
 

 

 

Investigating translation dysregulation in epithelial-

mesenchymal transition (EMT) in human primary lung 

adenocarcinoma 

 

 

 

Thesis submitted for the degree of 

Doctor of Philosophy 

at the University of Leicester 

 

 

by 

Samantha SINNADURAI BSc MSc 

Department of Genetics and Genome Biology  

Leicester Cancer Research Centre 

University of Leicester 

 

 

 

 

 

 

April 2021 



i 
 

Abstract 

Investigating translation dysregulation in epithelial-mesenchymal transition in human 
primary lung adenocarcinoma 

By Samantha SINNADURAI 

 

In solid tumours, metastasis is the immediate cause of most cancer-related death and 
is orchestrated by epithelial-to-mesenchymal transition (EMT) of tumour cells. EMT 
manifests as the dedifferentiation of epithelial cells into mesenchymal cells, and is 
typified by loss of E-cadherin and cytokeratin and gain of TWIST, N-cadherin and 
vimentin expression. While EMT is well-characterised in in vitro models, classical 
morphological EMT evidence (i.e. morphological dedifferentiation/sarcomatoid 
change) is rare in primary tumours. mRNA translation is a highly regulated process 
which has been linked to EMT in cell-based studies but not in primary tumours. This 
project aims to investigate whether I can find evidence of EMT and of translational 
dysregulation in EMT in primary lung adenocarcinoma. To answer these questions, we 
applied histological techniques such as immunohistochemistry and in situ hybridisation 
methods to quantify markers of EMT and translational control and perform statistical 
analysis to 942 human primary lung adenocarcinoma cases to evaluate association of 
EMT with tumour growth pattern, physio-pathological factors and translation 
dysregulation. I have shown that partial EMT state is detected in all tumour growth 
patterns but there is an association between partial EMT and primary solid lung 
adenocarcinoma. EMT can be variable within whole tumour section. EMT markers are 
strongly associated with physio-pathological measures of invasiveness namely lymph 
nodes metastasis. Furthermore, there are significant associations between EMT 
markers and some translation factors, particularly with the phosphorylation of 
eukaryotic initiation factor (eIF) 4E and the α subunit of eIF2. These data suggest that 
partial EMT is related to solid tumour growth pattern, and that alterations in the 
translation initiation machinery may play a role in activating invasive and metastatic 
program simultaneously in human primary lung adenocarcinoma. 
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Chapter 1: Introduction 

1.1 Project introduction 

Cancer is the leading cause of death worldwide, and for solid tumours this is mostly due 

to their ability to invade into normal tissues and metastasise. It is believed that 

epithelial-mesenchymal transition (EMT) generally underpins invasion and metastasis. 

As a pathological process, EMT enables cancer cells to invade and migrate to distant 

secondary sites in the body, and it is well characterised in in vitro models. However, the 

activation of EMT in human solid tumours remains elusive and is rarely seen by 

pathologists. mRNA translation is a highly regulated process which has been linked to 

EMT in numerous cell-based studies. This study aims to quantify markers of EMT in a 

common and highly lethal malignancy, and to answer several key questions: 

- i) to what extent does EMT occur in lung adenocarcinoma? 

- ii) what phenotypic features is EMT related to? 

- iii) does EMT contribute to the virulence of this disease, and if so, how? 

- iv) do I see evidence that EMT is accompanied by alterations in the regulation of 

mRNA translation? 
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1.2 Cancer  

Cancer is multi-step disease characterised by natural selection for genomic and 

epigenetic events that favour tumour cell proliferation and survival within the host 

organism. 

Hanahan and Weinberg originally identified six biological behaviour enabling 

tumorigenesis, namely self-sufficiency in growth signals, insensitivity to growth 

inhibitory signals, evasion of programmed cell death (i.e. apoptosis), limitless replicative 

potential, sustained angiogenesis and tissue invasion and metastasis (Hanahan and 

Weinberg, 2000). More understanding of the molecular mechanism leading to 

tumorigenesis has enabled Hanahan and Weinberg to describe further traits of tumour 

cells: the capacity of tumour cells to evade detection by immune system and the ability 

to promote pro-tumorigenic inflammation (Figure 1.1) (Hanahan and Weinberg, 2011). 

  

Figure 1.1. Hallmarks of cancer. 
Adapted from (Hanahan and Weinberg, 2011). 

 

Carcinomas (i.e. epithelial malignant tumours) acquire the ability to invade, crossing the 

basement membrane on which they normally lie, and spreading to other parts of the 

body resulting in distant metastatic tumour formation.  
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1.3 Cancer metastasis 

Cancer metastasis is the immediate cause of cancer mortality in most cancer patients, 

accounting for 90% of cancer deaths (Seyfried and Huysentruyt, 2013). Cancer 

metastasis involves the dissemination of tumour cells from the primary tumour to 

distant sites forming secondary tumour via three main metastatic routes: the primary 

tumour can directly invade into adjacent tissues; it can spread via lymphatic vessels 

leading to metastasis in lymph nodes, or via the blood circulation resulting in 

metastases in distant organs. The metastatic sequence consists of several steps starting 

with invasion through the basement membrane, followed by the detachment of tumour 

cells from the primary tumour, intravasation into the lymphatic or blood vessels, 

extravasation at distant site while evading the immune system, and invasion and 

proliferation in the second organ forming the secondary tumour.  

Most patients die of metastatic malignancy (Asamura et al., 2015; Eberhardt et al., 

2015) (Figure 1.2). Lymph node metastasis in non-small cell lung cancer patients is 

associated with a progressive decrease in overall patient survival outcome with 

increasing involvement of the lymph nodes. When the tumour has not metastasized in 

the lymph nodes (pN0), the overall 5- year survival is about 75% but when it spreads to 

regional lymph nodes increasingly distant from the primary site (pN1-pN3), the 5-year 

survival rate reduces drastically to 49% for pN1, 36% for pN2 and 20% for pN3 (Figure 

1.2A) (Asamura et al., 2015). The effect of distant non-lymphatic metastasis is depicted 

in Figure 1.2B: in this study, non-small cell lung cancer patients with no metastasis show 

a 5-year survival rate of 50%. However, 85% of patients at M1a stage, which reflects 

patients with intra-thoracic metastases, dies after five years post-surgery. No patients 

at stage M1b or M1c where the tumour has metastasized in one or several extra-

thoracic distant organs respectively survived longer than five years after surgery. 

Therefore, understanding molecular mechanism leading to cancer progression and 

developing therapeutic strategies targeting this event is essential.  
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Figure 1.2. Overall survival of pathological nodal stage and metastatic stage in non-small cell lung 
cancer patients. 
A: Kaplan-Meier of overall survival of pathological nodal stage in NSCLC patients. B: Kaplan-Meier of 
overall survival of pathological nodal stage NSCLC patients. 
P <0.001 (Adapted from (Asamura et al., 2015; Yang et al., 2017)).  
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Several factors have been hypothesised as contributing to tumour metastasis such as 

genetic alterations, epithelial mesenchymal transition (EMT), cancer stem cells (Popper, 

2016; Seyfried and Huysentruyt, 2013) and circulating tumour cells. In vitro studies have 

demonstrated that TWIST upregulation and E-cadherin loss (EMT markers) could 

promote metastasis in breast cancer and squamous cell carcinoma (Onder et al., 2008; 

Tsai et al., 2012; Yang et al., 2004). The role of cancer stem cells as metastatic neoplasm 

development was proposed in the late 1970s, when mice were intravenously injected 

with B16 melanoma cells showing that only 0.1% of injected tumour cells were able to 

generate metastases due to their unique properties of survival and ability to 

reconstitute tumours (Fidler and Hart, 1982). 

Although there have been many significant breakthroughs in the understanding of 

invasion and metastasis over the last few decades, these have generally used cell 

culture and animal models, and a detailed mechanistic understanding of how these 

events occur in primary human tumours remains unclear. In this study, I aim to better 

understand how tumour metastasis occurs in human primary lung tumour tissue. 
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1.4 Lung cancer 

1.4.1 Introduction 

Lung cancer remains the leading cause of cancer related death among both sexes 

worldwide according to the World Health Organisation (WHO) in 2015 (Travis et al., 

2015). 1 in 15 men and 1 in 17 women will develop the disease in their lifetime according 

to the American Cancer Society (ACS, 2020). Lung cancer claims 1.3 million lives every 

year (Imielinski et al., 2012). The worldwide average 5-year survival rate remains no 

more than 15%, largely due to the late diagnosis of the disease when the tumour has 

spread to nearby or distant organs (Popper, 2016; Wood et al., 2015). Lung cancer can 

metastasize directly by invading through the pleural surface of the lung into adjacent 

organs, by spreading to regional lymph nodes via lymphatic circulation, or by 

metastasizing to distant organs such as the brain, adrenal glands or liver through blood 

vessels (Filosso et al., 2016; Popper, 2016; Travis, 2014). Potentially curative treatments 

for advanced stage patients are usually not available due to metastatic spread. When 

the tumour is known to have metastasized beyond N1, the risks of surgery outweighs 

the benefits. Furthermore, thoracic surgery is hazardous by nature compared to many 

other sites (e.g. the abdomen for colon cancer, or the breast in the case of breast 

cancer). This also helps to explain the low survival rate in lung cancer. 

The main cause of lung cancer is tobacco consumption (Alberg et al., 2007). In the UK, 

Doll and Hill demonstrated the strong and significant association between smoking and 

lung carcinoma in 1950, comparing lung cancer patients and control patients aged from 

25 to 74 years (Doll and Hill, 1950). Although tobacco smoking has been recognized as 

a cause of lung tumorigenesis by health authorities, people still consume all kind of 

tobacco products. 

Chemical carcinogens detectable in tobacco smoke such as polycyclic aromatic 

hydrocarbons or nitrosamines can cause DNA adducts which subsequently generates 

point mutations in genes involved in lung cancer formation. In the polycyclic aromatic 

hydrocarbons family, benzo[a]pyrene diol-epoxide-guanine adducts formation were 

found in smokers which led to G to T transversion, accounting for, for example, the 
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commonest driving mutation found in lung adenocarcinoma (KRAS G12C) as well as 

many oncogenic changes in the TP53 gene (Vineis and Caporaso, 1995). 

Other contributors to lung cancer can be the atmosphere that lung cancer patients are 

exposed to such as outdoor pollution, second-hand smoke or asbestos, radon, nickel as 

well as inherited genetic alterations (e.g. inherited EGFR T790M missense mutation), 

and chronic lung diseases such as pulmonary fibrosis, chronic obstructive pulmonary 

disease or tuberculosis (Travis, 2014).  

For many decades, pathologists used to merely distinguish small cell lung cancer (SCLC) 

from non-small cell lung cancer (NSCLC) in small biopsies and cytology of lung cancer 

due to the difference in tumour behaviour (Travis et al., 2010). There was not any 

differentiation within NSCLC until the WHO classification of lung tumours formally 

established the histological types of these lung tumours in 1967. 

1.4.2 Types of lung cancer 

Lungs are divided into lobes (left and right lobes having two and three lobes 

respectively). The trachea branches out into left and right bronchi, which bring air to 

the lungs. These bronchi further branch out into bronchioles and end with tiny air sacs 

called alveoli (Chaudhry R, 2021). 

In the lung, bronchi are covered on the surface by ciliated pseudostratified columnar 

epithelium. Although the epithelium is characterised as pseudostratified in microscopic 

sections (i.e. multi layers of epithelial cells) layer, it is in reality a single layer of 

epithelium. The pseudostratification name is due to the presence of various cell types 

and variable nucleus height (Camelo et al., 2014; Tam et al., 2011). Bronchioles are lined 

by ciliated single cuboidal epithelium (Empey, 1978) (Figure 1.3 A, B and C). 

Lung alveolar epithelium is composed of a monolayer of non-ciliated squamous 

epithelial cells, named type I alveolar epithelial cells (AT1) or type I pneumocyte, with 

intermittent single cuboidal non-ciliated epithelial cell, named type II alveolar epithelial 

cells (AT2) or type II pneumocytes (Figure 1.3 A and D). Type I pneumocytes represent 

95% of the total alveolar surface and enable oxygen and carbon dioxide gas exchange. 

Type II cells are secretory cells that synthesise and secrete surfactant responsible for 
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the control of alveolus surface tension.  Their main role is to prevent alveolar space from 

collapsing during exhalation (Knudsen and Ochs, 2018). They also contribute to the 

alveolar epithelium homeostasis by renewing the alveolar epithelium or repairing 

damaged type I alveolar cells and therefore playing a role as epithelial stem cells 

(Nabhan et al., 2018). 

 

Figure 1.3. Schematic representation of the human normal lung. 
Schematic representation of the lung with the different type of cells constituting the lung (Camelo et al., 
2014).  

 

Lung cancer can be divided into two categories: SCLC and NSCLC. SCLC accounts for 

approximately 15% of all lung cancer worldwide and NSCLC accounts for 85% of all lung 

cancer (Zappa and Mousa, 2016). NSCLC can be subcategorised into three main classes: 

squamous cell carcinoma, large cell carcinoma and adenocarcinoma.  
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Figure 1.4. Subtypes of lung cancer. 
H&E images of subtypes of lung cancer. A: H&E image of small cell lung carcinoma (SCLC). Cytoplasm is 
stained in pink and nuclei are stained in purple. Dense sheets of small crowded malignant tumour cells. 
B: H&E image of squamous cell carcinoma. Cytoplasm is stained in pink and nuclei are stained in purple 
C: H&E image of large cell carcinoma. Sheet of large polygonal cells with moderate cytoplasm and 
vesicular nuclei that show prominent nucleoli (red arrow). Adapted from (Wistuba et al., 2018)). D: 
Adenocarcinoma. Carcinoma showing glandular differentiation. Cytoplasm is stained in light purple and 
nuclei are stained in dark purple. Black arrows in A, B, C and D show tumour cells. Red arrows in C point 
out nucleoli. A, B and D are adapted from (Ren et al., 2015). 
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Table 1.1. Differences between SCLC and NSCLC. 
(ACS, 2021; Borthwick et al., 2001; Hanna and Onaitis, 2013; Kim et al., 2005; Travis, 2014; Zappa and 
Mousa, 2016). 
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Table 1.1 summarises the main different features of SCLC and NSCLC. 

 Small cell lung cancer  

SCLC has a poor prognosis compared to NSCLC with 6% 5-year survival rate while NSCLC 

5-year survival is 24% according to the American Cancer Society (ACS, 2021). SCLC is the 

most aggressive common form of lung cancer. 60-70% of patients with SCLC are 

diagnosed when the tumour has already metastasised (Carter et al., 2014). 

SCLC accounts for approximately 15% of all lung cancer worldwide (Zappa and Mousa, 

2016). It is a poorly differentiated high-grade disease characterised by dense sheets of 

malignant tumour cells with neuroendocrine features (Travis, 2014). The tumour 

consists of small crowded cells (Figure 1.4A) containing scant cytoplasm, with a nucleus 

formed of finely granular and uniform chromatin hardly detectable nucleoli.  

SCLC develops mainly centrally in the major airways but can also occur in the periphery 

of the lung in 5% of cases.   

The cells are immunohistochemically positive for neuroendocrine markers such as 

NCAM/CD56. They also often expresses TTF-1, a lineage marker for alveolar epithelial 

cells. 

Predominant genetic alterations observed in SCLC are inactivation of TP53 and RB genes 

leading to loss of functional p53 and RB expression and amplification of MYC gene 

conducting to overexpression of myc transcription factors. Several other genetic and 

epigenetic aberrations changes occur in SCLC such as mutations in CREBBP or PTEN 

genes as well as amplification of FGFR1 and CCN2 genes, and hypermethylation of the 

RASSF1 gene’s promoter leading to inactivation. 

The cell of origin of SCLC is unclear. It is believed that this disease can origin from 

neuroendocrine progenitor, or may sometimes share the same origin as 

adenocarcinoma since combined tumours are not uncommon (Hanna and Onaitis, 

2013). 
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 Squamous cell carcinoma 

25-30% of all lung cancer are squamous cell carcinoma. This is an aggressive carcinoma 

that can demonstrate keratinisation as well as keratin whorl or pearl formation with 

visible intracellular bridges (i.e. tight junctions) between cells. It arises from the 

bronchial epithelium. It can also appear as morphologically undifferentiated NSCLC that 

are only identifiable by expression of protein markers specific to squamous cell 

differentiation (Figure 1.4B). Squamous cell carcinoma was the predominant type of 

lung cancer until the 1950s but a switch has been observed since 1960 where squamous 

cell carcinoma frequency regressed and adenocarcinoma frequency increased in 

smokers (Travis, 2014). It mainly occurs in tobacco consumers and tumours are 

commonly developed in the central lung, in the main or lobar bronchus.  

Squamous cell carcinomas are typically immunohistochemically positive for p40, p63, 

cytokeratin 5 or cytokeratin 5/6 and negative for TTF-1. Genomic alterations 

characteristics of squamous cell carcinoma are mainly gain/amplification of SOX2, TP63, 

EGFR and FGFR1 genes leading to overexpression of these genes, mutation of TP53 

gene, and deletion of CDKN2A, leading to loss of p14ARF and p16 expression from this 

locus.  

It is believed that squamous cell carcinoma are arisen from tracheal basal progenitor 

cells. 

 Large cell carcinoma 

Large cell carcinoma represents 5-10% of all lung cancer and is defined as an 

undifferentiated malignant epithelial tumour that does not exhibit any cytological, 

architectural or immunohistochemical features of small cell carcinoma, 

adenocarcinoma or squamous cell carcinoma. It is characterised by sheet of large 

polygonal cells with moderate cytoplasm and vesicular nuclei that show prominent 

nucleoli, where the ribosome biogenesis occurs (Figure 1.4C). The main cause of large 

cell carcinoma is smoking and this type of NSCLC is negative for all the markers specific 

to squamous cell carcinoma and adenocarcinoma. 
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Large cell carcinoma usually arises as a mass at the periphery of the lung. 

Genetic aberrations commonly occurring in large cell carcinoma are EGFR, KRAS, TP53 

mutations, CDKN2A deletions and MYC and CCNE1 gene amplification. Epithelial-

mesenchymal transition related genes were also frequently expressed in this tumour 

growth. 

The cell type(s) origin of undifferentiated large cell carcinoma is as yet unknown. 

 Adenocarcinoma 

Adenocarcinoma is by definition a carcinoma showing glandular differentiation or 

mucin production with diverse subtype of histological growth (Figure 1.3D). 

Adenocarcinoma can exhibit histopathologically diverse growth patterns (explained in 

detail in the section 1.4.5). This subcategory of NSCLC has become the most common 

type of all lung cancer since 1960 accounting for 40% of lung cancer nowadays. One of 

the reason for the progressive increase of developing adenocarcinoma tumours is 

believed to be the changes in cigarettes composition. In particular, the introduction of 

filters vent in cigarettes in the 1950s enabled smokers to perform deeper smoke 

inhalation allowing the carcinogens constituting the tobacco to reach the periphery of 

lung (Furrukh, 2013).   

Adenocarcinoma mostly arises at the periphery of the lung which may explain the late 

diagnosis of the disease as some patients can present no symptoms or symptom that 

might appear quite negligible, such as cough. As the tumour grows, the symptoms 

accentuate and by the time of diagnosis, the tumour may have already done severe 

damage. Some adenocarcinomas can grow centrally.  

Adenocarcinoma mainly express TTF-1 and napsin A which are useful as diagnostic 

immunohistochemical markers.  

Prominent genetic aberrations implicated in the development of the disease in the 

Caucasian population are EGFR (5-15%) and KRAS (20-30%) followed by ALK gene fusion 

(3-6%) and others including TP53 genes mutation (Figure 1.5). 
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It is thought that adenocarcinoma arise from broncho-alveolar stem cells. 

 

Figure 1.5. Pie chart of the frequencies of common genomic changes in lung adenocarcinoma in 
USA/Europe. 
Adapted from (Kohno et al., 2015). 

 

1.4.3 TNM staging of lung cancer  

TNM classification of malignant tumour stage is defined by the analysis of the 

anatomical extent of three factors i.e. the primary tumour, the lymph nodes and 

metastases (CRUK, 2020). One of the many purposes of developing an international 

tumour staging classification is to establish an accurate diagnosis of the disease in order 

to provide efficient treatment for the patient. NSCLC and SCLC both follow the TNM 

classification of lung cancer.  

The current TNM stage is the eighth edition of TNM but the lung adenocarcinoma 

patients were classified according to the seventh TNM edition (AJCC, 2010) in our study, 

which is presented below. 
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Table 1.2. Primary tumour staging criteria of the lung according to AJCC. 

 

Tumour stage assesses the size and extent of the primary tumour site and is divided into 

four categories. TX means that the primary tumour cannot be evaluated. T0 defines the 

histological absence of primary tumour. Tis signifies carcinoma in situ.  T1-4 refers to 

the increase in size of the primary tumour (Table 1.2).  
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Table 1.3. Nodal staging criteria of the lung according to AJCC. 

 

Nodal stage evaluates the spread of tumour to lymph nodes and is classified into three 

distinct groups. NX designates tumour where the regional lymph nodes cannot be 

assessed. N0 refers to the absence of tumour in the regional lymph nodes. N1 to N3 

defines the increasing involvement of regional lymph nodes (Table 1.3). 

 

Table 1.4. Tumour metastasis staging criteria of the lung according to AJCC. 
 

Metastases assess the presence or the absence of metastasis and is categorised into 

two groups. M0 refers to the absence of distant metastasis. M1 designates the 

detection of distant metastasis (Table 1.4). 
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Table 1.5. Overall staging of lung cancer according to AJCC. 

 

Overall stage refers to the TNM classification of primary tumour staging combining all 

these three parameters. Stage I is characterised as the size of the primary tumour not 

exceeding four cm without any detection of intra or extra-thoracic metastasis. Stage II 

refers to tumour found nearby lymph nodes. Stage III of NSCLC is diagnosed in patients 

when the primary tumour has metastasised to the lymph nodes in the middle of the 

chest. Stage IV is defined by the detection of extra-thoracic metastasis (Table 1.5). 

  



37 
 

1.4.4 Current treatment for NSCLC 

As stated previously, lung cancer is the commonest cause of lung cancer death 

worldwide. Despite improvements in lung cancer patient care, the survival rate still 

remains low compared to other developed countries (Walters et al., 2015). One of the 

main reasons for the poor outcome in lung cancer is the late diagnosis of the disease, 

when the tumour has already spread to the regional lymph nodes and beyond. 

Approximately 62% of lung cancer patients are diagnosed at advanced stage of the 

disease in the UK (Jones and Baldwin, 2018). Treatment for NSCLC is mainly based on 

the staging of the tumour and the performance status of the patient. There are three 

main branches for NSCLC treatment with curative intent that consists of surgery, 

chemotherapy and radiotherapy. 

Thoracic surgery with curative intent is provided to patients with early stage disease 

that are fit enough (NICE, 2020). Thoracic surgery is mostly performed on fit patients 

that are at stage I, II and IIIA of NSCLC (Zappa and Mousa, 2016). Surgery is usually 

anatomically complete lobectomy with regional lymph node sampling but can also be 

less radical (wedge resections or segmentectomy). 

Radiotherapy treatment aims to eliminate cancer cells by radiation. Fit patients that are 

at stage I, II and III of NSCLC who are unwell or unwilling to undergo surgery are offered 

a radiotherapy treatment with curative intent (NICE, 2020). It can also be used as an 

adjuvant treatment that reduces the risk of tumour recurrence after surgery (Zappa and 

Mousa, 2016). 

Chemotherapy is not curative by itself but its aim is to extend lifespan (Zappa and 

Mousa, 2016). It can be used in advanced disease or as an adjuvant treatment aiming 

to prevent recurrence after surgery.  

Tyrosine kinase inhibitors are therapies targeted to specific mutations, which inhibit 

activated proto-oncogenes, for instance activated mutated EGFR or ALK proteins. This 

treatment is currently reserved for advanced stage patients or those with recurrent 

disease. Although these treatments impact tumour growth and can improve lung cancer 
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symptoms, most clinical trials report little improvement in overall survival (Jones and 

Baldwin, 2018). 

Immunotherapy is the newest treatment modality and has the potential for induction 

of long-term remission in some NSCLC patients. It depends upon the body’s own natural 

immune system to target cancer cells. One of the first immunotherapy drug used for 

advanced stage cancer patients is pembrolizumab, which is given to patients within 

whom tumour cells show high levels of PD-L1 protein expression by 

immunohistochemistry. PD-L1 is a protein expressed on the surface of tumour cell, 

which allows the latter to evade the immune system detection by binding to the PD-1 

receptor of the cytotoxic T-cell and thereby deactivating its cytotoxic effect. 

Pembrolizumab prevents PD-L1 binding to its PD-1 receptor on the T-cell (Jones and 

Baldwin, 2018). 

Keynote 024 was the first randomised phase III trial proving the benefits of 

pembrolizumab on NSCLC patient with PD-L1 expression of at least 50%. In this trial, 

305 untreated advanced staged (stage IV) NSCLC patients expressing at least 50% of PD-

L1 were randomly divided into two groups:  the first group constituted of 154 patients 

received the pembrolizumab while the second group (151 participants) received a 

platinum-based chemotherapy. 
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Figure 1.6. Effect of pembrolizumab on overall and recurrence-free survivals of stage IV NSCLC patients. 
A: Kaplan-Meier of overall survival of pembrolizumab and chemotherapy in metastatic NSCLC patients. 
B: Kaplan-Meier of progression-free survival of pembrolizumab and chemotherapy in metastatic NSCLC 
patients. 
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The results show that pembrolizumab significantly gives better overall survival 

compared to chemotherapy treated group. There is a significant decrease of 40% 

(hazard ratio = 0.60, p = 0.005) in risk of death with the pembrolizumab treatment 

(Figure 1.6A).  

The median progression-free survival rate significantly differ between the two groups 

(10 months for pembrolizumab group versus about 6 months for chemotherapy group, 

p < 0.001). There is a significant decrease of 50% in risk of relapse of the disease in the 

metastatic NSCLC patients treated with pembrolizumab compared to chemotherapy 

(Figure 1.6B). Taken together, this data demonstrates the efficiency of pembrolizumab 

drug treatment versus the chemotherapy treatment. The drug can extend the overall 

and disease free survival in stage IV NSCLC patients (Reck et al., 2016). Nowadays, this 

is recommended for metastatic lung cancer patients (NICE, 2021) and PD-L1 

immunohistochemistry is considered as predictive marker.   

Other immunotherapies have been developed such as immunotherapy through tumour 

cell vaccine using genetically modified tumour cells and antigen-specific vaccines (Zappa 

and Mousa, 2016). 
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1.4.5 Lung Adenocarcinoma  

 Characteristics of lung adenocarcinoma tumour growth patterns  

Adenocarcinoma is the most common type in NSCLC and accounts for 40% of all lung 

cancers (Zappa and Mousa, 2016). With progress in cancer research and therapy, its 

classification has been refined and revisited over the years. Adenocarcinomas display 

several distinct growth patterns, which can be mixed together in a single lesion. 

Adenocarcinoma of the lung can exhibit six different types of tumour growth pattern: 

lepidic, acinar, cribriform (a variant of acinar pattern which does not define a tumour 

type in the current WHO classification) papillary, micropapillary and solid. 

Lepidic tumour pattern consists of proliferation of type II pneumocyte or Clara cells 

along the surface of alveolar structures. This is a non-invasive, i.e. in situ tumour growth, 

and the normal lung architecture is preserved. Its presence is a defining feature of 

several WHO tumour subtypes: adenocarcinoma in situ, minimally invasive 

adenocarcinoma and lepidic predominant adenocarcinoma (Figure 1.7). 

 

Figure 1.7. Lepidic tumour growth pattern. 
A: Schematic representation of lepidic tumour growth pattern. B: H&E staining of lepidic tumour growth 

pattern. Nuclei are stained in purple (haematoxylin staining) and cytoplasm is stained in pink (eosin 

staining). Magnification: 20X. Scale bar: 100µm. 
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Figure 1.8. Acinar tumour growth pattern. 
A: Schematic representation of acinar tumour growth pattern. B: H&E staining of acinar tumour growth 

pattern. Nuclei are stained in purple (haematoxylin staining) and cytoplasm is stained in pink (eosin 

staining). Magnification: 20X. Scale bar: 100µm. 

 

Acinar pattern is composed of round or oval-shaped malignant glands or acini invading 

the stroma consisting of single luminal space surrounded by neoplastic cells, which may 

contain mucin. The alveolar architecture is lost (Figure 1.8).  

 

Figure 1.9. Cribriform tumour growth pattern. 
A: Schematic representation of cribriform tumour growth pattern. B: H&E staining of cribriform tumour 

growth pattern. Nuclei are stained in purple (haematoxylin staining) and cytoplasm is stained in pink 

(eosin staining). Magnification: 20X. Scale bar: 100µm. 

 

Cribriform pattern is defined as fused acinar glands with poorly formed glandular spaces 

and no stroma connection between these glands (Figure 1.9).  
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Figure 1.10. Papillary tumour growth pattern. 
A: Schematic representation of papillary tumour growth pattern. B: H&E staining of papillary tumour 

growth pattern. Nuclei are stained in purple (haematoxylin staining) and cytoplasm is stained in pink 

(eosin staining). Magnification: 20X. Scale bar: 100µm. 

 

Papillary reflects a tumour growth of columnar or cuboidal malignant epithelial tumour 

on the surface of fibrovascular cores constituted of stroma components (Figure 1.10).  

 

Figure 1.11. Micropapillary tumour growth pattern. 
A: Schematic representation of micropapillary tumour growth pattern. B: H&E staining of micropapillary 

tumour growth pattern. Inset square represents a zoom in micropapillae structure. Nuclei are stained in 

purple (haematoxylin staining) and cytoplasm is stained in pink (eosin staining). Magnification: 20X. Scale 

bar: 100µm.  

 

Micropapillary tumour pattern is characterised by clusters or ring-like forms of tumour 

cells (micropapillae) which lack the fibrovascular cores and occupy spaces within areas 

of usually papillary or acinar appearance (Figure 1.11). 
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Figure 1.12. Solid tumour growth pattern. 
A: Schematic representation of solid tumour growth pattern. B: H&E staining of solid tumour growth 

pattern. Nuclei are stained in purple (haematoxylin staining) and cytoplasm is stained in pink (eosin 

staining). Magnification: 20X. Scale bar: 100µm. 

 

As depicted in Figure 1.12, solid tumour pattern is represented by sheets of polymorphic 

invasive epithelial tumour cells which lacks other recognizable tumour growth pattern 

of adenocarcinoma, namely as lepidic acinar, papillary and micropapillary growths. 
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Table 1.6. Features of adenocarcinoma groups. 
(Kadota et al., 2014; Travis, 2014) 

 

 WHO classification of lung adenocarcinoma 

The WHO, which publishes international guidelines for the classification of all 

malignancies, divides adenocarcinoma of the lung into the following types based upon 

their histopathological appearances: adenocarcinoma in situ (AIS), minimally invasive 

adenocarcinoma (MIA), lepidic predominant adenocarcinoma (LPA), acinar 

predominant adenocarcinoma (APA) (including cribriform growth pattern), papillary 

predominant adenocarcinoma (PPA), solid predominant adenocarcinoma (SPA), 

micropapillary predominant adenocarcinoma (MPPA).   

AIS is well-differentiated, i.e. structurally similar to normal lung structure,  small solitary 

adenocarcinoma, i.e. this  ≤ 3 cm in diameter, with lepidic growth and no evidence of 

invasive component (Table 1.6).  
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Minimally invasive adenocarcinomas (MIA) are well-differentiated tumours ≤ 3 cm in 

diameter that predominantly display lepidic growth and a single invasive region ≤ 0.5 

cm (Table 1.6). 

LPA shows normal lung structure and therefore is defined as a partially well-

differentiated lepidic growth with at least one invasive focus greater than 5 mm of 

diameter (Table 1.6).  

APA is mainly composed of acinar pattern and is considered as moderately-

differentiated invasive tumour growth (Table 1.6). It starts to lose the normal structure 

of the lung and become invasive. 

Cribriform is considered as a subtype of acinar predominant adenocarcinoma. It is not 

regarded as a separate growth pattern in formal WHO criteria although it can predict 

poor prognosis compared to acinar growth pattern. Kadota et al. have demonstrated 

that the 5-year probability of recurrence of the disease was worse in the cribriform 

predominant pattern compared to acinar and papillary patterns in stage I lung 

adenocarcinoma patients but comparable to solid and micropapillary, which are 

associated with poor prognosis (Kadota et al., 2014). Cribriform can be regarded as 

moderately differentiated invasive histological pattern (Table 1.6).  

PPA predominantly exhibits papillary growth and is a moderately-differentiated invasive 

tumour growth (Table 1.6).  

Predominant micropapillary tumour growth is classified as MPPA and has been 

described as an invasive and poorly differentiated tumour growth, i.e. MPPA has 

completely lost the normal lung architecture (no more alveolar walls) (Table 1.6). 

SPA is composed of solid tumour growth and is poorly differentiated tumour growth 

(Table 1.6) (Zhang et al., 2014). Similarly to MPPA, SPA has also lost the normal lung 

architecture. 
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 Lung adenocarcinoma patterns and patient outcome 

Predominant histological patterns of tumours have been shown to be related to 

different survival outcome after surgery with curative intent (Hung et al., 2014b; Russell 

et al., 2011; Warth et al., 2012). 

 

 

Figure 1.13. Histological pattern features and its impact on overall patient survival. 
The Kaplan-Meier graphs describe survival of lung adenocarcinoma patient cohort according to the 
predominant growth pattern over 10 years follow-up after surgery. Kaplan-Meier of overall survival 
outcome for lepidic acinar, papillary, solid and micropapillary predominant patterns are shown from 
Hung et al. study (Hung et al., 2014b).  

 

AIS and MIA tumours presents the best overall survival in lung adenocarcinoma patients 

with nearly 100% of patient alive five years after surgery (Wilshire et al., 2016).  

