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Abstract

Lung cancer has an overall 5-year survival rate of less than 15% and is the leading
cause of cancer-related death worldwide. As such, it is crucial we develop new
treatment strategies to overcome this formidable disease. In 2004, the discovery of
EGFR mutations that confer sensitivity to EGFR tyrosine kinase inhibitors in lung
adenocarcinomas heralded the beginning of the era of precision medicine for lung
cancer. The concerted effort to define molecular subgroups of lung cancer and
identify novel therapeutic targets has significantly impacted the advancement of
lung cancer treatment and patient survival. However, the clinical application of
molecularly guided personalized treatment is challenging. The biggest hurdle is the
inevitable emergence of drug resistance that ultimately renders therapy ineffective.
Tumour cells have the innate ability to employ different mechanisms to resist the
targeting agent, often driven by the heterogeneous nature of tumours, which is
especially prevalent in lung cancer.

The PI3K-mTOR signalling pathway together with AKT phosphorylation is active
in 50-70% of non-small cell lung cancer (NSCLC) and plays an overarching role in
all the hallmarks of cancer, including evading immune destruction. Pathway
dysregulation confers a poor prognosis making it an ideal target for treatment.
Results from early-phase PI3K targeted therapy clinical trials have been mixed,
with innate and acquired resistance to PI3K inhibition anticipated to be a major
hurdle to overcome in the development of these drugs. Initial efforts to
therapeutically target the PI3K-mTOR pathway in NSCLC have resulted in only a
few partial responses; however, most of the Phase I studies did not select for

patients with an activated PI3K-mTOR pathway. Several clinical trials combining a
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PI3K inhibitor with another targeted therapy or immunotherapy are currently
recruiting.

This project set out to further identify and validate biomarkers of drug resistance to
PI3K-mTOR targeted therapies to guide clinicians in the design of improved
treatment strategies for patients. Our group previously developed NSCLC cell line
models of acquired resistance to PI3K-mTOR inhibitor apitolisib which were used
in this study to validate specific bypass mechanisms of resistance. In-depth analysis
of differentially expressed mRNAs and IncRNAs identified changes in genes
involved in the regulation of metabolism and cellular response to stimuli. We are
the first to show that inhibition of PI3K-mTOR in NSCLC leads to transcriptional
activation of PIM1, PIM?2 and PIM3 kinases as well as c-Myc. Activated MACCI
expression was confirmed as an early event in the emergence of drug resistance,
suggesting it may be involved in initiating the events leading to the upregulation of
other genes such as MYC, PIM1/2/3 and the acquired resistance to PI3K/mTOR
inhibitors. Dual PIM kinase and PI3K-mTOR inhibition decreases cell proliferation,
and this data provides a rationale for co-targeting treatment strategies for patients
with tumours that have a dysregulated PI3K-mTOR pathway. This personalized
medicine approach will improve response rates and survival benefits for patients
with NSCLC. The second part of this thesis examined proteomic, phospho-
proteomic, genomic and transcriptomic intra-tumour heterogeneity (ITH) to
determine differences in the molecular profile of cancer cells within the tumour and
in particular how this may affect the diagnosis and stratification of patients for
personalized treatment. Proteomic and phospho-proteomic expression was
quantified across three different regions of the same tumour and matched normal

tissue from four patients with lung squamous cell carcinoma. Label-free L-C/MS-
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MS comparative proteomics and principal component analysis was performed and
demonstrated heterogeneous expression of proteins between different areas of the
same tumour mass. Interestingly, for the most part, protein expression was
identified in all tumour regions, albeit differentially expressed. A panel of four
differentially expressed proteins (Enolase-1, desmoplakin, tenascin C and EROI-
La) were selected for further validation by western blot analysis in the same protein
samples. Phosphorylated proteins demonstrated a more divergent expression
pattern between different areas of the same tumour with some undetectable in one
area while present in another part of the tumour. It was unclear whether this lack of
expression was a true reflection of tumour biology or may have been due to the
instability of phosphorylated proteins.

Finally, whole-exome sequencing (WES) and a microarray for RNA and IncRNA
profile analysis were used to quantify genomic and transcriptomic ITH respectively,
across two different tumour regions and matched normal tissue from three patients
with lung adenocarcinomas. The number of uniquely mutated genes per tumour
region in all tumours infers a high level of heterogeneity. The microarray dataset
identified novel IncRNA expression profiles in lung cancer that warrant further
investigation for the identification of biomarkers and new therapeutic targets that
can be used for NSCLC treatment.

In summary, ITH and clonal evolution enable the survival of residual disease cells
that eventually cause tumour relapse and the failure of single-agent-targeted
inhibitors to induce long-lasting durable responses to treatment. Our data further
highlights the limitations of tumour tissue biopsies to predict molecular or
proteomic profiles. Therefore, a panel of biomarkers allows for better patient

stratification for personalized targeted treatment.
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1. Chapter I: Introduction



1.1. Introduction

1.1.1. Lung anatomy and histology

The lungs are sponge-like organs that differ slightly in their anatomy. The right lung
has three lobes while the left lung has two lobes to make space for the heart in the
thoracic cavity. Conduction and respiration (gas exchange) are the two main
functions of the lungs. Conduction is the movement and conditioning of the inhaled
air, while respiration allows gas exchange. The air conduction starts from the
trachea and ends in the terminal bronchioles. The air enters the trachea coming from
the nasal cavity down through the nasopharynx, larynx. The trachea connects the
lungs with the oral cavity, it divides into two main bronchi, the branching fork
called carina, each of which enters the lung at the hilum level (Cersosimo, 2002).
The bi-fork carina, when invaded by cancer, makes surgical resection a difficult
treatment option (Figure 1.1). The two bronchi branch into two lobar bronchi, each
of which branches to give two segmental bronchi, the segmental bronchi continue
branching and lead to very small structures called terminal bronchioles or
respiratory bronchioles (the site of gas exchange and blood oxygenation) (Brown,
2018). The air conduction and conditioning (warming, moisturizing and clearing
dust particles) are modulated by five types of cells: A. The ciliated cells, the most
abundant, act as a muco-ciliary escalator to repel debris and particles within air
(Ganesan et al., 2013). B. The goblet cells (Goblet-shaped), secrete the mucus
(mucins) that lubricates the mucosal linings. The number of goblet cells
dramatically decreases as the bronchial branching becomes smaller (needed for gas
exchange) and replaced by club cells at the level of respiratory bronchioles. C. The
basal cells are connected to the basement membrane and provide an attachment

layer for the ciliated and goblet cells (Evans et al., 2001). D. The brush cells,



distributed in all respiratory mucosa have chemoreceptors monitoring air quality as
they associate with unmyelinated nerve endings (Brody, 2005). E. The
neuroendocrine cells (Kulchitsky cells), present as small clusters (3% of the
mucosal epithelium), and have neurosecretory granules eg. catecholamine,
polypeptide hormones such as serotonin (5HT), calcitonin, and gastrin-releasing
factors (La Rosa et al., 2010). Trapped within the bronchial submucosa, a mixture
of serous and mucinous cells resembling the salivary glands, their secretions empty
on to the bronchial mucosa via ducts. Smooth muscle fibres present at the level of
main bronchi to help control the airway passages and also in the respiratory alveoli
to maintain their plasticity (Janssen, 2012).

The respiration function of the lungs takes place in the respiratory alveoli, the
terminal alveolar branches; this histological structure is characterized by an
increased abundance of club cells, very low number of goblet cells, and the absence
of cartilage. The respiratory bronchioles consist of acinar structures, each of which
are composed of three parts; respiratory bronchioles, alveolar ducts, and alveolar
sacs. The alveolar epithelium is composed of three types of cells: A. type I
pneumocytes (90-95%), are squamous epithelia, their thin membrane allows for gas
trapping and permeability. B. type II pneumocytes make up nearly the residual
percentage of the cells (up to 5% of the cells). The type II pneumocytes secretes
surfactants necessary to maintain open airways passages and also serve as stem cells
to replace damaged type I and II pneumocytes. C. Macrophages are present in the
respiratory alveoli either free or trapped in the alveolar walls and they offer a late

line of defence (Mukaida et al., 2018, Vasudevan et al., 2018).
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Figure 1.1. Basic anatomy of the lungs highlighting the common location of different
types of lung tumours. Modified from Life art Medclip, Lippincott Williams & Wilkins,
©2001. Small cell lung cancer and squamous cell carcinoma are mostly located in the large
airway passages as they are linked to smoking and environmental predisposing factors.
Large cell cancer is limited to the bronchial alveoli and adenocarcinoma are located far
from the airway passages.

1.2. Lung cancer epidemiology and its risk factor:

Epidemiology is the study of distribution, aetiology and incidence rates of health-
related issues in specified populations and utilizes the collected information in the
prevention and control of health problems (Hajat, 2011, Gulis and Fujino, 2015).
1.2.1. Human development index

The human development index (HDI) is a statistical tool used to measure a
country’s overall achievement in its social and economic dimensions. HDI has an
impact on the incidence as well as the mortality rates of lung cancer. People in
countries with high HDI live longer than those living in low HDI countries (Cheng
et al., 2016, Rahi, 2011). In 2017, a study was conducted on the incidence and

mortality rates of lung cancer, the study included 74 countries: 38 countries with



HDI including all region in Europe, North America, Australia, New Zealand and
Japan, and 35 less developed countries with less HDI which include: all regions of
Africa, Asia except Japan, Latin America, Caribbean, Melanesia, Micronesia and
Polynesia countries. Per country HDI was found strongly correlated with the age-
standardized incidence and mortality rates (r=0.7 and 0.67, respectively). The trend
of incidence and mortality rates of lung cancer in men was found to decline in (22
out of 38 of high HDI) and in (30 out of 36 of low HDI) countries, the average
annual percent changes (AAPCs) went from 2.8 to 0.6 (incidence) and from 3.6 to
1.1. In contrast, the trend of incidence and mortality in women was increasing from
0.4 to 8.9 (incidence) and from 1 to 4.4 (mortality) among these countries. Based
on this study, lung cancer among women in all Western, Southern and Eastern
Europe reported an increased mortality rates. The highest increase in the incidence
rates of lung cancer among women was observes in Brazil, Spain and Cyprus
(Wong et al., 2017).

The number of lung cancer cases in any selected country is directly proportional to
the number of population. In China the population in 2012 was 1.351 billion, the
lung cancer incidence accounted for 36% of the world total cases. The collective
china cancer registry (CCCR) revealed that the number of lung cancer cases had
increased between 1988 and 2011, the incidence rates in male and females were 48
and 22 per 100,000 population, respectively (Chen et al., 2015b, Chen et al., 2015a).
The incidence and mortality of lung cancer was higher in urban areas compared to
rural areas as concluded from data obtained from 177 cancer registries in China

(Chen et al., 2016).



1.2.2. Cigarette smoking

Cigarette smoking is the leading cause of lung cancer, it accounts for 90% of lung
cancers in men and up to 80% in women (Youlden et al., 2008). Cigarette smoking
has been estimated to increase the chance of developing lung cancer by 30 fold in
both sexes (Proctor, 2001). At age 40, women who smoke have a greater chance of
dying from lung cancer than from breast cancer. Men are 10 times more likely to
die from lung cancer than prostate cancer (Woloshin et al., 2008). Passive smoking
can increase the susceptibility of lung cancer by 25% compared to non-smokers,
this increases to 50% in people who are chronically exposed to heavy passive
smoking (Wang et al., 2015). In addition to the active and passive tobacco smoking,
occupational exposure to smoky coal as well as coal fine particulate matters was
found to account for the main risk factors for lung cancer in China (Liu et al., 2017).
Gene mutations such as KRAS mutations are strongly associated with cigarette
smoking and occur in approximately 40% of adenocarcinomas (34% of smokers
and 6% of non-smokers) and approximately 5% of squamous cell carcinomas.

On the other hand, EGFR mutations are more common in never smokers. In
addition to air pollutants, poor nutrition and genetic susceptibility also have a role
in shaping the geographical distribution of lung cancer worldwide (Malhotra et al.,
2016). High radon areas have a direct impact on the prevalence of lung cancer
according to a study conducted in Ireland including more than 5500 people aged
above 50 (Dempsey et al., 2018). Another research study (83% smokers) to assess
risk factors showed 6% of cases developed lung cancer after exposure to asbestos,
3% were passive smokers, while those exposed to radon were only 0.5% (Cuadras
et al., 2016). Exposure to irradiation also_has a great impact on the mutagenesis and

transition of pre cancer tissue malignancy (Li et al., 2017a).



1.2.3. Genetic susceptibility

Susceptibility to lung cancer differs from one individual to another. Oncogenes are
involved in the activation of cell growth and division, whereas tumour suppressor
genes suppress these processes (Bello and Rey, 1995). The correct balance between
oncogenes and tumour suppressor genes as well as the existence of a healthy DNA
repair system is the best defence against the development of cancer. The ability of
the gene repair machinery eg. nucleotide excision repair (NER), mismatch repair
(MMR) to repair acquired mutations also plays an important role in susceptibility
(Spitz et al., 2003) and/or protection against the disease (Valdiglesias et al., 2011,
Chatterjee and Walker, 2017). Genetic polymorphisms, e.g. in epidermal growth
factor receptor (EGFR) can contribute to increased susceptibility to lung cancer and
failure of treatment with tyrosine kinase inhibitors (TKIs), such genetic
polymorphisms can be utilized in the prediction of tumour resistance to TKI (Wang
et al., 2017b). Since the somatic mutations in EGFR in the tyrosine kinase domain
play an important function in both development and treatment of lung cancer, the
frequent overexpression of EGFR poses it as a new and promising therapeutic
target. DNA-repair gene polymorphisms (Yu et al., 2017b) can enhance and
facilitate the production of bulky DNA adducts (conjugates between large reactive
electrophiles and DNA) by environmental agents and is associated with an
increased risk of lung cancer (Munnia et al., 2017). Inheritance of the susceptibility
to cancer differs between people. The incidence of lung cancer in one family
member represents a risk factor contributing to increased susceptibility of other
family members to developing lung cancer; the risk is increased by daily exposure

to different predisposing agents (Mattson et al., 1987).



1.3. Classification of lung cancer

Lung cancer is classified into two main types; small cell lung cancer (SCLC) and
non-small lung cancer (NSCLC) accounting for 15% and 85% respectively.
NSCLC is further classified into squamous cell carcinoma, adenocarcinoma, and
large cell carcinoma in addition to other forms of non-small cell carcinomas (Figure
1.2). Neuroendocrine tumours (NET) of the lung account for approximately 20%
of all lung cancers with the majority being represented by SCLC.. This thesis
focusses on adenocarcinoma and squamous cell carcinoma and both are described

in more detail below.

Lung Cancer

15% / \ 85%

Small Cell Non-Small Cell
Carcinoma Carcinoma
15% 25% 40% 20%
Large Cell Squamous Cell . Others & Not otherwise
S . Adenocarcinoma .
Carcinoma Carcinoma specified

Figure 1.2. Classification of lung cancer by histopathologic subtype. Modified from
(Gridelli et al., 2015).

1.3.1. Small cell lung cancer

Small cell lung cancer (SCLC), also called oat-like carcinoma, accounts for
approximately 15-20% of lung malignancies and 95% of lung neuroendocrine
tumours (Jackman and Johnson, 2005, Bertino et al., 2009). SCLC is a poorly-

differentiated, high grade aggressive carcinoma with a tendency to metastasize and



is strongly associated with cigarette smoking (Kato et al., 1969, Rekhtman, 2010,
Hendifar et al., 2017). SCLC is weakly reactive to the neuroendocrine markers
chromogranin A and synaptophysin (Kwon and Chapman, 2011, D'amico et al.,
2014). SCLC highly expresses the achuete-scute homolog 1 (hASH1) neuro-
endocrine marker (Ye et al., 2016) and membrane-based NCAM/CDS56, the latter
is a very sensitive marker for the diagnosis of SCLC (Lantuejoul et al., 1998) but
lacks specificity as it also stains NSCLC (Feng et al., 2017). SCLC and other
neuroendocrine pulmonary tumours give negative staining to the high molecular
weight keratins; CK1, 5, 10 and 14, also known as 34BE12 clone (Sturm et al.,
2001). Thyroid transcription factor-1 (TTF-1) is also used as a diagnostic marker
when combined with other endocrine markers such as CD56 and P16 (Svajdler et
al., 2019). SCLC is staged as a limited stage disease (local) or extensive stage
(distant) (Micke et al., 2002). Two thirds of SCLC are diagnosed late as extensive
carcinoma and the common metastasis sites are the liver, brain and bones
(Kalemkerian et al., 2013, Travis, 2014). The five year survival rate is 2-5% and
the treatment usually involves: etoposide plus cisplatin and surgery is highly
recommended in early stage patients (Johnson et al., 2011, Fisseler-Eckhoff and
Demes, 2012).

1.3.2. Non-small cell lung cancer

This group of lung carcinomas account for up to 85% of lung cancer cases and

include; large cell lung carcinoma, adenocarcinoma, and squamous cell carcinoma.

1.3.2.1. Large cell lung cancer
Large cell lung cancer (LCLC), also called non-small cell lung cancer not otherwise
specified (NSCLC-NOS), is one of the pulmonary neuroendocrine tumours

associated with cigarette smoking. It accounts for 10%-15% of all NSCLC, and is



a poorly-differentiated, high grade, aggressive lung tumours, and tends to start at
large airways and metastasizes early to the mediastinum (Lemjabbar-Alaoui et al.,
2015, Hendifar et al., 2017). The five year survival rate is 16-57%, and the treatment
involves cisplatin based chemotherapy plus surgery(Skuladottir et al., 2002,

Johnson et al., 2011, Fisseler-Eckhoff and Demes, 2012).

1.3.2.2. Lung adenocarcinoma

Adenocarcinoma accounts for 40% of all lung cancer cases and is now the most
common histological subtype of lung cancer in both men and women in Europe and
the US (B'chir et al., 2007, Nakamura and Saji, 2014). The elevated rate of lung
carcinoma in women who are non-smokers indicates that there are other risk factors
involved in addition to smoking (Dubin and Griffin, 2020). Lung adenocarcinoma
tumours are classified into 4 categories: 1) pre-invasive adenocarcinoma which
include (atypical adenomatous hyperplasia, adenocarcinoma in-situ, non-mucinous,
mucinous, mixed mucinous/non-mucinous), 2) minimally invasive adenocarcinoma
which could be mucinous, non-mucinous or mix of both, 3) invasive which include
(lepidic predominant, acinar predominant, papillary predominant, micropapillary
predominant or solid predominant with mucin production), 4) variants of invasive
adenocarcinoma are (invasive mucinous adenocarcinoma, colloid, fetal, enteric).
For the purpose of clinical diagnosis lung adenocarcinomas biopsies are classified
as: 1) Morphologic adenocarcinoma pattern clearly present (Adenocarcinoma + X,
where X: lepidic, acinar, papillary, micropapillary or solid), 2) Morphologic
adenocarcinoma is not clearly present (eg. Ancillary stained non-small cells suggest

adenocarcinoma) (Lambe et al., 2020).

10



1.3.2.3. Lung squamous carcinoma

Lung squamous cell carcinoma (LSqCC) accounts for 20-25% of NSCLC subtypes
with an incidence rate of 400,000 new cases per year worldwide (Gandara et al.,
2015). LSqCC patients are usually both current and former heavy smokers (Thun
et al., 1997). The Cancer Genome Atlas (TCGA) project revealed an overall high
mutational load in tobacco users including LSqCC patients compared to lung
carcinomas in never-smoker patients (Rock et al., 2009). Unlike lung adeno-
carcinoma, somatic driver mutations are less common in lung squamous cell
carcinoma. The most commonly dysregulated causative genes in LSqCC are the
loss of TP53 and CDKN2A (Zhou et al., 2016a). LSqCC is characterized by
activation in the genes that modulate the response to oxidative stress, and also
amplification of chromosome 7 at the p-arm band region clustering 7P63, PIK3CA,
EGFR and FGFRI1 genes. Mutations in some genes involved in PI3K/AKT pathway
have also been reported (Fang et al., 2016). The pathological differential diagnosis
between LSqCC and adenocarcinoma is that the former is characterized by
keratinization and intercellular bridges, and the latter has acinar or tubular structure
with mucin production. Immunohistochemical markers for LSqCC include
positivity to p40, CK5/6 and TP63, while adenocarcinoma is positive for TTF-1 and
Napsin-A (Inamura, 2018).

1.3.3. Pulmonary carcinoids

Pulmonary carcinoids are very rare lung tumours with an incidence rate that does
not exceed 1:50,000 population per year in European countries and America (Alsina
et al., 2011, Hallgrimsson et al., 1989, Hauso et al., 2008). Smoking, either light or
heavy, is not associated with pulmonary carcinoids (Hassan et al., 2008, Travis,

2014). Pulmonary carcinoids are well-differentiated neuroendocrine tumours,
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including low grade malignancy (typical carcinoids “TCs”) and intermediate grade
carcinoids (atypical carcinoids “Acs”) (Hendifar et al., 2017). The five years
survival rate in typical carcinoids is more than 80-100%, while atypical carcinoids
demonstrate 50-80% survival rate and lobectomy is the best treatment option
(Gustafsson et al., 2008, Johnson et al., 2011, Fisseler-Eckhoff and Demes, 2012).
Pulmonary carcinoids can be diagnosed either by CT-scan, which is the
recommended diagnostic tool, or by histopathological examination of tissue biopsy.
Carcinoids are characterized by their high expression of somatostatin receptors
therefore, imaging of these receptors by PET-scan is a very sensitive detection
method for both primary and metastatic carcinoids (Caplin et al., 2015, Leboulleux
et al., 2008).

1.4. Staging of non-small lung cancer

The staging system most often used for NSCLC is the American Joint Committee
on Cancer (AJCC) TNM system. The eighth edition is effective since January 1,
2018 and is based on 3 key pieces of information tumour size (T), location and
presence in lymph nodes (N) and whether it has metastasised (M). It is used to
evaluate the overall treatment options for the patient (Lemjabbar-Alaoui et al.,
2015). Lung cancer staging can be clinical (cTNM) or pathological (pTNM) staging
upon resection (Travis et al., 2008). Clinical staging depends on the information
obtained from the patient history, physical examination, blood tests, bronchoscopy,
imaging or surgical exploration (Travis et al., 2008). Pathological TNM staging is
performed when surgical resection is completed and provides more detailed
information by pathological examination of the resected tumour (Tsim et al., 2010).

Both depend on the number of tumour nodules (T), the location and number of the
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lymph nodes (N) invaded, and also on the presence of distant metastasis (M)
(Lemjabbar-Alaoui et al., 2015, Rusch et al., 2009, Choi and Lee, 2017).

Lung cancer is staged from I to IV (Tsim et al., 2010). Figure 1.2 illustrates the
criteria needed to fulfil each stage. In stage I, the lymph nodes are not involved and
the primary nodules can be 1 or 2 with sizes not exceeding Scm. If the patient has
two primary tumours sized > 5cm and not exceeding 7cm and there is no lymph
node invasion, the cancer will be staged as stage II. Stage II also includes patients
with one lymph node and up to 3 primary tumours. If four primary malignant
nodules are present with one or no lymph nodes involved, this is stage III. Stage III
includes patients with two or three lymph nodes invaded plus any number of
malignant nodules (>lcm) invading the nearby tissue structures e.g. heart,
oesophagus, carina, chest wall or trachea (Figure 1.2). Tumours are classified as
stage IV when there is distal metastasis present e.g. to the liver, bone or brain
regardless of how many N and T are present (Figure 1.2) (Lemjabbar-Alaoui et al.,

2015, Travis et al., 2008).
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Figure 1.3. TNM staging of NSCLC. The 8th edition of the TNM staging for lung cancer
was enacted on the 1st of January, 2018. T, tumour; N, node; M, metastasis.

1.5. Lung tumour grading

After the tumour is resected or the biopsy is harvested, fixed in formalin and with
the aid of the light microscope, the pathologist examines a tissue section to
determine the type of cancer cells present and whether they have spread beyond the
tumour margins (Carriaga and Henson, 1995). There are standard guidelines for the
collection of the biopsy as well as the description of resected tumour margin
(Ehrhart, 1998). Arrangement of cells within the tissue biopsy would determine the
tumour grade and accordingly tumours can be either: undetermined grade (Gx: cells
look like normal cells), low grade (G1: well-differentiated) such as typical and
atypical carcinoids (Hendifar et al., 2017), intermediate grade (G2: moderately
differentiated), high grade (G3: cells are poorly differentiated and look different
from the normal cells) such as SCLC and LCLC (Hendifar et al., 2017), or very

high grade (G4: cancer cells appear totally different from the normal cells and so
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called undifferentiated). However, Grade x and grade 1: denote tumours that are
very slow growing, grade 2/3: denote very heterogeneous and aggressive cells that
rapidly metastasize (Powers et al., 1995).

1.6. Clinical diagnosis of non-small cell lung cancer

Patients with lung cancer are usually referred to a respiratory physician by their
general practitioner (GP) or from a variety of casualty and trauma departments. The
signs and symptoms differ from one patient to another. Dyspnoea, haemoptysis
(coughing with blood), digital clubbing, weight loss and tiredness are all common
symptoms (Latimer, 2018). If symptoms have not improved by an appropriate
course of antibiotics, or if the patient has other risk factors including being a smoker
the following set of interventions may be requested (Quekel et al., 2003, Freedman,
2004).

1.6.1. Chest x-ray

For accurate diagnosis, two factors should be considered; the sensitivity (low
threshold) and specificity (no false positive) of the diagnostic test or tool. A study
presented by Quekel et al, based on their daily hospital-routine work, concluded
that, the sensitivity of x-ray to detect lung cancer nodules was very low (28% and
improved to 37% if the x-ray was read by two radiologists), but there isn’t any effect
on the specificity (up to 93%) which somehow compensates for the low sensitivity
(Quekel et al., 2003). The disadvantage of using x-ray for the diagnosis of lung
cancer is that often it cannot detect small nodules (early stage-curable nodules) and
also the malignant nodules cannot be discriminated from benign ones (Loverdos et
al., 2019). If a x-ray fails to detect lung cancer lesions, due to superimposed layers

of tissues, the next step is to perform chest Computerized Tomography Scan (CT-
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Scan) which has a much better sensitivity (Hossain et al., 2018, Quekel et al., 2003,
Latimer, 2018).

1.6.2. Chest computed tomography

A chest computed tomography (CT) scan is an x-ray based technique. It allows the
slicing of the superimposed structures of thoracic tissue layers which interfere with
the cancer lesions. It improves the clinical diagnosis of lung cancer in suspicious x-
ray results (Hossain et al., 2018, Sone et al., 1998). For the sake of diagnosis, a CT-
Scan is only indicated if the x-ray failed to detect cancer nodules, and is usually
indicated for cancer staging purposes when confirmed by histopathology (Hossain
et al., 2018, Freedman, 2004). The advantage of using CT-Scan over the x-ray is
connected with its high sensitivity for detecting lung cancer in suspicious x-ray,
however, the specificity remains low, therefore CT-scan is not recommended as the
first line in the diagnosis (Quekel et al., 2003, Freedman, 2004).

1.6.3. Tumour biopsy

Once a decision is made by the thoracic team, a biopsy from the suspicious nodule
should be obtained to confirm/exclude malignancy. The following are the methods

by which tissue biopsies are harvested:

1.6.3.1. Bronchoscopy

Bronchoscopy is the visualization of trachea and bronchi by a device called
bronchoscope. The bronchoscope is an open tube which can be a rigid or flexible
fibreoptic tube (Soyer, 2016). A bronchoscopy is indicated for obtaining samples
for diagnosis such as bronchoalveolar lavage (D'amico et al., 2014) and bronchial
tissue biopsy (Soyer, 2016). The bronchoscope is passed down to the trachea and
the bronchi via the mouth or the nose (Van't Westeinde and van Klaveren, 2011).

A video chip at the tip enables the respiratory physician to correctly and safely
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harvest the required tissue biopsies (Cabrera César et al., 2018, Sakurada et al.,
2005).

1.6.3.2. Medical thoracoscopy

Medical thoracoscopy (MT) is a procedure that involves access to the pleural space
with an endoscope which aids in obtaining tissue under direct visual guidance. It
can be done under conscious sedation without the need to put the patient under
general anaesthesia, therefore considered less invasive and safe (Loddenkemper,
1998). A MT is indicated when a needle aspiration fails to obtain a diagnosable
biopsy (Loddenkemper and Schonfeld, 1998).

1.6.3.3. Fine needle aspiration

A fine-needle aspiration (FNA) biopsy is harvested by a transthoracic needle
introduced into a mass or cellular exudate aggregate under CT-scan guidance
(Amedee and Dhurandhar, 2001). FNAs are used to minimize the un-necessary
surgical resection of non-malignant nodules which accounts for up to 40% of
suspicious lung neoplasm nodules (Smith et al., 2006, Aberle et al., 2011, Barta et
al., 2017). According to a study conducted by Schreiber, G et al., in 2001, the
sensitivity of CT-guided fine needle aspiration was 92% and the specificity was
97% in the diagnosis of lung cancer nodules (Schreiber and McCrory, 2003, Barta
etal., 2017).

1.6.3.4. Sputum Cytology

Sputum can be collected spontaneously by asking the patient to cough up the mucus
or induced by inhalation of saline mist to moisturize and ease sputum release (Field
et al., 2002). Sputum is collected and immediately fixed in 50% ethanol and 2%
carbowax and tested for the presence of cancer cells (Field et al., 2002, Ng and

Horak, 1983). The sensitivity of sputum can reach 65% if the tumour is located
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centrally (Squamous > adenocarcinoma) and at late stages of the disease, therefore
sputum is now limited and not used for early detection of lung cancer (Sing et al.,
1997, Thunnissen, 2003).

1.7. Laboratory diagnosis of non-small cell lung cancer

The histopathological classification of lung cancer relies on microscopic
examination of small biopsies or cytological specimens, rendering clear histological
distinctions difficult. Tumour cell shape and size (nucleus to cytoplasm ratio) and
reactivity to neuroendocrine markers are assessed (Hiroshima et al., 2006). Thyroid
transcription factor-1 or napsin-A are used as markers for adenocarcinoma, and p40
or p63 are used to identify a squamous cell carcinoma (Kawai et al., 2015). More
recently the preservation of sufficient specimen material for appropriate molecular
testing e.g. EGFR or ALK and PD-L1 expression is critical to guide therapeutic
decision making (Gregg et al., 2019).

1.8. Treatment of non-small cell lung cancer

When diagnosed early, surgery is the main therapeutic intervention for lung cancer.
Surgical resection via lobectomy is the standard of care in early stage NSCLC, with
the goal being complete anatomic resection of the tumour and mediastinal lymph
node evaluation (Padda et al., 2014). In stage IIIA, IIIB and IV NSCLC patients,
surgical resection may be carried out in addition to adjuvant or neoadjuvant
chemotherapy or radiotherapy (Varela and Thomas, 2014).

Screening for somatic mutations using oncogene panels such as the Oncomine
Focus Hotspot panel is highly recommended for patients with advanced disease
(Kerr et al., 2014). Currently, there are FDA and EMA approved targeted therapies
for lung cancer tumours that harbour specific sensitising mutations (Table 1.1, 1.2

and 1.3) as in the epidermal growth factor receptor (EGFR) gene. EGFR is screened

18



for point mutations and deletions in the tyrosine kinase domain including L858R,
Del19, G719X, S768I and L861Q (Solassol et al., 2019). Treatment includes first
and second-generation tyrosine kinase inhibitors (TKIs). The T790M EGFR
mutation confers resistance to first and second generation TKIs, so a third-
generation TKI Osimertinib is now approved for treatment. Patients are also tested
for mutations in the Anaplastic lymphoma kinase (4LK) gene and the EML4-ALK
translocation (Wu et al., 2012). In 2011, the first generation ALK
inhibitor Crizotinib was approved for the treatment of advanced ALK-positive
NSCLC. Since then a further three next-generation ALK inhibitors have been
approved including alectinib, ceritinib, and brigatinib (Uemura and Hida, 2017).

Over the past several years, immunotherapy has shown significant promise in the
treatment of NSCLC. Immune checkpoint inhibitors (ICIs), composed of
monoclonal antibodies that target the PD-1/PD-L1 axis have been developed which
improve the antitumour immune response. Checkpoint inhibitors Nivolumab
(OPDIVO) and Pembrolizumab (Keytruda) were the first to be FDA approved for
NSCLC in 2015 (Vaddepally et al., 2020). Nivolumab was approved as a second-
line drug to treat previously treated patients with advanced NSCLC. Initially
Pembrolizumab was also approved as a second-line treatment in 2015, where the
PD-L1 immunohistochemistry (IHC) > 1% tumour proportion score (TPS).
However, in 2016, it was also approved as a first- line drug to treat NSCLC in
patients that do not have EGFR mutations or ALK rearrangements where PD-L1
IHC > 50% TPS. They target PD-1 and prevent it binding to its ligand PD-L1, thus
preventing the inactivation of T-cells. Atezolizumab (Tecentriq) was approved in
2016 to treat late stage NSCLC where the disease progressed after or during

platinum-based chemotherapy. The combination of drugs like nivolumab and
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ipilimumab have shown enhanced overall survival rate compared with
chemotherapy as the first-line therapy for advanced NSCLC patients
with programmed cell death ligand 1 (PD-L1) expression of at least 1%
(Vaddepally et al., 2020, Alsaab et al., 2017). PD-L1 expression emerged as the
first potential predictive biomarker on tumour or immune cells (Davis and Patel,
2019). Tumour mutational burden (TMB) is defined as the total number of somatic
coding mutations found in cancer cells. It too has potential as a biomarker to predict
response to immunotherapy (Klempner et al., 2020). Adverse-effects associated
with immunotherapy such as skin rash, pneumonitis, colitis etc. are wide ranging
and can involve almost every organ system. As the field advances at such a fast
rate, it is crucial that these side effects are closely monitored to ensure the safety of
patients (Cappelli et al., 2017).

1.8.1. Tyrosine kinases

Protein kinases are of two types: the serine/threonine kinases, transduce deep in the
cytoplasm and not directly phosphorylated by the receptor tyrosine kinases and
phosphorylated by lipid-based kinases such as protein kinases C (PKC) and PI3K.
eg. of these kinases are cell cycle kinases, AKT/PBK and MAP kinases. The second
type of protein kinases is the tyrosine kinases which plays a major role in regulation
of various cellular processes that catalyse the transfer of a phosphate group from
ATP to a hydroxyl group of a serine or a threonine. Among the 90 identified genes
encoding proteins with tyrosine kinase activity, 58 encode receptors divided into 20
subfamilies and 32 are non-receptor tyrosine kinases, clustered in 10 sub-families
(Robinson et al., 2000). Of these subfamilies, EGFR/ErbB (class I), the receptor for
insulin (class II), for PDGF (Class III), for FGF (class IV), for VEGF (class V) and

HGF (MET, Class VI) are mainly linked with oncological diseases. The main
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characteristics of RTKs are having single trans-membrane domain and a
glycosylated N-terminal extracellular domain with large number of disulfide bonds
(Ségaliny et al., 2015).

The basic function of these tyrosine kinases is to regulate cell signalling that
modulate cell growth and differentiation as well as cells adhesion, mobility and
cells viability. Receptor tyrosine kinases (RTKs) consist of three regions: the
extracellular binding domain, the transmembrane helix domain, and a cytoplasmic
catalytic domain of the tyrosine kinase. Binding of the binding domain to its agonist
would lead to oligomerization/ dimerization, or multimerization of the receptor
which ends with auto-phosphorylation of the catalytic subunit, which then passes
the phosphate group to downstream signalling molecules e.g. PI3K and MAPK (Du

and Lovly, 2018, Lahiry et al., 2010).

21



Table 1.1. Targeted receptor tyrosine kinase family in cancer.

Class Sub-Class Inhibitor Reference
EGFR Afatinib (Davis et al., 2011)
Class I HER?2, 4 Poziotinib (Romero, 2018)
. Pyrazolopyrimidine (Lim et al., 2015)
InsR Linsitinib (OSI-906) (Davis et al., 2018)
Class 11 N
IGFIR GSK-1838705A (Sabbatini et al., 2009)
PDGFRa, b CP-673451 (Roberts et al., 2005)
KIT Sunitinib (Davis et al., 2011)
Class II1
CSFR Ki-20227 (Ohno et al., 2006)
FLT3 G749 (Lee et al., 2014)
Class IV VEGFRI1 Pazopanib (Zhu et al., 2020)
VEGFR2,3 Pazopanib (Harris et al., 2008)
FGFRI1 LY2874455 (Roskoski, 2020)
Class V
FGFR2, 3 LY2874455 (Zhao et al., 2011)
FGFR4 BLU-9931 (Jiang et al., 2017a)
trkA AZ-23 (Thress et al., 2009)
Class
trkB GNF-5837 (Albaugh et al., 2012)
VI
trkC AZD1332 (Thress et al., 2009)
Class X MET SGX-523 (Buchanan et al., 2009)
Ron BMS-777607 (Schroeder et al., 2009)
Class . . (Clemens et al., 2009)
XIV RET tamatinib
Class ie s (Hoang et al., 2020)
XIX ALK ceritinib

(Davis et al., 2011, Romero, 2018, Lim et al., 2015, Davis et al., 2018, Sabbatini et

al., 2009, Roberts et al., 2005, Ohno et al., 2006, Lee et al., 2014, Zhu et al., 2020,

Harris et al., 2008, Roskoski, 2020, Zhao et al., 2011, Jiang et al., 2017a, Thress et

al., 2009, Albaugh et al., 2012, Buchanan et al., 2009, Schroeder et al., 2009,

Clemens et al., 2009, Hoang et al., 2020).
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Table 1.1. Targeted non-receptor tyrosine Kinase family in cancer.

Class Sub-Class Inhibitor Reference
ABLI1 K0706 (Antelope et al., 2019)
Class I Imatinib, dasatinib,
ABL2 o (Haguet et al., 2018)
nilotinib
Class 11 ACKl1 1-9b (Lawrence et al., 2015)
Class 111 CSK dasatinib (Tiwari et al., 2017)
FAK GSK2256098 (Brown et al., 2018)
Class IV PF-4594755, PF-
PYK2 N
4520440 (Guidetti et al., 2016)
Class V FER E260 (Elkis et al., 2017)
Class VI BRK XMU-MP-2 (Jiang et al., 2017b)
JAKI,3 delgocitinib (Ma et al., 2020, Dhillon, 2020)
Class VII
JAK2 Delgocitinib, 16ml  (n15 et al., 2020, Dhillon, 2020)
BLK ibrutinib (Burger and Buggy, 2013)
HCK Pyrazolo-3,4-pyrimidine (Tintori et al., 2013)
Class VIII
LCK A-770041 (Stachlewitz et al., 2005)
LYN Bafetinib (Santos et al., 2010)
BMX MK2206 (Liu et al., 2013a)
Class IX
BTK, ITK PCI-32765 (Vargas ctal, 2013)
Class X SYK R788 (Weinblatt et al., 2010)

(Antelope et al., 2019, Haguet et al., 2018, Lawrence et al., 2015, Tiwari et al.,

2017, Brown et al., 2018, Guidetti et al., 2016, Elkis et al., 2017, Jiang et al., 2017b,

Ma et al., 2020, Dhillon, 2020, Burger and Buggy, 2013, Tintori et al., 2013,

Stachlewitz et al., 2005, Santos et al., 2010, Liu et al., 2013a, Vargas et al., 2013,

Weinblatt et al., 2010).
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1.8.2. PIM Kinases

The PIM family of serine/threonine kinases regulate cell survival pathways, are
implicated in the progression of lung cancer (Jiang et al., 2020, Jinesh et al., 2016)
and play a role in drug resistance and immune evasion in cancer (Malone et al.,
2020). PIM1 enhances the transforming potential of oncogenes such as c-Myc
(Wang et al., 2012) and has been shown to promote EMT and stemness in IL-6-
induced breast cancer cells via c-Myc activation (Gao et al., 2019a).

MACCI (metastasis-associated in colon cancer 1) is upregulated in several cancer
types and is a marker of cancer invasion and metastasis (Wang et al., 2013, Stein et
al., 2009). MACCI and PIM3 expression are correlated in ovarian cancer (Stein et
al., 2009). MACCI1 activation has been shown to induce trastuzumab resistance,
enhance altered metabolism known as the Warburg effect and activate the PI3K
pathway in gastric cancer (Liu et al., 2016). Therefore co-targeting PI3K and PIM
kinase pathways may provide a more durable response in patients (Heavey et al.,
2016). Studies suggested that elevated expression of MACC-1 is positively
associated with disease progression and prognosis in NSCLC patients in turn
leading to short-term survival period. Recent research identified MACCI to be over
expressed in NSCLC patients and is responsible for tumourigenesis and expression
of metastasis-associated genes, which enhance NSCLC cell proliferation, migration
and invasion by inducing the EMT signalling pathway (Shi et al., 2017).

The majority of research focused on PIM1 has showed that PIM inhibitors are
responsible for significantly increasing in ROS which in turn has a crucial cytotoxic
effect towards cancer cells. However the process by which PIM produces ROS is
poorly understood. Recent research has shown that lung cancer patients staging I to

IIT have high level of PIM1, stage III had the highest level of PIM1. Patient with
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high PIM 1 had significantly worse survival and poor response to chemotherapy
compared with low PIM1. Since the PIM kinases expression increases are persuade
in response to cellular and mechanical stress, hypoxia and nutrient deprivation, they
are more likely to alter the tumour environment which accounts for the observed
increase in PIMI in later stage NSCLC. Shailender et al., 2019 with the help of
mitoSOX live cell imaging demonstrated that blocking PIM directly affects
mitochondrial function, independent of its ability to inhibit the Nrf2 antioxidant

pathway (Chauhan et al., 2020).

PIM inhibition

PIM overexpression

| ®®% @‘/ l
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DD
Survival o
Therapeutic Resistance

Figure 1.4. Model describing the role of PIM in regulating the mitochondrial
phenotype, ROS production, and survival/therapeutic resistance. Modified from
(Chauhan et al., 2020).

1.8.3. The PI3K pathway

The PI3K pathway regulates cell growth and proliferation and is often dysregulated
in cancer due to mutation, amplification, deletion, methylation and post-
translational modifications. PI3K pathway activation in NSCLC has been shown to
lead to more aggressive disease relating to poor prognosis for patients. There are
three classes of PI3K enzymes I, II and III. Class I PI3Ks are most implicated in

human cancers and function as a heterodimeric lipid kinase consisting of a

regulatory subunit and a catalytic subunit. There are five regulatory subunits
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including p85a, p85PB, p55y, p101 and p84. p85a is encoded by the PIK3RI gene,
which is often found to be somatically mutated in cancers including NSCLC as well
as ovarian and colon tumours, with decreased expression indicating a tumour
suppressing role for the gene (Philp et al., 2001, Taniguchi et al., 2010).

There are four catalytic p110 subunits including p110a, p110pB, p1105 (Class 1A)
and pl110y (Class 1B). The pl10a isoform is encoded by PIK3CA, which is
frequently somatically mutated in human cancers (Samuels et al., 2004). PIK3CA
is frequently amplified (12%-20%) or mutated (2%-5%) in NSCLC, and is
associated with increased AKT activity (Yamamoto et al., 2008, Kim et al., 2017,
Sanders and Albitar, 2010, Courtney et al., 2010, Okudela et al., 2007, Karakas et
al., 2006, Kawano et al., 2006, Zhong et al., 2006). PIK3CA amplification is more
frequently observed in squamous cell carcinoma (SCC) than adenocarcinoma.
PIK3CA mutations frequently coexist with EGFR/KRAS mutations (Wang et al.,
2014a). p110pB has been shown to be amplified in 5% of serous epithelial ovarian
cancers (Brugge et al., 2007), and roles for this isoform have also been described in
breast cancer (Crowder et al., 2009) and PTEN-deficient cancer cell lines (Wee et
al., 2008). While p110a and p110p both commonly occur in all tissues, p110d
expression is restricted largely to the immune system (Utermark et al., 2012).
1.8.4. Targeting the PI3K pathway in NSCLC
Pan- and isoform-specific inhibitors targeting major nodes of the PI3K pathway
have been evaluated in clinical trials. Initial efforts to therapeutically target the
PI3K-mTOR pathway in NSCLC resulted in only a few partial responses in patients
however most of the Phase I studies did not select for patients with an activated
PI3K-mTOR pathway (Yang et al., 2019a). Recent in silico evidence demonstrated

that dual targeting of mTOR and PI3K may be a promising therapeutic strategy in

26



patients with lung cancer with LKBI1 loss (Cheng et al., 2014, Shukuya et al., 2019).
Combined inhibition of PI3K and CDK4/6 in lung squamous cell carcinoma patient
derived xenograft (PDX) models with PIK3CA mutations resulted in greater
antitumour effects compared with either monotherapy alone.

Dual targeting resulted in inhibition of the PI3K and cell-cycle pathways (Shukuya
et al., 2019). The BATTLE-2 study and other trials that evaluated combinations of
PI3K/Akt and MEK inhibitors demonstrated modest activity and poor tolerance
related to on-target inhibition of the MAP kinase and PI3K pathways in normal
tissues (Papadimitrakopoulou et al., 2016, Tolcher et al., 2015, Tan, 2020, Haas et
al., 2018, Jokinen and Koivunen, 2015). Several clinical trials combining a PI3K
inhibitor with another targeted therapy or immunotherapy are currently at the
recruitment stage including PI3K/mTOR inhibitor (gedatolisib) in combination
with CDK 4/6 inhibitor (Palbociclib) for solid cancers including lung squamous cell
carcinoma, PI3K-delta inhibitor (idelalisib) plus PD-1 receptor antagonist
(pembrolizumab) for NSCLC, and PI3K-gamma inhibitor (IPI-549) and PD-1
receptor antagonist nivolumab in advance solid tumours including NSCLC
(Knudsen et al., 2020). The FDA has recently granted fast track designation for a
combination of (IPI-549) plus nivolumab for the treatment of patients with
advanced urothelial cancer. As with all targeted therapies PI3K targeted inhibition
has been hampered by a high rate of innate and acquired resistance. Mutations in
KRAS and B-RAF, ERK hyper activation as well as extensive PI3K-MEK pathway
cross-talk may provide bypass mechanisms of resistance (Heavey et al., 2018). Cen
et al. showed that inhibition of PI3K/Akt leads to transcriptional induction of PIM1
kinase which in turn regulates the expression of RTKs in prostate cancer (Cen et

al., 2013).
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1.8.5. Non-coding RNAs role in non-small cell lung cancer

There are more than 8500 human non-protein coding genes and pseudogenes
identified and named by the HUGO Gene Nomenclature Committee compared to
38,000 protein coding genes. Non-coding RNA are either short microRNA, which
share a common function and have a conserved sequence homology, or long non-
coding RNAs (ncRNAs), share no conserved sequence and thus their function is
variable and only related to each other by their approximately 200 nucleotides
length (Wright, 2014, Wright and Bruford, 2011, Kung et al., 2013). Both are found
to play a role in many cellular processes such as cell cycle progression, cell
differentiation, chromatin modification as well as controlling gene expression of
protein coding genes (Spizzo et al., 2012).

1.8.5.1. MicroRNAs

MicroRNAs, are small non-coding RNAs, have a role in controlling gene
expression and consequently involved in tumourigenesis and drug resistance
(Mansoori et al., 2017).

1.8.5.2. LncRNA expression and nomenclature

Only 2% of human genome is translated into proteins. Cancer mutations are often
found in non-coding regions when compared with coding regions. Recently, long
non-coding RNAs (IncRNAs), predominantly occupy the non-coding RNAs
(ncRNAs), which are considered to be the hotspots in cancer research. Due to the
large number of IncRNAs, with an estimate of 102,000, IncRNA-based research
holds great promise in cancer treatment.

Long non- coding RNAs, like mRNAs are transcribed by RNA polymerase 1,
subjected to capping and poly-adenylation and the only difference is that they are

neither translated to peptide chains nor assembled as proteins (Li et al., 2016, Quinn
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and Chang, 2016). LncRNAs are >200 nucleotides length, very unique, have no
conserved homology sequences, and their function is variable (Wu et al., 2016,
Cabili et al., 2011). LncRNAs are expressed at levels difficult to detect (very low)
but found to play a role in tissue development and differentiation of specific tissues
(Clark and Mattick, 2011, Wu et al., 2016, Salviano-Silva et al., 2018). LncRNA
gene names are either derived from their function or from their location if they are
of unknown function.

A) LncRNAs of known function: there are general guidelines for the nomenclature
of IncRNAs with known function which include: 1) given a unique abbreviation
describing the full gene name eg: (i) BANCR (function: BRAF-activated non-
protein coding RNA) which triggers apoptosis and suppresses cancer cell invasion
and migration in NSCLC (Yang and Liu, 2019), (ii) DANCR (function:
Differentiation antagonizing non-protein coding RNA) which promotes cancer
progression via upregulating IGF2 gene (Gao et al., 2019b), (iii)) ANCR (function:
Anti-differentiation non-protein coding RNA that suppress progenitor
differentiation) (Kretz et al., 2012), (iv) TINCR (function: tissue differentiation-
inducing non-protein coding RNA) (Kretz et al., 2013). 2) consisted of capital Latin
letters and numbers (distinguishes them from rodents) eg. HOTAIR homosapiens
vs Hotairmus-musculus, no punctuation but hyphens are used in certain situations
eg. -AS in BACEI-AS to denote the IncRNA gene located on the negative DNA
strand (anti-sense) (Wright and Bruford, 2011, Wright, 2014).

B) Pseudogene IncRNAs: Pseudogene IncRNAs even if they are linked to a
function should be given the gene name plus P which stands for pseudogene eg.
PTENP1 (phosphatase and tensin PTEN homology pseudogene 1) which has a

tumour suppressant activity via negatively regulating AKT/PKB signalling
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pathway, also binds and interferes with miRNAs that target the expression of PTEN
gene (Yu et al., 2014).

C) LncRNAs of unknown function: Names of IncRNAs of unknown function,
located within a protein coding gene, are derived from that gene suffixed at the end
to indicate its location which can be antisense (-AS), intronic (IT), overlapping
(OT). If they are located between genes, they take the root symbol LINC plus
numbers (long intergenic non-coding RNA) (Harrow et al., 2012).

1.8.5.3. LncRNA as a biomarker for lung cancer diagnosis.

LncRNAs regulate splicing of mRNA, giving rise to the existence of mRNA
variants, also found to play role in gene transcription and modulate protein activity
and are involved in the assembly of multi protein complexes and their subcellular
localisation (Wilusz et al., 2009). MALAT1 was found strongly associated with
NSCLC and counted as a promising blood-based biomarker with sensitivity and
specificity of 56% and 96%, respectively, with an area under ROC curve of 0.79
(Weber et al., 2013). The potential diagnostic value increased when measured in
serum-isolated exosomes (sensitivity 60%, specificity 81%, AU-ROC curve 0.70),
which was found positively correlated with cancer spread to lymph nodes (Zhang
et al., 2017b). GASS IncRNA has tumour suppressant activity and is found
associated with increased tumour progression and metastasis when its level is
downregulated. In blood samples, GAS5 was found highly expressed in patients
with NSCLC compared to healthy individuals with specificity, sensitivity and AUC
of 72%, 82% and 0.83, respectively (Liang et al., 2016). HIF1A-AS1 IncRNA
levels were also found in lower levels in post- surgical resection of malignant lung
tumours compared to normal lung tissues (Tantai et al., 2015). The clinical utility

of IncRNAs increases when used in combination as a panel of IncRNAs or in
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combination with protein markers in order to increase the AUC as well as to
increase the sensitivity and specificity eg. XIST (AUC=0.83) and HIFIA-AS
(AUC=0.87) when combined yields an AUC of 0.93 (Tantai et al., 2015).
Combinations of IncRNAs with tumour biomarkers can yield an improved
diagnostic approach e.g. ANRIL and SOX20T when combined with SCCA, CEA
and CYFRA 21-1 NSCLC protein markers panel increase the sensitivity, specificity
and the AUC of this protein panel in diagnosis of LSqCC (Lu et al., 2018). Table
1.1 summarizes the most common validated IncRNAs that have a potential clinical
value in the diagnosis and prognosis of patients with non-small cell lung cancer.
LncRNAs can be subtype-specific, and therefore might serve as important
biomarkers to form a molecular signature in stratifying squamous cell carcinoma

from adenocarcinoma (White et al., 2014, Zhao et al., 2014).
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Table 1.2. LncRNA associated with poor prognosis in NSCLC.

IncRNA Role in NSCLC Reference
MALATI1 (Schmidt et al., 2011)
PVTI (Cui et al., 2016)
CARLo-5 Promotes cell proliferation, (Luo et al., 2014)
migration, and invasion
HOTAIR (Yao et al., 2014)
CCAT2 (Qiu et al., 2014)
MEG3 (Zhang et al., 2017a)
Promotes cell invasion and
7ZXF1 metastasis (Zhang et al., 2014)
H19 Promotes cell growth (Zhang et al., 20162)
TUGI (Zhang et al., 2017b)
PANDAR Suppresses cell proliferation (Lu et al., 2018)
BANCR (Sun et al., 2014)
Promotes cell invasion and
Metalnc9 metastasis via Activation of (Yuetal, 2017a)
AKT/mTOR signalling pathway
Circulating IncRNA (Weber et al., 2013)
MALATI Exosomal (Zhang et al., 2017a)
GASS Circulating GASS (Liang et al., 2016)
XIST and (Tantai et al., 2015)
HIF1A-AS1
SPRY4-IT1,
ANRIL, and Circulating IncRNA (Hu et al.,, 2016)
NEATI
SOX20T (Xie et al., 2018)
and ANRIL
CARI10 Upregulated /Up-regulation of EGFR (Wei et al,, 2016)

(Schmidt et al., 2011, Cui et al., 2016, Luo et al., 2014, Yao et al., 2014, Qiu et al.,
2014, Zhang et al., 2017d, Zhang et al., 2014, Zhang et al., 2016a, Zhang et al.,
2017a, Lu et al., 2018, Sun et al., 2014, Yu et al., 2017a, Weber et al., 2013, Liang

et al., 2016, Tantai et al., 2015, Hu et al., 2016, Xie et al., 2018, Wei et al., 2016).
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1.8.5.4. Targeting IncRNAs in the treatment of NSCLC

In addition to their potential role as diagnostic biomarkers, IncRNAs can also be
used as biomarkers to predict responsiveness of the patient to both targeted therapy
and chemotherapy (Ricciuti et al., 2016). LncRNAs can also be targeted to re-
sensitise NSCLC cells to chemotherapeutic drugs (Lu et al., 2018).

Interfering RNAs (siRNAs, shRNA and antisense oligonucleotides) targeting
IncRNAs were extensively tested in cell lines and showed promising results in
reducing tumour invasion in many solid tumours such as prostate, breast and
NSCLC e.g. HOTAIR silencing by RNAi (Yao et al., 2014), MALAT1 knockdown
by shRNA (Qi and Du, 2013). Interfering with the expression of HOTAIR also
restored sensitivity of lung adenocarcinoma tumour cells to cisplatin (Liu et al.,
2013b).

