patients with wild-type EGFR, whereas EGFR with activating
mutations shows a significantly higher response rate to erlotinib than wild-type EGFR.
However, it does illustrate that cabozantinib has potential as a treatment for NSCLC,
especially considering the lack of patient stratification in the study. Another clinical
trial treated patients with EGFR activating mutations who had previously undergone
EGFR TKI therapy with a combination of erlotinib and cabozantinib in the hopes of
overcoming acquired resistance. However, median progression free survival was
comparatively low at 3.6 months, although interestingly T790M mutation status did

not have a significant effect on PFS in patients where it was detected. Detection of
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MET amplification in the overall population was unfortunately impossible, as only 10

out of 37 patients had tissue available for testing®’.

It is clear that successful treatment with cabozantinib to overcome resistance in NSCLC
requires further patient stratification. The detection of MET amplification to assess the
effectiveness of the drug when amplification is present would be the next logical step.
The testing of cabozantinib effectiveness after treatment with other EGFR TKIs such as
gefitinib and afatinib to determine whether the inhibitor used in initial treatment
affects the development of MET amplification as a resistance mechanism (and thus

patient responses to cabozantinib) may also yield interesting results.

As a common element of both the MET and EGFR signalling pathway, a MEK inhibitor
could also carry potential as a therapy to overcome EGFR inhibitor resistance.
Trametinib is a MEK 1 and 2 inhibitor which is most commonly used in combination
with BRAF inhibitors in metastatic melanoma with the V600OE BRAF mutation, although

this combination has also seen some use in NSCLC with the same mutation38.
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Figure 1.3 Simplified diagram of MET and EGFR pathway crosstalk.
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Preclinical studies have indeed shown that trametinib in combination with other drugs
is able to overcome EGFR inhibitor-mediated resistance. In the first study, NSCLC cells
were treated with WZ4002 (an irreversible third generation EGFR TKI) and trametinib
and the results compared to cells treated with just WZ4002; the combination therapy
delayed the onset of resistance when compared to WZ4002 monotherapy in an in vitro
model and even resulted in complete remission in some in vivo mouse xenograft
models. Unfortunately, however, in most cases resistance appeared once again,
primarily attributed to a shift to PI3K signalling instead of the MAPK pathway?°. In the
second study, gefitinib and afatinib resistant NSCLC cells were treated with trametinib,
taselisib (PI3K inhibitor) or a combination of both. The results demonstrated that the
combination was significantly more effective than either drug on its own both in vitro
and in vivo, probably as inhibition of both pathways make it more difficult for the cells
to compensate for inhibition of one pathway by upregulating the other. Of further
interest is the fact that the combination was effective against both T790M mutated
cells and cells with MET amplification®®, Whilst this study showed that trametinib as a
monotherapy was not effective against gefitinib or afatinib resistant cells, it is not

known whether erlotinib-resistant cells would continue this trend.
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1.5.2. Metabolic changes arising in resistance

The drug responses of cancer cells are intrinsically coupled to their glucose
metabolisms, and thus so is the generation of resistance. In the context of EGFR TKI
resistant NSCLC cells specifically, the growth of cells resistant to erlotinib are more
sensitive to glucose deprivation®!, which is a phenomenon that could be exploited
through drug therapy in an attempt to overcome resistance. Furthermore,
upregulation of glycolysis and subsequent downregulation of oxidative
phosphorylation (known as the Warburg effect) may guide cells into an increased state
of anti-apoptosis due to decreases in electron transport chain activation in the
mitochondria, which also regulates elements of the intrinsic apoptotic pathway*?.
Dichloroacetate (DCA) is a pyruvate dehydrogenase kinase (PDK) inhibitor whose
mechanism of action results in decreased glycolysis, and has the potential to overcome
this shift in cellular metabolism, especially if EGFR TKI resistance results in an
additional shift towards a Warburg metabolism. While it has been previously
demonstrated that DCA decreased lactate production and glucose consumption in
NSCLC cells*, its potential in overcoming resistance to EGFR inhibitors has not yet
been explored in depth. However, the fact that erlotinib-resistant tumours
demonstrate increased lactate production and glucose consumption compared to
untreated tumours in vivo** highlights that this is an area that warrants further

exploration.

Interestingly, dichloroacetate is also able to increase the induction of apoptosis in
NSCLC cells through the inhibition of autophagy®®, a “survival-promoting pathway that
captures, degrades, and recycles intracellular proteins and organelles in lysosomes”,

allowing the cell to recycle its components and sustain itself metabolically in times of
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decreased substrate availability as well as preventing the accumulation of toxic waste

products*. Autophagy has been shown to increase in NSCLC cells treated with erlotinib
and gefitinib (with an accompanied inhibition of the PI3K pathway)*’, so DCA may have
additional potential if it is successfully able to in inhibit autophagy in EGFR TKI resistant

cells.

1.6. Project aims and objectives

While EGFR tyrosine kinase inhibitors are more effective treatments compared to
classical chemotherapy in patients whose tumours harbour EGFR-activating mutations,
the problem of acquired resistance remains. This project aims to characterise the
generation and heterogeneity of resistance to erlotinib (first generation EGFR TKI),
gefitinib (first generation EGFR TKI) and afatinib (second generation EGFR TKI) in an in
vitro non-small cell lung cancer model composed of two distinct NSCLC

adenocarcinoma cell lines both harbouring exon 19 deletions.

Objectives:

1. Qualitatively examine differences in cell and monolayer morphology between
the resistant cell lines and the parental cells to determine growth patterns.

2. Generate growth curves for the parental and resistant cells for comparison.

3. Screen resistant cell lines against a panel of anti-cancer drugs to test for cross-

resistance and sensitivity when compared to parental cells.
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2.0. Materials and Methods

2.1. Celllines

HCC827 (HCC827 PTL) and HCC4006 (HCC4006 PTL) cell lines were used in the
investigation into EGFR inhibitor resistance. Six EGFR TKI resistant sub-lines were also
used: HCC827 adapted to 2uM erlotinib (HCC827 rErlo), HCC827 adapted to 2uM
gefitinib (HCC827 rGefi), HCC827 adapted to 50nM afatinib (HCC827 rAfa), HCC4006
adapted to 1uM erlotinib (HCC4006 rErlo), HCC4006 adapted to 1uM gefitinib
(HCCA4006 rGefi) and HCC4006 adapted to 100nM Afatinib (HCC4006 rAfa). Resistant
cell lines were obtained from the Resistant Cancer Cell Line (RCCL) collection at the
University of Kent courtesy of Prof. Martin Michaelis.