LPA also predicts better outcome in lung adenocarcinoma patients with a 5-year overall 

survival rate of about 90%. APA and PPA show similar prognostic percentage with about 

81% and nearly 80 %of patients alive 60 months after the surgery respectively. SPA and 

MPPA tumour patterns are related to poor outcome in lung adenocarcinoma with only 

about 53% and 50% of patients surviving five years post-surgery (Figure 1.13). 
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This correlation provides a possible grading system, which is based on the predominant 

growth pattern architecture. There is no formal grading of lung cancers at the moment. 

However, growth pattern seems to be the best and most reliable source to define the 

grading system. One has now been proposed. The International Association for the 

Study of Lung Cancer (IASLC) pathology committee elaborated a tumour grading system 

based on the predominant and high-grade tumour pattern for invasive pulmonary 

adenocarcinoma using one training cohort and two independent test cohorts. They 

found that dividing the tumour grading system into grade 1 (i.e. lepidic predominant 

tumour), grade 2 (acinar and papillary predominant tumours with no or less than 20% 

of high-grade histological patterns) and grade 3 (tumour with at least 20% of high-grade 

pattern, i.e. solid, micropapillary or more advanced tumour) gave a reproducible and 

significant outcome in invasive pulmonary adenocarcinoma with grade 1 related to 

better outcome and grade 3 associated to poor survival. This grading system offers a 

new prognostic value based on the histological pattern of the tumour (Moreira et al., 

2020).  

 Pulmonary sarcomatoid carcinoma 

Sarcomatoid carcinomas are a poorly differentiated subtype of NSCLC. This group 

accounts for less than 1% of all lung cancer. This category consists of the following WHO 

tumour types: pleomorphic carcinoma, carcinosarcoma, spindle cell carcinoma, giant 

cell carcinoma and pulmonary blastoma. Of these, pleomorphic carcinoma is the most 

common.  

Pleomorphic carcinoma is a rare and poorly differentiated squamous cell carcinoma or 

adenocarcinoma or undifferentiated NSCLC. It consists of a mixture of both epithelial 

and mesenchymal elements, exhibiting at least 10% of giant and/or spindle cells in 

addition to adenocarcinoma and squamous cell carcinoma elements. Giant tumour cells 

show large, irregular and multilobated nuclei and are often multinucleated, while 

spindle cells are elongated with malignant nuclear features and resemble malignant 

mesenchymal cells, morphologically suggestive of EMT. 
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More than 90% of lung cancer patients with pleomorphic carcinoma are heavy smokers 

however it can also develop in never-smokers due to asbestos or chemicals exposure 

(Travis, 2014). Pleomorphic carcinoma usually grows at the periphery of the lung and 

more precisely in the upper lobes. The differentiated region of the pleomorphic 

carcinoma can express cytokeratins, naspin A, TTF1, p63, CK5/6. The spindle or giant 

cell component can be positive for vimentin. Chromosomal gains and TP53 mutations 

are common. Outcomes are poor even when diagnosed at an early stage of the disease 

(Travis, 2014). 

 

1.4.6 Progression from in situ to invasive adenocarcinoma 

Surgically resected lung adenocarcinoma can present both in situ and invasive tumour 

growth. Nonetheless, the continuum of in situ to invasive disease is poorly understood.  

In a landmark study, Noguchi et al. showed that some early stage lung adenocarcinomas 

have limited metastatic potential. Tumours that are less than 20mm in size were 

classified into six groups based on their morphological differences. These categories are 

designated as A-F: type A tumours are wholly in situ, type B are tumours being 

biologically in situ with areas of stromal alterations (“pseudo-invasion”), type C tumours 

present in situ and truly invasive patterns and types D, E and F are tumours that are 

wholly invasive. Types A and B showed good pronosis with 100% 5-year survival rate. 

The 5-year survival of type C tumours were 74,8%. Type D tumours were found to have 

the worst prognosis with 52,4% patients alive five years post-surgery (Figure 1.14) 

(Noguchi et al., 1995). 
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Figure 1.14. Survival rate of type A, B, C and D tumours in lung adenocarcinoma. 
Adapted from (Noguchi et al., 1995). Type E and F survival graphs are not shown in this paper due to the 
insufficient case numbers. 

 

This suggests three important groupings based on biological invasiveness. The transition 

to invasion may not occur at all (e.g, Noguchi’s type A tumours and B, equivalent to the 

WHO AIS category) where the tumour solely presents in situ growth with possible 

pseudoinvasion. Alternatively, the transition to invasion may occur very early in tumour 

growth leading to the formation of small but wholly invasive adenocarcinoma 

(Noguchi’s type D tumours). Finally, invasion may be partial (Noguchi’s type C tumours) 

with the tumour showing both in situ and invasive growth patterns.  

Numerous studies have shown that genetic alteration is one of the main contributors 

to lung adenocarcinoma progression.  

Yoo et al. examined 20 precursor lesions (atypical adenomatous hyperplasia, AAH), 43 

lepidic predominant adenocarcinomas and 47 invasive-predominant adenocarcinomas. 

They found out that the frequency of EGFR mutations were quite consistent in 

precursor, in situ and invasive tumour growths while overexpression of p53 was more 

frequently observed in invasive adenocarcinoma. This suggested that EGFR mutation 

occurred at early stage of lung adenocarcinoma and p53 overexpression occurred at 
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late event in the disease development and was involved in the progression to 

invasiveness in lung adenocarcinoma (Yoo et al., 2010).  

Chen et al. investigated the genomic and immune profiles of lung adenocarcinoma using 

whole-exome sequencing in 98 AIS/MIA patients and 99 invasive adenocarcinoma 

patients. They found eight commonly mutated genes in the pre-invasive tumour 

growth, which includes EGFR, KRAS, BRAF and TP53 mutations. Furthermore, they 

demonstrated that TP53 gene aberrations were more commonly detected in the 

invasive adenocarcinoma and therefore were regarded as mediator of invasive growth 

in the progression of lung adenocarcinoma disease (Chen et al., 2019). 

However, these studies focused on comparing separate in situ and invasive tumour 

lesions from different lung adenocarcinoma patients, i.e. with different genomic 

backgrounds and not areas of the same tumour. This cannot illustrate the progression 

from in situ to invasive disease within a single lesion and will be confounded by 

differences between patients (e.g. different driving mutations, ethnicity, smoking 

history). It is essential to understand what drives the transition to invasiveness within 

individual tumours in the evolution of lung adenocarcinoma to understand the 

mechanism by which invasive behaviour is acquired. A few studies have investigated 

the molecular causes in the continuum progression from in situ disease to invasive 

adenocarcinoma within individual tumours.  

Yatabe et al. analysed topographical distribution of mutations in three different regions 

of lung cancer tumours. They inspected in total 107 samples (17 AAH pre-invasive 

lesions, 21 AIS tumours, 23 MIA tumours and 46 invasive adenocarcinomas) from 48 

patients. Using Taq Man-based gene dosage analysis and fluorescent in situ 

hybridization technology, they showed that EGFR gene amplification was observed in 

invasive areas of early adenocarcinoma but not in the in situ components: 1 out of 20 

AIS tumours presented EGFR gene amplification while none of the AAH lesions did. 

Therefore, EGFR gene amplification was associated with lung adenocarcinoma 

progression (Yatabe et al., 2008).  
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Murphy et al. discovered that progression from in situ disease to invasive disease can 

be due to increased genomic rearrangement such as EML4-ALK gene fusion or 

intragenic ALK gene rearrangement in the invasive tumour using next generation DNA-

sequencing in 14 cases of lung adenocarcinomas with in situ and invasion lesions within 

individual tumours (Murphy et al., 2014). 

The Sidransky group also explored 25 AAH (in situ) lesions and their matched invasive 

adenocarcinomas from 6 patients and different areas of histological progression of lung 

adenocarcinoma within AISs and MIAs tumours from 5 AIS and 5 MIA using targeted 

next-generation sequencing. They found that EGFR and KRAS could be detected in early 

step of lung adenocarcinoma formation while TP53 genes alterations were moslty found 

in invasive areas witihn MIA and AIS tumours, suggesting that TP53 gene mutations 

favor the progression to invasive tumour growth in lung adenocarcinoma (Izumchenko 

et al., 2015).  

A recent study from our own laboratory incorporating data from this thesis has 

demonstrated that in mixed-type tumour presenting in situ and invasive components, 

i.e. type C tumours of Noguchi, the progression of in situ to invasive disease can be 

driven by TP53 mutations while the common drivers EGFR and KRAS gene mutations 

were present in both in situ and invasive areas. Nonetheless, many tumours had no 

detectable additional driver mutation in invasive areas, which leads us to suspect other 

genetics or epigenetics events such as amplification, or translational dysregulation may 

also drive invasiveness (Moore et al., 2019). 

The concept of clonality has arisen to explain the progression to invasiveness in lung 

adenocarcinoma. Tumour clones evolve by acquiring driver mutations, i.e. mutation 

enabling the cancer cell to grow and survive in the tumour microenvironment, and 

generate progeny (subclones) that have acquired further mutations over time and 

manage to survive in the microenvironment. Identifying these driver mutations and 

their order of generation (i.e. whether genes is mutated early or late in the progression 

in lung adenocarcinoma) is crucial to provide accurate and efficient treatment 

(Govindan, 2014). The TRACERx study (TRAcking non-small cell lung Cancer Evolution 

through therapy [Rx]) is an ongoing multicentre study in UK that investigates the tumour 
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spatio-temporal evolution and the importance of clonal heterogeneity upon 

therapeutic and survival outcome by sampling multiple regions of primary and 

metastatic tumour, although it does not separately examine in situ and invasive disease. 

This study demonstrated that most classic driver mutations such as EGFR, KRAS and 

TP53 gene alterations occurred at early stage of lung adenocarcinoma and patients with 

high amount of copy-number alterations in subclones significantly predicted poor 

outcome in NSCLC patients (Jamal-Hanjani et al., 2017). 

 

Figure 1.15. Simplified Vogelgram of lung adenocarcinoma disease progression. 
A: Simplified schematic representation of commonly foung genetic aleterations in the continuum from in 
situ to invasive lesions in lung adenocarcinoma. B: H&E images of normal and tumorigenic lung illustrated 
the Vogelgram of lung adenocarcinoma progression. Normal lung epithelium progress to in situ disease, 
which can lead to the formation of invasive adenocarcinoma. Cytoplasm and nuclei are stained in pink 
(eosin staining) and purple (haematoxylin staining) respectively. 

 

All these findings from published literature are summarised in a “Vogelgram” to 

illustrate the most common alterations found in the continuum from in situ to invasive 

disease (Figure 1.15). A normal alveolar epithelial cell acquires genetic alterations such 

as EGFR, BRAF and/or KRAS gene mutations and chromosomal rearrangements leading 

to in situ adenocarcinoma growth. At this stage, the carcinoma can further accumulate 

genetic changes such as TP53 gene mutations, EGFR gene amplification or increased 

chromosomal rearrangement, which seems to coincide with the formation of invasive 

adenocarcinoma with destruction of normal lung architecture (Figure 1.15). 
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To summarise, these studies have demonstrated that most lung adenocarcinoma 

tumour present intratumoural heterogeneity and have introduced the notion of spatio-

temporal diversity in tumour clone evolution to understand the continuum of lung 

cancer progression.  

Although genomic alteration is believed to drive invasiveness in lung adenocarcinoma, 

the phenotypic events underpinning this event in human tumours are still very poorly 

understood. 
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1.5 Epithelial-mesenchymal transition (EMT) 

1.5.1 Epithelial and mesenchymal cells features 

 Epithelial cells  

In metazoan organisms, the epithelia are tissues made up of layers of cytokeratin-

expressing cells, which cover or line the surface of many organs such as the lung, 

secretory glands, gut or skin. They play multiple roles, including secretion, gas exchange, 

and as a barriers to harmful or pathogenic molecules. When malignantly transformed, 

they give rise to carcinomas. 

Epithelia can be classified as squamoid (thin flat cells), columnar or cuboidal, and can 

be arranged in one layer (simple epithelium) or several layers (stratified epithelium) (Ye 

and Weinberg, 2015). Tissue epithelia are composed of differentiated non-motile cells 

presenting a range of types of intercellular junctions: tight and adherens junctions at 

the subapical lateral surface of epithelial cell membrane, followed by desmosomes and 

gap junctions at the basolateral epithelial membrane (Lamouille et al., 2014). Normal 

epithelial cells exhibit apical-basal polarity and are anchored to a basement membrane 

(Figure 1.16A). Intercellular junctions and polarity contribute to the integrity of 

epithelial cells that protect metazoan organisms from external environment (Garcia et 

al., 2018). 

Lung epithelial cells contain all the classical types of intercellular junctions, described 

above, to allow their optimal and efficient activities (Figure 1.16C).  
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Figure 1.16. Simplified Schematic representation of a normal epithelium in general and in lung alveoli. 
A: Schematic representation of the normal epithelium. B and C: Schematic representation of the lung 

alveolus epithelium with a zoom on the cell junctions present between to AT1 cells. D: H&E of type 1 and 

2 pneumocytes (i.e AT1 and AT2 respectively) and erythrocytes of the human normal lung alveolus. Dark 

and light purple stain the nuclei and cytoplasm of AT1 and 2 respectively. Pink stains erythrocytes (Atlas).  
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In the lung alveoli, epithelial cells possess tight junctions generally positioned at the 

apical membrane structure of epithelial cells, which are linked to the actin cytoskeleton. 

AT1 cells and AT2 cells both express claudin, which interacts with occludin and scaffold 

proteins ZO-1 and ZO-2 to regulate the barrier functions of tight junctions and control 

paracellular permeability (Figure 1.16). They principally regulate the movement of ions 

and solutes between cells and maintain homeostasis across the epithelium via 

paracellular diffusion (Hartsock and Nelson, 2008; Itoh and Bissell, 2003).  

Adherens junctions or intermediate junctions are mostly positioned beneath the tight 

junctions at the lateral surface of the cell membrane. The transmembrane protein E-

cadherin is the major component of these junctions and interacts with adjacent cells 

and the intracellular protein p120 catenin in most epithelium, including in the alveoli 

epithelium (Chignalia et al., 2015; Hartsock and Nelson, 2008). Adherens junctions 

maintain apico-basal polarity (Nawijn et al., 2011), stabilise cell-cell adhesion and 

control the actin cytoskeleton amongst several others functions (Hartsock and Nelson, 

2008). 

Gap junctions are intercellular communicant canals formed of connexins. Their essential 

role is to allow direct diffusion of small molecules, metabolites and ions between cells, 

including in alveolar epithelial cells (Goodenough and Paul, 2009). In the alveoli, gap 

junctions are mostly expressed between AT1 cells in close proximity to tight junctions 

(Koval, 2002). 

Desmosomes are intercellular junctions that are positioned at the basolateral of the 

membrane. They are comprised of proteins such as desmosomal cadherins, 

desmosomal proteins and armadillo family proteins. In the lung alveoli, they form a 

connection between intermediate filaments of the cytoskeletons of the adjacent cells 

(Paine et al., 1995). Their functions are to maintain a strong cell-cell contact between 

cells and resist to mechanical stress (Kowalczyk and Green, 2013). 

Epithelial cells exhibit an apical-basal polarity which is controlled by the polarity 

complexes that interact with cell junction architecture known as Crumbs, Scribble and 

PAR complexes (Lamouille et al., 2014). Epithelial cells polarity contributes to the 
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maintenance of epithelial tissue organisation. The apical and basolateral plasma 

membranes domain possess different composition of proteins and lipid allowing them 

to execute directional transport of nutrients and waste between the two sides of the 

epithelium and therefore maintain the homeostasis in the epithelial cell (Rodriguez-

Boulan and Macara, 2014). Apical-basal polarity also enables epithelial cells to regulate 

the cell division asymmetry and maintain the apical cell junctions (the tight and 

adherens junctions) (Royer and Lu, 2011).  

The cytoskeleton of epithelial cells is composed of intermediate filaments such as 

cytokeratins amongst other filaments, which contribute to the mechanical assistance to 

the cell and maintain the shape and intracellular organisation (Lamouille et al., 2014). 

Epithelial cells are attached to the basement membrane through the interaction of 

integrins with extracellular matrix proteins present in the basement membrane 

(Lamouille et al., 2014). The basement membrane separates the underlying cells from 

adjacent tissues and acts as mechanical support to the cells as well as a barrier to 

invasion (Liotta et al., 1980).  

 Mesenchymal cells  

Mesenchymal stem cells (MSC) are multipotent stem cells that can self-renew and 

differentiate into mesenchymal lineage cells in adult organism. They give rise to 

mesenchymal tissues namely bones (osteocytes), cartilage (chondrocytes), muscle 

(myotube), marrow (stromal cells), adipose tissue (adipocytes) or tendon/ligament 

(fibroblast) (Caplan, 2015). 

The International Society for Cellular Therapy defines MSC as cells that exhibit plastic 

adherent features, express a specific cluster of differentiated cell surface and can 

differentiate into adipocyte, chondroblast and osteoblast in vitro (Dominici et al., 2006). 

They are spindle fibroblast-like cell that commonly express CD73, CD90 and CD105 and 

other tissue- specific surface markers and are negative for CD45, CD34, CD14 or CD11b, 

CD79a or CD19, and human Leucocyte antigen‐DR, i.e. hematopoietic markers (Ullah et 

al., 2015).  
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MSC are derived from perivascular cells, named pericytes and therefore can be found 

in many tissues of the adult organism. Pericytes are fibroblast-like cells that are present 

at intervals around along the wall of capillaries and venules (Attwell et al., 2016).They 

are mainly activated in response to injury/inflammation. Briefly, upon injury, pericyte is 

released in the injury site and differentiated into a MSC. MSC is activated and witnesses 

the dynamic changes in the microenvironment. It then reacts accordingly by secreting 

immuno-mediators and anti-bacterial peptides to protect injured microenvironment 

against pathogens and by producing trophic molecules to initiate regenerative tissue 

repair process (Caplan, 2015).  

In the context of epithelial-mesenchymal transition, mesenchymal cells are 

phenotypically and functionally opposite to epithelial cells. They are undifferentiated 

spindle-like shaped cells, losing the apical-basal polarity. They do not form tight and 

stable cell-cell junctions crucially due to the switch of the E-cadherin to N-cadherin 

expression. They are motile and invasive. The intermediate filament cytokeratin is 

replaced by intermediate filament vimentin. They possess the characteristics of stem 

cells as they are capable of differentiating into epithelial cells (Ye and Weinberg, 2015).  

 

1.5.2 Types of EMT 

As discussed earlier, cancer metastasis is the main cause of cancer mortality worldwide. 

In order to metastasize to distant sites, cancer cells need to detach from the primary 

tumour, intravasate and extravasate the vascular or lymphatic circulations, invade their 

new host tissue, and survive and proliferate to form a distant secondary tumour 

(Seyfried and Huysentruyt, 2013). One of the early crucial events in this series is 

believed to be epithelial-mesenchymal transition (EMT). 

EMT is a process, which manifests as the dedifferentiation of epithelial cells into 

mesenchymal-like cells accompanied by molecular changes.  They lose organisation of 

cell-cell junctions and cell polarity and gain in motility and invasive potential. These 

morphological changes are made possible due to the plasticity acquired by epithelial 

cells.  
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EMT is categorised into three distinct biological subtypes. Type 1 EMTs are required 

during embryogenesis and organogenesis. In this scenario, EMT plays a physiological 

role. Briefly, EMT process is involved in several stages in embryonic development but 

gastrulation and neural crest formation are the best studied stages for EMT process. 

The gastrulation stage is responsible for the production of three fundamental germ 

layer of every metazoan: ectoderm, mesoderm and endoderm. During this stage, EMT 

intervenes in the generation of mesoderm and endoderm from subset epithelial cells 

from the epiblast that gives rise to the ectoderm, at the primitive streak (Figure 1.17A). 

Through several rounds of EMT and its reverse process MET (mesenchymal-epithelial 

transition), the mesoderm and endoderm will ultimately give rise to many precursors 

cell types, leading to formation of tissues and organs of the metazoan adult organism. 

During the neural crest migration, neural epithelial cells in the dorsal neural tube 

undergo EMT to migrate as mesenchymal cells to their final destination and 

differentiate to ultimately generate neurons of the peripheral nervous systems, bone, 

melanocytes, amongst other components of the human body (Acloque et al., 2009). 

Epithelial-mesenchymal transition is essential in embryonic development. Defective 

EMT process during migratory neural crest cells or gastrulation can result in congenital 

malformations or even embryonic lethality (Acloque et al., 2009) (Figure 1.17B). 

 

Figure 1.17. Cartoon of type 1 EMT. 
A and B: Schematic representations of EMT during gastrulation and neural crest formation. Adapted from 
(Acloque et al., 2009). 
 

Type 2 EMT is implicated in wound healing, tissue repair/regeneration and fibrosis 

where EMT again has a physiological role (Figure 1.18). Succinctly, during wound healing 
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and tissue repair/regeneration process, EMT is involved in reconstructing the damaged 

tissue in response to trauma or inflammatory injury. Transient EMT is activated allowing 

epithelial cell migration to re-epithelize the wounded region and myofibroblast 

differentiation to remodel the extracellular matrix in order to repair wounded tissue 

(Stone et al., 2016). Notwithstanding, sustained EMT program activation due to ongoing 

inflammation, resulting in excessive production of myofibroblasts, can lead to organ 

fibrosis such as pulmonary fibrosis (Hill et al., 2019; Königshoff et al., 2009), renal 

fibrosis (Iwano et al., 2002) or hepatic fibrosis (Zhao et al., 2016), with deposition of 

extracellular matrix molecules (Stone et al., 2016).  

 

Figure 1.18. Type 2 EMT. 
Schematic representation of EMT activation upon injury (Stone et al., 2016). 

Type 3 EMTs contribute to cancer progression by enabling carcinomas to become 

invasive and metastatic (cf section 1.5.4). Although the EMT program can be activated 

under different physiological contexts, the molecular mechanisms underpinning these 

events are largely conserved (Kalluri and Weinberg, 2009; Lamouille et al., 2014; 

Zeisberg and Neilson, 2009). 
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1.5.3 Regulators of EMT 

The well-known EMT transcription factors SNAIL, TWIST and ZEB families drive EMT 

through the downregulation and upregulation of epithelial and mesenchymal 

promoting genes respectively. The name of SNAIL and TWIST comes from their 

discovery in Drosophila melanogaster. SNAIL and TWIST play a crucial role in the 

formation of the mesoderm and the neural crest in Drosophila (Alberga et al., 1991; 

Leptin, 1991). As illustrated in Figure 1.19, the expression of these transcription factors 

is induced at an early stage of EMT by several pathways such as hypoxia, inflammation 

and integrins from the extracellular matrix and secreted soluble proteins such as 

transforming growth factor-β, or tyrosine kinase, Wnt, Notch and hedgehog signalling 

pathways. Interestingly, several growth factors such epidermal growth factor, 

hepatocyte growth factor and fibroblast growth factor are ligands of receptor tyrosine 

kinase which leads to a cascade of activation of downstream factor involved in the 

translation control, i.e. the phosphatidylinositol-3-kinase (PI3K)/AKT pathway 

(Lamouille et al., 2014) and therefore might be implicated in the translational 

reprogramming in the tumour cells when EGFR gene is mutated. 

SNAIL proteins family consists of three SNAIL1 aka SNAIL, SNAIL2 aka SLUG, and SNAIL3 

aka SMUC. These transcription factors repress E-cadherin and cytokeratin mRNA 

transcription by binding to specific sequences of E-cadherin and cytokeratin promoters 

and inducing epigenetic modifications such as histone methylation which prevent 

proper transcriptions of the epithelial genes. They also induce mesenchymal gene 

transcription by binding to their promoter regions (Lamouille et al., 2014). 

TWIST genes encode homodimeric or heterodimeric basic helix–loop–helix proteins. 

TWIST1 and TWIST2 act similarly and independently to SNAIL proteins. TWIST1 recruits 

set8 methyltransferase, which methylates both cadherins’ promoters leading to the 

repression of E-cadherin and activation of N-cadherin transcription (Lamouille et al., 

2014). 

ZEB proteins are zinc finger transcription factors and two homologous of ZEB proteins 

are expressed in the vertebrates: ZEB1 and ZEB2. ZEB can be induced by SNAIL or TWIST 
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(Lamouille et al., 2014). ZEB1/dEF1 and ZEB2/SIP1 complexes can independently 

repress epithelial markers expression by directly binding to the 5’-CACCT sequences 

located in the promoter of the gene. They also contribute to the induction of 

mesenchymal phenotype by activating the transcription of N-cadherin and vimentin 

transcriptions (Vandewalle et al., 2009). 

 

Figure 1.19. Signaling pathways of EMT activation. 
Different pathways such as integrins, hypoxia, WNT, Notch and Hedgehog can activate EMT program. 

This triggers the transcription and translation of EMT-related transcriptions factors SNAIL, TWIST or ZEB 

by TFs (transcription factors) which subsequently leads to the activation of transcription of N-cadherin 

and vimentin and the repression of E-cadherin and cytokeratin transcription. 

 

Studies have shown the importance of microRNA as regulator of EMT as well. For 

instance, overexpression of miR-10b is implicated in the tumour invasion and metastasis 

in breast cancer (Ma et al., 2007). MiR-200 family and miR-205 prevent EMT activation 

by repressing ZEB family transcription factors (Gregory et al., 2008; Park et al., 2008).  

Although EMT is widely accepted as a mechanism central to tumour biology in in vitro 

studies, classical morphologically dedifferentiated mesenchymal cells are rarely seen in 

resected primary tumours; when it is seen, this is recognised as sarcomatoid 

differentiation (i.e. tumour presenting mesenchymal differentiation such as spindle 
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cells), and is associated with very poor outcomes, indicative of rapid spread and tumour 

aggressiveness. One key aim of this project is to resolve this apparent paradox. 

 

1.5.4 EMT in cancer progression 

 Description of EMT program 

Studies have investigated the role EMT in cancer progression and metastasis using in 

vitro experiments and mice models (Onder et al., 2008). 

Figure 1.20 describes the currently generally accepted model of epithelial-

mesenchymal transition in the context of cancer progression. 

 

Figure 1.20. Idealised schematic model of EMT process. 
In a normal epithelium, cells contain organised diverse types of cellular junctions and exhibit an apical-
basal polarity. The basal layer adheres to the basement membrane. Loss of cell junctions and polarity is 
part of the progression from normal epithelium to in situ neoplasm. These transformed epithelial cancer 
cells then undergo cytoskeletal reorganisation, altered morphology, and acquire the ability to degrade or 
pierce the basement membrane. They become functionally mesenchymal and gain invasive and 
migratory properties. This represents EMT. The invasive cells may then enter and exit the blood or 
lymphatic circulation by intravasation and extravasation. They then undergo the reverse process of EMT 
called mesenchymal–epithelial transition and form secondary tumour in a distant site. 
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Epithelial cells undergo genetic alterations and become transformed cancer cells within 

a carcinoma. The important steps in EMT are believed to be the degradation of cell 

junctions, the loss of cell polarity, restructuring of the cytoskeleton, modification in cell 

shape, and degradation of the basement membrane, as a result of the repression of 

epithelial gene expression and activation of mesenchymal related gene expression. The 

decrease of E-cadherin and increase of N-cadherin expression, known as the ‘cadherin 

switch’ and the remodelling of the cytoskeleton by the replacement of cytokeratin 

filaments with vimentin filament are the major hallmarks of EMT (Lamouille et al., 2014; 

Ye and Weinberg, 2015). 

The transition of epithelial tumour cells starts with the dissolution of cell junctions. This 

event is defined by the down-regulation of proteins implicated in cell junction. The 

foremost downregulation observed during EMT is the E-cadherin expression while N-

cadherin is induced which weakens the cell-cell adhesion. The degradation of these 

junctions subsequently leads to the disappearance of the apical-basal polarity since the 

polarity complex proteins such as Crumbs or Scribble are unable to interact with 

proteins constituting the junctions (Lamouille et al., 2014; Yilmaz and Christofori, 2009). 

The epithelial cytoskeletal changes that occur are represented by the replacement of 

cytokeratin to vimentin intermediate filament (Onder et al., 2008; Tsai et al., 2012). The 

cell motility is acquired by reorganising and reinforcing actin expression which allows 

the epithelial cell to form membrane projections to promote cell movement (Lamouille 

et al., 2014).  

The mesenchymal-like tumour cells may subsequently intravasate into lymphatic or 

blood circulation, extravasate at distant site, re-epithelize via mesenchymal-epithelial 

transition, proliferate and form secondary tumour in distant organ (Tsai et al., 2012). 

This is how EMT program is believed to play a major role in cancer progression and 

metastasis. Loss of epithelial markers, i.e. E-cadherin and cytokeratin and gain of 

mesenchymal markers, i.e. EMT-related transcription factors SNAIL, TWIST and ZEB, N-

cadherin and cytokeratin can predict patient outcome. 



66 
 

 Molecular EMT is associated with patient outcome  

Invasion and metastasis is one of the hallmarks of cancer. The status of EMT as being 

essential for cancer progression and metastasis has been subject for debate for several 

decades due to the fact that morphological EMT is often not observed in primary 

tumour tissue (Tarin, 2005). 

However, several studies have witnessed correlations between molecular EMT and 

cancer progression and patient outcome in solid tumours. In breast cancer, Li et al. have 

performed a meta-analysis on 7353 patients from thirty-three studies and have 

demonstrated that reduced E-cadherin expression was associated with increased 

tumour size and histological grade, lymph node positivity as well as poor overall and  

decreased disease-free survivals (Li et al., 2017). Vora et al. have demonstrated that 

gain of vimentin expression was related to lymph node metastasis and recurrence-free 

disease while loss of cytokeratin was mainly noticed in stage IV of breast cancer patient 

and was associated with poor outcome (Vora et al., 2009). In colorectal cancer, studies 

have shown that loss of E-cadherin is correlated with infiltrative tumour histological 

pattern (Kim et al., 2016), lymph nodes metastasis (Elzagheid et al., 2012; Kim et al., 

2016; Yun et al., 2014) and poor prognosis (Elzagheid et al., 2012). Increased 

expressions of vimentin and SLUG (aka SNAIL2) were correlated with poor prognosis 

and short remission period of the disease (Du et al., 2018; Toiyama et al., 2013) as well 

as TNM stage and lymph nodes metastasis (Du et al., 2018; Toiyama et al., 2013). In 

prostate cancer, Umbas et al. have demonstrated a significant relationship between E-

cadherin loss and worse patient outcome (Umbas et al., 1994).  

Furthermore, in NSCLC, Sulzer et al. have demonstrated that decreased E-cadherin 

expression was implicated in the progression of NSCLC by being associated with 

increased lymph node metastasis and indicator of poor outcome in NSCLC patients 

(Sulzer et al., 1998). In line with this, Zhang et al. have further investigated in lung 

squamous cell carcinoma and indicated that reduction in E-cadherin expression and 

augmentation in vimentin expression were related to lymph node metastasis and poor 

prognostic (Zhang et al., 2013). 
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However, the relationship between EMT and clinic pathological factors is still unclear in 

lung adenocarcinoma. Two of studies have shown that up-regulation of SLUG (Shih et 

al., 2005) or reduced E-cadherin in combination with increased SM1004 expression 

(mesenchymal marker) is significantly related with poor outcome in lung 

adenocarcinoma (Miyazaki et al., 2006). TWIST1 was associated with poor prognosis in 

stage IV lung adenocarcinoma patients (Liu et al., 2018). 

One of the key aims of this project is to investigate whether EMT program, i.e. loss of 

both E-cadherin and cytokeratin and increase of N-cadherin and vimentin expression 

simultaneously, can be detectable in human primary lung adenocarcinoma and whether 

it is related to physio-pathological factors. 

Mechanisms of EMT activation in human primary lung adenocarcinoma remains poorly 

described. Although several studies have been investigating the role of EMT-related 

transcription factors in influencing the EMT program reactivation in primary tissue, very 

little work has explored the potential role of translation deregulation leading to 

activation of EMT-TFs in human primary lung adenocarcinoma. In vitro and in vivo 

studies have indeed shown the importance of translational reprogramming in cancer 

biology and in the activation of some of the hallmarks of cancer (Eberle et al., 1997; 

Silvera et al., 2009; Wendel et al., 2004). Therefore, I wanted to investigate whether 

translation dysregulation can favour the invasion and metastasis of human primary lung 

adenocarcinoma by instituting an EMT program.  
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1.6 Control of mRNA translation 

1.6.1 Mechanism of mRNA translation in eukaryotes 

Gene expression is tightly regulated by many mechanisms, but in general the most 

control over protein levels is exerted by the regulation of mRNA abundance 

(transcription/mRNA stability) and translational efficiency (Figure 1.21).  

 

Figure 1.21. Central dogma of gene expression. 
Schematic representation of the central dogma of gene expression. DNA is transcribed into mRNA which 

is subsequently translated into a functional protein. 

 

Several studies have shown that translational control is the single most influential 

regulator of protein levels (Sonenberg and Hinnebusch, 2009), and translational 

programming has been shown to influence many aspects of cellular biology (Bhat et al., 

2015). 



69 
 

Protein synthesis is an energy-consuming process which relies on the coordinated 

interaction of transfer RNAs (tRNAs), ribosomes, translation factors and mRNA (Bhat et 

al., 2015). Translation consists of four phases: initiation, elongation, termination and 

ribosome recycling (Pelletier et al., 2015).  

The initiation phase is often where the most control is exerted (Sonenberg and 

Hinnebusch, 2009). Most mRNAs are translated by a mechanism, which involves 

recognition of the modified 5’ G nucleotide at the 5’ terminus (“cap-dependent” 

initiation). It involves binding of the eukaryotic initiation factor 4F complex (eIF4F) to 

the 5’ mRNA cap of the mRNA. This facilitates the recruitment of the 40S ribosomal 

subunit, the ternary complex and eukaryotic initiation auxiliary factors. 40S subunit 

scanning of 5’ untranslated region (UTR) of the mRNA then occurs, followed by 60S 

ribosomal subunit joining leading to the formation of 80S ribosome (Sonenberg and 

Hinnebusch, 2009).  

The elongation phase begins with an elongation-competent 80S ribosome, which 

contains the anticodon initiator methionyl-tRNA hybridized to the start codon AUG of 

the mRNA and the successive codon recognition of the mRNA coding sequence by the 

aminoacyl-tRNA coupled to the synthesis of the nascent polypeptide chain. This process 

requires the help of the eukaryotic translation elongation factors eEF1, eEF2 and eEF3. 