Despite the advancement in the delivery of targeted therapy such as interfering
RNA and other chemotherapeutic drugs, the use of IncRNA silencing and
knockdown is still under investigation for potential clinical utility. The advantage
of using antisense oligonucleotides (ASO) in the treatment of NSCLC is that they
have less off-target side effects and improved specificity (Li and Chen, 2013).
Knockdown of MALATI1 by ASO reduced the number of nodules and inhibited
tumour progression and metastasis in a mouse xenograft model (Gutschner et al.,
2013). Small molecules interfere with IncRNAs by occupying their target protein(s)
interacting site and can bind IncRNAs changing its secondary structure to mimic its
ability to bind and interact strongly with its partner protein, nucleic acids
(Turoverov et al., 2010). Small molecules are not yet tested in lung cancer but were
successful in interfering with cancer progression and metastasis in breast cancer

(Lu et al., 2018).
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Currently, the well-recognized IncRNA is PCA3, which has been approved for use
in the diagnosis of prostate cancer. Recent research shows that IncRNAs are indeed
closely related to chemoresistance, shedding new light on valuable therapeutic
strategies against cancer but there is less information on the Lncrna involved

clinical trials.

1.9. Mechanisms of drug resistance

To avoid the effect of chemotherapy, receptor-targeted therapy or small inhibitory
molecules cancer cells can; (A) alter their pharmacokinetics (absorption,
metabolism, elimination), or (B) interfere with their target receptors, thus
preventing their effect (pharmacodynamics).

1.9.1. Pharmacokinetic-alteration- mediated drug resistance
Pharmacokinetic-alteration- mediated drug resistance is accomplished by either
reducing drug absorption or increased drug metabolism; reducing drug absorption
involves pre- and post-absorption mechanisms. Interfering with the drug entry is
common with some forms of drug resistance. Anticancer agents enter cells by
passive transport (eg. Doxorubicin), others by facilitative diffusion and some others
via active transport such as nucleoside analogues agents e.g. fluorine-containing
nucleoside analogues (Cavaliere et al., 2017). On the other hand, other drugs use
specific transporters e.g. the anti-folate drug, methotrexate, competes folic acid
absorption, (required for cancer cell proliferation), by binding folate carriers. So,
resistance to methotrexate only occurs when folate carrier genes are mutated e.g.
substitution of lysine by glutamic acid in folate transporter gene as in acute
leukaemia leads to decreased methotrexate binding to folate carriers (Gifford et al.,
2002, Croop et al., 1989). Hyper-methylation of ATP-binding cassette B1 (ABCBI1)

multiple drug resistant-1 (MDR1) was found to induce multiple drug resistance e.g.
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cisplatin via decreasing the amount of drug inside the cell cytoplasm (Li et al.,
2016).

Cancer cells also have the ability to repel chemotherapeutic agents outside their
cytoplasm after being absorbed this reduces the availability of the drug in tumour
cells (Sampath et al., 2006, Zahreddine and Borden, 2013). A family of ATP-
dependent transporters mediates this process, also called ATP-binding cassette
(ABC). This transporter cassette is composed of two cytoplasmic domains and two
transmembrane domains (Townsend and Tew, 2003). Here are three examples of
ABC-transporter cassette family members which have been found involved in the
resistance of chemotherapy: 1) P-glycoprotein (PGP), which is known to pump
chloride ions back outside cell membrane, binds a range of chemotherapeutic agents
e.g. doxorubicin and Taxol (Townsend and Tew, 2003, Wang et al., 2019, Abe et
al., 1996, Berger et al., 2005). 2) multiple drug resistance-associated protein-1
(MRP1): 12 proteins encoded by ABCC1, 9 of them are involved in transmembrane
efflux of several anticancer drugs and their active metabolites in lung cancer as well
as other types of malignancies (Slot et al., 2011, Young et al., 2001, Hu et al., 2018),
3) breast cancer resistance protein (BCRP/ABCG2) (Wiese, 2015).

Increased drug metabolism minimizes the availability of the drug at its target site
allowing the cancer cells to tolerate and resist chemotherapy. When drugs enter the
body, they are subjected to two phases of metabolism; firstly, a set of enzymes to
inactivate and prepare them for further detoxification steps, these enzymes could be
oxidases, reductases, and hydrolases. The second phase involves conjugation with
glucuronic acid, making them more soluble for excretion through the kidneys in the
urine. Cytochrome P450 is the major enzyme involved in the detoxification of

drugs, activation of this enzyme results in drug inactivation and drug resistance, e.g.
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docetaxel in breast and lung malignancies (Inaba et al., 2013). Inactivation of
cytochrome P450 was also observed to enhance treatment response (Longo-
Sorbello and Bertino, 2001). In phase II metabolism, drug conjugates to glucuronic
acid, sulfate, or glutathione. Glutathione conjugation mediated by glutathione
transferase enzyme, the enzyme was found responsible for resistance to alkylating
agents and platinum-based chemotherapeutic agents such as cisplatin and
doxorubicin (Miyake et al., 2012, Ozgencli et al., 2018).

1.9.2. Pharmacodynamics-alteration- mediated drug resistance

Two possibilities can happen to the drug-receptor interaction and consequently
affects the overall expected anti-malignancy response; the level of gene expression,
or the presence of certain mutations that lead to receptor conformational changes,
thus masking the drug target. Epigenetic alteration also can lead to drug resistance
in cancer both via decreasing drug absorption or indirectly via affecting the level of
the drug target receptor expression level. DNA methylation and histone
acetylation/methylation are the main post-translation modification involved in
epigenetic-induced drug resistance. DNA methylation at genes coding for tumour
suppression genes could silence their expression, while hyper-methylation of
oncogenes genes enhance their expression (Baguley, 2016). Addition of negatively
charged acetyl groups to the lysine residues of the histone terminus or non-histone
proteins by the enzyme histone-acetyl transferase would open the chromatin
compaction making transcription factors more accessible to their promoters, thus
controlling gene expression. Overexpression of HDACS was found correlated with
drug resistance to TKIs and the use of pan-HDAC inhibitor found to re-sensitize
non-small cell lung cancer cell lines resistant to carboplatin chemotherapy

(Holohan et al., 2013, Wang et al., 2018), and TKI (Yu et al., 2017b).
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1.9.3. Non-coding RNAs role in drug resistance

Here are three examples to demonstrate how miRNAs play a role in the emergence
of drug resistance in cancer: 1) miR-7 has both tumour suppressor activity (Yu et
al., 2017a) and also oncogenic activity. miR-7 has been shown to mediate small cell
lung cancer resistance to anthracyclines by repressing MRP1/ABCC1 expression
(Liu et al., 2015). 2) miR-181a was shown to be involved in tumour resistance to
cisplatin and paclitaxel in A549-NSCLC by suppression of PTEN (Yu et al., 2014)
gene expression (Li et al., 2015b). 3) miR-196a was found overexpressed in A549
lung adenocarcinoma cells resistance to cisplatin. The role of miR-196a in cisplatin
resistance was found mediated via suppression of MDR1/MRP1 mRNA translation.
The use of anti-miR-196a small molecules reverse the resistance by interference
with drug efflux mechanisms (Li et al., 2016).

In addition to their potential role as diagnostic biomarkers, IncRNAs, can also be
used as biomarkers to predict responsiveness of the patient to both; targeted therapy
and chemotherapy (Ricciuti et al., 2016), also to re-sensitise NSCLC to
chemotherapeutic drugs (Lu et al., 2018). Interfering RNAs (SiRNAs, shRNA and
antisense oligonucleotides) targeting IncRNA were extensively tested at cell lines
level and showed a promising results in reducing tumour invasion in many solid
tumours such as prostate, breast and NSCLC (eg. HOTAIR silencing by RNAi(Yao
etal., 2014), MALATI knockdown by shRNA (Qi and Du, 2013)). Interfering with
the expression of HOTAIR also restored sensitivity of lung adenocarcinoma tumour
cells to cisplatin (Liu et al., 2013b).

1.9.4. Resistance to PI3K targeted therapy

Intrinsic resistance or the development of acquired resistance to targeted therapies

may be due to the multilevel complex cross-talk signalling that occurs between the
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targets of the biological agent and several signal transduction pathways. Blocking
only one of these pathways may not always be an effective treatment strategy as
this approach may open the door for others to act as bypass mechanisms within
tumour cells. The most promising approaches to the treatment of NSCLC will be

drugs with multiple targets or the use of a combination of targeted therapies.

1.9.4.1. De novo resistance to PI3K inhibition

Growing evidence has demonstrated that cross-talk, compensatory signalling and
feedback mechanisms can be critical to the clinical activity of PI3K inhibitors, with
PI3K inhibition being overcome within a matter of hours in some cases. Feedback
induction of AKT resulting in the promotion of cell survival has been observed in
response to treatment with mTOR inhibitors such as rapamycin and RAD001 (Zhou
et al., 2010, O'Reilly et al., 2006). Inhibition of mTOR has also been shown to
activate the ERK and IGF1 pathways, again rescuing cell survival signalling
(Castro et al., 2010, Soares et al., 2013, Aksamitiene et al., 2012, Manning and
Toker, 2017). Direct inhibition of PI3K and AKT has been shown to induce FOXO-
mediated transcription of RTKs including IGF1R and HER3, which can then
transduce survival signals to the PI3K and MEK pathways (Santo et al., 2013,
Chandarlapaty et al., 2011, Faes and Dormond, 2015, Carracedo et al., 2008). These
feedback and cross talk mechanisms highlight the rationale for co-targeting
signalling pathways.

1.9.4.2. Acquired resistance to PI3K inhibition

Acquired resistance to targeted therapy usually occurs within 6-12 months of
treatment. The mechanisms of acquired resistance typically fall into two categories:
firstly; secondary mutations/amplification of the target gene, and secondly;

independent reactivation of downstream signalling. Independent reactivation of
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downstream signalling can also be achieved by mutation in a downstream effector
gene. For example, PIK3CA mutations have been associated with acquired
resistance to EGFR targeted therapy, allowing survival signalling to be sustained in
the presence of RTK inhibition (Eng et al., 2015, Sequist et al., 2011).
Amplification of MET has also been associated with acquired resistance to EGFR
targeted therapy in NSCLC, where MET has been observed to reactivate PI3K and
MEK signalling. In this case, inhibition of MET in combination with EGFR was
sufficient to block downstream signalling and induce tumour regression in vitro and
in vivo (Engelman et al., 2008, Bean et al., 2007). This type of acquired resistance
is also referred to ‘bypass track’ signalling, and is similar in nature to the de novo
resistance though it develops over a period of months rather than hours.

1.10. Intra-tumour heterogeneity

Tumour heterogeneity including: intra-tumour heterogeneity (ITH) and inter-
tumour heterogeneity, is responsible for tumour aggressiveness, lack of upfront
sensitivity to treatment, the emergence of acquired resistance to treatment, and
tumour progression (Figure 1.3). The origin of ITH can be clonal, due to genomic
instability, or non-clonal acquired from interaction with the micro-environment
adjacent to the tumour mass. Knowledge of the patient tumour mass mosaic
structure helps determine more appropriate treatment strategies and give more
accurate information about disease prognosis (Stanta and Bonin, 2018a, Stanta and
Bonin, 2018b, Fedele et al., 2014, De Sousa E Melo et al., 2013). Genomic
instability includes: 1) DNA instability resulting from increased DNA replication
in certain mutated RNA polymerases which have been shown to correlate with ITH,
increased tumour immunogenicity and the accumulation and infiltration of immune

cells in the tumour microenvironment (Briggs and Tomlinson, 2013, van Gool et
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al., 2015). 2) An impaired DNA repair system during/after DNA replication, at cell
cycle checkpoints resulting in chromosomal instability and leading to gene copy
number alteration which in turn affects gene expression, protein function, and the
acquisition of gene mutations such as point mutations, insertions, and deletions.
Such alterations generate new clones of cancer cells that might be more aggressive
and possibly not respond to certain targeted treatment (Rausch et al., 2017).

Epigenetics also controls gene expression and protein function. There is always a
balance between oncogenes (OG) and tumour suppressor genes (TSG) to maintain
controlled cell proliferation. One of the mechanisms leading to tumourigenesis is
the interference with TSG expression by e.g.: methylation of their promoters which
is seen in lung adenocarcinoma tumours with high degree of ITH (Quek et al.,
2017). TSG activity can be compromised by altering post-translational
modifications such as phosphorylation (Son et al., 2019), de-acetylation (Hu et al.,
2019), or by accelerating protein turnover rate through ubiquitinated degradation
(Kitagawa et al., 2009, Cole et al., 2015). The interaction between the tumour cells
and their surrounding microenvironment leads to the emergence of new clones or
cell populations different from those clones located in the centre of the tumour mass
(Tissot et al., 2017). As the tumour grows angiogenesis occurs within the tumour
mass. The random pattern of cancer angiogenesis makes the blood supply within
the tumour heterogeneous, leading to the existence of clones different in their

metabolic behaviour (Feron, 2009)
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Figure 1.5. Heterogeneity theorem of treatment failure, drug resistance and disease
relapse. Treatment response varies across patients and this is referred to as the
heterogeneity of treatment effect. Recent studies have demonstrated that several features
of tumours, such as tumour heterogeneity, altered tumour dynamics, persistence of clones,
and response to therapy can be obtained not necessarily just by mutations but also from
gnomically similar clones. Modified from (De Sousa E Melo et al., 2013, Fedele et al.,
2014).

Cells at the centre of the tumour become hypoxic (less oxygen and nutrients as old
vasculature become occluded as the tumour grows) and their metabolic behaviour
is different from the cells at the marginal or sub-marginal layers which have more
blood and oxygen (Okegawa et al., 2017, Eddy and Casarett, 1973). The net result
of the interaction between the tumour cells and their microenvironment is variable

for two reasons; cancer cells that meet the microenvironment are of multiple clones,

or the stroma or the microenvironment itself is heterogeneous so, in accordance the
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clonal evolution would be different (Dunne et al., 2017). The overall interaction
results in changing of tumour plasticity that might alter the treatment outcome and
drive the emergence of drug resistance (Stanta et al., 2016, Stanta and Bonin, 2018a,
Stanta and Bonin, 2018b, Chien et al., 2013).

1.11. Epithelial to mesenchymal transition (EMT)

Epithelial to mesenchymal transition is a highly dynamic process where the
epithelial cells lose its polarity and cell-cell adhesion remodelling of the
cytoskeleton, and changes in cell-matrix adhesion. On the other side it is associated
with cells gaining migratory and invasive properties this quality helps them to
become mesenchymal stem cells often exchanging the epithelial marker E-cadherin
with expression of the mesenchymal marker vimentin. EMT occurs during wound
healing, tissue regeneration, embryonic development (Roche, 2018). However,
EMT also plays a role in tumour progression with metastatic expansion, and the
generation of tumour cells with stem cell properties. EMT is incomplete in cancer
cells, and tumour cells are in various transitional states and express diverse
epithelial and mesenchymal genes. Therefore cells in partial EMT move as a
clusters, and can be more aggressive than cells with a complete EMT phenotype
hence EMT is becoming a target of interest for anticancer therapy (Pastushenko and
Blanpain, 2019).

Tumour cells derived from EMT acquire stem cell property, cell mobility,
invasiveness and a reinforced resistance to apoptosis. Several signalling
mechanisms are involved in the EMT process such as Epidermal Growth Factor and
Transforming Growth Factor while the other pathways are known to drive EMT.
Recent evidences proved that transcription factors associated to EMT may directly

be involved in Carcinogenesis. TWIST, SNAIL and ZEB are the main transcriptional
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factors which are involved in causing cancer through EMT process. In case of lung
cancer TWIST protein plays a major role, approximately 38% of NSCLC. TWIST
results in degradation of E-cadherin-mediated cell-cell adhesion and an EMT in
epithelial cells whereas in case of EGFR mutant cell lines 7WIST 1 causes low E-
cadherin expression and low disease-free survival. EMT is common in NSCLC and
this is due to tobacco exposure. Indeed, smoking was proved to persuade EMT. In
lung adenocarcinoma cell lines (H358), cigarette smoke concentrate was able to
induce EMT with activation of SRC kinase and the SRC kinase inhibitor. Up
regulation or activation of EMT in NSCLC leads to resistance towards treatment
particularly for cisplatin, docetaxel in A549 and for the pemetrexed-cisplatin
combination. Additionally resistance to adjuvant treatment was also reported. In
NSCLC having EGFR mutations or ALK fusions, EMT was also linked to resistance
towards tyrosine-kinase inhibitors (TKI). NSCLC cell lines showing E-cadherin
expression had greater sensitivity to EGFR inhibition. In contrast, NSCLC lines
expressing vimentin and/or fibronectin were insensitive to EGFR inhibition (Legras
et al., 2017).

1.12. Hypothesis and aims of this project

Intrinsic or acquired drug resistance and intra-tumour heterogeneity (ITH) result in
tumour relapse and the failure of single agent targeted inhibitors. We hypothesise
that elucidation of the mechanisms of resistance to PI3K-mTOR inhibition will
provide a rationale for co-targeting treatment strategies for patients with
dysregulated PI3K-mTOR tumours.

In-depth DNA, RNA, protein and phosphorylated protein expression profiling,
within different regions of the same tumour, will provide a greater insight into the

precise levels of ITH in NSCLC. Taken together these data will identify more
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robust biomarkers for drug development and patient stratification for personalised
targeted treatment.

Aims:

Chapter 1 - To validate markers of resistance to dual PI3K-mTOR inhibitor GDC-
0980 (Apitolisib) in the H1975P/GR NSCLC cell line model of resistance,
previously developed in our laboratory, to pinpoint specific bypass mechanisms of
resistance.

Chapter 2 - To quantify protein and phosphorylated protein expression within
different areas of the same tumour and in comparison, with matched normal tissue
in a cohort of patients with lung squamous cell carcinoma.

Chapter 3 - To identify DNA mutations and quantify mRNA expression within
different areas of the same tumour and in comparison, with matched normal tissue

in a cohort of patients with lung adenocarcinoma.
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2.Chapter II: Validation of markers of
resistance to PI3K-mTOR inhibition in
NSCLC
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2.1. Introduction

Phosphatidylinositol-3-kinase PI3K/AK7T/mammalian target of rapamycin (mTOR)
signalling is one of the most important intracellular pathways, regulating diverse
cellular functions including cell growth, proliferation and metabolism (Sarris et al.,
2012, Memmott and Dennis, 2010). The PI3K-mTOR signalling pathway together
with AKT phosphorylation is active in 50-70% of non-small cell lung cancer
(NSCLC) and plays an overarching role in all the hallmarks of cancer including
evading immune destruction (Yip, 2015). Pathway dysregulation confers a poor
prognosis making it an ideal target for treatment (Akinleye et al., 2013). Pathway
activation occurs through mutations or alterations within this pathway or parallel
pathways (e.g. EGFR and KRAS) resulting in an increase in cell survival,
proliferation and differentiation. Diverse genomic alterations involved in pathway
activation include PIK3CA, PIK3R1, PTEN, AKT, TSC1, TSC2, LKB1, MTOR as
well as upstream RTKSs that drive tumour growth in a ligand-independent manner
(Zhang et al., 2017c¢). PIK3CA mutations occur in 3.7% of NSCLC with higher rates
in squamous cell carcinoma than adenocarcinoma (8.9% versus 2.9% respectively)
and are a possible mechanism of resistance to EGFR tyrosine kinase inhibitor (TKI)
therapy in EGFR mutated NSCLC (Scheffler et al., 2015). Inactivating mutations
of PTEN (anegative regulator of PI3K/Akt signalling) (Chalhoub and Baker, 2009)
as well as high frequency of PTEN loss (~45%) or reduced protein expression
(~29%) all play a role in NSCLC tumourigenesis (Gkountakos et al., 2019).
Targeting the PI3K pathway has not been straightforward due to the effect of
hyperglycaemia which is a mechanism-based toxicity of these agents (Khan et al.,
2016). Certain high frequency mutations in the PIK3CA gene, which encodes the

p110a protein the catalytic subunit of PI3K, were found to increase the catalytic

46



activity of the enzyme in human tumours (Samuels et al., 2004). Inhibitors targeting
mutant P/3K and PI3K- isoform selective inhibitors have improved overall
treatment efficacy and circumvent on-site toxicity (Hanker et al., 2019). Although
there have been significant responses to targeted therapies the inevitable endpoint
is drug resistance. Cancer cells become resistant to targeted agents through several
mechanisms such as drug inactivation either by altering its uptake, metabolism, or
excretion, or by altering the drug target or the drug itself. Other mechanisms
include: bypass signalling through a parallel proliferative pathway, epigenetic
modulation, gene amplification and mutations including deletions, insertions,
translocations of DNA and alteration of microRNA expression (Mansoori et al.,
2017, Nathanson et al., 2014).

GDC-0980 (apitolisib) is a small molecule orally bioavailable, potent, dual catalytic
site inhibitor of PI3K and mTOR. In respective order, the IC50s for PI3K are 5, 27,
14 and 7 nmol/L for class I PI3Ka, PI3Kp, PI3Ky and PI3K$ kinases, with an
inhibition constant of 17.3 nmol/L for mTOR kinase (Sutherlin et al., 2011). The
efficacy of GDC-0980 was tested in a panel of cell lines and many cell line-derived
xenograft cancer models of breast, NSCLC, pancreatic, colon, prostate and
melanoma with mutant KRAS and PI3K genes (Wallin et al., 2011). GDC-0980
effectively induced apoptosis and inhibited cell cycle in prostate (100%), NSCLC
(88%) and breast cancer cell lines (78%) at IC50 <500 nmol/L and was less
effective in melanoma (33%) and pancreatic cancer cell lines (67%) at 1C50
concentration of <500 nmol/L (Wallin et al., 2011). Cell lines and cell line-derived
xenograft models have long been used to undertake pre-clinical studies on the effect
of drug treatment on tumour cells (Hanahan and Weinberg, 2011, Shafer and

Williams, 2003) and to monitor the emergence of resistance to chemotherapy and
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targeted therapies (Xavier et al., 2016, Zhang et al., 2010, McDermott et al., 2014).
A panel of lung cancer cell line models of resistance to GDC-0980 was previously
developed by Dr. Gately’s group. The H1975 cell line was exposed to its IC50 dose
of 0.58uM GDC-0980 for a period of 4 months until a log fold difference in IC50
between the resistant cells (H1975GR) and the sensitive parental cells (H1975GP)
was observed (Heavey et al., 2018). H1975 cells harbour mutations in EGFR,
PIK3CA and PIK3RI, and our group has previously shown they express PI3K
pathway signalling phosphoproteins more highly than the other cell lines used in
the study (Heavey et al., 2018). The H1975 cells were the most sensitive cell line
to GDC-0980 (apitolisib) treatment and were the first to develop resistance. In fact,
this cell line began to exhibit decreased sensitivity to the drug after just one month.
As such, the drug mediated significant effects in the short term, but the increased
selective pressure activated bypass signalling escape mechanisms that allowed the
cells to become rapidly resistant to the drug. The aim of this chapter was to validate
previously elucidated drug resistance mechanisms in the GDC-0980 resistant cell
line HI975GR.

2.2. Experimental design

GDC-0980 (apitolisib®) sensitive (H1975GP) and resistant (H1975GR) lung
adenocarcinoma cells were cultured as described in section 2.3.2. Total RNA was
isolated and analysed on the Arraystar Human LncRNA Microarray V4.0 and the
expression of 20,730 mRNAs & 40,173 IncRNAs were quantified.

The set of IncRNAs covered by the Arraystar Human LncRNA Microarray V4.0 is
carefully constructed using public transcriptome databases (Refseq, UCSC known

genes, Gencode, etc), as well as landmark publications.
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Figure 2.1. Detailed experimental design flowchart of GDC-0980 resistance study in
H1975 adenocarcinoma cells.

A list of upregulated and down-regulated mRNAs and long non-coding RNAs were
identified and are tabulated in appendices 2.1 to 2.56. The PIM kinase pathway and
its regulators; LncRNA (4C008, LINC01510, LINC01969, CASC11) and mRNA
(MACCI, PIM1/2/3, CMTM®6, c-Myc) and protein levels were validated by qRT-
PCR and western blot, respectively (Figure 2.1). To evaluate the role of MACCI
and PIM kinases in the development of GDC-0980 resistance in H1975 cells, small
interfering RNAs (siRNAs) targeting both genes were used to inhibit their
expression. DharmaFECT 1™ (Horizon™ Inspired Cell Solutions) was used as the
transfection reagent (Jensen et al., 2014). The effect of siRNA or GDC-0980
treatment alone or in combination was then assessed using Cell Titer-Blue® Cell
Viability Assay utilizing the reduction of Resazurin to Resorufin in the viable cells.
A pan-PIM kinase inhibitor AZD-1208 was used to evaluate the role of PIM kinases
in GDC-0980 resistance in H1975 cells. Finally four genes DSP (desmoplakin),
TNC-c (tenascin ¢), EROIA (EROI-La), ENOI (enolase-1) were also assessed in
the H1975GR compared to H1975GP on the basis they were linked to drug

resistance in the literature and were found heterogeneously expressed on different
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tumour regions (n=3) in four patients with lung squamous cell carcinoma (chapter
3).
2.3. Materials and methods

2.3.1. PI3K-mTOR inhibitor (GDC-0980) resistant cell line model

H1975 cells resistant to GDC-0980 (apitolisib) were previously developed in the
lab as follows: H1975 lung adenocarcinoma cells were treated with different
concentrations of PI3K-mTOR dual inhibitor GDC-0980 and the IC50
concentration was then calculated using the BrdU proliferation assay (Roche
diagnostics Ltd, Ca #6813S). The IC50 for the H1975 parent cells was 0.58uM
GDC-0980 (seeding density 10000 cells). A BrdU assay was carried out each month
to assess the development of resistance to GDC-0980 by comparing the IC50 of
H1975 resistant cells (H1975GR) to the IC50 of the age-matched parental cells
H1975GP. When matched parent-resistant cell line pairs reached a log fold
difference of IC50, acquired resistance was deemed to have developed (Heavey et
al., 2018).

2.3.2. Cell culture of resistant cell line models

H1975 Lung adenocarcinoma cells (NCI-H1975, ATCC® CRL-5908™) were
cultured in RPMI-1640 medium (Sigma R5886), supplemented with 10% foetal
bovine serum (Sigma, Lot: BCBR 1178V) and 1% penicillin-streptomycin-
glutamine (Gibco™ Cat No: 10378-016).

H1975GR cells were cultured in the same medium with the addition of 0.58uM
GDC-0980 at all times. Cells were harvested at 80% confluence, washed three times
with 3 mL of sterile 1X PBS, detached by using 3 mL of trypsin (1X trypsin/EDTA,
Sigma-Aldrich®) incubated for 2 min at 37°C and then gently tapped. When the

cells detached from the flask, 5 mL of complete RPMI media was then added to
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deactivate trypsin. Cells were harvested in 15 mL falcon tubes, labelled
accordingly, and centrifuged at 1300 rpm for 1 min at room temperature, the cells

pellets were then resuspended in complete media and passed to new flasks.

2.3.3. Total RNA extraction

H1975GP and H1975GR cells, grown in T75 flasks in RPMI medium, were
harvested at 80% confluency. The All Prep-DNA/RNA/miRNA universal kit
(Qiagen Cat. #80224) was used to extract total RNA from both cell lines. The cells
pellets were lysed in 350 uL RTL Plus (provided) and sonication for 3 cycles each
of 30 seconds with 1 minute intervals of ice incubation. The disrupted cells
suspension was then transferred to an All-prep DNA mini spin column placed on 2
mL collection tube (supplied) centrifuged for 1 min (the membrane now contains
the DNA). The flow-through containing RNA was then treated with 50 pL
proteinase K and 350 pL 96% ethanol, mixed well and then incubated at room
temperature for 10 minutes, then more 750 uL 96% ethanol was added and 700 pL.
of the ethanol-containing RNA was then transferred to RNeasy Mini spin/2 mL
collection tube (provided), centrifuged for 15 s, the flow-through was then
discarded. 80 pL of DNase I cocktail (10 pL of DNase I in 70 pL buffer RDD) was
then applied onto the RNeasy Mini spin column membrane (to degrade DNA
contaminant), then incubated for 15 minutes at room temperature. 500 pL buffer
FRN was then added to the spin column membrane, centrifuged for 15s (flow-
through was then returned onto the RNeasy spin column/new 2 mL collection tube,
centrifuged again to bind as much RNA as possible), the flow-through was then
discarded. The RNeasy column membrane was then treated with 500 pL buffer
RPE, centrifuged and the flow-through was then discarded. The membrane was then

washed by adding 500 pL ethanol/ centrifugation for 2 min (flow-through returned
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back, centrifuged again at same speed/time). The RNeasy column was then placed
onto 1.5 pL RNase-free collection tube and the RNA was eluted in 50 uL. RNase-
free water/ centrifugation at 10,000 x g for 1 min. All centrifugation steps were at

20,000 x g unless otherwise specified.

2.3.4. Arraystar® Human LncRNA Microarray V4.0

5 pg of RNA, from GDC-0980 naive cells (H1975GP), one month GDC-0980
treated H1975 (H1975GR1) and six months GDC-0980 treated H1975 cells
(H1975GR6) (cells are now resistant to GDC-0980), was analyzed on the
Arraystar® Human LncRNA Microarray V4.0 and the expression of 20,730
mRNAs & 40,173 LncRNAs were quantified. The set of LncRNAs covered by the
Arraystar® Human LncRNA Microarray V4.0 is carefully constructed using public
transcriptome databases (Ref. sequence, UCSC known genes, Gene code, etc.) as

well as landmark publications.

2.3.5. Validation of ArrayStar® data using RT-PCR

A set of mRNAs including MACCI, PIM1, PIM2, PIM3, c-Myc, CMTM6 and
MACCI and their expression regulatory IncRNAs: CASCII, LINC01510,
LINC01969, and AC008163.4 were identified from the arraystar dataset and then
validated by RT-PCR as follows:

2.3.5.1. Primer design.

NCBI sequences of the above mentioned mRNAs and IncRNAs were retrieved from
PubMed nucleotides, their reference numbers are: PIMI: NM 001243 186.1,
PIM2: NM 006875.4, PIM3: NM 001001852.4, CMTM6: NM 0178 01.3,
MACCI: NM 1827624, c-Myc: NM 002467.6, CASCII: NR 117101.1,
LINCO01510: NR _120506.1, LINC01969: NR _110806.1, AC008163.4 NR 12602

5.1. and Beta actin (ACTB) PubMed reference number NM_001101.5 was used as
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a loading control. The online Primer3Plusat http://www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi. was used to design PCR primers for qRT-PCR

(Table 2.1).

2.3.5.2. Total RNA extraction for PCR

RNeasy mini kit (Qiagen®, Cat No./ID: 74104) was used to extract the total RNA
from H1975GP and H1975GR cells, the amount of total RNA was measured by
NanoDrop and stored at -80°C.

2.3.5.3. Synthesis of first strand cDNA

Volumes equivalent to 500ng total RNA was used from both HI1975GP and
H1975GR cells and the mRNA was converted to cDNA using SuperScript™ II1
Reverse Transcriptase (Cat. 18080093). The reaction involved incubation of the
following contents; 1 pL oligo dT (50 uM) + 500ng total RNA + 1uM dNTPs (10
mM) + 13 uL sterile H>0, at 65°C for 5 min followed by 1 min ice incubation and
spun down the contents. The following reagents were then added to the reaction; 4
uL 5x PCR buffer + 1 pL dTT (0.1M )+ 1 uL RNase inhibitor + 1 L. SuperScript™
III reverse transcriptase (200 unit/ul), mixed well by pipetting and the reaction was
then incubated at 50°C for 1h. The reaction was deactivated by heating to 70°C for

15 min.
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2.3.5.4. PCR amplification

To demonstrate the importance of DSP (desmoplakin), TNC (tenascin c), EROIA
(ERO1-La), ENOI (enolase-1) as a resistance gene panel, chosen based on the
literature review, beside the PIM kinases, their levels were tested in a lung
adenocarcinoma cell line panel: A549, H1975, H3255, H3122, H2228, HCCS827,
H1819 (derived from metastatic site-lymph-node), adeno-squamous lung
carcinoma: H596, large-cell lung carcinoma (derived from metastatic site-pleural
effusion: H460). 1 pL of H1975GP or H1975GR cDNA was used per reaction. The
primers used to amplify AC008163, LINCO1969, LNICO510, CASC11, PIM1/2/3,
CMTM6, c-Myc and MACC] are listed in table 2.1. The PCR reaction involved 12.5
uL 2XGOTaq + FW primer 1 pL + Rev primer 1 pL +9.5ul dH20. The PCR cycling
program consisted of an initial denaturation at 95°C for 1 min followed by 40 cycles
as follows (denaturation for 1 min at 95°C, annealing for 1 min at X°C temperature
(Table: 2.2), extension at 72°C for 1 min) and incubation at 72°C for 10 min to
allow the synthesis of incomplete synthesized amplicons. The PCR reactions were

held at 10°C until their removal for analysis on 2% agarose gel electrophoresis.

Table 2.2. mRNA PCR validation (primers annealing temperature)

Amplicon type Gene mRNA IncRNA

Amplicon name CMTM6 | MACC1 | PIMI | PIM2 | PIM3 | c-Myc [ CASCI11 |Linc01510|Linc01969 | AC008

Annealing temperature | 58°C 8C 8°C 8°C 8C 8°C 64°C 8°C 65°C 61°C

Left primer Tm 61.45°C  60.0°C  60.1°C  594°C 622°C 585°C | 59.3°C  60.9°C = 61.3°C  59.8°C

Right primer Tm 39.49°C  60.0°C  60.0°C  60.9°C 647°C  584°C | 6L1°C  60.6°C = 62.8°C  60.8°C
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2.3.5.5. Agarose gel electrophoresis

8 uL of PCR product from both H1975GP and H1975GR were loaded into a 2%
agarose gel, prepared in 1 x Tris-Acetate-EDTA (TAE), containing 5 pL ethidium
bromide, a 100 bp ladder was used to identify the amplicon size. Images were taken
on the Vilber Fusion Smart Imaging System and saved as tiff images.

2.3.5.6. PCR bands quantification by ImageJ

The tiff image of the PCR results was imported into ImageJ software and a rectangle
was drawn around the first band and given number 1 (cmd+1), then moved to the
next right band and given number 2 (cmd+2), then the rest of bands were given
number 2 until the last one which given number 3 (cmd+3). The values were then

copied and inserted into the prism 7 software for column graphical presentation.

2.3.5.7. Quantitative real time PCR (qQRT-PCR)

1 uL of H1975GP or H1975GR ¢DNA was added (in triplicate) to the PCR reaction
as follows: 12.5 uL. 2XGOTagq, 1 uL FW primer, 1 pL Rev primer, 9.5ul dH20. The
PCR cycling program consisted of initial denaturation at 95°C for 1 min followed
by 40 cycles of (denaturation for 1 min at 95°C, 1 min annealing temperature and
an extension step at 72°C for 1 min (Table 2.2)). The average of each set of
triplicates was presented as a column graph and the significance was calculated
using unpaired two-tailed parametric t test by prism 7 software.

2.3.5.8. Fold change calculation

The average Ct (threshold cycle) was taken and the Ct value of each tested RNA
was then normalized (ACt) as in equation 1 by subtracting the value of its average
housekeeping gene (HKG) Ct value. The change in the copy number (AACt) of the

tested RNA (coding/non-coding) in the H1975GR compared to the H1975GP was
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then calculated as in equation 2 by subtracting ACt of the HI975GP from the ACt

of the HI975GR. At the end, the fold change was calculated as in equation 3.

Normalized Ct values (Ct) = Mean Ct (Test) — Mean Ct (HKG) Equation 1
Ct = Ct (H1975GR) — Ct (H1975GP) Equation 2

Fold change (FC) = 27¢
Equation 3

HKG: housekeeping gene.

2.3.5.9. Western blot
30ug of total protein was used to compare the expression of proteins in H1975GP
compared to the matched age H1975GR. Primary and secondary antibodies used in

this study are listed in table 2.4.

2.3.5.9.1. SDS-proteins resolving

30 pg of each protein sample was diluted in a 2X Laemmli buffer in a fume hood
(recipe see table 2.3) and heated to 95°C for 10 min on a heating block. Samples
were immediately cooled down by incubation on ice for at least 2 min and then
loaded onto a 12 % SDS polyacrylamide gel. The electrophoresis conditions were:
400V and 50mA for 80 min in 1X electrophoresis running buffer (recipe see table
2.3). Pre-stained coloured protein marker (Cell-Signalling Technology: cat.
#14208) was used to assess the molecular sizes.

2.3.5.9.2. Electro-transfer of the resolved proteins onto PVDF membrane

The resolved proteins were transferred from the gel onto PVDF membrane (0.4 pm
pore diameter) in 1X transfer buffer (recipe see table 2.3) using Bio-Rad® transfer
unit at 100 V and 400mA for 90 minutes, or at 25 V overnight depending on the

molecular size of the protein (large proteins needs longer time). The transfer
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cassette order from positive to negative as follow: Sponge, three absorbent papers,

followed by a PVDF membrane, then by the SDS gel containing the resolved

proteins (with coloured protein marker to the left) and on top three more layers of

absorbent paper followed by another sponge at the end.

Table 2.3. Required reagents for protein electrophoresis

Sample loading Laemmli buffer (2X) recipe:
4 ml B-mercaptoethanol, 10 pL of 10% bromophenol blue, 4 mL
glycerol, SDS 1g and 2 mL of 1M Tris-HCL pH 6.8.

Electrophoresis running buffer (5X) recipe:
15g Tris base, 72g glycine and 5g SDS in 1000 mL ddH20. Mix 200mL
of 5X running buffer and add up to 1000 mL ddH20O to make 1X

working running buffer.

SDS polyacrylamide gel 12% recipe:
12% resolving gel (8 mL per gel): 3.2 mL 30% acrylamide, 2 mL 1.5M

Tris pH 8.8, 80 uL APS, 80 pL 10%SDS, 8 uL TEMED* and 2.6 mL
ddH20.
6% stacking gel (5 mL per gel): 1 mL 30% acrylamide, 1.25 mL 0.5M Tris
pH 6.8, 50 uL 10% APS, 50 pl 10% SDS, 5 uL TEMED* and 2.6 mL
ddH20.

Electro-Transfer buffer 10X recipe (1L):

15.2g Tris base, 72.1g glycine and 5g SDS in up to 1000mL H20. To
make 1X transfer buffer Mix 80 mL of 10X transfer buffer, 200 mL
methanol and 720 mL H20O.

Blocking buffer recipe:
5% w/v non-fat skimmed milk (Marvel skimmed milk powder, Premier
Food Group Ltd., UK) in 1X PBS containing 0.01% Tween-20® (PBST).

* added at the end when the cast is ready.

2.3.5.9.3. Membrane blocking and antibody incubation

At the end of the transfer step, the membrane was immediately immersed into the

blocking buffer (recipe see table 2.3) for 1h at medium shaking. The membrane was

then washed x3 with 1X PBS/0.1% Tween-20®, then incubated with the primary

antibody (Table 2.4) overnight at 4°C slow/medium speed rotation. The PVDF

membrane was washed 3X-times with 1X PBS/0.1 Tween-20® and then incubated
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with the secondary antibody (anti-mouse IgG HRP-linked antibody (Cell Signalling
cat. No. 7076) or anti-rabbit IgG HRP-linked antibody (Cell Signalling cat. No.
7074) for the duration of 1 h. The membrane was then washed x3 TBST and stored

in 1X TBS/0.1 Tween-20® washing buffer at 4°C until the signal developed.

2.3.5.9.4. Signal retrieval (chemiluminescence) and ImageJ quantification

5 mL (at 1:1 volume ratio of reagents A and B) of ECL western blotting substrate
(Pierce Thermo-Scientific, prod. #32106) was directly applied onto the membrane
for 2-3 min. The chemiluminescent signal corresponding to the amount of the
protein in the sample was captured using Vilber-Fusion Smart Imaging System (was
set to auto-detection of signal). Captured images were then saved as tiff files and
Image-J software (version K 1.45) was used for densitometry analysis to quantify
protein expression. The chemiluminescent signal values equivalent to the amount
of tested protein were recorded, then normalized to beta-actin/or alpha tubulin
content measured on the same membrane, and then compared between the

H1975GP and H1975GR cells using GraphPad Prism8.

Table 2.4. mAbs used to quantify protein expression in H1975GP and H1975GR
cells.

Product. No 1ry antibody Iso- type Size (kDa)
94028 c-Myc (D84C12) mAb 57/70
345578 CMTM6 mAb 22
45608 C-Met mAb 145
86290S MACCI1 (D2K2V) mAb 97
545238 Pim-1 (D8D7Y) mAb S34/L44
47308 Pim-2 (D1D2) mAb 34/38/40
4165T Pim-3 (D17C9) mAb 35
21488 a/b tubulin mAb 52/55
8457S Beta actin (D6AS) mAb 45

All antibodies were ordered from Cell Signalling Technology®.
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2.3.6. Functional validation

2.3.6.1. Cell viability assay

H1975GP and H1975GR were cultured and seeded at a density of 5000 cells/well
in separate 96-well plates as described under section 2.3.2. The cells were then
treated accordingly with siRNAs or GDC-0980 or AZD-1208 or combination of
both, incubated at 37C/5%CO2 for 72h. The medium was then replaced with 100
uL freshly prepared RPMI, and 20 pL CellTiter-Blue® (Cat# G8080) was added to
each well, mixed for 10 seconds, protected from light and incubated for 3h at room
temperature (1-4h recommended). The plate was then read at 604 nm emission and
578 nm excitation.

2.3.6.2. siRNA

siRNAs targeting PIM1, PIM3, MACCI and CMTM6 were transfected separately
into H1975GP and H1975GR cells as follows: The recommended volume of siRNA
is 0.5ul (5uM) and the recommended volume of DharmaFECT1™ stock solution
was between 0.05-0.5ul per 100ul per well (0.2ul per 100ul per well was used).
siRNA stock concentration (5nmol) diluted to 20uM with serum-free RPMI
medium and further diluted to 2uM (1:20 dilution): 75ul (20uM SiRNA) plus
1425ul serum-free RPMI to make 1.5 ml of 2uM siRNA. H1975GP or H1975GR
cells were seeded in triplicates at a density of 5,000 per well of 96 well-plate in
antibiotic-free complete RPMI medium and incubated at 5% CO2 and 37°C
overnight. The plate map was illustrated below (Figure 2.2B). Untreated cells and
non-targeting siRNA (CTL) were used as a control. HI975GP or H1975GR, were
seeded in triplicates in eight series; un-treated, MACCI treated, GDC-0980 treated,
MACCI+GDC-0980 treated, CTL treated, CTL+GDC-0980 treated, PIM3 treated

and PIM3+GDC-0980 treated cells. The following day the siRNA and the
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DharmaFECT1™ transfection solution were diluted to the recommended volume
and concentration with serum-free medium and the transfection mixture was
prepared as shown in Figure 2.2A. Serum-free medium was supplemented with
0.58uM GDC-0980 for siRNA+GDC-0980 treatments. 100 pl of the prepared
transfection medium was then added to each well and the plate was incubated for
72 hours. Cell viability assay was carried out as mentioned above under section
2.3.6.1. The treatment fluorescence values were normalized to the average of the
untreated fluorescence values and were then plotted against treatment combinations

and the significance p-values were calculated by prism 8.0 software.
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(1.25 ul siRNA+8.75 ul
A SFM)*10 (0.2 ul DharmaFECT+
- 9.8 ul SFM)*10
Tube 1 Tube 2
-
10l 10l
Incubate for 5 min at RT
\ Combine Tube 1/2
\ and mix
Incubate for 20 min at RT
Add 80 ul growth
1 medium*10
Replace growth medium with transfection mixture
B
H1975GP UT MACC1 MACCI1+GDC GDC CTL CTL+GDC PIM3 PIM3+GDC
H1975GP UT MACC1I MACCI+GDC GDC CTL CTL+GDC PIM3 PIM3+GDC
H1975GP UT MACC1 MACCI1+GDC GDC CTL CTL+GDC PIM3 PIM3+GDC
H1975GR UT MACC1 MACCI+GDC GDC CTL CTL+GDC PIM3 PIM3+GDC
H1975GR UT MACC1I MACCI+GDC GDC CTL CTL+GDC PIM3 PIM3+GDC
H1975GR UT MACC1I MACCI+GDC GDC CTL CTL+GDC PIM3 PIM3+GDC

Figure 2.2. Overview of siRNA functional validation. A: experiment schematic diagram
B: plate map and proteins being validated. The H1975GP were seeded in the upper three
rows wells, while H1975GR were seeded in the lower three rows wells. In both
experimental sections; the first triplicate the cells were not treated, in the second column
triplicates cells were treated with MACC1 siRNA, the next column triplicates cells were
treated with MACCI1 plus GDC-0980, in the next right column cells were treated with
GDC-0980, the next column cells treated with non-specific targeting siRNA (CTL) as a
control, next column cells were treated with CTL and GDC-0980, and in the last two
columns, cells were treated with PIM3 siRNA and PIM3 plus GDC-0980, respectively.
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2.3.6.3. Targeting PIM kinase in GDC-0980 resistant cells (H1975GR)
2.3.6.3.1. Dose response curve to evaluate the IC50 of AZD1208 in H1975GP
and H1975GR cell lines

Serial dilutions (n=8) from 60uM till 20uM of AZD1208 were prepared as follows:
520 pL of 2.5uM AZD1208 was prepared in RPMI (130 uL 10 mM AZD1208 +
390 uL. RPMI). Then 8 tubes were labelled and received volumes mentioned in
table 2.5 to make final concentrations ranging from 120 to 40 uM. All replicates of
cultured cells (H1975GP and H1975GR) in 100 uL. RPMI received 100 pL of the
prepared AZD1208 concentrations (Table 2.5) to make final concentrations of
60uM, 50uM, 45uM, 40uM, 35uM, 30uM, 25uM and 20uM AZDI1208. Cell
viability assay was carried out as mentioned above. IC50 was calculated using IC50

calculator available at https://www.aatbio.com/tools /ic50-calculator (Dratkiewicz

etal., 2019).

Table 2.5. Optimized AZD1208 serial dilutions to calculate the IC50.

Tube Tube Tube Tube Tube Tube Tube Tube
1 2 3 4 5 6 7 8

AZD1208
2.5mM) 48 40 36 32 28 24 20 16
RPMI 952 960 964 968 972 976 980 984
Conc.
120 100 90 80 70 60 50 40
(pM)

63



2.3.6.3.2. Dose response curve to evaluate the IC50 of GDC-980 in H1975GP
and H1975GR cell lines

GDC-0980 10 mg (RG7422) Cat.S2696 (Selleckchem.com) was dissolved in 2 ml
DMSO to make 10 mM final concentration stock solution. 60 puL of the stock
solution were then added to 5940ul RPMI to make 6 mL of 100uM GDC0980 in
RPMI. This 6ml of (100uM GDC-0980) was then used to prepare 2 ml serial
dilutions of: 2, 4, 5, 10, 30, 35, 50, 80uM as in table 2.6. All cell replicates received
100pl of prepared concentrations to make final concentrations of 40, 25, 17.5, 15,
5, 2.5, 2 and 1uM GDC-0980 (from left to right). Cell viability assay was made as
mentioned above. The dose-response curve was then constructed by plotting the
cell viability fluorescence values against the log GDC-0980 concentration (nM).
The IC50 was then calculated using the online AAT Bioquest® IC50% calculator

at https://www.aatbio.com/tools/ic50-calculator (Dratkiewicz et al., 2019).

Table 2.6. GDC-0980 preparation for dose-response curve.

Tube Tube Tube Tube Tube Tube Tube Tube

1 2 3 4 5 6 7 8
GDC-0980
(100 pM) 40 80 100 200 600 700 1000 1600
Itigl 1960 1920 1900 1800 1400 1300 1000 400
Conc.
2 4 5 10 30 35 50 80
M)
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2.3.6.3.3. Drug combination of GDC0980 and AZD1208

Calculated GDC-0980 1C40 13.8uM and 4 AZD1208 doses; (A) IC90: 60.255uM,
(B) IC60: 47.863uM, (C) IC50: 39.810uM and (D) IC30: 30uM were selected for
drug combination study. HI975GR cells were seeded at a density of 5000
cells/well, left to adhere overnight at 37°C/5%CQO2. Cells were treated in replicates
as detailed in Figure 2.3 and then incubated at 37°C/5%CO2 for 72h. Cell viability
assay was carried out as described in section 2.3.6.1. The dose-response curve was
then constructed by plotting the cells viability versus treatment
concentrations/combinations and the IC50 was calculated using the online AAT

Bioquest® IC50% calculator at https://www.aatbio.com/tools/ic50 -calculator

(Dratkiewicz et al., 2019).

Figure 2.3. Drug combination plan of GDC098 and AZD1208. Black (UT): Un-treated
cells, Red (X): Cells treated with (IC40) 13.8uM GDC-0980, Blue (A): cells treated with
(IC90) 60uM AZD1208, Green (CA) cells treated with combination of X&A, (B): cells
treated with (IC60) 47.8uM AZD1208, (CB): Cells treated with combination of X&B, (C):
cells treated with (IC50) 39.8uM AZD1208, (CC): cells treated with combination of X&C,
(D): cells treated with (IC30) 30uM AZD1208, (CD): cells treated with combination of
X&D. Seeding density: 5000 cells per well and six replicates per drug dilution were used.

65



2.4. Results

2.4.1. ArrayStar® analysis of differentially expressed genes

Scatter plot analysis of the array data compares differentially expressed mRNAs
between the H1975GR1 (H1975GP treated for 1 month with GDC-0980) or
H1975GR6 (H1975 cells treated for 6 month with GDC-0980, become resistant to
the drug) and H1975GP (drug naive cells) with > 2 fold upregulated (Red) and
down-regulated (Green) mRNAs illustrated in Figure 2.4A. The number of genes
detected up-regulated: down-regulated: unchanged was 4169 (red): 2702 (green):
12579 (black) genes, when H1975GR1 was compared to H1975GP respectively.
When H1975GR6 was compared to H1975GP, the number of upregulated, down-
regulated and unchanged genes mRNAs expression was 6006 (red): 4018 (green):
9426 (black) genes, respectively.

When the fold change difference between the compared groups was set to >2-fold,
1673 mRNAs were upregulated (appendix 2.1) and 907 mRNAs were down-
regulated in HI975GR1 compared to H1975GP cells (appendix 2.2). These
numbers were duplicated in HI975GR6 cells with 3557 mRNAs up-regulated
(appendix 2.3) and 2177 down-regulated (appendix 2.4). 2085 and 1430 mRNAs
were detected up-regulated (appendix 2.5) and down-regulated (appendix 2.6) in
both H1975GR1 and H1975GR6, respectively (Figure 2.4B). 420 mRNAs were
upregulated in H1975GR1 cells that were down-regulated in HI975GR6 cells
(appendix 2.7) and 360 had an opposite profile, i.e. down-regulated in H1975GR1
and upregulated in H1975GR6 (appendix 2.8). The appendices contain the
following information: mRNA gene symbol, genome location (chromosome

number, nucleotide start and end location) and RNA length.
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Changes in mRNA expression in H1975GR1 cells may highlight those mRNAs that

are involved in the early development of resistance to GDC-0980 in H1975 cells.

mRNAs analysis
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Figure 2.4. Altered expression of protein coding genes in H1975GR1 and H1975GR6
compared to H1975GP. A: Scatter-plot analysis of mRNA expression data; (red)
upregulated, (green) down-regulated and (black) unaltered. H1975P was compared to
H1975R1 (left) and to HI975GR6 (right). B. Summary of unique and shared up/down-
regulated genes in H1975GR1 or HI975GR6 compared to HI975GP (GDC-0980 sensitive
cells).
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Panther-Slim biological process analysis of all unique upregulated and down-
regulated genes mRNAs in HI975GR1 (Figure 2.4A/B, appendix: 1 and 2) and in
H1975GR6 (Figure 2.4C/D, appendix: 3 and 5) compared to GDC-0980 sensitive
H1975GP cells showed that the function of 298 upregulated genes and 162 down-
regulated genes in H1975GR1 was regulation of cell metabolism. This number of
metabolism-controlling genes was 683 up-regulated genes and 458 down-regulated
genes in H1975GR6. Panther-Slim biological process analysis also showed that 76
upregulated genes in HI975GR1 were genes involved in cellular response to
external stimuli, these genes were doubled to 185 genes in H1975GR6. While 55
down-regulated genes mRNAs in HI975GR1 were involved in the cell response to
the external stimuli as well. These genes were increased to 78 genes in H1975GR6
(Figure 2.5).

Panther-Slim biological process classification of the genes detected upregulated and
down-regulated in both H1975GR1 and H1975GR6 (Figure 2.6 C/D, appendix: 2.5
and 2.6) and the genes that exhibit an opposite expression trend over the time from
H1975GR1 to H1975GR6 (Figure 2.6 A/B, appendices: 2.7 and 2.8) clustered the
most searched genes into four major biological functions: metabolism, biological
regulators, cellular process and response to stimuli genes. Details about the number

of genes clustered per expression profile and function is summarized in figure 2.5.
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Figure 2.5. PANTHER Pie Chart and Slim Biological process classification of mRNA

differentially expressed in H1975GR1 or H1975GR6 compared to H1975GP cells. A:
mRNAs up-regulated in H1975GR1, B: mRNAs down-regulated in H1975GR1, C:

mRNAs up-regulated in H1975GR6, D: mRNAs down-regulated in H1975GR6.
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Figure 2.6. PANTHER Pie Chart and Slim Biological process classification of mRNAs

differentially expressed in H1975GR compared to H1975GP cells. A: mRNAs were up-

regulated at 1 month-time of H1975 challenging with GDC-0980 (H1975GR1) and down-
regulated at month 6 (H1975GR6), B: mRNAs were down-regulated at 1 month-time of
(H1975GR6), C: mRNAs were down-regulated in both H1975GR1 and H1975GR6, D:

H1975 challenging with GDC-0980 (H1975GR1) and up-regulated at month 6
mRNAs were up-regulated in both H1975GR1 and H1975GR6 exposure to GDC-0980.

70



Increased expression of genes involved in metabolism is associated with an
aggressive phenotype, increased growth and metastatic capabilities and drug
resistance. The JAK/STAT pathway was activated during the development of
resistance to GDC-0980 in H1975 cells and it has been shown to play a role in cell
metabolism, proliferation and response to several stimuli such as interleukins and
growth hormones. Several members of the /L6/STAT3 pathway were upregulated
including PIM1 kinase (19.8 fold) and its co-regulator c-Myc (25.6 fold), and
Metastasis-associated in colon cancer 1 (MACCI) (44.8 fold) in H1975GR6 cells.
MACCI (77 fold) and its regulated proteins; HGF (10-fold) and MET (1.6) were
also upregulated in H1975GR1 cells. MET mRNA expression is 6-fold increased at
6 months of treatment. These markers of resistance were validated by qRT-PCR
and Western blot analysis. In-depth analysis of the lists of differentially expressed
mRNAs also identified an increase in mRNA expression of two checkpoint proteins
CTLA4 (4.01 fold) and CD274 (PD-L1) (1.6 fold) in HI975GR6 compared to
H1975GP cells. CMTM6 was also selected for further validation given its role as a

regulator of checkpoint protein PD-L].
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2.4.2. Validation of differentially expressed mRNAs.