(https://research.kent.ac.uk/industrial-biotechnology-centre/the-resistant-cancer-cell-

line-rccl-collection/ #8). Briefly, prior to the project commencing resistant cell lines

were generated by dose-escalation with the respective drug until the maximum

tolerance threshold was reached.

2.2. Cell culture

All cell lines were grown in separate T75 tissue culture flasks (Sarstedt) using 20ml
Iscove’s modified Dulbecco’s medium (IMDM) (Gibco) supplemented with 10% v/v
foetal bovine serum (FBS) (Sigma) and 1% v/v penicillin-streptomycin (Gibco). Cells
were grown until they reached 70-80% confluency then split into new flasks at varying
ratios. When passaging, cells were first washed with PBS, then dissociated from the
flask using 0.25% trypsin-EDTA (Gibco). Fresh media was added every time cells were
passaged. For drug-adapted cell lines, fresh drug was added to the media after each

split. For HCC827 cells resistant to erlotinib and gefitinib (Selleckchem), the media
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contained a final concentration of 2uM. For HCC827 cells resistant to afatinib, the
media was made to a final concentration of 50nM afatinib (Selleckchem). For HCC4006
cells resistant to erlotinib and gefitinib, a final concentration of 1uM of each respective
drug was used. For HCC4006 cells resistant to afatinib, the final concentration in the

media was 100nM of afatinib.

2.3.  xCELLigence growth assay

At 70-80% confluency, cells were washed, trypsinised and resuspended in 10ml media
to perform a cell count. Cells were then diluted to a seeding density of 5000 cells per
well and seeded into 16 well RTCA plates; each cell line using 4 wells per plate for
technical repeats. Cells were left to settle in the plates for 30 minutes, then inserted
into the xCELLigence RTCA machine (ACEA Biosciences). The software was
programmed to measure the cell index every 30 minutes for 144 hours to generate a

growth curve. Three independent replicates were performed for each cell line.

2.4. SRB assay

Drugs were made up in a 96 well drug block. Stock concentrations of each drug were
diluted in media so that the concentration of the vehicle dimethyl sulfoxide (DMSO)
did not exceed 0.1%, eliminating the need for a vehicle control. Starting concentrations
were serially diluted to provide 8 different concentrations per drug. When cells were
at 70-80% confluency in a T75 flask, they were washed, trypsinised and resuspended in
10ml fresh media. A cell count was taken, and cells were then diluted in media to a

seeding density of 5,000 cells per well in a 96 well plate.

80 wells of a 96 well plate were used for each experiment. The remaining 16 were

filled with 50ul media to prevent evaporation during the incubation period.
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After seeding the 96 well plates with cells, the drugs were added to the seeded wells.
The plates were left to incubate for 120 hours, then were fixed with 10%
trichloroacetic acid (TCA) for 30 minutes. The plates were then rinsed with distilled
water, after which they were then stained with 0.1% sulforhodamine B (SRB) for 30
minutes. The SRB was then washed out with 1% acetic acid, and the plates were left to
dry overnight at 37°C. The plates were then solubilised with 10mM tris and left on the
shaker at 300 rpm for 10 minutes. They were then read using a Victor X4 multilabel
plate reader (PerkinElmer Life Sciences).

Absorbance of the treated cells was then calculated as a percentage of that of the
untreated cells (subtracting the value of the empty control for both) to determine cell
viability at each concentration of drug and subsequently generate a dose-response
curve. Mean IC50 values (from technical repeats) for each replicate were calculated
using GraphPad PRISM 6, which were then used to calculate the mean IC50 between
biological replicates as well as the standard deviation. Three independent biological

replicates were performed per drug and cell line.
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Figure 2.1 96-well plate layout of SRB assay
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3.0. Results

3.1. Morphological and growth characterisation of parental and resistant cell

lines

The non-small cell lung cancer cell lines HCC827 and HCC4006 were selected for this

project as they contain activating mutations in the EGFR tyrosine kinase domain>>0,

In order to characterise EGFR TKI resistance in these cell lines, three resistant sub-lines
each of HCC827 and HCC4006 were acquired from the Resistant Cancer Cell Line
collection (RCCL)*. The 3 sub-lines had previously been made resistant to Erlotinib
(first generation EGFR TKIl), Gefitinib (first generation EGFR TKI) and Afatinib (second
generation EGFR TKI) respectively, through dose escalation. This results in 8 distinct
cell lines, including the parental cell lines. The final concentration of drug that each

sub-line is resistant to and was subsequently cultured in is outlined in table 3.2.

Table 3.1 Non-small cell lung cancer cell lines used and associated EGFR status. The
amino acid deletions in both cell lines are caused by exon 19 deletions in the EGFR
gene. Disease type and EGFR status for HCC827 and HCC4006 found at
https://www.atcc.org/products/all/CRL-2868.aspx and
https://www.atcc.org/products/all/CRL-2871.aspx respectively.

Cell line Cell type Disease type EGFR status

HCC827 Epithelial Lung adenocarcinoma E746-A750 deletion

HCC4006 Epithelial Lung adenocarcinoma L747-E749 deletion,
(derived from A750P substitution

metastatic site)
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Table 3.2 Sub-line cell culture drug concentration

Cell Line Final drug concentration
HCC827 parental (HCC827 PTL) No drug

HCC827 resistant to erlotinib (HCC827 rErlo) 2 uM

HCC827 resistant to gefitinib (HCC827 rGefi) 2 uM

HCC827 resistant to afatinib (HCC827 rAfa) 50 nM

HCC4006 parental (HCC4006 PTL) No drug

HCC4006 resistant to erlotinib (HCC4006 rErlo) 1uM

HCC4006 resistant to gefitinib (HCC4006 rGefi) 1uM

HCC4006 resistant to afatinib (HCC4006 rAfa) 100 nM

Figure 3.1 Phase contrast microscopy of HCC827 sub-lines in culture. A: HCC827
parental cells. B: HCC827 cells resistant to Erlotinib. C: HCC827 cells resistant to
Gefitinib D: HCC827 cells resistant to Afatinib. Images taken at 40X magnification on an
Olympus CKX53 microscope.