The termination phase is defined by the recognition of the stop codon (UAA, UGA, UAG) 

by eukaryotic release factors and the liberation of the nascent polypeptide chain. 

The ribosome recycling is finally performed wherein the ribosomal subunits are 

dissociated from the mRNA with the help of protein factors (Dever and Green, 2012).  



70 
 

1.6.2 Translation initiation  

Most of translational control is operated at the translation initiation level. Thus, it is 

thought to be the crucial step in translation and the regulation of gene expression.   

 

Figure 1.22. Schematic representation of translation initiation. 
In eukaryotes, translation initiation is generally mRNA cap-dependent and involves the eIF4F complex 
composed of eIF4E, eIF4A and eIF4G, poly (A) binding protein (PABP), the ternary complex comprised of 
eIF2-GTP- initiator methionyl-tRNA. Firstly, the 43S pre-initiation complex is recruited to the mRNA 
through the interaction between eIF3 and eIF4G, which is mediated by the RNA helicase activity of eIF4A. 
The 43S complex then scans the 5’ UTR of the mRNA until it reaches the start codon. eIF4H and eIF4B are 
co-activators of eIF4A RNA helicase activity. 

 

As depicted in Figure 1.22, the binding of eIF4F complex to the 5’ 7-methylguanylate 

mRNA cap triggers the recruitment of the 43S pre-initiation complex, which is facilitated 

through eIF3 via its interaction with eIF4F. This complex, via the unwinding activity of 

eIF4A in conjunction with its co-factors eIF4B and eIF4H, is able to scan the 5’UTR of the 

mRNA for the first initiation codon (Jackson et al., 2010). AUG start codon recognition 

engenders the hydrolysis of the GTP bound to eIF2 into GDP, the release of the 

eukaryotic initiation factors and joining of the larger 60S ribosomal subunit. The 

formation of the active 80S ribosome (40S and 60S subunits) marks the end of initiation 

and the beginning of elongation. 

In this study, I will focus on the eIF4F complex and eIF2 ternary complex, as these two 

complexes have been most implicated in the regulation of translation initiation. 
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 eIF4F complex 

eIF4F is a heterotrimeric complex. It is composed of the cap binding protein eIF4E, the 

scaffolding protein eIF4G and the DEAD-box RNA helicase eIF4A. Each component of 

the complex plays an essential role in translation initiation. 

eIF4E binds the 5’ 7-methylguanylate mRNA cap of the mRNA (Sonenberg and 

Hinnebusch, 2009). 

eIF4A possesses an ATP-dependent helicase activity which unwinds the secondary 

structures encountered in the 5’UTR of the mRNA. Its activity is stimulated by its co-

activators eIF4B and eIF4H (Rogers et al., 2001). Three paralogues of eIF4A exist in the 

human genome, two of which are cytoplasmically expressed and are involved in 

translation: eIF4A1 and eIF4A2. Despite the sequence similarities of these two proteins, 

they are currently believed to be functionally distinct (Lu et al., 2014). eIF4A1 is 

abundant in proliferative cells whereas eIF4A2 is up-regulated in differentiated cells 

(Raza et al., 2015; Williams-Hill et al., 1997).  

eIF4G carries binding sites for eIF4E, eIF4A, eIF4B, eIF3 and poly (A) tail binding protein 

(PABP), hence its attribution as scaffold protein. By interacting with eIF4G, PABP helps 

to stabilise the mRNA in a circular shape to facilitate translation (Derry et al., 2006). 

 Ternary complex 

The ternary complex is composed of eIF2 bound to GTP and the initiator methionyl-

tRNA. Its function is to deliver the initiator methionyl-tRNA to the ribosome. The activity 

of this complex is mainly dictated by the status of eIF2 and eIF2-GTP. AUG recognition 

provokes the hydrolysis of eIF2-GTP into eIF2-GDP, the inactivated form of the ternary 

complex. eIF2-GDP is recycled by the guanine nucleotide exchange factor eIF2B to form 

eIF2-GTP de novo and allow the next round of initiation.  

Consequently, for optimal mRNA translation within a cell, eIF4F and the ternary 

complexes need to be available. This is controlled by several mechanisms. 
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1.6.3 Translational control 

Translational control is mainly dependent on the availability of eIF4F and the ternary 

complexes, which are regulated by signalling pathways. 

 eIF4F complex availability 

eIF4F availability is fundamental to initiate cap dependent translation. This is dictated 

by the accessibility of eIF4E, which is the least abundant initiation factor in the cell. 

eIF4E activity is principally controlled by the phosphorylation of eIF4E through mitogen-

activated protein kinases (MAPK) pathways and phosphorylated status of eIF4E binding 

proteins (4EBPs) which are downstream targets of the mammalian/mechanistic target 

of rapamycin (mTOR) (Gao and Roux, 2015).  

 

Figure 1.23. Simplified regulation of mTOR signalling pathway under physiological and stress 
conditions. 
Upon physiological stimulus, mTOR (mammalian/mechanistic target of rapamycin) is activated and 

phosphorylates S6K (S6 kinase) and 4EBP (eIF4E Binding Protein) which respectively leads to the 

phosphorylation of eIF4B and the liberation of eIF4E. This leads to global translation of mRNA, cell growth, 

proliferation and survival. Following a cellular stress such as nutrient deprivation, DNA damage or 

autophagy, mTOR pathway is inactivated and leads to the reduction of global mRNA translation as well 

as the decrease in cell proliferation, growth and survival. 

 

mTOR is one of the pivotal regulators of protein synthesis and essential to control cell 

growth, proliferation and cell survival and its main downstream effectors are protein S6 
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kinase and 4EBP. When 4EBP is hypo-phosphorylated, it sequesters eIF4E thereafter 

limiting eIF4F complex formation by competing with eIF4G for the binding site on eIF4E 

(Marcotrigiano et al., 1999). When 4EBP is hyper-phosphorylated by activated mTOR, it 

liberates eIF4E, which can subsequently stimulate the translation of capped mRNAs. 

Upon physiological stimuli (growth factors, nutrients availability, mitogenic signals), 

mTOR phosphorylates S6 kinase and 4EBP leading to phosphorylation of eIF4B by S6 

kinase and the release of eIF4E from 4EBP to promote mRNA translation, cell growth, 

proliferation and cell survival. Under stress condition such as genomic or hypoxic stress, 

nutrient deprivation or autophagy, mTOR is inhibited leading to inactivation of S6 kinase 

and the sequestration of eIF4E by hypo-phosphorylated 4EBP, preventing eIF4F 

complex formation. This results in the reduction for mRNA translation, proliferation, cell 

growth and survival (Figure 1.23) (Gao and Roux, 2015).  
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Figure 1.24. MAPK pathways involved in translational machinery. 
Upon growth factors stimuli, Ras pathway activation leads to Raf-Mek1/2-ERK1/2-MNK1/2 activation 

which subsequently results in eIF4E phosphorylation. Under stress conditions such as irradiation or heat 

shock, Ras activates the MEKK4/MKK3-6/p38 pathway which can also subsequently phosphorylates 

eIF4E. These two pathways activation leads to translation of subsets of mRNA, proliferation and survival. 

 

MAPKs are stimulated upon mitogenic and stress stimuli and regulate many 

physiological functions such as differentiation, survival or normal cell proliferation. 

MAPKs comprise the RSKs and the MAPK-interacting kinases 1 and 2 (MNK1 and MNK2). 

MNKs can be activated via MEKK4/MKK3-6/p38 or Ras/Raf/ERK MAPK pathways upon 

growth factors and stress stimuli. MNK1 and MNK2 interact with eIF4G and directly 

phosphorylate eIF4E at serine 209 which can increase its oncogenic potential (Figure 

1.24) (Gao and Roux, 2015; Roberts and Der, 2007). eIF4E phosphorylation has been 
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associated with cancer development in prostate cancer and melanoma (Carter et al., 

2016; Furic et al., 2010). 

 Ternary complex availability  

Ternary complex availability depends on the phosphorylation of the α subunit of eIF2 

(eIF2α). Under normal circumstance, eIF2α is not phosphorylated and can properly 

function as provider of initiator methionyl-tRNA to the ribosome. 

 

Figure 1.25. Simplified schematic cartoon of phospho-eIF2α activation pathway. 
Under stress conditions such as nutrient deprivation, heme deprivation, viral infection or ER (Endoplasmic 

Reticulum) stress, four different kinases namely GCN2(,General control Non derepressible 2) HRI (Heme-

Regulated Inhibitor), PKR (Protein Kinase RNA-activated) or PERK (Protein Kinase RNA-activated 

Endoplasmic Reticulum Kinase) can be activated depending on the stimulus. This leads to the 

phosphorylation of the α subunit of eIF2 and subsequently reduces global translation and favours 

translation of subset of mRNAs. 

 

Upon cellular stress such as nutrient or heme deprivation, viral infection or endoplasmic 

reticulum (ER) stress, eIF2 is phosphorylated on serine 51 of its α subunit by GCN2, HRI, 

PKR or PERK kinases respectively depending on the stress stimulus. This 

phosphorylation prevents eIF2B from exchanging the GDP to GTP which leads to a 

decrease in ternary complex assembly thereby reducing the translation initiation as well 
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as upregulating subset of mRNAs essential to respond to the stress occurred (Figure 

1.25) (Baird and Wek, 2012). 

Given its great influence on protein levels and high energy cost, it is unsurprising that 

translation is highly regulated and there is emerging evidence that cancer cells require 

enhanced levels of global translation for their continued growth and survival, as well as 

specifically upregulating subsets of pro-oncogenic mRNAs. The dysregulation of 

translation is therefore an emerging hallmark of cancer (Bhat et al., 2015; Silvera et al., 

2010). Alterations in eIF4F formation via deregulation of mTOR or MAPK signalling 

pathways or the ternary complex formation through eIF2α phosphorylation play a 

critical part in cancer pathogenesis (Silvera et al., 2010). 

 

1.7 Translation dysregulation in cancer 

Accumulating evidence supports the substantial implication of translation dysregulation 

in cancer. Increased levels of multiple translation initiation factors, particularly those 

involved in the eIF4F complex, and dysregulation in the ternary complex formation are 

strongly correlated to the development of tumours. It is becoming accepted that 

translation dysregulation is an emerging hallmark of cancer. 

1.7.1 eIF4E/4EBP  

Deregulation in mTOR and MNK signalling pathways can favour tumour formation. 

Increased unbound status level of eIF4E via the phosphorylation of 4EBPs has been 

correlated with poor clinical outcome in multiples human malignancies, including breast 

and lung cancer (Coleman et al., 2009; Wang et al., 2009a). Overexpression of eIF4E 

phosphorylation by MNK pathways is associated with oncogenesis in human lung, neck 

and head, colon and stomach tumour tissues (Fan et al., 2009; Furic et al., 2010).  

It has also been shown that higher levels of eIF4E, which implies higher level of 

functional eIF4F complex, stimulate the translation of mRNAs with highly structured 

5’UTRs that encodes protein involved in cancer promotion (Koromilas et al., 1992).  
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1.7.2 eIF4A 

Dysregulation in eIF4A1 expression, a paralogue of eIF4A, has been shown to drive the 

malignant phenotype in breast cancer (Modelska et al., 2015). The relationship between 

eIF4A2, another paralogue of eIF4A, and cancer is not clear. One study has shown that 

downregulation of eIF4A2 was correlated with poor outcome in NSCLC (Shaoyan et al., 

2013) while another study has pointed out the correlation of overexpressed eIF4A2 with 

poor prognosis in colorectal cancer (Chen et al., 2018). This may suggest that eIF4A2 

expression is tissue-specific and it can have an oncogenic property in some tissue. 

1.7.3 eIF4B 

eIF4B is known as a co-activator of eIF4A in translation mechanism and helps eIF4A to 

unwind the secondary structure in the 5’UTR. Its activity is regulated by the mTOR and 

MAPK pathways (Shahbazian et al., 2010). Increased eIF4B expression has been linked 

to diffuse large B-cell and T-cell lymphoma development as well as breast cancer 

(Horvilleur et al., 2014; Lin and Aplan, 2007; Modelska et al., 2015). 

1.7.4 eIF4G  

Overexpression of the scaffold protein eIF4G paralogue eIF4G1 drives tumorigenesis in 

NSCLC and squamous cell lung cancer (Comtesse et al., 2007). 

1.7.5 eIF2  

As mentioned earlier, eIF2 activity depends on the phosphorylation status of its α 

subunit. Phosphorylation of eIF2 subunit α occurs under different physiological stress 

(viral infection, hypoxia, nutrient deprivation, ER stress) and subsequently leads to 

generalised translation inhibition, preventing cell proliferation, but upregulated 

translation of a subset of stress-related mRNAs, many of which contain upstream open 

reading frame (uORF), such as ATF4 (Baird and Wek, 2012; Young and Wek, 2016). 

Therefore, phospho-eIF2alpha (phospho-eIF2α) can be considered as a stress marker 

(Baird and Wek, 2012; Koumenis et al., 2002). Consequently, I would expect that stress-

activated phospho-eIF2α would have an anti-tumoural effect in oncogenesis. This was 

observed in some in vitro studies where they showed that inactivation of the PKR-
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phospho-eIF2α led to tumorigenesis (Donzé et al., 1995; Meurs et al., 1993), suggesting 

its tumour suppressor property in cancer formation. 

However, more recent studies have demonstrated that phopsho-eIF2α could also 

promote invasion (Falletta et al., 2017) and tumorigenesis (Falletta et al., 2017; Ye et 

al., 2010), supporting an oncogenic property in tumour development. By this model, 

alteration of this component of the translational machinery favours invasion and 

tumorigenesis by reprogramming translation in cancer cells and favouring expression of 

pro-invasive gene (perhaps EMT-related genes) and pro-oncogenic genes.  
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1.8 Translational dysregulation and EMT 

MAPK kinase and mTOR pathways can act simultaneously, integrating growth factors 

stimuli and favouring tumour development. 

 

Figure 1.26. Receptor tyrosine kinase pathway. 
Depending on the stimulus the receptor tyrosine kinase receives, it activates PI3K and/or Ras pathways. 

PI3K pathway activates Akt which subsequently activates mTOR. This latter phosphorylates S6K and 4EBP 

which respectively leads to the phosphorylation of eIF4B and the liberation of eIF4E. Ras pathway 

activation leads to Raf-Mek1/2-ERK1/2-MNK1/2 activation which subsequently results in eIF4E 

phosphorylation. These two pathways activation leads to translation of subsets of mRNA, proliferation 

and survival. Ras pathway activation can also leads to EMT activation through ERK1/2 activation. 

 

Upon stimulation of the receptor tyrosine kinase such as EGFR by growth factor, a 

cascade of PI3K/AKT (upstream of mTOR pathway) and Ras/Raf/ERK pathways 

activation is triggered promoting translation of specific mRNAs, proliferation and cell 
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survival. It is well known that KRAS (part of the Ras family) and EGFR genes are mutated 

in lung adenocarcinoma, which can lead to sustained activation of PI3K and Ras/Raf/ERK 

pathway (Roberts and Der, 2007). Furthermore, Ras/Raf/ERK pathway has also been 

known to promote EMT (Figure 1.26) (Lamouille et al., 2014). Therefore, it would be 

interesting to investigate whether phospho-eIF4E can facilitate translation of mRNAs 

implicated in EMT program and therefore activating EMT in tumour cells. Few studies 

have examined this using either in vitro or in vivo models. Furic et al. have shown the 

importance of eIF4E phosphorylation in promoting cancer progression in prostate 

cancer using a knock-in non-phosphorylable eIF4E mouse model. They have 

demonstrated a strong correlation between phospho-eIF4E expression and phospho-

ERK and phospho-AKT (activator of mTOR) and extracellular matrix metalloprotease 

MMP-3, a pro-EMT marker, suggesting its potential function in EMT activation (Furic et 

al., 2010). Consistent with this idea, Robichaud et al. further discovered that phospho-

eIF4E could promote EMT and metastasis through the translational control of SNAIL and 

the MMP-3 in mammary cells (Robichaud et al., 2015). In line with this notion, Attar-

Schneider et al. have demonstrated that upregulated eIF4G1 and eIF4E favour EMT and 

migration in NSCLC cell lines (Attar-Schneider et al., 2015). 

Some studies have also highlighted the importance of eIF5A, particularly the isoform 

eIF5A2 in facilitating invasion and migration through EMT activation in tumour cells. 

eIF5A is a translation initiation factor involved in initiation, elongation and termination 

steps of the translation (Schuller et al., 2017; Sonenberg and Hinnebusch, 2009). Studies 

have shown that overexpression of eIF5A2 can induce EMT by downregulating E-

cadherin and upregulating vimentin expression in bladder cancer (Wei et al., 2014), in 

gastric cancer (Meng et al., 2015) or in NSCLC (Xu et al., 2014). However, the function 

of translation dysregulation in EMT in primary lung adenocarcinoma remains a mystery. 

It is believed that lung adenocarcinoma follows multistep progression from precursor 

lesion giving rise to in situ neoplasm, which subsequently can progress, into invasive 

disease. Although several studies have highlighted the importance of genetic 

aberrations in the progression from in situ to invasive disease (Moore et al., 2019; 

Murphy et al., 2014; Yatabe et al., 2008), no one has investigated the potential 

contribution of translational dysregulation in promoting invasion in primary lung 
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adenocarcinoma. Can genetic alterations be a consequence of translation 

dysregulation, which subsequently promotes EMT in lung adenocarcinoma? Which 

other translation factors favour EMT besides phospho-eIF4E, eIF4G1 and eIF5A2? Is 

EMT activation a contributor of the progression from in situ to invasive disease in lung 

adenocarcinoma? 

 

1.9 Aims of the thesis 

My project aims to quantify EMT in human lung adenocarcinoma, and to investigate 

how translational reprogramming may affect it in primary human lung tumour tissue:  

1) Quantify expression of EMT-associated genes expression in 1025 lung 

adenocarcinoma cases, using the LATTICE-A (Leicester Archival Thoracic Tumour 

Investigator Cohort – Adenocarcinoma) collection of human lung 

adenocarcinoma TMAs and immunohistochemistry. 

2) Analyse the relationships between these markers and physio-pathological 

indicators (survival, growth pattern, proliferation etc.).  

3) Determine the extent and microscopic localisation of EMT in whole tissue 

sections by performing multiplex in situ assays to link EMT to tumour micro-

anatomy and to local variables such as stress conditions. 

4) Analyse the expression of translation factors and EMT markers at a molecular 

level and seek evidence of mechanistic links between EMT and translation 

dysregulation in primary tissue. 
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Chapter 2: Materials and methods 

2.1 Patient cohort selection 

Tissue microarrays and associated data had previously been assembled by the Le 

Quesne group. Briefly, cases of lung adenocarcinoma were identified from the 

University Hospitals Leicester NHS Trust department of histopathology.  All cases of 

primary pulmonary adenocarcinoma were included. Recurrences of previously 

diagnosed lung cancer were excluded, as well as metastatic tumours. Data on 

pathological staging, pleural and vascular invasion and patient survival data were 

collected from histopathology and pathology reports and local records respectively by 

the research data clerks. 

All blocks of interest containing tumour material were dearchived by the research data 

clerks Claire Smith and Marco Sereno and further used for tissue microarrays 

construction. 

In this study, 1025 adenocarcinoma cases were collected. Invasive mucinous 

adenocarcinoma, colloid and enteric adenocarcinoma cases were excluded from the 

analysis, which ultimately resulted in 942 cases, due to their biological difference. 

Tissues and data were collected under ethics agreement 14/EM/1159, and all data, 

images and tissues were anonymised and rendered non-identifiable to the research 

team. 

2.2 Tissue microarrays (TMAs) 

TMAs were previously constructed using donor paraffin blocks containing patient lung 

adenocarcinoma resections by Dr Madhumita Das from the MRC histology core facility. 

A TMA map was designed to permit identification of each case. Three tumour cores of 

1mm of diameter each per case were sampled from the donor blocks and inserted into 

a blank recipient paraffin block in concordance with the TMA map. Cores were selected 

in order to capture variance in growth patterns. The constructed recipient block was 

annealed at 37°C to melt the wax and stick the core in the wax block and ready for 

experiments (Figure 2.1). 
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Figure 2.1. Image of TMA block and H&E stained of a TMA section. 
A: Representative image of a TMA block. TMA block is made by made by sampling three tumour cores of 
1mm of diameter each per tumour block from the donor blocks and inserted into a blank recipient 
paraffin block. B: Representative HE image of a different TMA section (different from the TMA block 
image showed in A). Nuclei are stained in purple (haematoxylin staining) and cytoplasm is stained in pink 
(eosin staining). 

 

In this study, 5 TMAs containing 60 cases each and 18 TMAs with 40 cases each were 

produced with a total of 23 TMAs blocks.  

2.3 Immunohistochemistry (IHC) 

Immunohistochemistry (IHC) is a method used to detect antigens of interest based on 

antigen-antibody complex formation in biological tissue. Primary antibody binds 

specifically to its target antigen. The secondary antibody coupled with and enzyme, 

usually the horseradish peroxidase (HRP), binds to the primary antibody. HRP reacts 

with its substrate diaminobenzidine in presence of hydrogen peroxide, which leads to 

the production and deposition of brown chromogen on the tissue. 

IHC was performed on 5µm thick section of TMAs blocks for 23 TMAs. Sections were 

processed, cut and stained with different antibodies. For the purpose of this study, 

antibodies for the EMT markers E-cadherin, N-cadherin, cytokeratin, vimentin and 

translation markers eIF4A1/2, eIF4G, eIF4E, eIF4B, phospho-eIF4E and phospho-eIF2α 

were used. 
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2.3.1 Antibody optimisation 

Prior to applying staining on TMAs, antibodies were optimised on tissue biopsy or 

validation blocks, which are small TMA arrays containing all types of lung 

adenocarcinoma growth pattern. Three concentrations of antibodies: the 

recommended concentration from the antibody’s manufacturer, a higher and lower 

concentration were tested with low and high pH antigen retrieval solution separately  

alongside a negative control without the primary antibody and a positive control known 

to express the target protein when necessary.  Cytokeratin and vimentin antibodies are 

used in clinical and E-cadherin, N-cadherin, eIF4B and eIF4E antibodies have been 

validated through many publications. Their expression in the appropriate tissue 

compartment was confirmed during assay optimisation, which involved concentration 

ranges and antigen retrieval conditions as mentioned above. 

2.3.2 Material 

The table below describes the reagent used for IHC on the VENTANA® Discovery Ultra 

and Agilent link 48 stainers respectively. 

 

Table 2.1. Table of reagents utilised for IHC on VENTANA® Discovery Ultra and Agilent autostainer. 
All the reagents used on VENTANA® discovery Ultra and Agilent (PT and 48 links) autostainers are from 
Roche Tissue Diagnostics and Agilent Technologies respectively. 
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2.3.3 Protocol 

Staining for vimentin was performed on Agilent Autostainer Link 48 by the 

histopathology facility at Leicester Royal Infirmary. Staining for eIF4E and eIF4B was 

performed on Agilent® Autostainer Link 48 (the deparaffinisation and retrieval step was 

performed in the PT link) and staining for the remaining markers was performed on 

VENTANA® Discovery Ultra auto-stainer by the MRC histology core facility.  

 Protocol on VENTANA Discovery Ultra 

Reagents and antibodies used in this protocol are summarised in Table 2.1 and 2.2. 

Slides were deparaffinised at 69°C for 24 minutes. They were incubated in the antigen 

retrieval solution, pH 6.0 or 9.0, for 32 minutes at 95°C.  They were blocked for 

endogenous peroxidase activity in a buffer containing peroxidase inhibitor and blocked 

for non-specific antibody binding with goat Immunoglobulin for 12 minutes at 37°C. 

Slides were incubated with the primary antibody at concentration and for time 

indicated in Table 2.2 at 37°C. They were then incubated with the horseradish 

peroxidase (HRP) conjugated secondary antibody for time indicated in Table 2 at 37°C. 

HRP was reacted with the diaminobenzidine substrate in the presence of hydrogen 

peroxidase for 12 minutes at 37°C. Slides were counterstained with haematoxylin for 8 

min at 37°C and bluing reagent for 8 min at 37°C.  Slides were washed in 100% IMS and 

xylene to dehydrate the section. Finally, they were mounted with Leica CV mount 

medium (reference number: 14046430011) and covered using a glass coverslip 

(Menzel-Gläzer, reference number: 15797582).  

 Protocol on Agilent link 48 Autostainer  

Reagents and antibodies used in this protocol are summarised in Table 2.1 and 2.2. 

Slides were deparaffinised at 65°C for 20 minutes and incubated in the antigen retrieval 

solution, pH 6.1 or 9.0, for 20 minutes at 95°C in the Agilent PT link.  They were blocked 

for endogenous peroxidase activity for 5 minutes and blocked for non-specific antibody 

binding with blocking reagent containing the goat Immunoglobulin for 10 minutes at 

room temperature. Slides were then incubated with the primary antibody at 
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concentration and for time indicated in Table 2.2 at room temperature. They were 

incubated with the HRP conjugated secondary antibody for time indicated in Table 2.2 

at room temperature. HRP reacts with the diaminobenzidine substrate in the presence 

of hydrogen peroxide and deposits brown chromogen on tissue. Slides were 

counterstained with haematoxylin for 1 min at room temperature (Table 2.1 and 2.2). 

Slides were washed in 100% IMS and xylene to dehydrate the section. Finally, they were 

mounted with Leica CV mount medium (ref 14046430011) and covered using a glass 

coverslip (Menzel-Gläzer, ref: 15797582).  

 

Table 2.2. Summary of antibodies used in IHC in the study. 
Antibodies and their respective origin, antigen retrieval solution, dilution and incubation time and 
subcellular localisation are listed here. DAB: diaminobenzidine. 

 

2.3.4 Image analysis 

Stained TMA slides were scanned using the Nanozoomer XR C12000 digital slide scanner 

at 40X resolution. Digital slides were uploading into Path XL which is a digital pathology 

image analysis platform by Philips Pathology. TMAs were dearrayed by adding the 

corresponding TMA map for each TMA. Scoring system for intensity and subcellular 

compartment (intensity of cytoplasmic staining or intensity of membranous staining 

scores) for each protein of interest were added onto PathXL platform. Protein 
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expression levels were evaluated semi-quantitatively by an Allred scoring system. This 

scoring system is based on the intensity of the staining, scored from 0 to 3 and the 

percentage of tumour cells stained, measured from 0-5 (cf Appendix: Figure 8.1). 

The staining intensity was scored from 0 to 3 as: 

- 0 : “negative”,  

- 1: “weak intensity”  

- 2: “moderate intensity”  

- 3: “strong intensity”. 

The percentage of tumours cells stained was assessed as: 

- 0:  0% “No stained tumour cells”  

- 1: <1% “less than 1 % of tumour cells were stained” 

- 2: 1-10% “1-10% of tumours cells are stained” 

- 3: 11-33%: “11-33% of tumour cells were stained”  

- 4: 34-66% “34-66% of tumour cells were stained”  

- 5: 67-100% “67-100% of tumour cells were stained”.  

I used the cut-offs which are used in Allred scoring of ER expression in breast cancer 

(Allred et al., 1998).  For this study, as EMT is a focal event, I did not consider proportion 

scoring in my analysis. 

The expression levels of proteins of interest in C1 and C2 tumours were also scored 

manually using H-score system. This is semi-quantitative method assessing the intensity 

of the staining and the percentage of positive for its respective intensity. The intenisty 

of the staining and percentage of positive cells are respectively scored from 0-3  and 0-

100%. The H-score is obtained by the following formula: 

H-score = (intensity 0 x percentage of negative tumour cells) + (intensity 1 x percentage 

of positive tumour cells with intensity 1) + (intenisty 2 x percentage of positive tumour 

cells with intensity 2) + (intenisty 3 x percentage of positive tumour cells with intensity 

3). H-score values vary from 0-300. 
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2.4 Co-in situ hybridization (co-ISH)/IHC 

In situ hybridization (ISH) is a technique that enables the detection of specific nucleic 

acid molecules on cells and tissue by using a complementary probe against its target. 

RNAscope® technology is an in situ hybridization of probe detecting single RNA 

molecule in cells or tissue. This technology simultaneously improves sensitivity and 

suppresses noise background by utilising signal amplification and unique probe design 

strategies (Wang et al., 2012).   

RNAscope® probes are designed in Z shape. The lower part of the Z is composed of 18-

25 oligonucleotides that is complementary to the target mRNA. The upper region of the 

Z possesses a 14-base tail sequence, which corresponds to half of the binding site of the 

pre-amplifier sequence.  These two components of the probes are linked together with 

a spacer sequence. The probe has to be paired, named as double Z, for the pre-amplifier 

to hybridize to the probe (Figure 2.2). A minimal of three paired-probes aligned next to 

each other and bound to target mRNA is required for signal detection  (ACD, 2014). 

 

Figure 2.2. Schematic representation of Z probes. 
(ACD, 2021). 

For the purpose of this study, I used RNAscope® technology to assay TWIST mRNA 

expression in our TMA cohort. A negative and positive control probes for the 

RNAscope® were run with the assay to check the quality control. This is coupled with an 

immunohistochemistry assay that stains the tumour cells to permit the analysis of data 

in tumour cells specifically. 
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2.4.1 Material  

Reagents utilised for the TWIST RNAscope® and the IHC for Cytokeratin are summarized 

in the table below. 

 

Table 2.3. List of reagents used for RNAscope® and IHC. 

 

2.4.2 Protocol 

The co-ISH/IHC starts with ISH for TWIST molecule followed by IHC for cytokeratin. Fixed 

specimen were dewaxed for 20 minutes at 60°C and for 4 minutes at 69°C in the dewax 

solution. They were pre-treated with target mRNA retrieval buffer for 32 minutes at 

97°C followed by mRNA protease pre-treatment for 16 minutes at 37°C to uncover the 

target mRNA of interest and permeabilize cells. As depicted in Figure 2.3, double Z 

TWIST mRNA probes hybridized with target TWIST mRNA molecules for 2 hours at 43°C. 

This was followed by a sequential hybridization of pre-amplifiers to the double Z probes, 

amplifiers to the pre-amplifiers and HRP conjugated labelled probes to the amplifiers 

(Figure 2.3). This latter reacts with the purple substrate in the presence of hydrogen 

peroxide for 40 minutes at 37°C and stains the TWIST mRNA molecules in purple 

chromogen on tissue.  

Then, the cytokeratin immunostaining was performed. Slides were denatured at 100°C 

for 8 minutes with CC2 buffer. Previously bound HRP-conjugates were neutralised with 
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peroxidase inhibitor solution at 40°C for 20 minutes. Slides were blocked with the goat 

Immunoglobulin for 12 minutes at 37°C. They were probed with anti-cytokeratin, 

diluted in 1/250, for 28 minutes at 37°C and incubated for 12 minutes with the 

secondary antibody coupled with alkaline phosphatase. They were then incubated with 

the yellow substrate that reacts with alkaline phosphatase in the presence of the yellow 

buffer for 32 minutes at 37°C (Table 2.3). This reaction allows the deposition of a unique 

and stable yellow chromogen in tissue. The yellow kit from Roche Tissue diagnostics is 

an alkaline phosphatase driven kit, thus the utilisation of a secondary antibody 

conjugated to alkaline phosphatase (Table 2.3). Slides were finally counterstained with 

haematoxylin and bluing solution (Table 2.1). They were washed in 100% IMS and 

xylene on Leica ST5020, mounted with Leica CV mount medium (Ref: 14046430011,) 

and covered on Leca CV5030 using a glass coverslip (Menzel-Gläzer, ref: 15797582) 

(Officer et al., 2020). 

 

Figure 2.3. Schematic representation of TWIST mRNA co-ISH (RNAscope®)/IHC. 
Illustration of TWIST RNAscope® hybridization (A) followed by cytokeratin IHC (B). In A), a probe designed 
against TWIST mRNA (light blue Z probes) hybridizes to TWIST mRNA on fixed tissue, followed by series 
of hybridizations of pre-amplifiers, amplifiers and HRP labelled probes to yield purple chromogen (purple 
stars) in the presence of hydrogen peroxide (H202). B: Immunohistochemistry for cytokeratin: incubation 
with primary antibody against cytokeratin antigen (yellow triangle) is followed by the secondary antibody 
coupled with alkaline phosphatase, which produces yellow chromogen that stains the tissue (yellow 
stars). CK: Cytokeratin, AP: Alkaline phosphatase. 
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2.4.3 Image analysis 

Stained TMA slides were scanned at 40X using the Nanozoomer XR C12000 digital slide 

scanner. An automated scoring system, Visiopharm®2019.07 software, was applied to 

analyse TWIST mRNA expression. A first algorithm was created by the histopathology 

core facility and consisted of outlining cytokeratin positive tumour regions as a region 

of interest. Cytokeratin negative tumours were manually annotated. The second 

algorithm aimed to quantify the purple dots illustrating TWIST mRNA in the tumour 

region. Therefore, the tumour detection algorithm was run first followed by the TWIST 

mRNA detection algorithm. 

To create the TWIST mRNA detection algorithm, several steps are completed before the 

actual analysis in order to extract as much information as possible (cf Appendix, Figure 

8.2). I finally generate the output calculation used for the actual analysis, which is 

explained further down in the paragraph. 

 

Figure 2.4. TWIST mRNA detection in Visiopharm®. 
An image of cytokeratin positive (yellow staining) tumour region delimited by blue dots lines containing 
mRNA spots in purple (region of interest) and non-tumour area delimited by green dot lines. Blue staining 
(haematoxylin and bluing reagent) represents nuclei. Magnification = 32.49X. 