2.4.2.1. Validation of PIM1, PIM2 and PIM3 kinase mRNA expression by qRT-
PCR.

Microarray expression analysis revealed PIM kinases mRNAs were differentially
expressed in H1975GR1 and H1975GR6 cells compared to drug sensitive
H1975GP cells (Figure 2.7A). PIM1 was detected almost the same in H1975GR1
and H1975GR6 compared to H1975GP. PIM3 was 2.1-fold elevated in HI975GR1
compared to the H1975GP and starts to drop at H1975GR6. PIM2 mRNA
expression was detected elevated by 19.8-fold in HI975GR1 and 29.2-fold in
H1975GR6 compared to GDC-0980 naive cells (H1975GP). However validation of
PIM1/2/3 kinase mRNA expression was undertaken by qRT-PCR (n=3) in
H1975GP and H1975GR6 cells. All three PIM kinases were significantly elevated

in H1975GR6 compared to H1975GP cells (p=<0.05) (Figure 2.7B).
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Figure 2.7. Validation of PIM1, PIM2 and PIM3 mRNA expression. A: ArrayStar®
analysis of PIM kinases mRNA expression. HI975GR1 and H1975GR6 were treated with
GDC-0980 for one month and six months respectively. X-axis represent the control group
(H1975GP) and the blue columns represent fold change detected by arrayStar in
H1975GR6, red columns represent the fold change detected by arrayStar in H1975GR1. B:
RT-qPCR assessment of PIM kinases in H1975GR and H1975GP. Fold change calculated

using B-actin as a loading control. (*: p=0.02-0.03, ns: p=0.05).
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2.4.2.1.1. Western blot validation of PIM kinase expression in H1975GP and
H1975GR cells.

PIM1, 2 and 3 protein expression was quantified in H1975GP and H1975GR6 cells
by western blot analysis. There was no change in the level of PIM[-small variant
(PIM1S) between the cell lines, while the large variant (PIMIL) was (9-fold)
elevated in H1975GR6 (p=0.0002). PIM?2 kinase was also significantly elevated
(double) in H1975GR6 cells compared to H1975GP cells (p=0.03). PIM3 kinase
was significantly (p=0.01) elevated (double) in the resistant cells compared to the

drug sensitive cells (Figure 2.8).
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Figure 2.8. Western blot analysis of PIM1, PIM2 and PIM3 kinase protein abundance.
H1975GP: GDC-0980 sensitive cells, HI975GR: GDC-0980 resistant cells, PIM1L: large
variant, PIM1S: Small variant. PIM2 and PIM3 protein abundance was significantly
upregulated in the resistant cells (HI975GR) compared to the parent cells (H1975GP)
(n=3) with p value of 0.03 and 0.01, respectively. PIM1 kinase large variant was also
significantly upregulated (n=3) with p value of 0.0002, while the small variant was
unchanged. Tubulin was used as a loading control.
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2.4.2.1.2. The effect of GDC-0980 and siRNA knockdown of PIM1 or PIM3
on H1975GP and H1975GR cells viability.

Knock down of PIM1 and PIM3 kinase by siRNA was done to elucidate the role of
PIM kinases in the development of GDC-0980 resistance in H1975 cells. Both
H1975GP (green) and H1975GR (red) were treated with the PIMI or 3 siRNA
either as single treatment or in combination with their correspondent GDC-0980
IC50. The IC50 of GDC-0980 for both H1975GP and H1975GR was used (Table
2.7). The siRNA knock down of PIM1 kinase expression reduced the cell viability
by 15% in both H1975GP and H1975GR compared to the untreated cells (P=0.01
and 0.001, respectively). PIM3 siRNA also significantly reduced the cell viability
of both H1975GP and H1975GR by 60% (p=0.006 and 0.001, respectively) (Figure
2.8). No difference in the effect of PIM1 and PIM3 siRNA between H1975GP and
H1975GR was observed. PIM3 kinase knockdown had more effect on the
suppression of cell viability of HI975GP and H1975GR than PIM1 kinase knock
down (Figure 2.9).

PIM1 siRNA had no additive effect in combination with GDC-0980 (GDC-0980-
treated versus non-treated), while PIM3 siRNA had a significant little additive
effect on GDC-0980-treated cells in both H1975GP and H1975GR cells compared
to GDC-0980 treated cells alone. Cells viability ratio between H1975GP and

H1975GR remains the same as in single GDC-0980 treatment (Figure 2.9).
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Figure 2.9. siRNA knockdown of PIM kinases gene expression in H1975GP and
H1975GR cells. H1975GP: GDC-0980 sensitive H1975 cells, H1975GR: GDC-0980
resistant H1975 cells, siRNA: small interfering RNA. Cell viability: the percentage of live
cells after treatment. CTL: non-targeting siRNA. (**: p=0.003-6, ***: p=0.0003).
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2.4.2.1.3. Cell viability assay of GDC-0980 and AZD-1208 in H1975GR and

H1975GP cells.

A dose-response curve for HI975GP (red) and H1975GR (blue) treated with GDC-
0980 (dose range: 2uM, 4uM, 5uM, 10uM, 30uM, 35uM, 50uM, 80uM) or AZD-
1208 (dose range: 20uM, 25uM, 30uM, 35uM, 40uM, 50uM, 55uM and 60uM) are
shown in figure 2.10A & 2.10B, respectively. The calculated IC50 for GDC-0980
was 1.86uM for H1975GP and 15.85uM for H1975GR cells. The IC50 for AZD-
1208 was 30uM for H1975GP and 46.5uM for H1975GR cells. Per drug, ICs from

10 to IC98 were calculated by the online AAT Bioquest® IC50% calculator and

tabulated in table 2.7 https://www.aatbio.com/tools/ic50 -calculator (Dratkiewicz

etal., 2019).
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Figure 2.10. Cell viability study of GDC-0980 and AZD-1208 in H1975GP and
H1975GR cells. Cell viability inhibition = Treated (X-dose) cells CTB fluorescent
signal/UT cells CTB fluorescent signal X100). CTB: Cell-Titre blue, X-doses (8-point
assay). *: p=0.0(1-4), **p=0.00(1-9), ***p=0.000(1-9).
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Table 2.7. Calculated inhibitory concentrations (ICs) for GDC-0980 and AZD-1208.

GDC0980 DOSE [ M] AZD-1208 DOSE [ M]

IC

10

20

30

40

60

70

80

90

98

H197SGR H1975GP H197SGR H1975GP

7.586

9.772

11.749

13.804

15.849

18.621

21.878

26.915

38.019

107.152

1.000

1.259

1.445

1.660

1.862

2.089

2.399

2.384

3.715

9.333

19.952

25.703

30.902

34.673

39.810

43.651

47.863

53.703

60.255

69.183

13.182

17.782

21379

25.118

30.549

33.884

39.810

47.863

60.255

93.325

IC values in green (IC40 GDC-0980, 1C30/50/70/90 AZD-1208) were selected for

combination study.

80



2.4.2.1.4. The effect of GDC-0980 or AZD-1208 alone or in combination on
H1975GR6 and H1975GP cells viability.

In this experiment, only GDC-0980 resistant cells (H1975GR) were used. The
principle of drug combination was to treat H1975GR with their GDC-0980 1C40
(13.8uM), then to combine this dose with different IC doses of AZD-1208: A: 1C90
(60uM), B: IC70 (47.8uM), C: IC50 (39.8uM), D: IC30 (30.9uM). All AZD-1208
ICs doses (A, B, C and D) (green arrows) had a significant effect on the HI975GR
cells viability compared to the un-treated cells (black) (P=<0.0001). GDC-0980
IC40, when combined with IC70, IC50 and IC30 of AZD-1208, the growth
suppression was additive. Combination with IC90 had no difference between AZD-

1208 single treatment or combined with GDC-0980 1C40 (Figure 2.11).
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Figure 2.11. Cell viability assay for GDC-0980 and AZD-1208 alone or in combination
in H1975GR cells. GDC-0980 dose: 1C40 (13.8uM), AZDI1208 doses: A: IC90:
60.255uM, B: IC70: 47.863uM, C: IC50: 39.810uM, D: IC30: 30.000uM. Significance p-
value: (***: p=0.0002, ****:<0.0001).
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2.4.3. Validation of c-Myc expression by western blot analysis

ArrayStar expression data for c-Myc mRNA in H1975GR1 cells (green) and
H1975GR6 cells (red) compared to the drug sensitive (H1975GP) cells, showed an
increase of 2-fold in H1975GRI1 and 25-fold in H1975GR6 cells compared to
H1975GP by array analysis (Figure 2.12A). Assessment of c-Myc mRNA levels in
the resistant HI975GR cells by qRT-PCR (n=3) showed increased mRNA in the
resistant cells compared to the sensitive cells (H1975GP) (7.7+6.7, Mean£STD),
despite statistical insignificance (p=0.3) (Figure 2.12B). Western blot analysis of c-
Myc protein expression in H1975GR compared to H1975GP showed c-Myc protein

was significantly increased in the resistant HI975GR cells (p=0.03) (Figure 2.12C).
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Figure 2.12. Validation of c-Myc mRNA and protein levels by qRT-PCR and western
blot analysis. A: ArrayStar® analysis of c-Myc gene expression. H1975GR1 (green):
H1975GP were treated with GDC-0980 for one month, HI975GR6 (red): cells tested after
six months of GDC-0980 treatment. B: qRT-PCR assessment of c-Myc mRNA levels in
H1975GR cells (red) compared to the sensitive H1975GP cells (green) (p=0.3). C: western
blot assessment of c-Myc in H1975GP (green) and H1975GR (red) (*: p=0.03).
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2.4.4. Validation of MACCI protein expression by Western blot analysis

ArrayStar analysis showed that MACCI mRNA expression was increased by 79-
fold in H1975GR1 and 42-fold in H1975GR6 cells compared with H1975GP cells
by array analysis (Figure 2.13A). Western blot analysis showed elevation of

MACCI protein expression in HI975GR compared to H1975GP cells (Figure

2.13B).
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Figure 2.13. Validation of MACC1 expression in H1975GP and H1975GR. A:
ArrayStar® analysis of MACCI mRNA expression in one month GDC-0980 treated cells
H1975GR1 and six months GDC-0980 treated cells HI975GR6 compared to GDC-0980
sensitive (H1975GP). B: Western blot analysis of MACCI1 protein abundance in
H1975GR cells compared to HI975GP cells, B-actin was used as a loading control.
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2.4.4.1. The effect MACCI siRNA alone or in combination with GDC-0980 on
H1975GR cell viability.

Knocking down MACCI gene expression by MACCI targeting siRNA was done to
elucidate the possible role of MACCI in the development of GDC-0980 resistance.
The IC50 of GDC-0980 for both H1975GP and H1975GR cells were used (Table
2.7). The difference of MACC1 siRNA effect on H1975GP and H1975GR cells was
significant (p=0.002), H1975GP was more affected than the H1975GR (H1975GP
had 50% viability of H1975GR). No differences in the cell’s viability was observed
between H1975GP and H1975GR when treated with GDC-0980 and siRNA
combination, HI975GR cells were significantly affected (p value: 0.0003), while

H1975GP no additive combination was observed (Figure 2.14).
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Figure 2.14. Effect of MACC1 knockdown alone or in combination with GDC-0980
on cell viability in H1975GR cells. H1975GP: GDC-0980 sensitive cells, H1975GR:
GDC-0980 resistant cells, siRNA: small interfering RNA. Cell viability: the percentage of
life cells in treated compared to the non-treated cells, CTL: non-targeting siRNA. (*:
p=0.03), **: p=0.002-6, ***:p=0.0003).
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2.4.5. Validation of c-Met expression by western blot analysis

ArrayStar data detected c-Met mRNA expression was increased 6-fold in
H1975GR6 and by 0.5-fold in HI975GR1 compared to the drug sensitive H1975GP
cells (Figure 2.15A). Western blot analysis showed no change in c-Met protein

expression between the H1975GP and H1975GR cells (Figure 2.15B).
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Figure 2.15. Validation of c-Met mRNA and protein expression in H1975GR1 and
H1975GR6 compared to H1975GP cells. A: ArrayStar® analysis of c-Met mRNA
expression in GDC-0980 resistant H1975GR1 and H1975GR6 cells compared to GDC-
0980 sensitive H1975GP cells. B: Western blot assessment of c-Met protein expression in
GDC-0980 parent and resistant H1975GR cells, B-actin was used as a loading control.
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2.4.6. Validation of CMTMG6 expression by western blot analysis

The ArrayStar® expression analysis of CMTM gene isoforms mRNA in
H1975GR1 and H1975GR6 cells compared to H1975GP showed that the
expression of CMTM?2 and 8 were detected 2.1 and 4.9-fold downregulated in
H1975GR1 and H1975GR6 compared to the H1975GP, respectively. CMTM3, 6
and 7 were all upregulated in H1975GR6 compared to the parent cells. CMTM6
was chosen for further qRT-PCR and western blot validation (Figure 2.16A).
qRT-PCR analysis of CMTM6 showed a significant (p=0.03) increase (36.2+18.8)
in CMTM6 mRNA levels in H1975GR cells (red) compared to H1975GP cells
(green) (Figure 2.16B). CMTMG6 protein expression was detected up-regulated by
western blot in H1975GR cells (red) compared to HI975GP cells (green), but this

did not reach statistical significance (Figure 2.16C).
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Figure 2.16. Assessment of CMTM6 mRNA and protein expression in H1975GP and
H1975GR. A: ArrayStar® analysis of CMTM gene mRNA expression in H1975GR1
(Green): H1975 cells were treated with GDC-0980 for one month, H1975GR6 (Red): cells
tested at month six of GDC-0980 treatment compared to H1975GP. B: qRT-PCR
assessment of CMTM6 mRNA expression in H1975 GDC-0980 resistant H1975GR cells
compared to the sensitive (H1975GP) cells, 18S was used as a loading control, *: P=0.03.
C: Western blot analysis of CMTMG6 protein levels in HI975GR and H1975GP cells, beta

actin used as a loading control.
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2.4.7. Assessment of desmoplakin, tenascin ¢, enolase 1 and ERQO1-La in
NSCLC cell lines and in H1975GR versus H1975G P cells.

The expression of desmoplakin (DSP), tenascin ¢ (TNC), enolase-1 (ENOI) and
EROI1-La (EROIA) in a panel of lung carcinoma (mainly adenocarcinoma) cell
lines showed the expression of TNC (pink) and DSP (blue) were very low in A549,
H1819 and H460 lung adenocarcinoma cells. DSP was also low in HCC827 lung
adenocarcinoma cells. The other cell lines examined had higher mRNA expression
of this panel of markers as measured by q-PCR using S18 as an internal control.
EROIA (red) expression was high in all cell lines except H3255 which was half the
abundance of 18S mRNA. ENOI! (green) mRNA was at least equal or more than
18S in all assessed cell lines (Figure 2.17A). DSP, TNC, ERO14 and ENOI mRNA
expression was assessed in H1975GR and H1975GP by qRT-PCR and detected
EROIA and TNC mRNA abundance to be significantly elevated (p=<0.0001) in
the H1975GR6 (red) compared to HI975GP (green), ENOI mRNA was also found
elevated in the GDC-0980 resistant cells despite the insignificant, while DSP
mRNA showed no difference between H1975GP and H1975GR cells (Figure

2.17B).
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Figure 2.17. Expression of SQqCC ITH panel. A: In selected cell lines expression panel
Beas-2B: normal bronchial epithelial cells, AS549: human alveolar epithelial
adenocarcinoma cells, H1319, H1975: human lung adenocarcinoma, H3255: EGFRL85R
NSCLC, H3122: lung adenocarcinoma (non-smoker), H2228: lung adenocarcinoma (non-
smoker), H596: lung adeno-squamous carcinoma, HCC827: lung adenocarcinoma, H460:
lung adenocarcinoma, 18S was used as a loading control. B: gqRT-PCR assessment of
mRNA abundance of desmoplakin (DSP), Tenascin (TNC-c), enolase (ENO1) and EROI-
La. ns: p=0.06-7, ****:p=<0.0001, H1975GP: GDC-0980 sensitive H1975, H1975GR:

GDC-0980 resistant H1975, 18S was used as a loading control.

93



2.4.8. Long non-coding RNA (IncRNA)

LncRNA expression in H1975GR1 or H1975GR6 compared to drug sensitive
H1975GP cells was quantified by the ArrayStar Human IncRNA Microarray V4.0.
Scatter-plot analysis of the IncRNA expression variation between the two compared
groups of samples is illustrated in figure 2.18A. The total of (upregulated genes
were 6736 “red”), (down-regulated genes were 4971 “green”) and (no differential
expressed genes were 18521 “black”) when H1975P compared to H1975GR1,
while (the upregulated, down-regulated and un-changed genes were 7528, 7033 and
15667 genes, respectively when H1975P was compared to H1975GR6). The
numbers of altered genes based on their genomic location are detailed in figure
2.18B and summarized in table 6 and the full detailed list on the altered InRNAs is
included in the appendices: (exon sense-overlapping “E-S” IncRNAs in appendices
2.9-2.16, intron sense-overlapping “I-S” IncRNA in appendices 2.17-2.24, intron
antisense-overlapping “I-AS” IncRNAs in appendices 2.25-2.32, bi-directional
overlapping “BD” IncRNAs in appendices 2.33-2.40, naturally antisense
overlapping “N-AS” IncRNAs in appendices 2.41-2.48, and intergenic IncRNA in
appendices 2.49-2.56) (Table 2.8). The appendices contain the following
information: IncRNA gene symbol, genome location (chromosome number,
nucleotide start and end location), RNA length and the associated gene symbol
(except the intergenic). The fold change values were sorted from the highest to the
lowest values. Changes in IncRNA expression in HI975GR1 cells may highlight
those IncRNAs that are involved in the early development of resistance to GDC-
0980 in H1975 lung adenocarcinoma cells. The p-value and fold change were set

to <0.05 and 2.0, respectively.
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Figure 2.18. Altered expression of IncRNAs in H1975GR1 and H1975GR6 compared
to H1975GP. A. Scatter plot analysis of IncRNA expression data; (red) upregulated,
(green) down-regulated and (black) unaltered. B. classification of the altered IncRNAs
based on their location (E-S: exon sense-overlapping, I-S: intron sense-overlapping, I-AS:
intron antisense-overlapping, BD: bi-direction-overlapping, N-AS: natural antisense
overlapping, IG: intergenic overlapping, IncRNA: long non-coding RNA).
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Table 2.8. Differentially expressed IncRNAs in H1975GR1 and H1975GRé.

H1975GR(1) H1975GR(6) H1975GR(1) H1975GR(6)
Up/ exon-sense-overlapping IncRNAs Dn/ exon-sense-overlapping IncRNAs
Unique | 64 (appx: 2.9) | 135 (appx: 2.11) | 51 (appx: 2.10) | 82 (appx: 2.12)
Both 21 (appx: 2.13) 28 (appx: 2.14)
Up/Dn | 8 (appx: 2.15) 6 (appx: 2.16) 8 (appx: 2.15)
Up/ intronic sense-overlapping Dn/ intronic sense-overlapping
IncRNAs IncRNAs
Unique | 283 (appx:2.17) | 303 (appx: 2.19) | 233(appx: 2.18) | 282 (appx: 2.20)
Both 101 (appx: 2.21) 112 (appx: 2.22)
Up/Dn | 38 (appx: 2.23) | 19(appx: 2.24) | 38(appx: 2.23)

Up/ intronic anti-sense-overlapping
IncRNAs

Dn/ intronic anti-sense-overlapping
IncRNAs

Unique | 754 (appx: 2.25) | 852 (appx: 2.27) | 597 (appx: 2.26) | 885 (appx: 2.28)

Both 214 (appx: 2.31) 334 (appx: 2.32)

Up/Dn | 136 (appx: 2.29) | 79 (appx: 2.30) | 136 (appx: 2.29)

Up/ bi-directional IncRNAs D/ bi-directional IncRNAs

Unique | 254 (appx: 2.33) | 370 (appx: 2.35) | 305 (appx: 2.34) | 389 (appx: 2.36)

Both 104 (appx: 2.37) 183 (appx: 2.38)

Up/Dn | 37 (appx: 2.39) | 33 (appx: 2.40) | 37 (appx: 2.39)
Up/ natural anti-sense-overlapping | Dn/ natural anti-sense-overlapping

IncRNAs IncRNAs

Unique | 883 (appx: 2.41) | 965 (appx: 2.43) | 753 (appx: 2.42) | 1200 (appx: 2.44)

Both 262 (appx: 2.45) 459 (appx: 2.46)

Up/Dn | 180 (appx: 2.47) | 88 (appx: 2.48) | 180 (appx: 2.47)

Up/ intergenic IncRNAs Dn/ intergenic IncRNAs

Unique | 4228 (appx: 2.49) | 4640 (appx: 2.51) | 2988 (appx: 2.50) | 4072 (appx: 2-52)

Both 1157 (appx: 2.53) 1793 (appx: 2.54)

Up/Dn | 714 (appx: 2.55) 374 (appx: 2.56) 714 (appx: 2.55)
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Specific IncRNAs were selected for further assessment by qRT-PCR in H1975GR6
compared to H1975GP cells. The selection was based on their location within the
genes that modulate/or are modulated by JAK/STAT pathway, and including PIM1,
and PIM?2 kinases upregulated in the resistant cells compared to the sensitive cells
(19.8 and 3.3 fold) (Table 2.9). Other STAT3 regulators were also upregulated in
the resistant cells such as SOCSI, and SOCS3 (fold change 3.2 and 7.7,

respectively) and Mcl-1 (fold change 3.7).

Table 2.9. IncRNAs selected for further qRT-PCR assessment.

GENE FC-LncRNA  Reg. NG FC-mRNA Reg.
AC008163.4 717 Down  HGF 2.2 Up
LINC01969 8.4 Up  PDK2 7.9 Up

CASC11 4.6 Up  cMYC 25.7 Up
LINCO01510 6.3 Down  MET 6.1 Up

FC: fold change, Reg.: regulation at 6-months GDC-0980 treatment (H1975GR6) compared
to the drug sensitive H1975 cells. NG: nearby gene, HGF: hepatocyte growth factor, PDK2:
pyruvate dehydrogenase kinase-2, MYC: v-myc: myelocytomatosis viral oncogene
homology, MET: MET proto-oncogene, receptor tyrosine kinase.
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2.4.8.1. Validation of AC008163.4 IncRNA expression by qPCR

The arrayStar data showed AC008 (AC008163.4) IncRNA expression was
significantly decreased in both H1975GR1 and H1975GR6 cells compared to
H1975GP cells (cut-off value= 2.0-folds, P<0.05) (Figure 2.19A). Assessment of
ACO008 expression in (tested in three independent experiments) H1975GP versus
H1975GR6 by comparative qRT-PCR showed a decreased AC0O08 mRNA level in
the resistance cells compared to the parent cells despite the statistical insignificance

(Figure 2.19B).
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Figure 2.19. ArrayStar assessment of AC008 IncRNA expression followed by qRT-
PCR validation. A: ArrayStar® analysis of AC008 IncRNA gene in H1975GR1: H1975
cells were treated with GDC-0980 for one month, and H1975GR6: H1975 cells were
treated with GDC-0980 for six months compared to GDC-0980 sensitiveH1975 cells. B:
gRT-PCR assessment of AC008163.4 in H1975 GDC-0980 resistant H1975GR cells
compared to the drug sensitive H1975GP cells.
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2.4.8.2. Validation of CASC11 IncRNA expression by qRT-PCR

ArrayStar showed CASCI1 IncRNA expression was increased in both H1975GR1
and H1975GR6 compared to H1975GP cells (cut-off value= 2.0-folds, P<0.05)
(Figure 2.20A). Assessment of CASC11 expression (tested in three independent
experiments) in HI975GP versus H1975GR by comparative qRT-PCR showed
insignificant increase in the CASCI11 levels in the resistant cells compared to the

parent cells (Figure 2.20B).
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Figure 2.20. ArrayStar® assessment of CASC11 IncRNA expression followed by qRT-
PCR validation. A: ArrayStar® analysis of CASC IncRNA genes in HI975GR1: H1975
cells were treated with GDC-0980 for one month, and H1975GR6: H1975 cells treated with
GDC-0980 for six months, compared to GDC-0980 sensitive H1975 cells. B: qRT-PCR
assessment of CASCI11 in H1975 GDC-0980 resistant HI975GR cells compared to the
drug sensitive H1975GP cells.
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2.4.8.3. Validation of Linc1510 IncRNA expression by qPCR

ArrayStar® comparison analysis of linc-IncRNAs between linc01500 and
linc01600 showed Linc1519, linc1544 and linc1591 were elevated in H1975GR6
cells compared to H1975GR1 cells. There was no significant change in the
expression of lincl1534, linc1535, linc1586, linc1556, linc1558 and linc1518.
Linc1521 was decreased in both H1975GP1 and 6, compared to the sensitive cells
H1975GP. Linc1510 was down-regulated in HI975GR1 and in HI975GR6 cells
(Figure 2.21A). Assessment of linc1510 expression in (three independent
experiments) H1975GP versus HI975GR by comparative qRT-PCR revealed

insignificant decrease in the H1975GR compared to H1975GP (Figure 2.21B).
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Figure 2.21. ArrayStar assessment of linc1510 IncRNA expression followed by qRT-
PCR Validation. A: ArrayStar® analysis of linc1500 to linc15100 IncRNA genes in
H1975GR1: H1975GP were treated by GDC-0980 for one month, H1975GR6: cells were
treated with GDC-0980 for six months compared to H1975 sensitive cells. B: qRT-PCR
assessment of linc1510 in H1975 GDC-0980 resistant H1975GR cells compared to the drug
sensitive H1975GP cells.
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2.4.8.4. Validation of Linc 1969 IncRNA expression by qPCR

ArrayStar® expression analysis of linc01969 IncRNA (at cut-off value= 2.0-folds,
P<0.05) showed that 1linc01969 IncRNA was down-regulated in H1975GR1 then
significantly increased in HI975GR6 in comparison to H1975GP cells (Figure
2.22A). Assessment of linc1969 expression in (three independent experiments)
H1975GP versus H1975GR by comparative qRT-PCR revealed insignificant

change among the compared groups (Figure 2.22B).
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Figure 2.22. ArrayStar assessment of Linc01969 expression followed by qPCR
validation. A: arrayStar® analysis of Linc01969 IncRNA mRNA in H1975GR1/6
compared to H1975GP. B: The average level of Linc1969 mRNA IncRNA in the GDC-
0980 resistant HI975GR cells compared to the drug sensitive H1975GP compared to -
actin.
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Figure 2.23 is a schematic which hypothesises the signalling cascade involved in
the emergence of acquired resistance to GDC0980 in H1975 cells. Activation of the
PI3K pathway is shown by the numbering system with red numbers in black boxes:
(1): The binding of integrins, ligands to RTKSs or cytokines such as /L6 result in
PI3K phosphorylation/activation. (2) Once phosphorylated PI3K converts PIP2 to
PIP3. (3) PIP3 phosphorylates PDKI or (4) recruits and phosphorylates AKT
directly. (5) PDKI phosphorylates AKT. (6) AKT/pkB leads to activation of
transcription of genes needed for cell cycle (growth and proliferation), metabolism,
protein synthesis and others. The resistance bypass signalling mechanism is shown
by the numbering system with red numbers in green boxes: MAPK phosphorylates
and activates AKT directly (1) adding survival bonus to the HI975GR cells, Or/and
phosphorylates PIM1 (2) or cross talk with other genes such as MACCI (3) leading
to enhanced transcription of c-Met (4). c-Met leaves the nucleus (5) and then
becomes phosphorylated by HGF (6). c-Met could phosphorylate and activate
STAT3 leading to their dimerization (7). STAT3 homo-dimer will enter the nucleus
and promote PIMI, c-Myc, Mcl-1, cytokines and SOCs genes transcription (8).
Cytokines will be translated and the cytokines would lead to an additive stimulation
of JAK/STAT pathway (10). PIM1 in the cytoplasm (11) will be phosphorylated and
activated by MAPK (2), then the phosphorylated PIM] either phosphorylates AKT
(12) to enhance cells proliferation (13) or cooperate with c-Myc (14) to
phosphorylate BAD (15) and interfere with the apoptosis (16). Mcl-1 can also inhibit
apoptosis by attaching the mitochondrial membrane (17) and interfering with
cytochrome-c release from the mitochondria (18), the enzyme needed to initiate

apoptosis.
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Figure 2.23. Schematic depicting the role of PIM kinase signalling in development
of resistance to GDC0980 in H1975GR cells.
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2.5. Discussion

We hypothesized that the initial sensitivity to PI3K inhibition in the H1975 cells
could imply a reliance on PI3K pathway signalling, with the cells being addicted to
the pathway. As such, the drug mediated significant effects in the short term, but
the increased selective pressure led to the cells becoming rapidly resistant to the
drug and effectively mimicking what happens in patients treated with targeted
therapies in the clinic. This study set out to validate markers of resistance to dual
PI3K-mTOR inhibitor GDC-0980 (apitolisib) in the H1975GR NSCLC cell line
model of resistance, previously developed in our laboratory to pinpoint specific
bypass mechanisms of resistance (Heavey et al., 2018).

A RNA microarray was employed to profile changes in mRNA and IncRNA in the
GDC-0980 resistant NSCLC cell line models that were previously generated.

Both long non-coding RNA (IncRNA) and coding RNA (mRNA) were quantified
after one month of treatment with GDC-0980 (H1975GR1) and after six months of
treatment (H1975GR6). Panther-Slim biological process analysis of all
differentially regulated mRNAs in H1975GR1 (Figure 2.5A/B) and in H1975GR6
(Figure 2.5C/D) compared to H1975GP showed that 298 upregulated genes and 162
down-regulated genes in H1975GR1 and 683 upregulated genes and 458 down-
regulated genes in H1975GR6 were involved in the regulation of metabolism.
Given that the PI3K-mTOR signalling network has diverse downstream effects on
cellular metabolism, through either direct regulation of nutrient transporters and
metabolic enzymes or the control of transcription factors that regulate the
expression of key components of metabolic pathways it is therefore not surprising
that so many of the deregulated genes are involved in metabolism. Panther-Slim

biological process analysis also showed that 76 upregulated and 55 down-regulated
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genes in H1975GR1 and 185 upregulated genes and 78 down-regulated genes in
H1975GR6 were involved in cellular response to stimuli (Figure 2.5). These are
genes involved in the physiological response of a cell to a stimulus such as exposure
to GDC-0980 and include genes involved in drug efflux and epigenetic regulation.
Activation of MACCI, a regulator of PIM kinase, is an early event in resistance
to GDC-0980:

Differentially expressed mRNAs and IncRNAs in H1975GR1 cells may elucidate
genes and gene regulators that are involved in the early development of resistance
to GDC-0980 in H1975 cells. To this end, activation of metastasis-associated in
colon cancer 1 (MACCI) gene emerged as a possible early driver of the resistance
to GDC-0980 in H1975GR1 cells with a 77.89 fold increase and 44.89 fold increase
in HI975GR1 and H1975GR6, respectively (Figure 2.13A). Further validation of
MACCI protein expression by western blot analysis revealed a significant increase
(p: <0.05) in the abundance of MACCI in the resistant cells (H1975GR) compared
to the drug-sensitive cells (H1975GP), with the latter undetectable by western blot
(Figure 2.13B).

It has been previously shown in lung cancer that cisplatin resistance was mediated
by MACCI via activation of PI3K/AKT pathway (Zhang et al., 2018). MACCI was
also found to facilitate chemoresistance in colorectal cancer (Wang et al., 2017a)
and gastric cancer via activation of PI3K/AKT pathway (Duan et al., 2017). Down-
regulation of MACCI was found to inhibit proliferation, invasion and migration in
salivary adenocarcinoma, and this was associated with enhanced apoptosis (Li et
al., 2015a). Knock down of MACCI was found associated with increased cisplatin
sensitivity in cisplatin resistant ovarian epithelial cells (Zhang et al., 2016b).

Elevated MACCI mRNA levels correlated to a poor prognostic marker for post-

108



surgery tumour recurrence in colorectal cancer (Isella et al.,, 2013) and lung
adenocarcinoma (Shimokawa et al., 2011). In NSCLC, MACCI overexpression
correlates with a poor prognosis (Wang et al., 2014b) and is considered a good
biomarker for metastasis (Zhou et al., 2016b). MACCI- targeted antibodies were
found to suppress tumour growth and metastasis in NSCLC (Shi et al., 2017). Taken
together these data highlight a role for MACC! in both chemoresistance and disease
progression. MACC! has also been shown to play a role in resistance to targeted
therapy trastuzumab in gastric cancer through activation of the Warburg effect and
PI3K/Akt signalling (Liu et al., 2016). To our knowledge our data is the first to
demonstrate the role of MACCI in resistance to PI3K-mTOR inhibition.
Activation of HGF and c-Met and IncRNA regulators in HI975GR cells:

In a study by Stein et al., MACCI triggered hepatocyte growth factor (HGF)
induced colon cancer metastasis in a mouse model (Stein et al., 2009). Interestingly,
we also observed HGF mRNA and its receptor the hepatocyte growth factor
receptor (HGFR) or MET mRNA, which is a transcriptional target of MACCI
(Boardman, 2009), were activated 10.06 and 1.66 fold respectively in H1975GR1
cells as well as 2.22 and 6.06 fold in H1975GR6 cells (Figure 2.15A). c-Met protein
expression analysis by western blot showed no significant change in c-Met protein
expression between the parent and resistant cells (Figure 2.15B). The IncRNA
(AC008163.4) is a regulator of the HGF gene and was decreased by 7.7 fold in
H1975GR6 cells compared to H1975GP cells (Figure 2.19A). However, QqRT-PCR
validated in GDC-0980 resistant H1975 revealed a significant increase in the levels
of IncRNA (AC008163.4) in the resistant cells (HI975GR6) in compare to the

sensitive cells (H1975GP) (Figure 2.19B).
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The IncRNA linc01510, which regulates the MET gene, was decreased by 6.1 fold
in the H1975GR6 resistant cells compared to drug sensitive H1975GP cells
H1975GP by RNA sequencing (Figure 2.21A). However, validation of this IncRNA
by qRT-PCR detected no significant difference in expression between H1975GR
and H1975GP cells (Figure 2.21B).

HGF gene expression is regulated by STAT3, NFKB and IL6 (Tomida and Saito,
2004). Once HGF binds to its receptor HGFR or c-Met it results in dimerization
and activation as the intracellular domain of c-Met becomes phosphorylated. c-Met
in turn phosphorylates STAT3 via JAKs (Runge et al., 1999). Genes whose
transcription is modulated by STAT3 transcription factor include PIM kinases,
HGEF and transcription of JAKs-negative feedback genes including SOCS3 (Hung
and Elliott, 2001, Tomida and Saito, 2004, Tokumaru et al., 2005).

IL6/STAT3 pathway activation in GDC-0980 resistant HI975GR cells:
Activation of the /IL6/STAT3 pathway leads to the activation of the PIM kinase
family of proteins and c-Myc which co-regulate each other (van Lohuizen et al.,
1989). In depth characterisation of the resistant cell line models identified activation
of the IL-6/STAT3 pathway including all 3 PIM genes and their co-regulator the
proto-oncogene c-Myc. RNA sequencing arrays revealed PIM mRNA expression
as follows: a decrease in PIM1 by -1.29 fold (< 2 fold cut-off), an increase in PIM?2
by 1.69 fold (< 2 fold cut-off) and an increase in PIM3 by 2.08 fold in H1975GR1
cells and an increase in PIM1 by 19.8 fold, PIM?2 by 3.3 fold and PIM3 by 32 fold
in H1975GR6 cells compared to HI1975GP cells (Figure 2.7A). Validation of
PIM]I, 2 and 3 by qRT-PCR in H1975GR6 compared to H1975GP cells revealed a
significant elevation of all PIM kinases (however PIM3 was not significant) as

indicated by low Ct (Figure 2.7B). Validation of protein expression of PIM1, 2 &
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3 kinases by western blot analysis in HI975GR6 and H1975GP cells revealed a
significant increase in expression of all three PIM kinase proteins (Figure 2.8).

PIM kinases are a class of serine/threonine kinases that play a role in several of the
hallmarks of cancer including cell cycle progression, metabolism, inflammation and
immune evasion. Their constitutively active nature and unique catalytic structure
has led them to be an attractive anticancer target through the use of small molecule
inhibitors. One previous study showed PIM1 highly expressed, at both mRNA and
protein levels, in the normal lung mesothelial cells but expressed at very low levels
in NSCLC (Warnecke-Eberz et al., 2008). PIM gene expression is modulated by
the activation of various transcription factors; including S7473 homodimer and
STAT3/5 heterodimer via the JAK/STAT pathway, NF-kB and HOXA9 (Brault et
al., 2010). PIM kinase has a potential role in the tumourigenesis and progression of
several types of cancers with PIMI and PIM3 found more specifically in
haematological malignancies, whereas increased abundance of P/IM2 was found
more common in solid tumours (Brault et al., 2010). PIM1 kinase has been shown
to play arole in cell death protection and to enhance tumour growth and metastasis.
Increased levels of PIMI expression was also found associated with increased
expression signature of c-Myc transcription factor-modulated genes. Activation of
PIM kinases was shown to trigger Met-small molecule inhibitors resistance
(Horiuchi et al., 2016). All PIM tyrosine kinases enhance tumour cells proliferation
through their downstream signalling through cMyc-inhibition of apoptosis (Chen et

al., 2005).
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Activation of transcription factor and co-regulator of PIM kinase c-Myc:

RNA sequencing array data showed c-Myc mRNA was increased by 2 fold in
H1975GR1 cells compared to the untreated H1975GP cells. mRNA expression
continued to increase until it reached 25.7 fold in H1975GR6 cells (Figure 2.12A).
Validation of these results by qRT-PCR, did not show significant increase in c-Myc
mRNA abundance as indicated by low Ct values in the HI975GR6 cells compared
to H1975GP cells (Figure 2.12B). However, validation of c-Myc protein expression
by western blot analysis showed a significant increase in the abundance of c-Myc
protein in HI975GR6 cells compared to H1975GP cells (Figure 2.12C). c-Myc gene
regulator IncRNA CASCII was activated by 25.7 fold in H1975GR6 cells
compared to H1975GP cells (Figure 2.20A) however validation by qRT-PCR
revealed no difference between the compared cells (Figure 2.20B). c-Myc is a multi-
function phospho-protein transcription factor required for rapid cell division, cell
adhesion, increased metabolic and biosynthesis rates, mitochondrial biogenesis and
to inhibit anti-proliferation genes’ expression (Miller et al., 2012, Dang et al.,
1999). c-Myc inhibition was found to sensitize cancer cells resistant to vincristine
better than other small molecule inhibitors such as PI3K, MAPK and NF-kB
inhibitors (Sheikh-Zeineddini et al., 2020). PIM kinases alone are only weakly
oncogenic, however when co-expressed with c-Myc they can phosphorylate
/stabilise it, enhancing c-Myc-driven tumourigenicity (Wang et al., 2010). PIM1
facilitates the transcriptional activation of approximately one fifth of c-Myc targets
through a Myc-driven recruitment of PIM1 to chromatin where it can phosphorylate
Histone H3, and allow the subsequent initiation of transcription (Zippo et al., 2007).
The synergism of PIM kinases and c-Myc is also evidenced through their common

targets, such as the cell cycle phosphatase, cdc254, which is transcription-ally
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regulated by c-Myc and also substrate of PIMI phosphorylation /activation
(Mochizuki et al., 1999).

Inhibition of MACCI and PIM kinases by targeted siRNASs to determine effect on
HI1975GR6 cells:

Inhibition, by siRNA knockdown, of MACCI (Figure 2.14), PIMI and PIM3
(Figure 2.9) was examined to evaluate if their activation in GDC-0980 resistance in
H1975GR6 cells played a role in cell survival . Figure 2.14 demonstrates that there
was a significant difference between the effect of MACCI siRNA on the viability
of H1975GR and H1975GP cells, the latter had 50% of cell viability of HI975GR,
and this indicates H1975GR had much more MACC!I than H1975GP. Upon
combination, MACCI siRNA re-sensitized H1975GR cells for GDC-0980 (when
the cells were pre-treated with GDC-0980), and both GDC-0980 sensitive and
resistant cells were killed equally. This data supports our hypothesis that MACCI
is involved in acquired resistance to GDC-0980.

PIM]I siRNA had a little and equal effect on the viability of both HI975GR and
H1975GP cells. Combination of both GDC-0980 had no additive effect compared
to the effect of GDC-0980 alone (Figure 2.9A). PIM3 siRNA had a more significant
effect on the cells viability of both HI975GR and H1975GP cells, and again the
effect was equal in both cells phenotype. Upon the combination of GDC-0980 and
siRNA, the effect was only additive in the GDC-0980 sensitive H1975 and no
noticeable effect was observed on the resistant cells (siRNA as reference) (Figure
2.9B). This result could be attributed to the increased expression of PIM isoforms
expression in the resistant cells and the siRNA concentration was not sufficient to

cope with mRNA levels in the resistant cells (H1975GR).
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Determining the efficacy of pan-PIM inhibitor AZD1208 in the H1975GR cells:
Pan-PIM inhibitor (AZD-1208) was shown to re-sensitize triple negative breast
cancer (TNBC) cells and patient-derived xenograft to radiotherapy, modulated by
activation of c-Myc and PIMI which had a synergic effect to Mcl-1 (Braso-
Maristany et al., 2016). PIM1 kinase inhibition was also successful to re-sensitize
NSCLC cells that displayed resistance to radiotherapy (Kim et al., 2013). In this
research work, the efficacy of AZD-1208 was examined in PIM kinase activated
resistant H1975GR cells (Figure 2.11). Different inhibitory concentration (IC)
values were calculated as described in figure 2.9 and tables 2.5 to 2.7. AZD-1208
I1C90 had no additive effect on GDC-0980 IC40, while AZD-1208 IC70 and 50 had
an additive effect on GDC-0980 growth inhibition effect, while IC30 had a little
additive effect to the GDC-0980 effect. The best dose combination was the IC 50
of AZD-1208 with GDC-0980 1C40. The use of small molecule inhibitors was
better than the use of siRNA, this could be attributed to the incomplete success of
abolishing the whole mRNA translation by siRNA. In contrast the small molecule
inhibitor would interfere with the PIM site of action leading to diminished cell
proliferation and less protection against apoptosis mediated by all three PIM
kinases.

In summary, c-MET, c-Myc and PIM kinases were upregulated across all the models
of resistance to GDC-0980 suggesting their importance in generating drug
resistance. Figure 2.23 is a schematic that summarizes the role of PIM kinase and
its coregulators as an escape signalling mechanism in GDC-0980 resistant
H1975GR cells. Co-targeting strategies involving both PIM kinase and PI3K-
mTOR pathways may provide a more durable response to treatment in patient

cohorts known to have an activated PI3K-mTOR pathway.
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Activation of CMTMG6 a regulator of PD-L1 in GDC-0980 resistant H1975GR
cells:

RNA sequencing data identified another activated gene of interest CMTMG6.
CMTM6 is an abbreviation of chemokine-like factor (CKLF) like MARVEL
transmembrane domain containing-6. CMTM6 binds PD-L1 at the cell membrane
leading to an increased chance of its interaction with PD-I on the CD8+ T
lymphocytes leading to protection against immune-destruction (Boussiotis, 2016,
Imamovic and Vranic, 2017). CMTM6 mRNA expression was decreased by 20 fold
in H1975GR1 cells but increased by30 fold in H1975GR6 cells compared to
H1975GP cells (Figure 2.16A). Validation by qRT-PCR revealed a significant
increase in CMTM6 mRNA levels as indicated by low delta CT (early take-off)
(Figure 2.16B). Western blot revealed increased CMTM6 levels in the resistant cells
but this did not reach significance (Figure 2.16C).

Evaluation of desmoplakin, tenascin c, enolase-1 and EROI-La expression in
H1975GR cell lines:

The last part of this chapter evaluates a panel of proteins (desmoplakin, tenascin c,
enolase-1 and EROI1-La) identified in chapter 3 that examined intra-tumour
heterogeneity (ITH) in squamous cell carcinoma (SqCC). Here the expression of
these four proteins were examined in the HI975GR6 cells compared to H1975GP
cells to determine whether they may also play a role in resistance to PI3K-mTOR
inhibitor GDC-0980. Desmoplakin is a tumour suppressor gene, known to suppress
tumour metastasis by inhibiting Wnt/B-catenin signalling pathway (Yang et al.,
2012). Tenascin c is an extracellular matrix glycoprotein, involved in tumour
angiogenesis (Tanaka et al., 2004) and known to induce tumour cells-resistance to

apoptosis (Shi et al., 2015). Enolase-1 was found to promote chemoresistance via
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stimulation of glycolysis (Qian et al., 2017). EROI-La upregulation in tumour cells
was found to increase PD-LI levels and to promote immune-escape in breast
cancer. These four proteins were differentially expressed across different parts of
the same tumour in patient tumours with a diagnosis of SqCC (n=3) (chapter 3).
Initially mRNA expression was examined by qRT-PCR in the GDC-0980 resistance
cells (H1975GR6) compared to the sensitive cells (H1975GP) (Figure 2.17B). TNC,
EROI14 and ENOI mRNAs were all significantly upregulated in the HI975GR cells
compared to the drug sensitive cells (H1975GP) as demonstrated by low delta Ct-
values, while DSP, was down-regulated (but not significant). The panel was also
evaluated in normal bronchial epithelial cells and nine lung adenocarcinoma cell
lines as a control expression in cancer cells (Figure 2.17A), to evaluate the
expression profile change. Our findings support the previous literature finding
linking the elevated/lowered expression of these genes to drug resistance.

In conclusion, the present study demonstrates that the [L6/STAT3 signalling
pathway plays a significant role as an escape mechanism in H1975 cells treated
with GDC-0980. PIM kinases and their co-regulator c-Myc are activated in response
to PI3K-mTOR inhibition in NSCLC. MACCI activation was an early event in
PI3K-mTOR drug resistance and may have regulated the induction of c-Myc, PIM
kinases and CMTM®6 genes. These results, together with previous data in other
cancer types highlight the potential for dual targeting of both the PI3K-mTOR and
PIM kinase pathways as a promising strategy for the future treatment of patients
with PI3K-mTOR activated NSCLC. Interestingly three of four biomarkers
identified in chapter 3 namely, TNC, EROIA and ENOI, are also activated in the
resistant H1975GR6 cell lines compared to the H1975 drug sensitive cells and

further evaluation at the protein level is warranted.
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3. Chapter III: Quantification of phosphor-
proteomic & proteomic expression within
squamous cell carcinoma lung tumours
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3.1. Introduction

Lung squamous cell carcinoma (LSqCC) is strongly associated with cigarette
smoking and affects the central bronchi with only about 15-30% of lung SqCC
commonly diagnosed in the lung periphery (Tomashefski et al., 1990).

The treatment for LSqCC includes; cytotoxic chemotherapy such as paclitaxel and
cisplatin (Schiller et al., 2002). EGFR targeted therapy can be used for mixed
adenosquamous lung carcinoma with mutations in EGFR associated with gain of
function (Rekhtman et al., 2012), eg. Erlotinib, Afatinib, Cetuximab, Necitumumab
(Paz-Ares et al., 2015). Also immunotherapies such as C7TLA-4 inhibitors e.g.
ipilimumab and tremelimumab (Lynch et al., 2012), PD-/ inhibitors such as
nivolumab and pembrolizumab (Rizvi et al., 2015), and PD-L1 inhibitors such as
BMS-936559, MPDL3280A and MEDI4736 (Lynch et al., 2012) can also be used.
Inhibition of the VEGF receptor by Bevacizumab has also shown good efficacy in
both adenocarcinoma and squamous cell carcinomas, but increased haemoptysis
limited its use for LSqCC (Socinski et al., 2013). The insulin-like growth factor 1
(IGF-1) receptor and fibroblast growth factor receptor (FGFR) both tyrosine kinase
receptors have recently been demonstrated to activate PISK/AKT-mTOR and K-RAS
signalling pathway in squamous cell carcinoma. Several small molecule inhibitors
targeting FGFRI amplification in LSqCC have been tested eg. Aea4 and Aea25 and
showed promising results, inhibiting cell proliferation, initiating cell cycle arrest
and induction of cell death (Wu et al., 2014).

A study carried out by the Cancer Genome Atlas research Network (TCGA) and
published in the journal Nature (September 2012) demonstrated that LSqCC is

characterised by complex genomic alterations and is superior to breast and
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colorectal cancers in the frequency of mutations (8 mutations per 10° bases)
(Network, 2012).

In this TCGA research work on SqCC, 122 out of 178 lung SqCC cases analysed
had at least the K-RAS or PI3K/AKT signalling pathways altered. Based on these
findings, multiple potential therapeutic targets were identified that could be used in
the treatment and assessment of patients with SQCC (Chen et al., 2014). The PI3K-
AKT pathway has been previously shown as a potential target for therapy in solid
tumours. About 6.5% of lung SqCC were found to harbour the PIK3CA mutation
and are associated with increased activity of PI3K (Papadimitrakopoulou, 2012).
PIK3CA amplification (copy number) was also found in 20% of both adeno and
squamous cell carcinoma (Heist et al., 2012, Okudela et al., 2007, Kawano et al.,
2007). Both selective, pan-PI3K inhibitors as well as PI3K-mTOR dual inhibitors
has been synthesized (Papadimitrakopoulou, 2012), and have been tested in several
clinical trials (Vansteenkiste et al., 2015).

The tumour tissue biopsy removed from the patient for diagnostic purposes is key
to the success of targeted therapy. Failure of the biopsy to represent the entire
tumour mass might lead to treatment failure and tumour relapse. In this chapter, a
comparative proteomic study was undertaken on multiple biopsies (n=3) from fresh
frozen tumour tissues along with matched normal lung tissues using LC-MS/MS.
The aim was to identify and quantify intra-tumour heterogeneity across different
geographical regions of the same tumour as well as differences in protein
expression between adjacent normal tissue and tumour tissue. A panel of four
proteins; desmoplakin (DSP), tenascin ¢ (TNC-c), enolase-1 (ENOI) and EROI-La,
which were heterogeneously expressed across the three tumour regions, and play a

role in drug resistance, were chosen for further validation. Desmoplakin (DSP) is a
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member of the plakin family of proteins that localise to desmosomes. Desmosomes
are intercellular junctions that confer strong cell—cell adhesion. Desmosomes have
an impact on tumourigenesis through their ability to modify signalling by armadillo
proteins plakoglobin (y-catenin) and plakophilins. Plakoglobin is closely related
to f-catenin, an important player in the Wnt/f-catenin pathway, and both interact
with DSP which is the most abundant component of desmosomes (Zhou et al.,
2017). Epithelial-mesenchymal transition (EMT), during which cancer cells lose
the epithelial phenotype and gain the mesenchymal phenotype, results in tumour
migration and invasion. Dysregulation of the Wnt/f-catenin signalling pathway
gives rise to EMT, which is characterized by nuclear translocation of -catenin and
E-cadherin and DSP suppression as a result of genetic and/or epigenetic
mechanisms. During EMT disruption of both adherents junctions and desmosomes
must occur for dissociation of epithelial cells. Several studies have shown that
decreased or altered expression of DSP correlates with increased tumour invasion,
advanced tumour grade, and poor patient prognosis (Papagerakis et al., 2009). It
has also been shown to play a role in cell proliferation, differentiation, migration,
and apoptosis (Huber and Petersen, 2015). A study by Yang L et. al, showed that
DSP acts as a tumour suppressor in lung cancer. When DSP is inactivated in lung
cancer, by an epigenetic mechanism, it increases the sensitivity to anticancer drug-
induced apoptosis and has tumour-suppressive function, possibly due to
upregulation of plakoglobin and thereby inhibition of the Wnt/S-catenin signalling
pathway. The epigenetic regulation of DSP and its ability to increase the sensitivity
to anticancer drug-induced apoptosis has potential implications for clinical

application (Yang et al., 2012).
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Tenascin-C (7NC) is an extracellular matrix (ECM) glycoprotein, that plays a major
role in cell proliferation, migration, and tumour invasion in various cancers. In
healthy mammals, TNC is highly expressed during embryonic development,
particularly in the developing central nervous system, in migrating neural crest cells
and at epithelial — mesenchymal interaction sites. In adult tissues, 7TNC expression
is tightly regulated and generally repressed (Jones and Jones, 2000). The TNC
protein has various structural domains that play distinct roles in 7NC function
(Jones and Jones, 2000). In humans 7NC out of 17, 9 of FNIII repeats are
alternatively spliced leading to different 7NC isoforms. Various spliced FNIII
repeats have been identified in cancer. FNIII domains Al and C are expressed in
lung cancer and Al domain in renal cell carcinoma (Lowy and Oskarsson, 2015).
TNC overexpression is often observed in cancer, generally at the invasive tumour
front and is associated with poor clinical outcome (Cai et al., 2017). TNC is
upregulated by 7GF beta signalling (Islam et al., 2014) and plays a major role in
EMT evidenced by its expression in the invasion borders of cancer tissues and in
microinvasive foci around intraductal carcinomas, where cells may undergo EMT
(Nagaharu et al., 2011). TNC expression was observed in NSCLC tumours by a
mechanism involving downregulation of Dickkopf-1 (DKK1) and activation of Wn¢
signalling (Gonzalez-Sancho et al., 2005).

The human enolase (ENO) family consist of three members; ENO/ is present in
almost all tissues, ENO? is neuron and neuroendocrine tissue-specific and ENO3 is
present in muscle tissues (Diaz-Ramos et al., 2012). ENOI plays a major role in
different types of human cancer, such as retinoblastoma, hepatocellular carcinoma,
pancreatic cancer, renal cell carcinoma, cholangiocarcinoma and gastric cancer.

Abnormally upregulated ENOI is associated with poor survival and prognosis in
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patients with mammary carcinoma (Chen et al., 2020). Furthermore, ENOI
enhances cell transformation in numerous cancer cell lines. Studies have shown
ENOI can be either up or downregulated in lung cancer (Chen et al., 2020).
Overexpression of ENOI significantly elevated cell glycolysis, proliferation, clone
formation, migration, and invasion in vitro, as well as tumourigenesis and
metastasis in vivo by regulating the expression of glycolysis, cell cycle, and EMT-
associated genes in NSCLC. Conversely, ENOI knockdown reversed these effects.
Another study revealed that stably upregulated ENO! activated FAK/PI3K/AKT
and its downstream signals to regulate the glycolysis, cell cycle, and EMT-
associated genes. On the contrary, ENO/! protein levels were significantly reduced
in NSCLC and overexpression of ENO/ inhibited EMT in the A549 cell line (Fu et
al., 2015). Therefore, neither expression nor the functional mechanisms of ENO/
in NSCLC have been clearly established.

Endoplasmic reticulum oxidoreductin-1 alpha (EROIa) is an oxidizing enzyme that
exists in the endoplasmic reticulum (ER) in concert with protein disulfide
isomerase. It facilitates proper protein folding and maintains homeostasis within the
ER. Generally during cancer ER stress increases and this is more evident in
secretory tumours such as multiple myeloma, breast, lung and pancreatic. However
hypoxia and chemotherapy induces ER stress. Given the significance of ER
homeostasis, FROIla-PDI interaction, and the formation of de novo disulfide
bridges, EROloa has emerged as a major player in the regulation and tolerance of
cancer cells to ER stress (Yadav et al., 2016). Elevation in ER-stress results in two
possible outcomes: A. unfolded protein response (UPR) once activated ultimately
brings ER stress back to homeostasis via inhibition of translation and inducing cell

cycle arrest, or B. if ER stress continues then apoptosis occurs through release of

122



cytochrome C and caspase activation, ultimately protecting the organism from
rogue cells that display misfolded proteins (Haeri and Knox, 2012). Interestingly,
overexpression of EROla tends to have a worse prognosis in multiple cancer
indications; multiple myeloma, breast and hepatocellular carcinoma, as well as
lung, oesophageal, diffuse B-cell lymphoma, and others according to The Cancer
Genome Atlas (TCGA) and The Protein Atlas (Johnson et al., 2020). ERO/«a plays
a major role in the processing and folding of PD-L/ and PD-1 (Johnson et al., 2020).
PD-L1 is a transmembrane protein present on the cell surface of placental, vascular
endothelium, pancreatic islet, muscle, and mesenchymal stem cells. A study by
Tanaka et al, demonstrated that ERO/a up-regulates PD-L1 surface expression not
only via oxidative folding, but also through augmentation of hypoxia inducible
factor-lalpha (HIF-1a) in human triple negative breast cancer cell lines (Tanaka et
al., 2017). Knockout of ERO1A4 reduces the growth, migration and tumourigenesis
of cervical cancer cells, through downregulation of the H>O»-correlated epithelial-
mesenchymal transition (Zhang et al., 2019).