Figure 3.2 Phase contrast microscopy of HCC4006 sub-lines in culture. A: HCC4006
parental cells. B: HCC4006 cells resistant to Erlotinib. C: HCC4006 cells resistant to
Gefitinib D: HCC4006 cells resistant to Afatinib. Images taken at 40X magnification on
an Olympus CKX53 microscope.

Phase contrast microscopy images were taken of each of the 8 cell lines to qualitatively
compare physical cell and growth morphology. As seen in figure 3.1, whilst the HCC827
PTL cells appear flatter and more spread out and tend to grow in a flat monolayer,
HCC827 rErlo cells grew more in clusters, with layers of cells growing on top of each
other in distinct colonies. HCC827 rGefi cells appear to reflect a nature in between
HCC827 PTL and HCC827 rErlo, with a more clustered structure than the former but in
a flatter manner than the latter. HCC827 rAfa also have a distinct morphology,
appearing to be smaller in size than the parental cells. However in contrast to HCC827

reErlo and HCC827 rGefi, they tend to grow more in a monolayer.

The qualitative difference in morphology between parental and resistant cells for the

HCC4006 sub-lines appears less stark; as seen in figure 3.2, all 4 HCC4006 sub-lines
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tend to grow in a flat monolayer, with no apparent clustering present. HCC4006 PTL,
HCC4006 rErlo and HCC4006 rGefi cells also appear to be of similar sizes, while

HCC4006 rAfa appear slightly larger than the others.
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A HCC827 Resistant Cell Line Growth Curve
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Figure 3.3 Growth curves and doubling times of HCC827 and HCC4006 sub-lines. A:
HCC827 sub-line growth curves. B: HCC827 sub-line doubling times. C: HCC4006 sub-
line growth curves. D: HCC4006 sub-line doubling times. Growth curves were
generated by xCELLigence real-time cell analysis (ACEA). Plates were seeded at 5000
cells per well in a 16-well format, with 4 technical repeats per cell line and 4 cell lines
per plate. Cell Index was measured every 30 minutes over a period of 6 days (144
hours). All data are representative of 3 independent experiments.
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Growth curves were also generated through xCELLigence real-time cell analysis (RTCA)
for each sub-line as part of the characterisation process, allowing for the drugs that
slow the growth of cells the most to be identified, which could have important clinical
implications for tumour growth. Doubling times for each sub-line were calculated using
the following formula, with concentration values taken when the cells were in the log

growth phase:

Duration * log (2)

Doubling time =
oubiing tume log(Final Concentration) — log(Initial Concentration)

For the HCC827 sub-lines, HCC827 PTL and HCC827 rAfa are the cell lines that
demonstrated the fasted doubling time, while HCC827 rErlo and HCC827 rGefi grew
somewhat slower; this appears to demonstrate that first generation EGFR inhibitors
are more likely to impede cell growth once resistance has developed when compared
to afatinib (a second generation inhibitor), which appears to result in a faster rate of
cell division. The slight drops seen in the growth curve after the initial plateau (most
apparent in HCC827 PTL but also present in HCC827 rAfa) are likely due to
overcrowding in the wells, leading to cells undergoing apoptosis and detaching from

the bottom of the well, decreasing the Cell Index.

However, it must be taken into account that the xCELLigence system generates growth
curves based on cells impeding the electron flow between two electrodes, where the
more surface area is covered by the cells the higher the impedance is, and that
HCC827 rErlo and HCC827 rGefi tend to grow in clusters on top of each other rather
than spreading over a wider surface area (which is characteristic of HCC827 PTL and

HCC827 rAfa), and this may affect the results of the assay. Future work should thus
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include comparison with an alternative method of generating cell growth curves, for

example a cell density seeding assay.

By comparison, the parental cell line for the HCC4006 sub-lines is not the fastest-
growing cell lines, growing slower than HCC4006 rGefi. It also has the lowest final Cell
Index of the sub-lines, meaning that it has the fewest cells in the wells at the end of
the 6 day period. Meanwhile, HCC4006 rAfa shows the highest initial growth rate
(although it has the slowest doubling tie at 26.32 hours) and HCC4006 rGefi has the
lowest doubling time by far at 15.44 hours (~6 hours lower than the next-fasted
growing sub-line, HCC4006 PTL) as well as the highest final Cell Index, and is thus
overall the fastest-growing HCC4006 sub-line. HCC4006 rErlo meanwhile sits
somewhere between HCC4006 rGefi and HCC4006 PTL with a doubling time of 22.92
hours. Interestingly, both HCC4006 rGefi and HCC4006 rErlo sub-lines grow faster than
the parental cell line whereas, unlike in HCC827, afatinib appears to slow growth as
demonstrated by HCC4006 rAfa. This serves to highlight the underlying heterogeneity
found in the context of acquired drug resistance; despite hailing from the same original
tissue type and harbouring similar EGFR-activating mutations, their response to the

drugs they become resistant to is very different.

As the growth curves have been generated while the cells are in culture conditions
containing concentrations of drug that they are resistant to (with the obvious
exception of the parental cell lines), it would be interesting to compare them to
growth curves of resistant cells grown without drug present to compare whether there
is a significant difference. Additionally, it would be interesting to compare the growth
rates of the cell lines in the context of a typical EGFR inhibitor patient dosing regimen