 

In order to create the TWIST mRNA image analysis algorithm, I firstly selected couple of 

cores showing diverse tumour growth pattern and trained these images by using labels, 

“label 008” that detects the purple dots. Then, I determined the image magnification. A 

magnification of 40X was chosen to analyse the images in order to have an accurate 
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mRNA spot detection. The region of interest selected was ROI 002 as in the tumour 

detection algorithm, the cytokeratin positive tumour detection area was named ROI 

002. I then proceeded to the classification step, which enables to choose the right 

segmentation method of images. The appropriate classification method for TWIST 

mRNA detection was the threshold method as it can provide a simpler and faster mRNA 

quantification. Label 008 features are then defined: I first determined the colour 

channel that enhances the staining of interest. The purple channel was selected as it 

provided a well distinguishable high and low contrast of the mRNA dots on the image. I 

then added filters to refine the mRNA detection. I chose the absolute and polynomial 

smoothing filters to take the absolute pixel intensity and to identify easily mRNA dots 

respectively. Then, I determined the cut-off between negative and positive staining by 

looking at the pixel intensity values. The higher the pixel intensity is (255 representing 

negative staining, i.e. white pixel), the weaker the staining (0 represented strongly 

positive staining, i.e. black pixel). This is executed by minimal intensity filter. This filter 

reposed on finding a threshold between negative and positive staining. The cut-off 

chosen for TWIST mRNA detection is 220. Any pixel value below 220 is considered as 

positive staining and quantify mRNA spots. I then perform a post processing step where 

I remove all other objects except label 008. Region of interest (ROI) is determined to 

analyse. I finally generate four output variables: 

- New area probe: area of positive staining inside the tumour cells compartment. 

- New area tumour: elimination of non-tumour area within the tumour area, i.e stroma 

components, emptiness and gaps between tumour cells. 

-Total tumour area = new area probe + new area tumour: total tumour area without the 

gaps and stroma components. 

- Approximate tumour spot count = total number of spots in the tumour area/ 0.75. 0.75 

is the median size of a spot. This median value was obtained by measuring the size of 

several single dots and clusters of dots and taking the average of them. 
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The tumour detection followed by the mRNA detection algorithms were run on the 

entire set of TMAs. The obtained data and images were reviewed and reanalysed if 

required before exporting and further analysing in STATA SE 14. 

2.5 Immunofluorescent multiplex assay 

Multiplex fluorescent staining is an immunoassay that consists of detection of multiple 

antigens on a single tissue section. It allows visualisation of the levels of expression and 

spatial co-localisation of several markers at the same time on the same tissue. Briefly, 

this method consists of sequential detection of each antigen by application of the 

primary antibody followed by its respective HRP conjugated secondary antibody. A 

fluorescent dye conjugated to an inactive tyramide is added to the primary and 

secondary antibody complex. In the presence of hydrogen peroxide, the inactive 

tyramide becomes active and stains the tissue. 

OPAL fluorescent dyes from Akoya Biosciences® were used in this study. They are 

tyramide driven dyes, which allow signal amplification of the target molecule (Faget and 

Hnasko, 2015; PerkinElmer, 2007).  
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Figure 2.5. Schematic representation of tyramide signal amplification. 
Primary antibody binds to the epitopes followed by HRP conjugated secondary antibody. In the presence 
of H202, the fluorescent dye coupled with an inactive tyramide reacts with the HRP. This reaction allows 
the formation of an active tyramide component that covalently binds on and nearby to protein tyrosine 
sidechains. Adapted from a Biotum’s website (Biotum, 2015). 

 

The principle of tyramide signal amplification is the following: OPAL dye is labelled with 

an inactive form of tyramide. The HRP catalyses the inactive tyramide to an active 

tyramide radical in the presence of hydrogen peroxide. The active tyramide radical form 

covalent bonds on and to nearby tyrosine residues resulting in the deposition of active 

tyramide molecules in the close vicinity of the target molecule, thus amplifying the 

signal (Figure 2.5) (Faget and Hnasko, 2015). Unbound tyramide form dimers that are 

washed away. 

2.5.1 Material 

Table 2.4 describes the reagents used for the fluorescent multiplex assay. 
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Table 2.4. Summary of reagents used for the multiplex assay. 

 

2.5.2 Multiplex optimisation 

Several validation steps occurred before building the optimal multiplex assay. Each 

protein of interest was initially chromogenically validated with DAB standard protocol. 

The DAB monoplex slides served as reference for staining accuracy throughout the 

validation procedure. Then, a monoplex fluorescent assay was performed for each 

marker using OPAL® fluorescent dyes. A different OPAL fluorophore was chosen for 

each protein of interest. The fluorophore was selected in a way to avoid spectral cross-

talk depending on the co-localisation of the proteins expected to be expressed in the 

same cellular compartment. The concentration of each OPAL® fluorophore was 

validated using the multispectral image exposure time on Vectra imaging system. The 

optimal exposure time is between 50 and 200 ms. Below an exposure time of 50ms, the 
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fluorophore concentration was considered to high and above 200ms it was considered 

too low. Therefore, the fluorophore’s concentration was adjusted accordingly. After the 

monoplex fluorescent optimisation, the multiplex assay was developed by testing each 

marker with their respective fluorophore in every available protocol sequence to verify 

for loss of signal. Once the optimal position with best performance of every marker was 

determined, snapshots were taken to built the spectral library in inForm®. The multiplex 

assay was validated against the monoplex DAB and fluorescent slides and applied in 

samples (Officer L et al., 2019).   

In this study, the slides were stained with cytokeratin, N-cadherin, phospho-eIF2α and 

eIF4B. 

2.5.3 Protocol  

Staining was performed on VENTANA® Discovery Ultra. Slides were deparaffinised at 

69°C for 24 minutes. They were incubated in the antigen retrieval solution with CC1 

buffer for 32 minutes at 95°C. They were blocked with the inhibitor of peroxidase for 12 

minutes at 37°C and blocked afterwards with the goat Immunoglobulin for 12 minutes 

at 37°C. Slides were then incubated with the primary antibody and the corresponding 

secondary antibody one by one at 37°C in the order illustrated in Figure 2.6. 
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Figure 2.6. Schematic representation of the chronological order of staining in the multiplex assay. 
Illustration of the multiplex staining assay. The chosen fluorophore colours are shown as they are 
represented in the fluorescent image (refer to Figure 2.7B). They do not reflect the real fluorophore 
emission colour. Primary antibody’s incubation begins with the incubation of the primary antibody 
against cytokeratin antigen (green triangle) followed by incubation of secondary antibody coupled with 
HRP and OPAL® 650 fluorophore, which in presence of hydrogen peroxide (H2O2) produces green 
fluorescent signal (green stars) on the tissue. Subsequently, incubation of primary antibody against N-
cadherin antigen (yellow triangle) is continued by the incubation of HRP-secondary antibody and OPAL® 
570 fluorophore, which yields yellow fluorescent staining (yellow stars) in presence of H2O2. Then, 
incubation of primary antibody against eIF4B antigen (red triangle) is ensued by the incubation of HRP-
secondary antibody and OPAL® 690 fluorophore which in presence of H2O2 generates red fluorescent 
staining (red stars). Next, incubation of primary antibody against phospho-eIF2α antigen (magenta 
triangle) is followed by incubation of HRP-secondary antibody OPAL® 520 fluorophore which engenders 
magenta fluorescent staining (magenta stars) in presence of H2O2. Finally, I obtain the product with all 
the markers staining on the tissue. CK: cytokeratin, N: N-cadherin, 4B: eIF4B, 2α: phospho-eIF2α.  
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Primary antibody against cytokeratin antigen was probed at first on tissue at 37°C for a 

period as indicated in Table 2.5. This is followed by the anti-mouse secondary antibody 

incubation, conjugated with horseradish peroxidase (HRP), and the fluorophore Opal® 

650 incubation at 37°C for a time as indicated in Table 2.5. HRP reacts with Opal® 650 

in the presence of hydrogen peroxide. Slides were denatured with CC2 buffer at 100°C 

for 8 minutes and neutralised with inhibitor of peroxidase buffer to remove previously 

bound HRP at 40°C for 20 minutes. Then, the anti-N-cadherin was incubated and 

subsequently its respective secondary antibody couple with HRP, which reacts with 

fluorophore Opal® 570 in presence of hydrogen peroxide at 37°C (Table 2.5). After the 

denaturation and neutralisation step, anti-eIF4B was probed on the tissue, pursed by 

its secondary antibody, which reacts with fluorophore Opal® 690 in presence of 

hydrogen peroxide at 37°C (Table 2.5). Slides were probed with the anti-phospho-eIF2α 

and its corresponding HRP driven secondary antibody that reacts with the fluorophore 

Opal® 520 in presence of hydrogen peroxide at 37°C (Table 2.5). Slides were finally 

counterstained with DAPI. They were mounted with ProLong™ Diamond Antifade 

Mountant medium (Ref: PT36970, ThermoFisher®) and covered using a glass coverslip. 

 

Table 2.5. Summary of antibodies used in the multiplex assay. 

 

2.5.4 Imaging 

Stained TMA slides were scanned using Vectra™ Automated Quantitative Pathology 

Imaging System (PerkinElmer®). Regions of interest were selected based on N-cadherin 

expression to investigate the presence of EMT and the role of translation factors in the 

EMT program. The images were analysed using inForm® 2.4.8 software.  
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In order to obtain unmixed fluorescent images, a spectral library was built from 

snapshots taken of optimised single stained slides (no counterstain). The chosen colour 

of fluorophore emission spectrum are shown as they are represented in the fluorescent 

image (Figure 2.7A and B). They do not reflect the real fluorophore emission spectrum.  

As shown in Figure 2.7, each fluorophore’s emission wavelength is within the expected 

channel [DAPI at 480-500nm (DAPI channel on InForm®), Opal® 520 at 540 nm (FITC 

channel on InForm®), Opal® 570 at 590nm (Cy3 channel on InForm®), Opal® 650 at 

660nm (Texas red channel on InForm®) and Opal® 690 at 700nm (Cy5 channel on 

InForm®)]. Importantly, there is no overlap among the fluorophore peaks, which means 

there is no cross talk. Each single fluorescent image was also checked for cross talk using 

DAB slides. 
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Figure 2.7. Spectral library for unmixing four channels of the multiplex. 
A: Spectral library for the 4-plex assay showing the emission peaks of each fluorophore. B: Composite 
image of the 4-plex in primary lung adenocarcinoma. On the left is shown multiplex image with the four 
markers. Nuclei are stained with DAPI in blue. On the right, a deconvolution of eIF4B, N-cadherin, 
cytokeratin and phospho-eIF2α and fluorescent staining is shown in red, in yellow, in green and magenta 
respectively. 
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In inForm®, when I train images, I need to provide images showing  a dynamic range of 

expression of each marker and displaying different morphologies of epithelial tumour 

cells (squamous, cuboid, columnar cells etc.) due to diverse subtypes of lung 

adenocarcinoma. An auto-fluorescent image is also loaded as lung tissue contains 

biological structures such as blood cells and collagen, which can emit natural light and 

cause problem in detecting the true staining of the proteins of interest. This image was 

acquired from a snapshot of a field from the auto-fluorescent control slide that shows 

high auto-fluorescent signal. The auto-fluorescent slide was only dewaxed and 

incubated with antigen retrieval solution. I finally provided the staining information into 

the software. I assigned artificial colours for all the markers: green for cytokeratin 

(Opal® 650), yellow for N-cadherin (Opal® 570), red for eIF4B (Opal® 690) and magenta 

for phospho-eIF2α (Opal® 520). Images are prepared to eliminate the auto-

fluorescence. Once images are prepared, I obtained a composite image with all the 

markers. Cytokeratin, eIF4B and phospho-eIF2α are expressed in the cytoplasm while 

N-cadherin is expressed in the membrane (Figure 2.7). 

I then progressed on to the cell segmentation, which comprises the three 

compartments of a cell: nucleus, cytoplasm and membrane.  

 

Figure 2.8. Nuclei segmentation in inForm®. 
Composite image of the 4-plex in primary lung adenocarcinoma. On the left is shown multiplex image 
with the four markers. eIF4B, N-cadherin, cytokeratin and phospho-eIF2α and fluorescent staining is 
shown in red, in yellow, in green and magenta respectively. Nuclei are stained with DAPI in blue.On the 
right hand side, nuclei are detected in green by the software. 
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Figure 2.9. Cytoplasm and membrane segmentation in inForm®. 
Composite image of the 4-plex in primary lung adenocarcinoma. On the left is shown multiplex image 
with the four markers and on the right are shown the detection of the cytoplasm (A) and membrane (B) 
by the software. eIF4B, N-cadherin, cytokeratin and phospho-eIF2α and fluorescent staining is shown in 
red, in yellow, in green and magenta respectively. Nuclei are stained with DAPI in blue.  

 

I started the cell segmentation by defining the nucleus. The nucleus segmentation was 

based on the size, the roundness and the component DAPI (Figure 2.8, Appendix: Figure 

8.3).  

After the  nucleus segmentation, the cytoplasm was then proceeded to segmentation. 

The cytoplasm region is segmented around each detected nuclei. This is built on the 

distance to the nucleus and the component delimiting the cytoplasm namely as 

cytokeratin, eIF4B and phospho-eIF2α staining (Figure 2.9A, Appendix: Figure 8.3). 

N-cadherin expression was used to delimit the cell membrane. The membrane 

segmentation is illustrated in red on the image (Figure 2.9B, Appendix: Figure 8.3). 

Once an accurate cell segmentation is obtained, I finally performed the cell 

phenotyping. 
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Figure 2.10. Cell phenotyping step in inForm®. 
Composite image of the 4-plex in primary lung adenocarcinoma. On the left is shown multiplex image 
with the four markers. eIF4B, N-cadherin, cytokeratin and phospho-eIF2α and fluorescent staining is 
shown in red, in yellow, in green and magenta respectively. Nuclei are stained with DAPI in blue.On the 
right hand side, non-tumour and tumour cells are detected in blue and red respectively by the software. 

 

Phenotyping step consists of classifying different cell populations identifiable in the 

tumour tissue. As I am only interested in tumour cells, two classes of phenotypes were 

created: tumour and non-tumour cell. A couple of tumour and no-tumour cells were 

identified and trained in the image. Tumour and non-tumour cells are represented in 

red and cyan respectively (Figure 2.10, Appendix: Figure 8.3). 

Once the phenotype process was completed, I performed a batch analysis where the 

entire selected regions of interest was loaded, exported and performed statistical 

analyses of the data. 

2.6 Statistical analyses 

All statistical analyses were conducted using the STATA SE 14/16 software. Associations 

between EMT markers and translation factors and clinicopathologic features were 

analysed using pairwise Spearman’s rank correlation. To determine the existance of 

significance between EMT markers/translation factors expression and tumour growth 

pattern, a Kruskal-Wallis tests followed by a Dunn’s test with Bonferroni adjustment 

were performed.  

Survival by subgroups was visualised by Kaplan-Meier methods, and significance of 

difference between groups was assessed by the log-rank test. Overall patient survival 

was defined between the time of surgery and the time of death from all causes. Cancer-
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specific survival was defined between the time of surgery and the time of death from 

lung cancer cause. Recurrence-free survival was defined the time of surgery and the 

time of the first reappearance of the disease as judged from radiology reports and 

clinical data. In cases of death from lung cancer without recurrence date, the date of 

death was used instead. 

Univariate/multivariate survival models were constructed by Cox proportional hazards 

regression. The proportional hazards assumption was tested by examination of log-log 

plots.  

Comparisons between C1 and C2 tumours and between in situ and invasive components 

of C1 and C2 tumours were performed using the Mann-Whitney test and Wilcoxon 

signed-rank test respectively. 
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Chapter 3 Adenocarcinoma growth patterns show differing degrees of partial molecular 

EMT 

3.1 Introduction  

One of the central hallmarks of cancer is the ability of tumour cells to metastasize by 

gaining invasive and migratory properties. Cancer metastasis remains the major cause 

of cancer related death worldwide. In lung cancer, the metastatic mechanism 

necessitates the detachment and propagation of cancer cells from the primary tumour 

site to a secondary distant site either by direct invasion, or via the blood or lymphatic 

circulations. These are all dependent upon invasion achieved by the epithelial-

mesenchymal transtion (EMT).  

Lung adenocarcinoma can be suddivided into six tumour histological patterns: lepidic, 

acinar, cribriform- an aggressive variant of acinar pattern with multiple lumina (Kadota 

et al., 2014)- papillary, solid and micropapillary (Travis, 2014). 

Although EMT is widely accepted as a mechanism central to tumour biology, classical 

morphologically dedifferentiated mesenchymal cells are rarely seen in resected primary 

tumours; when it is seen, this is described as sarcomatoid differentiation, and is 

associated with very poor outcomes, due to rapid spread and tumour aggressiveness. 

One key aim of this project is to resolve this apparent paradox; does EMT occur in the 

absence of clear morphological changes? 

 

3.2 Aims and objectives 

In this chapter, I aim to answer these following questions:  

- i) Can I find molecular evidence of EMT in primary human lung 

adenocarcinoma? 

- ii) Is the degree of molecular EMT-related to tumour growth pattern? 

To achieve this aim, 942 non-mucinous lung adenocarcinomas represented in triplicate 

1 mm cores on TMAs sections were immunohistochemically stained for E-cadherin, N-
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cadherin, cytokeratin, and vimentin antigens, and probed for TWIST mRNA by in situ 

hybridisation. The proteins were manually semi-quantified according to their 

expression intensity while the mRNA was automatically quantified using Visiopharm® 

software. To investigate heterogeneity between cases and to understand the 

relationships between EMT markers and predominant tumour growth pattern 

(information given per patient from the pathology report), median intensity scores 

values of the three cores were considered. To explore heterogeneity of EMT markers 

within cores, intensity and proportion scores (i.e. percentage of stained positive tumour 

cell scores) of EMT markers for all three cores were considered. For correlations 

between EMT markers and regional tumour histological pattern, core patterns were 

assessed by Dr Juvenal Dario Baena-Acevedo, pathologist in our lab, and intensity scores 

of all three cores were used. To assess heterogeneity between cores within cases, the 

variance was calculated from the intensity scores of the three cores per patient for each 

EMT marker. Variance (i.e. variance = (standard deviation)2) defines the average degree 

of difference of each point from the mean value per case. 
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3.3 Results 

3.3.1 Lung adenocarcinoma growth pattern correlates with patient outcome  

The clinico-pathological factors for 942 lung adenocarcinoma patients are listed in Table 

1.  
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Characteristics                  Total n = 942 (100.00%) 

Gender 

Male         442 (46.9%) 

 Female         500 (53.1%) 

Age (years) 

 Range (Min-Max)        31-89 years  

 Mean         68 years 

Smoking history  

 Current         287 (30.5%) 

Ex-Smoker        476 (50.5%) 

Never         70 (7.4%) 

Missing         109 (11.6%) 

Performance status     

0         394 (41.8%) 

1         326 (34.6%) 

2          73 (7.8%) 

3         11 (1.2%) 

4         1 (0.1%) 

Missing         137 (14.5%) 

TNM staging system 

Tumour stage 

T1         283 (30.0%) 

              T2         443 (47.0%) 

                T3         125 (13.3%) 

               T4         27 (2.9%) 

                Missing         64 (6.8%) 

Nodal stage 

                N0         515 (54.7%) 

                N1         142 (15.1%) 

               N2         180 (19.1%) 

                N3         1 (0.1%) 

                Missing         104 (11.0%) 

Overall Stage 

               IA         190 (20.2%) 
                IB         188 (20.0%) 
                IIA         127 (13.5%) 
                IIB         87 (9.2%) 

                IIIA         134 (14.2%) 

                IIIB         14 (1.5%) 

                Missing         202 (21.4%) 

Pleural Invasion 

PL0 – No pleural invasion       441 (46.8%) 

PL1 – Pleura elastic layer invasion      298 (31.6%) 

PL2 – Visceral pleural surface invasion      88 (9.3%) 

PL3 – Parietal pleura invasion       76 (8.1%) 

Missing         39 (4.1%) 

Vascular Invasion   

Absent         499 (53.0%) 

Present         435 (46.2%) 

Missing         8 (0.8%) 

Predominant growth pattern 

 Lepidic         162 (17.2%) 

 Acinar         411 (43.6%) 

 Cribriform         31 (3.3%) 

 Papillary         104 (11.0%) 

 Solid         210 (22.3%) 

 Micropapillary        10 (1.1%) 

 Missing         14 (1.5%) 

Table 3.1: Characteristics of lung adenocarcinoma patients. 
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Lung adenocarcinoma is a heterogeneous disease that comprises six types of 

histological growth pattern. Most of the tumours present several types of growth 

patterns, indicative of intratumoural heterogeneity in terms of growth pattern in lung 

adenocarcinoma. The histological growth pattern that is predominantly observed in the 

whole tumour determines the predominant growth pattern. TMAs cores represent 

regional growth patterns which may vary within the whole tumour. Cores were selected 

in such a way to maximise representation of the different growth patterns present in 

the tumour.   

Amongst 942 cases of lung adenocarcinoma, 162 cases present lepidic-predominant 

tumour growth respectively (Figure 3.1). 

411, 104 and 31 cases show predominantly acinar, papillary and cribriform tumour 

growth respectively in the cohort (Figure 3.1).  

210 cases are of solid tumour growth, 10 cases present micropapillary growth pattern 

(Figure 3.1).   
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Figure 3.1. Predominant growth pattern features and distribution in our cohort. 
Pie-chart representing the number of cases in each predominant tumour growth pattern, n = 928. 
 

To assess the magnitude of the additional risk associated with tumour growth pattern 

and grade, univariate Cox proportional hazards regression models were created. Each 

sub-category of tumour growth pattern and tumour grade were compared to lepidic 

and low-grade respectively. The total number of patients for the tumour grade and 

growth pattern survival analysis was 926 lung adenocarcinomas. The total number of 

events for each survival analysis over a period of 5-year after surgery are indicated in 

the figure legends. Statistically significant differences are highlighted in bold in the Cox 

regression model tables.  

Univariate Cox models for overall survival show that acinar, solid and micropapillary 

tumour growth patterns are significantly associated with poor overall patient survival 

compared to lepidic-predominant tumours. When comparing the overall tumour grade 

based on the predominant histological growth pattern, high-grade tumours are 

significantly linked the worst prognosis (Figure 3.2) (Table 3.1). 
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Figure 3.2. Predominant tumour growth patterns/tumour grades and overall patient survival outcome. 
A and B: Kaplan-Meier graphs of tumour pattern and tumour grade over 5-year period post-surgery in 
lung adenocarcinoma patients. Numbers at risk are shown under the graph. P-value refers to the log-rank 
test, which denotes the existence of significant differences between groups.  
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Table 3.1. Correlations between predominant growth patterns/tumour grades and overall patient 
survival outcome. 
Table summarising the median survival in years and univariate Cox proportional hazards models of 
tumour growth pattern and tumour grade in lung adenocarcinoma patients. Total number of events over 
a 5-year period after surgery = 531 deaths. CI = confidence interval. 

 

The results for the lung cancer-specific and recurrence-free survival end-points are 

similar. Acinar, papillary tumour growth patterns and high-grade tumours (i.e. solid and 

micropapillary) are significantly related to poor prognosis in lung cancer-specific and 

recurrence-free survivals (Figures 3.3-3.4) (Tables 3.2-3.3).  

Taking all the data together, it clearly appears that solid and micropapillary tumour 

growths correlate with poor overall and lung cancer-specific survival as well as an early 

relapse of the disease in lung adenocarcinoma patients, with micropapillary 

predominant tumour growth being the worst prognosis. This is in line with previous 

studies (Hung et al., 2014b; Warth et al., 2012).  
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Figure 3.3. Predominant tumour growth patterns/tumour grades and cancer-specific patient survival 
outcome. 
A and B: Kaplan-Meier graphs of tumour predominant pattern and tumour grade over a 5-year period 

post-surgery in lung adenocarcinoma patients. Numbers at risk are shown under the graph. P-value refers 

to the log-rank test, which denotes the existence of significant differences between groups. 
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Table 3.2. Correlations between predominant growth patterns/tumour grades and cancer-specific 
survival outcome. 
Table summarising the median survival in years and univariate Cox proportional hazards models of 
tumour growth pattern and tumour grade over 5-year period after surgery in lung adenocarcinoma 
patients. Total number of events over a 5-year period after surgery = 346 deaths. CI = confidence interval. 
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Figure 3.4. Predominant tumour growth patterns/tumour grades and recurrence-free survival 
outcome. 
A and B: Kaplan-Meier graphs of tumour predominant pattern and tumour grade over 5-year period post-
surgery in lung adenocarcinoma patients. Numbers at risk are shown under the graph. P-value refers to 
the log-rank test.  
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Table 3.3. Correlations between predominant growth patterns/tumour grades and recurrence-free 
survival outcome. 
Table summarising the median survival in years and univariate Cox proportional hazards models of 
tumour growth pattern and tumour grade over 5-year period after surgery in lung adenocarcinoma 
patients. Total number of events over a 5-year period after surgery = 454 patients with recurrence of the 
disease. CI = confidence interval. 

 

3.3.2 Optimisation of EMT markers by immunohistochemistry (IHC) 

EMT markers were optimised in primary lung adenocarcinoma validation TMA blocks 

containing all types of lung adenocarcinoma histological growth pattern. All the 

antibodies used in this study are well established for IHC in published literature. E/N-

cadherins and cytokeratin antibodies were previously optimised and validated in a 

DAKO autostainer and subsequently re-validated with the same concentration on 

VENTANA autostainer. Examples of the optimised assays on control tissues are shown 

below. 
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Figure 3.5. IHC validation of E-cadherin antibody. 
On the left hand side, negative control with no primary E-cadherin antibody. On the right hand side, 
positive control and validation on lung adenocarcinoma tissue for E-cadherin at 1/1500 dilution. Blue 
staining (haematoxylin and bluing reagent) represents the nucleus. DAB staining is represented by brown 
membranous staining and represents E-cadherin expression in tumour cells. Core image: Magnification = 
5x. Scale bar = 500 µm. Inset squares represent high power (40x) of a portion of the cores. Scale bar = 50 
µm. 

 

E-cadherin negative control with no primary antibody show no expression of E-cadherin 

as expected. E-cadherin is known to be expressed in lung adenocarcinoma according to 

the manufacturer datasheet. Thus, a lung adenocarcinoma validation block was used as 

positive control as well as the test tissue. E-cadherin staining exhibits a membranous 

staining as expected as E-cadherin is a transmembrane protein with membrane function 

(Figure 3.5).  
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Figure 3.6. IHC validation of N-cadherin antibody. 
On the top left hand side, negative control with no primary N-cadherin antibody. In the top right hand 
side, positive control of N-cadherin image on normal liver tissue at 1/100 dilution as liver tissue is a 
positive control for N-cadherin IHC according to the antibody manufacturer datasheet. Blue staining 
(haematoxylin and bluing reagent) represents the nucleus. DAB staining is represented by brown 
membranous staining and represents N-cadherin expression. On the bottom, validation of N-cadherin 
antibody on lung adenocarcinoma tissue. Core image: Magnification = 5x. Scale bar = 500 µm. Inset 
squares represent high power (40x) of a portion of the cores. Scale bar = 50 µm. 

 

N-cadherin negative control image without primary antibody incubation does not 

exhibit any N-cadherin staining. N-cadherin is known to be expressed in the normal liver 

tissue and N-cadherin has stained the membrane of hepatocytes as expected as it is also 

a transmembrane protein. This assay was then validated in lung adenocarcinoma 
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(Figure 3.6) where it showed also a membranous staining using the same antibody 

concentration.  

 

Figure 3.7. IHC validation of cytokeratin antibody. 
On the left hand side, negative control with no primary cytokeratin antibody. On the right hand side, 
positive control and validation on lung adenocarcinoma tissue for cytokeratin at 1/250 dilution as lung 
adenocarcainoma tissue is a positive control for cytokeratin IHC. Blue staining (haematoxylin and bluing 
reagent) represents the nucleus. DAB staining is represented by brown cytoplasmic staining and 
represents cytokeratin expression in tumour cells. Core image: Magnification = 5x. Scale bar = 500 µm. 
Inset squares represent high power (40x) of a portion of the cores. Scale bar = 50 µm. 

 

Negative control for cytokeratin with no primary antibody does not manifest any 

positivity. Lung adenocarcinoma tissue was used as positive control and validation test 

tissue for cytokeratin since it is a marker of epithelial cells. Cytokeratin is stained in the 

cytoplasm of the epithelial cell as it is a cytoskeletal intermediate filament (Figure 3.7). 
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Figure 3.8. IHC validation of vimentin antibody. 
On the top left hand side, negative control with no primary vimentin antibody on lung adenocarcainoma 
tissue. On the top right hand side, positive control of vimentin only in the stroma. On the bottom, positive 
control and validation on lung adenocarcinoma tissue for vimentin. Blue staining (haematoxylin and 
bluing reagent) represents the nucleus. DAB staining is represented by brown cytoplasmic staining and 
represents vimentin expression. Core image: Magnification = 5x. Scale bar =500 µm. Inset squares 
represent high power (40x) of a portion of the cores. Scale bar = 50 µm. 

 

Vimentin negative control does not show vimentin staining. Lung adenocarcinoma 

tissue was used as a positive control. Vimentin can stain both the stromal and tumour 

compartments. To illustrate its stroma staining from cancer cells staining, I display two 
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images in which the middle image shows stain only in the stroma compartment of the 

tumour while the right core image illustrates staining in the cytoplasm of tumour cells 

(Figure 3.8). 

 

 

Figure 3.9. ISH validation of TWIST mRNA probe. 
On the top left hand side, negative control of the probe with probe on lung adenocarcainoma tissue. On 
the right hand side, positive control of the probe with UBC probe staining on lung adenocarcinoma tissue 
as UBC probe is a positive control for mRNA ISH representing by purple staining according to the probe 
manufacturer datasheet. On the bottom, validation of TWIST mRNA probe (purple dots) on lung 
adenocarcinoma tissue. Blue staining (haematoxylin and bluing reagent) represents nuclei and yellow 
staining shows cytokeratin expression. Core image: Magnification = 5x. Scale bar =500 µm. Inset squares 
represent high power (40x) of a portion of the cores. Scale bar = 50 µm. 
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As the expression of epithelial and mesenchymal EMT markers are mainly regulated by 

the EMT-related transcription factors (EMT-TFs) SNAIL, TWIST and ZEB, I wanted to also 

quantify an EMT-TF at protein level but the IHC assays were non-specific. We tried to 

detect SNAIL, TWIST and ZEB proteins but SNAIL and TWIST were undetectable in their 

respective positive control while ZEB was non-specific in the positive control (data not 

shown). Therefore, we opted to detect one of the transcription factor, i.e. TWIST, at 

mRNA level using RNAscope® technology. The manufacturer provides a negative and 

positive control which are the dapB mRNA probe (dihydrodipicolinate reductase which 

is only expressed in bacteria) and UBC mRNA probe (encodes for ubiquitin C protein 

which is ubiquitously expressed in human cells) respectively to test alongside the test 

probe, namely TWIST mRNA probe. As expected, the negative probe does not show any 

staining represented by purple dots on lung adenocarcinoma tissue and the positive 

control probe is expressed in all the cells of lung adenocarcinoma tissue. TWIST mRNA 

probe stains the cell cytoplasm and nucleus in lung adenocarcinoma since it is an mRNA 

that can be in the transcription progression step in the nucleus or ready for translation 

or degradation in the cytoplasm (Figure 3.9). 

The validated EMT markers were subsequently applied on the whole set of TMAs and 

quantified. 

 

3.3.3 Characterisation of EMT in primary lung adenocarcinoma  

To check whether EMT is quantifiable in primary lung tissue, EMT markers were stained 

on 23 TMAs, containing 2826 primary lung adenocarcinoma cores (three cores per case 

to capture variance in tumour growth patterns from 942 cases with several normal lung 

cores as controls), and scored according to their membranous or cytoplasmic 

expression intensities with the exception of TWIST, which was scored according to the 

number of TWIST mRNA spots in the tumour regions. Normal lung tissue cores were 

used as a negative control and were not scored in the study. Cores with too little tumour 

material (fewer than hundred malignant cells) were not scored as well. Inset squares 

represent a high magnification (80X) of a portion of the core.   
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Protein expression levels were evaluated semi-quantitatively by an Allred scoring 

system. This scoring system is based on the intensity of the staining, scored from 0 to 3 

and the percentage of tumour cells stained, measured from 0-5 (Table 3.1). 

 

Table 3.1. Allred scoring system. 
Allred score system is based on the intensity scores, which goes from 0 for negative up to 3, and the 
percentage of stained tumour cells (positive tumour cells) which are scored from 0-5. 

 

TWIST mRNA was scored automatically, thus this Allred scoring system was not applied 

but TWIST mRNA expression was then categorised into four groups referring to the four 

levels of intensity 0, 1, 2 and 3 according to the number of spot counts. 

The inter-observer reliability test was performed to validate the scoring system used by 

the second observer (expert histopathologist with 15 years of experience in image 

analysis) and myself (with no experience in image analysis) using weighted kappa 

statistics as the markers of interest are ordinal variables. The inter-rater agreement was 

not assessed for eIF4B/E intensity and percentage of tumour cells stained scorings, 

TWIST mRNA scoring and N-cadherin percentage of tumour cells stained scoring. A TMA 

containing as much as different tumour growth pattern and as many scorable cores was 

chosen to validate the scoring system. There were 120 cores scored in total for the inter-

observer test. I performed the kappa weighted inter-observer reliability test. Table 2.3 

displays that there is a fair to excellent agreement regarding the scoring system 

between these two observers.  
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Table 3.4.  Inter-observer reliability test. 
Inter-observer reliability test is performed between two observers and provides a kappa value. A kappa 
value below 0.40 means that there is poor agreement regarding the scoring system between these two 
observers. A kappa value between 0.40 and 0.75 may be taken to represent fair to good agreement. A 
kappa value above 0.75 may be taken to represent an excellent agreement regarding the scoring system 
between these two observers. 

 

I then analysed the distribution of each EMT marker in our cohort using the intensity 

and proportion score values of the three cores. This illustrates the heterogeneity of each 

EMT marker within and between tumour cores. Then, I analysed the frequency of each 

EMT marker and calculated their variance across 942 lung adenocarcinoma cases using 

the median scoring value of the three cores of the EMT marker to demonstrate the 

heterogeneity of each marker expression between cases and between cores within 

cases respectively. The proportion scoring was not considered in this study when 

analysing the distribution and expression of EMT markers as EMT is a focal event. By 

considering Allred scores and analysing both intensity and proportion scoring, I would 

lose information about EMT. Therefore I decided to only analyse the expression 

intensity of EMT markers. 