PathScan® intracellular signalling arrays were used to elucidate the extent of
heterogeneity between phosphorylated protein across tumour regions and also to
examine activation of PI3K-AKT-mTOR and JAK/STAT signalling pathways within
these tumours that could drive intrinsic resistance mechanisms for specific targeted
therapies such as PI3K-mTOR dual inhibitor (GDC-0980).

3.2. Experimental design

Four patients with a diagnosis of lung squamous cell carcinoma (LSqCC) were
identified in the Thoracic Oncology Research biobank at St. James’s Hospital. For
each patient three tumour tissue biopsies from different geographical regions of the

same tumour along with adjacent normal tissue were investigated (Table 3.1 under
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section 3.3.1.1). After the tumour was surgically dissected along with adjacent
normal lung tissue, it was divided into three pieces by the consultant pathologist
(Figure 3.1 under section 3.3.1.1) and immediately stabilized in All protect®
Qiagen (Cat. #: 76405) overnight at 4°C. The buffer was then removed, and the
samples were stored at -80°C until use.

Total protein was extracted, 20pg of protein per tumour trisect and matched normal
lung tissue taken from the same patient was quantitatively tested by LC-MS/MS in
triplicate (comparative quantitation of the whole proteome). Principal component
analysis was first performed to demonstrate the heterogeneous expression of
proteins between the different areas of each single tumour mass (intra tumour
heterogeneity). Four proteins; desmoplakin (DSP), tenascin ¢ (TNC-c), enolase-1
(ENOI) and EROI-La, with the following criteria (p<0.05, fold change >2,
heterogeneous expression pattern among the three tumour regions), and based on
their link to drug resistance (in the literature), were selected to validate the
consistency of the mass-spectrometry analysis by western blot analysis. These
genes were also quantified by qRT-PCR in the apitolisib resistant cell line models
(chapter II) and in the lung adenocarcinoma tumour tissue (chapter IV). Activation
of PI3K-mTOR, JAK/STAT pathways were examined by PathScan® array
phosphorylated protein analysis to determine whether these tumours may benefit
from GDC-0980, a small molecule inhibitor used to target the PI3K-mTOR

pathway.
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3.3. Materials and methods

3.3.1. Lung squamous cell carcinoma tissue

3.3.1.1. Tumour tissue collection

Patients diagnosed with early stage (IB-I1A), squamous cell lung carcinoma, at St.
James’s Hospital (SJH) were consented to this study as part of biobanking
procedures at SJH. The thoracic biobank received ethical approval from the St.
James’s Hospital and Tallaght University Hospital Research Ethics Committee-
REC (Ref# 2005/3/6). Tissue samples were collected from theatre following
resection and immediately reviewed by the lung pathologist. Tumour tissue from
three distinct areas of the tumour along with surrounding normal tissue was isolated
by the consultant pathologist and immediately stabilized in Allprotect® Tissue
Reagent from Qiagen (Cat. #: 76405) overnight at 4°C. The buffer was removed,
and the samples were frozen at -80°C until use. Haematoxylin and eosin staining
were performed by the consultant pathologist to ensure that the percentage of
malignant cells within the resected tumour mass is >50%. Patient clinicopathological

data are shown in Table 3.1.

Table 3.1. Patients Clinicopathological Data.
Biobank No. Age Gender Histology Stage (AJCC) Stage

260 72 Male LSqCC pT2a, NO IB
261 68 Male LSqCC pT1b, N1 ITIA
266 73 Male LSqCC pT2a, N1 ITA
298 66 Male LSqCC pT2b, NO ITIA

AJCC: American Joint Committee on Cancer 7" Ed.
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Figure 3.1. Processing of dissected tumour. The dissected tumour mass was cut into four
randomly; three of them were included in this study along with their matched control
normal tissue (MCNT) that was taken from the tumour surrounding normal tissues.

3.3.1.2. Nucleic acid extraction
All Prep-DNA/RNA/miRNA universal kit, Qiagen (Cat. #80224) was used to

extract RNA and DNA from the resistant cell line models and the tissue samples.

3.3.1.2.1. Total RNA extraction

Matched normal and tumour tissues trisects, previously stabilized in All protect®
buffer and stored at -80°C, were homogenized in RLT Plus cell lysis buffer (Product
# 7018) on the Tissue Lyzer (Qiagen) for 2 minutes at 25HZ twice with 5 minutes
interval on ice and then centrifuged at 14,000 rpm for 15 minutes at 4°C. The
supernatant were then transferred into the spin column (provided) and centrifuged
at 14,000 rpm for 30 seconds. The flow-through containing RNA was transferred
into a new 2 mL tube (provided), mixed with 50 pL proteinase K by pipetting up
and down, then 200 pL absolute ethanol was added and the mixture incubated at
room temperature for 10 minutes. Rneasy Mini spin columns were then activated

by absolute ethanol (400 pL), the mixtures were then transferred (in two steps) onto
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the Mini spin column and centrifuged at 14,000 rpm/30 seconds, the flow-through
discarded. The filter was then washed with 500 pL of buffer RPE/ETOH at
centrifugation speed of 14,000 rpm/15 seconds. The filter was then incubated with
80 uL of DNase I (prepared in buffer RDD in ratio of 1:8) for 15 minutes at room
temperature to degrade DNA contaminants. Membranes were then washed with 500
uL of buffer FRN/Isopropanol, centrifuged at 14,000 rpm/15 seconds. The spin
column was placed onto a new collection tube (provided), and centrifuged again at
14,000 rpm/15 seconds and the flow-through was then discarded. The spin column
filters were then washed with 500 pL of buffer RPE, centrifuged at 14,000 rpm/15
min, then the flow-through discarded and filters were put onto a new collection tube
(provided). Filters then washed with 70% ethanol, centrifuged and then placed onto
anew 1.5 mL collection tube. The filters-bound RNA was then eluted by adding 50
pL of RNase-free water and centrifugation at 14,000 rpm and stored at -80°C. The
eluted RNA samples were measured by Nanodrop ND-1000. RNA qualitative and

quantitative results are tabulated in appendix 3.1.

3.3.1.2.2. Genomic DNA extraction

The All Prep DNA Mini spin columns from step 2 were washed with 350 pLL Buffer
AW /ethanol centrifuged at 14,000 rpm/1min, the flow-through discard. The spin
filters were then treated with 80 uL Proteinase K prepared in AW1 buffer (1:3 ratio)
and incubated at room temperature for 5 minutes. Filters were washed twice with
350 uL AW1, then with 350 uL. AW2/ethanol buffer, followed by centrifugation at
speed of 14,000 rpm/15 seconds and the flow-through was then discarded. The
bound DNA was then eluted in a new 1.5 mL collection tube (supplied) by

centrifugation at 14,000 rpm/1 min then incubated with 100 pL elution buffer (EB)
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for 2 minutes. The DNA was quantified on the Nanodrop-1000 and stored at — 80°C.

DNA qualitative and quantitative results are tabulated in appendix 3.25.

3.3.1.2. Tissue protein extraction

Tissue samples (sized approximately 4mm?®) were homogenized in 350 pL of cell
lysis buffer (product no. 7018), using the Tissue Lyser-Qiagen, at frequency of
25HZ and for 2 minutes duration. Homogenized samples were then sonicated four
times for 5 seconds with 1min interval ice incubation between bursts. To remove
cellular debris, samples were centrifuged 15 minutes at speed 14,000 rpm at 4°C
and the supernatants containing the extracted protein were then transferred into a

new Eppendorf tube and stored at -80°C.

3.3.1.3. Protein quantification

Tissue protein concentrations were estimated using the BCA protein assay kit
(abcam Cat. ab102536) (Chen et al., 2012). 1 part of copper was added to 50 parts
of BCA reagent as indicated by the protocol. Samples were diluted 10 times in
sample buffer then 50 pL. samples were mixed with 100 pL. Bradford reagent in a
96-well microplate, incubated for 30 minutes at 37°C protected from light and then
measured in the Synergy HT Bio-TEK reader at 595nm. Sample concentrations
were calculated using standard curve method and bovine serum albumin (BSA) was
used as standard.

3.3.1.4. Protein sample preparation for mass spectroscopy

Protein samples were prepared using the FFPE-FASP protein digestion kit (part #:
44255). Samples were suspended in 200 uL 8M urea (Sigma, U5128) prepared in
0.1M Tris-HCL pH 8.5. The protein mixture was loaded onto a filter unit,
centrifuged at 14,000 rpm for 15 minutes and the flow-through was then discarded.

The filters were then washed with 200 pL urea, centrifuged at 14,000 rpm for 15
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minutes and the flow-through was then discarded. The filter-bound proteins were
then reduced using 100 pL Iodoacetamide (IAA), mixing at 600 rpm for 1 minute
in a thermos-mixer and then incubated in dark for 20 minutes, then centrifuged at
14,000 rpm for 10 minutes and then washed twice using 100 pL urea buffer and
centrifugation at 14,000 rpm for 15 minutes. Filters were then washed twice by 100
pL 50mM ammonium bicarbonate (NH4HCO3), centrifuged for 10 minutes at
14,000 rpm. The reduced protein samples were then digested with 40 pL trypsin in
NH4HCOs3 (1:50 enzyme to protein ratio), mixed in thermos-mixer for 1 minute at
600 rpm, wrapped with paraffin film, put inside humid box and incubated overnight
at 37°C. On the next day, filters were transferred onto a new collection tubes and
centrifuged at 14,000 rpm for 10 minutes, washed twice with 40 uL. ammonium
bicarbonate at 14,000 rpm centrifugation for 10 minutes. Trypsin digestion was then
stopped by adding 50mM ammonium bicarbonate (ratio of 3:1 v/v sample to
buffer), samples were then centrifuged at 14,000 rpm for 15 minutes and the top 30

uL of each sample was then transferred to MS vials (Hmmier, 2018).

3.3.1.5. Protocol for Label-free MS/MS

Q Exactive™ mass spectrometer coupled to a Dionex Rapid Separation LC (RSLC)
instrument (Thermo Scientific, Waltham, MA, USA) was used. A single 100 mm
length C18 PicoFrit® column (Thermo-Fisher Scientific, Hemel Hempstead, UK)
was used to separate the digested peptides. Electrophoresis solvents consisted of:
solvent-A: (2%v/v acetonitrile plus 0.1%v/v formic acid in LC-MS grade water)
and 2—40% gradient of solvent-B: (80%v/v acetonitrile plus 0.08%v/v formic acid
in LC-MS grade water) and the running time was set to 65 min at 250nL/min flow
rate. 140,000 resolutions at a range of 300-1700 m/z were scanned. The most

intense 15 peptides were selected (Manzanares-Miralles et al., 2016), then a second
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MS/MS was performed at 17,500 resolution between 200-2000 m/z (Hmmier,
2018).

3.3.1.6. Retrieval of Label-free MS/MS quantitative data

Raw data files obtained from the LC-MS/MS analysis were uploaded into the
MaxQuant software. The text file obtained for protein groups was then uploaded
into Perseus software to obtain the accession number of each protein and the log
X2 correspondent to their quantity compared to the control normal tissue. Principal
component analysis (PCA) and heat maps were generated using the Perseus
software. The log X2 values were then converted back into numeric data at

http://www.endmemo.com/algebra/log2.php. Protein abundance (fold change) was

then calculated by dividing the average number per quadrant by the average number
of the normal tissue. Numbers above 1.0 represent the up regulated proteins per
quadrant, while below 1.0 indicate the protein is down regulated (Hmmier, 2018).

Up and down regulated proteins per quadrant per patient were listed in tables, and

analysed online using Venn diagram at /ittp.//bioinformatics.psb.ugent.be/webtool

s/Venn/. Shared and unique proteins in the up and down protein lists were put in
tables for further bioinformatics analysis (Hmmier, 2018).

3.3.1.7. PathScan® Intracellular pathway signalling

The PathScan® Intracellular signalling array kit (chemiluminescent readouts) Cat.
#7323, (Figure 3.2) was used to quantify the phosphorylation of 18 proteins (Akt
was tested for two phosphorylation sites) involved in the PI3K/m-TOR/AKT and
JAK/STAT pathways. The array slide was affixed to the 16 multi-well gaskets as
described in the user manual. The array slide was first blocked by adding 100 uL
freshly prepared 1X blocking buffer per well, sealed and incubated for 15 minutes

at room temperature in the orbital shaker. The blocking buffer was then decanted
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and 75 pL (1pg/uL) of each protein sample was added to each well, sealed and
incubated for 2 hours at room temperature in the orbital shaker. 4-wells per patient
were used; one for control normal tissue and three wells for the tumour trisections.
The excess fluid was decanted, and the wells washed 3 times for 5 minutes duration
on the orbital shaker using freshly prepared 1X wash buffer. The wash buffer was
then decanted, and the wells were incubated with 75 pL of 1X detection antibodies
cocktail for 1 hour at room temperature on an orbital shaker. The wells were then
washed 4 times with 1X wash buffer and then 75 pL of 1X HRP-linked Streptavidin
was added to each well, then covered and incubated for 30 minutes at room
temperature on an orbital shaker. The wells were then washed 4 times using 1X
wash buffer, shaking on an orbital shaker. At the end, the multi-well gasket is
removed, and the array slide was placed facing-up in a plastic dish and washed with
a 10 mL 1X wash buffer. LumiGLO® peroxide (at working concentrations in ratio
of 1:1) was added to cover the array slide and the signal was read in Vilber Fusion
Smart Imaging System. Quantification of activated protein expression was
calculated using ImagelJ 3D-viewer software. Circular ROIs of same diameters were
drawn around the protein correspondent signals and the count per well was

represented in column graphs.
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 Target  Phosphorylation site Modification |
1 Pos. control NA NA
2 Neg. control NA NA .
3 ERK1/2 Thr202/Tyr204 phosphorylation FaN /N 2\ 2\ /\\ .
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7 Akt Serd73 phosphorylation 0000 )
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20 GSK-34 Ser9 phosphorylation

Figure 3.2. PathScan® Intracellular signalling array. The array slide contains 16 wells
and each 4 wells were used per patient (patient tumour Trisects and their control normal
tissue). Each well contains 3 positive controls (#1-B), 3 negative controls (#2-B) and
monoclonal antibodies to 18 different phosphorylated proteins spotted in duplicates (A).
Akt was tested for two different phosphorylation sites.

3.3.1.8. Western blot for validation of selected LC-MS/MS data

The list of primary and secondary antibodies purchased from Cell Signalling
Technology®, used in this chapter, are listed in table 3.3. The anti-rabbit [gG, HRP-
linked secondary antibody purchased from Cell Signalling Technology® was used.
30 pg of total protein was used to compare the expression of proteins in tumour
trisects compared to the matched control normal tissues.

3.3.1.8.1. SDS-proteins resolving

30 pg of each protein sample was diluted in a 2X Laemmli buffer in a fume hood
(recipe see table 3.2) and heated to 95°C for 10 min on a heating block. Samples
were immediately cooled down by incubation on ice for at least 2 min and then
loaded onto a 12 % SDS polyacrylamide gel. The electrophoresis conditions were:
400V and 50mA for 80 min in 1X electrophoresis running buffer (recipe see table
3.2). Pre-stained coloured protein marker (Cell-Signalling Technology-cat.

#14208) was used to assess the molecular sizes.
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3.3.1.8.2. Electro-transfer of the resolved proteins onto PVDF membrane

The resolved proteins were transferred from the gel onto PVDF membrane (0.4 pm
pore diameter) in 1X transfer buffer (recipe see table 3.2) using Bio-Rad® transfer
unit at 100 V and 400mA for 90 minutes, or at 25 V overnight depending on the
molecular size of the protein (large proteins needs longer time). The transfer
cassette order from positive to negative as follow: Sponge, three absorbent papers,
followed by a PVDF membrane, then by the SDS gel containing the resolved
proteins (with coloured protein marker to the left) and on top three more layers of

absorbent paper followed by another sponge at the end.

Table 3.2. Required reagent for protein electrophoresis

Sample loading Laemmli buffer (2X) recipe:
4 ml B-mercaptoethanol, 10 pL. of 10% bromophenol blue, 4 mL
glycerol, SDS 1g and 2 mL of 1M Tris-HCL pH 6.8.
Electrophoresis running buffer (5X) recipe:
15g Tris base, 72g glycine and 5g SDS in 1000 mL ddH20O. Mix 200mL
of 5X running buffer and add up to 1000 mL ddH20O to make 1X
working running buffer.
SDS polyacrylamide gel 12% recipe:
a- 12% resolving gel (8 mL per gel): 3.2 mL 30% acrylamide, 2 mL 1.5M

Tris pH 8.8, 80 uL APS, 80 pL 10%SDS, 8 uL TEMED* and 2.6 mL
ddH20.

b- 6% stacking gel (5 mL per gel): 1 mL 30% acrylamide, 1.25 mL 0.5M
Tris pH 6.8, 50 uL 10% APS, 50 pl 10% SDS, 5 uL TEMED* and 2.6
mL ddH20.

Electro-Transfer buffer 10X recipe (1L):
15.2g Tris base, 72.1g glycine and 5g SDS in up to 1000mL H20. To
make 1X transfer buffer Mix 80 mL of 10X transfer buffer, 200 mL
methanol and 720 mL H20.
Blocking buffer recipe:
5% w/v non-fat skimmed milk (Marvel skimmed milk powder, Premier
Food Group Ltd., UK) in 1x PBS containing 0.01% Tween-20® (PBST).

* added at the end when the cast is ready.
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3.3.1.8.3. Membrane blocking and antibodies incubation

At the end of the transfer step, the membrane was immediately immersed into the
blocking buffer (recipe see table 3.2) for 1h at medium shaking. The membrane was
then washed 3X-times with 1X PBS/0.1% Tween-20®, then incubated with the
primary antibody (Table 3.3) overnight at 4°C slow/medium speed rotation. Then,
again the PVDF membrane was washed 3X-times with 1x PBS/0.1 Tween-20® and
then incubated with the secondary antibody (anti-mouse IgG HRP-linked antibody-
Cell Signalling cat. No. 7076) or (anti-rabbit IgG HRP-linked antibody-Cell
Signalling cat. No. 7074) for the duration of 1h. The membrane was then washed
3X-times TBST and kept in 1X TBS/0.1 Tween-20® washing buffer at 4°C until

the signal developed.

3.3.1.8.4. Signal retrieval (chemiluminescence) and ImageJ quantification

5 mL (at 1:1 volume ratio of reagents A and B) of ECL western blotting substrate
(Pierce Thermo-Scientific, prod. #32106) was directly applied onto the membrane
for 2-3 min. The chemiluminescent signal corresponding to the amount of the
protein in the sample was captured using Vilber-Fusion Smart Imaging System (was
set to auto-detection of signal). Captured images were then saved as tiff files for
further Image-J software quantitative analysis. Image-J software (version K 1.45)
was used for densitometry analysis to quantify protein expression. Briefly a
rectangle was drawn around the most left band (then press Ctr+1), the rectangle was
then moved to the next right band .... (press Ctr+2 then continue Ctr+2) until the
last band (press Ctr+3). The chemiluminescent signal values equivalent to the
amount of tested protein were recorded, then normalized to beta-actin/or beta

tubulin content measured on the same membrane, and then compared between the
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tumour trisects and their correspondent control normal tissue in GraphPad Prism8
as column graphs.

3.3.1.9. qPCR

3.3.1.9.1. Desmoplakin primer design

Homosapiens desmoplakin (DSP), transcript variant 1, mRNA NCBI reference
sequence (>NM _004415.4) was retrieved from PubMed nucleotides and
Primer3Plus was used to design the primer set (Table 3.4).

3.3.1.9.2. Tenascin ¢ primer design

Homosapiens Tenascin C (7NC), mRNA NCBI reference sequence
(>NM_002160.4) was retrieved from PubMed nucleotides and Primer3Plus was

used to design the primer set (Table 3.4).

Table 3.3. Primary antibodies used in this chapter.

Product. No 1ry antibody Iso- type Size (kDa)
12221 Tenascin ¢ (D16C4) Rabbit IgG. 240
3264 ERO1-La Rabbit IgG. 60
13410 Enolase-1 (D2S1A) Rabbit IgG. 47
84578 Beta actin (D6AS) Rabbit IgG. 45
545238 PIM-1 (D8D7Y) Rabbit IgG. S34/L44
47308 PIM-2 (D1D2) Rabbit IgG. 40/38/34
4165T PIM-3 (D17C9) Rabbit IgG. 35
2148S a/b tubulin Mouse I1gG 52/55
9080 Desmoplakin* Mouse 1gG 250

Antibodies were purchased from Cell Signalling Technology® except Desmoplakin® was
purchased from R&D systems®.

135



3.3.1.9.3. ERO1-La Primer design
Homo sapiens endoplasmic reticulum oxidoreductase-1 alpha (ERO1A4), transcript
variant X1 mRNA, NCBI reference sequence (>NM_014584.3) was retrieved from

PubMed nucleotides and Primer3Plus was used to design the primer set (Table 3.4).

3.3.1.9.4. Enolase-1 Primer design

Homo sapiens enolase-1 (ENOI), transcript variant 1 mRNA, NCBI reference
sequence (>NM _001428.5) was retrieved from PubMed nucleotides and
Primer3Plus was used to design the primer set (Table 3.4).

3.3.1.9.5. qRT-PCR assessment of PIM Kkinases as an activated JAK/STAT
pathway marker in the heterogeneous parts of the tumour tissue.

PIM 1, 2 and 3 kinases were assessed in two regions per tumour compared to their
matched normal tissue. The assessed parts were selected based on the extent of their

total proteome heterogeneity detected by PCA (the far quadrants were selected).
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3.3.1.9.6. First strand cDNA synthesis

RNA was prepared for qRT-PCR using amplification grade-DNase I (Catalog no.
AMPDI1) purchased from SIGMA-ALDRICH®. Where samples (in duplicates)
equivalent to 500ng RNA (Table 3.5) were mixed with 1ul DNase I (1 unit/ul in
50% glycerol Cat. No. D5307) containing (10 mM Tris-HCL pH 7.5, 10 mM CaCl2
and MgClI2), and 1ul 10X reaction buffer containing 200 mM Tris-HCL pH 8.3,
20mM MgCl2 (Cat.no. R6273). The cocktail per sample was mixed gently and
incubated at room temperature for 15 minutes then the reaction was stopped by
adding 1pl stop solution (50 mM EDTA Cat. no. S4809) to chelate the Ca++ and
Mg++ needed for the enzyme activity. The cocktail was then heated at 70°C for 10

minutes to denature both DNase I and RNA and then chilled on ice immediately.

Table 3.5. Samples RNA quantification and their correspondent 500ng volumes.

Sample RNA Volume rezll(c)t)i(on (i)unlfii/epll) Rnase-
ID (ng/nl)  (500ng) buffer (ul) free water
T260N 228.5 22 1 1 5.8
T260T3 300.8 1.7 1 1 6.3
T260T6 617.5 0.8 1 1 7.2
T260T9 871.3 0.6 1 1 7.4
T261N 659.6 0.8 1 1 7.2
T261T3 666.8 0.7 1 1 7.3
T261T6 417.0 1.2 1 1 6.8
T261T9 966.8 0.5 1 1 7.5
T266N 230.3 22 1 1 5.8
T266T3 545.8 0.9 1 1 7.1
T266T6 450.17 1.1 1 1 6.9
T266T9 582.9 0.9 1 1 7.1
T298N 377.8 1.3 1 1 6.7
T298T3 481.52 1.0 1 1 7.0
T298T6 441.0 1.1 1 1 6.9
T298T9 633.0 0.8 1 1 7.2
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RevertAid Reverse Transcriptase (Cat. no. EP0441) purchased from Thermo Fisher
Scientific™ was used to synthesize the first strand cDNA. 1uL (100 pmol) of
random hexamer (Cat. no. SO142) was added to the chilled cocktail and the volume
then completed to 12.5 pL with DEPC-treated water (Cat. no. R0601). Then the
total volume per reaction was made to 20 pL by adding {(4 pL 5X reaction buffer
(Cat. no. EP0442), 2uLL ANTP Mix (10mM each) ImM final concentration, 0.5 pL
Thermo Fisher Scientific™ Ribolock Rnase inhibitor (Cat. no. R0191) and 1 pL
RevertAid Reverse Transcriptase (Cat. no. EP0441)} (N.B: Controls do not contain
transcriptase). The cocktail was again briefly mixed and incubated at 42°C for 1h.
The reaction was then terminated by heating at 70°C for 10 min. The cDNA was
then used freshly the same day, the rest amount was stored at -20° and used within

1 month (J.F. Sambrook and D.W. Russell, 2001).

3.3.1.9.7. qRT-PCR reaction

2X SYBR Green qPCR Master Mix, containing hot-start DNA polymerase, dNTPs,
Mg++, SYBR Green I dye, purchased from Bimake (Cat. no. B21202) was used. 1
pL cDNA (2 pg) per sample was used, the following reagents (10 pL 2X
Bimake™SYBR Green master mix (Cat. no. B21202) containing hot-start DNA
polymerase, dANTPs, Mg++ and SYBR Green I dye, 2 uL. Primer FWD (2.5uM), 2
pL Primer REV (2.5uM), 0.5 uL ROX reference dye) were added, then the volume
was made to 20 pL by ddH20.

3.3.1.9.8. qRT-PCR program setting

Eco™ Real-Time PCR system was used in comparing the expression of
desmoplakin, Tenascin ¢, Enolase-1 and ERO1-La in two selected regions in the
tumour and their matched control normal tissue. The two-step procedure mentioned

in the bimake 2X SYBR Green qRT-PCR Master Mix protocol was followed: the
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thermal cycling involved Hot-Start DNA polymer (reaction hold at 95°C for 5 min),
followed by 35 cycles of (denaturation at 95°C/15 sec then anneal/extend at 60°C
for 45 sec), then followed by the melt-curve cycle that consisted of (denature at
95°C/15 sec then 60°C/1 min then 95°C for 15 sec). Eco™Software v4.0.7.0 was

used for comparative qRT-PCR analysis (see below screenshot).

PCR Cycling

o ©
100°C 95 C 95° C 95°C 95° C
75°C

50°C

25°C

Mumber of Cycles: 35

Step 1 Step 1 Step 2 Step 1 Step 2 Step 3
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3.4. Results

3.4.1. Characterisation of intra-tumour heterogeneity of lung SqCC using
LC-MS/MS comparative abundance analysis compared to matched normal
lung tissues.

The label-free mass spectrometry analysis results of comparative proteins
abundance of tumour versus normal tissue from four patients are listed in the
appendices section at the end of the thesis. The upregulated and downregulated
proteins in (all tumour regions, two regions and one region) sequence are listed
under (appendix 3.2-3.3) and (appendix 3.4- 3.5) for patient 260, and under
(appendix 3.6-3.7), (appendix 3.8-3.9) for patient 261, (appendix 3.10- 3.11) and
(appendix 3.12- 3.13) for patient 266, and (appendix 3.14- 3.15) and (appendix
3.16- 3.17), respectively.

The number of up and down regulated proteins per tumour region per patient
compared to the matched normal tissues at fold change (FC) 1.2-fold and 2-fold and
p value of <0.05 are listed in table 3.6.

Table 3.6. Differentially proteins in tumour regions compared to the normal tissue.

FC Q1 Q2 @3 Q1 Q2 Q3
260 | 2 88 90 76 63 60 37
12 182 192 212 127 115 99
261 | 2 66 77 T2 76 59 65
12 149 177 177 153 131 133
266 | 2 | P |12 112 107 [PV 63 43 s
12 202 217 199 118 91 123
298 | 2 36 44 44 40 34 62
12 161 193 193 103 88 113
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3.4.1.1. Venn-diagram intersection of up and down-regulated proteins

The Venn diagram analysis stratified the over expressed proteins (fold change cut
off =1.2, p=<0.05) per each SqCC tumour region compared to matched normal lung
tissue for the four patients (Figure 3.3-I), and the downregulated proteins per
tumour region compared to the normal matched tissues (Figure 3.3-II). In respective
order (up/down); (A) In patient 260, the number of detected proteins was 232 and
144 proteins; 68.5% and 54.9% of the proteins were shared in all tumour regions,
5.6% and 20.1% proteins were shared between T3 (T-Q1) and T6 (T-Q2), 6.5% and
0.7% were shared between T6 (T-Q2) and T9 (T-Q3), 2.2% and 4.2% were shared
between T3 (T-Q1) and T9 (T-Q3). 1.7%, 1.7% and 13.8% proteins were found
unique upregulated and 8.3%, 3.5%, 8.3% were uniquely downregulated in T3 (T-
Ql), T6 (T-Q2) and T9 (T-Q3), respectively. (B) In patient 261, the number of
detected proteins was 184 and 169 proteins; 68% and 60.4% proteins were shared
in all tumour regions, 0% and 6.5% proteins were shared between T3 and T6 and
between T3 and T9, 23.3% and 1.8% were shared between T6 and T9. 8.7% and
14.8% were unique in T3. No unique upregulated proteins were detected in T6 and
T9 while there were 4.7% and 5.3% proteins were unique down-regulated in T6 and
T9, respectively. (C) In patient 266, the number of detected proteins was 234 and
132 proteins; 72.2% and 57.6% proteins were expressed in all regions, 4.7% and
1.5% were shared between T3 and T6, 2.6% and 3% were shared between T6 and
T9, 4.7% and 17.4% were shared between T3 and T9. 2.1%, 10.3%, 3.4% and 8.3%,
3%, 9% were uniquely up and down-regulated in T3, T6 and T9, respectively. (D)
In patient 298, the number of detected proteins was 201 and 124 proteins; 75.1%
and 59.7% were shared in all tumour regions, 4.5% and 5.6% were uniquely

expressed in T3 at cut-off value level, 1% and 9.7% were uniquely down regulated
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in T6 and T9, respectively. T6 and T9 intersected in 20.4% upregulated proteins
and both share no upregulated proteins with T3. 2.4%, 6.5% and 14.5% were shared

downregulated between two regions.

I 260 Up Q1 260 Up Q2 261 Up Q1 261 Up Q2
260 Up Q3 261 Up Q3

266 Up Q1 C 266 Up Q2 298 Up Q1 298 Up Q2
266 Up Q3 298 Up Q3

260DnQ1 260DnQ2 261DnQ1 261 Dn Q2

260 Dn Q3 261 Dn Q3

C D
266 Dn Q1 266 Dn Q2 298 Dn Q1 298 Dn Q2

266 Dn Q3 298 Dn Q3

Figure 3.3. Venn-diagrams demonstrating altered protein expression in each tumour
trisect compared to matched normal tissue. I: up-regulated and II: down-regulated
proteins per tumour part regardless of their expression differences (at p<0.05, Fold change
1.2). A: patient coded 260, B: patient coded 261, C: patient coded 266 and D: patient coded
298. Ql1(blue), Q2 (red), Q3 (green) are three different regions of tumour per patient.
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3.4.1.2. Principal component analysis (PCA)

Data from the mass spectrometry analysis comparing the malignant tumour trisects
and the normal surrounding tissues with fold change of >2 and p value of <0.05
were selected to build up the Principal component Analysis (Figure 3.4). The
principal component analysis (PCA) of four SQCC tumour specimens from patients
coded 260, 261, 266 and 298 is shown in figure 3.4. The component 1 (horizontal)
quantifies protein expression between normal tissue (circles to the right) and the
three tumour tissue regions (green squares, blue cubes and red triangles) to the left
of the graph. The second component (vertical) quantifies protein expression
heterogeneity between each trisect of a single tumour (overall proteome signature),
the variance percentage represents the number of proteins and their expression
profile differences among the total proteome between the tumour regions (up and
down). PCA demonstrates 16.8% variance between T9 (T-Q3) and T3 (T-Q1), T6
(T-Q2) among the tumour trisects of patient 260, T-Q3 location might explain this
part of the tumour might contain some normal tissue, T-Q1 and T-Q2 were close to
each other. In patient 266, T6 (T-Q2) was clustered as heterogeneous, the %
variance value was 16.7. In patient 261 and 298 had T3 (T-Q1) as the different part
within their tumour specimen, the variance values were 11.6% and 12.3% for 261

and 298, respectively.
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Figure 3.4. Principal component analysis (PCA) compares altered protein expression
between each tumour trisect and between tumour and matched normal tissue. A:
specimen coded 260, B: specimen coded 261, C: specimen coded 266, D: specimen coded
298. Component 1 represents the variance in the protein expression between normal control
tissues (black balls) and malignant tissue trisects; T-Q1 (blue diamond), T-Q2 (red
triangular), T-Q3 (green squares). Component 2 explains the protein expression differences

within the same tumour.




3.4.1.2.1. T260-Q3 centred analysis of dysregulated proteins

To demonstrate why Q3 in sample 260 was clustered away from the other two
regions with 16.8% variance (Figure 3.4), up and down regulated proteins that were
close in their expression in QI and Q2 and were expressed differently in Q3
(minimum of 2-fold difference) were sorted from the highest to lowest in table 3.7.
Proteins exhibit an opposite expression profile in Q3 also listed in table 3.8 (i.e. up
in Q3 and down in Q1/Q2 or down in Q3 and up in Q1/Q2).

3.4.1.2.1.1. Differential protein expression within tumour T-260

The 232 upregulated and 144 down-regulated proteins in sample 260 were sorted
from the lowest to the highest fold change in Q3 compared to the normal tissues
(appendices 3.2 and 3.5). Dysregulated proteins that make Q3 region different from
the other two regions (i.e. big expression difference between Q3 and the other two
regions) were selected and presented in table 3.7. The upregulated proteins that
fulfilled the criteria were 26 proteins, Q3 had the lowest expression levels of these
proteins and a minimum of 2-fold difference is observed compared to the other two
tumour regions. ERO1-La was selected for further validation as the fold change was
4.2-fold increase in Q3 and 13.9 and 10.6-fold in the other two regions of the tumour
(2.5 and 3 times more). On the other hand, 18 down-regulated proteins fulfilled the
same criteria, Q3 had the least decrease in the expression compared to the other two
tumour regions except desmoplakin and keratin (at the bottom of the table).
Desmoplakin was selected for further validation as it was 4-times more
downregulated (-21.6 fold) compared to the other two regions (-5.2 and 5.3 in the

other two tumour regions) (Table 3.7).
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Table 3.7. List of heterogeneously expressed proteins between the different tumour

regions for patient 260.

Patient 260
Tumour regions Gene ID protein name
T-¢1 T-02 TQ3
143 10.8 7.9 P78527 |DNA-dependent protein kinase catalytic subunit
83 8.4 6.3 P06744 | Glucose-6-phosphate isomerase
9.6 10.0 5.9 P27695 |DNA-(apurinic or apyrmidinie site) lyase
7.7 9.0 4.6 Q16851 |UTP--glucose-1-phosphate uridylyltransferase
10.6 13.9 4.2 Q96HE? |ERO1-like protein alpha
82 U 3.6 P50454 Serpin H1
5.5 3.9 3.2 043175  |D-3-phosphoglycerate dehydrogenase
4.5 41 3.1 P17858 | ATP-dependent 6-phosphofructokinase, liver type
6.9 53 2.8 P80723  |Brain acid soluble protein 1
54 4.0 2.8 P06733 |Alpha-enolase
78 5.9 2.5 P31949  |Protein S100-A11 (Calgizzarin)
4.0 4.0 2.5 P14618 Pyruvate kinase PKM
48 6.4 252 B1ALD8 |Periostin
3.4 3.3 212 043390  [Heterogeneous nuclear nbonucleoprotein R
34 3.4 2.0 P07237  |Protein disulfide-isomerase
58 39 1.9 Q5T8US  |Surfeitd
3.4 2.7 1.9 E7EX73 |Eukaryotic translation initiation factor 4 gamma 1
3.0 32 1.9 P18669  |Phosphoglycerate mutase 1
44 3.5 1.8 Q00610 | Clathrin heavy chain 1
32 29 1.8 P10253  |Lysosomal alpha-glucosidase
29 28 1.8 P00338 |L-lactate dehydrogenase A chain
3.0 24 1.5 P30085 UMP-CMP kinase
2.7 2.7 1.5 P12814 | Alpha-actinin-1
2.7 19 1.3 P23142  |Fibulin-1
24 212 1.3 Q14195  |Dihydropynmidinase-related protein 3
2.3 22 1.2 F8W6I7 |Heterogeneous nuclear nibonucleoprotein Al
9.1 -4.0 -1.9 P00915 Carbonic anhydrase 1
3.6 3.1 -1.9 Q13813 Spectrin alpha chain, non-erythrocytic 1 (Alpha-II spectrin)
4.7 -5.0 -2.0 Q01469  |Fatty acid-binding protein,
3.7 -4.1 -2.0 QG5TCU3 | Tropomyosin beta chain
4.0 -42 -23 P01009 | Alpha-1-antitrypsin (Alpha-1 protease inhibitor)
79 42 -23 P69905 |Hemoglobin subunit alpha (Alpha-globin) (Hemoglobin alpha chain)
3.9 -4.0 -23 P35580 |Myosin-10
-133 -5.9 2.4 P12110 | Collagen alpha-2(VI) chain
5.7 -4.7 2.7 P01023 | Alpha-2-macroglobulin (Alpha-2-M)
8.4 -3.8 2.7 P68871  |Hemoglobin subunit beta (Beta-globin)
6.0 -5.8 -2.8 Q9BW30 | Tubulin polymerization-promoting protein family member 3
-15.4 -9.4 -2.9 Q6NZI2 |Caveolae-associated protein 1 (Cavin-1)
-74 -11.9 -3.0 P51888  |Prolargin (Proline-arginine-rich end leucine-rich repeat protein)
-10.5 -6.8 -3.5 P21810  |Biglycan (Bone/cartilage proteoglycan I)
-14.4 -7.6 -4.5 P02042 |Hemoglobin subunit delta (Delta-globin)
8.6 -153 -7.4 P04114 | Apolipoprotein B-100 (Apo B-100)
32 -3.5 -8.7 F5GWP8 |Keratin, type I cytoskeletal 17
=53 -5.2 -21.6 P15924  |Desmoplakin (DP) (250/210 kD a paraneoplastic pemphigus antigen)

T denotes tumour, Q1, Q2, Q3 are three regions in the tumour, (+) indicate fold change
of upregulated proteins, (-) values of fold change of downregulated proteins, heat-map:
(Green: lowest F.C values of down-regulated proteins, Red: highest FC values of
upregulated proteins). Gene ID: uniport accession number. The order of the protein list
was centred to their expression levels from the highest to the lowest in T9 (T-Q3).

147



3.4.1.2.1.2. Proteins exhibit opposite expression in T9 (T-Q3)

Among the 232 upregulated proteins in sample 260, 1.7% (appendix 3.4-uniquly
upregulated in Q3) of the proteins showed an opposite expression profile in Q3
(upregulated) compared to that in Q1 and Q2 (unchanged). Also, among the 144
down-regulated proteins in sample 260, 8.3% of the proteins were uniquely down-
regulated in Q3 and were unchanged in the other two tumour regions (Q1/Q2)
(appendix 3.7). Proteins with this criteria were also involved in clustering Q3 away
from the Q1 and Q2 in the principal component analysis (Figure 3.4) (Table 3.8).

Table 3.8. List of dysregulated proteins in 260T-Q3 with an opposite trend in other

regions.
Patient 260
Tumour regions
GenelD protein name
T-Q1 T-Q2 T-Q3
-1.2 -1.2 383 PO7099 Epoxide hydrolase 1
-1.2 -1.3 2.8 P51659 Peroxisomal multifunctional enzyme type 2
-4 -2.5 1.8 PO5091 Aldehyde dehydrogenase, mitochondrial
-1.6 -1.2 1.7 PO7108 Acyl-CoA-binding protein
-4.2 -2.8 1.7 095994 |Anterior gradient protein 2
-6.2 -2.8 1.7 P0O%24657 Fructose-1,6-bisphosphatase 1
-1.2 -1.3 1.6 PO8758 Annexin AS
-1.5 -1.2 1.6 P0O9960 Leukotriene A-4 hydrolase
-2.8 -6.8 1.6 P21980 Protein-glutamine gamma-glutamyltransferase 2
-1.3 -1.2 1.5 PO8133 Annexin A6
-1.7 -1.2 1.5 P00488 Coagulation factor XIITI A chain
-1.3 -1.2 1.5 P52566 Rho GDP-dissociation inhibitor 2
-1.2 -1.2 1.4 PO7355 Annexin A2
-1.2 -1.2 1.4 P17655 Calpain-2
-1.2 -1.2 1.4 POO0O367 Glutamate dehydrogenase 1, mitochondrial
-1.2 -1.2 1.4 P29401 Transketolase
-3.2 -3.5 1.3 PO5783 Keratin 18
-1.5 -1.5 1.3 P26038 |[Moesin
-2.1 -1.5 .2} P35241 Radixin
-1.8 -1.6 .z P15311 Ezrin
1.7 1.9 -1.2 PO1861 Immunoglobulin heavy constant gamma 4
1.6 1.4 -1.2 BPO9AO064 |Immunoglobulin lambda-like polypeptide 5
1.5 2.8 -1.2 PO5164 Myeloperoxidase
1.4 1.z -1.2 P35579 Myosin-9
.z 1.2 -1.2 Q15149 Plectin
1.2 Z.E -1.2 P36952 Serpin B5
1.9 1.7 -1.3 QB86UP2 |Kinectin
2.1 4 -1.3 E7EQPR2 |Lactotransferrin
1.8 1.7 -1.4 PO5109 Calgranulin-A
2.3 2 -1.6 00151 PDZ and LIM domain protein 1

T denotes tumour, Q1, Q2, Q3 are three regions in the tumour, (+) indicate fold change of
upregulated proteins, (-) values of fold change of downregulated proteins, heat-map
(Green: lowest F.C values of down-regulated proteins, Red: highest FC values of
upregulated proteins). Gene ID: uniprot accession number. The order of the protein list was
centred to their expression levels from the highest to the lowest in T9 (T-Q3).
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3.4.1.2.2. T261-Q1 centred analysis of dysregulated proteins

To demonstrate why Q1 in sample 261 was clustered away from the other two
regions (Q2 and Q3) with 11.6% variance (Figure 3.4), shared up and down
regulated proteins that were close in their expression in Q2 and Q3 and were
expressed differently in Q1 (minimum of 2-fold difference) were sorted from the
highest to lowest in table 3.9. Proteins exhibit an opposite expression profile in Q1
(i.e. up in Q1 and down in Q2/Q3 or down in Q1 and up in Q2/Q3) also listed in
table 3.10.

3.4.1.2.2.1. Differential protein expression within tumour T-261

The 184 upregulated and 169 down-regulated proteins in sample 261 were sorted
from the lowest to the highest fold change compared to the normal tissues
(Appendices 3.8 and 3.11). Dysregulated proteins that make QI region different
from the other two regions (i.e. proteins fold change in Q2 and Q3 were close to
each other) were selected and presented in table 3.9. The upregulated proteins that
fulfilled this criteria were 16 proteins, proteins such as lactate dehydrogenase-A,
GAPDH, periostin, nucleolin, collagen and others can cluster Q1 from Q2 and Q3
despite the low fold change difference between Q1 and the other tumour regions.
Desmoplakin was selected for further validation as the fold change was 137.9-fold
increase in Q1 and 90.6 and 50.6-folds in the other two regions of the tumour
(highest in Q1). ERO1-La was also selected for further validation as it was
heterogeneous among the tumour regions. On the other hand, 22 down-regulated
proteins were more successful in clustering Q1 from the other two tumour regions.
Among the down regulated proteins, Q1 had the maximum expression decrease as
in Spectrin alpha and beta, Cathepsin D, Epoxide hydrolase and was the least

expression decrease as in Annexin 3 and 4, Calpactin-1 light chain.
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Table 3.9. List of heterogeneously expressed proteins in all patient 261 tumour

regions.
Patient 261
Tumour regions .
Gene ID protein name

T-Q1 T-Q2 T-Q3
137.9 90.6 50.6 P15924 |Desmoplakin

199 125 20.0 P10809 |60 kDa heat shock protein, mitochondrial
193 112 13.8 D6RGG3 |Collagen alpha-1(X1I) chain

18.8 17.0 10.2 Q96HE7 |EROL1-like protein alpha

4.1 5.8 6.3 E7EX73 |Eukaryofic franslation initiation factor 4 gamma 1

3.1 5.0 7.1 P19971 |Thymidine phosphorylase

3.0 2.3 2.3 P04406 |Glyceraldehyde-3-phosphate dehydrogenase

2.8 2.0 22 P00338 |L-lactate dehydrogenase A chain

2.5 3.7 4.0 P40926 |Malate dehydrogenase, mitochondrial

2.1 6.9 6.7 B1ALDS& |Periostin

2.1 1.4 1.2 Q14254 |Flotillin-2

1.7 1.4 14 Q9HDC9 |Adipocyte plasma membrane-associated protein

1.4 2.0 2.3 P19338 |Nucleolin (Protein C23)

1.3 1.8 2.0 P29692 |Elongation factor 1-delta

1.2 1.6 2.3 Q13185 |Chromobox protein homolog 3

1.2 1.8 2.0 P38646 |Stress-70 protein, mitochondrial

-1.3 2.6 3.1 P60903 |Protein S100-A10 (Calpactin I light chain)
-1.8 -1.3 -1.3 Q03252 |Lamin-B2

2.6 3.7 -4.0 P09525 |Annexin A4 (35-beta calcimedin)

3.1 2.2 -1.9 P21291 |Cysteine and glycine-rich protein 1

-3.1 -10.6 -5.6 P12429 |Annexin A3 (35-alpha calcimedin)

3.4 2.7 2.8 Q99536 |Synaptic vesicle membrane protein VAT-1
-3.6 2.7 -1.9 P13489 |Ribonuclease inhibitor

-3.8 -3.0 2.9 P00387 |NADH-cytochrome b5 reductase 3

-3.8 2.2 2.6 Q9Y3Z3 |Deoxynucleoside friphosphate triphosphohydrolase SAMHD 1
-3.9 -1.6 -1.6 P20774 |Mimecan

-4.2 -2.8 3.4 Q9Y490 |Talin-1

-4.2 -2.6 3.4 P12111 |Collagen alpha-3(VI) chain

-4.6 -3.9 -3.6 P08670 |Vimentin

-4.8 -8.1 -13.1 P05091 |Aldehyde dehydrogenase, mitochondrial
-4.9 2.8 -1.7 E7EVAO |Microtubule-associated protein

-5.4 2.7 2.5 P52566 |Rho GDP-dissociation inhibitor 2

-6.3 -3.9 -3.5 P07099 |Epoxide hydrolase 1

-6.6 -4.6 -3.9 P07339 |Cathepsin D
-12.5 -6.9 7.3 Q13813 |Spectrin alpha chain, non-erythrocytic 1
-42.5 -39.3 -56.3 Q03135 |Caveolin-1
-72.0 -14.3 -21.6 Q01082 |Spectrin beta chain, non-erythrocytic 1

T denotes tumour, Q1, Q2, Q3 are three regions in the tumour, (+) indicate fold change of
upregulated proteins, (-) values of fold change of downregulated proteins, heat-map (Green:
lowest F.C values of down-regulated proteins, Red: highest FC values of upregulated
proteins). Gene ID: uniport accession number. The order of the protein list was centred to
their expression levels from the highest to the lowest in T9 (T-Q3).
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3.4.1.2.2.2. Proteins exhibit opposite expression in 261 T3 (T-Q1)

Among the 184 upregulated proteins in sample 261, 8.7% (appendix 3.10-uniquly
upregulated in Q1) of the proteins showed an opposite expression profile in Q1
compared to that in Q2 and Q3 (appendix 3.12-down in both Q2/Q3). Also, among
the 169 down-regulated proteins in sample 261, 14.8% of the proteins were
uniquely down-regulated in Q1 and were unchanged in the other two tumour
regions (Q2/Q3) (appendix 3.13). Keratin, Apolipoprotein B-100 and Prolargin
were highly upregulated in Q1 and were down-regulated in the two other regions.
Proteins under this criteria were more successful in clustering Q1 away from the

Q2 and Q3 in the principal component analysis (Figure 3.4) (Table 3.10).

Table 3.10. List of dysregulated proteins in 261T-Q1 exhibit opposite trend in other

regions.
Patient 261
Tumour regions Gene ID Protein name
T-Q1 T-Q2 T-Q3
8.9 -14 -1.3 P35908 |Keratin, type II cytoskeletal 2 epidermal
5.0 1.7 -4.0 P04114 |Apolipoprotein B-100
4.5 -1.7 -1.2 P51888 |Prolargin
1.7 -1.7 -3.3 P01023 |Alpha-2-macroglobulin
1.6 -1.2 -1.2 P02774 |Vitamin D-binding protein
1.6 1.9 -1.3 C9JEUS |Fibrinogen gamma chain
1.4 1.6 -1.6 P02675 |Fibrinogen beta chain
1.3 -1.2 -1.7 P02647 |Apolipoprotein A-I
1.3 2.0 -1.2 P02671 |Fibrinogen alpha chain
-1.3 1.3 1.2 P46777 |60S ribosomal protein L5 (Large ribosomal subunit protein ul. 18)
-1.3 13 1.2 P53621 |Coatomer subunit alpha
-1.3 1.5 -1.3 P51884 |Lumican
-1.3 1.2 1.5 F8W6I7 | Thioredoxin
-1.6 2.1 1.9 P42704 |Leucine-rich PPR motif-containing protein, mitochondrial
-1.8 1.3 -1.8 Q14195 |Dihydropyrimidinase-related protein 3

T denotes tumour, Q1, Q2, Q3 are three regions in the tumour, (+) indicate fold change
of upregulated proteins, (-) values of fold change of downregulated proteins, heat-map
(Green: lowest F.C values of down-regulated proteins, Red: highest FC values of
upregulated proteins). Gene ID: uniport accession number. The order of the protein list
was centred to their expression levels from the highest to the lowest in T9 (T-Q3).
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3.4.1.2.3. T266-Q2 centred analysis of dysregulated proteins

To demonstrate why Q2 in sample 266 was clustered away from the other two
regions (Q1 and Q3) with 16.7% variance (Figure 2.4), shared (up and down
regulated) proteins that were close in their expression in Q1 and Q3 and were
expressed differently in Q2 were sorted from the highest to lowest in table 3.11.
Proteins that exhibit an opposite expression profile in Q2 (i.e. up in Q2 and down
in Q1/Q3 or down in Q2 and up in Q1/Q3) also listed in table 3.12.

3.4.1.2.3.1. Differential protein expression within tumour T266

The 234 upregulated and 132 down-regulated proteins in sample 266 were sorted
from the lowest to the highest fold change compared to the normal tissues
(appendices 3.14 and 3.17). Dysregulated proteins that make Q2 region different
from the other two regions (i.e. proteins fold change in Q1 and Q3 were mostly
close to each other) were selected and presented in table 3.11 (list A&B),
respectively. T266-Q2 in this patient had the highest upregulation fold change of
protein disulphide-isomerase A4, superoxide dismutase, Macrophage capping
protein, TXNDC5, TRAP-alpha, PPlase-B, V-type ATPase catalytic subunit A,
Plastin, Cathepsin D, Integrin beta. T266-Q2 also had some upregulated proteins
with the lowest fold change compared to the other investigated two regions eg.
peroxiredoxin-6, stress induced-phosphoprotein 1, electron transfer flavoprotein
subunit alpha, 40S ribosomal protein S3a, DNA-dependent protein kinase, adenosyl
homocysteinase. Among the downregulated proteins, the lowest level of
desmoplakin and cytoskeletal keratin type I proteins were in T266-Q2 compared to
the rest of the tumour regions. Some other proteins’ expression were less down-

regulated in Q2 than in the other analysed tumour regions eg. Filamin B, Emilin-1,
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Calponin-3, Prelamin-A/C, Plectin, Filamin-A, Talin-1, Myosin-9, Lacto-
transferrin, collagen alpha, Hemopexin, Vimentin and Mylo-peroxidase.

Table 3.11. List of heterogeneously expressed proteins in all T- 266 tumour regions.