to better simulate the clinical usage pattern of the drugs.
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3.2. IC50 characterisation of parental and resistant cell lines
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Figure 3.4 Dose-response curves of HCC827 PTL cells treated with anti-cancer drug
panel. A: HCC827 PTL treated with Paclitaxel. B: HCC827 PTL treated with Osimertinib.
C: HCC827 PTL treated with Trametinib. D: HCC827 PTL treated with Cabozantinib. E:
HCC827 PTL treated with dichloroacetate. Data were collected using SRB assays and
IC50 was calculated with GraphPad Prism 6. All data (including IC50 values) are the
mean of 3 independent experiments, with error bars representing + standard
deviation.
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Figure 3.5 Dose-response curves of HCC827 rErlo cells treated with anti-cancer drug
panel. A: HCC827 rErlo treated with paclitaxel. B: HCC827 rErlo treated with
osimertinib. C: HCC827 rErlo treated with trametinib. D: HCC827 rErlo treated with
cabozantinib. E: HCC827 rErlo treated with dichloroacetate. Data were collected using
SRB assays and IC50 was calculated with GraphPad Prism 6. All data (including IC50
values) are the mean of 3 independent experiments, with error bars representing +
standard deviation.
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Figure 3.6 Dose-response curves of HCC827 rGefi cells treated with anti-cancer drug
panel. A: HCC827 rGefi treated with paclitaxel. B: HCC827 rGefi treated with
osimertinib. C: HCC827 rGefi treated with trametinib. D: HCC827 rGefi treated with
cabozantinib. E: HCC827 rGefi treated with dichloroacetate. Data were collected using
SRB assays and IC50 was calculated with GraphPad Prism 6. Data (including IC50 values)
for paclitaxel, osimertinib, trametinib and dichloroacetate treated cells are the mean of
3 independent experiments. Data for cabozantinib treated cells are the mean of 2
independent experiments. Error bars represent + standard deviation.
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Figure 3.7 Dose-response curves of HCC827 rAfa cells treated with anti-cancer drug
panel. A: HCC827 rAfa treated with paclitaxel. B: HCC827 rAfa treated with osimertinib.
C: HCC827 rAfa treated with trametinib. D: HCC827 rAfa treated with cabozantinib. E:
HCC827 rAfa treated with dichloroacetate. Data were collected using SRB assays and
IC50 was calculated with GraphPad Prism 6. All data (including IC50 values) are the
mean of 3 independent experiments, with error bars representing + standard
deviation.
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Figure 3.8 Dose-response curves of HCC4006 PTL cells treated with anti-cancer drug
panel. A: HCC4006 PTL treated with Paclitaxel. B: HCC4006 PTL treated with
Osimertinib. C: HCC4006 PTL treated with Trametinib. D: HCC4006 PTL treated with
Cabozantinib. E: HCC4006 PTL treated with Dichloroacetate. Data were collected using
SRB assays and IC50 was calculated with GraphPad Prism 6. All data (including IC50
values) are the mean of 3 independent experiments, with error bars representing +
standard deviation.
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Figure 3.9 Dose-response curves of HCC4006 rErlo cells treated with anti-cancer drug
panel. A: HCC4006 rErlo treated with Paclitaxel. B: HCC4006 rErlo treated with
Osimertinib. C: HCC4006 rErlo treated with Trametinib. D: HCC4006 rErlo treated with
Cabozantinib. E: HCC4006 rErlo treated with Dichloroacetate. Data were collected using
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values) are the mean of 3 independent experiments, with error bars representing +
standard deviation.
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Figure 3.10 Dose-response curves of HCC4006 rGefi cells treated with anti-cancer
drug panel. A: HCC4006 rGefi treated with Paclitaxel. B: HCC4006 rGefi treated with
Osimertinib. C: HCC4006 rGefi treated with Trametinib. D: HCC4006 rGefi treated with
Cabozantinib. E: HCC4006 rGefi treated with Dichloroacetate. Data were collected
using SRB assays and IC50 was calculated with GraphPad Prism 6. All data (including
IC50 values) are the mean of 3 independent experiments, with error bars representing
t standard deviation.
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Figure 3.11 Dose-response curves of HCC4006 rAfa cells treated with anti-cancer drug
panel. A: HCC4006 rAfa treated with Paclitaxel. B: HCC4006 rAfa treated with
Osimertinib. C: HCC4006 rAfa treated with Trametinib. D: HCC4006 rAfa treated with
Cabozantinib. E: HCC4006 rAfa treated with Dichloroacetate. Data were collected using
SRB assays and IC50 was calculated with GraphPad Prism 6. All data (including IC50
values) are the mean of 3 independent experiments, with error bars representing +
standard deviation.
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Continuing with the characterisation process, dose-response curves were generated
for each HCC827 and HCC4006 sub-line for a panel of 5 anti-cancer drugs. The drug
panel includes paclitaxel, osimertinib, trametinib, cabozantinib and dichloroacetate.

Their mechanisms of action are summarised in table 3.3.

Table 3.3 Anti-cancer drugs included in the screening panel and their respective
mechanisms of action.

Drug Mechanism of action

Paclitaxel Microtubule destabilisation inhibitor

Osimertinib Third generation EGFR tyrosine kinase
inhibitor

Trametinib MEK inhibitor

Cabozantinib MET inhibitor (also inhibits other RTKs
with lower affinity)

Dichloroacetate Pyruvate dehydrogenase kinase inhibitor

The IC50 for each drug/sub-line combination was then calculated to determine
whether any sensitivity or cross-resistance is present in the resistant cell lines. IC50s
were compared across the sub-lines for each drug (figure 3.12, figure 3.13) and the
resistance factor for each resistant sub line (fold-resistance compared to the parental
cell line) was calculated to allow for an effective comparison of the resistant sub-lines

to the parental cells.

resistant 1C50
parental IC50

Resistance factor (RF) =

For the different HCC827 sub-lines that were treated with paclitaxel, it is clear that
there is resistance to paclitaxel in HCC827 rAfa compared to the parental cells (table
3.4, figure 3.12 A), with a 3.38x higher IC50. Erlotinib and gefitinib, by contrast, show
no significant differences, with resistance factors of 1.05 and 1.39 respectively
compared the parental cell line. The HCC4006 drug-adapted sub-lines also showed
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significant resistance to paclitaxel in HCC4006 rAfa, as well as a non-significant trend
towards resistance in HCC4006 rErlo; interestingly, this is to a much greater extent
than any of the HCC827 sub-lines, with resistance factors of 61.46 and 21.68
respectively. However, HCC4006 rGefi shows no significant resistance when compared

to the parental cells, with a resistance factor of 0.96 (table 3.5, figure 3.13 A).

Interestingly, significant resistance is seen in both the EGFR TKI adapted HCC827 and
HCC4006 cell lines compared to the parentals when treated with osimertinib (table
3.4, figure 3.12 B), a third-generation EGFR TKI that’s designed specifically to overcome
T790M resistance mutations, therefore suggesting that their resistance is due to an
alternative mechanism. Amongst the HCC827 sub-lines, cells adapted to gefitinib had
the highest rate of resistance with a fold-resistance of 9618, then the erlotinib
resistant sub-line with an RF of 5600. Finally, the afatinib resistant cells which have an
IC50 1147x higher than the parental cells, although this was not found to be
statistically significant. Cross-resistance to osimertinib is somewhat less pronounced in
the HCC4006 drug-adapted sub-lines, although comparatively it is still very high. This
time, statistically significant differences were found across all sub-lines, with erlotinib
attaining the highest resistance factor at 999, gefitinib having the second highest at

653, and finally afatinib with a resistance factor of 553.