The epithelial marker E-cadherin immunohistochemical staining shows diverse range of 

intensity in the cohort. E-cadherin is scored according to the membranous intensity 

staining. E-cadherin is weakly expressed in the attenuated type 1 epithelial cells in the 

normal lung. Cores can express weakly, moderately strongly or cannot express the 

epithelial marker (Figure 3.10).  
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Figure 3.10. Dynamic range of E-cadherin expression. 
Images of the epithelial marker E-cadherin immunostaining scored according to their expression 
intensities. Blue staining (haematoxylin and bluing reagent) represents the nucleus. DAB staining is 
represented by brown E-cadherin membranous staining. Core image magnification: 7x., scale bar = 
250µm. Inset square magnification of the normal lung = 40X, scale bar 50 μm .Scale par for the normal 
lung Scale bar of the high magnification (80X) of a portion of the core, scale bar = 25 µm.  
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The majority of the cores express the epithelial marker quite homogenously at various 

intensity (Figure 3.11A). We have to keep in mind that these are small cores of 1mm of 

diameter and heterogeneity may not be detectable at this scale, despite being apparent 

across the tumour as a whole. 

E-cadherin expression intensity (score 1 to score 3) is more or less equally distributed 

in all cases with 300 cases per score on average but we observe heterogeneity in E-

cadherin expression between cases. Only about 20 cases do not express E-cadherin 

(Figure 3.11B). The variation of E-cadherin expression between cores within the same 

primary tumours is generally very low, indicating an homogenous expression of the 

epithelial marker between cores in most cases. Only about a quarter of patients show a 

variation in E-cadherin expression between cores of the same primary tumours (Figure 

3.11C). 
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Figure 3.11. Distribution of E-cadherin intensity and proportion scores per core and frequency of E-
cadherin expression per case in the cohort. 
A: Percentage of tumour cores expressing E-cadherin at different proportion for each intensity in lung 
adenocarcinoma cores. n = number of cores B: Frequency of median E-cadherin intensity expression 
according to the median intensity score value in 885 lung adenocarcinoma cases. C: Frequency of the 
variation of E-cadherin expression between cores within cases in 795 lung adenocarcinoma patients. 
Unit of measurements: 1 unit = 1 scoring value. 
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The mesenchymal  marker N-cadherin is detected at different levels of expression in the 

cohort. N-cadherin is undetectable in normal lung. The transmembrane protein is 

scored according to the membranous intensity staining and can be expressed weakly, 

moderately or strongly (Figure 3.12). 
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Figure 3.12. Dynamic range of N-cadherin expression. 
Images of the mesenchymal marker N-cadherin immunostaining scored according to their expression 
intensities. Blue staining (haematoxylin and bluing reagent) represents nuclei. DAB staining is 
represented by brown membranous N-cadherin staining. Core image magnification = 7x, scale bar = 250 
µm. Inset square magnification of the normal lung = 40X, scale bar 50 μm. Scale bar of the high 
magnification (40X) of a portion of the core, scale bar = 25 µm.  
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N-cadherin is heteregenously and focally expressed within cores when it is scored as 2 

or 3, suggesting that EMT may be a focal event (Figure 3.13A). 

As observed in Figure 3.14B, N-cadherin expression distribution is skewed to the right. 

N-cadherin is mainly absent in tumours as more than 600 primary lung adenocarcinoma 

cases are scored 0. About 230 cases weakly express N-cadherin. About 50 cases and 70 

cases show moderate and strong expression of the mesenchymal marker respectively. 

This illustrates that N-cadherin is heterogenously expressed between cases (Figure 

3.13B). The mesenchymal marker is mainly homogenously expressed between cores 

within the same primary tumours. Few cases demonstrates difference in N-cadherin 

expression between cores within cases (Figure 3.13C). 

Thus, N-cadherin is heteregenously expressed within and between cases but 

homogenously present between cores within cases. 
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Figure 3.13. Distribution of N-cadherin intensity and proportion scores per core and frequency of N-
cadherin expression per case in the cohort. 
A: Percentage of tumour cores expressing N-cadherin at different proportion for each intensity in lung 
adenocarcinoma cores. n = number of cores. B: Frequency of median N-cadherin intensity expression 
according to the median intensity score in 883 lung adenocarcinoma cases. C: Frequency of the variation 
of N-cadherin expression between cores within cases in 792 lung adenocarcinoma patients. 
Unit of measurements: 1 unit = 1 scoring value. 
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The immunohistochemical staining of the epithelial cytoskeletal marker cytokeratin 

presents expression at different levels of intensity in 942 cases. Cytokeratin is expressed 

in normal lung epithelial cells (Figure 3.14).  
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Figure 3.14. Dynamic range of cytokeratin expression. 
Images of the epithelial marker cytokeratin immunostaining scored according to their expression 
intensities. Blue staining (haematoxylin and bluing reagent) represents nuclei. DAB staining is 
represented by brown cytokeratin cytoplasmic staining. Core image magnification = 7X, scale bar = 
250µm. Inset square magnification of the normal lung = 40X, scale bar 50 μm. Scale bar of the high 
magnification (80x) of a portion of the core = 25 µm.  
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As shown in Figure 3.15A, cytokeratin is either homogenously expressed or not within 

cores.  

Similarily to E-cadherin expression, the vast majority of primary lung adcenocarcinoma 

cases express cytokeratin at varying intensities. Only about 10 cases are completely 

cytokeratin negative. Nearly 300 cases exhibit weak expression of cytokeratin, about 

220 cases and 350 cases express moderately and strongly the expithelial marker (Figure 

3.15B). Cytokeratin expression does not differ from the mean intensity values in most 

cases. Few cases show a variation in the epithelial marker expression between cores per 

primary tumour (Figure 3.15C).  

Hence, cytokeratin is mainly homogenously detected within tumour cores and between 

cores within cases but heterogenously expressed between cases. 

  



137 
 

 

Figure 3.15. Distribution of cytokeratin intensity and proportion scores per core and frequency of 
cytokeratin expression per case in the cohort. 
A: Percentage of tumour cores expressing cytokeratin at different proportion for each intensity in lung 
adenocarcinoma cores. n = number of cores. B: Frequency of median cytokeratin intensity expression 
according to the median intensity score in 905 lung adenocarcinoma cases. C: Frequency of the variation 
of cytokeratin expression between cores within cases in 808 lung adenocarcinoma patients. Unit of 
measurements: 1 unit = 1 scoring value. 
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The immunohistochemical staining of the mesenchymal cytoskeletal marker vimentin 

show a variety of expression level. Thus this marker is scored according to the 

cytoplasmic intensity staining. Vimentin is expressed in the interstitium in the normal 

lung tissue (Figure 3.16).  
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Figure 3.16. Dynamic range of vimentin expression. 
Images of the mesenchymal marker vimentin immunostaining scored according to their expression 
intensities. Blue staining (haematoxylin and bluing reagent) represents nuclei. DAB staining is 
represented by brown vimentin cytoplasmic staining. Core image magnification = 7x, scale bar = 250 µm. 
Inset square magnification of the normal lung = 40X, scale bar 50 μm. Scale bar of the high magnification 
(80X) of a portion of the core, scale bar = 25 µm.  
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There is quite high heterogeneity within and between cores in cases which are positive 

for vimentin (Figure 3.17A).  

Approximately 600 cases are negative for vimentin. About 10 cases weakly express 

vimentin, 50 cases show moderate expression of vimentin and 250 cases strongly 

express the cytoplasmic mesenchymal marker respectively (Figure 3.17B). There is no 

difference in vimentin expression between cores within the same primary tumour in 

most cases. About a third of the cases displays a variation in the mesenchymal marker 

between cores within cases (Figure 3.17C).  

Therefore, vimentin is hetereogenously detected within cores and between cases but is 

mainly homogenously expressed between cores within cases. 
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Figure 3.17. Distribution of vimentin intensity and proportion scores per core and frequency of 
vimentin expression per case in the cohort. 
A: Percentage of tumour cores expressing vimentin at different proportion for each intensity in lung 
adenocarcinoma cores. n = number of cores. B: Frequency of median vimentin intensity expression 
according to the median intensity score in 878 lung adenocarcinoma cases. C: Frequency of the variation 
of vimentin expression between cores within cases in 829 lung adenocarcinoma patients. 
Unit of measurements: 1 unit = 1 scoring value. 
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TWIST mRNA expression is illustrated by purple dots, one dot represents one molecule 

of TWIST mRNA. TWIST mRNA can also be expressed at different expression level (Figure 

3.18). 
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Figure 3.18. TWIST mRNA expression level. 
Images of the mesenchymal marker TWIST mRNA immunostaining scored according to their expression. 
Blue staining (haematoxylin and bluing reagent) represents the nucleus. TWIST mRNA dot is represented 
by purple staining.  Yellow staining represent cytokeratin expression. Core image magnification = 7x, scale 
bar = 250 µm. Scale bar of the high magnification (80X) of a portion of the core, scale bar = 25 µm.  The 
normal lung high magnification is 40x as I used a different image analysis software (Visiopharm®). 
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The majority of cores does not express TWIST mRNA (Figure 3.19A). It is difficult to 

assess heterogeneity within cores as I count the number of TWIST mRNA spots in the 

tumour core. TWIST mRNA cut off between negative and positive staining was selected 

according to the image visualisation; a core was classified as positive when the scorer 

can by eye detect spots in the whole tumour core. TWIST mRNA spot counts was divided 

into 4 groups, similarly to Allred scoring system (score 0 for absence of the TWIST mRNA  

up to 3  for high number of TWIST mRNA spot counts) based on the number of spots 

counts.  

TWIST mRNA is mainly absent in the cohort. About 250 cases weakly express TWIST 

mRNA. Around 10 cases express moderately or strongly the EMT transcription factor 

mRNA (Figure 3.19B). TWIST mRNA expression does not vary between cores within 

primary tumours (Figure 3.19C). Thus TWIST mRNA is heteregenously quantified 

between cases but homogenously expressed between cores within cases. Interestingly, 

the variability of TWIST mRNA expression is lower than the variability of the other EMT 

markers. 
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Figure 3.19. TWIST mRNA expression level and its distribution in the cohort. 
A: Frequency of TWIST mRNA expression per core. B: Frequency of TWIST mRNA expression per case 
according to median value in 844 lung adenocarcinoma cases. C: Frequency of the variation of TWIST 
mRNA expression between cores within cases in 690 lung adenocarcinoma patients. 
Unit of measurements: 1 unit = 1 scoring value. 
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Taken together, these data show that most of the primary lung adenocarcinoma show 

expression of E-cadherin and cytokeratin while approximately 30% of cases express at 

least one mesenchymal marker N-cadherin, vimentin or TWIST mRNA, evocative of a 

partial EMT process. 

Once all the EMT markers were scored, their expression distributions were then 

analysed across growth patterns using statistical analyses.  

3.3.4 EMT and growth pattern 

As shown in Figures 3.20 to 3.24, the stacked bar graphs exhibit the classification of the 

degree of the protein or mRNA of interest in the different tumour growth pattern of 

lung adenocarcinoma. Lepidic tumour growth is an in situ growth pattern while the 

remaining tumour growth patterns are invasive with solid and micropapillary tumour 

growth patterns being highly invasive tumour growth (cf Chapter 1, section 1.4.5). 

Figure 3.20A indicates the distribution of membranous E-cadherin expression across the 

predominant growth pattern per case. While E-cadherin is expressed in nearly 100% of 

lepidic predominant cases, its expression is completely absent in 6.5% (n=13) of solid 

predominant tumours. However, the difference in E-cadherin expression by the 

predominant growth pattern is not statistically significant. At the core level, there is 

only a significant difference in E-cadherin expression between lepidic and cribriform 

growth pattern but not with the solid pattern.   
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Figure 3.20. Distribution of E-cadherin expression by lung adenocarcinoma tumour growth pattern. 
Each bar displays the tumour growth pattern of lung adenocarcinoma and each segment of the bar 
represents the intensity of the EMT marker. Total number of growth pattern cases is indicated at the top 
of each bar and the number of cases displaying the different degree of the EMT marker expression is 
shown within each section of the bar. To determine the existance of significance between EMT 
markers/translation factors expression and tumour growth pattern, a Kruskal-Wallis tests followed by a 
Dunn’s test with Bonferroni adjustment were performed. Degree of significance are indicated in the 
graphs by bars with stars above them (*** = p < 0.001). A: Percentage of median E-cadherin expression 
intensity by predominant growth pattern at case level, n = number of cases. B: Percentage of E-cadherin 
expression intensity by growth pattern at tumour core level, n = number of cores. 
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The proportion of cases strongly expressing the epithelial marker cytokeratin 

significantly diminishes with invasive tumour growth with about 25% of solid 

predominant tumour growth patterns being strongly positive for cytokeratin. 

Interestingly, cytokeratin is absent in about 2% of the solid cores whereas it is present 

in 100% of lepidic tumour growth pattern (Figure 3.21A). TMA core level analysis 

exhibits the same trend in the expression of cytokeratin between in situ and invasive 

tumour cores (Figure 3.21B).  

This suggests that cytokeratin loss is correlated with invasive properties, especially in 

the solid tumour pattern. 

Interestingly, the high-grade micropapillary predominant tumours express both 

epithelial markers (Figures 3.20-3.21). 
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Figure 3.21. Distribution of cytokeratin expression by lung adenocarcinoma tumour growth pattern. 
Each bar displays the tumour growth pattern of lung adenocarcinoma and each segment of the bar 
represents the intensity of the EMT marker. Total number of growth pattern cases is indicated at the top 
of each bar and the number of cases displaying the different degree of the EMT marker expression is 
shown within each section of the bar. To determine the existance of significance between EMT 
markers/translation factors expression and tumour growth pattern, a Kruskal-Wallis tests followed by a 
Dunn’s test with Bonferroni adjustment were performed. Degree of significance are indicated in the 
graphs by bars with stars above them (* = p < 0.05; ** = p <0.01; *** = p < 0.001). A: Percentage of median 
cytokeratin expression intensity by predominant growth pattern at case level, n = number of cases. B: 
Percentage of cytokeratin expression intensity by growth pattern at tumour core level, n = number of 
cores.  



150 
 

As opposed to the expression of E-cadherin, the mesenchymal marker N-cadherin is 

only detectable in about 35% on average of all predominant tumour growth pattern 

cases. N-cadherin is expressed in only about 19% of lepidic tumour predominant pattern 

but is expressed in 50% of solid areas and the difference in N-cadherin expression 

between this two predominant tumour growth pattern is statistically significant (Figure 

3.22A). Similar observations are present at the core level analysis (Figure 3.22B). 
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Figure 3.22. Distribution of N-cadherin expression by lung adenocarcinoma tumour growth pattern. 
Each bar displays the tumour growth pattern of lung adenocarcinoma and each segment of the bar 
represents the intensity of the EMT marker. Total number of growth pattern cases is indicated at the top 
of each bar and the number of cases displaying the different degree of the EMT marker expression is 
shown within each section of the bar. To determine the existance of significance between EMT 
markers/translation factors expression and tumour growth pattern, a Kruskal-Wallis tests followed by a 
Dunn’s test with Bonferroni adjustment were performed. Degree of significance are indicated in the 
graphs by bars with stars above them (* = p < 0.05; *** = p < 0.001). A: Percentage of median N-cadherin 
expression intensity by predominant growth pattern at case level, n = number of cases. B: Percentage of 
N-cadherin expression intensity by growth pattern at tumour core level, n = number of cores.  
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In contrast to cytokeratin expression, the total percentage of tumour expressing 

vimentin is low in the lepidic predominant tumour growth pattern with approximately 

35% of vimentin positive lepidic tumours whereas this proportion increases in solid 

predominant tumour pattern for up to nearly 50% and the difference in vimentin 

expression between the well-differentiated and poorly differentiated tumour 

predominant growth pattern is statistically significant (Figure 3.23A). The same 

conclusion can be drawn from the TMA core pattern analysis (Figure 3.23B). 
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Figure 3.23. Distribution of vimentin expression by lung adenocarcinoma tumour growth pattern. 
Each bar displays the tumour growth pattern of lung adenocarcinoma and each segment of the bar 
represents the intensity of the EMT marker. Total number of growth pattern cases is indicated at the top 
of each bar and the number of cases displaying the different degree of the EMT marker expression is 
shown within each section of the bar. To determine the existance of significance between EMT 
markers/translation factors expression and tumour growth pattern, a Kruskal-Wallis tests followed by a 
Dunn’s test with Bonferroni adjustment were performed. Degree of significance are indicated in the 
graphs by bars with stars above them (** = p <0.01). A: Percentage of median vimentin expression 
intensity by predominant growth pattern at case level, n = number of cases. B: Percentage of vimentin 
expression intensity by growth pattern at tumour core level, n = number of cores. 
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Regarding the TWIST mRNA expression in the different growth pattern, nearly 40% of 

the solid tumour pattern express TWIST mRNA as opposed to about 25% on average in 

the lepidic tumour pattern but the difference in the expression of the EMT transcription 

factor across growth pattern is only statistically significant at the TMA core level (Figure 

3.24).  

This suggests that molecular EMT can be detected in primary solid predominant tumour 

growth pattern. Interestingly, the highly lethal micropapillary predominant tumour 

growth pattern exhibits little evidence of molecular EMT.  
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Figure 3.24. TWIST mRNA expression by lung adenocarcinoma tumour growth pattern. 
Each bar displays the tumour growth pattern of lung adenocarcinoma and each segment of the bar 
represents the intensity of the EMT marker. Total number of growth pattern cases is indicated at the top 
of each bar and the number of cases displaying the different degree of the EMT marker expression is 
shown within each section of the bar. To determine the existance of significance between EMT 
markers/translation factors expression and tumour growth pattern, a Kruskal-Wallis tests followed by a 
Dunn’s test with Bonferroni adjustment were performed. Degree of significance are indicated in the 
graphs by bars with stars above them (** = p <0.01). A: Percentage of median TWIST mRNA expression 
across predominant growth pattern at case level, n = number of cases. B: Percentage of TWIST mRNA 
expression intensity across growth pattern at tumour core level, n = number of cores.  
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I then combined the scores from all EMT markers to make maximum use of available 

information. I created a new variable called “EMT score” which results from the addition 

of each EMT marker. To do so, all scoring values from the three cores per case were 

considered and binarised as 0 “No EMT” and 1 ”EMT” for each EMT marker. The loss of 

the epithelial (i.e. cores that were scored 0 for E-cadherin and cytokeratin) and the gain 

of the mesenchymal markers expression (cores that were assessed as score 1, 2 or 3 for 

N-cadherin, vimentin and TWIST mRNA) was scored as 1. All the binarised individual 

EMT marker were summed together creating the “EMT score” variable. This latter 

contains values from 0 for “No EMT” up to 5 for “Complete EMT” and was then 

correlated with tumour histological pattern. 

To identify cores that present molecular evidence of EMT, I prepared a Venn diagram. 

In this study, there are five variables. Each variable represents one molecular EMT 

event, i.e. any loss/gain of epithelial/mesenchymal markers respectively. When two or 

more molecular EMT groups overlap between each other, it means that the cores 

display those particular molecular EMT events. 

The Venn diagram indicates all the combinations of molecular EMT occurring in our 

cohort. Amongst 1420 cores, 910 cores exhibit some evidence of molecular EMT while 

510 cores do not. Two third of positive EMT cores show one molecular EMT event: 202 

cores are only TWIST mRNA positive; 319 cores are vimentin positive; 61 cores are N-

cadherin positive; 19 and 7 cores have respectively lost membranous E-cadherin and 

cytoskeletal cytokeratin expression. Only 4 cores exhibit a complete molecular EMT 

program, i.e. loss of epithelial markers and gain of the mesenchymal markers (Figure 

3.25A). 

Figure 3.25B depicts a stacked bar graph representing the distribution of growth 

patterns by the increasing numbers of molecular EMT markers. It shows that additional 

indicators of molecular EMT incrementally increase the likelihood of solid growth 

pattern, and diminish the likelihood of all other in situ and invasive growth patterns 

(from about 25% of cores expressing one molecular evidence of EMT to 100% of the 

cores undergoing full molecular EMT). Furthermore there is a significant difference in 

EMT score between solid tumour cores and all other growth pattern cores (Figure 
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3.25C), suggesting that this demonstrates evidence of molecular EMT in human primary 

solid adenocarcinoma. 

I then wanted to check whether I can identify biologically meaningful groups in the data 

based on similarity of EMT markers. To do so, I performed an unsupervised cluster 

analysis with the help of the Jeffrey. 
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Figure 3.25. Distribution of number of molecular EMT by tumour growth patterns at TMA core level. 
A: Venn diagram of the total scorable cores of the cohort. This diagram shows cores that undergo 
molecular EMT: arrows going up mean the gain of expression of the marker and those that are pointing 
down show loss of expression of the marker. B: Percentage of growth pattern by increasing number of 
molecular EMT markers, n = number of cores. Each bar displays the number of molecular EMT markers 
and each segment of the bar represents tumour growth patterns of lung adenocarcinoma. Total number 
of cores is indicated at the top of each bar and the number of cores displaying tumour growth pattern is 
shown within each section of the bar. C: Table presenting p-values results of Dunn’s pairwise comparison 
in the number of molecular EMT (i.e. EMT score) between tumour growth patterns at core level. NS = not 
significant. 
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The cluster analysis further reveals that clusters presenting at least three molecular 

evidence of EMT, i.e. clusters 4, 5 and 6, are closely related to solid growth pattern 

(Figure 3.26). 

 

 

Figure 3.26. Unsupervised cluster analysis of EMT markers. 
A: Unsupervised cluster analysis of EMT markers among TMA core patterns.  Six clusters with different 
EMT patterns were identified in the analysis. LEP: Lepidic . AC: Acinar. CRIB: Cribriform. PAP: Papillary. 
MPAP: Micropapillary. B: Pie-charts of TMA core patterns for each cluster. n = number of TMA cores. 
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Taken together, solid tumours exhibit loss of epithelial markers and gain of 

mesenchymal markers, showing molecular evidence of EMT despite having epithelioid 

morphology (i.e. non-sarcomatoid). Surprisingly, about 15% of lepidic cases in average 

do show at least one EMT molecular indicator, indicating acquisition of partial EMT by 

cancer cells in an in situ tumour growth. Micropapillary tumour growth is associated 

with poor prognosis as the solid pattern but shows comparatively less molecular 

evidence of EMT. 

 

3.3.5 Expression of cytoplasmic E-cadherin is associated with invasive tumour growth 

pattern in primary lung adenocarcinoma 

A further notable observation was made while scoring E-cadherin expression. Despite 

its known membrane function as cell-cell adhesion molecule, E-cadherin was found 

expressed in the cytoplasm in some tumour regions  (Figure 3.27). 
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Figure 3.27. IHC images of cytoplasmic/membranous E-cadherin expression difference. 
On the top left hand, image shows high expression of E-cadherin in the cytoplasm and low E-cadherin 
expression in the membrane. On the top right had side, E-cadherin is equally expressed in cytoplasm and 
membrane. On the bottom image, membranous E-cadherin is more pronounced than cytoplasmic E-
cadherin expression. Blue staining (haematoxylin and bluing reagent) represents the nucleus. DAB 
staining is represented by brown cytoplasmic/membranous E-cadherin staining. Core image 
magnification = 5x, scale bar = 500 µm. Inset squares represent high resolution (80X) of a portion of the 
cores, scale bar = 25 µm. 

 

I suspected that mislocalization of E-cadherin in the cytoplasm might contribute to 

invasion as E-cadherin in this cellular compartment would be ineffectual in cellular 

adhesion. I therefore analysed the ratio of membranous/cytoplasmic E-cadherin 

expression by TMA core growth pattern to check whether subcellular localisation of E-

cadherin can be related to invasive tumour histological pattern. I excluded tumour cores 

which were negative for both membranous and cytoplasmic E-cadherin. 

Cytoplasmic E-cadherin expression increases with invasive growth pattern, with about 

28% of cores expressing prominantly cytoplasmic E-cadherin in the lepidic/in situ cores 

versus around 38% in the solid pattern cores. In contrast, membranous E-cadherin 



162 
 

expression decreases with invasive pattern, about 58% of in situ cores predominantly 

expressing E-cadherin versus 42% in solid cores. These differences are statistically 

significant, suggesting that cytoplasmic retention of E-cadherin is related to 

invasiveness (Figure 3.28). 

 

Figure 3.28. Ratio membranous/cytoplasmic E-cadherin expression by TMA tumour core growth 
pattern. 
Each bar displays the tumour growth pattern of lung adenocarcinoma and each segment of the bar 
represents E-cadherin ratio. Total number of growth pattern cases is indicated at the top of each bar and 
the number of cases displaying different E-cadherin ration is shown within each section of the bar. Degree 
of significance are indicated in the graphs by bars with stars above them (* = p < 0.05; ** = p < 0.01). n = 
number of cores. Total number of cores = 2,085 tumour cores. 
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3.4 Discussion 

The first purpose of this chapter is to explore the relationship between predominant 

growth pattern and lung adenocarcinoma patient outcome. 

In the first section, I have shown that solid and micropapillary predominant tumours 

growth are significantly related to poor overall, lung cancer-specific and recurrence-free 

survivals in lung adenocarcinoma patients. Furthermore, 50% patients developing these 

high-grade tumours have the probability to relapse just a year post-surgery (Figures 3.1-

3.3). This is consistent with previous studies highlighting the association of 

micropapillary and solid subtypes with poor prognosis and early recurrence of the 

disease (Hung et al., 2014a; Makimoto et al., 2005; Zhang et al., 2014). Consequently, 

solid and micropapillary are indicators of worst outcome in lung adenocarcinoma 

patients. Is this related to EMT? 

The second purpose of this chapter is to determine whether EMT was detectable in 

human lung primary tumour tissue and the extent of variation between cases and cores. 

When analysing heterogeneity in EMT markers expression, two different scales of 

heterogeneity were identifiable: microscopic (i.e. within cores) and regional (i.e. 

between cores within the primary tumour) heterogeneity. Heterogeneity at a 

microscopic scale was observed in the expression of mesenchymal markers N-cadherin 

(Figure 3.13A) and vimentin (Figure 3.17A). This evidence of microscopic heterogeneity 

in partial EMT might be explained by extremely focal epigenetic changes, or micro-

environmental cues such as local hypoxia or alterations in the immune 

microenvironment. Regional heterogeneity, i.e. variance in EMT marker between cores 

(i.e. across the tumour as a whole) was not marked (Figures 3.11C, 3.13C, 3.15C, 3.17C 

and 3.19C). When it does occur, this may be due to heterogeneity between spatially 

separated clones. 

The results from Figures 3.20 to 3.24 have shown that loss of epithelial markers E-

cadherin and cytokeratin expression and increased expression of mesenchymal markers 

TWIST mRNA, N-cadherin and vimentin are most associated with the solid pattern of 

tumour growth in lung adenocarcinoma. There is an association between the number 
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of EMT markers and solid growth pattern (Figure 3.25B and C), rather than a strong link 

with a particular combination of EMT markers (Figure 3.26), suggesting that the number 

of molecular EMT (i.e. gain or loss of mesenchymal or epithelial markers respectively) 

matters the most rather than any combination of molecular EMT. It may also imply that 

there are many routes to activate EMT as there are several combinations of partial EMT 

detected in the cluster analysis (Figure 3.26). These data convey the notion that solid 

pattern can be thought of as representing a partial EMT state despite the 

morphologically epithelioid appearance of cells in the primary tumour.  

 

Figure 3.29. Schematic representation of molecular evidence of EMT in tumour growth in primary lung 
adenocarcinoma. 
Epithelial malignant cells (carcinoma) constituting the in situ tumour are laid on the basement membrane 
(brown) which is in contact with the stroma (pink). They are positive for the epithelial markers E-cadherin 
and cytokeratin and negative for the mesenchymal markers N-cadherin, vimentin and TWIST. Upon 
internal and/ or external stimuli, these tumour cells grow into invasive tumour pattern and acquire the 
potentiality to become ultimately mesenchymal. They are in partial state where carcinoma express both 
epithelial and mesenchymal markers while retaining epithelioid morphology. Finally, carcinoma can 
transform into fully functional mesenchymal cell with loss of the molecular and morphological epithelial 
features and gain of mesenchymal characteristics, i.e. spindle-shaped cells expressing the mesenchymal 
markers. This is observed in sarcomatoid tumour growth. 

 

The notion of partial EMT refers to the fact that tumour cells are identified with 

concomitant expression both epithelial and mesenchymal markers while maintaining 

the epithelioid morphology, which may represent the intermediate stages of EMT, 

called “partial EMT” (Kalluri and Weinberg, 2009) but not a complete sarcomatoid 
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transformation (Figure 3.29). EMT program is not considered as a binary event but 

rather a continuum process with several steps. Therefore, I have demonstrated the 

presence of partial EMT in solid lung adenocarcinoma. By inducing EMT in solid 

adenocarcinoma tumour, tumour cells express their need to invade and migrate from 

the primary tumour.  Several reasons can explain this phenomenon as several signalling 

pathways lead to EMT induction such as Wnt/β-catenin, hypoxia or EGFR pathways 

(Lamouille et al., 2014). It would be interesting to understand what factors (e.g. tumour 

microenvironment, genetic alterations) activate EMT in lung adenocarcinoma.  

Despite the micropapillary tumour growth being lethal and correlated with tumour 

metastasis (Miyoshi et al., 2003; Yoshizawa et al., 2011), it does not in general show 

molecular evidence of EMT in primary lung adenocarcinoma. Our data has shown that 

micropapillary tumours were generally E-cadherin and cytokeratin positive and 

negative for the mesenchymal markers, suggesting that micropapillary tumours mostly 

retained their epithelial features. Thus, micropapillary growth has acquired invasive and 

metastatic potential seemingly without undergoing widespread molecular EMT and 

while retaining morphological and molecular epithelial features. The next chapter 

attempts to further understand the formation of micropapillary tumour to explain its 

poor prognosis. 

Interestingly, lepidic/in situ tumour growth pattern, known to be low-grade tumour 

with non-invasive characteristics and associated with good prognosis, often manifests 

evidence of partial molecular EMT, suggestive of acquisition of invasive behaviour by 

cancer cells in the in situ tumour growth. This suggests that either the lepidic growth 

region may be colonised by invasive-competent tumour cells or this may represent early 

steps towards invasive growth formation in lung adenocarcinoma. These findings are 

further explored in the next chapter.  

Finally, I found evidence of cytoplasmic E-cadherin being more predominant in invasive 

tumour cores, suggesting a redistribution of the membranous E-cadherin expression to 

the cytoplasm. Stanczak et al. have demonstrated that the switch in E-cadherin 

expression from the membrane to the cytoplasm is necessary for the formation of 

mesenchymal phenotype in advanced colorectal cancer (Stanczak et al., 2011). 
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Cytoplasmic E-cadherin expression was also observed in lung cancer (Böhm et al., 1994; 

Liu et al., 2009; Nawrocki et al., 1998). It would be interesting to explore what triggered 

E-cadherin cytoplasmic relocalisation in lung cancer. One explanation for cytoplasmic E-

cadherin redistribution has been provided by Nawrocki et al. They have demonstrated 

that down-regulation of the tyrosine phosphorylation of E-cadherin was associated with 

membranous E-cadherin redistribution to the cytoplasm in bronchopulmonary 

carcinomas, which may result in the dissociation of E-cadherin-catenin complex and loss 

of membranous E-cadherin expression (Nawrocki et al., 1998).  

Our data brought up interesting and unexpected findings such as molecular evidence of 

EMT in in situ tumour growth, which is known to predict better outcome or absence of 

molecular EMT in general in micropapillary tumour growth, known to be invasive and 

associated with poor prognosis. The next chapter aims to further investigate on these 

findings. 
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 Molecular EMT is highly variable in lung adenocarcinoma and is 

often related to local invasiveness 
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Chapter 4 Molecular EMT is highly variable in lung adenocarcinoma and is often related 

to local invasiveness  

4.1 Introduction  

This chapter focuses on four localised patterns of partial EMT, observed while scoring 

the 2826 cores for each EMT marker, which each illustrate different aspects of how EMT 

may arise locally and contribute to tumour virulence. Molecular EMT signifies the 

detection of any molecular evidence of EMT, i.e. any loss/gain of epithelial and 

mesenchymal markers respectively. The ‘molecular EMT’ I observe is almost always 

partial, i.e. unaccompanied by morphological evidence of mesenchymal differentiation. 

The first observed phenonemon was how molecular EMT accompanies the transition to 

invasiveness in mixed type tumours. More than 90% of primary lung adenocarcinoma 

are classified as mixed subtype, i.e. showing both in situ and invasive growth patterns 

(Travis et al., 2011). As EMT is generally believed to underlie invasive behaviour in 

epithelial tumour cells, I wanted to explore whether the transition to invasiveness in 

mixed in situ and invasive tumours is also accompanied by molecular EMT. 

The second observed phenomenon is the finding of molecular evidence of EMT 

detected in areas of lepidic/in situ tumour growth. This surprising finding may show us 

how invasive behaviours can arise in a predominantly in situ precursor lesion. 

Thirdly, sarcomatoid tumours with spindled areas are the rare examples of EMT 

observeable by haematoxylin and eosin (H&E) histology. I therefore went on to examine 

EMT markers in such tumours. Non-small cell lung cancers such as these, displaying 

mesenchymal changes alongside an adenocarcinoma component are classified by the 

WHO as “pleomorphic carcinoma”. I had speculated whether the pleomorphic 

carcinoma component would have acquired more evidence of molecular EMT 

compared to the adenocarcinoma component. 

Finally, I have already shown that micropapillary growth pattern shows an interesting 

negative association with markers of molecular EMT. Nonetheless, micropapillary 

growth pattern strongly predicts poor prognosis in primary lung adenocarcinoma 
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patients. How is this distinctive morphology formed, and why is it so lethal in patients? 

Might EMT play a role in the formation or virulence of micropapillary tumours? 