Patient 266 List A
Turaour regions
GenelD protein name
T-Q1 T-Q2 T-Q3
196 226 173 P19971 Thyrmidine phosphorylase
9.9 10.0 12.7 Q75874 Isocitrate dehydrogenase [N ADP] cytoplasmic (IDHY
7.2 2.0 6.6 P13667 Protein disulfide-isomerase A4
7.7 71 P24821 Tenascin (TN)
93 6.0 8.4 P26641 Elongation factor 1-gamma
g5 5.9 o1 P26599 Polypyrimidine tract-binding protein 1
134 56 9.3 B4DQJ8 |6-phosphogluconate dehydrogenase, decarboxylating
18 5.4 1.3 P04179 Superoxide dismutage [Mn], mitochondrial
83 5.0 6.2 Q14974 Iraportin subunit beta-1 (Importin-90)
2 4.7 2.5 P40121 Macrophage- capping protein (Actin regulatory protein CAP-G)
38 4.7 29 Q86UY0 |TXNDCS protein
‘ 18 4.3 2.5 P43307 Translocon-associated protein subunit alpha (TR AP-alpha)
6.2 4.2 8.7 P61604 10 kD a heat shock protein, mitochondrial
35 4.0 4.9 P30086 Phosphatidylethanolamine-binding protein 1
2.7 38 2.6 P23284 Peptidyl-prolyl cis-trans isomerase B (PPlase B}
51 3.4 58 P13639 Elongation factor 2
2.1 3.4 1.8 P49755 Transmembrane emp24 domain-containing protein 10
2.5 3.4 23 P53999 Activated RN A polyraerase [I transcriptional coactivator pl 5
53 3.2 4.1 P37837 Transaldolase
6.6 31 7.3 P31947 14-3-3 protein sigma
1.9 3.0 1.8 B7Z1R35 V-type proton ATP ase catalytic subunit A
6.4 3.0 6.0 E7EX73 Eukaryotic translation initiation factor 4 gamma 1
4.5 29 4.6 F8WHG6I7 |Heterogeneous nuclear ribonucleoprotein Al
2.0 2.8 2.0 QouUJ70 N-acetyl-D -glucosamine kinase (N - acetylglucosamine kinase}
2.0 28 2.0 P13796  |Plastin-2 (L-plastin)
55 28 1.7 Q5T8US |Sutfeit4
3.2 25 3.2 P19338 Nucleolin (Protein C23)
31 2.5 55 Q14103 Heterogeneous nuclear ribonucleoprotein DO
3.1 2.4 3.8 P23526 Adenosylhomocysteinase
13 2.4 13 I P0O7339 Cathepsin D
1.3 2N 1.3 ABMYEGS |Integrin beta
1.4 22 1.2 P0O1623 Irmmunoglobulin kappa variable 3-20 (Ig kappa cheain V-III region B6}
36 2.0 33 P48643 T-complex protein 1 subunit epsilon (TCP-1-epsilaon)
2.7 2.0 2.8 P49368 T-complex protein 1 subunit gamma (TCP-1-gamma)
39 2.0 5.1 P19367 Hexokinase-1
1.5 18 1.4 P14314 Glucosidase 2 subunit beta
1.4 1.8 1.2 P30481 HL A class [ histocompatibility antigen, B-44 alpha chain
23 1.7 20 I3LON3 Vesicle-fusing ATP ase
2.7 1.7 2.5 P30044 Peroxiredoxin-5, mitochondrial
2.6 1.6 2.2 Q00839 Heterogeneous nuclear ribonucleoprotein U
1.9 1.6 1.8 P50990 T-complex protein 1 subunit theta (TCP-1-theta)
1.8 1.6 1.9 P61088 Ubiquitin-conjugating enzyme E2 N
2.6 1.6 2.2 P14866 Heterogeneous nuclear ribonucleoprotein L
38 1.6 2ot P78527 DN A-dependent protein kinase catalytic subunit
2.0 1.5 2.8 P49411 Elongation factor Tu, mitochondrial
3.2 1.5 3.1 Q86VPS6 |Cullin-associated NEDD 8-dissociated protein 1
1.9 1.5 18 D6RG13  |40S ribosomal protein S3a
‘ 1.8 1.4 2.2 G5E972 L arina-associated polypeptide 2, isoform s beta/gamma
2.3 1.4 2.4 P13804 Electron transfer flavoprotein subunit alpha, mitochondrial (AlphaETF)
‘ 18 14 1.7 P63104 14-3-3 protein zeta/delta
2.1 13 1.8 B1AHCS |X-ray repair cross-complementing protein 6
1o 12 2.4 P30041 Peroxiredoxin-6
. 30 12 | 7/ P31948 Stress-induced-phosphoprotein 1
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Patient 266 List B
Tumour regions GeneID protein name
T-Q1 T-Q2 T-Q3
-4.8 -1.2 -3.2 Q9Y6C2 |EMILIN-1
-2.7 -1.2 3.2 Q15417 |Calponin-3
-2.8 -1.3 2.3 P02545  |Prelamin-A/C [Cleaved into: Lamin-A/C (70 kDa lamin)
-19 1.3 2.2 Q15149  [Plectin (PCN) (PLTN)
=il -1.4 -1.8 P21333  |Filamin-A (FLN-A)
-1.8 -1.4 -1.8 Q9Y490 |Talin-1
-19 -1.4 -2.8 Q99536 |Synaptic vesicle membrane protein VAT-1 homolog
-1.9 -1.5 -2.0 P35579  |Myosin-9¢
-2.2 -1.6 -2.4 E7EQB2 |Lactotransferrin
-34 -1.6 2.5 P12111  |Collagen alpha-3(VI) chain
-2.1 -1.7 2.9 Q9BUB1 |cAMP-dependent protein kinase type II-alpha regulatory subunit
-19.9 -1.7 =252 075369 |Filamin-B
-3.6 -1.7 2.9 P02751  |Fibronectin (FN)
-2.0 -1.7 2.3 P02790 |Hemopexin (B eta-1B-glycoprotein)
-2.8 -1.7 -3.1 P08670 |Vimentin
A 2.1 2.9 P12110 |Collagen alpha-2(VI) chain
-34 2.1 -3.9 P05164 |Myeloperoxidase (MPO)
32 2.2 -1.3 P62736 |Actin, aortic smooth muscle (Alpha-actin-2)
-39 2.2 -3.1 P12109 |Collagen alpha-1(VI) chain
-2.0 2.7 -3.8 C9JEUS  |Fibrinogen gamma chain
-16 2.7 -1.3 F5GWP8 |Keratin, type I cytoskeletal 17
-3.6 -2.8 3.7 P01009  |Alpha-1-antitrypsin
-19 2.9 -3.0 P68871 |Hemoglobin subunit beta
-47 3.1 -4.5 Q53TCU3 |Tropomyosin beta chain
-4.8 -3.4 -6.5 Q09666 |Neurcblast differentiation-associated protein AHNAK
-2.5 -3.5 -5.8 P02675  |Fibrinogen beta chain
-3.3 -3.8 -3.5 F5GXS0  |Complement C4-B
-4.7 310 -5.4 Q13813 |Spectrin alpha chain, non-erythrocytic 1
-24 -7.0 -1.3 P15924 |Desmoplakin
-53 0.8 -20.0 P02671 |Fibrinogen alpha chain
-13.3 -11.5 -9.9 Q6NZI2 |Caveolae-associated protein 1
-28.7 -12.7 -15.6 Q03135 |Caveolin-1

T denotes tumour, Q1, Q2, Q3 are three regions in the tumour, (+) indicate fold change of
upregulated proteins, (-) values of fold change of downregulated proteins, heat-map
(Green: lowest F.C values of down-regulated proteins, Red: highest FC values of
upregulated proteins). Gene ID: uniprot accession number. The order of the protein list

was centred to their expression levels from the highest to the lowest in T9 (T-Q3).
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3.4.1.2.3.2. Proteins exhibit opposite expression in one region of T266

Among the 234 upregulated proteins in sample 266, 10.3% (appendix 3.16-uniquly
upregulated in Q2) of the proteins were detected with an opposite expression profile
in Q2 compared to that in Q1 and Q3. Also, among the 132 down-regulated proteins
in sample 266, 3% of the proteins were uniquely down-regulated in Q2 and were
unchanged in the other two tumour regions (Q1/Q3) (appendix 3.19). Proteins such
as Biglycan, fructose-1,6-bisphosphatase 1, Prolargin, Clusterin were up in Q2 and
were down in Q1 and Q3 except for Clusterin in Q3 was 1.2 upregulated (Table
3.12). Beta tubulin, and transcription intermediary factor 1-beta were

downregulated in Q2 while were upregulated in QI and Q3 (Table 3.12).

Table 3.12. List of dysregulated proteins in T-Q2 exhibit opposite trend in other
regions.

Patient 266
Tumour regions Gene ID protein name
T-Ql | T-Q2 | T-Q3
-187.0 | -150.8 1.6 | P35749 |Myosin-11
19 -1.6 1.9 | Q13263 |Transcription intermediary factor 1-beta (TIF1-beta)
13 -13 1.2 | P68371 |Tubulin beta-4B chain (Tubulin beta-2 chain)
ucC -1.2 1.8 P21980 |Protein-glutamine gamma-glutamyltransferase 2
13 1.2 -1.4  |Q96QK1|Vacuolar protein sorting-associated protein 35 (hVPS35)
ucC 1.2 -1.4 | P42765 |3-ketoacyl-CoA thiolase, mitochondrial
-1.5 1.3 -1.4 | P07686 |Beta-hexosaminidase subunit beta
4.3 13 -1.8 P21810 |Biglycan
1.2 1.5 -7.7 | P36871 [Phosphoglucomutase-1 (PGM 1)
-13| 16 2.0 | P13611 [Versican core protein (Chondroitin sulfate proteoglycan core protein 2)
-1.2 1.7 -1.2 | P09382 |Galectin-1 (Gal-1)
ucC 1.8 -1.7 | P01903 [HLA class II histocompatibility antigen, DR alpha chain
-1.5 2.0 -2.9 | P09467 [Fructose-1,6-bisphosphatase 1
2.5 2.1 1.2 | P35555 |Fibrillin-1
2.7 2.7 -1.8 | P51888 [Prolargin (Proline-arginine-rich end leucine-rich repeat protein)
2.4 3.8 13 P02452 |Collagen alpha-1(I) chain
-1.2 4.7 1.2 P10909 |Clusterin (Aging-associated gene 4 protein)

T denotes tumour, Q1, Q2, Q3 are three regions in the tumour, (+) indicate fold change of
upregulated proteins, (-) values of fold change of downregulated proteins, heat-map
(Green: lowest F.C values of down-regulated proteins, Red: highest FC values of
upregulated proteins). Gene ID: uniprot accession number. The order of the protein list
was centred to their expression levels from the highest to the lowest in T9 (T-Q3).
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3.4.1.2.4. T298-Q1 centred analysis of dysregulated proteins

To demonstrate why Q1 in sample 298 was clustered away from the other two
regions with 12.3% variance (Figure 3.4), up and down regulated proteins that were
close in their expression in Q2 and Q3 and were expressed differently in Q1 were
sorted from the highest to lowest in table 3.13. Proteins exhibit an opposite
expression profile in Q1 (i.e. up in Q1 and down in Q2/Q3 or down in QI and up
in Q2/Q3) also listed in table 3.14.

3.4.1.2.4.1. Differential protein expression within tumour T298

The 201 upregulated and 124 down-regulated proteins in sample 266 were sorted
from the lowest to the highest fold change compared to the normal tissues
(appendices 3.20 and 3.23). Dysregulated proteins that make Q1 region different
from the other two regions (i.e. proteins fold change in Q2 and Q3 were mostly
close to each other) were selected and presented in table 3.13. All the upregulated
proteins were more abundant in Q2 and Q3 than that in Q1 except for phosphate
carrier protein which was more abundant in Q1. Decorin, lumican, Mimecan,
collagen alpha 1, 2 and 3 (VI) chains, prolargin, collagen alpha CS 18, Biglycan,
Caveolin-1 were all downregulated in all T298 tumour regions and were the least
reduced in Q1 than in Q2 and Q3, while microsomal Cytochrome b5, Plectin,
cytoskeletal 18 keratin type I, carbonic anhydrase 1, Annexin A3 were detected

more decreased in Q1 than the other two tumour parts.
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Table 3.13. List of heterogeneously expressed proteins in all T- 266 tumour regions.

Patient 298
Tumour regions ‘
Gene ID protein name
T-Q1 T-Q2 T-Q3
4.2 5.0 5.5 P80723  |Brain acid soluble protein 1 (22 kDa neuronal tissue-enriched acidic protein)
38 4.9 6.1 P33241 |Lymphocyte-specific protein 1 (47 kDa actin-binding protein)
2.6 3.9 38 P29350 |Tyrosine-protein phosphatase non-receptor type 6 (EC 3.1.3.48)
2.0 2.9 3.1 P04233 |HLA class II histocompatibility antigen gamma chain
2.0 33 2.5 P36871 |Phesphoglucomutase-1 PGM 1) (EC 5.4.2.2) (Glucese phosphomutase 1)
2.0 1.5 1.3 Q00325 |Phosphate carrier protein, mitochondrial (Phosphate transp ort protein)
2.0 2.8 2.7 F8We6I7 |Heterogeneous nuclear ribonuclecprotein A1
2.0 2.6 3.1 G3V5Q1 |DNA-(apurinic or apyrimidinic site) lyase
1.7 2.1 2.6 P01861 [Immunoglobulin heavy constant gamma 4
1.7 2.1 2.0 P13796  |Plastin-2 (L-plastin) (LCB4P) (Lymphocyte cytosolic protein 1)
1.7 2.9 2.5 Q1401%  |Coactosin-like protein
1.6 1.9 2.3 Q9UQ80 |Proliferation-associated protein 2G4 (Cell cycle protein p38-2G4 homolog)
1.5 1.9 2.0 QYUL4E |Proteasome activator complex subunit 2 (118 regulator complex subunit beta)
1.5 2.1 2.0 QO96AFA  |Far upstream element-binding protein 1 (FBP)
1.5 2.1 2.0 P19367 |Hexckinase-1
1.5 1.9 1.8 P07108 |Acyl-Coi-binding protein (ACBP) (Diazepam-binding inhib itor)
1.5 2.5 23 P14550 | Alochol dehydrogenase
1.5 1.8 2.1 Q00839 |Heterogeneous nuclear ribonucleoproten U
1.3 1.7 2.2 Q13185 |Chromobox protein homolog 3
1.3 2.0 2.3 B1AHCS |X-ray repair cross-comp lementing protein 6
-1.2 -3.0 -2.7 P07585 |Decorin (Bone proteoglycan II) (PG-52) (PG40)
-1.2 -2.4 -3.1 P51884 |Lumican (Keratan sulfate proteoglycan lumican)
-1.6 -45 3.7 P20774  |Mimecan (Osteoglycin) (Osteoinductive factor) (OIF)
=22 -4.4 -4.3 P12111  |Collagen alpha-3(VI) chain
-2.2 -1.5 -1.4 P00167  |Cytochrome b5 (Microsomal cytochrome b5 type A)
-23 -13 -1.5 Q15149  |Plectin (PCN) (PLTN) (Hemidesmosomal protein 1)
-2.5 -6.4 -5.4 P12110  |Collagen alpha-2(VI) chain
=25 -5.2 -3.8 P51888  |Prolargin (Proline-arginine-rich end leucine-rich repeat protein)
-2.7 -6.3 -6.0 P1210¢ |Collagen alpha-1(VI) chain
=27 -1.7 -1.5 P05783  |Keratin, type I cytoskeletal 18
-3.1 -1.5 -2.6 P00915  |Carbonic anhydrase 1
-3.7 -1.8 -2.5 P21291 |Cysteine and glycine-rich protein 1 (Cysteine-rich protein 1)
-39 -12.4 -11.0 P21810 |Biglycan (Bone/cartilage proteoglycan I) (PG-S1)
-4.2 -57 -5.7 Q03135 |Caveolin-1
-5.2 -34 3.7 P1242% |Annexin A3 (35-alpha calcimedin) (Annexin IIT)

T denotes tumour, Q1, Q2, Q3 are three regions in the tumour, (+) indicate fold change of
upregulated proteins, (-) values of fold change of downregulated proteins, heat-map
(Green: lowest F.C values of down-regulated proteins, Red: highest FC values of
upregulated proteins). Gene ID: uniprot accession number. The order of the protein list
was centred to their expression levels from the highest to the lowest in T9 (T-Q3).
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3.4.1.2.4.2. Proteins exhibit opposite expression in one region of T298

Among the 201 upregulated proteins in sample 298, 4.5% (appendix 3.22-uniquely
upregulated proteins in Q1) of the proteins were detected with an opposite
expression profile in Q1 compared to that in Q2 and Q3 (appendix 3.21). Also,
among the 124 down-regulated proteins in this patient, 5.6% of the proteins were
detected with an opposite expression profile in Q1 compared to that in Q2 and Q3
(appendix 3.25). Ten heterogeneous proteins were expressed among sample 298
tumour specimen, and exhibit an opposite expression pattern between Q1 and the
other two tumour regions eg. Histone H2A and Collagen alpha-1 (I) chain were
upregulated in Q1 but were downregulated in the other compared tumour regions,
other proteins exhibited an opposite profile eg. Clathrin heavy chain 1, V-type
proton ATPase catalytic subunit A, i.e. were down-regulated in Q1 and upregulated

in Q2 and Q3 (Table 3.14).

Table 3.14. List of dysregulated proteins in T-Q1 exhibit opposite trend in other

regions.
Patient 298
Tumour regions Gene ID protein name
T-Q1 T-Q2 T-Q3
1.9 -1.2 -4.0 Q93077 |Histone H2A type 1-C (Histone H2A/1)
-13 1.2 1.2 Q14764 [Major vault protein (MVP) (Lung resistance-related protein)
-13 1.3 1.3 Q15233 |Non-POU domain-containing octamer-binding protein
-1.4 1.2 1.2 B7Z1R5 | V-type proton ATPase catalytic subunit A
-1.2 1.2 1.2 Q5JP53 | Tubulin beta chain
2.0 -1.3 -4.0 P02452 |Collagen alpha-1(I) chain (Alpha-1 type I collagen)
-1.2 1.2 1.2 Q14240 |Eukaryotic initiation factor 4 A-II (eIF-4A-II)
-1.8 1.5 1.5 Q00610 |Clathrin heavy chain 1 (Clathrin heavy chain on chromosome 17)
-1.2 1.4 1.4 B4DQJ8 |6-phosphogluconate dehydrogenase, decarboxylating
-1.2 1.2 1.2 P05091 ] Aldehyde dehydrogenase, mitochondrial

T denotes tumour, Q1, Q2, Q3 are three regions in the tumour, (+) indicate fold change of
upregulated proteins, (-) values of fold change of downregulated proteins, heat-map
(Green: lowest F.C values of down-regulated proteins, Red: highest FC values of
upregulated proteins). Gene ID: uniprot accession number. The order of the protein list
was centred to their expression levels from the highest to the lowest in T9 (T-Q3).
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3.4.1.3. Validation of 4 differentially expressed proteins (Desmoplakin,
Tenascin C, Enolase-1 and EROI-La) by western blot and qRT-PCR
3.4.1.3.1. Desmoplakin

The results of investigating desmoplakin expression (mRNA and protein) in three
selected parts per tumour T3-Q1: blue, T6-Q2: red, T9-Q3: green) compared to
matched control normal tissues in four lung squamous carcinoma patients (coded
260, 261, 266, 298) for detecting intra-tumour gene expression heterogeneity are
detailed in figure 3.5-A. In patient coded 260, LC-MS/MS has detected 4-fold
decrease in region T9-Q3 compared to the other two regions, the other two regions
level of desmoplakin was 5.3 and 5.2-fold decreased compared to the matched
control normal tissue. Western blot analysis showed an opposite profile, where they
were all upregulated and T9-Q3 had the least abundance of desmoplakin (Figure
3.5-B). At the level of mRNA, both T9-Q3 and T6-Q2 had the same amounts of
desmoplakin mRNA and both were 3-fold more than the matched control normal
lung tissue (Figure 3.5-C). In patient 261, the abundance of desmoplakin was
detected by LC-MS/MS increased by 138, 90 and 50-fold more than in control
normal tissues. Western blot revealed increased expression of desmoplakin as well
which was tremendous in T6-Q2 (approximately 6-fold more than in T9-Q3)
(Figure 3.5-B). qRT-PCR showed more than 2-fold increase in the amount of
desmoplakin in T3-Q1 more than in T6-Q2. T6-Q2 showed an opposite expression
(down-regulated) profile which was half of the level of mRNA in the normal tissues
(Figure 3.5-C). LC-MS/MS did not detect desmoplakin in the other two patients
(266 and 298) within the cut-off value (1.2-fold). In patient 266, the level of
mRNA was detected significantly increased by 3-fold in T9-Q3 more than in the

control normal tissues. The difference between T9-Q3 and T3-Ql was also
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significant with a 2-fold difference (Figure 3.5-C). In patient 298, western blot and
qRT-PCR detected opposite levels. At the protein level, desmoplakin was
overexpressed in T3-Q1 and T9-Q3 regions and was 5-fold more in T9-Q3 than the
control normal tissues (Figure 3.5-B), while the mRNA level was half the control

normal tissue levels in T3-Q1 and 9-fold less than normal in T9-Q3 (Figure 3.5-C).
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Figure 3.5. Desmoplakin heterogeneity validation. A: Desmoplakin protein abundance
in three regions per tumour compared to the surrounding normal tissues per patient by LC-
MS/MS (n=3 technical repeats), B: Desmoplakin protein abundance in the tested trisects
by western blot (n=1 technical repeats, B-actin used as a loading control), C: qRT-PCR
assessment of desmoplakin mRNA level (n=3 technical repeats, 18s used as a loading
control). Black colour: normal lung tissue, Blue colour: tumour part T3-Q1, Red colour:
tumour part T6-Q2, Green colour: tumour part T9-Q3. T3, T6, T9 are three biopsies taken
from the same patient tumour, the number of patients n=4 (260, 261, 266, 298).
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3.4.1.3.2. Tenascin C

The results of investigating Tenascin-c expression (mMRNA and protein) in three
selected parts per tumour; T3-Q1: blue, T6-Q2: red, T9-Q3: green, in reference to
matched normal control tissues in four lung squamous carcinoma patients (coded
260, 261, 266, 298) for detecting intra-tumour gene expression heterogeneity are
detailed in figure 3.6. In patient 260, tenascin ¢ was not detected by LC-MS/MS
within the cut-off value (1.2-fold). Western blot showed increased abundance of
tenascin ¢ in all investigated regions. T6-Q2 was the most abundant part of the
tested regions, where it was 2-fold more abundant than the other two parts (Figure
3.6-B). qRT-PCR, revealed no change in the level of mRNA between normal and
T3-Q3 region while there was 6-fold more abundant in T6-Q2 compared to both
normal and T9-Q3 tumour region (Figure 3.6-C). In patient 261, LC-MS/MS has
detected double amounts of tenascin ¢ in T6-Q2 than in the other two regions, and
was 8-fold more than the control normal tissue. Western blot revealed T3-Q1 was
the most abundant part of the tumour in tenascin ¢ with 2X-times the abundance in
the control normal tissue. T9-Q3 was the least part of patient 261 tumour regions in
the abundance of tenascin c¢ level and was opposite of the mass-spectrometry
detection (downregulated) (Figure 3.6-B). qRT-PCR also showed a significant
increase (6-fold) in tenascin ¢ mRNA in T3-Q1 than control normal tissues. T6-Q2
had no significant change at the level of transcription (Figure 3.6-C). In patient
266, LC-MS/MS has detected 7-fold increase in both T6-Q2 and T9-Q3 compared
to the normal tissue, and was detected 3X-times this level in T3-Q1. qRT-PCR
revealed 2-fold less mRNA in T9-Q3 than in control normal tissue, T3-Q1 had no
significant change although tends to rise (Figure 3.6-C). In patient 298, tenascin c

was not detected by mass spectrometry (out of the cut-off value: 1.2 fold), while it
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was detected by western blot 5-fold increase in T9-Q3 than in control normal tissue
(Figure 3.6-B). qRT-PCR revealed no significant difference between T3-Q1 and
T9-Q3 and both exhibited a significant 2-fold decrease compared to normal control

tissue (Figure 3.6-C).
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Figure 3.6. Tenascin c¢ heterogeneity validation. A: Tenascin c protein abundance in
three regions per tumour compared to the surrounding normal tissues per patient by LC-
MS/MS (n=3 technical repeats), B: Tenascin ¢ protein abundance in the tested trisects by
western blot (n=1 technical repeats, B-actin used as a loading control), C: qRT-PCR
assessment of Tenascin ¢ mRNA level (n=3 technical repeats, 18s used as a loading
control). Black colour: normal lung tissue, Blue colour: tumour part T3-Q1, Red colour:
tumour part T6-Q2, Green colour: tumour part T9-Q3. T3, T6, T9 are three biopsies taken
from the same patient tumour, the number of patients n=4 (260, 261, 266, 298).
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3.4.1.3.3. Enolase-1 (c-Myc promoter binding protein)

Western blot and qRT-PCR validation of enolase-1 expression in three selected
parts per tumour; (Q1: blue, Q2: red, Q3: green), compared to matched control
normal tissues in lung SqCC patients n=4 (coded 260, 261, 266, 298) for detecting
intra-tumour gene expression heterogeneity is detailed in figure 3.7. In patient 260,
LC-MS/MS has detected enolase-1 5.4, 4 and 2.8-fold elevated in T3-Q1, T6-Q2
and T9-Q3, respectively. Western blot also showed the same profile trend where it
was 6-fold more abundant in T3-Q1 and T6-Q2 and 3-fold more in T9-Q3 compared
to the normal tissue levels (Figure 3.7-B). qRT-PCR showed no difference in
mRNA levels between T6-Q2 and T9-Q3 (Figure 3.7-C). Western blot and LC-
MS/MS showed heterogeneity between T9-Q3 and the other tumour regions, while
there was no difference at mRNA levels. In patient 261, the level of enolase-1 was
upregulated by 2+0.5 fold in all tumour regions as detected by mass spectrometry.
Western blot revealed an opposite profile, where it was 4-fold, 3-fold and 0.5-fold
decreased in T3-Q1, T6-Q3 and T9-Q2, respectively (Figure 3.7-B). qRT-PCR
revealed no change at the level of mRNA in T3-Q1, and a 50% decrease in enolase-
I mRNA in T6-Q2 compared to normal tissue was detected (Figure 3.7-C). In
patient 266, qRT-PCR detected no significant change in enolase-1 mRNA levels
in T9-Q3, while T3-Q1 had increased by 30% compared to the normal control tissue
(not significant). QRT-PCR showed a significant difference within the two tested
tumour regions, T3-Q1 and T9-Q3 (Figure 3.7-C). Western blot was not performed
due to sample scarcity. In patient 298, the expression of enolase-1 was elevated in
all tumour regions by 1.5, 1.8 and 1.6-fold in T3-QI, T6-Q2 and T9-Q3,
respectively as detected by LC-MS/MS. Western blot also showed increased

enolase-1 abundance by 2X-fold, 3.5X-fold and 0.5X-fold in T3-Q1, T6-Q2 and
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T9-Q3, respectively more than in control normal tissue (Figure 3.7-B). qRT-PCR
revealed a decreased enolase-1 mRNA levels by 2X-fold in the two tested regions

compared to the control normal tissue (Figure 3.7-C).
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Figure 3.7. Enolase-1 heterogeneity validation. A: Enolase-1 protein abundance in three
regions per tumour compared to the surrounding normal tissues per patient by LC-MS/MS
(n=3 technical repeats), B: Enolase-1 protein abundance in the tested trisects by western
blot (n=1 technical repeats, B-actin used as a loading control), C: qRT-PCR assessment of
enolase-1 mRNA level (n=3 technical repeats, 18s used as a loading control). Black colour:
normal lung tissue, Blue colour: tumour part T3-Q1, Red colour: tumour part T6-Q2, Green
colour: tumour part T9-Q3. T3, T6, T9 are three biopsies taken from the same patient
tumour, the number of patients n=4 (260, 261, 266, 298).
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3.4.1.3.4. ERO1-La

Validation of ERO1-La expression in the three selected parts per tumour (T3-Q1:
blue, T6-Q2: red, T9-Q3: green) in reference to matched control normal tissues in
lung SqCC patients n=4 (coded 260, 261, 266, 298) for detecting intra-tumour gene
expression heterogeneity by western blot and qRT-PCR is detailed in figure 3.8.
In patient 260, LC-MS/MS detected elevated ERO1-La protein levels in the all
regions, T9-Q3 had the least abundance of ERO1-La (4.2-fold) and T3-Q1 and T6-
Q2 were 10.6 and 13.9-fold more than the normal tissue, respectively. Western blot
also showed overexpression of the protein in T6-Q2 and T9-Q3 but was a little bit
lowered in T3-Q1 (Figure 3.8-B). EROl-La mRNA was also significantly
increased, T6-Q2 exhibit amounts of mRNA exceeded 30X-fold more than the
control tissue (Figure 3.8-C). In patient 261, by LC-MS/MS, T3-Q1 and T6-Q2
almost had the same levels and T9-Q3 had nearly half of their abundance. Western
blot analysis showed minor decrease in ERO1-La in T3-Q1, while T6-Q2 and T9-
Q3 were a little bit increased (by 10% and 40%, respectively) (Figure 3.8-B). No
significant change in ERO1-La mRNA between control tissue and T6-Q2, and it
was significantly decreased by 30% in T3-Q1 when compared to the control tissue
(Figure 3.8-C). In patient 266, ERO1-La was not detected by LC-MS/MS in all
regions. Western blot was not performed for EROI-La on this sample due to protein
sample scarcity. qRT-PCR showed no significant change between normal and T3-
Q1, while the mRNA levels of ERO1-La was slightly decreased in T9-Q3 than in
normal tissue and T3-Q1 (Figure 3.8-C). In patient 298, ERO1-La was also was
not detected by LC-MS/MS (within the cut-off value: 1.2-fold). Western blot
revealed increased abundance of the protein by 2X and 1.5X-fold in T3-Q1 and T9-

Q3, respectively, while T6-Q2 exhibited only a little increase in the protein
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abundance compared to normal tissue (Figure 3.8-B). qRT-PCR showed a
significant decrease in the mRNA levels in both T3-Q1 and T6-Q2, the latter had

decreased by 50% compared to the matched normal tissue (Figure 3.8-C).
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Figure 3.8. ERO1-La heterogeneity validation. A: EROI-La protein abundance in three
regions per tumour compared to the surrounding normal tissues per patient by LC-MS/MS
(n=3 technical repeats), B: EROI-La protein abundance in the tested trisects by western
blot (n=1 technical repeats, B-actin used as a loading control), C: gRT-PCR assessment of
EROI-La mRNA level (n=3 technical repeats, 18s used as a loading control). Black colour:
normal lung tissue, Blue colour: tumour part T3-Q1, Red colour: tumour part T6-Q2, Green
colour: tumour part T9-Q3. T3, T6, T9 are three biopsies taken from the same patient
tumour, the number of patients n=4 (260, 261, 266, 298).
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3.4.2. Assessment of PI3K/AKT and JAK/STAT pathway activation in
LSqCC patients specimens

In this part, PI3K-AKT/PKB and JAK/STAT signalling pathways were assessed in
the three tumour regions and the matched normal tissue of the four LSqQCC patients
by PathScan® Intracellular Signalling Array Kit (Chemiluminescent Readout) (Cat
No.7323). The phosphorylation of some key proteins (including AKT and its
affected downstream signalling molecules (GSK, m-TOR, ERK, P53, BAD), marked
in red (Figure 3.9) were quantified in the three regions of each tumour compared to
their matched normal lung tissue (taken from same patient). As seen in Figure 3.9,
AKT is a central downstream molecule that is phosphorylated by many receptor and
non-receptor tyrosine kinases, including JAK/STAT and PI3K. Activation of the
JAK/STAT pathway was examined by quantification of STAT3 phosphorylation
(Figures 3.10-3.14B). PIM 1/2/3 kinases are downstream targets of the STAT3

transcription factor and their expression was also quantified (Figures 3.10-3.14A).
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Figure 3.9. PI3K-AKT and JAK/STAT signalling pathways. Proteins in red were
assessed for their phosphorylation variation within the tumour tissue specimen being
studied. KEGG-signalling pathways with red stars were assessed and their activity was

found variable.
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3.4.2.1. JAK-STAT pathway assessment in patient 260

PIM1/2/3 kinase mRNA expression was measured by qRT-PCR in the tumour
trisects Q1 and Q3 figure 3.10A. Phosphorylation of 18 target proteins, involved in
the PI3K/AKT and JAK/STAT signalling pathways were quantified in each tumour
trisect compared to matched normal lung tissue per Sug total protein as depicted in
figure 3.10B. Based on PCA analysis, T260-Q3 was different from the other two
tumour regions in this patient (Figure 3.4A). PIM I and 3 were downregulated in
the two selected regions (Q1 and Q3) with no heterogeneous expression, while PIM
2 was upregulated in both tumour regions, Q1 was double the abundance as in Q3
(Figure 3.10A). T260-Q3 had lower levels of phosphorylated proteins including
STATI, AKT Thr308/Ser437, AMPKa, mTOR, HSP27, GSK-3b, P7056K, SAPK,
PRAS40, P38 compared to the other tumour regions although higher than matched
normal tissue. T260-Q3 showed decreased phosphorylated proteins PARP, S6RP,
BAD, P53, caspase-3 compared to matched normal tissue (Figure 3.10B). T260-Q1
had the highest signalling activity in PI3K/AKT and JAK/STAT pathways. PIM2
mRNA expression was significantly elevated in patient 260 and the expression was
heterogeneous. T260-Q3 had the lowest level of pBAD which might reflect the low
levels of PIM1 and 2 mRNA by qRT-PCR in this tumour region compared to T260-

QI region (Figure 3.10A).
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Figure 3.10. PI3K-AKT/mTOR and JAK-STAT pathways assessment in patient 260.
A: assessment of JAK/STAT pathway by measuring the levels of PIM isoforms mRNA by
gRT-PCR represented as Mean+STD (n=3 repeats). B: phosphorylation of 18 signalling
molecules modulated via phosphorylation in JAK/STAT and PI3K/AKT and downstream
pathways. Bars=% phosphorylation = (Tumour/Normal)X100.
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3.4.2.2. JAK-STAT pathway assessment in patient 261

PIM 1/2/3 kinase mRNA expression was measured by qRT-PCR in the tumour
trisects Q1 and Q3 figure 3.11A. Phosphorylation of 18 target proteins, involved in
the PI3K/AKT and JAK/STAT signalling pathways were quantified in each tumour
trisect compared to matched normal lung tissue per Sug total protein as depicted in
figure 3.11B. Based on PCA analysis, T261-Q1 was different from the other two
tumour regions in this patient (Figure 3.4B). PIMI and 3 mRNA expression was
elevated in Q1 as detected by qRT-PCR (Figure 3.11A).

Assessment of PI3K/AKT and JAK/STAT pathways showed T261-Q1 was different
from the other tumour regions in the phosphorylation of several proteins including
mTOR, P70 S6K, P38 (MAPK), PARP and Caspase-3 which were lower than the
matched normal tissue. T261-Q1 had similar phosphorylation levels as the matched
normal tissue for proteins AKT Thr308, SAPK/JNK and GSK-3b (Figure 3.11B). p-
BAD was elevated in the three tumour regions, with expression in T261-Q1 lower

than Q3 and higher than Q2.
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Figure 3.11. PI3K-AKT/mTOR and JAK-STAT pathways assessment in patient 261.
A: assessment of JAK/STAT pathway by measuring the levels of PIM isoforms represented
as Mean+STD (n=3 repeats). B: phosphorylation of 18 signalling molecules modulated via
phosphorylation in JAK/STAT and PI3K/AKT and downstream pathways. Bars=%
phosphorylation = (Tumour/Normal)X100.
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3.4.2.3. JAK-STAT pathway assessment in patient 266

PIM1/2/3 kinase mRNA expression was measured by qRT-PCR in the tumour
trisects Q1 and Q2 (Figure 12A). Phosphorylation of 18 target proteins, involved in
the PI3K/AKT and JAK/STAT signalling pathways were quantified in each tumour
trisect compared to matched normal lung tissue per Sug total protein as depicted in
figure 3.12B. Based on PCA analysis, T266-Q2 was different from the other two
tumour regions (Figure 3.4C). As seen in figure 3.12A, PIM1/2/3 mRNA
expression was significantly upregulated in T266-Q1 compared to the normal
control tissues. PIM1 and 2 were both downregulated in T266-Q2 but PIM3 was
slightly increased, this might reflect the reduced levels of BAD phosphorylation
(Figure 3.12A/B). T266-Q1 had the highest levels of phosphorylation of AKT,
AMPK, S6 RP, mTOR, HSP27, BAD, PRAS6K, P53, P38, SAPK, caspase-3 and

GSK-3b (Figure 3.12B).
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Figure 3.12. PI3K-AKT/mTOR and JAK-STAT pathways assessment in patient 266.
A: assessment of JAK/STAT pathway by measuring the levels of PIM isoforms represented
as Mean+STD (n=3 repeats). B: phosphorylation of 18 signalling molecules modulated via
phosphorylation in JAK/STAT and PI3K/AKT and downstream pathways. Bars=%
phosphorylation = (Tumour/Normal)X100.
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3.4.2.4. JAK-STAT pathway assessment in patient 298

PIM1/2/3 kinase mRNA expression was measured by qRT-PCR in the tumour
trisects Q1 and Q3 figure 3.13A. Phosphorylation of 18 target proteins, involved in
the PI3K/AKT and JAK/STAT signalling pathways were quantified in each tumour
trisect compared to matched normal lung tissue per Sug total protein as depicted in
figure 3.13B. Based on PCA analysis, T266-Q1 was different from the other two
tumour regions (Figure 3.4D). PIM1/2/3 kinases were elevated in T298-Q1 by 1.5,
2.5 and 3-fold more than the matched normal tissue (Figure 3.13A). PIM1 and 3
kinases were 2-fold reduced in T298-Q2 compared to the control normal tissue. All
18 phosphorylated proteins had higher expression in T298-Q2 than the two other
tumour regions (Figure 3.13B). Phosphorylated STAT3 expression was lower in
T298-Q1 and T298-Q3 than matched normal tissue. p-BAD was elevated in all
tumour regions and T298-Q1 had the lowest levels among the tumour regions

(Figure 3.13B).
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Figure 3.13. PI3K-AKT/mTOR and JAK-STAT pathways assessment in patient 298.
A: assessment of JAK/STAT pathway by measuring the levels of PIM isoforms mRNA
represented as MeantSTD (n=3 repeats). B: phosphorylation of 18 signalling molecules
modulated via phosphorylation in JAK/STAT and PI3K/AKT and downstream pathways.
Bars=% phosphorylation = (Tumour/Normal) X100.
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3.5. Discussion

Intra-tumour heterogeneity (ITH) presents a significant challenge to cancer therapy
that leads to drug resistance and a poor prognosis for patients (McGranahan and
Swanton, 2017). Even tumour nodules originating from the same primary lesion
that have a similar histopathology can respond significantly different to treatment
(Cusnir and Cavalcante, 2012). At present in our cancer centre, patients with a
diagnosis of advanced lung cancer are screened for the presence of somatic
mutations using the Oncomine Focus Assay before the clinician determines a
personalised treatment protocol. This is a next-generation sequencing panel that
allows the user to conduct concurrent RNA and DNA analysis from FFPE tumour
biopsy samples and targets 52 genes relevant to solid tumours including SNVs,
indels, CNVs and fusions. Tumour tissue will also be screened for PD-LI
expression using immunohistochemical analysis to determine whether a patient is
suitable for treatment with a checkpoint immunotherapy. There has been much
debate in the literature over what the appropriate cut-off value for PD-L expression
should be for a tumour to be sensitive to treatment with a PD1/PD-LI inhibitor.
Similar to other studies that have tested predictive biomarkers e.g. EGFR, VEGF,
determining an appropriate cut-off value for high versus low protein expression is
challenging due to ITH and a limited amount of tumour tissue in a biopsy sample.

Phosphorylated proteins are an ideal indicator of whether a specific pathway is
activated in a tumour and therefore have the potential to determine whether that
tumour may respond to a targeted treatment. However, their expression is not
routinely quantified in the clinic as due to their instability they have not proven to

be robust biomarkers.
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In this research study we aimed to: i- quantify the difference in protein expression
within three different regions of four lung squamous cell carcinomas using matched
normal tissue as a reference, ii- quantify 18 phosphorylated protein kinases
involved in both the JAK/STAT-and PI3K/AKT pathway across different regions of
the same tumour and iii- quantify PIM1/2/3 kinase mRNA expression within the
different tumour regions to determine any variance of JAK/STAT signalling
pathway that supported the presence of ITH.

Detection of intra-tumour heterogeneity using LC-MS/MS

Differentially expressed proteins (upregulated/downregulated) across three
different regions of the same tumour for four patients was compared to matched
normal tissue and the changes were filtered to a cut-off value of 1.2 fold change and
significance at <0.05. The summary of the number of up and down regulated
proteins was tabulated in table 3.6. Details on the changed proteins including; fold
change in the three tumour regions, gene name and the full protein name were
included in the results above (section 3.4.1.1.). The percentages of shared up and
down regulated proteins in all three tumour regions (cut-off value of 1.2), in
respective order were: in patient 260 68.5% pn=232) and 54% (n=144), in patient
261: 68% (n=184) and 60.4% (n=169), in patient 266: 72.2% (n=234) and 57.6%
(n=132), in patient 298: 75.1% (n=201) and 59.7% (n=124). The heterogenous
expression of up and down regulated proteins per patient are presented in the results
under sections 3.4.1.2.1 to 3.4.1.2.4. Principal Component Analysis (PCA) has
clustered region Q3 in patient 260 as different from the other two tumour regions
investigated in terms of protein abundance (Figure 3.4). In addition to the
heterogeneous expression of shared protein in the three tumour regions, 13.8%

(n=232) and 8.3% (n=144) of the upregulated and downregulated proteins were
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uniquely expressed in Q3 region at the cut-off value 1.2-fold (increase/decrease).
In contrast, the unique up/down regulated proteins were (1.7% and 8.3%) and (1.7%
and 3.5%) in Q1 and Q2, respectively. Region Q3 of this patient tumour share a low
percentage of the up and downregulated proteins with the other two regions, while
Q1 and Q2 shared about 20.1% (n=144) of the down regulated proteins. In patients
261 and 298, the region T-Q1 had a different proteome expression profile than the
other two tumour regions, while in patient 266, T-Q2 was different to the other two
regions (Figure 3.4).

Based on the first PCA and Venn diagram analysis of the mass-spectrometry data,
the tumour regions that clustered away from other tumour regions are assumed to
have differential protein expression and may rely on different cell signalling
pathways.

Validation of a panel of 4 (Desmoplakin, Tenascin C, EROI-La and Enolase-1)
differentially expressed proteins

A panel of 4 (Desmoplakin, Tenascin C, Enolase-1 and EROI-La) differentially
expressed proteins identified by LC-MS/MS were chosen to validate further by
western blot analysis. Desmoplakin (DSP) is one of the desmosome components
of the inner membrane of the endoplasmic reticulum. DSP is known to play a
tumour suppressant role by inhibiting the Wnt/p-catenin signalling pathway and its
downregulation was found associated with poor prognosis, tumour invasion and
metastasis in patients with non-small cell lung cancer (Yang et al., 2012). In this
research work, DSP was identified as a good example of intra-tumour heterogeneity
and it was chosen for further validation by western blot analysis. It was
significantly decreased in all tumour regions in patient 260 with fold change of 5.3,

5.2 and 21.6 in Q1, Q2, Q3, respectively (Figure 3.5). This highlights that Q3 is
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different from the other two parts of the tumour as indicated by PCA (Figure 3.4).
Western blot showed an opposite profile for patient 260, where it was up-regulated
in all regions of the tumour using beta actin as a loading control, and Q3 had the
lowest expression of protein compared to the other parts of the tumour specimen.
qRT-PCR showed no difference in mRNA levels between Q2 and Q3 (Figure 3.5).
Western blot is a more reliable methodology than mass-spectrometry, the latter is
more sensitive and can sometimes be affected by the sample complexity. In patient
261, by LC-MS/MS, DSP was found significantly overexpressed in Q1, Q2 and Q3
with fold change of 138, 90 and 50, respectively (Figure 3.5). By western blot, DSP
was detected overexpressed, and 261-Q2 was the most abundant region of the
tumour. qRT-PCR revealed an increased level of mRNA in Q1 than in Q2, the
translation machinery of mRNA into protein is defected here. In patient 298, DSP
was not detected by mass spectrometry (i.e: it was not within the cut-off value),
while mRNA and protein levels were matched by qRT-PCR and western blot,
respectively. T298 Q1 and Q2 had less mRNA and higher protein abundance
compared to the matched control normal tissues (Figure 3.5). mRNA was more
abundant in tumour tissue regions Q1 and Q3, the later had double Q1 levels (Figure
3.5).

Tenascin ¢ is an adhesion modulatory extracellular matrix molecule found
overexpressed in solid tumours and associated with increased proliferation,
migration and epithelial-mesenchymal transition (EMT) (Yoshida et al., 2015,
Orend and Chiquet-Ehrismann, 2006). Tenascin ¢ has been shown to have a role in
resistance to chemotherapy in triple negative breast cancer (Popova et al., 2017).
Tenascin ¢ overexpression correlates to increased tumour invasion and

angiogenesis and poor prognosis in many cancer types (Lowy and Oskarsson,
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2015). In this research work, tenascin ¢ was not detected by mass spectrometry in
specimens coded 260 and 298, and was significantly upregulated in specimen coded
261 with fold change of 4.0, 7.8 and 4.6 in Q1, Q2 and Q3, respectively (Figure
3.6). Tenascin ¢ was also detected elevated by 24.5, 7.7 and 7.1 in Q1, Q2 and Q3
in specimen coded 266, respectively (Figure 3.6). Western blot analysis detected
increased tenascin ¢ in all patient 260 tumour regions and Q2 had increased
expression compared to Q1 and Q3. In patient 261, tenascin ¢ was elevated in Q1
(highest) and Q2 while it was downregulated in Q3. The level of tenascin c mRNA
in 260-Q3 and 261-Q2 was the same as in their matched normal tissue and was
significantly increased (5-and 6 fold) in Q2 and QI in 260 and 261, respectively.
Western blot for sample 298 detected elevated tenascin ¢ expression in 298-Q1 and
Q3 but not in Q2, and 298-Q3 had the highest elevation (7-fold higher than normal).
qRT-PCR revealed a two-fold decrease in the two tumour regions and there was no
difference between 298-Q1 and 298-Q2. In patient 266, tenascin ¢ mRNA was
elevated in 266-Q1 and was 2- fold more than in 266-Q3 (Figure 3.6).

Enolase alpha (Enolase-1) is a multi-subunit isoenzyme found to promote cell
glycolysis, growth, migration and invasion in non-small lung cancer via PI3K/AKT
pathway (Fu et al., 2015). Enolase-1 also has a tumour suppressant effect by
binding to c-Myc promoter. Increased levels of enolase-1 was found associated with
increased production of autoantibodies, a decline in the basal level of these
autoantibodies was used as a prognostic marker in post-operative lung cancer
(Hsiao et al., 2015). In this research work, LC-MS/MS has detected elevated
enolase-1 in patients 260, 261, 298 and it was undetectable in patient 266 (Figure
3.7). Western blot revealed elevated levels of enolase-1 in patient 260 and the least

amounts were detected in Q3. In patient 298, enolase-1 levels were correspondent
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to that detected by LC-MS/MS and were heterogeneous across all tumour regions.
In patient 266, enolase-1 showed an opposite profile to that in mass spectrometry,
Q1 and Q3 were significantly decreased while Q2 had a little decrease (Figure 3.7).
Enolase-1 mRNA expression was significantly elevated in patient 260 with no intra-
tumour difference, down-regulated in patient 298 with no difference, heterogenous
in patient 266 (Q1 double Q3 levels) and 261 (Q1 double Q2 levels).
Overexpression of endoplasmic reticulum oxidoreductase 1 alpha (ERO1-La)
correlates with a poor prognosis and overall survival in breast cancer (Kutomi et
al., 2013). ERO1-La expression is augmented by hypoxia to stimulate angiogenesis
and to compensate for the loss of oxygen redox power this is modulated via
activation of hypoxia —induced factor 1 (HIF-1) mediated pathway (Krock et al.,
2011, Zimna and Kurpisz, 2015). In patient 260, the mass spectrometry data
showed ERO1-La was significantly overexpressed compared to matched normal
tissue with fold change of 10.6, 13.9 and 4.2 in Q1, Q2 and Q3, respectively. ERO1-
La was also detected in patient 261 with fold change of 18.8, 17 and 10.2, in QI,
Q2, Q3, respectively (Figure 3.8). ERO1-La was undetectable in 266 and 298
within the cut-off value used in this study. qRT-PCR also showed heterogeneous
mRNA expression between two tested regions (30-fold and 4-fold increase in Q2
and Q3, respectively compared to matched normal tissue.

In patient 261, PCA of the mass spectrometry data clustered Q1 away from the
other two tumour regions. MS/MS detected Q1 and Q2 with ERO1-La protein levels
close to each other with 18.8 and 17-fold more than in the normal tissue (Figure
3.8). Western blot and qRT-PCR detected a slight decrease in the levels of EROI-
La in QI1, while Q2 had increased EROI-La expression compared to the normal

tissue. In patient 266, Q2 was clustered away from the other two tumour regions by
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whole proteome PCA analysis (Figure 3.4). No data on EROI-La was obtained as
its expression was not within the cut-off value and the protein samples were
degraded (No western blot data). EROI-La expression was detected slightly low in
Q3 compared to the normal tissue while no change in the mRNA level of EROI-La
in QI was detected (Figure 3.8). In specimen coded 298, western blot revealed
increased EROI-La in all tumour regions and Q1 had the maximal increase while
Q2 had the lowest. qRT-PCR showed decreased amounts of ERO1-La mRNA and
Q2 had the lowest levels (approximately half the normal value).

Quantifying phosphorylated protein expression to determine ITH

Increased phosphorylated proteins correlate with the activation of a specific
pathway and therefore have the potential to identify tumours that may respond to a
corresponding targeted treatment (Ardito et al., 2017). Differences in protein
phosphorylation within the tumour tissues would indicate heterogeneity and could
predict treatment failure to targeted therapy (Lim and Ma, 2019). However,
quantification of the phosphorylated form of a protein is not routinely quantified in
the clinic as they are easily degraded and have not proven to be robust biomarkers.
The aim of this study was to determine whether there is a high degree of intra-
tumour heterogeneity associated with phosphorylated protein expression. A
PathScan array approach was used that tested 18 different phosphorylated proteins.
Several proteins involved in both the JAK/STAT and PI3K signalling pathways were
included on the array and we were interested in quantifying their expression within
the tumours as these proteins may be used as predictive biomarkers to stratify
patients for treatment with a PI3K-mTOR inhibitor for example.

JAK/STAT signalling pathway has been demonstrated to play a role in the

tumourigenesis of non-small cell lung cancer due to either mutations in JAKs with
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gain of function associated with increased expression of PD-LI (Li et al., 2017b,
Xu et al., 2017), or due to increased oncogenes that activate the JAK/STAT
signalling pathway (Leonard and O'Shea, 1998) leading to increased proliferation,
metastasis and drug resistance (Yang et al., 2019b). JAKs are tyrosine kinases
bound to the cytoplasmic part of many receptor tyrosine kinases, and occur as
multimeric subunit forms e.g. cytokine receptor type I and II (Stark and Darnell,
2012), as homodimers e.g. growth hormones and erythropoietin receptors, or exist
as heterodimers subunits e.g. interferons and interleukins receptors (Seif et al.,
2017). Di/multimerization and activation of JAKs occur when JAK containing
receptors bind to their ligands, J4Ks then recruit and trans-phosphorylate STATs in
order to activate and dimerize them so they can associate with other transcription
regulators and translocate to the nucleus to bind to their specific DNA sequence to
act as transcription activator or suppressor (Levy and Darnell, 2002). Serine
phosphorylation of S7A7s might augment their transcription power as in STAT! or
might counteract this as in STAT3(Seif et al., 2017). MAPK, JNK and ERK have
been well documented to be involved in serine phosphorylation of STATs (Seif et
al., 2017). Two JAK/STAT signalling pathways have been recognized; the
canonical pathway, involves phosphorylated JAKs and STATs through P/3 Kinase
(PI3K), Mitogen-activated kinase (MAPK) and intracellular receptor kinase (ERK)
(Li, 2008), and the non-canonical pathway which involve the unphosphorylated
STATS where they translocate to the nucleolus, binds to heterochromatin protein-1
(HP1), and play role in heterochromatin stability (Li, 2008). In this chapter, a panel
of 18 phosphorylated proteins including those involved in PI3K-AKT/PKB and

JAK/STAT signalling pathways were assessed in three tumour regions and matched
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normal tissues of four LSqCC patients using a Pathscan® Array (Cell Signalling)
(Figure 3.9).

HSP27 is an oncogenic heat shock protein, that is overexpressed in NSCLC and its
phosphorylation is required for cell death inhibition (Benn et al., 2002).
phosphorylated HSP27 was heterogeneous among patient 260 and the least amount
was detected in Q3 (26% more than normal tissue). Q2 and Q1 had 84% and 130%
(doubled) more expression than normal tissue, respectively. MAPK is the major
leading signalling pathway that phosphorylates HSP27 (Robitaille et al., 2010), and
its expression was 2.5-times more than normal tissue in Q1 and Q2, and there was
a 20% increase in Q3 (Figure 3.10). In patient 261, all regions had approximately
the same amounts of phosphorylated HSP27 despite the big variation in MAPK
phosphorylation (Figure 3.11). In patient 266, Q3 had the lowest amount of P-
HSP27 compared to the other two regions of the tumour which were approximately
double than in the normal tissue. MAPK phosphorylation was higher than the
normal tissue and variable among tumour regions (Figure 3.12). In patient 298,
phosphorylated HSP27 was increased in all tumour regions, T6 had the highest
increase (more than 2-fold increase than normal tissues), and MAPK
phosphorylation was matching the phosphorylation level in HSP27 (Figure 3.13).
Patient 260-Q3 and 266-Q3 are the least aggressive tumour parts as they had very
low levels of phosphorylated HSP27 (the active oncogenic form).

P53 is phosphorylated and stabilized mainly by AMPK (Maclaine and Hupp, 2009),
leading to overexpression of the MDM?2 gene which when phosphorylated
complexes with P53 and leads to its ubiquitination, degradation and cell survival
(Karni-Schmidt et al., 2016). Overexpression of mutated P53 with reduced tumour

suppressant function is associated with many forms of drug resistance including
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doxorubicin and cetuximab (EGFR-inhibitor) (Hientz et al., 2017). In this research
work, P53 was 2-fold more phosphorylated in patient 260-Q1 while it was 10%
less than the normal tissue in Q3. This might indicate increased ubiquitination
degradation of P53 in Q3 than in other regions. AMPK phosphorylation was lowest
in Q3 although was double that of normal tissue (Figure 3.10). In patient 261, P53
was phosphorylated in all regions. Q3 had a 2-fold higher expression in Q1 with
the latter lower than region Q2. AMPK phosphorylation levels in 261-Q1 was
similar to the normal tissue (only 2% increase) (Figure 3.11). In patient 266, P53
phosphorylation was high in Q1, while Q2 and Q3 had lower expression. AMPK
phosphorylation was 2-fold higher in QI than the other two tumour regions of
patient 266 (Figure 3.12). In patient 298, the amount of phosphorylated P53 was
very high in Q2 (2-fold more than in normal tissue) and was increased by 36% and
70% in Q1 and Q3, respectively compared to normal tissue. AMPK phosphorylation
was only 7% increase in Q1 compared to 100% increase (double) in Q2 and Q3
(Figure 3.13). Patient 260-Q3 has the lowest expression of phosphorylated proteins
compared to the two other tumour regions.

Bcl-2 agonist of cell death (BAD) is a tumour suppressor gene (7SG) and can be
antagonised when phosphorylated by EGFR, MAPK, PI3K, JNK1/2, JAK/STAT
and others (Sunayama et al., 2005). BAD, when phosphorylated, interacts with
BCL-XL and prevents the release of cytochrome ¢ required for the induction of
apoptosis (Downward, 1999, Hirai and Wang, 2001), therefore, interfering with
BAD phosphorylation by dual inhibition of EGFR, PI3K/AKT is a therapeutic
option for the treatment of cancer (She et al., 2005). In patient 260, phosphorylated
BAD was 10% less in Q3 than the normal tissue and was doubled (1.1-fold) and

60% more in Q1 and Q2, so the tumour suppressant effect of BAD in these regions
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is antagonized while maybe still active in Q3 (Figure 3.10). In patient 261, all
tumour regions had a higher amount of phosphorylated BAD than in normal tissue,
thus its tumour suppressant activity is silenced (Figure 3.11). In patient 266, only
Q1 had approximately 70% more phosphorylated BAD than the normal tissue while
the other two regions the BAD function is still active (Figure 3.12). In patient 298,
all tumour regions had high expression of phosphorylated BAD where it could be
working to interfere with apoptosis instead of 7SG (Figure 3.13). The
phosphorylated (active) form of tyrosine kinases, AKT, MAPK, ERK1/2 were all
heterogeneous across different tumour regions (Figures: 3.10-13). The overall
assessment of BAD phosphorylation in the patients studied demonstrated that 260-
Q3, 266-Q2 & Q3 may be less invasive and less aggressive.

Caspase-3 is a tumour suppressant cysteine protease that is downregulated in many
solid tumours including lung cancer (Yoo et al., 2004). In NSCLC, increased
caspase3 expression correlated with an increased survival, low lymph node
metastasis and overall a good prognosis (Fennell, 2005). Phosphorylation of
caspase-3 by P38-MAPK reduces its cleavage activity leading to cell survival
(antagonises its tumour suppressant effect). In patient 260, the abundance of
phosphorylated caspase-3 was 2-fold decreased in Q3 than the normal tissue while
was increased 3-fold and double more in the other two regions, respectively (Figure
3.10). In patient 261, Q1 phosphorylated caspase-3 was less than in normal tissue
by double, but was more abundant in the other two tumour regions (Figure 3.11).
In patient 266, all tumour regions had more phosphorylated caspase-3 than the
normal tissue and the least amount was detected in Q2 (Figure 3.12). In patient 298,
the phosphorylation of caspase-3 was 23% less in Q3 than in the normal tissue, and

was 23% and 155% more abundant in Q1 & Q2, respectively (Figure 3.13). The
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overall assessment of caspase-3 phosphorylation in the studied patients revealed
260-Q3, 261-Q1 and 298-Q3 regions to be less invasive as well.