When treated with the MEK inhibitor trametinib, the two HCC827 sublines resistant to
first generation EGFR TKiIs (erlotinib and gefitinib) actually had lower IC50s than the
parental cell line, with a resistance factor of 0.46 and 0.52 respectively (although only
erlotinib was found to be significant), and thus indicate increased sensitivity to the
drug. However, the afatinib resistant cells have a higher IC50 value than the parental

cell line and are thus resistant, although only by a comparatively low and statistically
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insignificant 1.37x (table 3.4, figure 3.12 C). Unlike the resistant HCC827 cell lines
however, the resistant HCC4006 sub-lines all demonstrate an increased IC50 to
trametinib when compared to the parental cells (table 3.5, figure 3.13 C), although
once again only erlotinib reaches statistical significance; erlotinib shows the highest
fold-resistance with an RF of 7.09, compared to nearly half that for afatinib at 3.56 and
1.94 for gefitinib. Also of note, the parental HCC4006 cell line has over a 10X lower
IC50 for trametinib compared to the HCC827 parental cells (5.37 nM vs 57.15 nM),
suggesting that HCC4006 PTL cells rely more on MAPK pathway activation than
HCC827. Interestingly however, no change in sensitivity to trametinib is displayed by
any HCC4006 resistant sub-lines, suggesting a decrease in MAPK pathway activation

when treated with EGFR inhibitors (table 3.5, figure 3.13 C).

However, there is further sensitivity in erlotinib and gefitinib adapted HCC827 cells
when treated with MET (among other receptor tyrosine kinases) inhibitor cabozantinib
(table 3.4, figure 3.12 D); cells resistant to gefitinib showed the most sensitivity, with
an IC50 that is just 1.5% that of the parental cells, or an RF of 0.015. Erlotinib adapted
cells were also more sensitive than the parentals, although not to the same extent;
with a resistance factor of 0.22, they are just over 4x more sensitive than the parental
cells. However, as with trametinib, afatinib adapted cells again display a higher IC50
than the parental cells, around 1.46x (RF=1.46), indicating resistance. One of the EGFR
TKI adapted HCC4006 sub-lines also display sensitivity to cabozantinib, with a
resistance factor of 0.32 for the afatinib resistant cell line. The erlotinib and gefitinib
resistant HCC4006 sub-lines also shows slight sensitivity with RFs of 0.55 and 0.85

respectively, but this is not statistically significant (table 3.5, figure 3.13 D).
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Treating with dichloroacetate reveals no significant changes compared to the parental
cells (HCC827 rGefi and rAfa sub-lines) or further resistance (HCC827 rErlo, all HCC4006
sub-lines). For the HCC827 cell lines, erlotinib-resistant cells have the highest IC50,
resulting in a significant resistance factor of 1.64. HCC827 rAfa again demonstrates a
trend towards resistance, with a resistance factor of 1.26 while gefitinib-adapted cells
have a lower IC50 than the parental cells with an RF of 0.87 (although neither of these
is statistically significant) (table 3.4, figure 3.12 E). The EGFR TKI resistant HCC4006
sub-lines also demonstrate cross-resistance when treated with DCA, with gefitinib and
erlotinib having almost equal fold-resistance (2.09 and 2.07 times, respectfully), with
afatinib showing a slightly lower resistance factor of 1.79. All drug-adapted HCC4006
sub-lines thus demonstrate statistically significant resistance compared to the parental

cells (table 3.5, figure 3.13 E).
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Table 3.4 IC50 comparison of HCC827 sub-lines treated with anti-cancer drug panel.

IC50 £SD
Drug HCC827 PTL HCC827 rErlo | HCC827 rGefi | HCC827 rAfa
Paclitaxel (nM) 0.903 £0.091 | 0.947 £0.196 1.256 £+0.062 | 3.04 £1.177
0.000285
Osimertinib (uM) +0.000169 1.596 +0.703 2.741 £0.342 0.327 £0.108
78.133

Trametinib (nM) 57.147 £7.193 | 26.25 +5.429 29.62 £10.663 | £16.173
Cabozantinib (uM) 2.455 +0.582 0.539 £0.0509 | 0.037 +£0.029 3.59+0.172
Dichloroacetate (mM) | 18.60+7.175 30.55 +1.498 16.15 +1.918 23.40 £2.771
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Figure 3.12 IC50 comparison of HCC827 sub-lines treated with anti-cancer drug panel.
A: HCC827 sub-lines treated with Paclitaxel. B: HCC827 sub-lines treated with
Osimertinib. C: HCC827 sub-lines treated with Trametinib. D: HCC827 sub-lines treated
with Cabozantinib. E: HCC827 sub-lines treated with Dichloroacetate. Data were
collected using SRB assays and IC50 was calculated with GraphPad Prism 6. All data are
the mean of 3 independent experiments except HCC827 rGefi treated with
Cabozantinib, which is the mean of 2 independent experiments. Error bars represent
standard deviation, *= p <0.05, one-way ANOVA with Dunnett’s correction.
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Table 3.5 IC50 comparison of HCC4006 sub-lines treated with anti-cancer drug panel.

1C50 £SD
Drug HCC4006 PTL HCC4006 rErlo | HCC4006 rGefi | HCC4006 rAfa
Paclitaxel (nM) 1.139 +0.159 24.71 £3.412 1.093 +£0.023 70.06 £16.075
0.004007

Osimertinib (uM) +0.00269 4.003 +£1.096 2.62 0.4 2.60 £0.208
Trametinib (nM) 5.365 £1.623 38.07 £8.236 10.405 +2.491 | 18.577 £8.117
Cabozantinib (uM) 8.092 £2.629 5.365 £1.387 6.874 £1.257 2.553 £0.517
Dichloroacetate (mM) | 10.319 +2.601 21.433 +£2.703 | 21.61+2.115 17.76 £2.059
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Figure 3.13 IC50 comparison of HCC4006 sub-lines treated with anti-cancer drug
panel. A: HCC4006 sub-lines treated with Paclitaxel. B: HCC4006 sub-lines treated with
Osimertinib. C: HCC4006 sub-lines treated with Trametinib. D: HCC4006 sub-lines
treated with Cabozantinib. E: HCC4006 sub-lines treated with Dichloroacetate. Data
were collected using SRB assays and IC50 was calculated with GraphPad Prism 6. All
data are the mean of 3 independent experiments. Error bars represent standard
deviation, *= p <0.05, one-way ANOVA with Dunnett’s correction.
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4.0. Discussion

The aim of this project was to characterise the EGFR-mutant non-small cell lung cancer
cell lines HCC827 and HCC4006 and their sublines adapted to erlotinib, gefitinib or
afatinib for their morphology, growth behaviour, and resistance to a panel of selected

drugs.