 

4.2 Aim and objectives 

The main purpose of this chapter is to further investigate the relationships between 

focal/partial EMT processes and tumour growth: 

i) Can molecular markers of EMT highlight focal invasion within 

morphologically heterogenous tumours?  

ii) How does focal invasiveness contribute to the establishment of tumour 

morpholgy as judged by growth patterns? 

 

4.3 Results 

4.3.1 Genomic progression from in situ to invasive growth is associated with progression 

in molecular EMT 

 Introduction 

As described in the introduction, in a landmark study Noguchi et al. demonstrated that 

six distinct classes of early lung adenocarcinoma could be identified based on their 

morphology, one of which is the “type C” tumours which are tumours with both in situ 

and truly invasive (i.e. not pseudo-invasive) growth (Noguchi et al., 1995). 

A recent study from our laboratory has showed that the Noguchi type C tumours can 

further be categorised into two subtypes based on the appearance of the in situ 

component of the tumour, namely C1 and C2 tumours  (Moore et al., 2019). These 

tumours are biologically and morphologically different. 

Invasion in C1 tumours represents a step change in cell behaviour from in situ to invasive 

growth, and additional genomic alterations in invasive areas are often found in these 

tumours. These tumours typically contain asymmetric foci of invasion suggesting a 
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random genetic or epigenetic event, they often show a higher nuclear grade and 

proliferation rate in the invasive area than the in situ region (Figure 4.1A and B), and 

also often exhibit evidence of genomic progression. In our study, 5 of 27 cases of 

morphologically C1 tumours, invasive cells had acquired genomic alterations in p53. 

Furthermore, C1 tumours are associated with good prognostic outcome relative to C2 

(Moore et al., 2019). 

Contrary to C1 tumours, in C2 tumours the in situ growth area is thought to represent a 

lepidic surface outgrowth of invasion-competent cells. These tumours do not show 

genomic difference between the in situ and invasive areas of the tumours. They typically 

exhibit an invasive region surrounded by a constant-thickness “penumbra” of lepidic 

peripheral outgrowth with cells displaying the same high-grade nuclear features in both 

invasive and in situ compartments (Figure 4.1A and B). C2 tumours are highly 

proliferative compared to C1 tumours but there is no difference in the proliferation rate 

between both in situ and invasive compartments. When present, p53 mutations are 

shared both between in situ and invasive tumour regions. C2 tumours are associated 

with relatively poor prognostic outcome (Moore et al., 2019). 

Thus C1 and C2 tumours are morphologically, biologically and genomically different. On 

one hand, two populations of tumour cells co-exist in C1 tumours: in situ precursor cells 

with no invasive ability, and an emerging subpopulation of invasive cells that has often 

gained invasive potential by acquiring genomic changes, accompanied by an increased 

proliferation rate. On the other hand, C2 tumours are essentially composed of invasive-

competent cells that outgrow lepidically and give rise to cytologically high-grade in situ 

cells (Moore et al., 2019). As time passes and the tumour grows in size, I believe that 

this lepidic zone gradually becomes invasive, perhaps as a consequence of accumulated 

alterations to the stroma somehow caused by the malignant cells on the surface, and 

the in situ zone transitions outward as malignant cells spread to colonise adjacent 

normal alveoli. 

I were interested in understanding to what extent molecular EMT may contribute to 

invasiveness in C1 and C2 tumours respectively. 
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Figure 4.1. C1 and C2 tumours attributes. 
A: Cartoon of the morphological details of C1 vs C2 tumours (Moore et al., 2019). B: H&E images of 
representative C1 and C2 tumours. Nuclei are stained in purple (haematoxylin staining) and cytoplasm is 
stained in pink (eosin staining). Low-power views show tumour architecture alongside high power regions 
from the in situ and invasive component of both tumours (Moore et al., 2019). 

 

 Aim and objectives 

The aim of this section is to determine whether EMT markers can further demonstrate 

underlying biology in partially invasive tumours displaying “C1” and “C2” characteristics. 

To investigate EMT process as a mechanism enabling the transition to invasiveness, two 

TMAs were constructed containing 34 C1 and 17 C2 tumours. For each tumour, 2 cores 

of 1 mm of diameter were taken from both the in situ and the invasive areas of the 

tumour, giving a total of 204 cores in the whole set. Cases for which after examining 

stained sections the tumour cores contained only in situ or invasive patterns were 

excluded from the analysis, which resulted in 30 C1 and 17 C2 tumour cases (188 cores 

in total). TMAs were immunohistochemically stained for E-cadherin, cytokeratin, N-
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cadherin, vimentin and ISH was performed for TWIST mRNA. Digital images of TMA 

sections were then manually scored for their expression using a H-score system.  

 EMT markers distribution in C1 and C2 tumours 

Figures 4.2 to 4.6 illustrate representative images of the expression of EMT markers in 

in situ and invasive components of C1 and C2 tumours. 

 

Figure 4.2. Representative immunohistochemical staining of E-cadherin in C1 and C2 tumours. 
Core image of E-cadherin expression in C1 and C2 tumours. Top and bottom rows show E-cadherin 
expression in tumour cells in in situ (left column) and invasive (right column) areas of C1 and C2 tumours 
respectively. Blue staining (haematoxylin and bluing reagent) represents nuclei. Brown staining is DAB 
staining and represents E-cadherin expression. Core image magnification = 5X. Scale bar = 500 µm. Inset 
squares represent high power (80x) of a portion of the core. Scale bar = 25 µm. 

 

In this example, E-cadherin is expressed membranously in the C1 in situ tumour area 

while its expression is mostly cytoplasmic in the invasive component. In the C2 tumour, 
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E-cadherin appears to be quite strongly expressed in both the cytoplasm and the 

membrane of both the in situ and invasive areas. 

As previously stated in chapter 3, functional E-cadherin is a transmembrane protein and 

so specifically its membranous expression was scored for the purpose of this study. 

 

Figure 4.3. Representative immunohistochemical staining of N-cadherin expression in C1 and C2 
tumours. 
Core image of N-cadherin expression in C1 and C2 tumours. Top and bottom rows show N-cadherin 
expression in tumour cells in in situ (left column) and invasive (right column) areas of C1 and C2 tumours 
respectively. Blue staining (haematoxylin and bluing reagent) represents nuclei. Brown staining is DAB 
staining and represents N-cadherin expression. Core image magnification = 5X. Scale bar = 500 µm. Inset 
squares represent high power (80x) of a portion of the core. Scale bar = 25 µm. 

 

In the same core, the membranous mesenchymal marker N-cadherin is absent in in situ 

areas. There is multifocal weak expression in the invasive region of the C1 core but none 

in the C2 core, although expression is detected in endothelial cells.  
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As for E-cadherin, membranous N-cadherin expression was analysed as it is a 

transmembrane protein.  

 

Figure 4.4. Representative immunohistochemical staining of cytokeratin expression in C1 and C2 
tumours. 
Core image of cytokeratin expression in C1 and C2 tumours. Top and bottom rows show cytokeratin 
expression in tumour cells in in situ (left column) and invasive (right column) areas of C1 and C2 tumours 
respectively. Blue staining (haematoxylin and bluing reagent) represents nuclei. Brown staining is DAB 
staining and represents cytokeratin expression. Core image magnification = 5X. Scale bar = 500 µm. Inset 
squares represent high power (80x) of a portion of the core. Scale bar = 25 µm. 

 

The cytoskeletal epithelial marker cytokeratin is strongly expressed in in situ regions 

and shows partial loss in the invasive areas of these representative tumours. 
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Figure 4.5. Representative immunohistochemical staining of vimentin expression in C1 and C2 tumours. 
Core image of vimentin expression in C1 and C2 tumours. Top and bottom rows show vimentin expression 
in tumour cells in in situ (left column) and invasive (right column) areas of C1 and C2 tumours respectively. 
Blue staining (haematoxylin and bluing reagent) represents nuclei. Brown staining is DAB staining and 
represents vimentin expression. Core image magnification = 5X. Scale bar = 500 µm. Inset squares 
represent high power (80x) of a portion of the core. Scale bar = 25 µm. 

 

In the C1 tumour, the mesenchymal marker vimentin is not expressed at all in the in situ 

component of the tumour whereas the invasive area displays strong vimentin 

expression. 

In contrast, vimentin is almost as equally as expressed in in situ and invasive zones in 

the C2 tumour. 
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Figure 4.6. Representative immunohistochemical staining of TWIST mRNA expression in C1 and C2 
tumours. 
Core image of TWIST mRNA expression in C1 and C2 tumours. Top and bottom rows show TWIST mRNA 
expression in tumour cells in in situ (left column) and invasive (right column) areas of C1 and C2 tumours 
respectively. Blue staining (haematoxylin and bluing reagent) represents nuclei. Purple staining is TWIST 
mRNA staining. Yellow staining represents cytokeratin expression. Core image magnification = 5X. Scale 
bar = 500 µm. Inset squares represent high power (80x) of a portion of the core. Scale bar = 25 µm. 

 

TWIST mRNA shows patchy moderately strong expression in the invasive area of the C1 

tumour with weak focal expression in the in situ region of the C1 tumour. Expression is 

not detected in this C2 tumour. 

I next determined the distribution of expression levels of each EMT marker in the entire 

set of C1 and C2 tumours.  
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 Partial molecular EMT is associated with the transition to invasiveness in C1 

tumours in primary lung adenocarcinoma 

Figures 4.7 to 4.11 represent the distribution of EMT markers in in situ and invasive 

components of C1 and C2 tumours (box plots). The slope graphs illustrate matched 

paired in situ and invasive cores per patient. The medians of the two in situ cores and 

the two invasive cores were calculated for each EMT markers. To compare the 

difference in EMT markers’ expression between C1 and C2 tumours and in situ and 

invasive components of the same tumour, Mann-Whitney and Wilcoxon signed-rank 

tests were performed respectively. 

E-cadherin expression is statistically somewhat lower in C2 compared to C1 tumours, 

consistent with a more invasive phenotype overall in C2 tumours (p = 0.013) (Fig 4.7A).  

However, E-cadherin expression does not significantly differ from the in situ to invasive 

compartments in either C1 or C2 tumours. 
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Figure 4.7. Distrubution of E-cadherin expression in C1 and C2 tumours. 
A: Box plot of E-cadherin expression in in situ and invasive compartments of C1 and C2 tumours at the 
core level, (n = 188 cores). P = p-value of Mann-Whitney test. B: Slope graphs representing E-cadherin 
expression in in situ and invasive compartments of C1 and C2 tumours at the case level, (n = 47 cases). 
Wilcoxon signed-rank test was performed: ns = not significant. 
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N-cadherin is generally indetectable in C1 and C2 tumours (Figure 4.8A), although 

surprisingly the expression is significantly higher overall in C1 tumours (p = 0.003), 

although n is small for C2 cases (n = 15). The invasive region shows an increase in 

expression of N-cadherin compared to the in situ zone in C1, showing near nominal 

significance (p = 0.055). There is no statistical difference in N-cadherin expression 

between the in situ and invasive region of C2 tumours (Figure 4.8B).  

This augmentation of N-cadherin expression is suggestive of a gain of invasiveness in C1 

tumours which may occur upon activation of partial EMT. 
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Figure 4.8. Distribution of N-cadherin expression in C1 and C2 tumours. 
A: Box plot of N-cadherin expression in in situ and invasive compartments of C1 and C2 tumours at the 
core level, (n = 188 cores). P = p-value of Mann-Whitney test. B: Slope graphs representing N-cadherin 
expression in in situ and invasive compartments of C1 and C2 tumours at the case level, (n = 45 cases). 
Wilcoxon signed-rank test was performed: P = p-value ns = not significant. 
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As shown in Figure 4.9A, the epithelial marker cytokeratin AE1/3 is significantly more 

strongly expressed in C2 compared to C1 tumours overall (p = 0.029) (Figure 4.9A), but 

there are no significant differences between in situ and invasive regions in either 

tumour type (Figure 4.9B). 
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Figure 4.9. Distribution of cytokeratin expression in C1 and C2 tumours. 
A: Box plot of cytokeratin expression in in situ and invasive compartments of C1 and C2 tumours at the 
core level, (n = 188 cores). P = p-value of Mann-Whitney test. B: Slope graphs representing cytokeratin 
expression in in situ and invasive compartments of C1 and C2 tumours per patient, (n = 47 cases). 
Wilcoxon signed-rank test was performed: ns = not significant. 
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The mesenchymal marker vimentin is statistically significantly higher in C2 as compared 

to C1 tumours (Figure 4.10A). Furthermore, it is markedly elevated in the transition 

from the in situ to invasive component in C1 tumours (p = 0.001) while there is no 

statistically significant difference in vimentin expression between the in situ and 

invasive regions of C2 tumours (Figure 4.10B).  
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Figure 4.10. Distribution of vimentin expression in the C1 and C2 tumours. 
A: Box plot of vimentin expression in in situ and invasive compartments of C1 and C2 tumours at the core 
level, (n = 188 cores). P = p-value of Mann-Whitney test. B: Slope graphs representing vimentin expression 
in in situ and invasive compartments of C1 and C2 tumours per patient, (n = 47 cases). Wilcoxon signed-
rank test was performed: P = p-value, ns = not significant. 
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Finally, the EMT transcription factor TWIST is expressed at similar low levels in C1 and 

C2 tumours and there is no statistically significant difference between these groups 

(Figure 4.11A). Also there is no statistical difference in TWIST mRNA expression between 

the in situ and invasive regions of C1 tumours. There is a nominally significant but small 

relative decrease in TWIST mRNA expression in invasive as compared to in situ areas in 

C2 tumours (p = 0.030) (Figure 4.11A and B). This is of uncertain biological significance.  

On balance these data suggest that C1 tumours, which frequently acquire genomic 

changes in p53 and/or proto-oncogenes in invasive areas, show similar changes in 

expression of EMT markers, as both N-cadherin and vimentin expression are increased 

in the invasive areas. Our interpretation is that this probably represents a partial EMT 

programme associated with genomic progression from in situ to invasive growth. Even 

though the cells remain epithelioid in appearance, they have gained invasive properties 

as well as expression of vimentin and a trend toward increased expression of N-

cadherin. Crucially, this suggests that partial EMT, as shown by molecular changes and 

revealed by immunohistochemistry, may be sufficient to drive invasive behaviour 

without complete mesenchymal differentiation. Furthermore, this partial EMT is likely, 

at least sometimes, to be related to subclonal genomic alterations. 

In contrast, C2 tumours, where peripheral lepidic growth is believed to arise from the 

outgrowth of invasion-competent cells, do not demonstrate significant alteration in 

immunohistochemical markers of invasiveness in invasive vs in situ areas. Surprisingly 

ISH measurement of TWIST mRNA expression reveals a significant small relative 

upregulation in in situ regions of C2 tumours, which might imply that EMT-related 

motility is involved in the expansion of these tumours along the alveolar surfaces. 

However this is not confirmed by the EMT protein markers. Further investigations 

would be necessary to clarify this possibility. 
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Figure 4.11. Distribution of TWIST mRNA expression in the C1 and C2 tumours. 
A: Box plot of TWIST mRNA expression in in situ and invasive compartments of C1 and C2 tumours at the 
core level, (n = 188 cores). , Mann-Whitney test was performed respectively ns = not sgnificant. B: Slope 
graphs representing vimentin expression in in situ and invasive compartments of C1 and C2 tumours at 
the case level, (n = 47 cases). Wilcoxon signed-rank test was performed respectively: P = p-value, ns = not 
significant. 
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4.3.2 Morphologically in situ tumour growth can contain microscopic foci of invasion 

accompanied by partial EMT  

 Introduction 

As discussed in chapter 3, evidence of molecular EMT can often be detected in areas of  

lepidic/in situ growth pattern (Figures 3.20-3.24 and 3.25B). This observation is 

somewhat challenging, as it suggests either that partial EMT is occurring without 

invasion, or that invasion may occur subtly in areas of apparently in situ tumour growth. 

Therefore I wanted to explore EMT in in situ lung adenocarcinoma. 

 Aim and objective 

To further investigate the role of EMT in early invasion in in situ growth pattern, I looked 

at whole tumour sections from 18 tumours containing predominantly in situ growth. I 

selected two lepidic predominant tumour pattern sections with focal invasive areas and 

immunohistochemically stained the whole section for N-cadherin, E-cadherin, 

cytokeratin and vimentin. Between the two predominantly in situ tumour sections, only 

one showed molecular evidence of EMT and this tumour is illustrated in this section.  

 Results 

The haemotoxylin/eosin staining of lepidic tumour pattern shows low-grade carcinoma 

of apparently in situ growth pattern, with mostly well preserved alveolar architecture 

with thickened and fibrotic interstitium (Figure 4.12). 

However, close examination reveals that multiple foci of N-cadherin positivity are 

observed in in situ tumour whereas it is not present in normal lung (Figure 4.14). 

However, all the other EMT markers did not show any molecular evidence of EMT (data 

not shown).  

Interestingly, N-cadherin positive cells are generally situated at the tips of 

‘promontories’, microscopic papillary structures covered in transformed cells. 

Furthermore, they are generally paired, with N-cadherin-positive promontory tips 

either side of a gap in the alveolar wall (Figure 4.13). 
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My interpretation is that these gaps may represent very early instances of invasiveness 

in this tumour, where epithelial cells locally are seen to be acquiring invasive properties 

at the same time as demonstrating partial molecular EMT. 

Furthermore, invasive areas of this predominantly in situ tumour reveal N-cadherin 

positive cells, showing that N-cadherin positivity does indeed signify invasiveness in this 

tumour (Figures 4.15-4.16).  

Together, these findings suggest a possible pattern of microscopic multifocal invasion 

in areas of morphologically in situ tumour growth.  
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Figure 4.12. Images showing evidence of molecular EMT accompanied by promontory formation in 
areas of in situ tumour in minimally invasive lung adenocarcinoma. 
A: H&E staining of in situ tumour growth. Red rectangles show the promotory regions in lepidic tumour 
growth. Magnification = 10X. Scale bar = 250 µm. B: High magnification (40x) of molecular evidence of 
EMT in in situ tumour growth. Red arrows point out promotory regions in the in situ growth pattern and 
dotted circle represents the gap in the alveolar wall. Scale bar = 50 µm. Nuclei are stained in purple 
(haematoxylin staining) and cytoplasm is stained in pink (eosin staining).  
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Figure 4.13. Images showing evidence of molecular EMT accompanied by promontory formation in 
areas of in situ tumour in minimally invasive lung adenocarcinoma. 
A: Immunohistochemical staining of N-cadherin on in situ tumour growth (black rectangles show the 

promotory regions in lepidic tumour growth). Nuclei are stained in blue (haematoxylin and bluing 

reagent) and membranous brown staining is DAB and represents N-cadherin expression. Magnification 

= 10X. Scale bar = 250 µm. B: High magnification (80x) of molecular evidence of EMT in in situ tumour 

growth. Scale = 25 µm. Dotted circle represents the gap in the alveolar wall. Red arrows point out N-

cadheirn positive cells.   
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Figure 4.14. Images showing evidence of molecular EMT accompanied by promontory formation in 
areas of in situ tumour in minimally invasive lung adenocarcinoma. 
A Immunohistochemical staining of N-cadherin on normal lung with no N-cadherin positive promontories. 
Magnification = 10X. Scale bar = 250 µm.  Nucleui are stained in blue (haematoxylin and bluing reagent). 
Magnification = 10X. Scale bar = 250 µm. B: High magnification (40x) of no molecular evidence of EMT in 
normal lung. Scale bar = 50 µm.  
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Figure 4.15. H&E of images showing evidence of molecular EMT in areas of invasive tumour in minimally 
invasive lung adenocarcinoma. 
A: H&E staining of invasive tumour growth.  Magnification = 1.5X. Scale bar = 1 mm. B: High magnification 
(40x) of molecular evidence of EMT in invasive tumour growth. Scale bar = 50 µm. Nuclei are stained in 
purple (haematoxylin staining) and cytoplasm is stained in pink (eosin staining).   
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Figure 4.16. Images showing evidence of molecular EMT in areas of invasive tumour in minimally 
invasive lung adenocarcinoma. 
A: Immunohistochemical staining of N-cadherin on invasive tumour growth. Magnification = 1.5X. Scale 
bar = 1 mm. B: High magnification (40x) of molecular evidence of EMT in invasive tumour growth with N-
cadherin positive cells. Scale bar = 50 µm. Nuclei are stained in blue (haematoxylin and bluing reagent) 
and brown staining is DAB representing N-cadherin expression. 
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4.3.3 Mesenchymal transformation in pleomorphic carcinoma is associated with 

molecular and morphological EMT 

 Introduction 

Pleomorphic carcinoma, a subgroup of sarcomatoid carcinoma, is a rare highly 

malignant subtype of non–small cell lung carcinomas. This tumour growth is composed 

of undifferentiated or poorly differentiated non-small cell carcinoma, i.e squamous cell 

carcinoma or adenocarcinoma, in conjunction with a mixture of at least 10% of spindled 

or giant cells (Figure 4.14).  

 

Figure 4.17. H&E images of a pleormorphic carcinoma tumour displaying a sarcomatoid differentiated 
zone and adenocarcinoma area. 
A: H&E image of whole pleomorphic carcinoma tumour tissue comprising adenocarcinoma and 
sarcomatoid differentiated regions. Magnification = 0.83X. Scale bar = 2.5 mm. B: H&E image of the high 
resolution (40x) of the adenocarcinoma component of the pleomorphic carcinoma tumour. Scale bar = 
50 µm. C: H&E image of the high resolution (80x)of the sarcomatoid differentiated region of the 
pleomorphic carcinoma tumour. Scale bar = 25 µm.Nuclei are stained in purple (haematoxylin staining) 
and cytoplasm is stained in pink (eosin staining). 
 

It has been suggested that this type of tumour growth arises from adenocarcinoma 

elements that have dedifferentiated into mesenchymal phenotype through an EMT 
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program (Pelosi et al., 2009). I aimed to investigate this, testing if the dedifferentiated 

area gains EMT markers compared to the adenocarcinoma component. 

 Aim and objectives 

The aim of this sub-study was to answer the following question: 

Does increasing molecular EMT accompany the spindling of cells cells observed in 

pleomorphic carcinoma?  

To answer this question, five pleomorphic carcinoma with adenocarcinoma component 

(PCAC)  tumours were stained for E-cadherin, cytokeratin, N-cadherin and vimentin. The 

tumour illustrated below is a representative tumour. 

 Sarcomatoid differentiated region shows molecular and morphological evidence 

of EMT 

In the adenocarcinoma region of pleomorphic carcinoma, illustated by the acinar 

tumour growth, tumour cells express both epithelial markers E-cadherin and 

cytokeratin and are negative for the mesenchymal markers N-cadherin and vimentin. In 

this case epithelial/adenocarcinoma component of pleomorphic carcinoma  does not 

show any molecular evidence of EMT (Figure 4.15A). 

The sarcomatoid differentiated component of the pleomorphic carcinoma, illustrated 

by spindle-shaped cells, exhibits on the contrary a loss of membranous E-cadherin and 

cytokeratin expression and an increase of the mesenchymal markers N-cadherin and 

vimentin. This clearly demonstrates that the sarcomatoid area of this pleomorphic 

carcinoma exhibits molecular evidence of the epithelial-mesenchymal transition in 

concomittance with morphological EMT (Figure 4.15B). 

These observations indicate that the sarcomatoid region of the PCAC undergoes a 

complete EMT (i.e. molecular and morphological changes) while the adenocarcinoma 

component does not. This further validates our EMT markers and additionally supports 

that sarcomatoid transformation is the consequence of an EMT programme.  
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Figure 4.18. Representative pleomorphic carcinoma with adenocarcinoma component tumour. 
A: H&E and EMT markers stained images of the adenocarcinoma component of the pleomorphic 
carcinoma tumour. Nuclei are stained in purple (haematoxylin and bluing reagent) and cytoplasm is 
stained in pink (eosin) in H&E images. Brown staining represents DAB and blue staining (haematoxylin 
and bluing reagent) represents nuclei in EMT makers stained images. Magnification = 40X. Scale bar = 50 
µm. B: Images of H&E and immunohistochemical staining for EMT markers of sarcomatoid differentiated 
region of the pleomorphic carcinoma tumour. Nuclei are stained in purple (haematoxylin and bluing 
reagent) and cytoplasm is stained in pink (eosin). Magnification = 80X. Scale bar = 25 µm.   
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4.3.4 Micropapillary tumour growth pattern is morphologically and molecularly 

heterogenous  

 Introduction 

Micropapillary tumour growth is a histologic subtype of lung adenocarcinoma. In 2011, 

this growth pattern was introduced in the lung adenocarcinoma classification in 

addition to lepidic, acinar, papillary and solid tumour growth by the International 

Association for the Study of Lung Cancer (IASLC), American Thoracic Society (ATS) and 

European Respiratory Society (ERS) (Travis et al., 2011). According to the 

IASLC/ATS/ERS, the micropapillary histological pattern is morphologically defined as a 

growth of carcinoma in papillary “tufts” which may be seen attached and/or detached 

from the alveolar wall in 2-dimensional sections and which are bereft of fibrovascular 

cores. Tumour cells composing the micropapillary structure are small cuboid epithelial 

cells. Micropapillary adenocarcinoma, when present as either a predominant or 

minority pattern in adenocarcinoma, is associated with poor outcome (chapter 3, 

Figures 3.2-3.4) (Travis et al., 2011; Yoshizawa et al., 2011) and has been shown to be 

significantly related to lymph node metastasis and visceral pleural invasion (Miyoshi et 

al., 2003). Therefore micropapillary patterns are regarded as high-grade tumour growth 

in lung adenocarcinoma. 

Recently, Emoto et al. have identified a new pattern associated with micropapillary 

growth, called filigree micropapillary pattern. They described this pattern as narrow and 

columnar tumour cells growth attached to the sessile part of the tumour without 

fibrovascular cores. They investigated the frequencies of the filigree pattern in 1468 

stage I invasive adenocarcinoma and discovered the presence of this pattern in 16 

acinar, 37 papillary and 4 solid tumour growth. They then decided to reclassify those 57 

tumours as filigree micropapillary in addition to the 87 classical micropapillary tumours 

to obtain a total of 144 micropapillary predominant adenocarcinoma (MPPA). They 

subsequently identified 78 filigree predominant micropapillary tumours within the 144 

MPPA tumours and demonstrated that the filigree predominant micropapillary pattern 

significantly correlated with higher pathologic stage, pleural and lympho-vascular 

invasion and early recurrence of the disease (Emoto et al., 2019).  
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This suggests a continuum of morphology between flat tumour cells usually constituting 

the acinar/papillary structure that I labelled “sessile” tumour cells, which can 

sometimes grow in tufted “filigree” pattern, i.e. short micropapillae, which can when 

sufficiently long and seen in cross-section give rise to the clusters of tumour cells 

observed in 2D sections called micropapillae (Figure 4.19).  

When exploring EMT in primary lung adenocarcinoma in chapter 3 (Figures 3.20-3.24), 

cores with micropapillary growth pattern did mostly not show molecular evidence of 

EMT, and retained expression of epithelial markers. Interestingly the one published 

study in this area (Nakashima et al., 2015) which demonstrated the upregulation of 

vimentin expression in micropapillae tumours in lung adenocarcinoma. Therefore I 

decided to investigate this inconsistency and to further examine the role of molecular 

EMT in the development of this type of tumour growth. 

 

Figure 4.19. Architecture of micropapilli and sessile tumour pattern. 
A: Cartoon representation of the continuum of growth. A: Flat sessile sheet of carcinoma cells growing 
on the stromal surface, followed by a formation of a tufted epithelium. This tumour pattern constitutes 
the micropapillary growth pattern with micropapillae seen in cross section surrounded by invasive sessile 
tumour cells. B: Illustration of micropapillary and sessile tumour growth. On the left hand side is an H&E 
image of a micropapillary tumour growth. Nuclei are stained in purple (haematoxylin and bluing reagent) 
and cytoplasm is stained in pink (eosin). Magnification = 5X. Scale bar = 500 µm. On the right hand side is 
a high magnification (80X) of the core portion showing micropapilli surrounded by sessile carcinoma. 
Scale bar = 25 µm. 
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 Aim and objectives 

I initially aimed to further investigate how EMT occurs in areas of micropapillary tumour 

growth. Our data show that this growth pattern has little evidence of molecular EMT 

and generally maintains epithelial molecular features (Chapter 3, Figures 3.20-3.24, 

3.25B). However, very close examination indicated that tumour cells lining the acinar or 

papillary structures surrounding micropapillae, i.e. the “sessile” tumour cells, were 

often cytokeratin-negative or they weakly express the marker compared to the strongly 

cytokeratin-positive micropapillae, suggesting a mismatch in partial EMT activation 

between these two components (Figure 4.20). I therefore wanted to further investigate 

this phenomenon and designed an experiment with focussed quantification of 20 cores 

from 20 different cases from the 23 TMAs showing at least five micropapillae structures 

with sessile tumour cells nearby.  

 

Figure 4.20. Cytokeratin expression variation between micropapillae/sessile complex. 
Images of cytokeratin expression in the micropapillae (red arrows) and sessile part of the tumour (black 

arrows) in a micropapillary tumour growth. Blue staining (haematoxylin and bluing reagent) represents 

nuclei. Brown staining is DAB staining and represents cytokeratin expression. Magnification = 40X, scale 

bar = 50 µm. 

 

The cut-off of five micropapillae was chosen in order to have enough micropapillae and 

sessile tumour cells to score. These TMAs were already stained for all the EMT markers 
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from previous experiments (chapter 3). Micropapillae and sessile tumour cells were 

scored using the H-score system. However, TWIST mRNA was not analysed in this study 

as the TMAs sections stained for this EMT transcription factor did not show much 

micropapillae structure due to non-sequential sections. They were quite further apart 

from the rest of the EMT markers stained sections.  

To compare the difference in the expression of EMT markers between the 

micropapillary and the sessile parts, a Wilcoxon signed-rank test was performed. 

 Evidence of focal partial EMT are detected in sessile areas of micropapillary 

growth pattern 

Figure 4.21 illustrates representative images of the expression of EMT markers in the 

micropapillae/sessile complex in four different tumours cores. Both epithelial markers 

E-cadherin and cytokeratin exhibit a higher expression in the micropapillae (red arrows) 

than in the sessile parts (black arrows). In contrast to that, the mesenchymal marker N-

cadherin and vimentin are absent in micropapillae with possible very weak focal 

expression in the sessile part.  
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Figure 4.21. Evidence of EMT markers expression in micropapillae/sessile complex. 
Core images of E-cadherin, cytokeratin, N-cadherin and vimentin stains. Magnification = 5X. Scale bar = 
500 µm. Inset squares represent high magnification (40X) of the core showing micropapillae (represented 
by red arrows) surrounded by sessile tumour cells (illustrated by black arrows). Blue staining 
(haematoxylin and bluing reagent) represents nuclei. Brown staining is DAB staining. Scale bar = 50 µm.  

 

I next quantitated the expression of EMT markers in the micropapillae and sessile 

tumour cells from the 20 cores. 

Figure 4.22A box plot shows that E-cadherin displays a lower expression in the sessile 

part than the micropapillae. Futhermore, the difference in E-cadherin expression 

between the two groups is statistically significant with p-value equal to 0.001. 

Likewise, cytokeratin expression is half as great in the sessile part than in the 

micropapillae. The decrease in the sessile tumor cells is significantly more pronounced 
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than E-cadherin expression (p < 0.001), as the median H-score value of cytokeratin 

expression in the sessile is around 120 compared to a H-score of 240 in the 

micropapillae (Figure 4. 22B). 

The reduction in both epithelial markers expression may suggest that sessile tumour 

cells may start undergoing molecular EMT compared to cells in micropapillary tufts.  
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Figure 4.22. Epithelial markers distribution in the micropapillae and sessile complex. 
A:Box plot of E-cadherin expression distribution in the micropapillae and sessile part surronding the 
micropapillae, (n = 20 cores). P = p-value of Wilcoxon signed-rank test. B: Box plot of cytokeratin 
expression distribution in the micropapillae and sessile part surronding the micropapillae, (n = 19 cores). 
P = p-value of Wilcoxon signed-rank test. 
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The mesenchymal markers show an opposite trend to the epithelial markers although 

without statistical significance. N-cadherin and vimentin are barely detected in the 

micropapillae while vimentin is very weakly present in the sessile tumour cells (Figure 

4.23). 

These preliminary data suggest that there is a significantly greater degree of EMT 

occurring in the sessile parts of micropapillary tumours than in the micropapillary tufts 

themselves. This is an interesting finding as it seems that micropapillary tumour pattern 

can present two modes of growth. In tufts/micropapillae, the cells have no stromal 

contact and are generally highly epithelial in molecular phenotype, while sessile 

tumours cells in contact with the stroma frequently manifest molecular evidence of 

EMT, suggesting a gain of invasive properties by the sessile tumours cells.  
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Figure 4.23. Mesenchymal markers distribution in the micropapillae and sessile complex. 
A: Box plot of N-cadherin expression distribution in the micropapillae and sessile part surronding the 
micropapillae, (n = 20 cores). Wilcoxon signed-rank test was performed: ns = not significant. B: Box plot 
of vimentin expression distribution in the micropapillae and sessile part surronding the micropapillae, (n 
= 18 cores). Wilcoxon signed-rank test was performed: ns = non significant.   
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4.4 Discussion 

This chapter has explored the role of EMT in different patterns of tumour growth in 

primary lung adenocarcinomas. 

In the first section, I have described the identification of two subgroups of Noguchi’s 

type C tumours. C1 and C2 tumours represent genomically and biologically different 

types of mixed in situ/invasive tumours growth. C1 tumours often represent genomic 

progression with acquisition of additional mutations in the invasive region. I have 

detected evidence of molecular EMT with an enhanced mesenchymal markers N-

cadherin and vimentin expression in the invasive area of C1 tumours indicating partial 

EMT in the invasive foci. However, 15 of 18 sequenced C1 tumours in the published 

study did not show subclonal mutation in the invasive regions (Moore et al., 2019). 

Given that the step progression to invasiveness is often accompanied by partial EMT, 

and that not all cases show evidence of genomic progression, I speculate that epigenetic 

mechanisms may also enable this transition. It would be interesting to correlate the 

presence of molecular EMT with proven genomic progression; unfortunately I did not 

have sufficient genomic data on the histologically examined cases to make a meaningful 

assessment of this. One candidate epigenetic mechanism is dysregulation of mRNA 

translation, which I investigate further in chapter 6. 