STATI and 3 can be phosphorylated mainly by JAK kinases, the phosphorylated
levels of STATSs reflects not only JAK/STAT pathway but also other tyrosine kinases
mediated pathways such as PI3K and MAPK (Seif et al., 2017, Harrison, 2012).
Intracellular signalling assessment of JAK/STAT pathway was done by quantifying
STATs phosphorylation. In patient 260, p-STATI levels were increased and
heterogeneous among the tumour regions while Q3 had the lowest expression
(Figure 3.10). STAT was also increased in patient 298 in Q2 and Q3 (Figure 3.13).
Phosphorylated STAT expression was lower than the normal tissue in patients 261
and 266 in all tested tumour regions (Figures 3.11, 3.12). pSTAT3 was only elevated
in patient 260 and was lower than normal in the other three patients. Only patient
260 and 298 had an activated JAK/STAT pathway.

PIMI, 2 and 3 mRNA expression was also quantified by qRT-PCR. Results
revealed a significant increase in PIM2 mRNA levels in patient 260 in both tumour
regions examined (Q1 and Q3), Q3 had double the amount of PIM2 levels than Q1
and this might confirm an upstream genetic makeup heterogeneity, while PIM/ and
3 were both downregulated in Q1 and Q3 (Figure 3.10). In patient 261, there was
2-fold more PIM1 expression in Q1 than in Q2. PIM?2 had no significant change
compared to the normal tissue. PIM3 mRNA was elevated in Q1 and lowered in Q2
compared to matched normal tissue. PIM/ and 3 might demonstrate upstream
genetic makeup differences in this patient (Figure 3.11). In patient 266, all three
PIM kinases were upregulated in Q1 compared to the normal tissue and Q3,
confirming the existence of heterogeneity within the tumour mass of this patient

(Figure 3.12). In patient 298, all PIM kinases were also significantly elevated in
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Q1 and were significantly downregulated in Q2 (except PIM2 in Q2). Again,
heterogeneity existed in patient 298 (Figure 3.13).

Although vast resources have been spent in developing new therapies for cancer,
many of the drugs have failed due to the emergence of drug resistance. Recent
research has found that the majority of treatment failure is due to tumour
heterogeneity (Fisher et al., 2013, Burrell and Swanton, 2014, Lim and Ma, 2019).
This study quantified both proteomic and phospho-proteomic expression to
determine the extent of intra-tumour heterogeneity that exists within lung squamous
cell carcinomas. This tumour histology has less driver mutations and therefore less
treatment options than adenocarcinomas. Although ITH was present across all of
the tumours studied we showed that the majority of total proteins were expressed
in all tumour regions albeit differentially expressed.

These data highlight the need for large multi-centre test and validation studies,
across different tumour histology, to first identify and then validate robust
prognostic and predictive biomarkers that can be used in the clinic to guide patient
treatment. Further studies to validate representative cut-off values for immune-
histochemistry tests are also crucial for implementing biomarkers into practice. On
the other hand our data highlighted that the expression of phosphorylated proteins
across tumour regions is more spurious. In some cases expression of known cancer
pathway proteins was lower in the tumour tissue than in the matched normal tissue
and this may in part be due to the instability of phosphorylated proteins rather than
true differences in expression. To be effective in the clinical setting the
quantification of phosphorylated protein can be best utilised where there is an
option to have multiple tumour biopsies and where there is a system of preserving

the tissue in an appropriate stabilising buffer immediately after collection. In
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summary, well-validated robust biomarkers proven to be associated with a specific
activated pathway and displaying very little intra-tumour heterogeneity are crucial

to guide clinicians in the stratification of patients for targeted therapy.
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4. Chapter IV: Intratumour heterogeneity
(ITH) in lung adenocarcinomas defined by

multi-region whole exome sequencing
(WES) & microarray RNA analysis.
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4.1. Introduction

Lung adenocarcinoma represents more than 50% of all lung carcinomas (Kim et al.,
2006). Adenocarcinoma is the most common form of lung cancer in women,
Asians, and people under the age of 45. It is more likely to occur in non-smokers
(either never smokers or former smokers) than people who currently smoke. The
main activated/mutated driver oncogenes in lung adenocarcinoma are EGFR,
KRAS, HER2, MYC, MET, EML4-ALK and BCL2 (Revannasiddaiah et al., 2014).
EGFR and ALK tyrosine kinase inhibitors (TKIs) can be used as first line or second
line treatment. The eligibility of the patient to be treated with and EGFR TKI as a
first line treatment is the presence of sensitising mutations in the EGFR tyrosine
kinase domain such as; exon 19 deletions or exon 21 L858R point mutation which
are associated with increased kinase activity (gain of function) (Roeper and
Griesinger, 2019, Greulich et al., 2005, Pao et al., 2005). Anaplastic lymphoma
kinase (ALK) gene amplification (copy number), activation (point mutations) and
chromosomal rearrangement has been documented in many patients with lung
adenocarcinoma (Yano et al., 2003). The development of oral tyrosine kinases
inhibitors such as gefitinib and erlotinib which interrupt EGFR signalling, and
crizotinib, ceritinib and alectinib for treatment of positive ALK NSCLC are now
FDA approved for the treatment of lung adenocarcinoma (Holla et al., 2017). Lung
adenocarcinoma has been documented to have a great range of pathological and
molecular heterogeneity (Stegmeier et al., 2010). Resistance to EGFR TKIs can be
intrinsic (patient does not respond to treatment at start) due to KRAS activation and
PTEN down-regulation, or can be acquired (patient becomes non-responding to
EGFR-TKIs after sometime, i.e: initially responding). The most common acquired

resistance to FGFR-TKI is T790M substitution mutation (methionine encoded
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instead of threonine) in exon 20, this substitution changes the binding site of the
TKI (loss of specificity) and increases ATP affinity leading to acquired resistance
(Yun et al., 2008). HGF-receptor (MET) amplification is reported to be responsible
for 20% of EGFR-TKI acquired resistance (Cappuzzo et al., 2009). When disease
progression occurs while patients are on treatment with a TKI a second biopsy is
required for the assessment of the causative mutation/amplification that is driving
the acquired resistance (Arcila et al.,, 2011). EGFR mutations result in PI3K
pathway activation which can be suppressed by using EGFR TKlIs. Acquired
resistance to EGFR TKIs can occur via the acquisition of a PIK3CA mutation.
Therefore, targeting the PI3K pathway in EGFR- mutated lung cancer with acquired
resistance to EGFR TKIs is a promising strategy (La Monica et al., 2009). This
chapter aims to profile DNA mutations using whole genome sequencing (WES) and
mRNA expression using microarray technology, within different regions of the
same tumour compared to matched normal tissue in a cohort of patients with lung
adenocarcinoma. These data will highlight the overall intra-tumour heterogeneity
within the tumour specimens (mutation prevalence and gene expression). We will
also examine PIM kinase expression in two regions per tumour in the three patients
with lung adenocarcinoma studied in this chapter.

4.2 Experimental design

Three patients with lung adenocarcinoma (N=3) were included in this study.
Patients were consented as part of the Thoracic Oncology Research biobank at St.
James’s Hospital. After the tumour was surgically resected along with surrounding
normal lung tissue, the consultant pathologist isolated two pieces of tumour tissue
from different regions of the same tumour and the tissues were immediately

stabilized in All protect® Qiagen (Cat. #: 76405) overnight at 4°C. The buffer was
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then removed, and the samples were bio banked at -80°C until use. RNA and DNA
were extracted as previously detailed in chapter two (under section 3.3.1.2.1 and
3.3.1.2.2.). Total RNA samples for each patient were sent to ArrayStar™
Incorporation for mRNA expression analysis, and the DNA samples were sent to
LC Sciences for whole exome sequencing (WES). The aims of this chapter are: i-
to quantify changes in mRNA expression and the prevalence of mutations between
tumour tissue and matched normal tissue, ii- to determine any molecular
heterogeneity (RNA and DNA) between two different parts of the same tumour
mass, iii- to correlate mutation profiles of the tumour tissue with mRNA expression
and iv to compare PIM kinase and DSP, TNC, EROI-LA and ENOI expression
within two different regions of the tumour per patient.

4.3. Materials and Methods

4.3.1. Tumour tissue collection

Fresh lung adenocarcinoma tissue along with some surrounding normal tissues
from a written consented, newly diagnosed and treatment naive patients (Table 4.1)
were harvested and handled as described earlier under section 3.3.1.1 (previous
chapter). No specific criteria were put to choose the candidate tumour specimens as
the main question of this research project was to confirm and stress the existence of
heterogeneity within lung adenocarcinoma tissues. Haematoxylin and eosin
staining were performed by the consultant pathologist to ensure the percentage of
malignant cells within the resected tumour mass is >50%.

4.3.2. Nucleic acid isolation

All Prep-DNA/RNA/miRNA universal kit, Qiagen (Cat. #80224) was used to
extract RNA and DNA from the tissue samples obtained from lung adenocarcinoma

patients. The protocol procedure was detailed under materials and methods section
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3.3.1.2 (previous chapter). The eluted RNA samples were measured by Nanodrop

ND-1000. RNA qualitative and quantitative results are tabulated in appendix 4. /.

4.3.3. Whole exome sequencing (WES)

Whole exome sequencing (WES) was conducted by LC Sciences. The procedure
was carried out in three steps as follows: i- DNA fragmentation and library
construction followed by hybridization (90 min) and capture/wash/amplification,
ii- [llumina sequencing and iii- data extraction and analysis.

The extracted patients’ DNA samples were sent to LC Sciences for whole exome
sequencing. The DNA was subjected to a sonication fragmentation step, then the
Library was constructed using pre-designed probes (Capture library) SureSelect®
Human All Exon V6 kit (Cat.no. 5190-88863-Agilent technology). The kit covers
99% of RefSeq, CCDS, GENCODe, HGMD cds and OMIM _cds databases. The
sequencing was then performed using Illumina Hiseq X Ten 150-bp paired-end
sequencing method.

Table 4.1. Samples coding and experimental design for whole exome sequencing.

Sample Name Gender Sample Type Analysis_name
Patient 1 N Normal Patient 1 ADC T1 N
Patient 1 T1 Female Tumour Patient 1 ADC T1 T
Patient 1 T2 Tumour Patient 1 ADC T2 T
Patient _2 N Normal Patient 2 ADC_T1_N
Patient 2 T1 Female Tumour Patient 2 ADC T1 T
Patient 2 T2 Tumour Patient 2 ADC T2 T
Patient 3 N Normal Patient 3 ADC T1 N
Patient 3 T1  Male Tumour Patient 3 ADC T1 T
Patient 3 T2 Tumour Patient 3 ADC T2 T

T: tumour, ADC: adenocarcinoma, N: Normal tissue.
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4.3.4. Bioinformatics

The millions of paired-end generated reads of 150bp in FASTQ files were aligned
to a reference genome utilizing Burrows-Wheeler Alignment (BWA) software. A
post-alignment processing step, utilizing Picard tools, was undertaken to identify
and mark duplicate reads from BAM files. Variant calling was generated by GATK
Haplotype Caller, which examines the evidence for variation from reference via
Bayesian inference. At the end, Ensembl Variant Effect Predictor (VEP) was

utilized to add biological information to a set of variants.

4.3.5. Arraystar® Human Lnc-RNA Microarray V4.0
This experiment was designed to compare the expression of non-coding LncRNA
and coding mRNA in two regions per tumour compared to matched normal lung

tissue. The principle and procedure of the ArrayStar® microarray is detailed under

2.3.4.

4.3.6. q-RT PCR quantification of PIM kinase expression and DSP, TNC,
EROIA and ENOI in lung adenocarcinoma

PIM1/2/3 kinase (chapter 2) and DSP, TNC, EROI-La and ENOI, the four
candidate proteins that displayed intratumour heterogeneity (chapter 3), were also
quantified in these lung adenocarcinoma samples. Expression in two different
tumour regions was compared to matched normal lung tissue, and the results were
represented as column graphs with +/-STD using GraphPad Prism software version
7.

4.3.6.1. Primer design

Forward and reverse primer sets for DSP, TNC, EROIA and ENO1 were designed

in Primer3Plus software available online at http://www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi  using NCBI accession numbers IDs:

196



(>NM _004415.4), (>NM 014584.3), (>NM_001428.5), (>NM _002160.4),
respectively. The position of the primers per gene and the flanked exons junctions
were detailed under section 3.3.1.10.1-4. PIM1/2/3 kinase primers are detailed
under section 2.3.5.1.

4.3.6.2. q-PCR protocol

This experiment was performed to evaluate DSP, TNC, EROIA and ENOI mRNA
expression in a panel of lung cancer cell lines. The full protocol for the RNA
isolation, synthesis of the first strand cDNA and g-PCR is detailed under section

3.3.1.10.5-7.

4.3.6.3. qRT-PCR protocol
qRT-PCR protocol for quantitative comparison of DSP, TNC, EROIA and ENOI
and PIM1/2/3 kinase expression between matched normal lung tissue and two

regions per tumour was carried out as described under section 3.3.1.10.7.

197



4.4. Results

4.4.1. Mutational analysis (Whole Exome Sequencing Study)
Three types of mutations were detected; insertions, deletions and point mutations,

summarized in figure 4.1.

4.4.1.1. Insertion mutations

In patient 1, three genes; SLC22410, ERCC5 and COL16A1, in the matched
normal tissue (N) had one nucleotide insertions in one of their exons. The
deleterious one was located in the open reading frame of the excision repair cross-
complementation group 5 endonuclease (ERCCS5) gene at exon 13 leading to frame-
shift and loss of amino acid sequence after this mutation. The other two genes;
SLC22A410 and COL16A1 had insertions located in the untranslated regions (UTR)
with no impact. The first tumour region (T1) had one insertion in the COLI16A41
gene at exon 71 with no impact as it was located in the 3’UTR. This mutation was
also detected in the normal tissues . The second tumour region (T2) had one
insertion in SLC22A410 in exon 3 with no impact. The other insertion in this patient
were located in genes introns with no impact on the encoded protein. The largest
insertion (23nts) was detected in the low density lipoprotein receptor (LRP1B) gene
with no impact on the encoded protein (appendix 4.2).

In patient 2, two genes with exonic insertions were detected in the matched normal
tissue (N); single nucleotide insertion in KIA41731 gene with frame-shift, three
nucleotide in-frame insertion in ERBB2 gene with moderate effect on the gene
amino acid sequence. In the (T1), 4 genes were detected with exonic insertions, two
were shared with the normal tissue (KIA41731 and ERBB?2), and the other two
(GNY and ZNF'500) had insertions in their 3-UTR sequence, thus no impact on the

encoded gene resulted. In (T2) of this patient, the NOTCH1 gene was detected with
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an insertion at the 5-UTR sequence of exon 1. Other mutations in this patient were
detected in some gene introns which have no impact on the encoded genes
(appendix 4.3).

In patient 3, 16 genes were detected with insertions; 10 in the matched normal
tissue (9 with high impact, 1 moderate impact), 11 in T1 (10 with high impact and
1 modifier) and three unique in T2. The normal tissue shared 9 genes with high
impact insertion mutations with while the others are unique. Intronic insertions
were neglected as they have no impact on the encoded protein structure. The longest
insertion was detected in the cytochrome P450 family A7 (CPA7) gene (38 nts)
which was shared between the normal tissue and the first analysed tumour region
(appendix 4.4).

4.4.1.2. Deletion mutations

In patient 1, the normal tissue only had three mutated genes with frame-shift
(SULT6BI1, PTPRZI and RLTPR with high impact) deletions. T1 had two genes
with deletions, CHAF1A which had three in-frame nucleotides deletion with high
impact on the gene structure, and ELAVL3 had an 8 nucleotide deletion in the 3-
prime UTR sequence with no impact. T2 had 5 genes (LRP4, FOXFI, ZFHX3,
ELAVL3 and CHAF1A) with deletions in their exons, the last two detected are
shared with T1 as well. 13, 6 and 10 genes were detected with intronic deletions
with no impact on the encoded proteins in N, Tlor T2, respectively (appendix 4.5).
In patient 2, twelve genes in the matched normal tissue had exonic deletions (eight
with high impact). /FR2BPL gene had a 79 nucleotide deletion in the first exon,
MEDI3 had a 21Inucleotide deletion in exon 20 and CD55 had a 14 nucleotide
deletion, all lead to a frame-shift consequence with high impact on the encoded

protein. T1 had 10 genes with exonic deletions, six lead to frame-shift with high

199



impact, 3 genes with in-frame-deletions and 1 with a deletion in the 5-prime UTR.
Eight deletions were detected shared between N and T1, six of them were with high
impact and resulted in a frame shift effect. T2 had two genes with exonic deletions.
Six genes were detected in N with intronic deletions, while 16 and 15 genes (7 out
of them shared between region 1 and 2 of the tumour) were detected in T1 and T2
(appendix 4.6). In patient 3, 30 genes in N (26 with high impact, 3 moderate
impact, 1 modifier) had exonic deletions (3 unique, 27 shared with region 1, none
was shared with region 2). ARMCS5, SCL304A2, WWC3 and RTLI genes were
detected uniquely mutated in N with 38, 21, 18 and 17 nucleotides deletions in their
exons number 1, 8, 19, 1, respectively. T1 had 33 genes (30 with high impact, 3
moderate) with exonic deletions (4 unique, 2 shared with tumour region 2, and 27
were detected shared with the normal tissue). T2 had 5 genes (1 with high impact
and 1 moderate) with exonic deletions (two unique and three shared with T1).
However, the genes with intronic deletions in this patient were 11, 33 and 28 in N,
T1 or T2, respectively (appendix 4.7).

4.4.1.3. Point mutations

In patient 1, 24 genes had exonic point mutations (single nucleotide substitution):
{1 with high impact “stop codon gained”, 9 with low impact “synonymous
variants”, 12 moderate “missense variants” and 2 exon modifier mutation “3’-UTR
variant”}. T1 had 33 genes with exonic point mutations {3 with high impact (“1
stop lost”, “1 stop gained”, 1 “start lost”), 12 with low impact “synonymous
variants”, 15 moderate “missense variants” and 3 modifiers “1 3’UTR and 1 5’UTR
variants”}. T2 had 32 genes with exonic point mutations {2 with high impact (“1
stop lost and 1 stop gained”, 12 low “synonymous variant”, 13 moderate “missense

variant” and 5 modifiers “three 3’-UTR and two 5’-UTR variants”} (appendix 4.8).
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POTEC, KMT2C and FAM153C point mutations were shared between N and T1.
GOLGAG6BI is the only point mutation shared between N and T2. 16 exonic point
mutations were shared between T1 and T2. 8 and 9 exonic point mutations were
unique to T1 and T2, respectively. T1 and T2 also share 13 intronic point mutations
and each had three unique intronic point mutations. The total intronic point
mutations in N, T1 and T2 were 17, 20 and 16, respectively (appendix 4.8).

In patient 2, N had 188 point mutations in the protein coding genes; 118 in the
exon regions {5 with high impact “stop codon gained”, 31 low impact “I splice
region variant” and 30 “synonymous variants”, 9 “modifiers” 4 “3’UTR and 5
5’UTR variants” and 73 moderate “missense variants”}, and 70 were intronic {1
high “splice acceptor variant”, 4 low “splice region variant”, 65 modifiers “intron
variants”}. T1 had 167 genes with point mutations (appendix 4.9); 118 were exonic
{5 high “4 stop gained”, 1 “stop lost”, 10 modifiers 5 “3’UTR and 5 5’UTR
variants”, 25 low 2 “splice region variant” and 23 “synonymous variants”, and 78
moderate “missense variants”}, and 47 were intronic {1 high “splice acceptor
variant”, 3 low “splice region variant” and 43 modifiers “intron variants”}. T2 had
65 SNPs in the protein coding genes; 50 were exonic {1 high “stop gained”, 6 low
1 “splice region variant” and 5 “synonymous variants”, 3 modifiers “3’UTR
variants” and 40 moderate “missense variants”}, and 15 were intronic {1 low
“splice region variant” and 14 modifiers “intron variants”}. One gene exon and one
intron point mutation were shared between N and T2, while no mutations were
found shared between T1 and T2 or between N and T1 (appendix 4.9).

In patient 3, 1346 genes had point mutations in N, 866 were detected in the protein
coding genes exons {53 with high impact (51 “stop codon gained” and 1 “stop

codon lost”, 598 with moderate impact “missense variants”, 172 with low impact
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“4 splice region variants” and 168 “synonymous variants”) and 48 modifiers (26
“3-prime-UTR variants” and 22 “5-prime UTR variants”)}, and 454 SNPs were in
the protein coding introns {11 with high impact (6 “splice acceptor variants” and 5
“splice donor variants”), 416 modifiers (all are “intron variants” and 27 with low
impact “splice region variants”)}. T1 had 1464 genes with SNPs; {939 of which
were in exons (54 with high impact “2 stop lost and 52 stop gained”, 643 with
moderate impact SNPs “missense variants”, 53 were modifiers 22 “5-prime UTR”
and 31 “3-prime UTR variants”, and 189 with low impact effect “synonymous
variants”)}, and 525 SNPs were located in the gene coding introns {13 with high
impact ( 5 “splice donor variants” and 8 “splice acceptor variants™), 482 modifiers
“intron variants” and 30 with low impact “splice region variants™)}. T2 had 75
genes with SNPs; 43 in the exons {1 with high impact “stop codon gained”, 13 low
impact SNPs 1 “splice region variant” and 12 “synonymous variants”, 26 with
moderate impact “missense variants” and 3 modifiers 2 with “3-‘UTR variant” and
1 with “5-‘UTR variant™)}, and 32 intronic located SNPs {3 with low impact “splice

region variants” and 29 modifiers “intron variants”} (appendix 4.10).
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Figure 4.1. Whole exome sequencing mutation analysis. Whole exome sequencing of 3
lung adenocarcinoma patients, N: normal tissue, T1: tumour region 1, T2: tumour region
2, (/): denote shared mutations between the indicated tissue regions.

4.4.2. ArrayStar® microarray mRNA study.

The Venn diagrams show shared, opposing and uniquely expressed mRNAs in two
tumour regions per patient (T1, T2) compared to the matched normal tissue in three
patients with lung adenocarcinoma (Figure 4.2A, B and C, respectively). The
pattern for patient 1 was; 2167 mRNAs transcripts were upregulated in the T1
region compared to matched normal lung tissue (fold change >2) (Figure 4.2-A).
Among these mRNAs, 1613 were uniquely upregulated in T1 (appendix 4.11).
There were also 2523 mRNAs downregulated, 1311 of them were uniquely down

regulated in this part of the tumour (appendix 4.12).
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In the T2 region , 1938 mRNAs were upregulated compared to matched normal
tissue (fold change >2); 1236 were uniquely upregulated (appendix 4.13). Also,
there were 1622 mRNAs downregulated in T2, with 558 unique for this region
(appendix 4.14). Patient 1, had 483 mRNAs shared upregulated in both T1 and T2
tumour regions (appendix 4.15), and 993 mRNAs shared downregulated in both T1
and T2 (appendix 4.16). 71 mRNAs were upregulated in T1 but downregulated in
T2 (fold change >2) (appendix 4.17). Also, 219 mRNAs were upregulated in T2
and downregulated in T1 (fold change >2) (appendix 4.18).

The pattern for patient 2 was; 914 mRNAs were upregulated and 1407 mRNAs
were downregulated with 298 mRNAs uniquely upregulated (appendix 4.19) and
191 mRNAs uniquely downregulated (appendix 4.20) in the T1 region. The T2
region had 1531 upregulated mRNAs and 2593 downregulated mRNAs with 919
uniquely upregulated (appendix 4.21) and 1373 uniquely downregulated (appendix
4.22). 606 upregulated mRNAs (appendix 4.23) and 1210 down regulated mRNAs
(appendix 4.24) were shared between T1 and T2 regions. 10 mRNAs (appendix
4.25) were up-regulated in T1 and down-regulated in T2 and 6 mRNAs (appendix
4.26) were up-regulated in T2 and down-regulated in T1. The pattern for patient
3 was; 2106 and 2079 mRNAs were upregulated and downregulated, respectively
in T1 compared to matched normal tissue (fold change >2). Among these mRNAs
824 were uniquely upregulated (appendix 4.27) and 225 were uniquely down-
regulated (appendix 4.28) in T1 region. In T2, 1580 and 2682 mRNAs were
upregulated and downregulated, respectively. Among these mRNAs 317 were
uniquely upregulated (appendix 4.29) and 809 were uniquely downregulated

(appendix 4.30). 1854 mRNAs were downregulated (appendix 4.31) and 1263
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mRNAs were upregulated in both T1 and T2 regions (appendix 4.32). 19 mRNAs

were upregulated in T1 but downregulated in T2 (appendix 4.33).

1 TI Dn

Figure 4.2. Venn diagrams of up and down-regulated mRNAs in two regions per
patient in three patients diagnosed with lung adenocarcinoma. P1/P2/P3: three patients
coded 1,2,3. T1/T2 are two selected regions of the tumour analysed compared to normal
lung tissues harvested from the same patient. Up: upregulated in the malignant tissue
compared to the normal tissues, Dn: downregulated in the tumour tissues compared to the
normal lung tissue. Intersections showed the shared genes with same or opposite expression
profiles.
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4.4.2.1. Quantification of DSP gene and desmoplakin protein expression.

DSP mRNA expression was quantified by qRT-PCR in RNA isolated from the
three patients analysed by WES and microarray technologies above. DSP
expression within the two tumour regions (T1 -blue and T2 -red) was compared to
matched normal tissue (N) (Figure 4.3-A) (n=2). No protein samples were available
from the above patients, therefore, desmoplakin was assessed in another set of three
patients with lung adenocarcinoma (Figure 4.3-B). The comparison was done in
two regions (T1 -red and T2 -blue) from the same tumour mass per patient
compared to the normal tissue (green). To minimize technical pipetting and loading
errors, results were normalized for their alpha/beta tubulin (in western blot) and S18
gene expression (in qRT-PCR) as internal loading control and expressed as relative
expression.

In patient 1, qRT-PCR showed that the level of DSP mRNA was elevated in T1
and T2 compared to the control normal tissue but no heterogeneous expression was
observed between T1 and T2 (Figure 4.3-A). DSP protein expression was decreased
10.7-fold and increased 1.9-fold in T1 and T2, respectively by microarray analysis
(Figure 4.3-B). In patient 2, DSP mRNA expression by qRT-PCR, was
significantly elevated in T1 and T2 (with no heterogeneity) compared to the normal
tissue (Figure 4.3-A). DSP protein level was 1.1 and 3.3-fold elevated in T1 and
T2, respectively compared to the matched normal tissue (Figure 4.3-B). In patient
3, DSP expression was increased 3.3 and 3.8-fold in T1 and T2 compared to the
normal tissue by the microarray analysis, while qRT-PCR detected no mRNA levels
differences between T1 and T2 (Figure 4.3-A). Western blot showed elevated
desmoplakin in two patients (P1, P3) (Figure 4.3-B) with heterogeneous pattern (T2

-red) in the two patients had half the amount of desmoplakin in T1 -blue. In patient
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2, desmoplakin was unchanged in T2 -red compared to the normal tissues, while it

was downregulated in T1 -blue. The expression was heterogeneous in this patient's

tumour regions as well.
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Figure 4.3. Comparative analysis of desmoplakin in the malignant tissue compared to
their matched control normal tissues in three patients with lung adenocarcinoma (P1,
P2, P3). A. by qRT-PCR, B. by western blot in three patient in the patients analyzed by
arrayStar® and WES. Green denotes desmoplakin protein relative expression levels in the
control normal tissues per patient, red and blue denote desmoplakin protein/mRNA relative
expression levels in two different regions per tumour per patient.
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4.4.2.2. Quantification of TNVC gene expression.

TNC antibodies fail to detect TNC-c in all the tested samples. TNC-c mRNA
expression was upregulated 9.2 and 1.3-fold in T1 and T2 of patient 1, down-
regulated 1.3 and 1.1-fold in T1 and T2, respectively in patient 2, and upregulated
3.6 and 2.3-fold in patient 3, by microarray analysis. 7TNC expression was validated
further by qRT-PCR in the three lung adenocarcinoma patients (P1, P2 and P3).
Expression in the two tumour regions (T1 -blue) and T2 -red) from the same tumour
mass per patient were compared to the matched normal tissue (N). To minimize
technical pipetting and loading errors, results were normalized for their S18 gene
expression (in qRT-PCR) as internal loading control and expressed as fold change.
In patient 1, 2 and 3, TNC-c mRNA was upregulated by 0.8-fold, in T1 and T2 in
patients 1 and 2 compared to their matched normal tissue. In patient 3, TNC-c was
1.3-fold elevated. No intra-tumour heterogeneity was seen in the three patients
among their two tested tumour regions (Figure 4.4). No protein samples were left

to assess TNC protein abundance in the tested samples.
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Figure 4.4. Comparative analysis of TNC-c levels in the malignant tissue (T1 and T2)
compared to their matched normal tissue (N) in three patients with lung adeno-
carcinoma (P1, P2, P3). Red and blue denote TNC-c mRNA relative expression levels in
the two different regions per tumour per patient.
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4.4.2.3 Quantification of ENOI gene and Enolase-1 protein expression.

The microarray analysis showed ENOI gene expression was downregulated 1.1-
fold in T1 and upregulated 1.1-fold in T2 compared to matched normal tissue in
patient 1. ENOI was elevated 1.8 and 2.1-fold in T1 and T2, respectively in patient
2. ENOI was elevated 2.5-fold and 1.8-fold in T1 and T2, respectively_in patient 3.
ENOI expression was validated further by quantitative qRT-PCR in the three lung
adenocarcinoma patients (P1, P2 and P3). ENOI expression within the two tumour
regions (T1 -red and T2 -blue) was compared to matched normal tissue (N -green)
(Figure 4.5-A). As no protein samples were available from these patients, enolase-
1 was assessed in another three lung adenocarcinoma patients. The comparison was
also done in two regions (blue and red) from the same tumour mass per patient
compared to the normal tissue (green) (Figure 4.5-B). To minimize technical
pipetting and loading errors, results were normalized for their alpha/beta tubulin (in
western blot) and S18 gene expression (in qRT-PCR) as internal loading control
and expressed as relative expression. qRT-PCR showed a significant upregulation,
by approximately 1.4-fold, 1.1-fold and 1.4-fold, of enolase-1 mRNA expression in
patient 1, 2 and 3, respectively. The enolase-1 expression exhibited no
heterogeneous expression pattern among the two tumour regions per patient in all
the three patients included in this study. In three lung adenocarcinoma patients,
enolase-1 was detected down-regulated in region 1 of the three patients (blue). In
patient 1 and 2, enolase-1 was unchanged in the second analysed regions (red).

In the patient 3, region 2 was detected 2X times upregulated in than in the control

normal tissue (red).
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Figure 4.5. Comparative analysis of enolase-1 in the malignant tissue compared to
their matched control normal tissues in three patients with lung adenocarcinoma (P1,
P2, P3). A. by qRT-PCR B. by western blot in the patients analysed by arrayStar® and
WES. Green denotes enolase-1 protein relative expression levels in the control normal
tissues per patient, blue and red denote enolase-1 protein/mRNA relative expression levels
in two different regions per tumour per patient.
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4.4.2.4. Quantification of ERO1A4 gene and ERO1-LA protein expression.

EROIA gene expression was validated in RNA from the three patients diagnosed
with lung adenocarcinoma (P1, P2 and P3), analysed by WES and microarray
technologies using qRT-PCR. No protein samples were available to assess ERO1-
La in these patients therefore, ERO1-La was assessed in another set of three patients
diagnosed with adenocarcinoma. ERO1A expression within the two tumour regions
(T1 -red and T2 -blue) was compared to matched normal tissue (N -green). To
minimize technical pipetting and loading errors, results were normalized for their
alpha/beta tubulin (in western blot) and S18 gene expression (in qRT-PCR) as
internal loading control and expressed as relative expression. In patient 1 EROIA
expression was increased 2.1-fold in T1 and 1.7-fold in T2 compared to the matched
normal tissue. In patient 2, EROIA expression was elevated 1.1 and 1.6-fold in T1
and T2, respectively compared to matched normal tissue. In patient 3, EROIA
expression was elevated by 2.1 and 1.1-fold in T1 and T2, respectively. By qRT-
PCR, EROI14 mRNA levels were significantly elevated in the two tumour regions
compared to the normal tissue in all patients, and no heterogeneous expression
pattern was observed (Figure 4.6A). Figure 4.6-B shows western blot analysis of
ERO1-La protein expression in three patients diagnosed with lung adenocarcinoma.
Both patient 1 (P1) and 2 (P2) malignant tissues (two regions) had elevated ERO -
La protein levels compared to the control normal tissue. The level was
heterogeneous among the two tumour regions. In patient 3, the two regions of the
tumour (blue and red) had a lower level of ERO1-La compared to their matched

control tissue with differential expression between the two tumour regions.
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Figure 4.6. Comparative analysis of ERO1-La in the malignant tissue compared to
their matched control normal tissues in three patients with lung adenocarcinoma (P1,
P2, P3). A. by qRT-PCR, B. by western blot in three patients analysed by arrayStar® and
WES. Green denotes ERO1-La protein relative expression levels in the control normal
tissues per patient, red and blue denote ERO1-La protein/mRNA relative expression levels
in two different regions per tumour per patient.

212



4.4.3. Bioinformatic analysis of microarray expression data

4.4.3.1. Expression of protein tyrosine kinases

In patient 1, ROR?2 and FLT3 receptor tyrosine kinases (RTKs) were 4.2 and 3.1-
fold elevated, respectively in T1 and were unchanged in T2. KIT and LTK were 2.4
and 3.5-fold decreased, respectively in T1 and unchanged in T2. In respective order,
ERBB 2 and 3 were 2.8 and 3.4-fold down-regulated in T1 and 2.3 and 6.1-fold
upregulated in T2 compared to N. DDR [ was unchanged in T1 and was upregulated
in T2. There were also five non-receptor tyrosine kinases (NRTKSs) including /7K,
CSK, BLK, ZAP70 and LCK (fold change: 2.3, 2.5, 2.1, 2.2, 2.4, respectively)
upregulated in T1 and unchanged in T2. In contrast, there were two non-receptor
tyrosine kinases upregulated FER and FRK (fold change: 3.4, 5.7, respectively) and
two tyrosine kinases BTK and MATK downregulated (fold change: 2.1 and 3.3,
respectively) in T2 while unchanged in T1 (Table 4.2). In patient 2, tyrosine kinase
with immunoglobulin-like and EGF-like domains 1 (7/E7) was upregulated in both
T1 and T2 of this patient. Three RTKs; RORI ROR2, and DDR2 were down-
regulated in both T1 and T2. Two RTKs MUSK and EGFR were upregulated in T2
but were unchanged in T1. There were also three RTKs down-regulated in T2 but
unchanged in T1 (Table 4.2). The expression of NTRKs in this patient were as
follows: CSK, BTK, MATK and BLK were unchanged in T1 and down-regulated in
T2. JAK2 was down-regulated in both T1 and T2. /7K was upregulated in T1 and
unchanged in T2, while FRK was upregulated in T2 and unchanged in T1 (Table

4.2).
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Table 4.2. Expression of protein tyrosine kinases in three lung AD patients.

FC
Description GeneSymbol =il 5
Patient 1
Receptor tyrosine kinase-like orphan receptor 2 RORZ 4.2 o]
Fms-related tyrosine kinase 3 FLT3 3.1 o]
V-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog KIT -2.4 (0]
RTK |Leukocyte receptor tyrosine kinase LTK -3.5 o]
Erb-b2 receptor tyrosine kinase 2 EREBB2 -2.8 2.3
Erb-b2 receptor tyrosine kinase 3 EREE3 -3.4 &1
Discoidin domain receptor tyrosine kinase 1 DDR1 (8] 2.7
ILZ-inducible T-cell kinase ITK 2.3 o]
C-sre tyrosine kinase CSK 2.5 o]
BLK proto-oncogene, Src family tyrosine kinase BLK 2.1 o)
Zeta chain of T cell receptor associated protein kinase 7CkDa ZAPTO 2.2 C
NRTK |LCK proto-oncogene, Src family tyrosine kinase LCK 2.4 8]
Fer (fps/fes related) tyrosine kinase FER o] 3.4
Fyn-related Src family tyrosine kinase FRK o} 57
Bruton tyrosine kinase BTK o -2.1
Megakaryocyte-associated tyrosine kinase MATEK o} -3.3
Patient 2
Tyrosine kinase with immunoglobulin-like and EGF-like domains 1 TIE1l 2.2 2.4
Receptor tyrosine kinase-like orphan receptor 2 RORZ -2.8 -4.6
Discoidin domain receptor tyrosine kinase 2 DDR2 -3.C¢ -3.3
Receptor tyrosine kinase-like orphan receptor 1 ROR1 -2.0 -2.4
RTK |Muscle, skeletal, receptor tyrosine kinase MUSK o] 2.7
Epidermal growth factor receptor EGFR o} 2.4
Fms-related tyrosine kinase 3 FLT3 o] -2.4
Fibroblast growth factor receptor 2 FGFR2 o] -2.1
V-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog KIT C -2.5
IL2-inducible T-cell kinase ITK 2.8 C
Janus kinase 2 TAKZ -2.1 -3.4
Fyn-related Src family tyrosine kinase FRK o] 2.3
NRTK |C-src tyrosine kinase CSK o] -2.2
Bruton tyrosine kinase BTK o] -4.1
Megakaryocyte-associated tyrosine kinase MATK o] -3.8
BLK proto-oncogene, Src family tyrosine kinase BLK 8] -3.0
Patient 3
Protein tyrosine kinase 7 (inactive) PTK7 2.4 (o]
MET proto-oncogene, receptor tyrosine kinase MET -2.2 -2.1
RTK Discoidin domain receptor tyrosine kinase 2 DDR2 -3.7 -3.6
Leukocyte receptor tyrosine kinase LTK -3.2 -3.2
Fibroblast growth factor receptor 2 FGFR2 o] 2.1
Erb-b2 receptor tyrosine kinase 2 EREB2 8] -2.0
BLK proto-oncogene, Src family tyrosine kinase BLK 3.1 2.5
Fyn-related Src family tyrosine kinase FRK 2.8 o]
NRTK IL2~indgcible T-cell kinase ITK 11.2 C
Janus kinase 3 TAK3 2.3 o]
FES proto-oncogene, tyrosine kinase FES -2.2 -2.4
Megakaryocyte-associated tyrosine kinase MATE -4.C -3.4

RTK: receptor tyrosine kinase, NRTK: non-receptor tyrosine kinase, FC: fold change, R1:
tumour region 1, R2: tumour region 2. (-) and (+) values: down-regulated and up-regulated,
respectively, in the tumour tissues compared to the control normal tissue.

In patient 3, three RTKs were down-regulated in both T1 and T2 including MET,
DDR?2 and LTK. ERBB2 was down-regulated in T2 and unchanged in T1, FGFR2
was upregulated in T2 but unchanged in T1, while PTK7 was upregulated in T1 and
unchanged in T2. In contrast two NRTKs; FES and MATK were down-regulated in
both T1 and T2, and FRK, ITK, and JAK3 were upregulated in T1 and unchanged

in T2, while BLK was upregulated in both tumour regions (Table 4.2).

214



4.4.3.2. Mutations associated with protein tyrosine kinases

In patient 1, whole exome sequencing detected four RTKs (AXL, EGFR, EPHA10
AND TIET) mutated in the normal tissue. AXL and EPHA10 were also mutated in
T1. ERBB4 was mutated with two nucleotide deletions in intron 7 in T2, and ROR2
was mutated in exon 9 in the normal tissue. The two tumour regions of this patient
are heterogeneous in two NTRKs 4BL had 3 nucleotide deletions in T1 and YES/
had a point mutation in T2 (Table 4.3). In patient 2, the normal tissue and T1 shared
two RTKs with the same mutations. EGFR had two point mutations in exon 7 and
21, and ERBB2 had three nucleotide insertions in exon 8. In the normal tissue,
ERBB? also had a point mutation in intron 8, and RET had a point mutation in exon
5. ERBB2 and EPHB6 had point mutation, and FGFR4 had two nucleotide deletions
in intron 8, 7, and 2, respectively. Normal tissue had a unique point mutation in
NTRK LYN. T1 and T2 both had a point mutation in exon 10 of 7XK and a single
nucleotide insertion in intron 12 of SYK. T2 had a unique single nucleotide deletion
in the YES! tyrosine kinase. T1 and T2 had /NSRR, ERBB4 with a point mutation
in intron 7 and 5, respectively and EGFR had a two nucleotide deletion in intron
25. MUSK was mutated only in T1 with a single nucleotide insertion in intron 13
and with point mutation in the exon 15 (Table 4.3). In patient 3, the ALK receptor
tyrosine kinase had a point mutation in intron 11 in N, T1 and T2. Normal tissue
and T1 also shared two mutated RTKs EFRBB4 had a substitution in exon 27 and
FGFR4 had two nucleotide deletions in intron 2. EPHA 10 had insertion in intron
10 in the normal tissue. FGFRI had a three nucleotide deletion in exon 5 in both
T1 and T2. T2 had three mutated receptor tyrosine kinases including ERBB4 with
a single insertion at intron 14, CSF/R with a point mutation at intron 13, AXL with

a three nucleotide deletion in intron 14 (Table 4.3). T1 and T2 both had a single
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nucleotide deletion at intron 1 of BMX, while T1 and the normal tissue had mutated

ZAP70 and FYN genes (Table 4.3).

Table 4.3. WES-detected mutated protein tyrosine kinases.

Chrom Pos Ref Alt  Symbol Type Exon/Intron Conseq. Impact
Patient 1
Normal Chr® 94486025 TTCC T ROR2  Deletion E9 D MT
Chr19 41758161 GTGA G AXT, Deletion 114 v MR
Chr7 55269062 GTC G EGFR Deletion 125 v MR RTK
Chrl 38187802 CA C  EPHAI10 Deletion 110 v MR
Chrl 43774445 c A TIE1 SNV 17 v MR
Chre 133759489 CAAG C ABL1 deletion El1l 1D MT | NRTK
Chrl 38187802 @ CA  EPHAI10 insertion 110 v MR e
Region 1| Chr19 41758161 GTGA G AXT, Deletion 114 v MR
Chr18 747929 T C YES1 SNV E4 DV MT | NRTK
Region 2 | Chr2 212578379 TAA T ERBB4 Deletion 17 SRV Low RTK
Patient 2
chr7 55221744 @ T EGFR SNV E7 MV MT
chr7 55259515 T G EGFR SNV E21 MV MT
chr17 37868202 T TGGG ERBB2 insertion ES8 I MT
chr10 43601921 A G RET SNV ES5 MV MMT RTK
Normal
chr7 142563186 G T EPHB6 SNV 17 v MR
chr17 37868551 @ A ERBB2 SNV 18 v MR
chr5 176517099 TTG T FGFR4  deletion 12 v MR
chr8 56866308 & A LYN SNV 17 v MR | NRTK
chr7 55221744 C T EGFR SNV E7 MV T
chr7 55259515 T G EGFR SNV E21 DV AT
chr17 37868202 T TGGG ERBB2 insertion ES I T
chre 113562939 A C MUSK SNV E15 MV MT e
Region 1 chr7 55269062 GTC G EGFR deletion 125 v MR
chr2 212589964 G @ ERBB4 SNV 15 v MR
chrl 156818703 @ T INSRR SNV 17 v MR
chro 113548014 G G4 MUSK  insertion 113 v MR
chr4 48088631 € G TXE SNV E10 MV MT [
chro 93650758 T TA SYK insertion 112 v MR
chri 156818703 C INSRR SNV 17 v MR
chr2 212589964 G c ERBRB4 SNV 15 v MR RTK
Region 2 chr7 55269062 GTC G EGFR deletion 125 v MR
chr4 48088631 @ G TXE SNV E10 MV MT
chro 93650758 T TA SYK insertion 112 v MR | NRTK
chr18 751880 CA C YES1 deletion 12 v MR
Patient 3
chr2 212251640 CT TA  ERBB4  substitution E27 MMV MT
chri 38187802 @ CA  EPHAIO insertion 110 v MR e
chr2 29497959 @ A ALK SNV 111 v Low
Normal | chr5 176516968 CGT @ FGFR4  deletion 12 v MR
chr2 98349522 G @ ZAPT0 SNV 15 v MR
chr6 111995610 G A FYN SNV 113 v MR | NRTK
chro 93629399 G A SYK SNV 16 v MR
chr2 212251640 CT TA  ERBB4  substitution E27 DMV AT
chr8 38285913 GTCA G FGFR1  deletion ES5 1D T e
chr2 29497959 C A ALK SNV 111 v Low
Region 1| chr5 176516968 CGT ] FGFR4  deletion 12 v MR
chr2 98349522 G c ZAPT0 SNV 15 v MR
chr6 111995610 G A FYN SNV 113 v MR | NRTK
chrX 15509448 CA C BMX deletion 11 v MR
chr8 38285913 GTCA G  FGFR1  deletion ES5 1D T
chr2 29497959 C A ALK SNV 111 v Low
Region 2 chr2 212530218 G G4 ERBB4  insertion 114 v MR RTK
chr5 149440964 T ] CSF1R SNV 113 v MR
chr19 41758161 GTGA G AXT, deletion 114 v MR
chrxX 15509448 CA C BMX deletion 11 v ME | NRTK

RTK: receptor tyrosine kinase, NRTK: non-receptor tyrosine kinase, POS: located on the
positive strand, Ref: reference sequence, Alt: detected alteration, Conseq. consequence of
such mutation, SNV: single nucleotide variant, E: exon, I: intron, MT: moderate, MR:
modifier, IV: intron variant, MV: missense variant, ID: Inframe deletion, II: intron variant,
SRV: splice region variant.
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4.4.3.3. Functional mapping of differentially expressed genes

All significantly (p<0.05) upregulated genes (T1: 2167, and T2: 1938) and down-
regulated genes (T1: 2524, and T2: 1623) using a cut off value of 2-fold in patient
1 were uploaded to Panther GO-Slim biological process classification. Genes were
classified into the following biological functions: biological adhesion (46, 29, 60,
42), biological regulation (498, 365, 588, 381), cell population proliferation (28,
17, 26, 23), cellular component organisation or biogenesis (242, 213, 316, 186),
cellular process (790, 675, 489, 570), developmental process (150, 112, 198, 128),
growth (10, 4, 10, 4), immune system process (102, 29, 37,42), localization (232,
213, 276, 164), locomotion (59, 40, 80, 56), 11: metabolic process (475, 418, 489,
288), multi-organism process (60, 27, 30, 31), multicellular organism process (170,
102, 174, 124), response to stimuli (327, 230, 342, 225) and signalling (244, 161,
270, 188). The order of gene numbers between brackets is (up in T1 -red, up in T2
-blue, down in T1 -dark green, down in T2 -light green), respectively (Figure 4.7:
P1). Panther biological classification of the significantly upregulated genes (T1:
867, and T2: 1531) and down-regulated genes (T1: 1462, and T2: 2593) using a 2-
fold cut off value in patient 2 was as following: biological adhesion (13, 21, 40,
62), biological regulation (188, 347, 347, 568), cell population proliferation (6, 12,
17, 29), cellular component organisation or biogenesis (82, 207, 170, 297), cellular
process (292, 579, 531, 918), developmental process (59, 98, 141, 197), growth (1,
6, 12, 15), immune system process (23, 23, 35,73), localization (80, 163, 160,273),
locomotion (22, 29, 45, 87), metabolic process (182, 368, 286, 481), multi-organism
process (11, 15, 31, 51), multicellular organismal process (49, 89, 149, 199),
response to stimuli (113, 203, 230, 383), 15: signalling (80, 143, 178, 292). Gene

number order is the same as in patient 1 (Figure 4.7: P2). In patient 3, the
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significantly upregulated genes (T1: 2190, and T2: 1650) and down-regulated genes
(T1: 2179 and T2: 2789) using a 2-fold cut off value were classified by Panther
GO-Slim biological process to the following categories: biological adhesion (33,
26, 57, 66), biological regulation (466, 373, 509, 652), cell population proliferation
(13, 16, 20, 30), cellular component organisation or biogenesis (307, 236,215, 316),
cellular process (856, 634, 751, 1015), developmental process (117, 99, 171, 222),
growth (4, 3, 5, 10), immune system process (63, 52, 55,60), localization (228, 187,
207, 291), locomotion (42, 37, 59, 87), metabolic process (523, 368, 406, 568),
multi-organism process (27, 25, 39, 47), multicellular organismal process (121, 95,
166, 201), response to stimuli (308, 245, 337, 432), signalling (197, 160, 262, 326)
with the same order used in patient 1 and 2 (Figure 4.7-P3). Further analysis of the
significantly upregulated and down regulated genes at 2-fold cut-off value per
tumour region per patient was performed by KEGG pathway analysis and the top
15 pathways are listed in table: 4.4. PI3K/AKT and JAK/STAT pathways were

studied in further detail.
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Panther GO-Slim Biological Process
Classification of Genes

1.5%10"
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M Ti-Up B T2-Up M T1-Dn [0 T2-Dn

Figure 4.7. Panther GO-Slim Biological Process classification of differentially up and
down regulated genes. 1: biological adhesion, 2: biological regulation, 3: cell population
proliferation, 4: cellular component organisation or biogenesis, 5: cellular process, 6:
developmental process, 7: growth, 8: immune system process, 9: localization, 10:
locomotion, 11: metabolic process, 12: multi-organism process, 13: multicellular
organismal process, 14: response to stimuli, 15: signalling. Red (T1-Up): up in region 1,
blue (T2-Up): up in region 2, dark green (T1-Dn): down in region 1 and light green (T2-
Dn): down in region 2.
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KEGG pathway analysis of the differentially expressed genes (DEGs) (either
upregulated or down-regulated), using a 2-fold cut off value, categorised the DEGs
into specific signalling pathways which are listed in table 4.2. In patient 1, 8.7%
(n=188) of the upregulated mRNAs T1 were involved in metabolic pathways, while
11.5% (n=224) of T2 upregulated genes were operating in metabolic pathways. On
the other hand, 6.7% (n=146) and 4.7% (n=77) of the down regulated genes in T1
and T2, respectively were involved in metabolic pathways. The second top pathway
was cytokine-cytokine receptor interaction, where 2.5% (n=58), 1.5% (n=38) of the
upregulated and 1.8% (n=34), 1.9% (n=31) of the downregulated genes in T1 and
T2, respectively were operating in this pathway. The third top clustering of genes
was in known cancer pathways; 2.5% (n=54), 1.9% (n=49) of the upregulated genes
and 5% (n=98), 3.4% (n=55) of the down regulated genes in T1 and T2, respectively
were involved in such pathways. In patient 2, the percentage of genes that were
involved in metabolic pathways was 9.3% (n=81) and 9.7% (149) of the
upregulated genes in T1 and T2, respectively. On the other hand, 7.2% (n=105) and
6.6% (n=172) of the down-regulated genes of T1 and T2, respectively were
involved in metabolism pathways. 2.2% (n=19), 1.9% (n=29) of the upregulated
genes in T1 and T2, respectively were involved in the cytokine-cytokine receptor
interaction, also 2.2% (n=32) and 2.0% (n=51) of the downregulated genes were
involved in this signalling pathway. Upregulated genes involved in cancer pathways
were 2.7% (n=23) and 2.5% (n=39), while the down regulated genes were 4.6%
(n=67) and 4.5% (n=117). In patient 3, the percentage of upregulated genes
involved in metabolic pathways was 9.3% (n=204) and 7% (n=116), while 6.5%
(n=142) and 7% (n=197) of the downregulated genes were involved in cell

metabolism. 1.8% (n=39), 2.2% (n=37) of the upregulated genes and 2.6% (n=57),
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2.3% (n=64) of the downregulated genes in T1 and T2 were operating in cytokine-
cytokine receptor interaction. The genes linked to cancer pathways were 2.5%
(n=55), 2.6% (n=43) of the upregulated genes in T1 and T2, respectively and 4.4%
(n=96), 4.5% (n=125) of the down-regulated genes in T1 and T2, respectively. The
PI3K/AKT and JAK/STAT pathways were studied further to define any differences

in signalling between the two tumour regions (T1 and T2) per patient.
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4.4.3.4. PI3K-AKT signalling pathway in patient 1.

Four genes (CDK4, COLI1A1, EIF4EBPI, and SPPI) were upregulated in both T1
and T2, listed at the top of table 4.5. The secreted phosphoprotein (SPPI) was
increased 199-fold in T1 and 6.2-fold in T2; Collagen type 1 alpha 1 (COLIAI) was
increased 6.9-fold in T1 compared to 2.4-fold in T2, both are extracellular matrix
proteins. Twenty three genes (Table 4.5 -line5) were detected down-regulated in
both T1 and T2. Among these 23 genes are ECM structural proteins including
COL4C3/4, COL5C6, ITGAI, LAMB2/G3, TNC-XB and von Willebrand factor.
Among the 23 down-regulated genes are several cytokines and cytokine receptors
including IL 4, IL2/7R. Several growth factors were also down-regulated in both
tumour regions of this patient such as VEGFR, PGF, PDGFA, NGF (Table 4.5). On
the other hand, some genes encoding for ECM structural proteins such as
LAMA3/B3, ITGB4/6, and some receptor tyrosine kinases such as ERBB2, ERBB3,
FGF4 and AMPK, were down-regulated in T1 while they were uniquely
upregulated in T2 (Table 4.5). Genes that were uniquely upregulated in T1 include;
ECM genes such as COLs, ITGs, THBSI, in addition to TNC-c and VTN. There
were several growth factors detected upregulated only in T1 e.g. FGF 1, 5, 10, 16,
17, 19, and also growth factor receptors such as FLTIR and FLT3R, ILGF and
ANGPT. In contrast, the unique down regulated genes in T1 include; COL4, ITGs,
LAMG, and PP?2 catalytic and regulatory subunits in addition to some cytokines and
growth factors (Table 4.5). There were also some cytokines such as /FNAIR and
IL2RB found down-regulated in T1 but unchanged in T2 (Table 4.5). T2 had 17
uniquely upregulated genes which include ECM genes, cytokines, growth factors.
T2 also had 12 down-regulated genes on top of them 7NC-n and EREG (Table 4.5).

The overall differences between T1 and T2 of this patient are summarized in figure
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4.8. Both tumour regions have upregulated and down regulated GFs, CKs, ECM
encoding genes, RTKs and GPCR (indicated as red fill for the upregulated and red
line above the boxes for the down-regulated genes) (Figure 4.8). Upstream to the
PIP2/PIP3 end point, T1 differs from T2 in some genes encoding for cell membrane
receptors including TLR2/3, CD19, CKR, and ITGA (Figure 4.8). PI3K-B and T cell
leukaemia 1B (7CL1I) were also upregulated in T1 in addition to lower levels of
PTEN and PI3K-A. Downstream to AKT, T2 had more elevated genes (yellow)
including GYS, cyclins, Bcl2, SGK, LKB1 and AMPK while both regions shared
CREB, CDK and 4EBPs upregulated (red-fill). Shared down-regulated are marked
as red line above gene name. Down-regulated in T1 marked as green line above the

gene while in T2 marked in yellow line above the gene name (Figure 4.8).
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2, red line above gene name: downregulated in both tumour regions, green line above gene

both tumour regions, green-fill: upregulated in region 1, yellow-fill: upregulated in region
name: downregulated in T1, yellow line under gene name: down regulated inT2.

Figure 4.8. PI3K/AKT signalling pathway in patient 1. Red-fill: upregulated genes in




Table 4.5. Expression of genes involved in PI3K/AKT pathway in patient 1.