4.1. Resistance affects cell growth and morphology

The xCELLigence RTCA assay demonstrates that the sub lines’ growth curves change in
a drug and cell line-dependent manner. In the HCC827 sub lines, the parental cells
retained the highest rate of growth, followed by HCC827 rAfa. HCC827 rGefi and
HCC827 rErlo, which are both resistant to first-generation EGFR TKls with very similar
chemical structures, are shown to grow significantly slower. This is very interesting as
this means there could be useful clinical implications associated with the decreased
cell division rate; meaning that in some cases of NSCLC, even once the tumour has
stopped responding directly to the drug, the treatment could still be slowing down the
growth rate. However, it is important to bear in mind the morphological changes
wrought upon the cells due to their exposure to the drugs. Both HCC827 rErlo and
HCC827 rGefi grow more as distinct clusters, with cells growing on top of each other
rather than in a flat monolayer (as HCC827 PTL and HCC827 rAfa do), which could
affect the results of the electrical impedance-based xCELLigence assay. In future work,
these data should be compared with an alternative technique to measure cell
proliferation such as a cell density seeding assay, where growth curves are generated
colourmetrically through the quantity of sulforhodamine B dye that binds to the cells

and is then solubilised. As all cells are able to take up the dye (regardless of growth
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morphology), this assay may more accurately reflect the proliferation rate of HCC827

rErlo and HCC827 rGefi.

Additionally, as demonstrated by the differences when comparing the growth curves
of resistant HCC827 and HCC4006 sub lines, decreased growth rate for resistant cells
would only benefit some patients; in others, acquired resistance say actually serve to
drive growth instead, as is demonstrated by the HCC4006 sub line growth curves.
Interestingly, the HCC4006 parental cell line is not the fastest growing out of the three
sub lines, while HCC4006 rGefi grows the fastest. Meanwhile, HCC4006 rErlo and
HCC4006 rAfa grow the slowest. This is an indication that while in some cases
resistance can slow cell proliferation, in others it can actually increase it. This is likely
due to differences in pathway activation/circumvention caused by differing resistance
mechanisms between the two parental cell lines (HCC827 and HCC4006). Next-
generation sequencing (NGS) alongside bioinformatic analysis would be a useful tool in
this context to help elucidate mutations that could be contributing to these differences
in growth patterns to be able to compare across cell lines, and should form a part of
future work carried out on this project. As all HCC4006 sub lines grew in a monolayer
rather than in clusters, these data should represent a more accurate reflection of their
growth dynamics when compared to HCC827 sub-lines, although a cell density seeding
assay should still be carried out for the sake of comparison and reliability. Additionally,
it would be interesting to generate growth curves for the cells when growing without
their resistant drug present in the culture conditions to model how tumour cells might
grow when a patient is switching treatment regimes and is thus not undergoing

therapy for a period of time.
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Furthermore, quantifying the differences in cell morphology observed between the
parental and resistant cell lines would allow for a preliminary investigation into
phenotypic differences. Analysing images of each of the cell lines through a platform
such as CellProfiler>! would allow for high-throughput quantitative examination of
various morphological differences such as shape, size and even texture, along with cell

grouping/clustering.

4.2. EGFR TKI resistance leads to cross-resistance to paclitaxel treatment in

multiple HCC827 and HCC4006 resistant sub-lines

Resistance to EGFR inhibitors was associated with increased paclitaxel resistance in
afatinib-adapted HCC827 cells compared to the parental HCC827 cells. Cross-resistance
to paclitaxel was also observed in the erlotinib and afatinib resistant HCC4006 sub-
lines but not cells adapted to gefitinib. This extent of cross-resistance was not initially
hypothesised, as paclitaxel’s most common mechanism of action works by arresting
cell division through the inhibition of microtubule destabilisation, which induces
mitotic arrest and cell death in a subset of the cellular population®2. As paclitaxel is not
commonly known to engage in the EGFR signalling pathway, the cause of this
resistance could be multivariate; for example, a study performed on oral cavity
squamous cell carcinoma has shown that paclitaxel treatment significantly reduced
EGFR activation? and thus in part attenuates the proliferative effects of its signalling
pathways, although this does not explain the lack of resistance seen in HCC4006 rGefi.
Drug efflux could be another possible cause, as it has been demonstrated that patients
with NSCLC can harbour cancer cells with increased expression of ABCB1°4, an ATP
binding cassette strongly implicated in multi-drug resistance>>. Expression of ABCB1

has also been tied to paclitaxel response in NSCLC, with increased expression resulting
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in a lower response rate>. Pre-treating cells with verapamil (a phenylalkylamine L-type
calcium channel antagonist) can attenuate the effects of drug efflux by decreasing
ABCB1 expression in NSCLC®®, so further work could be undertaken to investigate
whether pre-treating the sub-lines that demonstrated paclitaxel resistance with

verapamil restores sensitivity to the drug.

4.3. A possible shift to MET signalling may affect the response of resistant

HCC827 and HCC4006 cell lines to osimertinib and cabozantinib

Resistance is seen again in the HCC827 resistant cell lines when treated with the third
generation EGFR inhibitor osimertinib, although the extent of resistance seen here is
much more significant than it was with paclitaxel. Fold-resistance of 3642, 6523, and
2714 for HCC827 rErlo, HCC827 rGefi and HCC827 rAfa respectively demonstrates that
the resistant sub lines are thousands of times more resistant than the parental cells.
While not as high as in HCC827, fold-resistance is still high in the HCC4006 resistant
sub-lines (1,000, 653, 553 for erlotinib, gefitinib and afatinib resistant cell lines
respectively) when compared to the parental cells. As a third generation EGFR TKI,
osimertinib was specifically designed and is able to overcome the most prevalent
T790M resistance mutation®’. These data thus suggest that resistance in the case of
both HCC827 and HCC4006 sub lines is not due to T790M, but rather to a different
factor. After the T790M mutation, the most common known mechanism of resistance
in NSCLC treated with EGFR inhibitors is MET amplification, making it the most likely
explanation in this scenario. There is significant cross-talk between the EGFR and MET
signalling pathways, which allow for common downstream signalling effectors to
remain active despite continuous EGFR inhibition. This could explain the over

thousand-fold resistance seen in the resistant HCC827 sub lines.
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With 4 out of 6 EGFR TKI resistant HCC827 and HCC4006 sub-lines demonstrating
enhanced sensitivity to MET inhibitor cabozantinib compared to the parental cells, it
appears to be a comparatively effective drug at overcoming EGFR inhibitor-mediated
resistance, which further supports the hypothesis that MET amplification may be a

possible resistance mechanism in some of the drug-adapted cells.