The most common mutation seen accompanying the acquisition of invasiveness is 

mutation of p53. Several studies have demonstrated that modifications in p53 

expression can influence metastasis by promoting EMT. For example, p53 mutation, 

leading to gain-of-function of p53 mutants, is associated with EMT program activation 

and subsequently an acquisition of metastatic potential by tumour cells (Dong et al., 

2013; Lenfert et al., 2015). Wild-type p53 was shown to inhibit cancer invasion by 

inducing a MDM2-mediated degradation of EMT-transcription factor SNAI2 in NSCLC 

(Wang et al., 2009b). Wild-type p53 was also demonstrated to prevent the activation 

EMT programme by regulating micro-RNA expression in breast cancer (Chang et al., 

2011). Our data suggest that partial EMT is sufficent to drive invasiveness in C1 tumours. 

It would be particularly interesting to look specifically at cases with p53 mutations to 

see if their invasion is indeed related to EMT. 
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C2 tumours are composed of an invasive central area surrounded by a zone of invasion-

competent cells that grow out in a lepidic manner, colonising the alveolar surface.  Our 

data indicate that within C2 tumours TWIST mRNA expression is slightly increased and 

membranous E-cadherin is decreased in this area of in situ/lepidic tumour growth 

relative to the invasive centre. This surprising finding may indicate a potential partial 

EMT activation enabling invasive cells to colonise the in situ/lepidic surface of the lung 

but further investigation is required for meaningful conclusion. This constant-thickness 

zone of lepidic growth may be the result of other processes such as proliferation of 

invasive cells at the tumour periphery rather than motility. Crucially, however, 

invasiveness in these lesions is not related enhanced EMT; other mechanisms resulting 

in gradual remodelling of the alveolar architecture appear to be responsible for the 

transition to invasiveness in these tumours. 

I see evidence of one such subtle transition in second part of the chapter, which is 

focussed on the early detection of invasion in a morphologically in situ tumour. I have 

observed that in this one interesting example, multiple very early foci of apparent 

invasive behaviour by low-grade cells could be observed. The N-cadherin positive 

invasive cells seem to be able to damage the alveolar walls, creating gaps with N-

cadherin positive edges (or in 2D sections ‘promontories’). This may suggest that the 

invasion can be a subtle and gradual process in lung adenocarcinoma, but it is important 

to note that I only observed this particular pattern once. Nonetheless, further 

investigation on in situ tumours, preferably with 3D visualisation of such early invasive 

areas, needs to be carried out to check whether this truly represents an early pattern 

of invasion.  

Next I investigated the potential role of EMT in pleomorphic carcinoma. As mentioned 

earlier, pleomorphic carcinomas represent a small percentage of lung adenocarcinoma. 

However this high-grade tumour type predicts poor outcome in lung cancer patients 

(Travis et al., 2015). Our data have indicated that adenocarcinoma component does not 

exhibit any molecular evidence of EMT while the regions containing spindle cells show 

evidence of molecular EMT with loss of membranous E-cadherin and cytokeratin 

expression and gain of membranous N-cadherin and cytoskeletal vimentin expression. 

This demonstrates that the spindle-shaped cells underwent complete EMT and acquired 
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potentially metastatic characteristics. Some studies find that dedifferentiation into a 

mesenchymal state to create the sarcomatoid region in the pleomorphic 

adenocarcinoma is often not accompanied by DNA mutation. Ansari-Lari et al. examined 

epithelial and the matched spindle components in 4 out of 20 biphasic sarcomatoid 

tumours and revealed that TP53 gene status was identical in both compartments of the 

sarcomatoid tumour (Ansari-Lari et al., 2002). A case study from Saitoh et al. 

demonstrated that the EGFR gene point mutation (EGFR L858R) was found in both 

epithelial and mesenchymal components of the pleomorphic tumours (Saitoh et al., 

2011), confirming a common ancestor for both components. I have not examined the 

genetic alterations in our pleomorphic carcinoma cases but our data suggests that the 

sarcomatoid transformation in pleomorphic carcinoma often represents complete EMT 

(i.e. both molecular and morphological epithelial to mesenchymal changes) in lung 

adenocarcinoma, and if this is not accompanied by genetic changes, it would be 

interesting to identify the underlying epigenetic event which promotes EMT in lung 

pleomorphic carcinoma. 

In the last section of chapter 4, I examined the potential role of EMT in developing the 

micropapillary tumour growth pattern. Micropapillary tumour growth is considered to 

be high-grade tumour growth and is associated with poor outcome in lung 

adenocarcinoma patients (Travis et al., 2015). This aggressive tumour pattern also 

correlates with pleural, haematogenous and lymphatic invasion in addition to 

micrometastasis to lymph nodes (Cao et al., 2015; Zhang et al., 2011). However the 

molecular understanding of this tumour growth still remains elusive.  

The only other published study to assess EMT in this tumour type was carried out by 

Nakashima et al. in which they examined 101 adenocarcinomas with micropapillary 

component and showed that micropapillary areas in the tumours exhibited molecular 

evidence of EMT, with an up-regulation of vimentin expression, suggesting a 

dedifferentiation and gain of invasiveness of micropapillary tumours (Nakashima et al., 

2015). This is inconsistent with our findings and requires explanation. Firstly, our 

preliminary data (Figures 4.22 and 4.23) suggest that micropapillary growth areas show 

relative reversal of EMT with an increase of E-cadherin and cytokeratin expression, 

while the surrounding sessile tumour cells show a greater degree of partial EMT. 



209 
 

Nakashima’s work only looked at the expression of vimentin markers in these tumours. 

I used the same vimentin antibody as Nakashima’s study and occasional micropapillary 

tumours do strongly express vimentin in the micropapillae but I think it is relatively rare. 

One significant difference between their study and my work is that I separated the 

micropapillary and sessile part in these tumours and they do not, therefore I are able to 

comment on intratumoral events in these tumours.  

Our study also shows that I can identify two phenotypes within micropapillary areas 

with relatively more EMT in sessile cells and epithelial phenotypes in micropapillae. 

How can this help explaining how micropapillary growth contributes to lethality? I 

suggest that the two components may co-operate. Sessile cells are invasive and 

facilitate vascular entry, while cells in micropapillae are ‘tough’ (due to their proven 

survival without stromal contact) and therefore ‘ready to travel’. If micropapillae cannot 

themselves invade, I speculate that their ability to travel well once they are inside a 

vessel, with the help of invasive sessile tumour cells to reach lymph nodes or distant 

sites may explain micropapillary tumour lethality. Further investigation is ongoing to 

understand the mechanisms underpinning the migration and survival of micropapillae 

tumours in lung cancer. 

In conclusion, EMT can be focal and highly variable within primary lung 

adenocarcinomas. Partial EMT can accompany the transition to invasiveness in lung 

adenocarcinoma, either as part of a step change seen as an invasive subclone emerges, 

or multifocally in apparently morphologically in situ tumour growth, or within the sessile 

parts of highly lethal micropapillary tumours. Finally, complete EMT can accompany the 

sarcomatoid transformation in pleomorphic carcinoma. EMT can sometimes appear to 

be accompanied by genomic changes. Can I see evidence of translational control 

mechanisms regulating this? 
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Chapter 5: Molecular EMT is associated with clinical invasiveness and poor lung 

adenocarcinoma patient outcome 

5.1 Introduction 

In previous chapters, I investigated the role of EMT in tumour growth pattern of lung 

adenocarcinoma and I found that partial EMT is associated with solid tumour growth, 

and that EMT can be highly variable within the whole tumour. I wanted to further 

understand EMT in primary lung adenocarcinoma. This chapter assesses the 

relationships between EMT and patients clinicopathological information including 

patient outcome. 

5.2 Aims and objectives 

I aim to investigate the relationships between EMT measures and patient 

clinicopathological factors and outcome using statistical analyses of the 

immunohistochemical data. I also wanted to determine whether EMT measures could 

independently predict patient outcome in lung adenocarcinoma patients using 

multivariate Cox regression models respectively. For the correlation and survival 

analysis, EMT score was calculated using the median scoring value of each single EMT 

marker as clinicopathological and survival information are provided per patient rather 

than per core.  

5.3 Results 

5.3.1 EMT is associated with physio-pathological factors indicative of invasiveness 

I investigated the association between EMT markers themselves and several physio-

pathological factors collected from the pathology reports including sex, age and 

smoking history of patients, tumour staging, pleural and vascular invasion per patient 

using a Spearman’s rank correlation test (Table 5.1 - 5.2). Table 5.2 indicates that all 

coefficients of correlation between EMT markers and clinicopathological variables were 

below 0.2 which demonstrates that only weak correlations are observed between these 

variables.  
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Table 5.1. Summary of correlations between individual EMT markers and combined EMT score. 
The table shows the coefficient of correlations rho between each EMT marker and EMT score. All 
correlation shown are pairwise and statistically significant, p < 0.05. 
* denotes the retention of significance after Bonferroni correction. Maximum number of core = 1510 
cores.  

 

There is an unexpected association between N- and E-cadherin expression, but that 

otherwise the observed associations between individual EMT markers are as expected. 

 

Table 5.2. Summary of correlations between individual EMT markers/score and clinico-pathological 
factors. 
The table shows the coefficient of correlations rho between each EMT marker/score and physio-
pathological indicators. All correlation present in the table are pairwise and statistically significant, p < 
0.05. 

 

Pleural invasion and nodal stage are positively associated with N-cadherin expression 

and EMT score while nodal stage is also positively linked to vimentin and TWIST mRNA 

expression. Loss of cytokeratin shows no relationship with these clinico-pathological 

variables.  

Tumour stage and overall stage are associated with N-cadherin and EMT score but 

tumour stage is also negatively related to cytokeratin expression (Table 5.2). 

Taken together, these data show that the mesenchymal markers N-cadherin, vimentins 

and TWIST are statistically and possibly mechanistically related to lymph nodes 
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metastasis. Although this association is not significant after Bonferroni correction, it is 

biologically plausible that there may be a causative relationship as cancer cells showing 

EMT might invade and gain access to lymphatic vessels. 

I next sought to assess whether molecular EMT is related to patient survival. 

5.3.2 Molecular EMT scores associates with patient outcome 

I assessed the relationship between overall, cancer-specific and recurrence-free patient 

survivals and each EMT marker (E-cadherin, cytokeratin, TWIST mRNA, N-cadherin and 

vimentin) as well as the EMT score created in chapter 3. For the survival analysis, 

Kaplan-Meier (KM) graphs describe the percentage of survival of 942 cases according to 

EMT markers scoring values and EMT score over a period of 5-year follow-up after 

surgery.  

Expression levels of all EMT markers were regrouped into two groups except for EMT 

score: negative and positive groups. The positive group gathers the weak, moderate and 

strong categories. EMT score variable which combines all EMT markers was regrouped 

into four categories: the “No EMT” group characterised the patients whose tumours did 

not present molecular evidence of EMT; the “1 EMT marker”, “2 EMT markers” and “≥ 

3 EMT markers” groups which designated tumours showing one, two and three or more 

molecular evidence of EMT. 

I then carried out a log-rank test to assess the existence of statistically significant 

differences between groups. P-value of this test is indicated on the KM graphs while the 

number at risk is shown under the graphs.  Univariate Cox proportional-hazards model 

was finally performed to evaluate the strenght of the difference between the groups. 

Each variable is compared to its respective negative group. The results is collected in a 

table which also indicates the median survival value for each EMT marker and EMT 

score. EMT markers that show a statistically significant contribution on patient survival 

outcome are highlighted in bold in the table.  
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Figure 5.1. EMT markers expression and overall patient survival over a 5-year period post-surgery. 
A, B C, D, E and F represent the KM graphs of overall survival of E-cadherin, N-cadherin, cytokeratin, 
vimentin, TWIST mRNA and EMT score respectively over 5-year follow-up after surgery in lung 
adenocarcinoma patients. P-value of the log-rank test. 
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Table 5.3. Correlations between EMT markers and overall survival over a 5-year period post-surgery. 
The table shows the median survival and the results from the univariate Cox proportional hazards 
regression over a 5-year period post-surgery in lung adenocarcinoma patients using STATA. 95% CI: 95% 
confidence interval. Statistically significant associations are highlighted in bold. 

 

The negative E-cadherin group presents a worse outcome with half of the patient 

surviving within a year (median survival = 0.9 year) whereas median survival in the 

positive E-cadherin group is four times longer (log-rank p = 0.003). In a  Cox proportional 

hazards regression model positive E-cadherin presents a hazard ratio (HR) equal to 0.50 

compared to E-cadherin loss (Figure 5.1A, Table 5.3). 

Although the survival trend of positive N-cadherin expression group is poorer compared 

to the negative group this is without nominal significance (Figure 5.1B, Table 5.3). 

Patients presenting with cytokeratin-negative tumours are significantly more likely to 

die earlier than those with cytokeratin positive tumours (median survival of 1.6 years 

for the negative group vs 3.6 years positive, log rank test p = 0.022). In the Cox model, 

cytokeratin-positive tumours show less than 51% of risk of death compared to 

cytokeratin-negative (HR = 0.49, p = 0.025) (Table 5.3).  

Vimentin and TWIST mRNA survival graphs reveal that the positive groups show slightly 

poorer outcome compared to negative one but the difference between these groups is 

not significantly associated with overall patient survival (Figure 5.1D and E, Table 5.3).  

Regarding the composite molecular EMT score, tumours showing one or two molecular 

evidence of EMT markers demonstrates similar survival tendency between them in 
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general while tumour presenting three or more molecular EMT indicates a significant 

poor outcome with a median survival of only 1.1 years. The overall difference between 

the four groups is significant (p = 0.045). The univariate Cox regression model  indicates 

that tumour with three or more molecular EMT markers has a HR of 1.76 (Figure 5.1F, 

Table 5.3). 

Taken together, loss of E-cadherin or cytokeratin expression on its own correlates with 

poor overall prognosis, and overall EMT score (combining all the EMT markers favoring 

EMT process) divulges that patients with their primary tumour exhibiting at least three 

molecular evidence of EMT are significantly more prone to early death in primary lung 

adenocarcinoma. 
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Figure 5.2. EMT markers expression and cancer-specific survival over a 5-year period post-surgery. 
A, B C, D, E and F represent the KM graphs of cancer-specific survival of E-cadherin, N-cadherin, 
cytokeratin, vimentin, TWIST mRNA and EMT score respectively over 5-year follow-up after surgery in 
lung adenocarcinoma patients. P-value of the log-rank test. 
. 
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Table 5.4. Correlations between EMT markers and cancer-specific survival over a 5-year period post-
surgery. 
The table shows the median survival and the results from the univariate Cox proportional hazards 
regression over 5-year follow-up after surgery in lung adenocarcinoma patients using STATA. 95% CI: 95% 
confidence interval. Statistically significant associations are highlighted in bold. 

 

The results for the two next endpoints (i.e. cancer-specific and recurrence-free 

survivals) are quite similar but interestingly, gain of TWIST mRNA expression is 

associated with poor recurrence-free survival in lung adenocarcinoma patients (Figures 

5.2 and 5.3) (Tables 5.4-5.5).  

In summary, loss of E-cadherin and cytokeratin expression are generally associated with 

poor prognosis in all endpoints. When all molecular EMT markers are combined 

together in one variable, EMT score, it indicates that lung adenocarcinoma exhibiting at 

least three molecular evidence of EMT, whether it is three gains of mesenchymal factors 

expression or any combination of loss/gain of epithelial/mesenchymal markers, is 

related to poor overall and lung cancer-specific survivals as well as an early relapse of 

the disease in lung primary adenocarcinoma patients. 
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Figure 5.3. EMT markers expression and recurrence free survival analyses over a 5-year period post-
surgery. 
A, B C, D, E and F represent the recurrence-free KM survival graphs of E-cadherin, N-cadherin, cytokeratin, 
vimentin, TWIST mRNA and EMT score respectively over 5-year follow-up after surgery in lung 
adenocarcinoma patients. P-value of the log-rank test. 
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Table 5.5. Correlations between EMT markers and recurrence-free survival over a 5-year period post-
surgery. 
The table shows the median survival and the results from the univariate Cox proportional hazards 
regression over 5-year follow-up after surgery in lung adenocarcinoma patients using STATA. 95% CI: 95% 
confidence interval. Statistically significant associations are highlighted in bold. 

 

5.3.3 EMT is not independent of other clinico-pathological variables in prediction of  

outcome in lung adenocarcinoma patients 

I then focused on multivariate Cox models analyses to further investigate whether EMT 

can independently predict survival outcome in primary lung adenocarcinoma patients.  

I first wanted to check whether in combination EMT markers can independently predict 

overall, lung cancer-specific and recurrence-free survivals outcome in lung 

adenocarcinoma patients. The total number of patients with complete observations 

was 759. 
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Table 5.6. Summary of the multivariate Cox proportional hazards regression models over a 5-year 
period after surgery. 
HR = Hazard ratio. 95% CI: 95% confidence interval. Statistically significant associations are highlighted in 
bold. 
  

While E-cadherin and cytokeratin loss retain independent significance in overall and 

cancer-specific survival models, N-cadherin is only significant in overall survival and 

TWIST is only significant in recurrence-free survival, and that furthermore TWIST barely 

even shows a trend in the other two endpoints.The lung cancer-specific multivariate 

Cox model indicates that cytokeratin marker is the only EMT marker to display a 

significant correlation with patient outcome (HR = 0.38, p = 0.024) in lung 

adenocarcinoma patients (Table 5.6).  

This shows that primary tumours with most evidence of molecular EMT are more likely 

to result in early recurrence and/or death, presumbably due to the presence of occult 

micro-metastasis at the time of surgery. It also suggests that molecular EMT is more 

strongly related to recurrence compared to survival endpoints (i.e. overall and cancer-

specidic survivals) probably because EMT is more immediately causatively linked to 

tumour recurrence, i.e. invasion and migration of malignant tumour cells which are 

likely to form secondary tumour another site in the organism,  than patient death, which 

will be influenced by number of additional tumour factors (i.e. other tumour hallmarks 

such as increased proliferation, treatment resistance).  

I next investigated whether EMT score could predict patient outcome in lung 

adenocarcinoma independently of known prognostic variables. I performed univariate 
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and mutivariate Cox regression models for overall and recurrence-free survivals with all 

key clinical-pathological factors (Tables 5.7-5.8). 

High EMT score is not an independent predictor of poor outcome in both multivariate 

models. Surprisingly a single marker is associated with relatively good overall survival 

but it is only just significant and of uncertain biological or clinical meaning.  

This loss of significance may well be due to the fact that EMT contributes to variables, 

which are themselves highly predictive, e.g. growth pattern. It is reasonable therefore 

to stratify the patients by growth pattern. 

Overall, EMT score is not statistically significant in the multivariate Cox models for 

overall and reccurence-free survivals (also for lung cancer-specific, data not shown) 

therefore EMT score does not predict outcome independently of sex, smoking history, 

performance status of patients, tumour staging, nodal status, vascular and pleural 

invasion or lung adenocarcinoma tumour predominant growth pattern in lung 

adenocarcinoma patients. 
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Table 5.7. Summary of the univariate and multivariate Cox proportional hazards regression models 
over a 5-year period after surgery. 
A and B: Table of univariate and multivariate Cox proportional hazards regression models for overall and 
recurrence-free survivals respectively in lung adenocarcinoma patients. HR = Hazard ratio. 95% CI: 95% 
confidence interval. 
* indicates the total number of patients. 
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Table 5.8. Summary of the univariate and multivariate Cox proportional hazards regression models 
over a 5-year period after surgery. 
A and B: Table of univariate and multivariate Cox proportional hazards regression models for overall and 
recurrence-free survivals respectively in lung adenocarcinoma patients. HR = Hazard ratio. 95% CI: 95% 
confidence interval. 
* indicates the total number of patients. 

 

If EMT partially explains growth pattern, this could explain why EMT is not statistically 

independent of pattern in models of outcome. Is it possible that EMT is predictive within 

‘grade’ strata defined by growth pattern? 

The survival graphs show that EMT score does not significantly predict outcome in low, 

medium or high-grade tumours in overall and recurrence-free survivals. Interestingly, 

high EMT score group best predicts poor outcome in high-grade tumours, despite the 

lack of nominal statistical significance (Figures 5.4 and 5.5) (Tables 5.9-5.10).  
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Figure 5.4. EMT score and overall survival analyses in each tumour grade group over a 5-year period 
after surgery in lung adenocarcinoma. 
A, B and C represent the overall KM survival graphs of EMT score in low-, medium- and high-grade tumour 
respectively over 5-year follow-up after surgery in lung adenocarcinoma patients. P-values of log-rank 
tests are displayed on the survival graphs. 
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Table 5.9. Correlations between EMT scores and overall survival in each tumour grade group over a 5-
year period post-surgery. 
The table shows the median survival and the results from the univariate Cox proportional hazards 
regression in lung adenocarcinoma patients using STATA. 95% CI = 95% confidence interval. 
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Figure 5.5. EMT score and recurrence-free survival analyses in each tumour grade group over a 5-year 
period after surgery in lung adenocarcinoma. 
A, B and C represent the recurrence-free KM survival graphs of EMT score in low-, medium- and high-
grade tumour respectively over 5-year follow-up after surgery in lung adenocarcinoma patients. P-values 
of log-rank tests are displayed on the survival graphs. 
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Table 5.10. Correlations between EMT score and recurrence-free survival in each tumour grade over a 
5-year period post-surgery. 
The table shows the median survival and the results from the univariate Cox proportional hazards 
regression in lung adenocarcinoma patients using STATA. 95% CI = 95% confidence interval. 
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5.4 Discussion 

This chapter focuses on investigating the relationship of EMT and patient physio-

pathological factors as well as the survival outcome. 

Studies have demonstrated positive relationship between N-cadherin or vimentin 

expression and nodal stage in breast cancer (Elmoneim and Zaghloul, 2011; Vora et al., 

2009) and colorectal cancer (Toiyama et al., 2013; Yan et al., 2015) but not in lung 

adenocarcinoma.  Our data show for the first time that nodal stage positively correlate 

with N-cadherin, vimentin, TWIST and EMT score. 

The results from univariate and multivariate Cox analyses (Figures 5.1-5.3 and table 5.3) 

indicate that loss of E-cadherin can predict overall survival independently of other EMT 

markers, while loss of cytokeratin is independently associated with poor lung cancer-

specific survival. Moreover, loss of either epithelial marker or gain of TWIST expression 

independently associate with early recurrence of the disease in lung adenocarcinoma. 

Reduced/loss of E-cadherin expression has been linked to poor survival in colorectal, 

breast or prostate cancer (Elzagheid et al., 2012; Li et al., 2017; Umbas et al., 1994) or 

even in NSCLC as a whole (Sulzer et al., 1998) but not specifically in lung 

adenocarcinoma. Studies that show an association between this epithelial marker and 

patient outcome in lung adenocarcinoma mostly examined E-cadherin expression but I 

was the first one to demonstrate that cytokeratin loss independently correlated with 

poor lung cancer-specific and recurrence-free survivals in primary lung 

adenocarcinoma. High EMT score is linked to overall, lung cancer-specific and 

recurrence-free outcome in univariate models but EMT score cannot independently 

predict outcome, suggesting that other patho-physiological indicators in our model may 

contain the same prognostic information, such as tumour growth pattern. Our data 

show a model in which EMT favours invasion of the lymphatic vessels. This may also 

explain the association of high EMT score with poor outcome in univariate Cox models 

for all three endpoints.  

EMT is most predictive in high-grade tumours. This may be due to the fact that 

molecular EMT is less meaningful in tumours which are less invasive, but in high-grade 
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tumours, the great majority of which are solid-pattern, EMT can subsequently favour 

tumours to invade regional lymph nodes and lead to poor outcome in lung 

adenocarcinoma patients. 
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Chapter 6 Associations between translational dysregulation and EMT in primary 

pulmonary adenocarcinoma 

6.1 Introduction 

Translation is a crucial stage for the regulation of gene expression, and mRNA 

translation reprogramming is regarded an emerging hallmark of cancer. Deregulation 

of translation initiation factors has been asssociated with EMT in cell culture however, 

its association in primary tissues had not been investigated in primary lung cancer 

tissue. This chapter aims to target this issue. 

6.2 Aims and objectives 

The main aim of this chapter is to explore the potential role of translation dysregulation 

in EMT: 

- Can I find evidence of translation dysregulation favoring activation of EMT 

programmes in primary lung adenocarcinoma?  

To realise this aim, 23 TMAs containing 942 non-mucinous lung adenocarcinomas 

samples were immunohistochemically stained for the translation factors eIF4B, eIF4E, 

eIF4A1, eFI4A2, eIF4G, phospho-eIF4E and phospho-eIF2α. I generated data on 

expression of eIF4B and eIF4E in primary lung adenocarcinoma while Bethany scored 

phospho-eIF2α and the MRC histology core facility scored the remaining translation 

factors. These two proteins were manually semi-quantified according to their 

expression intensity. To investigate heterogeneity between cases and to understand the 

relationships between eIF4B and eIF4E and predominant tumour growth pattern 

(information given per patient from the pathology report), median intensity scores 

values of the three cores were considered. To explore the correlation between these 

two translation markers and tumour histological pattern, intensity scores of all three 

cores and the histological tumour patterns per TMA core evaluated by Dr Juvenal 

Baena-Acevedo, were considered. To assess heterogeneity of eIF4B within cores, 

intensity and proportion scores (i.e. percentage of positive tumour cell stained scores) 

of eIF4B for all three cores were considered. Strikingly, eIF4E expression was near-
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homogenous within cores and so I did not perform formal proportion scoring of this 

marker. To evaluate the variation of each translation factor expression between cores 

within cases, the variance per patient was calculated for each translation factor.  

 

6.3 Results 

6.3.1 Optimisation of the translation initiation factors by IHC  

The lung adenocarcinoma validation block, described in the material and methods 

chapter, was used as positive control as well as the test tissue. Three concentrations of 

antibodies were used: the recommended concentration from the antibody’s 

manufacturer, a higher and lower concentration tested with low and high pH antigen 

retrieval solution separately. eIF4B staining exhibit a cytoplasmic staining as expected. 

As shown in Figure 6.1, eIF4B staining demonstrates background in the high pH antigen 

retrieval solution and eIF4B at dilution 1/100 and 1/250 in the low pH antigen retrieval. 

Therefore, the chosen antibody dilution and antigen retrieval solution was anti-eIF4B at 

1/500 in low pH antigen retrieval solution. Once the opimised antibody concentration 

was selected, the negative control without the primary antibody was run alongside the 

positive/validation specimen. eIF4B negative control with no primary antibody show no 

expression the translation factor as expected. 

 



234 
 

 

Figure 6.1. IHC validation of eIF4B antibody. 
On the left hand side, three eIF4B antibody concentrations in antigen retrieval pH9 in lung 
adenocarcinoma. The bottom left is the negative control of eIF4B. On the right hand side, three eIF4B 
antibody concentrations in antigen retrieval pH 6.1. Blue staining (haematoxylin and bluing reagent) 
represents nuclei. Brown staining is DAB staining and represents eIF4B expression.Core image: 
Magnification = 5x. Scale bar = 500 µm.Inset high resolution of core section = 40x. Scale bar = 50 µm. 
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Similarly to eIF4B antibody optimisation, eIF4E validation was carried out on lung 

adenocarcinoma tissue. eIF4E is barely detected in low pH antigen retrieval buffer. 

eIF4E diluted at 1/100 and 1/500 high pH antigen retrieval show strong and weak 

expression respectively. Therefore the validated eIF4E antibody concentration is 1/250 

in antigen retrieval pH 9. The negative control run alongside the positive/validated lung 

tissue illustrates no staining (Figure 6.2). 
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Figure 6.2. IHC validation of eIF4E antibody. 
On the left hand side, three eIF4E antibody concentrations in antigen retrieval pH9 in lung 
adenocarcinoma tissue. The bottom left is the negative control of eIF4E. On the right hand side, three 
eIF4E antibody concentrations in antigen retrieval pH 6.1. Blue staining (haematoxylin and bluing reagent) 
represents nuclei. Brown staining is DAB staining and represents eIF4E expression. Core image: 
Magnification = 5x. Scale bar = 500 µm.Inset high resolution of core section = 40x. Scale bar = 50 µm. 
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6.3.2 Characterisation of eIF4B and eIF4E in lung adenocarcinoma 

eIF4B immunohistochemical staining shows diverse range of intensity in the cohort. 

eIF4B is scored according to the cytoplasmic intensity staining. eIF4B is expressed in the 

normal lung. Tumour cores are either negative or express weakly, moderately or 

strongly the translation factor (Figure 6.3). 

The majority of the cores express eIF4B quite homogenously within the tumour core 

but at various intensities between cores (Figure 6.4A). Only about 120 cases do not 

detectably express the protein, which may due to the age of the block and the antigen 

preservation. The translation factor shows a weak expression in about 370 cases, a 

moderate and strong expression intensity in about 200 cases each, also indicating 

heterogeneity between cases (Figure 6.4B). Most of the cases do not show variation in 

eIF4B expression between tumour cores per patient. Aproximately 200 cases 

demonstrate a heterogeneity in eIF4B expression between cores of the same primary 

tumour. Therefore eIF4B expression is mostly homogeneous between cores within the 

primary tumours of patients (Figure 6.4C).  
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Figure 6.3. Dynamic range of eIF4B intensity. 
Images of translation iniation factor eIF4B immunostaining scored according to their expression 
intensities Blue staining (haematoxylin and bluing reagent) represents nuclei. Brown staining is DAB 
staining and represents eIF4B expression. Core image magnification: 5x, scale bar = 500µm. Inset squares 
represent high magnification (40x) of a portion of the core, scale bar = 50 µm. eIF4B is expressed in type 
1 and 2 pneumocytes but not in erytrocytes present in the space(white round cells) in the normal lung. 
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Figure 6.4. Distribution of eIF4B intensity and proportion scores per core and its frequency expression 
per case in the cohort. 
A: Percentage of tumour cores expressing eIF4B at different proportion for each intensity in lung 
adenocarcinoma cores. n = number of cores B: Frequency of eIF4B expression according to the median 
intensity score value in 903 lung adenocarcinoma cases. C: Variance of eIF4B expression between cores 
within cases in 812 lung adenocarcinoma patients. Variance is calculated as the square of standard 
deviation. 
Unit of measurements: 1 unit = 1 scoring value. 
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eIF4E immunohistochemical staining also shows a dynamic range of expression in 

tumour cells but is not detectable in the normal lung using this assay. These 

representative immunohistochemical stainings of eIF4E display that eIF4E is 

homogenously expressed in tumour cores (Figure 6.5) and this has been previously 

shown in breast cancer (Ramon y Cajal et al., 2014).  
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Figure 6.5. Dynamic range of eIF4E intensity. 
Images of translation iniation factor eIF4E immunostaining scored according to their expression 
intensities Blue staining (haematoxylin and bluing reagent) represents nuclei. Brown staining is DAB 
staining and represents eIF4E expression. Core image magnification: 5x, scale bar = 500µm. Inset squares 
represent high magnification (40x) of a portion of the core, scale bar = 50 µm.  
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eIF4E is heterogenously expressed between cases in primary lung adenocarcinoma. 

eIF4E is almost expressed in all cases with different intensity while about 30 cases are 

negative for eIF4E. The majority of the cases demonstrate weak, moderate and strong 

expression respectively of this translation initiation factor (Figure 6.6A). Furthermore 

most cases show no difference in eIF4E expression between tumour cores from the 

same primary tumours of patients, indicating a generally homogenous expression of the 

mRNA cap-binding protein between cores within cases (Figure 6.6B). 

 

 

 

 



243 
 

 

Figure 6.6. Frequency of eIF4E expression per case in the cohort. 
A: Frequency of eIF4E expression according to the median intensity score values in 916 lung 
adenocarcinoma cases. B: Variance of eIF4E expression between cores within cases in 857 lung 
adenocarcinoma patients. Variance is calculated as the square of standard deviation. 
Unit of measurements: 1 unit = 1 scoring value. 
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6.3.3 eIF4B expression is related to invasive tumour growth pattern 

Similarly to chapter 3, I next sought to explore the relatiosnhip between eIF4B and eIF4E 

expression and tumour growth pattern. As shown in Figures 6.7 and 6.8, the stacked 

bar graphs exhibit the classification of the degree of the protein of interest in the 

different tumour histological pattern of lung adenocarcinoma.  

Solid pattern exhibits high-grade invasive disease and shows evidence of partial EMT. 

Therefore I decided to examine the difference in the translation factors between solid 

tumour growth patterns and the other tumour growth patterns. 

The proportion of eIF4B negative cores represents just over 20% of the lepidic 

predominant tumour growth pattern and this percentage is less in more aggressive 

growth patterns, being as low as about 4% in the solid predominant tumour growth 

pattern. Of note, while the percentage of weak and moderate expression of eIF4B 

seems quite constant across tumour predominant pattern, the proportion of strong 

staining varies considerably (7% in lepidic predominant tumours vs. 33% in solid 

predominant tumours) and accounts for the significant difference in eIF4B total 

expression (Figure 6.7A). Tumour core analysis divulges similar relationship trends in 

eIF4B expression across tumour pattern as the predominant tumour growth pattern 

analysis with additional significant difference in the translation factor expression 

between tumour pattern (Figure 6.7B).  
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Figure 6.7. Distribution of eIF4B expression by lung adenocarcinoma tumour growth pattern. 
Each bar displays the tumour growth pattern of lung adenocarcinoma and each segment of the bar 

represents the intensity of eIF4B. Total number of growth pattern cases is indicated at the top of each 

bar and the number of cases displaying the different degree of eIF4B expression is shown within each 

section of the bar. Degree of significance are indicated in the graphs by bars with stars above them (** = 

p <0.01; *** = p < 0.001). A: Percentage of median eIF4B expression intensity by predominant tumour 

growth pattern per case, n= number of case. B: Percentage of eIF4B expression intensity by TMA core 

growth pattern, n= number of core. Degree of significance are indicated on top of bars in the graphs by 

stars ( ** = p <0.01; *** = p < 0.001).  
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There is a significant decrease in the strongly expressed eIF4E group with increased 

invasive pattern (42% in lepidic predominant tumour growth pattern vs 30 % in solid 

predominant tumour growth pattern) (Figure 6.8A), which is somewhat surprising, 

given that overexpression of eIF4E has been linked to tumorigenesis (Hsieh and Ruggero 

2010). 
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Figure 6.8. Distribution of eIF4E expression by lung adenocarcinoma tumour growth pattern. 
Each bar displays the tumour growth pattern of lung adenocarcinoma and each segment of the bar 

represents the intensity of eIF4E. Total number of growth pattern cases is indicated at the top of each 

bar and the number of cases displaying the different degree of eIF4E expression is shown within each 

section of the bar. Degree of significance are indicated in the graphs by bars with stars above them (* = 

p < 0.05). A: Percentage of median eIF4E expression intensity by  predominant tumour growth pattern 

per case, n= number of case. B: Percentage of eIF4E expression intensity by TMA core growth pattern, n= 

number of core.  
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I identified an important confounding factor affecting eIF4E immunohistochemistry. 

eIF4E negative cases were much more commonly found in old tumour blocks aging 

before 2009 (Figure 6.9). This suggests  that detectable eIF4E antigen is degraded over 

time within the block, and block age is therefore a confounding factor. Thus, I decided 

not to include eIF4E analyses further. I further assessed whether the age of the block 

correlated with expression of proteins for all the other antibodies in this study and 

observed no correlation with the age of the block (data not shown). 