KEGGEntry| Symbol Description T1 T2
hsa:1019 CDK4 cyclin dependent kinase 4 2.2/ 2.1
hsa:1277 COL1A1  collagen type I alpha 1 chain 6.9 2.4
hsa:1978 EIF4EBP1  eukaryotic translation initiation factor 4E binding protein 1 2.7 2.4
hsa 6696 SPP1 secreted phosphoprotein 1 199.0 6.2
hsa:1285 COL4A3  collagen type IV alpha 3 chain -4.2 -6.4
hsa:1286 COL4A4  collagen type IV alpha 4 chain 2.1 -2.6

hsa:131873 COL6A6  collagen type VI alpha 6 chain -5.6 -2.6
hsa:2791 GNG11 G protein subunit gamma 11 -4.8 -4.1
hsa:2997 GYS1 glycogen synthase 1 -14.1 -20.8
hsa:3551 IKBKB inhibitor of nuclear factor kappa B kinase subunit beta -4.3 -2.5
hsa:3559 IL2RA interleukin 2 receptor subunit alpha -7.8 -3.5
hsa:3565 L4 interleukin 4 -11.0 -4.4
hsa:3575 IL7R interleukin 7 receptor 2.4 -2.0
hsa:3672 ITGAIL integrin subunit alpha 1 -6.4 -3.9
hsa:3791 KDR kinase insert dornain receptor 5.3 -3.1
hsa:4254 KITLG  KIT ligand -143 -19.8
hsa:3913 LAMB2  laminin subunit beta 2 2.2 2.2
hsa:10319 LAMC3  laminin subunit gamma 3 -6.6 -6.0
hsa:57121 LPARS lysophosphatidic acid receptor 5 2.7 -3.0
hsa:64223 MLST8  MTOR associated protein, LST8 homolog -7.9 9.1
hsa:4803 NGF nerve growth factor 2.9 -4.0
hsa:5154 PDGFA  platelet derived growth factor subunit A -21.0 2.3
hsa:5228 PGF placental growth factor -16.7 -19.3
hsa:7060 THBS4 thrombospondin 4 -4.4 -3.4
hsa:7148 TNXB tenascin XB -S.1 2.2
hsa:7422 VEGFA  vascular endothelial growth factor A -3.9 -3.4
hsa:7450 VWF von Willebrand factor -5.1 -4.2
hsa:2064 ERBB2 erb-b2 receptor tyrosine kinase 2 2.8 2.3
hsa:2065 ERBB3 erb-b2 receptor tyrosine kinase 3 -3.4 6.1
hsa:2264 FGFR4 fibroblast growth factor receptor 4 -3.3 3.0
hsa:3667 IRS1 insulin receptor substrate 1 2.5 3.1
hsa:3691 ITGB4 integrin subunit beta 4 2.3 2.8
hsa:3694 ITGB6 integrin subunit beta 6 -20.8 2.4
hsa:3909 LAMA3  laminin subunit alpha 3 -2.6 2.0
hsa:3914 LAMB3  laminin subunit beta 3 -6.9 2.8
hsa:5563 PRKAA2  protein kinase AMP-activated catalytic subunit alpha 2 -3.4 2.1
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Table 4.5-continued

hsa:51378
hsa: 10018
hsa:930
hsa: 1278
hsa: 1291
hsa: 1292
hsa: 1293
hsa: 1311
hsa: 1385
hsa: 1436
hsa: 1977
hsa: 2246
hsa 2255
hsa: 8823
hsa: 8822
hsa: 9965
hsa: 2250
hsa: 2321
hsa: 2322
hsa: 2335
hsa: 2788
hsa: 3381
hsa: 3439
hsa: 3481
hsa: 3560
hsa:22801
hsa 3676
hsa 3695
hsa: 284217
hsa: 3911
hsa: 1902
hsa: 2846
hsa: 5105
hsa: 56034
hsa: 5156
hsa: 118788
hsa: 5294
hsa:23533
hsa: 6199
hsa:8115
hsa: 7057
hsa: 7058
hsa: 7097
hsa: 3371
hsa: 7448

ANGPT4
BCL2L11
CD1%
COL1A2
COL&A1
COL6A2
COL6A3
COMP
CREB1
CSF1R
EIF4E
FGF1
FGF10
FGF16
FGF17
FGF19
FGF5
FLT1
FLT3
FIN1
GNG7
IBSP
IFNA1
IGF2
IL2RB
ITGA11
ITGA4
ITGB7
LAMA1
LAMAS
LPAR1
LPAR4
PCK1
PDGFC
PDGFRA
PIK3AP1
PIK3CG
PIK3R5
RPS6KB2
TCL1A
THBS1
THBS2
TLR2
TNC
VTN

angiopoietin 4

BCL2like 11

CD19 molecule

collagen type I alpha 2 chain

collagen type VI alpha 1 chain

collagen type VI alpha 2 chain

collagen type VI alpha 3 chain

cartilage oligomeric matrix protein

cAMP responsive element binding protein 1
colony stimulating factor 1 receptor
eukaryotic translation initiation factor 4E
fibroblast growth factor 1

fibroblast growth factor 10

fibroblast growth factor 16

fibroblast growth factor 17

fibroblast growth factor 19

fibroblast growth factor 5

fms related receptor tyrosine kinase 1

fms related receptor tyrosine kinase 3
fibronectin 1

G protein subunit gamma 7

integrin binding sial oprotein

interferon alpha 1

insulin like growth factor 2

interlenkin 2 receptor subunit beta

integrin subunit alpha 11

integrin subunit alpha 4

integrin subunit beta 7

laminin subunit alpha 1

laminin subunit alpha 5

lysophosphatidic acid receptor 1
lysophosphatidic acid receptor 4
phosphoenolpyruvate carboxykinase 1
platelet derived growth factor C

platelet derived growth factor receptor alpha
phosphoinositide-3-kinase adaptor protein 1
phosphati dylinositol -4,5-bisphosphate 3-kinase catalytic subunit gamma
phosphoinositide-3-kinase regulatory subunit 5
ribosomal protein 36 kinase B2

T cell leukemiallymphoma 14
thrombospondin 1

thrombospondin 2

toll like receptor 2

tenascin C

vitronectin

22
2.7
10.4
22
30
23
4.1
31
22
4.6
28
35
24
22
30
=)
42
21
30
4.5
34
28
9.9
24.2
31
85
30
24
6.0
26
24
22
84
30
24
38
31
24
23
22
30
28.0
4.5
9.2
35
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Table 4.5-continued

hsa:284

hsa:374
hsa:1129
hsa:1282
hsa:1284
hsa:1288
hsa:2690
hsa:2932
hsa:3447
hsa:3569
hsa:3673
hsa:3675
hsa:8516
hsa:3696
hsa:3815
hsa:3918
hsa:9223
hsa:4170
hsa:4602
hsa:4609
hsa:8503
hsa:5586
hsa:5516
hsa:5523
hsa:28227
hsa:5525
hsa:5529
hsa:5728
hsa:5649
hsa:6446
hsa:1027

ANGPT1
AREG
CHRM2
COL4A1
COL4A2
COL4A6
GHR
GSK3B
IFNA13
L6
ITGA2
ITGA3
ITGAS8
ITGB8
KIT
LAMC2
MAGI1
MCL1
MYB
MYC
PIK3R3
PKN2
PPP2CB
PPP2R3A
PPP2R3B
PPP2RSA
PPP2RSE
PTEN
RELN
SGK1
CDKNI1B

angiopoietin 1

amphiregulin

cholinergic receptor muscarinic 2

collagen type IV alpha 1 chain

collagen type IV alpha 2 chain

collagen type IV alpha 6 chain

growth hormone receptor

glycogen synthase kinase 3 beta

interferon alpha 13

interleukin 6

integrin subunit alpha 2

integrin subunit alpha 3

integrin subunit alpha 8

integrin subunit beta 8

KIT proto-oncogene, receptor tyrosine kinase
laminin subunit gamma 2

membrane associated guanylate kinase, WW and PDZ domain containing 1
MCL1 apoptosis regulator, BCL2 family member
MYB proto-oncogene, transcription factor

MYC proto-oncogene, bHLH transcription factor
phosphoinositide-3-kinase regulatory subunit 3
protein kinase N2

protein phosphatase 2 catalytic subunit beta
protein phosphatase 2 regulatory subunit B"alpha
protein phosphatase 2 regulatory subunit B"beta
protein phosphatase 2 regulatory subunit B'alpha
protein phosphatase 2 regulatory subunit B'epsilon
phosphatase and tensin homolog

reelin

serum/glucocorticoid regulated kinase 1

cyclin dependent kinase inhibitor 1B

-11.9
-4.4
-4.3
-2.1
-2.6
-3.3
-2.6
-3.0
-3.1
-3.5
-4.5
-2.5

-17.0
-2.1
-2.4
-8.1
-3.2
-2.8
-2.6
-7.9
-2.1
-3.4
-2.1
-2.1
-8.3
-3.2
-2.0
-2.1
-3.1
-2.6
-2.7

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
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Table 4.5-continued

hsa:596 BCL2 BCL?2 apoptosis regulator / 2.2
hsa:898 CCNE1 cyclin E1 / 13.6
hsa:1297 COL9A1  collagen type IX alpha 1 chain / 87.7
hsa:148327 CREB3L4 cAMP responsive element binding protein 3 like 4 / 4.5
hsa:1942 EFNA1 ephrin Al / 2.0
hsa:1943 EFNA2 ephrin A2 / 2.3
hsa:1975 EIF4B eukaryotic translation initiation factor 4B / 3.3
hsa:1969 EPHA2 EPH receptor A2 / 2.1
hsa:26281 FGF20 fibroblast growth factor 20 / 4.5
hsa:2998 GYS2 glycogen synthase 2 / 4.5
hsa:3574 IL7 interleukin 7 / 3.4
hsa:22798 LAMB4 laminin subunit beta 4 / 2.7
hsa:9170 LPAR2 lysophosphatidic acid receptor 2 / 4.5
hsa:10161 LPAR6 lysophosphatidic acid receptor 6 / 2.1
hsa:80310 PDGFD platelet derived growth factor D / 2.3
hsa:10110 SGK2 serum/glucocorticoid regulated kinase 2 / 16.6
hsa:6794 STK11 serine/threonine kinase 11 / 2.2
hsa:9586 CREBS3 cAMP responsive element binding protein 5 / -2.4
hsa:2069 EREG epiregulin / -2.3
hsa:59345 GNB4 G protein subunit beta 4 / -2.1
hsa:2793 GNGT2 G protein subunit gamma transducin 2 / -3.3
hsa:2885 GRB2 growth factor receptor bound protein 2 / -2.3
hsa:3561 IL2RG interleukin 2 receptor subunit gamma / -2.0
hsa:3563 IL3RA interleukin 3 receptor subunit alpha / -3.4
hsa:3678 ITGAS integrin subunit alpha 5 / -3.0
hsa:3679 ITGA7 integrin subunit alpha 7 / -2.6
hsa:23678 SGK3 serum/glucocorticoid regulated kinase family member 3 / -2.5
hsa:63923 TNN tenascin N / -2.3
hsa: 7424 VEGFC  vascular endothelial growth factor C / -3.4

T1: tumour region 1, T2: tumour region 2. (+): denotes upregulated, (-): denotes
down-regulated. Colour code: from red to yellow: from the highest to the lowest
upregulated fold change values, dark to light green: the highest to the lowest
downregulated fold change values.
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4.4.3.5. PI3K-AKT signalling pathway in patient 2.

The number of down-regulated genes is triple the number of upregulated ones.
Fifteen versus forty five and twenty six versus sixty six genes were up and down -
regulated in T1 and T2, respectively. Eight genes were upregulated in both T1 and
T2 including SGK2, CCNE2, OSMR, EFG, CD19, IL2RA, COL2A1 and SSP1 (27
and 80-fold increased in T1 and T2, respectively) (Table 4.6). Forty-one genes were
downregulated in T1 and T2 by microarray analysis. Among these genes are
COL4/6, FGF, laminin, TNC, AKT, ILs and JAK2 (Table 4.6). Six genes were
upregulated in T1 and unchanged in T2, the most abundant was FGF5 which was
14-fold higher than matched normal tissue (Table 4.6). Next are the genes that
showed an opposite expression profile i.e. unchanged in T1 and upregulated in T2;
these genes include GF's, hormones, genes encoding for ECM proteins, ILs, MYC
transcription factor and P/3K adaptor and regulatory subunits. MYB transcription
factor was up-regulated in T1 and down-regulated in T2. Four genes were uniquely
down-regulated in T1 but not affected in T2 including FGF9, PDGF-D, IFNA1
and ITGA3 (Table 4.6). Twenty-four genes that were down-regulated in T2 and
unchanged in T1 including PPs, ECM genes, ILs, GFs (Table 4.6). Upstream to
PIP2/PIP3, both T1 and T2 had ECM, GF, CD19 and CKR genes up and down-
regulated. T2 had elevated R7K, cytokines and ITGA which were unique to this
region. PI3K-B was also upregulated in T2 only with lower levels of PTEN (Figure
4.9). Downstream of PIP2/PIP3, cyclins and SGK were elevated in both regions,
MYC transcription factor, CREB and /KK as well as Rheb were uniquely elevated

in T2 while the GYS was uniquely elevated in T1 (Figure 4.9).
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Figure 4.9. PI3K/AKT signalling pathway in patient 2. Red-fill: upregulated genes in
both tumour regions, green-fill: upregulated in region 1, yellow-fill: upregulated in region
2, red line above gene name: downregulated in both tumour regions, green line above gene
name: downregulated in region 1, yellow line under gene name: down regulated in region




Table 4.6. Expression of the genes involved in PI3K/AKT pathway in patient 2.

KEGG Entryl Symbol | Description T1 T2
hsa:9134 CCNE2  cyclin E2 2.5 4.1
hsa:930 CDI19  CDI19 molecule 3.0 4.1
hsa:1280  COL2A1 collagen type II alpha 1 chain 2.7 3.7
hsa: 1950 EGF epidermal growth factor 3.4 4.0
hsa:3559 IL2RA  interleukin 2 receptor subunit alpha 2.6 2.4
hsa:9180 OSMR  oncostatin M receptor 3.1 4.2

hsa:10110 SGK2  serum/glucocorticoid regulated kinase 2 4.5 3.2
hsa:6696 SPP1  secreted phosphoprotein 1 27.3 _
hsa: 10000 AKT3  AKT serine/threonine kinase 3 _ -2.7
hsa:284 ANGPT! angiopoietin 1 -2.5 -6.3
hsa:1282  COL4A1 collagen type IV alpha I chain -2.3 -3.1
hsa:1284  COL4A2 collagen type IV alpha 2 chain -2.7 -2.7
hsa:1285  COL4A3 collagen type IV alpha 3 chain -2.8
hsa:1286  COL4A4 collagen type IV alpha 4 chain -3.8
hsa:1287  COL4AS collagen type IV alpha 5 chain -3.4 -8.0
hsa:1288  COL4A6 collagen type IV alpha 6 chain -3.5 -13.0
hsa:1291  COL6AI1 collagen type VI alpha | chain -2.9 -2.5
hsa:1292  COL6A2 collagen type VI alpha 2 chain -2.4 -3.1
hsa:131873 COL6A6 collagen type VI alpha 6 chain -2.4 -4.6
hsa: 1943 EFNA2  ephrin A2 -2.4 -3.1
hsa:8817 FGF18 fibroblast growth factor 18 -2.6 -3.2
hsa:2247 FGF2  fibroblast growth factor 2 -2.9 -7.9
hsa:2252 FGF7  fibroblast growth factor 7 -2.6 -5.0
hsa:2264 FGFR4  fibroblast growth factor receptor 4 -3.6 -10.1
hsa:2690 GHR  growth hormone receptor -2.4 -2.4
hsa:59345 GNB4 G protein subunit beta 4 -2.2 -3.3
hsa:2791 GNGI11 G protein subunit gamma 11 -2.2 -8.4
hsa:3082 HGF hepatocyte growth factor -3.1
hsa:3563 IL3RA  interleukin 3 receptor subunit alpha -4.5
hsa:3569 IL6 interleukin 6 -3.6
hsa:3673 ITGA2 integrin subunit alpha 2 -3.7 -4.1
hsa:8516 ITGA8  integrin subunit alpha 8 -3.5 -9.3
hsa:3717 JAK2  Janus kinase 2 _ -3.4
hsa:3791 KDR  kinase insert domain receptor -2.4 -2.5
hsa:284217 LAMAIL laminin subunit alpha 1 =22 -3.1
hsa:3908 LAMA2 laminin subunit alpha 2 -2.8 -4.0
hsa:3912 LAMBI laminin subunit beta 1 -2.3 -3.6
hsa:22798  LAMB4 laminin subunit beta 4 -2.4 -6.3
hsa:3918 LAMC2 laminin subunit gamma 2 -2.6 -2.5
hsa: 10161 LPAR6  lysophosphatidic acid receptor 6 I 2.2 -3.1
hsa:9863 MAGI2 membrane associated guanylate kinase, WW and PDZ 4 -2.9 -5.0
hsa:4915 NTRK2 neurotrophic receptor tyrosine kinase 2 -3.4 _
hsa:5156  PDGFRA platelet derived growth factor receptor alpha -3.5 -3.6
hsa:5290 PIK3CA phosphatidylinositol-4,5-bisphosphate 3-kinase catalyti -2.4
hsa:5295 PIK3R1 phosphoinositide-3-kinase regulatory subunit 1 -2.3 -2.9
hsa:8503 PIK3R3 phosphoinositide-3-kinase regulatory subunit 3 -3.8 -3.8
hsa:5649 RELN  reelin -4.0 -4.7
hsa:7097 TLR2  toll like receptor 2 -2.4
hsa: 7148 TNXB  tenascin XB -3.2 -3.8
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Table 4.6-continued

hsa:2250
hsa:2997
hsa:3667
hsa:4254
hsa:5228
hsa:7060
hsa:4602
hsa:898

hsa:1277

hsa:148327 CREB3L4

hsa:1956
hsa:2056
hsa:26281
hsa:2783
hsa:2786
hsa:3551
hsa:3565
hsa:3678
hsa:3911
hsa:4609
hsa:4803
hsa:118788
hsa: 146850
hsa:6009
hsa:7423
hsa:80310
hsa:3690
hsa:3439
hsa:2254
hsa:374
hsa:1436
hsa:2263
hsa:2322
hsa:2335
hsa:3479
hsa:3560
hsa:3570
hsa:3574
hsa:3672
hsa:3676
hsa:3693
hsa:3815
hsa:3909
hsa:3910
hsa:10319
hsa:1902
hsa:5154
hsa:5521
hsa:5525
hsa:5526
hsa:5728
hsa:6446
hsa:7450

FGF5
GYSl1
IRS1
KITLG
PGF
THBS4
MYB
CCNEl
COLI1Al

EGFR
EPO
FGF20
GNB2
GNG4
IKBKB
IL4
ITGAS
LAMAS
MYC
NGF
PIK3AP1
PIK3R6
RHEB
VEGFB
PDGFD
ITGB3
IFNA1
FGF9
AREG
CSFIR
FGFR2
FLT3
FN1
IGF1
IL2RB
IL6R
IL7
ITGA1
ITGA4
ITGBS
KIT
LAMA3
LAMA4
LAMC3
LPARI
PDGFA
PPP2R2B
PPP2RSA
PPP2R5B
PTEN
SGK1
VWF

fibroblast growth factor 5

glycogen synthase 1

insulin receptor substrate 1

KIT ligand

placental growth factor

thrombospondin 4

MYB proto-oncogene, transcription factor
cyclin E1

collagen type I alpha 1 chain

cAMP responsive element binding protein 3 like 4
epidermal growth factor receptor
erythropoietin

fibroblast growth factor 20

G protein subunit beta 2

G protein subunit gamma 4

inhibitor of nuclear factor kappa B kinase subunit beta
interleukin 4

integrin subunit alpha 5

laminin subunit alpha 5

MYC proto-oncogene, bHLH transcription factor
nerve growth factor

phosphoinositide-3-kinase adaptor protein 1
phosphoinositide-3-kinase regulatory subunit 6
Ras homolog, mTORCI binding

vascular endothelial growth factor B

platelet derived growth factor D

integrin subunit beta 3

interferon alpha 1

fibroblast growth factor 9

amphiregulin

colony stimulating factor 1 receptor

fibroblast growth factor receptor 2

fms related receptor tyrosine kinase 3
fibronectin 1

insulin like growth factor 1

interleukin 2 receptor subunit beta

interleukin 6 receptor

interleukin 7

integrin subunit alpha 1

integrin subunit alpha 4

integrin subunit beta 5

KIT proto-oncogene, receptor tyrosine kinase
laminin subunit alpha 3

laminin subunit alpha 4

laminin subunit gamma 3

lysophosphatidic acid receptor 1

platelet derived growth factor subunit A
protein phosphatase 2 regulatory subunit Bbeta
protein phosphatase 2 regulatory subunit B'alpha
protein phosphatase 2 regulatory subunit B'beta
phosphatase and tensin homolog
serum/glucocorticoid regulated kinase 1

von Willebrand factor

14.0
2.7
3.4
353
3
2.5

3.6 A

/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/
/

~ O~~~ ~

3.6
35
2.2
2.4
2.1
2.1
2.1
2.4
29
2.1
2.4
2.0
2.7
2.0
2.4
2.1
2.8
2.2

—_— e e~

-2.3
-2.7
-2.2
-2.5
-2.5

-2.4

-2.7
-2.4
-3.4

T1: tumour region 1, T2: tumour region 2. (+): denotes upregulated, (-): denotes
down-regulated. Colour code: from red to yellow: from the highest to the lowest
upregulated fold change values, dark to light green: the highest to the lowest
downregulated fold change values.
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4.4.3.6. PI3K-AKT signalling pathway in patient 3

Twenty three genes, involved in the PI3K-AKT pathway, were upregulated in both
T1 and T2 including extracellular matrix encoding genes such as COLIAI,
COL2A41, COLY9A41, TNC, LAMAI, LAMCI and ITGDS. In addition CCNE1/2,
BCL?2 and growth hormones such as NGF and PDGFD as well as cytokines such as
IFNa2 were elevated in both T1 and T2 (Table 4.7). Thirty eight genes were down-
regulated in both T1 and T2 compared to normal tissue. Among these genes are
COL4/5, ITGAI, 2, 3, 8 and B6, and also LAMA 2,4 and G3, TNXB. Some growth
factors were also down-regulated in both T1 and T2 including FGF2, FGF5, FGF9,
FGF4, GHR, HGF, in addition to cytokines such as /L4, IL2 and IL3 receptors
subunit alpha. PIK3RI, PTEN, PKC (Table 4.7). EGF was upregulated in T1 and
down regulated in T2 with a 6.3-fold difference. T1 had 11 genes uniquely
upregulated including phosphatase 2, JAK3, IGF, FGF3, ITG and MYB (Table 4.7).
Six genes were downregulated in T1 including protein kinase N2, NTF3, FGF 18,
LPARS5/6. T2 had seven genes upregulated including /[FNal, IL6R, FGFI19,
FGFR2, EIF4E and COL4. Also there were seventeen uniquely downregulated
genes in T2 including COL4, FOXO3, IL6, ITGs, RELN, TSP4 and others (Table
4.7). All the above mentioned genes that showed similarity or differences in their
expression profile among T1 and T2 are summarized in figure 4.10. Shared
upregulated and downregulated genes detected in both tumour regions are listed in
red-fill boxes and red-lines, respectively. Upregulated and down-regulated genes in
T1 are in green-fill boxes and green lines, respectively, while upregulated and
down-regulated genes in T2 are in yellow-fill boxes and yellow lines, respectively

(Figure 4.10).
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Figure 4.10. PI3K/AKT signalling pathway in patient 3. Red-fill: upregulated genes in
2, red line above gene name: downregulated in both tumour regions, green line above gene

both tumour regions,




Table 4.7. Expression of the genes involved in PI3K/AKT in patient 3.

KEGG Entry| Symbol Description T1
hsa:10018  BCL2L11 BCL2 like 11
hsa:898 CCNEl  cyclinEl 6.9
hsa:9134 CCNE2  cyclin E2 5.1
hsa:930 CD19 CD19 molecule 16.1
hsa:1277 COLI1IAl  collagen type I alpha 1 chain 3.5
hsa: 1280 COL2AI1  collagen type II alpha I chain 16.2
hsa:1297 COL9AI1  collagen type IX alpha 1 chain
hsa:1943 EFNA2  ephrin A2
hsa: 1945 EFNA4  ephrin A4 3.5
hsa:1978  EIF4EBP1 eukaryotic translation initiation factor 4E binding protein 1 5.7
hsa:3440 IFNA2  interferon alpha 2 3.1
hsa:3696 ITGB8  integrin subunit beta 8 4.0
hsa:284217  LAMAI  laminin subunit alpha 1 5%
hsa:3915 LAMC!  laminin subunit gamma 1
hsa:4803 NGF nerve growth factor
hsa:3164 NR4A1l  nuclear receptor subfamily 4 group A member 1
hsa:5105 PCK1 phosphoenolpyruvate carboxykinase 1
hsa:80310 PDGFD  platelet derived growth factor D
hsa:10110 SGK2  serum/glucocorticoid regulated kinase 2
hsa:6696 SPP1 secreted phosphoprotein 1
hsa:8115 TCLIA T cell leukemia/lymphoma 1A
hsa:7058 THBS2  thrombospondin 2
hsa:3371 TNC tenascin C
hsa: 10000 AKT3  AKT serine/threonine kinase 3
hsa:284 ANGPT1  angiopoietin 1 -9.0
hsa: 1287 COL4AS  collagen type IV alpha 5 chain -4.4
hsa:1288 COL4A6  collagen type IV alpha 6 chain -10.0
hsa:131873  COL6A6  collagen type VI alpha 6 chain -4.5
hsa:9586 CREBS  cAMP responsive element binding protein 5 -4.7
hsa:1435 CSF1 colony stimulating factor 1 -3.0
hsa:1442 CSHI chorionic somatomammotropin hormone 1
hsa: 1969 EPHA2  EPH receptor A2
hsa:2246 FGF1 fibroblast growth factor 1

22 [aen|

4.5
2.9
15.8
4.5
11.1
8.0
2.5
2.6
6.2

-7.8
-5.9
-9.2
-4.5
-4.6
-3.3

236



Table 4.7-continued

hsa:2247
hsa:2250
hsa:2254
hsa:2264
hsa:2324
hsa:2690
hsa:2791
hsa:2997
hsa:3082
hsa:3551
hsa:3559
hsa:3563
hsa:3565
hsa:3575
hsa:3672
hsa:3673
hsa:3675
hsa:8516
hsa:3694
hsa:3791
hsa:4254
hsa:3908
hsa:3910
hsa:10319
hsa:9863
hsa:4233
hsa:4915
hsa:5154
hsa:5228
hsa:8503
hsa:5525
hsa:5526
hsa:5578
hsa:5728
hsa:23678
hsa:7148
hsa:7424
hsa: 7450

FGF2
FGF5
FGF9
FGFR4
FLT4
GHR
GNG11
GYSI
HGF
IKBKB
IL2RA
IL3RA
IL4
IL7R
ITGA1
ITGA2
ITGA3
ITGAS8
ITGB6
KDR
KITLG
LAMA2
LAMA4
LAMC3
MAGI2
MET
NTRK2
PDGFA
PGF
PIK3R3
PPP2R5SA
PPP2R5B
PRKCA
PTEN
SGK3
TNXB
VEGFC
VWF

fibroblast growth factor 2

fibroblast growth factor 5

fibroblast growth factor 9

fibroblast growth factor receptor 4

fms related receptor tyrosine kinase 4

growth hormone receptor

G protein subunit gamma 11

glycogen synthase 1

hepatocyte growth factor

inhibitor of nuclear factor kappa B kinase subunit beta
interleukin 2 receptor subunit alpha

interleukin 3 receptor subunit alpha

interleukin 4

interleukin 7 receptor

integrin subunit alpha 1

integrin subunit alpha 2

integrin subunit alpha 3

integrin subunit alpha 8

integrin subunit beta 6

kinase insert domain receptor

KIT ligand

laminin subunit alpha 2

laminin subunit alpha 4

laminin subunit gamma 3

membrane associated guanylate kinase, WW and PDZ 2
MET proto-oncogene, receptor tyrosine kinase
neurotrophic receptor tyrosine kinase 2

platelet derived growth factor subunit A
placental growth factor
phosphoinositide-3-kinase regulatory subunit 3
protein phosphatase 2 regulatory subunit B'alpha
protein phosphatase 2 regulatory subunit B'beta
protein kinase C alpha

phosphatase and tensin homolog
serum/glucocorticoid regulated kinase family member 3
tenascin XB

vascular endothelial growth factor C

von Willebrand factor

-3.5
-2.9 -2.9
-4.1 -5.1
-5.5 -7.1

| 21 23|

-3.4 -4.6
-10.0 -9.4
-3.7 -3.4

-14.7  -14.7

-8.0 -12.5
-4.0 -3.9
-3.7 -4.2
-10.6 -9.3
-5.1 -6.3
-5.7 -5.4
-4.1 -4.5

-4.7

-3.0
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Table 4.7-continued

hsa:1950 EGF epidermal growth factor
hsa:148327 CREB3L4 cAMP responsive element binding protein 3 like 4 2.5 /
hsa:2248 FGF3 fibroblast growth factor 3 2.9 /
hsa:2998 GYS2  glycogen synthase 2 2.2 /
hsa:3479 IGF1 insulin like growth factor 1 2.1 /
hsa:22801 ITGAIl  integrin subunit alpha 11 2.6 /
hsa:3718 JAK3 Janus kinase 3 2.3 /
hsa:4602 MYB MYB proto-oncogene, transcription factor 2.9 /
hsa:4893 NRAS  NRAS proto-oncogene, GTPase 2.6 /
hsa:5519 PPP2RIB  protein phosphatase 2 scaffold subunit Abeta 2.2 /
hsa:5522  PPP2R2C  protein phosphatase 2 regulatory subunit Bgamma - /
hsa:5523 PPP2R3A  protein phosphatase 2 regulatory subunit B"alpha 2.9 /
hsa:256076  COL6AS  collagen type VI alpha 5 chain /
hsa:1977 EIF4E  eukaryotic translation initiation factor 4E / 2.1
hsa:9965 FGF19  fibroblast growth factor 19 / m
hsa:2263 FGFR2  fibroblast growth factor receptor 2 / 2.1
hsa:3320 HSP90AAI1 heat shock protein 90 alpha family class A member 1 /
hsa:3452 IFNA21  interferon alpha 21 / 2.2
hsa:3570 IL6R interleukin 6 receptor / 2.1
hsa:57121 LPARS5  lysophosphatidic acid receptor 5 -2.4 /
hsa:10161 LPAR6  lysophosphatidic acid receptor 6 -2.3 /
hsa:1129 CHRM2  cholinergic receptor muscarinic 2 -3.0 /
hsa:8817 FGF18  fibroblast growth factor 18 -2.1 /
hsa:4908 NTF3 neurotrophin 3 -2.2 /
hsa:5586 PKN2  protein kinase N2 -2.1 /
hsa:374 AREG  amphiregulin / -4.5
hsa:896 CCND3  cyclin D3 / -2.2
hsa:1282 COL4A1  collagen type IV alpha 1 chain / -2.3
hsa:1285 COL4A3  collagen type IV alpha 3 chain / -2.5
hsa:2064 ERBB2  erb-b2 receptor tyrosine kinase 2 /
hsa:2309 FOXO3  forkhead box O3 /
hsa:3569 IL6 interleukin 6 /
hsa:3688 ITGB!  integrin subunit beta 1 / -2.1
hsa:3690 ITGB3  integrin subunit beta 3 / -2.4
hsa:9223 MAGI1  membrane associated guanylate kinase, WW and PDZ domain / -2.2
hsa:4609 MYC MYC proto-oncogene, bHLH transcription factor / -2.1
hsa:5516 PPP2CB  protein phosphatase 2 catalytic subunit beta /
hsa:5562 PRKAAI1 protein kinase AMP-activated catalytic subunit alpha 1 / -2.3
hsa:5649 RELN  reelin / -2.4
hsa:6446 SGK1 serum/glucocorticoid regulated kinase 1 / -2.8
hsa:9623 TCLIB T cell leukemia/lymphoma 1B / -2.2
hsa:7060 THBS4  thrombospondin 4 / -2.4

T1: tumour region 1, T2: tumour region 2. (+): denotes upregulated, (-): denotes
down-regulated. Colour code: from red to yellow: from the highest to the lowest
upregulated fold change values, dark to light green: the highest to the lowest
downregulated fold change values.
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4.4.3.7. JAK/STAT signalling pathway in patient 1

The two tumour regions (T1 and T2) shared an increased /L23R and suppressor of
cytokine signalling 1 (SOCSI). T1 and T2 also shared eight downregulated genes
including /L4, IL2, IL5 and IL7 receptors, and PDGFA (Table 4.8). Two interleukin
receptors; IL13RA2 and IL20RA were down regulated in T1 and upregulated in T2.
T1 had 18 upregulated genes, which were unchanged T2, including interferons,
interferon receptors, cytokines, thrombopoietin growth factor, and STATs 1, 4, 5 as
well as platelet derived growth factor receptor alpha. In contrast, T2 had ten
upregulated genes, unchanged in T1, including STAT6, PIM1 and some cytokines
and cytokines receptors (Table 4.8). T1 had 11 uniquely down-regulated genes
including SOCS 2 and 3, PIK3R3, MYC and IL6 and its signal transducer (/L6S7),
in addition to growth factor receptors. In contrast, six genes were uniquely
downregulated in T2 from this patient, four of them are cytokines receptors (Table
4.8). The overall differences between the two tumour regions detected by the arrays
are summarized in figure 4.11-A. Both regions had elevated and lowered expression
of cytokines/cytokines receptor. STATs were elevated in both tumour regions in
addition to SOCS. T2 possesses elevated Bcl-2 and PIM1, while T1 has some
elevated growth factors PIM1/2/3 were elevated in both tumour regions by
microarray analysis (Figure 4.11-B). PIM1/2/3 were also elevated by qRT-PCR in
both tumour regions (Figure 4.11-C). Increased PIMI and 2 were observed in T2
compared to T1 but this was not statistically significant. PIM3 expression was

higher in T1 compared to T2 (p=0.04).
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Figure 4.11. JAK/STAT signalling pathway in patient 1. A. genes detected dysregulated
in JAK/STAT pathway by arrayStar®: Red fill: upregulated in both regions, red line above
gene name: down-regulated in both tumour regions, green fill: upregulated in T1, green
line above gene symbol: down-regulated in T1, yellow fill: upregulated in T2, yellow line
under gene symbol: down-regulated in T2. B. PIM1/2/3expression in the two tumour
regions as detected by ArrayStar®. C. qRT-PCR validation of PIM1/2/3 in the two tumour
regions of patient 1, *: (p=0.04).
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Table 4.8. Expression of genes involved in JAK/STAT pathway in patient 1.

KEGG Entry Symbol Description T1 T2
hsa:149233 IL23R interleukin 23 receptor 2.1 2.5
hsa:8651 SOCS1 suppressor of cytokine signaling 1 2.8 S
hsa:2273 FHL1 four and a half LIM domains 1 -3.0 -2.0
hsa:3559 IL2RA interleukin 2 receptor subunit alpha -7.8 -3.5
hsa:3565 IL4 interleukin 4 -11.0 -4.4
hsa:3568 ILSRA interleukin 5 receptor subunit alpha -2.1 -2.0
hsa:3575 IL7R interleukin 7 receptor -2.4 -11.0
hsa:3953 LEPR leptin receptor -6.1 -3.6
hsa:3977 LIFR LIF receptor subunit alpha -19.4 -3.3
hsa:5154 PDGFA  platelet derived growth factor subunit A -21.0 -2.3
hsa:3598 IL13RA2  interleukin 13 receptor subunit alpha 2 -2.8 3.2
hsa:53832 IL20RA  interleukin 20 receptor subunit alpha -6.8 6.9
hsa:1438 CSF2RA  colony stimulating factor 2 receptor subunit alpha 3.6 /
hsa:1489 CTF1 cardiotrophin 1 2.9 /
hsa:3439 IFNA1 interferon alpha 1 9.9 /
hsa:3458 IFNG interferon gamma 4 /
hsa:3460 IFNGR2  interferon gamma receptor 2 3.1 /
hsa:56832 IFNK interferon kappa 2 /
hsa:282617 IFENL3 interferon lambda 3 2.4 /
hsa:3586 IL10 interleukin 10 2.5 /
hsa:51561 IL23A interleukin 23 subunit alpha 2.4 /
hsa:9466 IL27RA  interleukin 27 receptor subunit alpha 2.5 /
hsa:3560 IL2RB interleukin 2 receptor subunit beta 3.1 /
hsa:3952 LEP leptin 2.1 /
hsa:4352 MPL MPL proto-oncogene, thrombopoietin receptor 3.3 /
hsa:5156 PDGFRA  platelet derived growth factor receptor alpha 2.4 /
hsa:6772 STAT1  signal transducer and activator of transcription 1 5.3 /
hsa:6775 STAT4  signal transducer and activator of transcription 4 2.1 /
hsa:6776 STATSA  signal transducer and activator of transcription SA 5.3 /
hsa:7066 THPO thrombopoietin 6.6 /
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Table 4.8-continued

hsa:1387 CREBBP  CREB binding protein 2.1 /
hsa:2690 GHR growth hormone receptor -2.6 !
hsa:3447 IFNA13 interferon alpha 13 -3.1 /
hsa:3569 ILé6 interleukin 6 -3.5 /
hsa:3572 IL6ST interleukin 6 signal transducer -3.5 !
hsa:4170 MCL1 MCL1 apoptosis regulator, BCL2 family member -2.8 /
hsa:4609 MYC MYC proto-oncogene, bHLH transcription factor -7.9 /
hsa:8503 PIK3R3 phosphoinositide-3-kinase regulatory subunit 3 2.1 /
hsa:8835 SOCS2 suppressor of cytokine signaling 2 -4.7 /
hsa:9021 SOCS3 suppressor of cytokine signaling 3 2.2 /
hsa:8027 STAM signal transducing adaptor molecule -3.1 /
hsa:596 BCL2 BCL2 apoptosis regulator / 2.2
hsa:1437 CSF2 colony stimulating factor 2 / 2.1
hsa:3596 IL13 interleukin 13 / 3.2
hsa:58985 IL22RA1  interleukin 22 receptor subunit alpha 1 / 17.9
hsa:3574 IL7 interleukin 7 / 3.4
hsa:3976 LIF LIF interleukin 6 family cytokine / 7.1
hsa:10401 PIAS3 protein inhibitor of activated STAT 3 / 2.8
hsa:5292 PIM1 Pim-1 proto-oncogene, serine/threonine kinase / 2.6
hsa:6778 STATS6 signal transducer and activator of transcription 6 / 2.4
hsa:85480 TSLP thymic stromal lymphopoietin / 4.0
hsa:2885 GRB2 growth factor receptor bound protein 2 / 2.3
hsa:3601 IL15SRA  interleukin 15 receptor subunit alpha / -2.2
hsa:3561 IL2RG interleukin 2 receptor subunit gamma / -2.0
hsa:3563 IL3RA interleukin 3 receptor subunit alpha / -3.4
hsa:5781 PTPN11  protein tyrosine phosphatase non-receptor type 11 / -2.0
hsa:5777 PTPN6 protein tyrosine phosphatase non-receptor type 6 / 2.3

T1: tumour region 1, T2: tumour region 2. (+): denotes upregulated, (-): denotes down-
regulated. Colour code: from red to yellow: from the highest to the lowest upregulated fold
change values, dark to light green: the highest to the lowest downregulated fold change
values.
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4.4.3.8. JAK/STAT signalling pathway in patient 2

The ratio of upregulated and down-regulated genes involved in the JAK/STAT
pathway was 1 to 3 in T1 and T2, respectively. Upregulated genes in T2 were
approximately triple that in T1 (9:4), also T2 had approximately double the number
of down-regulated genes than in T1 (24:14). Three genes including epidermal
growth factor receptor (EGFR), IL2 receptor (IL2RA) and Oncostatin M receptor
(OSMR) were upregulated in both T1 and T2 with no significant difference (Table
4.9). Thirteen genes involve in the JAK/STAT pathway were down-regulated in
both T1 and T2, including JAK2 , AKT and PI3K (marked with red line above their
gene symbols) (Figure 4.12-A). PIM1/2/3 were decreased in T1, while in T2; PIM1
was increased, PIM?2 decreased and PIM3 expression was unchanged by microarray
analysis (Figure 4.12-B). Validation of PIM1/2/3 by quantitative RT-PCR showed
a less than two-fold increase in the PIM1, PIM2 and PIM3 compared to normal
tissue. PIM3 expression was significantly different between T1 and T2 (p=0.03)

(Figure 4.12-C).
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Figure 4.12. JAK/STAT signalling pathway in patient 2. A. genes detected dysregulated
in JAK/STAT pathway by arrayStar®: Red fill: upregulated in both regions, red line above
gene name: down-regulated in both tumour regions, yellow fill: upregulated in region 2,
yellow line under gene symbol: down-regulated in region 2. B. PIM1/2/3 levels in the two
tumour regions as detected by arrayStar®. C. qRT-PCR assessment of PIM1/2/3 in the two

tumour regions of patient 2, *: (p=0.03).
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Table 4.9. Expression of the genes involved in the JAK/STAT pathway in patient 2.

KEGG Entry | Symbol Description T1 T2
hsa:1950 EGF epidermal growth factor 3.4 4.0
hsa:3559 IL2RA  interleukin 2 receptor subunit alpha 2.6 2.4
hsa:9180 OSMR  oncostatin M receptor 3.1 4.2
hsa: 10000 AKT3  AKT serine/threonine kinase 3 -2.1 -2.7

hsa:316 AOX1  aldehyde oxidase 1 -3.3 -5.5
hsa:2690 GHR  growth hormone receptor -2.4 -2.4
hsa:3563 IL3RA  interleukin 3 receptor subunit alpha -2.1 -4.5
hsa:3569 IL6 interleukin 6 -3.3 -3.7
hsa:3717 JAK2  Janus kinase 2 -2.1 -3.4
hsa:3953 LEPR  leptin receptor -2.5 -14.9
hsa:5156  PDGFRA platelet derived growth factor receptor alpha -3.5 -3.6
hsa:10401 PIAS3  protein inhibitor of activated STAT 3 2.4 -3.0
hsa:5290 PIK3CA phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic sub. alpha -2.1 -2.4
hsa:5295 PIK3R1 phosphoinositide-3-kinase regulatory subunit 1 -2.3 -2.9
hsa:8503 PIK3R3 phosphoinositide-3-kinase regulatory subunit 3 -3.8 -3.8
hsa:8651 SOCS1  suppressor of cytokine signaling 1 -4.0 -2.4
hsa:116379 IL22RA2 interleukin 22 receptor subunit alpha 2 3.4 /
hsa:3439 IFNA1  interferon alpha 1 -2.0 /
hsa:1271 CNTFR  ciliary neurotrophic factor receptor 2.1
hsa:1956 EGFR  epidermal growth factor receptor 2.4
hsa:2056 EPO erythropoietin 2.1
hsa:3601 IL1SRA interleukin 15 receptor subunit alpha 3.1

hsa:3565 1L4 interleukin 4

hsa:4609 MYC  MYC proto-oncogene, bHLH transcription factor
hsa:1387 CREBBP CREB binding protein -2.2
hsa:3458 IFNG  interferon gamma -3.0

/

/

/

/

/ 2.1

/

/

/
hsa:3600 IL1S interleukin 15 / -2.0

/

/

/

/

/

/

/

/

2.7

hsa:3560 IL2RB  interleukin 2 receptor subunit beta -2.9
hsa:3570 IL6R  interleukin 6 receptor -3.6
hsa:3574 IL7 interleukin 7 -2.7
hsa:5154 PDGFA  platelet derived growth factor subunit A -2.8
hsa:8835 SOCS2  suppressor of cytokine signaling 2 -2.4
hsa:6775 STAT4  signal transducer and activator of transcription 4 -2.8
hsa:6777  STATSB signal transducer and activator of transcription 5B 2.2
hsa: 85480 TSLP  thymic stromal lymphopoietin -2.5

T1: tumour region 1, T2: tumour region 2. (+): denotes upregulated, (-): denotes down-
regulated. Colour code: from red to yellow: from the highest to the lowest upregulated fold
change values, dark to light green: the highest to the lowest downregulated fold change
values.
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4.4.3.9. JAK/STAT signalling pathway in patient 3

Microarray analysis identified nine genes involved in the JAK/STAT pathway
upregulated in both T1 and T2 including IL10, IL22RA2, PTPN2, THPO, IFNA2,
IFNL3, STAM?2 and STAT5A4, SOCS1 (Table 4.10) (Figure 4.13-A). 22 genes were
downregulated in both T1 and T2 including CK, GF, PI3K receptor and AK73 in
addition to SOCS3 (Table 4.10), denoted as red line above gene symbols in figure
4.13-A. T1 had uniquely elevated JAK3, SOCS4 and EGF, and decreased levels of
FHLI and cytokine inducible SH2 containing protein (Table 4.10). T2 had elevated
IFA/G, IL20 and IL6R, and also by decreased levels of STAT6/5B, CYCD3, EGF,
IL6 and IL6 signal transducer (Table 4.10). In figure 4.13-A, genes that were
upregulated/downregulated in T1 are denoted by green fill and green line above
gene names, respectively. Genes that were up/downregulated in T2 are denoted by
yellow fill and yellow lines below gene names, respectively. PIM kinase expression
is a marker for activated JAK/STAT pathway and was assessed by the microarray
followed by qRT-PCR in both T1 and T2 compared to N. Figure 4.13-B shows the
expression profile of PIM1/2/3 as detected by the microarray. qRT-PCR showed
PIMI, 2, 3 were elevated less than 2-fold in both T1 and T2 and PIM3 showed a

significant difference between these regions (p=0.01) (Figure 4.13-C).
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Figure 4.13. JAK/STAT signalling pathway in patient 3. A. genes detected dysregulated
in JAK/STAT pathway by arrayStar®: Red fill: upregulated in both regions, red line above
gene name: down-regulated in both tumour regions, yellow fill: upregulated in region 2,
yellow line under gene symbol: down-regulated in region 2. B. PIM1/2/3expression in the
two tumour regions as detected by arrayStar®. C. qRT-PCR validation of PIM1/2/3 in the
two tumour regions of patient 2, *: (p=0.01).
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Table 4.10. Expression of the genes involved in JAK/STAT pathway in patient 3.

KEGG Entry| Symbol Description T1 T2
hsa:3440 IFNA2  interferon alpha2 3.1 2.2
hsa:282617 IFNL3 interferon lambda 3 2.2 2.2
hsa:3586 IL10 interleukin 10 3.1 2.4
hsa:116379 IL22RA2  interleukin 22 receptor subunit alpha 2 3.8 2.8
hsa:5771 PTPN2  protein tyrosine phosphatase non-receptor type 2 3.8 2.7
hsa:8651 SOCS1  suppressor of cytokine signaling 1 2.4 2.9
hsa:10254 STAM2  signal transducing adaptor molecule 2 3.0 2.6
hsa:6 776 STATSA  signal transducer and activator of transcription 5A 3.0 2.3
hsa:7066 THPO thrombopoietin 3.0 6.2
hsa:10000 AKT3 AKT serine/threonine kinase 3 -2.3 -2.3
hsa:316 AO0X1 aldehyde oxidase 1 -6.3 -8.2
hsa:1387 CREBBP CREB binding protein -2.4 -3.0
hsa:1442 CSH1 chorionic somatomammotropin hormone 1 -2.5 -2.5
hsa:2670 GFAP glial fibrillary acidic protein -2.7 -2.7
hsa:2690 GHR growth hormone receptor -3.4 -4.6
hsa:3459 IFNGR1  interferon gammareceptor 1 -2.5 -3.3
hsa:3596 IL13 interleukin 13 -2.3 -2.3
hsa:3598 IL13RA2 interleukin 13 receptor subunit alpha 2 -3.1 -3.1
hsa:3600 IL15 interleukin 15 -2.3 -2.4
hsa:53832 IL20RA  interleukin 20 receptor subunit alpha -18.8 -24.6
hsa:3559 IL2RA  interleukin 2 receptor subunit alpha -4.9 -2.3
hsa:3563 IL3RA  interleukin 3 receptor subunit alpha -2.9 -4.1
hsa:3565 IL4 interleukin 4 -3.9 -2.9
hsa:3575 IL7R interleukin 7 receptor 4.1 -4.0
hsa:3952 LEP leptin -2.1 -2.7
hsa:3953 LEPR leptin receptor -2.1 -9.8
hsa:3976 LIF LIF interleukin 6 family cytokine -2.2 -4.1
hsa:3977 LIFR LIF receptor subunit alpha -7.1 -16.1
hsa:5154 PDGFA  platelet derived growth factor subunit A -5.7 -5.4
hsa:8503 PIK3R3  phosphoinositide-3-kinase regulatory subunit 3 -2.3 -4.7
hsa:9021 SOCS3  suppressor of cytokine signaling 3 -2.1 -2.6
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Table 4.10-continued

hsa:1950 EGF epidermal growth factor 2.0 /
hsa:3718 JAK3 Janus kinase 3 2.3 /
hsa:122809 SOCS4  suppressor of cytokine signaling 4 3.4 /
hsa:2273 FHL1 four and a half LIM domains 1 -2.3 /
hsa:1154 CISH cytokine inducible SH2 containing protein -2.2 /
hsa:3452 IFNA21  interferon alpha 21 / 2.2
hsa:3458 IFNG interferon gamma / 2.3
hsa:50604 IL20 interleukin 20 / 2.4
hsa:3570 IL6R interleukin 6 receptor / 2.1
hsa:896 CCND3  cyclin D3 / -2.2
hsa:1950 EGF epidermal growth factor / -4.3
hsa:3569 IL6 interleukin 6 / -9.1
hsa:3572 IL6ST interleukin 6 signal transducer / -3.0
hsa:4609 MYC MY C proto-oncogene, bHLH transcription factor / -2.1
hsa:6777 STATSB  signal transducer and activator of transcription 5B / 2.1
hsa:6778 STAT6  signal transducer and activator of transcription 6 / -2.2
hsa:85480 TSLP thymic stromal lymphopoietin / -2.9

T1: tumour region 1, T2: tumour region 2. (+): denotes upregulated, (-): denotes down-
regulated. Colour code: from red to yellow: from the highest to the lowest upregulated
fold change values, dark to light green: the highest to the lowest downregulated fold

change values.
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4.4.3.10. Mutated genes operating in JAK/STAT and PI3K/AKT pathways in
patient 1.

Whole exome sequencing showed patient 1 had mutations in genes involved in
JAK/STAT pathway signalling. Two mutations (intronic) were detected in the
normal tissue only. One exonic mutation was detected in the MCLI gene (exon 1)
in both; normal tissue and T1. Another mutation detected in intron 2 of JL22RA1
was shared between the normal and T2. Two intronic mutations, in S7474 and
SOCS2, were detected only in T1, while one was unique to T2 in the STAM gene.
Only one mutation (intronic) in PTPN6 gene was shared between T1 and T2 (Table
4.11). Twenty four genes involved in PI3K/AKT pathway signalling were mutated
in patient 1, six of which were shared between T1 and T2and not found N. One
intronic mutation in the COMP gene was detected in both T1 and T2 and N. The
normal tissue had eight unique mutations, T1 had four unique mutations, while T2
had six unique mutations in the PI3K/AKT signalling pathway (Table 4.11). No
correlation between the detected mutations and gene expression of the mutated

genes was observed.
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Table 4.11. Mutations associated with genes involved in PI3K/AKT and JAK/STAT

pathways in patient 1.

ArrayStar ‘Whole exome sequencing

Symbol Region 1| Region 2 Normal Region 1 Region 2

LEPR 6.1 3.6 1-19 AT SNP MR / /

STAT4 2.1 / / 14 A:G SNP MR /

o | sTaTsa 53 / 112 T:TA IMR / /

< MCLI1 2.8 / E1 GTCC:G D MT | E1 GTCC:G D MT /

@ SOCS2 47 / / I2 C:A SNP MR /

< | m2ral /S| 12AccsNeMR / 12 A:C SNP MR

PTPN6 / 2.3 / / 113 G:C SNP MR

PTPN6 / 2.3 / 112 T:G SNP MR /

STAM 3.1 / / / 111 TA:T D MR
COL4A3 42 6.4 / 19 ACT:A D MR /
CcoL4A4 | -21 2.6 2 T:TAI low / /
LAMB2 22 2.2 / E7T:CSNPMT | E7T:C SNPMT
VEGFA -3.9 -34 / El1 A:C SNP low El1 A:C SNP low

VWF 5.1 42 | E28T:GSNPlow | E28 T:G ANPlow /

IRSI 25 3.1 E1 TTGC:T D MT / /
LAMA3 2.6 2.0 / 12ACTADMR | 112 ACT:AD MR

COMP 3.1 / I8 G:C SNP MR / I8 G:C SNP MR

COMP 3.1 / 113 A:C SNP MR

COMP 3.1 / / / 18 T:C SNP MR

COMP 3.1 / / / I8 A:C SNP Low

FGF10 24 / E1 AAGC:A D MT / /

£ FLTI 21 / / 114 TATG: T D MR | 114 TATG:T D MR

- FN1 45 / / 136 G:T SNP low /

g LAMAI 6.0 / / 116 GA:G D MR /

& | PIK3API 3.8 / E4 T:C SNP MT / /
COL9A1 /S| B26AGDMR / /
ANGPT! [ =119 / I8A:G SNP MR / /
COL4A2 2.6 / / E48 TA:T D MR /
COL4A6 | -33 / / BCACDMR | I3CA:CD MR

ITGA2 45 / / E17 G:A SNPMT | E17 G:A SNP MT
MAGII 32 / 14 TGAT D MR / /

MCLI1 2.8 / E1 GTCC:GDMT | E1 GTCC:G D MT /

GNB4 / 2.1 19 G:GA I low / /

KDR 53 3.1 / / 122 C:CA IMR

RELN 31 / / / 133 G:GA I low

PTEN 2.1 / / / 14 G:GT IMR

PTEN 2.1 / / / E9 CT:C D MR

I-followed by a number: intron-located mutations, E-followed by a number: exon-located mutations,
SNP: single nucleotide polymorphism / (point mutation), D: deletion, I: insertion, MR: modifier,
mutation have no impact as it located in the introns, MT: moderate, mutation moderately affecting
the gene structure. Low: mutations had a low impact on the gene structure. Letters in red: exonic
mutations found only in one region, blue letters: intronic mutations found in one tumour region,
green letters: shared mutations.
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4.4.3.11. Mutated genes involved in JAK/STAT and PI3K/AKT pathways in
patient 2.

Whole exome sequencing showed patient 2 had mutations in certain genes
signalling via JAK/STAT pathway. Two intronic mutations in /L6R and IL2RA were
detected in the normal tissue only. T1 had two exonic SNP mutations; in EGFR
gene exons 7 and 21 with moderate impact on the structure of the gene. T2 had one
unique mutation in exon 21 of PIK3CA gene (Table 4.12). Both tumour regions
share a PIK3R I mutation in exon 10 with no impact on the gene structure. Fourteen
genes involved in the PI3K/AKT signalling pathway were mutated in patient 2
(Table 4.12). Only five of them had exonic mutations including SPP/and FGFR4
only in the normal tissue, IL6R T/G SNP in exon28 was shared between normal
tissue and tumour region 1 (not found in region 2), PIK3CA and PIK3R1 in both
T1 and T2 (Table 4.12). The other nine mutations were intronic and had no impact
on the gene structure. No correlation between the detected mutations and gene

expression of the mutated genes was observed.
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Table 4.12. Mutations associated with genes involved in PI3K/AKT and JAK/STAT

pathways in patient 2.