In order to confirm a possible switch to MET signalling, future work should include c-
MET expression examination through qPCR and western blot analysis, and the MET
gene should be investigated through fluorescent in situ hybridisation (FISH) and/or

next-generation sequencing (NGS) to ascertain gene amplification/ploidy.

4.4. Sensitivity to MEK inhibition emerges in EGFR TKI resistant HCC827 but

not HCC4006 cells

When treated with trametinib, the two HCC827 sub-lines resistant to first generation
EGFR inhibitors (HCC827 rErlo and HCC827 rGefi) show increased sensitivity to the
drug (0.46 and 0.52x the IC50 when compared to the parental cells). This suggests an
increase in MAPK pathway dependency in these cell lines, which would explain the
increased sensitivity. However, HCC827 rAfa shows an increased IC50 (1.37x higher
than the parental cells), which is comparatively low but may be indicative of a shift to
the PI3K pathway over from MAPK signalling, which can mediate acquired resistance in
NSCLC as a compensatory mechanism to continue the drive towards survival and
proliferation®?. It would be interesting to confirm whether this is indeed occurring
through western blot analysis in any future work that is undertaken. Of further interest
is the fact that, despite having an increased IC50 compared to the parental cells
(resistance factors of 7.09, 3.56 and 1.94 for erlotinib, afatinib and gefitinib

respectively), even HCC4006 rErlo, which displays the highest IC50 out of all the

55



HCC4006 sub-lines at 38.07 nM, still has a lower IC50 than the HCC827 parental cell
line (IC50 = 57.15) when treated with trametinib. This suggests that overall, the
HCC4006 PTL cells are driven more by MAPK signalling than by the PI3K pathway,
whereas the reverse is probably true for HCC827 PTL, although this would again
require western blot analysis to confirm. Based on these results then, and with the
relative ease of shifting between the two pathways to drive and maintain
tumourigenesis in non-small cell lung cancer, a combination therapy of trametinib and
a PI3K inhibitor on resistant cells appears a prudent line of inquiry to follow. This
combination has been trialled by another group in a preclinical model on EGFR TKI
resistant cells, with testing performed both in vitro and in vivo. Results show that the
combination of trametinib and PI3K inhibitor taselisib is effective in HCC827 and
HCC4006 cell lines resistant to both gefitinib and afatinib in vitro, and in vivo the
treatment was able to keep tumour size static for at least 21 days (the end point of the
experiment) in a xenograft model using gefitinib resistant cells*. It would be
interesting to determine whether this combination is also applicable to our resistant
cell lines as resistance mechanisms can vary based on the protocol used to generate it,
even among the same cell lines treated with identical drugs®. Furthermore, the study
did not include erlotinib-resistant cells, which would be prudent to include as erlotinib
sees widespread clinical use and as demonstrated by our data can have significantly
different resistance profiles to gefitinib despite their structural and mechanistic

similarity.
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4.5. Sensitivity to cabozantinib emerges in resistant HCC827 and HCC4006 cell

lines

With over half of the EGFR TKI resistant HCC827 and HCC4006 sub-lines demonstrating
enhanced sensitivity to MET inhibitor cabozantinib compared to the parental cells, it
appears to be a comparatively effective drug at overcoming EGFR inhibitor-mediated
resistance. In the HCC827 sub-lines, sensitivity is demonstrated by the erlotinib and
gefitinib resistant cells, with resistance factors of 0.22 and 0.015 respectively. While
both show significant sensitivity, HCC827 rGefi shows the highest sensitivity of any cell
line treated with any of the drugs. By contrast, however, HCC827 rAfa demonstrated
some cross-resistance to cabozantinib treatment with a fold-resistance of 1.46.
HCC4006 rAfa and rErlo demonstrated resistance factors of 0.32 and 0.55 respectively.
Some sensitivity is also shown in the gefitinib resistant HCC4006 sub-line with an RF of
0.85, although HCC827 rAfa was the only statistically significant result. Once again
there appears to be a disparity in the IC50 of the HCC827 and HCC4006 parental cell
lines (2.46 vs 8.09 uM respectively), demonstrating that the HCC4006 PTL cells have an
IC50 over 3 times higher than the HCC827 parentals. This difference reflects a probable
difference in MET amplification status in HCC827 compared to HCC4006 cells; the data
thus suggest that HCC827 have increased MET signalling compared to HCC4006, as
even the HCC827 sub-line with the highest IC50 (HCC827 rAfa) for cabozantinib was
less than half the IC50 for HCC4006 PTL (3.59 vs 8.09 uM respectively). HCC827 cells
have been experimentally demonstrated to undergo MET amplification as a resistance
mechanism in response to EGFR inhibition with first-generation inhibiitors>®>° whereas
this was not found in HCC4006 adapted cells®%®', Thus, concretely determining

whether this difference is due to differential MET amplification or due to differences in
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expression of other NSCLC oncogenic drivers such as VEGFR, ROS, RET and AXL (which
cabozantinib also targets)3® through qPCR and/or western blotting experiments for

example, would be of strong interest.

4.6. EGFR TKI resistant cell lines show no increased sensitivity to

dichloroacetate

Contrary to predictions, there was not one single case of enhanced sensitivity to
dichloroacetate treatment in any of the HCC827 or HCC4006 drug-adapted cell lines. It
was hypothesised that the increased rates of glycolysis** and autophagy*’ seen in
resistant cells would result in increased dichloroacetate effectiveness in these sub-
lines —instead, it appears that there is no significant difference between the parental
and resistant cells (HCC827 rGefi, HCC827 rAfa) or, even more surprisingly, cross-
resistance (HCC827 rErlo, HCC4006 rErlo, HCC4006 rGefi, HCC4006 rAfa). One factor
that could influence this stark difference is the lack of a tumour micro-environment in
the in vitro model; one study found that increased glycolysis in EGFR TKI resistant cells
only actually mediated resistance through the cancer-associated fibroblasts (CAF)**,
which explains why a glycolytic inhibitor was only effective in the in vivo experiments

and not in vitro.