 

Figure 6.9. Donor age block is a confounding factor for eIF4E expression in lung adenocarcinoma. 
 Percentage of eIF4E expression across the year of surgery. Each bar displays the year of surgery divided 
in 4 groups and each segment of the bar represents the intensity of eIF4E. Total number of donor age 
block cases is indicated at the top of each bar and the number of cases displaying the different degree of 
eIF4E expression is shown within each section of the bar. 
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6.3.4 Association between translational control and EMT markers 

 eIF4B correlation with lung adenocarcinoma patient outcome 

I assessed relationships between overall, cancer-specific and recurrence-free patient 

survivals and eIF4B expression. Similarly to chapter 5, for the survival analysis, Kaplan-

Meier (KM) graphs describe the percentage of survival of 942 cases according to eIF4B 

expression over a period of 5-year follow-up after surgery. Expression levels of the 

translation factor was regrouped into two groups: negative and positive groups 

(positive group gathers weak, moderate and strong eIF4B groups). 

The positive eIF4B group presents a worse significant outcome with 36% increase in risk 

of death when eIF4B is overexpressed in primary lung adenocarcinoma (Figure 6.10). 

 

Figure 6.10. eIF4B expression and overall patient survival over a 5-year period post-surgery. 
A:  Overall KM survival graphs of eIF4B over 5-year follow-up after surgery in lung adenocarcinoma 
patients. P-values of log-rank tests are displayed on the survival graphs. B: The table shows the median 
survival and the results from the univariate Cox proportional hazards regression in lung adenocarcinoma 
patients using STATA. 95% CI: 95% confidence interval. 
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The results for the two next endpoints are quite similar but eIF4B overexpression is not 

significantly associated with poor prognosis in cancer-specific and recurrence-free 

survival models in lung adenocarcinoma patients (Figure 6.11).  
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Figure 6.11. eIF4B expression and cancer-specific and recurrence free survivals over a 5-year period 
post-surgery. 
A and C:  Cancer-specific and recurrence-free KM survival graphs of eIF4B respectively over a 5-year 
follow-up after surgery in lung adenocarcinoma patients. P-values of log-rank tests are displayed on the 
survival graphs. B and D: Table showing the median survival and the results from the univariate Cox 
proportional hazards regression in lung adenocarcinoma patients using STATA. 95% CI: 95% confidence 
interval. 
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 Association between translation factors and EMT 

I next tested the association between EMT markers and translation factors such as the 

eIF4F complex (eIF4E, eIF4A1, eIF4A2 and eIF4G), eIF4B, phospho-eIF2α and phospho-

eIF4E.  

 

Table 6.1. Correlation of EMT markers with translation factors factors. 
The table shows the coefficient of correlations rho between translation factors and each EMT marker as 
well as EMT score. All correlation present in the table are pairwise and statistically significant, p < 0.05.  
* denotes the retention of correlations after Bonferroni correction. Maximun core number = 1,389 cores. 

 

As I saw in chapter 5, associations with E-cadherin are difficult to interpret, as E-

cadherin is associated with numerous EMT markers despite its biological function. The 

Spearman’s rank correlation reveals that phospho-eIF2α is the only translation factor 

that indicates strong and significant correlation after Bonferroni correction with all 

individual EMT markers (except vimentin) and EMT score. Of note, phospho-eIF4E also 

demonstrates positive association with vimentin, TWIST as well as EMT score and 

negative link with cytokeratin (despite the diseappearance of this relationship after 

Bonferonni correction). This supports a model in which phospho-eIF2α and phospho-

eIF4E may both promote EMT in lung adenocarcinoma by directly or indirectly 

facilitating expression of mesenchymal proteins and repressing expression of 

cytokeratin. 
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6.3.5 Multiplex immunofluorescence shows micro-anatomical asscociations between 

EMT and translational dysregulation 

I wanted to investigate whether associations observed between EMT and translational 

dysregulation could be also confirmed at single cell level. To achieve this, the translation 

initiation factors showing the most significant associations with EMT markers were 

selected. Phospho-eIF2α disclosed significant strong correlation with cytokeratin and N-

cadherin and eIF4B also showed association with N-cadherin (phospho-eIF4E data were 

unavailable at that time). Therefore I chose cytokeratin, N-cadherin, phospho-eIF2α and 

eIF4B as the basis for a fluorescent multiplex assay.  

The MRC histology core facility and I performed a fluorescent multiplex assay where we 

simultaneously stained for cytokeratin, N-cadherin, phospho-eIF2α and eIF4B in whole 

sections of six primary lung adenocarcinomas, representing each predominant growth 

pattern. After scanning the whole tumour sections, we selected regions with evidence 

of active partial EMT (i.e. up-regulation of N-cadherin expression). Selected tumour 

regions were trained to obtain single cell data. Cells were segmented into three 

compartments using our protein of interest expression. DAPI staining helped to identify 

the nucleus; cytokeratin, eIF4B and phospho-eIF2α expression helped to delimit the 

cytoplasm compartment and N-cadherin expression was used to delineate the cellular 

membrane. Tumour cells were then identified using these markers and phenotyped as 

tumour cells (all the other cell types present in the regions were non-tumour cells and 

phenotyped as ‘stroma’ cells). Selected regions were analysed; single cell data were 

obtained and statistical analyses were performed. In one case only I found clear 

evidence of focal EMT affecting some cells but not others; this was an adenocarcinoma 

of mixed papillary/micropapillary growth pattern and I present these findings. 



254 
 

 

Figure 6.12. Immunofluorescent multiplex of translational reprogramming in active focal partial EMT 
region. 
A: Composite image of the translation factors and EMT markers. Nuclei are stained with DAPI in blue. B: 
Deconvolutions of eIF4B, N-cadherin, cytokeratin and phospho-eIF2α and fluorescent staining are shown 
in red, in yellow, in green and in magenta respectively. Scale bar = 250 μm. 

 

As shown in Figure 6.12A, I detect focal EMT phenomenon with epithelial tumour cells 

expressing cytokeratin and/or N-cadherin expression. Phospho-eIF2α shows 

heterogeneity in expression, while eIF4B is homogeneously expressed in this portion of 

the tumour, suggesting either a constant basal level of eIF4B expression, or that our 

assay is unable to detect meaningful differences in eIF4B expression which may be 

present. 
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Figure 6.13. Correlations between translation factors and EMT markers in active focal partial EMT 
region from single cell data. 
A, B, C, D and E are two-ways scatter plots of the mean of N-cadherin versus the mean of cytokeratin 
expression, the mean of phospho-eIF2α versus the mean of cytokeratin expression, the mean of eIF4B 
versus the mean of cytokeratin expression, the mean of phospho-eIF2α versus the mean of N-cadherin 
expression and the mean of eIF4B versus the mean of N-cadherin expression respectively from the single-
cell data. Spearman’s rank correlation test was performed. Rho and p-values of this test are displayed on 
the plots. Number of tumour cells analysed = 3,709 cells. 
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As I have picked a region showing partial EMT to the eye, I wanted to see whether our 

quantitative method can detect a negative association between N-cadherin and 

cytokeratin. Surprisingly, a positive relationship is observed between the mean cellular 

cytoplasmic pixel intensities of cytokeratin and N-cadherin in this region (Figure 6.13A), 

even though the scatter plot superficially suggests a negative relationship. This may be 

due to the fact that most cells are clustered near 0 expression, and have a very low 

background signal with some positive correlation, such that the truly inversely related 

signals from high-expressing tumour cells are drowned out. I therefore decided to focus 

on an even smaller area with marked divergence and very few stromal cells:  

 

Figure 6.14. Immunofluorescent multiplex of translational reprogramming in a smaller active focal 
partial EMT region. 
A: Composite image of the translation factors and EMT markers. Nuclei are stained with DAPI in blue. 
Green and blue arrows point out areas of the micropapilli and sessile growths respectively. B: 
Deconvolutions of eIF4B, N-cadherin, cytokeratin and phospho-eIF2α and fluorescent staining are shown 
in red, in yellow, in green and magenta respectively. Scale bar = 50 μm. 

 

In this smaller area of active partial EMT, eIF4B continues to be homogenously 

expressed. When N-cadherin is expressed, cytokeratin expression is either reduced or 

lost while phospho-eIF2α is often elevated. Of note, there is evidence of partial EMT 

accompanied by elevated phospho-eIF2α in areas of sessile growth. In contrast, 

micropapillae show a retained epithelial phenotype (as explored in chapter 4 section 

4.3.4), which is here accompanied by absence of detectable phospho-eIF2α (Figure 

6.14). 
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Figure 6.15. Correlations between translation factors and EMT markers in active focal partial EMT 
region from single cell data. 
A, B, C, D and E are two-ways scatter plots of the mean of N-cadherin versus the mean of cytokeratin 
expression, the mean of phospho-eIF2α versus the mean of cytokeratin expression, the mean of eIF4B 
versus the mean of cytokeratin expression, the mean of phospho-eIF2α versus the mean of N-cadherin 
expression and the mean of eIF4B versus the mean of N-cadherin. Spearman’s rank correlation with test 
was performed. Rho and p-values of this test are displayed on the plots. Number of tumour cells analysed 
= 161 cells. *denotes the disappearance of correlation after Bonferroni correction. 

 

In this smaller field, there is a detectable significant negative association between N-

cadherin and cytokeratin, indicating detectable active partial EMT (Figure 6.15A). 

eIF4B and phospho-eIF2α are significantly positively associated with cytokeratin, which 

is unexpected as cytokeratin showed negative correlation with phospho-eIF2α in Table 
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6.1. N-cadherin expression demonstrates a significant positive link with phospho-eIF2α, 

similarly as observed in Table 6.1, suggesting that phospho-eIF2α may contribute to N-

cadherin expression (Figure 6.15). The single cell data analysis does not show evidence 

of translational dysregulation favouring EMT activation in lung adenocarcinoma. 

Further analysis would be necessary to confirm this hypothesis. 

 

6.3.6 Re-assessment of local EMT models with translation markers 

C1 and C2 tumours represent genomically and biologically different types of mixed in 

situ/invasive tumours growth. Invasion in C1 tumours represents genomic progression 

with acquisition of additional mutations in the invasive part. C2 tumours are composed 

of an invasive central area surrounded by a zone of invasion-competent cells that grow 

out in a lepidic manner, colonising the alveolar surface. Tumour cells of both in situ and 

invasive components of C2 tumours are genomically identical. In chapter 4, our data has 

demonstrated that C1 tumours displayed significant evidence of additional partial EMT 

in the invasive region of these tumours while C2 tumours did not, further supporting 

biological and genomic progression in these lesions. 

I wanted to explore whether changes in translation factor expression may contribute 

focal invasiveness in these tumours. To realise this, the two TMAs containing 34 C1 and 

17 C2 tumours from chapter 4 were immunohistochemically stained for eIF4A1/2, 

eIF4B, eIF4G and phospho-eIF2α. Digital images of TMA sections were then manually 

scored for their expression using an H-score system.  
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 Translation initiation factors distribution in C1 and C2 tumours 

 

Figure 6.16. Representative immunohistochemical staining of eIF4A1 expression in C1 and C2 tumours. 
Core images of eIF4A1 expression in C1 and C2 tumours. Top and bottom rows show eIF4A1 expression 
in in situ (left column) and invasive (right column) areas of C1 and C2 tumours respectively. Blue staining 
(haematoxylin and bluing reagent) represents nuclei. Brown staining is DAB staining and represents 
eIF4A1 expression. Core image magnification = 5X. Scale bar = 500 µm. Inset squares represent high 
power (40x) of a portion of the core. Scale bar = 50 µm. 

  

In this example, eIF4A1 is equally expressed in the C1 in situ and invasive tumour areas. 

In this C2 tumour, eIF4A1 appears to be quite strongly expressed in the in situ compared 

to the invasive regions (Figure 6.16). 
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Figure 6.17. Representative immunohistochemical staining of eIF4A2 expression in C1 and C2 tumours. 
Core images of eIF4A2 expression in C1 and C2 tumours. Top and bottom rows show eIF4A2 expression 
in in situ (left column) and invasive (right column) areas of C1 and C2 tumours respectively. Blue staining 
(haematoxylin and bluing reagent) represents nuclei. Brown staining is DAB staining and represents 
eIF4A2 expression. Core image magnification = 5X. Scale bar = 500 µm. Inset squares represent high 
power (40x) of a portion of the core. Scale bar = 50 µm. 

 

eIF4A2 is equally distributed in in situ and invasive areas in this C1 tumour while it is 

slightly overexpressed in in situ related to invasive component of C2 tumour in this 

example (Figure 6.17). 
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Figure 6.18. Representative immunohistochemical staining of eIF4B expression in C1 and C2 tumours. 
Core images of eIF4B expression in C1 and C2 tumours. Top and bottom rows show eIF4B expression in 
in situ (left column) and invasive (right column) areas of C1 and C2 tumours respectively. Blue staining 
(haematoxylin and bluing reagent) represents nuclei. Brown staining is DAB staining and represents eIF4B 
expression. Core image magnification = 5X. Scale bar = 500 µm. Inset squares represent high power (40x) 
of a portion of the core. Scale bar = 50 µm. 

 

This representative immunohistochemical staining of eIF4B reveals that this translation 

factor is more expressed in the invasive than the in situ areas of C1 tumour whereas it 

is the opposite in C2 tumour (Figure 6.18). 
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Figure 6.19. Representative immunohistochemical staining of eIF4G expression in C1 and C2 tumours. 
Core images of eIF4G expression in C1 and C2 tumours. Top and bottom rows show eIF4G in in situ (left 
column) and invasive (right column) areas of C1 and C2 tumours respectively. Blue staining (haematoxylin 
and bluing reagent) represents nuclei. Brown staining is DAB staining and represents eIF4G expression. 
Core image magnification = 5X. Scale bar = 500 µm. Inset squares represent high power (40x) of a portion 
of the core. Scale bar = 50 µm. 

 

eIF4G is generally strongly expressed in invasive component compared to the in situ 

areas in these C1 and C2 tumours (Figure 6.19). 
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Figure 6.20. Representative immunohistochemical staining of phospho-eIF2α expression in C1 and C2 
tumours. 
Core image of phospho-eIF2α expression in C1 and C2 tumours. Top and bottom rows show phospho-
eIF2α expression in in situ (left column) and invasive (right column) areas of C1 and C2 tumours 
respectively. Blue staining (haematoxylin and bluing reagent) represents nuclei. Brown staining is DAB 
staining and represents phospho-eIF2α expression. Core image magnification = 5X. Scale bar = 500 µm. 
Inset squares represent high power (40x) of a portion of the core. Scale bar = 50 µm. 

 

In this representative staining of the translation factor, phospho-eIF2α is barely 

detectable in the in situ region of C1 tumour while it is weakly expressed in the invasive 

component. In this C2 tumour, phospho-eIF2α is equally detectable in both regions 

(Figure 6.20). 
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 Evidence of translation dysregulation between C1 and C2 tumours 

Similarly to chapter 4, Figures 6.21- 6.25 represent the distribution of translation factors 

in in situ and invasive components of C1 and C2 tumours (box plots). The slope graphs 

illustrate matched paired in situ and invasive cores per patient. The medians of the two 

in situ cores and the two invasive cores were calculated for each translation factors. To 

compare the difference in the expression of translation factors between C1 and C2 

tumours and in situ and invasive components of the same tumour, Mann-Whitney and 

Wilcoxon signed-rank tests were performed respectively. 

eIF4A1 expression is significantly higher in C2 compared to C1 tumours, consistent with 

a more invasive phenotype in C2 tumours (p = 0.010) (Figure 6.21A). However, eIF4A1 

expression does not significantly differ from the in situ to invasive compartments in 

either C1 or C2 tumours (Figure 6.21B).   
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Figure 6.21. Distribution of eIF4A1 expression in C1 and C2 tumours. 
A: Box plot of eIF4A1 expression in in situ and invasive compartments of C1 and C2 tumours at the core 
level, (n = 188 cores). P = p-value of Mann-Whitney test. B: Slope graphs representing eIF4A1 expression 
in in situ and invasive compartments of C1 and C2 tumours at the case level, (n = 47 cases). Wilcoxon 
signed-rank test was performed: ns = not significant  
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eIF4A1’s paralogue eIF4A2 is slightly more highly expressed in in situ portions of C2 

tumours but the difference in its expression between C1 and C2 tumours is not 

statistically significant (Figure 6.22A and B).  
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Figure 6.22. Distribution of eIF4A2 expression in C1 and C2 tumours. 
A: Box plot of eIF4A2 expression in in situ and invasive compartments of C1 and C2 tumours at the core 
level, (n = 188 cores). Mann-Whitney test was performed: ns = not significant. B: Slope graphs 
representing eIF4A2 expression in in situ and invasive compartments of C1 and C2 tumours at the case 
level, (n = 47 cases). Wilcoxon signed-rank test was performed: ns = not significant. 
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eIF4B is overall more detected in C2 tumours than C1 tumours but there is no 

statistically significant variation in its expression between C1 and C2 tumours (Figure 

6.23A) and in situ and invasive components of the same tumour (Figure 6.23B). 
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Figure 6.23. Distribution of eIF4B expression in C1 and C2 tumours. 
A: Box plot of eIF4B expression in in situ and invasive compartments of C1 and C2 tumours at the core 
level, (n = 188 cores). Mann-Whitney test was performed: ns = not significant. B: Slope graphs 
representing eIF4B expression in in situ and invasive compartments of C1 and C2 tumours at the case 
level, (n = 47 cases). Wilcoxon signed-rank test was performed: ns = not significant. 
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eIF4G is significantly highly expressed in C2 tumours in comparison with C1 tumours (p 

= 0.005) (Figure 6.24A). However, there is no statistically signficant difference in its 

expression between in situ and invasive components of C1 and C2 tumours (Figure 

6.24B). 
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Figure 6.24. Distribution of eIF4G expression in C1 and C2 tumours. 
A: Box plot of eIF4G expression in in situ and invasive compartments of C1 and C2 tumours at the core 
level, (n = 188 cores). P = p-value of Mann-Whitney test. B: Slope graphs representing eIF4G expression 
in in situ and invasive compartments of C1 and C2 tumours at the case level, (n = 47 cases). Wilcoxon 
signed-rank test was performed: ns = not significant. 
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Phospho-eIF2α expression significantly differ between C1 and C2 tumours, consistent 

with a more invasive phenotype in C2 tumours (Figure 6.25A). However the difference 

between the in situ and invasive regions is not statistically significant (Figure 6.25B). 
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Figure 6.25. Distribution of phospho-eIF2α expression in C1 and C2 tumours. 
A: Box plot of phospho-eIF2α expression in in situ and invasive compartments of C1 and C2 tumours at 
the core level, (n = 188 cores). P = p-value of Mann-Whitney test. B: Slope graphs representing phospho-
eIF2α expression in in situ and invasive compartments of C1 and C2 tumours at the case level, (n = 47 
cases). Wilcoxon signed-rank test was performed: ns = not significant. 
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These data show that in general all the translation initiation factors analysed in this 

study are more expressed in C2 in contrast to C1 tumours. Phospho-eIF2α, eIF4A1 and 

eIF4G are significantly up-regulated in C2 tumours which may suggest a translational 

reprogramming favouring proliferation and invasion in C2 tumours as these tumour 

cells are believed to be more proliferative and to have acquired invasive-competent 

behaviour than C1 tumours (Moore et al., 2019). Nonetheless, their expression does not 

significantly vary between in situ and invasive parts of C1 and C2 tumours. The 

significant downgregulation of eIF4A2 from the invasive to lepidic outgrowth is of 

uncertain biological significance.   
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6.4 Discussion 

This chapter focuses on evidence of relationships between EMT and translation 

dysregulation in human primary lung adenocarcinoma. 

The results from Figures 6.6 to 6.7 show that increased eIF4B expression is detectable 

in the solid tumour growth of lung adenocarcinoma, but eIF4E expression was difficult 

to interpret due to the age of the tissue block confounding the assay (Figure 6.9). eIF4B 

is a co-activator of the RNA helicase eIF4A and is involved in the mTOR and MAPK 

pathways, which are pathways promoting proliferation and survival of tumour cells 

(Shahbazian et al., 2010). eIF4A helicase activity plays an important part in promoting 

pro-oncogenenic mRNA translation (Ji et al., 2003; Modelska et al., 2015; Raza et al., 

2015). Therefore, this suggests that solid tumour pattern may present translational 

reprogramming with increased in translation of messenger RNAs encoding proliferation 

and survival of tumour cells. 

I find that overexpression of eIF4B predicts poor overall outcome in lung 

adenocarcinoma, which is a novel finding. Previous studies have also associated eIF4B 

up-regulation with poor prognosis in diffuse large B-cell and T-cell lymphomas as well 

as breast cancer (Horvilleur et al., 2014; Lin and Aplan, 2007; Modelska et al., 2015). 

Table 6.1 shows that amongst the investigated translation initiation factors, phospho-

eIF4E and phospho-eIF2α are the translation factors displaying the most significant 

associations with EMT-related markers in primary lung adenocarcinoma at TMA core 

level. Phospho-eIF4E shows a significant positive relationship with vimentin, TWIST and 

EMT score and a negative link with cytokeratin. Robichaud et al. have shown that 

phosphorylation of eIF4E can promote EMT by stimulating translation of matrix 

metalloproteinase-3 and EMT-related transcription factor SNAIL in prostate cancer cells 

(Robichaud et al., 2015). This is consistent with our finding and may imply the 

importance of phospho-eIF4E in regulating the translation of EMT-related proteins in 

lung primary adenocarcinoma. 

Phospho-eIF2α is significantly negatively associated with cytokeratin and positively 

related to N-cadherin, TWIST and EMT score. Phosphorylation of the α subunit of eIF2 
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is the consequence of several cellular stresses, and blocks generalised translation 

initiation while reprogramming cellular translation to survive the stressed state. It 

regulates the translation of a particular set of mRNAs containing an upstream open 

reading frame (uORF) in their 5’UTR sequence in response to cellular stress (Baird and 

Wek, 2012; Young and Wek, 2016). However its role in oncogenesis remains elusive. 

While some studies pointed out its tumour suppressor property in cancer formation 

(Donzé et al., 1995; Meurs et al., 1993), recent studies have demonstrated its oncogenic 

property in tumour formation and tumour invasion (Falletta et al., 2017; Ye et al., 2010). 

Our data suggests that alteration of phospho-eIF2α may favour invasion by 

reprogramming translation in cancer cells and regulating expression of pro-invasive 

genes, i.e. EMT-related genes. It would be interested to test this hypothesis in in vitro 

models by inducing EMT and check whether phospho-eIF2α is upregulated or by 

blocking the expression of those translation factors and verify whether EMT markers 

are expressed upon EMT induction at protein level. 

Using multiplex immunofluorescence I were able to examine markers of EMT and 

translation initiation factor levels at the single cell level. The positive association of 

cytokeratin with both eIF4B and phospho-eIF2α was unexpected as I would expected 

the opposite in the smaller EMT active tumour region. This may be due to technical 

challenges, inability to see dynamic processes, efficacy of signal unmixing, which 

introduce problems. The positive link between N-cadherin and phospho-eIF2α at single 

cell level may reinforce the notion that phospho-eIF2α may contribute to promote EMT-

related genes translation, particularly N-cadherin encoding mRNA. However, I cannot 

confirm the correlation observed between translation dysregulation and EMT in Table 

6.1 at single cell level. Further investigation is required to understand whether 

translational dysregulation can promote EMT in lung adenocarcinoma. It may be worth 

to filter out weakly expressing cells in some other way or to improve cell 

segmentation/phenotyping methods.  

The last section of this chapter targeted the role of translational reprogramming in EMT 

models identified in chapter 4. The results from Figures 6.21-6.25 display that eIF4A1, 

eIF4G and phospho-eIF2α are up-regulated in C2 tumours compared to C1 tumours, 

suggesting a more active translation process facilitating proliferation and invasion in C2 
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tumours as these tumours are thought to be more proliferative and invasive than C1 

tumours (Moore et al., 2019). This underlines that C1 and C2 tumours are biologically 

different, in particular in the control of mRNA translation. Nevertheless, there is no 

significant evidence of translational reprogramming in the transition to invasiveness in 

C1 tumours, which may be due to a small number of observations or inability of seeing 

dynamic process.  

In conclusion, our data suggests that I cannot confirm that there is evidence of 

translational reprogramming in order to promote EMT and invasion in primary lung 

adenocarcinoma. Further investigation is required to understand whether translation 

dysregulation can favour EMT in lung adenocarcinoma. 
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Chapter 7 Discussion 

Lung cancer is the leading cause of cancer-related death worldwide. This is mainly due 

to the late diagnosis of disease when the tumour has already spread to regional sites. 

Metastasis is immediate cause of cancer mortality in most cancer patients and EMT is 

believed to be a major contributor of cancer metastasis. Deregulation of translation 

initiation factors has been asssociated with EMT in vitro, however, its association in 

primary tissues had not been investigated in primary lung tumour. The aim of this 

project was to determine whether I can quantify EMT in primary lung adenocarcinoma 

and find evidence of translational dysregulation promoting EMT in primary lung 

adenocarcinoma.  

7.1 Characterisation of molecular EMT and its clinical significance in primary lung 

adenocarcinoma  

Pathologists rarely witness morphological evidence of EMT in primary tumours. Our 

study has shown that partial molecular EMT (i.e. any loss or gain of epithelial or 

mesenchymal markers respectively) is commonly detectable in primary lung 

adenocarcinoma and is associated with patient physio-pathological factors and 

outcome. Our data show that solid and micropapillary tumour growth patterns predict 

poor outcome in all three end-points in primary lung adenocarcinoma, with 

micropapillary tumour growth being the worst prognosis. Is this related to EMT? The 

results from chapter 3 show that partial EMT is significantly related to solid tumour 

growth pattern.  

When analysing the clinical significance of markers of molecular EMT in primary lung 

adenocarcinoma in chapter 5, loss of E-cadherin predicts overall and recurrence-free 

survivals independently of other EMT markers, while loss of cytokeratin or gain of TWIST 

expression are independently associated with a shortened remission period. Combining 

all EMT markers into one variable, an EMT score, is not significantly an independent 

predictor of poor outcome but it is associated with lymph node metastasis in lung 

adenocarcinoma patients. This may suggest that EMT score can favour regional lymph 
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node invasion in solid tumours and subsequently lead to poor outcome in lung 

adenocarcinoma patients. 

The results from chapter 3 further show that there is evidence of different scale of 

heterogeneity in EMT markers expression. N-cadherin and vimentin have displayed 

heterogeneity at microscopic scale (i.e. within cores) while regional heterogeneity of 

EMT markers (i.e. between cores across the same tumour) was mostly not detected in 

primary tumours. In future studies, it would be fascinating to carry out genomic 

sequencing on EMT positive tumour TMA cores to verify whether genetic alteration 

promoting tumour invasion such as TP53 gene mutations can favour EMT activation. 

Interestingly, micropapillary tumour growth shows comparatively much less evidence 

of molecular EMT. Close examination of this tumour growth indeed reveals that while 

the micropapillae do not show evidence of molecular EMT, tumour cells lining in the 

acinar or papillary structures, i.e. the sessile tumour cells, display evidence of partial 

EMT. The next step would be to increase the sample size and firmly establish if there is 

evidence of partial EMT in the sessile tumour cells surrounding the micropapillae in 

micropapillary tumour growth (Chapter 4). It would be also interesting to investigate 

the reason of focal EMT activation in sessile tumour cells. Is it due to micro-

environmental cues or due to alterations in the immune response? Although 

micropapillary tumours show little evidence of molecular EMT and maintain epithelial 

molecular features, they are associated with the worst prognosis in lung 

adenocarcinoma patients. Investigations are ongoing in the laboratory to understand 

why this tumour growth pattern is so lethal in lung adenocarcinoma patients. 

7.2 EMT is variable and related to local invasiveness  

Chapter 4 further illustrates the features of EMT in primary tumours and show how EMT 

can be variable within tumour tissue. A recent study from our lab has identified 

subtypes of Noguchi type C tumours, i.e. mixed tumours with both in situ and invasive 

growths, based on the appearance of the in situ component of the tumour, namely C1 

and C2 tumours (Moore  et al., 2019). C1 and C2 tumours are biologically and 

genomically distinct: in general there are additional genetic alterations in the invasive 

area of C1 tumour (especially TP53 gene mutation) while there is no difference in 
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genomic profiling between in situ and invasive parts of C2 tumours. Data show that EMT 

is implicated in the transition to invasiveness in C1 tumours, which may itself be caused 

by TP53 mutations, but there is no detectable evidence of translation dysregulation 

involved in this transition. In future studies, it would be of interest to expand this 

experiment to a larger cohort of C1/C2 cases to more firmly conclude if EMT is involved 

in the transition to invasiveness in C1 tumours, and explore whether genetic alteration 

on its own plays a role in activating EMT in cancer cells or there are others 

epigenetics/micro-environmental changes, in addition to genetic mutations, which can 

also promote EMT activation. 

Multiple early foci of partial EMT (represented by N-cadherin expression) can be 

detected in one in situ/lepidic tumour, indicating early invasion of lung 

adenocarcinoma. Next phase would be to confirm this result by increasing the number 

of predominant lepidic tumour samples. It would be worthwhile exploring why and how 

invasive behaviours are arisen in low-grade tumour cells (Is it due to epigenetic changes 

or due to micro-environment cues?).  

Pleormorphic carcinoma with adenocarcinoma component (PCAC) tumour is composed 

of adenocarcinoma or squamous cell carcinoma with a mixture of at least 10% of 

spindled or giant cells. It has been suggested that this type of tumour growth arises from 

adenocarcinoma elements that have dedifferentiated into mesenchymal phenotype 

through an EMT program (Pelosi et al., 2010). Our data show that there is evidence of 

molecular and morphological EMT in the sarcomatoid region of PCAC tumours while the 

adenocarcinoma component does not exhibit any evidence of EMT. It would be of 

interest to investigate what triggers the dedifferentiation of adenocarcinoma tumour 

cells into mesenchymal phenotype: Is there any difference in the genetic profiling 

between tumour cells constituting the adenocarcinoma and the sarcomatoid 

components (i.e. presence of clonal heterogeneity)? Does the micro-environment 

influence carcinoma to activate EMT? 

Of note, cancer invasion can also occur in a non-EMT manner by collective or amoeboid 

single cell migration. In both cases, collective or single tumour cells form protrusions to 

invade and migrate to another site. During collective migration, malignant carcinoma 
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maintain its epithelial features and degrade the extracellular matrix while cells 

undergoing amoeboid migration are deformable, show weak adhesion to the 

extracellular matrix and have reduced proteolytic activity (Krakhmal et al., 2015). 

Once EMT was characterised in primary lung adenocarcinoma, I focused on the main 

aim of the project: can I find evidence of correlation between translation dysregulation 

and EMT in primary lung adenocarcinoma? 

 

7.3 EMT is associated with measure of translation dysregulation  

Amongst the examined translation initiation factors, phospho-eIF4E and phospho-eIF2α 

are the translation factors displaying the strongest associations with EMT-related 

markers in primary lung adenocarcinoma. However, single cell data analysis from 

multiplex study could not led to a conclusive association between EMT and translation 

dysregulation, which may be due to technical issues such as inaccurate cell 

segmentation and phenotyping, or inability to see dynamic process. The next step 

would be to improve multiplex optimisation (improve cell segmentation, cell 

phenotyping, and staining quality). In parallel, it would be worth to confirm the 

correlation between EMT and translation dysregulation in in vitro studies, for instance 

by inducing EMT and check the expression level of translation factors or by blocking 

phospho-eIF2α activity and explore whether tumours cells undergo EMT upon EMT 

induction in lung adenocarcinoma cell lines. 

In conclusion, partial EMT is detectable in primary lung adenocarcinoma. More 

complete molecular EMT is related to less differentiated growth pattern, i.e. solid 

growth pattern, and poor outcome. Furthermore, I find circumstantial evidence of 

association between molecular EMT and translation dysregulation. This suggests that 

targeting mRNA translation may be clinically valuable to stop EMT. Further 

investigations need to be carry out to understand the role of translation dysregulation 

in EMT in primary lung adenocarcinoma.  
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Chapter 8 Appendix 

 

Chapter 2 –Material and methods 

2.3.4. Image analysis 

 
Figure 8.1. Path XL platform. 
 
A: Slide uploading and scoring criteria choosing platform. B: Protein scoring platform. C: Scoring criteria 
of DAB stained protein. Brown staining is the DAB staining and blue staining represents the nucleus.  
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2.4.3. Image analysis 

 

 

Figure 8.2. TWIST mRNA detection algorithm in Visiopharm®. 
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2.5.4. Image analysis 

 

Figure 8.3. Cell segmentation and phenotyoing parameters in inForm®. 