ArrayStar

Whole exome sequencing

Symbol

Region 1| Region 2

EGFR
EGFR
EGFR
PIK3R1
PIK3CA
IL6R
IL2RA

JAK/STAT

EGFR
EGFR
EGFR
PIK3R1
PIK3CA
IL6R
IL2RA
SPP1
FGFR4
TNXB
TNXB
LAMA3
LAMA4
LAMAS
COL4A4
PPP2R5B
VWFE

PI3K/AKT

Normal

Region 1

Region 2

—~— — —

/
I5 C:A SNP MR
17 A:T SNP MR

125 GTC:C D MR
E7 C:T SNP MT
E21 T:G SNP MT
E10 T:C SNP MR

/

/

/

125 GTC:C D MR
/
/

E10 T:C SNP MR
E21 T:-TATMR
/

/

IS5 C:A SNP MR
17 A:T SNP MR

E1 AAGC:A D MT

I8 G:C SNP MR
/

/
/
/
/
/
/

125 GTC:C D MR
E7 C.:T SNP MT
E21 T:G SNP MT
E10 T:C SNP MR

125 GTC:C D MR
/
/

E10 T:C SNP MR

E21 T:TAT MR
/
/
/
/
I8 G:C SNP MR

~ o~~~ ~— ~—

113 A:C SNP MR /
114 TATG: TD MR | 114 TATG:T D MR
136 G:T SNP low /
112 ACT:A D MR 112 ACT:A D MR
/ I8 T:C SNP MR
19 ACT:A D MR /
116 GA:G D MR /

I-followed by a number: intron-located mutations, E-followed by a number: exon-located mutations,
SNP: single nucleotide polymorphism /(point mutation), D: deletion, I: insertion, MR: modifier,
mutation have no impact as it located in the introns, MT: moderate, mutation moderately affecting
the gene structure. Low: mutations had a low impact on the gene structure. Letters in red: exonic
mutations found only in one region, blue letters: intronic mutations found in one tumour region,
green letters: shared mutations.
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4.4.3.12. Mutated genes involved in JAK/STAT and PI3K/AKT pathways in
patient 3.

Whole exome sequencing showed that patient 3 had four mutated genes involved
in the JAK/STAT pathway. CREBBP had a SNP mutation in exon 27 in both T1
and T2with moderate impact on the gene structure, STAT54 also was mutated in
both T1 and T2 in the intron 12 with no impact. One SNP mutation was detected in
T1 in the CISH gene with high impact (affecting splicing donor sequence). Another
mutation was detected in the normal tissue in intron 2 of the PDGFA gene with no
impact on the amino acid sequence of the encoded protein (Table 4.13). There were
32 genes mutated in this patient, SGK2/exon 10 SNP was shared in N, T1 and T2,
PKN2/exon 13 SNP was shared in T1 and T2. T1 had four unique mutations that
were not detected either in the normal tissue or in T2 (Table 4.13). These four
mutations had no impact on the encoded protein as located in the introns. T2 had
seven unique mutations, only one of them had a moderate impact on the encoded
RELN protein. The normal tissue had nine unique mutations including,
FGF5/exonl, KDR/exon4, PPP2R5B and were associated with moderate impact on
the encoded protein. Fifteen mutations were shared between N and T1, four with
high impact including, PKN2/exonl4, THBS2/exonl0, CSFl/exon6, and
COLY9A1/exon5, another four with moderate impact in [7GA8/exon30,
KDR/exonl4, MAGI12/exonl5 and COL6A5/exon32 while the rest had low or no

impact on the encoded proteins (Table 4.13).
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Table 4.13. Mutations associated with genes involved in PI3K/AKT and JAK/STAT

pathways in patient 3.

PDGFA
CISH
STATSA
CREBBP

LAMA2
LAMC3
LAMC3
MAGI2
COLG6AS
CCNE2
LAMAIL
LAMCI1
FGF5
KDR
PDGFA
PPP2R5B
PRKCA
ITGA11
KITLG
EIF4E
COL4A3
MAGI1
ITGAS
BCL2L11
COL1A1
RELN
PTEN
VWF
HSPY0AAL

12 A:C SNP MR

13 C:A SNP High
112 C:CA I MR
E27 T:G SNP MT

112 C: CAIMR
E27 T:G SNP MT

E10 G:T SNP High
/

E14 G:T SNP High
E30 T:G SNP MT
16 A:T SNP MR
E10 C:CG I High
117 G:C SNP MR
E6 A:T SNP High
ES CT:C D High
ES5 T:A SNP Low
12 CGT:C D MR
E14 G:T SNP MT
116 C:T SNP MR
E10 A:C SNP Low
119 G:C SNP MR
E15 C:A SNP MT
E32 G:T SNP MT
E9 A:G SNP Low
116 CT:C D MR
17 G:GA I MR
E1 TTCC:T D MT
E4 G:T SNP MT
12 A:C SNP MR
E2 GC:G DMT
111 C:T SNP MR
17 CT:C D MR
/

T e

E10 G:T SNP High
E13 T:C SNP Low
E14 G:T SNP High
E30 T:G SNP MT
16 A:T SNP MR
E10 C:CG I High
117 G:C SNP MR
E6 A:T SNP High
ES CT:C D High
ES T:A SNP Low
12 CGT:C D MR
E14 G:T SNP MT
116 C:T SNP MR
E10 A:C SNP Low
119 G:C SNP MR
E15 C:A SNP MT
E32 G:T SNP MT

e e e e e e e

/
12 CA:CD MR
17 G:GA I Low
14 GT:G D MR
114 TTC:T D MR

s T e e

E10 G:T SNP High
E13 T:C SNP Low
/

B T T T T T T T e T e T e e

18 AAC:AD MR
I1 A:T SNP MR
141 CAG: CD Low
E12 T:G SNP MT
E9 C:.CT I MR
E28 T:G SNP Low
18 C:A SNP MR

I-followed by a number: intron-located mutations, E-followed by a number: exon-located
mutations, SNP: single nucleotide polymorphism /(point mutation), D: deletion, I: insertion, MR:
modifier, mutation have no impact as it located in the introns, MT: moderate, mutation moderately
affecting the gene structure. Low: mutations had a low impact on the gene structure. Letters in red:
exonic mutations found only in one region, blue letters: intronic mutations found in one tumour

region, green letters: shared mutations.

255



4.5. Discussion

Molecular heterogeneity is a frequent event in tumours and is responsible for
several critical issues in the diagnosis and treatment of patients with cancer.
Previous studies have shown that lung tumours are characterized by a high degree
of molecular heterogeneity. Intra-tumour heterogeneity (ITH) plays a role in drug
resistance and directly affects the treatment outcome of patients with lung cancer.
At diagnosis tumour sections are microscopically examined by a pathologist, and
the tumour cells based on their location in the tumour mass, central or sub-marginal,
exhibit a range of variance in their levels of differentiation and gene expression
regardless of their genetic evolution (Hlubek et al., 2007, Bertucci et al., 2004). The
recent paradigm shift in the treatment of patients to a more personalised or targeted
approach has resulted in molecular profiling of tumours becoming part of the
standard diagnostic protocol. Cancer molecular diagnostics using next generation
sequencing panels of known somatic mutations and translocations, such as the
Oncomine panel used at St. James’s Hospital, is now recommended for all patients
with lung cancer. Screening tumours allows the clinician to stratify patients for
targeted therapies and has become the standard of care as the number of molecular
targeted drugs especially small molecule inhibitors has expanded (Van Hoeck et al.,
2019).

Genomics and personalised medicine

About 1.5% of the protein coding genes, approximately 350 genes, have been
reported to have recurrent somatic mutations that are proven to have a role in the
development of cancer (Futreal et al., 2004).

DNA variants are called as differences in comparison to a reference and in a

sequencing project Single Nucleotide Polymorphisms (SNPs) and DNA mutations
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are defined as DNA variants detectable in >1 % or <l % of the population,
respectively. The term point mutation includes single base pair substitutions in the
DNA while small insertions and deletions are collectively called (InDels) (Bardelli
et al., 2003, Maquat, 2001). Single nucleotide substitution, if located in gene
introns, usually has no impact on the overall gene product unless it affects the
splicing donors. If located in an exon it may be silent with no impact or alternatively
have high impact if it is affecting start and stop codons. It may also have an impact
if it is located in the splicing acceptors in the UTR leading to failure to eject the
intron during splicing (Iengar, 2012). Insertions and deletions can be deleterious if
they occur in the exons and lead to either frame-shift or loss of the encoded amino
acids, or result in splicing/termination codon issues (Cong et al., 2012).

The presence of genes with different sequences within the same tumour biopsy
indicates tumour complexity or heterogeneity (Burkhart-Schultz and Jones, 1997).
The most important mutations in the tumour biopsy are the driver mutations i.e.
those present in genes whose function is required for growth and proliferation of
tumour cells (Stratton et al., 2009). These mutations might lead to either activation
or inactivation of genes that play a role in cancer and the susceptibility to cancer
(Carvalho et al., 2009, Miki et al., 1994). Next generation sequencing is a
sophisticated analytical tool that provides a full mutational signature that can
improve diagnosis, allow patient stratification for treatment and predict the success
of that treatment (Davies et al., 2017). The aim of this chapter was to quantify both
genomic and transcriptomic heterogeneity in different areas of the same tumour
compared to the match normal tissue. DNA and RNA were extracted
simultaneously from two different tumour regions and matched normal tissue from

three patients with lung adenocarcinoma. Whole exome sequencing (WES) was
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used for genomic profiling and the ArrayStar microarray was used for the
transcriptomic profiling.

Whole-Exome Sequencing for Assessing Intratumour Genetic Heterogeneity
There were a number of shared mutations (~13.2%) between the matched normal
tissue (N) and T1 in patient 1. However, there was no overlap between mutations
in the normal tissue and T2. Therefore this overlap between N and T1 may be the
result of sequencing artifacts. A study by Shi et al., demonstrated that sequencing
artifacts are common with WES, in particular when using tumour biopsies where
the actual tumour content is <50%. They suggest excluding mutations in low-
mappability regions or in certain mutational contexts could help improve the false
detection rate of sub-clonal mutations. In this study, resected tumour tissue was
used and the tumour content was checked by a pathologist to be >50%. After
removing the 13.2% of mutated genes in T1 that were shared with the normal tissue,
the number of mutations in T1 and T2 are similar (51-5 and 44) i.e. only 2 mutations
difference. In patient 2, the overlap was a lot larger and accounts for 57.9% of the
mutations between the normal and T1, while only 1.3% overlap were detected
between the normal tissue and T2. After removing the 57.9% of genes (shared
between normal and T1), the number of mutations in T1 and T2 become almost the
same (159-92 and 57) i.e. only 10 mutations difference. In patient 3, the overlap
was also large between the normal tissue and T1 accounting for 86.4% of the
detected mutations. After removing these genes in addition to the 1% shared
mutations between the normal tissue and T2, the mutation ratio between T1 and T2

becomes 179: 63 almost 3:1.
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Genomic and Transcriptomic intra-tumour heterogeneity

To determine intra-tumour heterogeneity the number of mutated genes that were
unique to T1 or T2 as well as those shared by both tumour regions were enumerated.
In addition the number of differentially expressed genes that were unique to T1 or
T2 as well as those shared by both tumour regions were enumerated. In patient 1,
14 (30.4%) and 12 (27.2%) mutations were unique to T1 and T2, respectively.
There was no correlation between the number/type of mutations and the overall
gene expression signature. Transcriptomic intra-tumour heterogeneity was
demonstrated by T1 expressing 77.7% of the upregulated genes (74.4% of the
upregulated genes unique to T1 and a further 3.3% were downregulated in T2), and
60.7% of the down-regulated genes (52% of downregulated genes unique to T1 and
a further 8.7% upregulated in T2). T2 expressed 67.5% of the upregulated genes
(57.3% of the upregulated genes were unique to T2 and a further 10.2% were
downregulated in T1), and 38.8% of the down-regulated genes (34.4% were unique
down-regulated in T2 and 4.4% were upregulated in T1). In patient 2, genomic
intra-tumour heterogeneity was low as there were only 8 (5%) and 4 (6.3%) mutated
genes unique in T1 and T2, respectively. T2 shared 90.5% of the point mutations
with T1. Transcriptomic intra-tumour heterogeneity was high in this patient. T1
expressed 33.7% of the upregulated genes (32.6% uniquely upregulated in T1 and
1.1% were down-regulated in T2), and 14% of the down-regulated genes (13.57%
uniquely downregulated in T1 and 0.43% were upregulated in T2). T2 expressed
60.4% of the upregulated genes (60% uniquely upregulated in T2 and 0.4% genes
were down-regulated in T1), and 46.7% of the down-regulated genes (all 46.7%
were uniquely downregulated in T2). In patient 3, 119 (9.1%) and 15 (20%) point

mutations were unique to T1 and T2, respectively. Genomic intra-tumour
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heterogeneity in this patient was very high and the total number of point mutations
in T1 which was 20 times more than in T2. Excluding the shared point substitutions
between the T1 and T2 and the ones that overlap with the normal tissue (1134
genes), the heterogeneity between the two tumour regions was still high as T1
contain 7-times more point mutations than in T2. Differentially upregulated genes
unique to T1 and T2 was 824 (39%) and 225 (14%), respectively (2.6 times more
unique genes in T1 than T2). Also there were 317 (15%) and 809 (30%) genes
uniquely down-regulated in T1 and T2, respectively (2.5 times more down-
regulated genes in T2 than in T1). In addition to that when we compared the
expression of the shared up and down-regulated mRNA transcripts (1263 and 1854
up/down shared in T1/T2, respectively) we found the majority of them vary in their
level of expression.

After taking into consideration sequencing artifacts that are an inevitable limitation
of WES, the genomic and transcriptomic data combined provide evidence that there
are variations in both the mutation and gene expression profiles between different
regions of the same tumour. This intra-tumour heterogeneity may play a role in the
stratification of patients for targeted treatments. A more rigorous approach to
determining whether a specific tumour will benefit from a targeted inhibitor may
be the combination of both genomic and transcriptomic or proteomic testing of the
tumour biopsy. Therefore in samples where the presence of a driver mutation is not
detected but is present, an activated pathway may be detected by mRNA or protein
expression analysis. The combined data will predict whether the tumour will benefit

from a specific targeted therapy.
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Deregulation of tyrosine kinase activity in lung adenocarcinoma

In this chapter, tyrosine kinases were examined as a major target for treatment of
many solid tumours including non-small cell lung cancers was taken as an example
for the importance of tracking their heterogeneity in three patients diagnosed with
lung adenocarcinoma.

Protein tyrosine kinases are the most important proteins modulating cell to cell as
well as intracellular communications. There are 90 tyrosine kinases in the cells; 58
are transmembrane tyrosine kinase receptors categorized in 20 sub-families, and 32
are non-receptor protein tyrosine kinases (NTRKs) (Robinson et al., 2000). All
receptor tyrosine kinases (RTKSs) consist of an extracellular ligand-binding domain
(activator), transmembrane domain and an intracellular cytoplasmic catalytic
domain (Hubbard and Till, 2000).

Examples of some common mutations in cancer that affect the receptor-ligand
response include: mutations in EGFR tyrosine kinase domain which interfere with
the auto-inhibitory regulation mechanism of the receptor leading to persistent
tyrosine kinase activity in NSCLC (Sharma et al., 2007).

Mutations in the juxtamembrane region are also linked to increased tyrosine kinase
activity (Red Brewer et al., 2009). Point mutations in domain I, II, III of the
extracellular part of EGFR receptor and deletions in domains I and II were also
found in glioblastoma patients (Libermann et al., 1985).

FGFRs (I, II, III) activation mutations were detected in multiple myeloma, cervical
and bladder carcinoma eg. domain 3 of the extracellular region of FGFR2 was
linked to sustained dimerization and activation of the receptor. Other activating
mutations were detected in the cytoplasmic part of FGFR2 and 3 leading to

increased tyrosine kinase activity (Lemmon and Schlessinger, 2010).
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The NTRKSs interact with the receptor tyrosine kinases, thus are involved in the
downstream signalling transduction originating from outside the cells. There are 32
enzymes classified into 10 subfamilies including: ABL, ACK, CSK, FAK, FES,
FRK, JAK, SRC-A/B, TEC, and SYK (Robinson et al., 2000). All signalling
pathways regulating cells proliferation, apoptosis, survival and cell differentiation
function through protein tyrosine kinases. Mutations in RTKs and NTRKS that
cause increased expression are well-known to be linked to malignant transformation
in many cancers therefore targeting these tyrosine kinases with specific inhibitors
has proven very beneficial to patients (Gocek et al., 2014). Here we examined the
three tumours for the presence of known driver mutations associated with lung
adenocarcinoma in the following genes EGFR and HER-2 (exon20 mutation)
BRAF (V600E), FGFRI-4, K-RAS, MET, neuregulin-1, NRTK, PIK3CA,
,RET and ROS1 (Chu, 2020).

In the normal tissue of patient 1, RTK; AXL, EGFR, EPHA 10 and TIE had intronic
mutations, and ROR?2 had a three nucleotide deletion in exon 9 leading to a frame-
shift that moderately affected the tyrosine kinase structure. ROR2 has 1386 amino
acids, the binding and active sites are located in the amino acid number 507 and
615, respectively. The mutation found in this patient was located in the 9" exon (ast
exon) which starts from 550 and 1386 meaning that the activity and the substrate
binding site of the enzyme might be affected. Microarray analysis showed ROR2
was upregulated in T1 and T2 compared to the normal tissue and was more
abundant in T1 than in T2. The normal tissue also had a three nucleotide deletion
in the cytoplasmic tyrosine kinase ABL 1 which moderately impacts the structure of

the kinase.
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ABL]I was not differentially expressed between the normal and malignant tissues.
RTKSs EPHA 10 and AXL, had two mutated introns both were shared with the normal
tissue. The cytoplasmic TK YES!I had a point mutation in exon 4 with moderate
impact in T1. YESI belongs to Scr family tyrosine kinases and found to play a
major role in tumour cells proliferation, survival and metastasis (Bilal et al., 2010,
Patel et al., 2013, Singh et al., 2019). YESI was not differentially expressed within
the tumour tissues by microarray analysis. ERBB4 (HER3) was mutated (in intron
7) with no impact in T2. LTK, EPHB6, ERBB2/3/4 and DDRI receptor tyrosine
kinases were upregulated and more abundant in T2 compared T1. PDGFRA,
CSFIR, ROR2, AXL and RET were more abundant in T1 than T2. NRTKs /7K,
CSK, BLK, ZAP70 and LCK were upregulated in T1 and in T2 FER and FRK were
upregulated while BTK and MATK were down-regulated. When the genomic and
transcriptomic data were compared, no impact of mutations on corresponding gene
expression was observed.

In patient 2, the normal tissue and T2 had four RTKs with exonic mutations and
four with intronic mutations EGFR (exon 7 SNP), EGFR (exon 21 SNP) and
ERBB?2 (exon 8 3NT insertion) were shared. RET (exon 5 SNP) and MUSK (exon
15 SNP) were unique to the normal tissue and T1, respectively. The other mutations
were in the introns of RTKs in either normal tissue (EPHB6, ERBB2, FGFR4) or
T1 (EGFR, ERBB4, INSRR, MUSK) and had no impact on the receptor structure.
LYN and (TXK and SYK) were the only mutated NRTKSs in the normal tissue and
T1, respectively. T1 and T2 shared intron mutated RTKs; /NSRR, ERBB4 and
EGFR. T1 and T2 also shared mutated NRTKs SYK and TXK. NRTK YESI was

uniquely mutated in T2.
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Microarray data showed upregulated 7/E1 in both T1 and T2. DDR2, ROR1, ROR?2
were all down-regulated in both tumour regions and had no mutations in either the
normal or tumour regions. FLT3, KIT and FGFR2 were all down-regulated in T2
and unchanged in Tl and no mutations detected in any region. EGFR was
upregulated in T2 but unchanged in T1 and it had two exon mutations shared in
normal tissue and T1, and also had a two nucleotide deletion in intron 25 in T1 and
T2 but not in the normal tissue. MUSK was up-regulated in T2 and unchanged in
T1, and was only mutated in T1 in exon 15 and intron 13. Four NRTKs; BLK,
MATK, BTK and CSK were down-regulated in T2 and unchanged in T1, while FRK
was upregulated in T2 only, and /7K was upregulated in T1 but unchanged T2.
None of these four NRTKs were mutated in all tissues analyzed from this patient.
This heterogeneity in the expression among the tumour regions would impact on
the selection of the tyrosine kinases inhibitor-based treatment and how likely the
patient would be put under surveillance. The overall observation cannot conclude
that there is a link between mutations and the level of expression.

In patient 3, ALK (SNP) and FGFR4 (2 nts Del) RTK had intronic mutations in
both normal tissue and in T1, ALK was also detected in the T2. Two RTKs were
mutated in T1 ERBB4 (two nucleotide substitution) and FGFRI (3 nts Del). ERBB4
also was detected in normal tissue, while FGFRI was shared with the T2. Three
uniquely mutated RTKs ERBB4 (single nucleotide insertion), CSF/R (SNP) and
AXL (3 nts Del) were detected in T2.

NTRKs ZAP70 and FYN had single nucleotide intronic substitutions in T1 and in
normal tissue of this patient. SYK had a SNP in intron 6 in T1 only, while BMX had
a single nucleotide deletion in both T1 and T2. RTK EPHA 10 was up-regulated in

T1 and down-regulated T2. Among the non-receptor tyrosine kinases, the IL2-
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inducible T-cell kinase was 11.2-fold upregulated in T1 compared to normal tissue,
and downregulated in T2.

When it comes to the point of selecting the best tyrosine kinase inhibitor for each
patient, information about all tyrosine kinases (receptor and non-receptor) including
mutations and their impact on the enzyme activity and also their expression profile
in multiple regions per tumour, are needed.

Functional classification of the significantly differentially expressed genes
Panther GO-Slim Biological Process classification of differentially expressed
genes, per patient, showed that the genes are involved in biological adhesion,
biological regulation, cell population proliferation, cellular component organisation
or biogenesis, cellular process, developmental process, growth, immune system
process, localization, locomotion, metabolic process, multi-organism process,
multicellular organismal process, response to stimuli, signalling were not the same
(Figure 4.7).

The protein tyrosine kinases in addition to cytokines and hormones, that were found
differentially expressed with a heterogeneous pattern across the tumour regions in
the three patients, along with their receptors, are very important in malignancy
transformation including the control of cell survival, cell cycle, metabolism,
proliferation as well as antagonizing programmed cell death. Therefore, in some
patients, combination of more than one tyrosine kinase inhibitor/antagonist could
be a good option to overcome tumour relapse. Otherwise targeting a specific
pathway would be the best once identified perhaps by pathway signalling arrays.
The aim of this chapter was to elucidate the extent of genomic and transcriptomic
intra-tumour heterogeneity within lung adenocarcinoma tumours and determine

whether profiling both may be more advantageous than genomic profiling alone. If
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the levels of intra-tumour heterogeneity are high and driver mutations are not
detected in a biopsy at diagnosis, even when they are present in some parts of the
tumour, perhaps when combined with transcriptomic profiling the activated
pathway driven by the mutation may be detected and the patient will be stratified
to the appropriate targeted therapy.

Deregulation of the JAK/STAT and PI3K-mTOR signalling pathways in lung
adenocarcinoma

KEGG analysis identified the PI3K-mTOR pathway having a large number of
differentially expressed genes. The PI3K-mTOR signalling pathway can be
activated by several triggers including 1: focal adhesion by extracellular matrix
molecules (ECM) such as collagen, integrins, laminins (Xia et al., 2004), 2: receptor
tyrosine kinases including: growth factors such as epidermal growth factors,
platelets derived growth factors, fibroblast growth factors, hormones such as
erythropoietin, angiopoietin (Fruman et al., 2017), 3: cytokines such as interleukins
and interferons (Xie et al., 2014), 4: activation of G-protein coupled receptors by
hormones, chemokines and neurotransmitters (Manning and Toker, 2017). Sections
4.4.4.4-6 summarize all the differences between the two tumour sections of the
three patients and highlighted the unique lists of genes that can activate PI3K/AKT
pathway with different mechanism listed above. The more genes
upregulated/activated in the tumour tissue the higher the tumour chance to tolerate
and bypass the effect PI3K/AKT targeted therapy. The clinically important genes,
when PI3K targeted therapy used, are those involved in the conversion of PIP2 to
PIP3, i.e. upstream to PIP3 including cell surface receptors/their activators, genes
bypass them by affecting PTEN activity. In patient 1, T2 had 8 upregulated ECMs

and receptor kinases (LAMA3, LAMB3, IGNB4, IGNB6, ERBB2, ERBB3, FGF4,
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and AMPK) while were detected down-regulated in T1. In contrast T1 possesses
unique upregulated growth factors and growth factors receptors (FGF1, 5, 10, 16,
17, 19, FLTIR, FLT3R, ILGF and angiopoietin). T1 also had PI3KA, PTEN down-
regulated. PI3KB was detected upregulated in T1, along with lowered PTEN and
elevated TCL1 (AKT co-activator which bypass PI3K signalling pathway) makes it
more aggressive than T2. The overall conclusion is that this patient cannot be
treated by targeting P/3K alone, combination therapy would be preferable to avoid
tumour relapse. In patient 2, T2 also had lowered PTEN levels and elevated PI3KB
levels, which were found with an opposite profile in T1. T2 also had more
upregulated hormones, growth factors, cytokines R7K, cytokines, and integrins
than in T1. The overall picture is that when using PI3K targeted therapy, the dose
should be carefully adjusted as the response would be varied; good at the beginning
and slower later in T2. In patient 3, epidermal growth factor was upregulated in
T1 and down-regulated in T2. T2 had more elevated collagen, interferons and
fibroblast growth factors than T1. T1 had 11 unique upregulated genes including
IGF, FGF3, IGN, MYB, JAK3 and phosphatase 2. Combination of PI3K inhibitors
with EGFR inhibitors would be an advantage as EGF was high in T1. With PI3K
targeted therapy, we might see tumour relapse (T1 region) as PI3K is more activated
than in T2.

However, the results of chapter 2 highlighted that an activated STA73 pathway
including the downstream PIM kinases drive resistance to PI3K-mTOR targeted
therapy in NSCLC. Here, KEGG pathway analysis was used to examine the
differentially expressed genes and determine whether either the PI3K-mTOR or
JAK/STAT signalling pathways showed differences between two tumour regions of

the patients involved in this study (Table 4.2).
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In patient 1, a total of 69 genes involved in the JAK/STAT pathway were
differentially expressed in the tumour region compared to the normal tissue. Forty-
one genes in T1, 20 were upregulated and 21 were down-regulated. In contrast
twenty-eight in T2; half of them were upregulated and half were down-regulated.
Several cytokines were detected uniquely upregulated in T1 include: IFNo/y,
IFNyR, IL10/23, IL2/27R, and several hormones which are CSF2RA, PDGFRA,
thrombopoietin, and thrombopoietin receptor, leptin, and cardiotrophin. Some
cytokines and growth hormones were uniquely down-regulated in T1 includes /L6,
IL6R, IFNp STAM, SOCs2/3, CREBBP, c-Myc, MCLI and PI3KR3. Two
interleukin receptors, IL20RA and IL13RA2 were down-regulated in region 1 and
upregulated in region 2. In contrast T2 also possesses unique cytokines and growth
hormones that modulate JAK/STAT pathway including; IL13, IL7, LIF, IL22RA1,
PIM1, STAT6, PIAS3, CSF2, TSLP, cell surface receptor B-cell receptor 2 were
upregulated, and /L2, IL3, IL15R, GFR-bound protein 2 and PTPN6 and 11 (Table
4.5). Using PIM-kinases to evaluate the activation of JAK/STAT pathway, both
tumour regions had activated pathway with PIM?2 (5-times) more abundant in T2
and PIM1/3 were more elevated in T1.

In patient 2, 35 genes involved in JAK/STAT pathway were significantly
differentially expressed; /IL22RA2 was uniquely upregulated in T1, six (NTFR,
EGFR, EPO, ILI5RA, IL4, MYC) were uniquely upregulated in T2. [FNol was
uniquely down-regulated in T1, while 11 were uniquely down-regulated in T2
(Table 4.6). In this patient, T2 of the tumour would have more chance to tolerate
targeted therapy to PI3K as concluded in chapter 2.

In patient 3, 48 genes involved in JAK/STAT pathway were detected differentially

expressed in the two tumour regions; (EGF, JAK3, SOCs4) and (IFNa2l, IFNy,
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IL20, IL6R) were uniquely upregulated in T1 and T2, respectively. In contrast
(FHLI, CISH) and (EGF, IL6, IL6ST, MYC, STAT5B, STAT6, TSLP, CCND3) were
down-regulated in T1 and T2, respectively. Each single gene affect the JAK/STAT
pathway level of activation and T1 is expected to have more JAK/STAT activation
in this patient (Table 4.7).

PIM Kkinases can be induced by cytokines such as IL4 and 6 and [FNy (Lilly et al.,
1992). PIM kinases were selected from the microarray data as a marker for activated
JAK/STAT pathway and were validated by qRT-PCR in the two tumour regions in
reference to the control normal tissue per patient. In patient 1, the microarray
detected activation of all three PIM kinases which was confirmed by qRT-PCR.
The expression pattern between the two regions was heterogeneous with no
significance except PIM3 which was greater in T1 than in T2 (p=0.04) (Figure
4.9C/B). In patient 2, the three PIM kinases were elevated with no differences
except PIM3 which was elevated by 55% in T1 and 30% in T2 with p value of 0.03
(Figure 4.11C/B). In patient 3, all three PIM kinases were elevated with
heterogeneous patterns by the microarray (Figure 4-13C/B). PIM1 and 2 were
doubled and both regions had almost the same levels, PIM3 had seven times more
expression in T1 than in T2 (p=0.01). PIM kinases are known to play a role in
cancer cell proliferation, and evasion of apoptosis in many malignancies (Santio
and Koskinen, 2017). PIM kinases were found to suppress apoptosis, maintain
PI3K/AKT/mTORCI1 and regulate cMyc oncogenicity (Rebello et al., 2018). In
chapter 2, GDC-0980 resistance was found associated with activation of the
JAK/STAT pathway and increased PIM kinases were validated by western blot to

support such hypothesis (unpublished data).
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TNC, DSP, EROIA and ENOI expression in adenocarcinoma patients
Tenascin is an extracellular glycoprotein derived from myofibroblasts in the cancer
microenvironment, and has been shown to promote cancer metastasis via regulation
of epithelial-mesenchymal transition. Increased levels was found to be a good
predictor of patient survival in lung adenocarcinoma regardless of age, sex,
mutational profile and smoking history (Takahashi et al., 2013, Gocheva et al.,
2017). Tenascin ¢ was shown to be overexpressed in all major types of lung cancer
(Silacci et al., 2006) and influenced doxorubicin cytotoxicity via interfering with
apoptosis, therefore targeting tenascin ¢ was proposed as an adjuvant chemotherapy
(Oskarsson et al., 2011, Shi et al., 2015).

Desmoplakin upregulation was linked to epithelial-mesenchymal transition (EMT)
and PI3K/AKT activation, while decreased levels of desmoplakin was found
associated with PI3K/AKT deactivation and mesenchymal to epithelial transition
(MET) (Silacci et al.,, 2006). DSP was downregulated 10.7-fold in T1 and
upregulated 1.9-fold in T2 of patient 1 by microarray. In patient 2 DSP was
upregulated 1.1-fold and 3.3-fold in T1 and T2, respectively. In patient 3, it was
upregulated3.3-fold and 3.8-fold compared to the control normal tissues. DSP was
further evaluated by qRT-PCR and the results showed no difference between the
two tumours regions tested per patient. In patient 1, DSP was elevated by 1.5-fold
while in the other two patients it was elevated by one fold (Figure 4.3A).
Expression of tenascin ¢ is modulated by PDGF via PI3K-AKT signalling pathway
(Jinnin et al., 2006). TNC mRNA in the three patients, was upregulated by 9.2 and
1.3-fold in T1 and T2 respectively in patient 1, down-regulated 1.3 and 1.1-fold in
region T1 and T2, respectively in patient 2, and upregulated 3.6 and 2.3-fold in T1

and T2 respectively in patient 3 by microarray. In the three patients, TNC was
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elevated by 80% in patient 1 and 2 and by 1.25 fold in patient 3 as detected by qRT-
PCR. There was no difference in 7NC levels among the two tumour regions per
patient (Figure 4.4).

In patient 1, ENOI was down-regulated 1.1-fold in T1 and upregulated 1.1-fold T2.
By qRT-PCR, ENOI was elevated by 20% with no difference between the two
regions (Figure 4.5A). In patient 2, ENOI was upregulated 1.8 and 2.1 in region T1
and T2, respectively by microarray. By qRT-PCR, ENOI was unchanged
compared to the normal tissue (Figure 4.5A). In patient 3, ENOI was upregulated
2.5 and 1.8-fold in T1 and T2, respectively. By qRT-PCR, ENOI was increased by
20% in the two regions and no difference between the two tumour regions (Figure
4.5A).

In patient 1, the expression of EROla was 2.1 and 2.7-fold upregulated compared
to the normal tissue. qRT-PCR showed 1.5-fold upregulation but no difference was
detected (Figure 4.6A). In patient 2, ERO/a was upregulated by 1.1 and 1.6-fold in
T1 and T2, respectively by the micro-array. By qRT-PCR, EROla was 20%
elevated in the tumour tissues compared to the normal tissue (Figure 4.6A).

In patient 3, ERO1a was upregulated 2.1 and 1.1-fold compared to the normal tissue
by microarray. By qRT-PCR, EROla was upregulated 1.5-fold in the two regions
with no difference (Figure 4.6A).

Desmoplakin, enolase-1 and EROI-La were evaluated by western blot in a separate
set of three patients. Desmoplakin was, elevated by 1.5 fold and 1-fold in region T1
and T2 of patient 1, downregulated in T1 and unchanged in T2 of patient 2 and
elevated in both tumour regions by two and one-fold, respectively in patient 3

(Figure 4.3B).
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The difference in EROI-La protein abundance between the two tumour regions
analysed from patient 1 in patient 1 was detected 3.5-fold. In patient 2, EROI-la
was unchanged in region 1 and was increased by 2-fold in region 2 (Figure 4.6B).
In patient 3, by western blot EROI-La was detected down-regulated by 10% and
30% in region 1 and 2, respectively (Figure 4.4B). Western blot has detected
enolase-1 down-regulated by 40% and 10% in region 1 and 2, respectively. In
patient 2, enolase-1 was detected 30% down-regulated in region 1 and unchanged
in region 2. In patient 3, enolase-1 was detected 40% down-regulated in region 1
and was detected 2-fold upregulated in region 2 (Figure 4.5B).

These findings support our hypothesis of intra-tumour heterogeneity and stress the
importance of studying more than tumour region at patient diagnosis in order to
better management of patient treatment and optimal patient surveillance. Good
knowledge of the activated pathways during acquired drug resistance would offer
the option of drug combination. Good knowledge of the possible activation of AKT
that intersect with and bypass PI3K/AKT pathway, in addition to investigating
several tumour parts would guide us predict the treatment success. Therefore, it is
highly recommended to intensively investigate different tumour regions and
highlight the differences at the level of gene expression/mutations and level of

phosphorylation in order to better understanding of cancer patient management.
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5. Chapter V: General discussion/
Conclusion/Future plan
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5.1. Discussion

Lung cancer is the leading cause of cancer death among both men and women. Each
year, more people die of lung cancer than of colon, breast, and prostate cancers
combined. Lung tumours are heterogeneous with diverse molecular profiles
between patients, making them difficult to treat. We now understand that we must
exploit these differences by characterising each patient’s distinct molecular
signature and design treatment protocols that target specific tumours more
effectively with reduced toxicities. Although a personalised medicine approach to
treatment has increased response rates and overall survival in patients with NSCLC,
intrinsic or acquired drug resistance is the inevitable endpoint to treatment for
patients. Although our understanding of the molecular biology of lung
carcinogenesis and the mechanisms involved in drug resistance to treatment is
constantly evolving, we still have much to learn in order to significantly reduce the
burden caused by this devastating disease. The focus of our research was to
elucidate the drug resistance mechanisms involved in PI3K-mTOR inhibition and
investigate intra-tumour genomic, transcriptomic and proteomic heterogeneity in
NSCLC.

Advances in scientific research from the last two decades has facilitated the
identification of genes involved in drug resistant and their molecular signalling
mechanisms as a result we are now able to understand how the cancer cell adapts
by making subtle molecular changes in order to protect itself from anti-cancer
drugs. Thus, a better understanding of fundamental drug resistance mechanisms is
of utmost importance to develop new treatment strategies to tackle the problem

(Shanker et al., 2010).
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Reports on the recent cancer research have stated that there have been many drugs
evolved and are now in clinical trials, in an aim to control drug resistance and to
improve drug efficacy. According to advance lung cancer research, drug resistance
can be classified as three different levels, they include: cellular, molecular or
pathological. More specifically drug resistance is driven by alteration in the
expression of drug transporters, enhance activity of pro-survival, and anti-apoptotic
pathways, as well as non-intrinsic influences of the tumour microenvironment.
Several research as proved that tumours comprises a heterogeneous population of
cells with various genetic, epigenetic, and phenotypic attribute leading to diverse
responses to therapy, and underlies the emergence of resistant clones. The tumour
heterogeneity is directed by specialised subpopulations of tumour cells called
cancer stem cells (CSCs) that are highly self-renewing, have the capacity to initiate
tumour, and retain the ability for multi-lineage differentiation. All of them have
notably contributed to the evolution and acquisition of drug resistance in clinic
(Chen et al., 2019). Our work mainly focused on intra tumour heterogeneity and
bypass signalling as a result of pathway crosstalk which are two major hurdles for

targeted therapy.

Both intrinsic and acquired drug resistance is caused by intra tumour heterogeneity.
ITH is a phenomenon where a solid tumour consists of distinct sub-clonal
populations of cells with distinct genomic modifications. This difference between
cells results in some cells being resistant to treatment due to divergent biological
behaviour. This genetic complexity of tumour cells is now better understood with
the help of advances in next generation sequencing and genomic techniques like
fluorescent in situ hybridisation (FISH) and G-banding karyotyping. In-depth DNA

and RNA profiling of lung tumours to define both spatial and temporal
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heterogeneity has highlighted the implications of ITH on response to treatment
(Zito Marino et al., 2019). Recent studies have also investigated the effect of ITH
on the immune response, and have revealed that ITH in combination with

mutational load can predict response to checkpoint inhibitors (Goto, 2018).

Acquired drug resistance is often caused by the emergence of resistance mutations
or the activation of bypass signalling pathways that allow the tumour cells to escape
the effects of the treatment. Once biomarkers correlating to these parallel
mechanisms of resistance are elucidated patients receiving treatment can be
monitored for their activation. Once detected in patients undergoing treatments like
immunotherapy, chemotherapy and targeted therapy, the clinician can then decide
on a second line treatment that may overcome treatment resistance. This study
focussed on the validation of biomarkers of acquired resistance to PI3K-mTOR
pathway inhibition. Over the last two decades, extensive research has been carried
out on PI3K pathway. This pathway plays a vital role in regulating cell growth and
proliferation and has been shown to be deregulated in lung cancer. Previous studies
have identified specific aberrations in the PI3K/AKT/mTOR pathway that result in
its activation and that can be used as a predictive biomarkers such as copy number
gains of PIK3CA and RICTOR as well as PIK3CA mutations (Tan and Yu, 2013).
Consequently, many drugs have been studied and designed to target this pathway,
some of these drugs have entered preclinical and clinical studies. The drug which
we have tested in our study was GDC0980 (Apitolisib). It is a potent class-1 PI3K
inhibitor that has a dual catalytic site for PI3K and mTOR inhibiting downstream
signals of both. Previous data has shown that it has greatest potency in lung, breast
and prostate cancer (Wallin et al., 2011). When the cancer cells are treated with

GDCO0980 they causes Gl cell cycle arrest and in case of mTOR they lead to
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apoptosis in some cancer cells including those with direct pathway activation via
PI3K and PTEN.In our project we mainly focused on PI3K-mTOR in drug
resistance and also molecular profiling for intra tumour heterogeneity. In our
experiments we have used H1975GR and GP cells. Cells resistant to GDC-0980
(Apitolisib) were previously developed in lab by treated with different
concentrations of PI3K-mTOR dual inhibitor GDC-0980 and the IC50
concentration was then calculated using the BrdU proliferation assay. The IC50 for
the H1975 cells was 0.58uM GDC-0980. Both the parental cells and resistant cells
were cultured in RPMI media. For the resistant cells 0.58uM GDC-0980 was added
all the time. Looking at the data obtained from the chapter II we believe that the
IL6/STATS3 plays significant role in escape mechanism in H1975 cells when treated
with GDC0980. At first total RNA extraction was carried out using H1975GP and
H1975GR cells which had attained 80% confluency. Arraystar® Human Lnc-RNA
Microarray V4.0 was performed to analyse the differentially expressed mRNAs
between the H1975GR1 or H1975GR6 and H1975GP and to quantify LncRNA.
We observed that mRNA expression of a large group of genes was upregulated in
resistance cell lines when compared to parental cell line and the expression was
even more high in H1975GR6 cells. Changes in these mRNAs expression in
H1975GR1 cells may highlight those mRNAs that are involved in the early
development of resistance to GDC-0980. Considering the fact that IncRNAs are
expressed aberrantly in all the cancers especially in the resistance cells it will be
advantage if we target IncRNAs as they have no side effect on normal tissues.
Although most of the studies on IncRNA targeting are still in the preclinical stage,
research into mitochondrial long non-coding RNA (mtlncRNA) has progressed

rapidly. Owing to the lack of sufficient data on clinical trials, the efficacy and safety
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of IncRNA drugs in humans remain inconclusive. One of the IncRNA which was
traced in literature is HOTAIR, it has entered early phase study to evaluate the

potentiality of IncRNAs as biomarkers in thyroid cancer.

Further advances in IncRNA-targeted drugs for lung cancer are clearly dependent
on the in-depth basic research into the function and mechanisms of IncRNAs. Of
course, accurate approaches to the IncRNAs targeting and efficient delivery systems
can significantly speed up this progress. LncRNA-targeted drug design provides a
plethora of opportunities and challenges for the drug industry.

Later Panther-Slim biological process analysis also showed the upregulation of
genes in HI975GR1 and these genes were said to be involved in cellular response
to external stimuli, the genes were doubled in H1975GR6. While 55 down regulated
in H1975GR1 and they were involved in the cell response to the external stimuli as
well. These genes were increased to 78 genes in HI975GR6. Analysis of PIM
Kinases pathway and its regulator was demonstrated by qRT-PCR and western blot.
The results showed that PIM1 and PIM?2 were significantly elevated (low ACt) in
H1975GR compared to the H1975 sensitive cells and PIM3 was also elevated but
had statistical insignificance. This is because PIM?2 plays a major role in cancer cell
proliferation in hematopoietic tumours and lung cancer (Liu et al., 2018).

Results from the western blot confirmed that protein expression was high in
resistant cells when compared with parental cells which again aligned with the
previous data. The evaluation of MACCI and PIM kinases was carried out by
inhibiting siRNA expression using DharmaFECT as a transfection agent. One of
the major findings in our project was the detection of MACCI as early marker for
resistance event. According to the best of our knowledge, for the very first time in

the lung cancer research we have demonstrated the role of MACCI in resistance to
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PI3K-mTOR inhibition which in turn regulate the induction of CMTM6, cMYC and
PIM kinases. Different classes of CMTM protein was analysed but later CMTM6
was chosen for further qRT-PCR and western blot validation. According to the
analysis CMTMG6 level was very high in the resistance cell line when compared to
parental cells. A study by Mamessier et al., showed that CMTM6 plays a role in
limiting antitumour immunity (Mamessier et al., 2018). When the cells were treated
with AZD1208 we observed an upregulation of c-MET, cMYC and PIM kinases
suggesting that they may play a role as an escape signalling mechanism that leads
to drug resistance. The literature suggests that AZD1208 treatment alone does not
induce considerable cell death whereas when combined with an Akt inhibitor there
is a synergistic antitumour effect through regulation of the DNA damage repair
pathway.

In addition the result of evaluation of DSP, TNC, ERO1A and ENOI genes obtained
as expected and they also supported all the previous findings connecting the
increased or decreased expression of these genes with drug resistance. Therefore
from our chapter II and also from the relevant research we can conclude that
targeting PIM kinases and PI3K-mTOR pathway as a potential strategy to treat
NSCLC patient with activated PI3K-mTOR.

The second part of the project (Chapter III) focused on proteomic and phospho-
proteomic expression analysis in LSqQCC tumours. Protein expression was
quantified within three regions per tumour from four patients with lung squamous
cell carcinomas using matched normal tissue as a reference. Protein expression
were quantified using Label-free L-C/MS-MS comparative proteomics and
although the results obtained supported previous findings (the existence of intra-

tumour heterogeneity) i.e. the tumour regions clustered apart from each other
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tumour regions, for the most part protein expression was identified in all tumour
regions albeit differentially expressed. Principle component analysis was then
performed to demonstrate the heterogeneous expression of proteins between the
different areas of the same tumour mass. Enolase-1, desmoplakin, tenascin C and
EROI-La proteins were then selected for further validation by western blot analysis
using the same protein samples. All the four proteins found heterogeneous in their
expression by MS therefore it matched the other literature and the result was
obtained as anticipated. On the other hand, PIM kinase expression was used to show
the variance of JAK/STAT signalling pathway within the analysed tumours and
support the existence of ITH and this was accomplished by qRT-PCR and the result
suggested that heterogeneity existed within the tumour cells and at the end PI3K-
mTOR and JAK/STAT activation was analysed using path scan array phosphor-
protein analysis. From our study we can conclude that it is always better to consider
previously validated biomarker which is well described with specific activated
pathway and it is the easiest way to detect ITH and therefore it allows for better
guidance for selection of patient customized targeted therapy. We also observed
that use of GDC-0980, the PI3K-mTOR dual inhibitor wasn’t a best match to treat
these patients as PIM kinases were elevated in some tumour regions indicating
functionally active JAK/STAT pathway.

The last part of the project (Chapter IV) focused on whole exome sequencing and
microarray analysis of ITH present in the lung adenocarcinomas. Three patients
with lung adenocarcinoma were considered in this study and the tumour was
resected along with surrounding normal lung tissue. RNA and DNA were extracted.
Total RNA samples for each patient were sent to ArrayStar™ Incorporation for

mRNA expression analysis, and the DNA samples were sent to LC Sciences for
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whole exome sequencing (WES). According to the data obtained, the three major
mutation detected are insertion, deletion and point mutation.

There was no impact of the detected mutations on their genes’ expression.
However, looking at the percentage of the number of unique mutated genes per
tumour region we can infer that all the three samples had high level of total
heterogeneity. In patient 1, the unique mutations detected in T1 and T2 were 30.4%
and 27.2%, respectively. At the gene expression level, heterogeneity score accounts
for 77.7% of the upregulated genes in T1 (74.4% unique up and 3.3% detected down
in T2) in addition to 60.7% of the down-regulated genes were unique in T1. T2 of
patient 1 67.5% and 38.8% of the upregulated and down-regulated genes,
respectively, were detected unique in this tumour region. In patient 2, the mutations
shared between the two tumour regions was very high, accounting for 90.5%. At
the gene expression levels, 33.7% of the upregulated genes and 14% of the down-
regulated genes in T1 were unique, while 60.4% and 46.7% of the up and down-
regulated genes in T2 were unique. Heterogeneity within patient 2 tumour sections
were more obvious at gene expression levels than in mutations. In patient 3, 9.1%
and 20% of the point mutations were detected unique in T1 and T2, respectively.
There were 20-times more SNPs in T1 than in T2. 39% and 15% of the up and
down-regulated genes in T1 were unique, while, 14% and 30% of the up and down-
regulated genes in T2 were unique. Covering the most frequent and well known
event in lung cancer is tumour heterogeneity which is responsible for several major
issues like tumour relapse and treatment implication. Heterogeneity could be
mainly because of cell population with varied expression of cell markers to the
genetic or epigenetic alterations (Kreso and Dick, 2014). Several different types of

heterogeneity have been noticed in lung cancer such as inter tumour, intratumour
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and interpatient variability. Out of the three heterogeneity intra tumour place a
major role in lung cancer leading to difference in the treatment response in each
individual resulting in drug resistance therefore altering the treatment outcome in
patients. Furthermore, significant genetic diversity between the primary tumour and
corresponding metastatic lesions could play a pivotal role in the therapeutic context
of lung cancer patients (Marusyk et al., 2012). Hence there is more scope for
personalised and targeted therapy where the molecular profiling of tumour being a
part of the standard diagnostic protocol. Screening tumour allows clinician to
distinguish patients for targeted therapies.

Diagnostics and therapeutics have been combined meaningfully to achieve a
personalised medicine approach to treatment that is now common place in the
clinic. Targeted therapy is a new option for treating patients made possible by
screening tumours for predictive biomarkers. Targeted therapy is said to be the best
approach to treatment and has revolutionized the field as the targeted drugs work
differently from standard chemotherapy with less side effects and great efficacy.
FDA have approved targeted therapy for lung cancer tumours showing
characteristics of abnormalities in EGFR, ALK, ROS-1, NTRK, MET, RET and
BRAF V600E. The PI3K/AKT/mTOR pathway is commonly activated in non-small-
cell lung cancer. In addition they mediate resistance to EGF receptor tyrosine
kinase inhibitors. Although the mechanism of resistance to P/3K is the active area
of research, activation of parallel signalling pathway have been observed and have
suggested to play a major role. Hence, significant strategy to improve the treatment
outcome is by combination therapy where the targeted therapy efficacy is enhanced
by additional co-targeting the potential bypass tracts (Heavey et al., 2014). For

instance to overwhelm the activation of EGFR/ MEK pathway by PI3K inhibitors,

282



combination therapy with both PI3K and EGFR/ MEK inhibitor has been tested in
preclinical trials.

Increased cell signalling towards cell survival and proliferation is very important
for cancer cells. Molecules responsible for cell signalling are kinases in nature and
operate through phosphorylation events. In the last part of this chapter, KEGG
analysis was used to examine the differentially expressed genes and determine whether
either the PI3K-mTOR or JAK/STAT signalling pathways showed differences between
two tumour regions of the patients involved in this study. This helps us to understand
the possible activation of AKT that intersect with and bypass PI3K/AKT pathway. We
focus on tyrosine kinases and their role in PI3K/AKT and JAK/STAT pathway. The
former is one of GDC-0980 targets and the latter is the pathway involved in
acquired resistance to the inhibitor. RTK/PI3K/mTORC2/AKT signalling cascade
can be attributed as being the underlying cause of dysregulated AKT activation in a
high proportion of these cancers. However, majority of cancer do not exhibit
RTK/PI3K pathway aberrations but they possess activated AKT expression.

The genomic and transcriptomic data outlined in this research work combined provide
evidence that there are variations in both the mutation and gene expression profiles
between the two examined regions of the same tumour. In summary, in addition to the
principle of intra-tumour heterogeneity role in development of treatment adaptation by
cancer cells, we must be aware of choosing the right candidate for targeted therapy as
well as planning for a good drug combination (eg. tumours with EGFR overexpression
/mutation with gain of function plus activated PI3K kinase cannot be treated by PI3K
monotherapy inhibitors but combination of EGFR and PI3K inhibitors would be more
effective in suppressing tumour growth otherwise cross-talk of the increased EGFR

signalling with other pathways would lead to bypass and adapt P/3K inhibition).
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Prior knowledge of activated pathways associated with drug resistance to the proposed
targeted inhibitor in combination with scanning for these pathways to assess their
activation in multiple tumour regions by phospho-proteomics, mass-spectrometry,
microarray scanning, WES with accurate in-depth bioinformatic analysis would make

us more competent in planning the patient-customised treatment protocol.

5.2. Conclusion

This study confirms that tumour cells respond to targeted pathway inhibition by
activation of bypass signalling pathways to hamper the effect of drug treatments.
We demonstrated that activation of PIM kinase and its co-regulators c-Myc and
MACCI occurs in response to PI3K-mTOR inhibition in NSCLC. MACCI
activation was an early event in PI3K-mTOR drug resistance and may have
regulated the induction of c-Myc, PIM kinases and EMT-related genes. Further
studies targeting the PIM kinase pathway are warranted to delineate the interplay
between it and MACCI, c-Myc and also CMTM6 which were all activated in
response to PI3K-mTOR inhibition. These results, together with previous data in
other cancer types highlight the potential for dual targeting of both the PI3K-mTOR
and PIM kinase pathways as a promising strategy for the future treatment of patients
with PI3K-mTOR activated NSCLC.

Our profiling studies on intra-tumour heterogeneity (ITH) showed that there are
differences in protein and phosphoprotein expression between different regions of
tumour. However, for most proteins some expression was detected in all regions of
the tumour examined albeit at different amounts. Therefore if possible multiple
biopsies should be screened to determine biomarker expression where feasible and
cut-off values for predictive biomarkers must be carefully considered when

assigning patients to specific targeted treatments. Our panel of biomarkers DSP,
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TNC, EROIA and ENOI were differentially expressed in different regions of the
tumour and further studies in a larger cohort of NSCLC patients are warranted to
determine their use as potential biomarkers in NSCLC.

The main limitation of our ITH studies was the small sample size analysed, and
this was due to the cost involved in the next generation sequencing technologies
used and Our results therefore may not reflect what happens in all tumours but it
does give an insight into the amount and types of ITH that are present across
NSCLC tumours.

our dataset has identified IncRNA expression profiles in lung cancer and further
investigations on IncRNA expression and its involvement in molecular regulatory
mechanisms may be a critical step in personalized treatment. The targeting of
dysregulated IncRNAs could provide a new therapeutic approach for NSCLC
treatment.

Overall tumour heterogeneity hampers drug efficacy and leads to tumour relapse due
to multiple parallel drug resistance mechanisms that result in poor treatment outcomes
for patients. In-depth analysis of the results of this research study supports our initial
hypothesis that the elucidation of the mechanisms of resistance to PI3K-mTOR
inhibition will provide a rationale for co-targeting treatment strategies for patients
with tumours that have a dysregulated PI3K-mTOR pathway. Furthermore
comparison of DNA mutation profiles and RNA, protein and phosphorylated
protein expression profiles, within different regions of the same tumour has
highlighted the potential limitations of tumour tissue biopsies to accurately predict
molecular or proteomic profiles which could interfere with patient stratification for

personalised targeted treatment.
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5.3. Future Plan

The future plan would include the following research studies to:

1- Delineate further the precise interplay between PIM kinases, MACCI, CMTMG6,
c-Myc and c-Met in both NSCLC cells and cell lines resistant to GDC-0980.

2- Validate PIM kinases, MACC1, CMTMG6, c-Myc and c-Met in the two other cell
lines resistant to GDC-0980; i.e: A549GR and H460GR.

3- Test further drug combinations in order to overcome the resistance to P/3K-
mTOR inhibition (e.g. PIM-447 (pan-PIM kinase inhibitor) + GDC-0980, or
MACC! inhibitor + GDC-0980).

4- Validate the non-coding RNAs found associated with the resistance to GDC-
0980 in H1975GR cells.

5- Validation of our panel of biomarkers in a larger cohort of NSCLC patients and

correlate to overall survival to determine their use as prognostic markers.
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