In the context of autophagy, it could be that it has decreased in some of the resistant
cell lines due to increased activation of the PI3K pathway compared to MAPK,
specifically in the context of the trametinib cross-resistance found in the drug-adapted
HCC4006 sub-lines. This would need to be experimentally demonstrated however, and
if upregulation of the PI3K pathway is indeed occurring in the resistant sub-lines, then
a combination assay of a PI3K inhibitor such as taselisib with dichloroacetate may yield

an interesting result due to the potential synergy of PI3K inhibition coupled with the
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targeting of the resulting increase in autophagy by dichloroacetate. However,
increased PI3K activity would still not satisfactorily explain the observed cross-
resistance to DCA in the HCC4006 resistant sub-lines due to the discrepancy between
dichloroacetate and trametinib cross-resistance; While the 1C50s of HCC4006 rErlo and
HCC4006 rGefi are near-identical when treated with dichloroacetate, there is a
significant difference between their IC50s when treated with trametinib (38.07 vs
10.41 nM respectively). This suggests that there are additional mechanisms at play,
although a sparsity of literature on this topic makes it difficult to suggest further

possible causes.

4.7. Future work

As mentioned throughout the discussion, it would be prudent to establish cell
signalling profiles (both baseline signalling and signalling when treated with the various
drugs) of relevant proteins such as MET, MEK, PI3K and EGFR in all NSCLC sub-lines
through western blotting. This would serve to support the hypotheses generated by
this data, whilst also serving as a good starting point for exploring effective drug

combinations for future dose-response cell viability assays.

As a further part of the characterisation process, it would also be beneficial to
generate a cell cycle profile for each of the sub-lines through flow cytometry (using
propidium iodide or Hoechst 33342 staining for example) in order to determine
whether there is a significant difference in cell cycle progression between the parental
and resistant cells. This data could be used to determine whether cell-cycle or
checkpoint inhibitors could have potential to overcome resistance in the drug-adapted

cell lines.
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In order to further elucidate the effects of the drugs on the panel on the cell lines
used, annexin V staining could be undertaken to determine the proportion of
apoptotic cells after treatment with each of the drugs. This would allow the
determination of whether the drugs’ effects are cytostatic or cytotoxic for each of the

different cell lines and would thus be a useful addition to the characterisation process.

Furthermore, it would be interesting to determine whether a significant side
population (SP), characterised by cancer cells with stem-like properties and show
resistance to multiple chemotherapeutic drugs® is present in any of the cell lines. Side
populations display an increased expression of ABCG2 efflux pumps, and their
presence can be determined within a general population of cancer cells through
staining with Hoechst 33342 or DyeCycle Violet fluorescent dyes using a flow
cytometer; SP cells will efflux the dyes through their ABCG2 efflux pumps, whereas
non-SP cells will retain the dye inside the cell®*. If a side-population is indeed present
in any of the resistant cell lines then it may provide a further explanation for possible

resistance mechanisms.

Side population analysis could further be complimented with NGS (for example whole
exome sequencing) followed by bioinformatic analysis of clones from the parental and
resistant cell lines to determine the acquisition of mutations after being exposed to
their respective drugs. This would help to build a more complete profile of the cell
lines as well as identifying potential new biomarkers of resistance and/or sensitivity for
each cell line. This information could then be further extended with the addition of
deep amplicon sequencing, allowing rare compound mutations to be identified® as
well as determining whether there was a resistant sub-population already present in

the parental cells.
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4.8. Conclusions

To conclude, the characterisation process of the EGFR TKI resistant non-small cell lung
cancer cell lines HCC827 and HCC4006 demonstrated a high extent of cross-resistance
to the drugs selected for the panel. Significant cross-resistance was observed in all
HCC827 resistance cell lines when treated with paclitaxel and in HCC4006 rErlo and
HCC4006 rAfa, along with several thousand and hundred-fold resistance in the HCC827
and HCC4006 resistant cell lines respectively when treated with third-generation EGFR
inhibitor osimertinib. Trametinib demonstrated some effectiveness in overcoming
resistance in HCC827 cells, while HCC827 cells resistant to first-generation EGFR
inhibitors demonstrated significant sensitivity when treated with cabozantinib, and
there was also some sensitivity seen in HCC4006 sub-lines, although the difference
between the parental cell line and the cell lines resistant to first generation inihibitors
was not statistically significant. Somewhat surprisingly, dichloroacetate showed either
no significant difference in the resistant cell lines compared to the parentals (HCC827
rGefi, HCC827 rAfa) or cross resistance (HCC827 rErlo, all HCC4006 resistant sub-lines).
The results obtained also highlight the persistent heterogeneity presence in the
context of acquired drug resistance in cancer; despite being derived from the same
cancer type and containing very similar EGFR-activating mutations, they demonstrate
very different responses between equivalent HCC827 and HCC4006 sub-lines when
treated with the same drugs. This makes it hard to pin down any particularly effective
therapy from the drug panel screening; what works well on one HCC827 sub-line to
overcome resistance may have the opposite effect on the equivalent HCC4006 sub-line
(for example as occurred with trametinib treatment). Based on the observed data,

however, it appears that cabozantinib is the most effective of the tested therapies,
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with significant therapeutic potential in some resistant cell lines (HCC827 rGefi,
HCC827 rErlo and HCC4006 rAfa). The next stage would be to determine its efficacy in
an in vivo model so see whether the results generated in this in vitro model would

translate into clinically-relevant data in a complete tumour environment.

Even when drug screening projects such as this do not demonstrate immediate
potential for clinically actionable results due to wide-ranging heterogeneity, continued
characterisation efforts of drug-resistant cell lines from the RCCL nonetheless remains
important. For example, it allows other researchers using cells from the RCCL to have a
more complete understanding of how the cells react to different treatments and
conditions, and allows them to take this into account when designing their
experiments. Additionally, laboratory work coupled with bioinformatic genomic
analysis allows potential new biomarkers of drug resistance/sensitivity to be
uncovered which can then be used in various ways, from improved patient

stratification to applications in personalised medicine.
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