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ABSTRACT 

 

Due to the nonmotile nature of adult epithelia, carcinomas are considered to undergo an 

epithelial-to-mesenchymal transition (EMT) before they start to migrate. However, 

histopathological findings provide evidence for an alternative mode of tumor cell migration 

beyond classical EMT: Instead of migrating as separated single cells, which would be the 

logical consequence of a complete EMT-program, carcinomas often move in multicellular 

complexes. Despite these facts, relatively little is known about the actual mechanisms behind 

the movement of tumor cell bulks. 

 

Therefore, we aimed to further examine bulk cell migration in non-small cell lung cancer 

(NSCLC) patient samples using immunohistochemistry.  

 

As a first step, 30 surgically resected NSCLC specimens were immunohistochemically 

evaluated in terms of expression and distribution of EMT-markers and molecules associated 

with migration and metastasis in general. The selected cases were all characterized by 

vascular invasion. Consequently, the expression of the respective markers was compared 

between the primary tumor, the invasion front, and the vascular invasion site. Finally, to 

validate our findings in a larger cohort and to avoid a selection bias, tissue microarrays with 

528 NSCLC cases were additionally evaluated for selected markers of interest. 

 

Twist was the only EMT transcription factor which was expressed in all cases of the study 

set. However, TGFß, a molecule known to upregulate Twist and induce EMT, was negative 

in all cases. Snail was only minimally expressed in less than half of our cases. The fact that 

ZEB1 and Slug were both negative in almost all tumors, provides further evidence for an 

incomplete EMT. The coexpression of E-cadherin and N-cadherin in all 30 cases of the study 

set indicates a cell phenotype that is not exclusively mesenchymal or epithelial, but rather a 

state in between. The markers pERK, RhoA, FAK, ILK, and YAP1 were downregulated at 

the invasive sites compared to the tumor center. Conversely, the markers Vimentin, Mad, 

Brk, Rab40B, Tks5, Fascin, and PLCγ were clearly upregulated at the invasive sites.  
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In conclusion, presented data provide evidence of significant differences in the expression 

of involved molecules between single cell and collective cell invasion, including the 

presence of a partial EMT rather than EMT in its classical binary form. 
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ZUSAMMENFASSUNG 

 

Da adultes Epithelgewebe als migrationsunfähig gilt, wird angenommen, dass Karzinome 

vor der Invasion eine epithelial-mesenchymale Transition (EMT) durchlaufen. 

Histopathologische Beobachtungen führen allerdings zur Frage nach alternativen 

Erklärungsmodellen abseits der klassischen EMT: Anstelle einer Migration von getrennten 

Einzelzellen, was die logische Konsequenz eines kompletten EMT-Programms wäre, 

migrieren Karzinome nämlich oft als multizelluläre Komplexe. Trotz dieser Befunde ist über 

die Mechanismen, die hinter einer Migration von Tumorzellkomplexen stehen, nur wenig 

bekannt. 

 

Das Ziel unserer Studie war es deshalb, die Migration von Tumorzellkomplexen in 

Patientenproben nicht-kleinzelliger Lungenkarzinome (NSCLC) mittels Immunhistochemie 

genauer zu charakterisieren.  

 

Zuerst wurden 30 operativ entfernte NSCLC-Proben in Hinblick auf die Expression und 

Verteilung von EMT-Markern und anderen Migrations- und Metastasierungs-assoziierten 

Molekülen immunhistochemisch untersucht. Dabei waren alle 30 Fälle durch eine vaskuläre 

Invasion gekennzeichnet. Folglich wurde die Expression der jeweiligen Marker zwischen 

Primärtumor, Invasionsfront und vaskulärem Invasionsgebiet verglichen. Um unsere 

Ergebnisse in einer größeren Kohorte zu validieren und einen Selektionsbias zu verhindern, 

wurden bei 528 Fällen zusätzlich Tissue-Microarrays angefertigt und auf die Expression 

ausgewählter Marker untersucht.  

 

Twist war der einzige EMT-Transkriptionsfaktor, der in allen Fällen des Study-Sets 

exprimiert war. TGFß, ein Molekül mit der Eigenschaft Twist hochzuregulieren und eine 

EMT zu induzieren, war jedoch in allen Fällen negativ. Snail war in weniger als der Hälfte 

der Fälle, und hier nur geringfügig, exprimiert. Die Negativität von ZEB1 und Slug in fast 

allen Tumoren kann als weiterer Hinweis einer nur inkompletten EMT gewertet werden. Die 

Koexpression von E-Cadherin und N-Cadherin in allen Fällen des Study-Sets verweist auf 

einen nicht ausschließlich mesenchymalen oder epithelialen Zell-Phänotyp, sondern 

vielmehr auf einen Zustand zwischen diesen beiden Polen. Die Marker pERK, RhoA, FAK, 

ILK und YAP1 waren, im Vergleich zum Tumorzentrum, in den Invasionsgebieten 
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herunterreguliert. Dagegen waren die Marker Vimentin, Mad, Brk, Rab40B, Tks5, Fascin 

und PLCγ in den Invasionsgebieten hochreguliert. 

 

Zusammengefasst liefern die vorliegenden Daten Hinweise darauf, dass es zwischen der 

Einzelzellinvasion und der kollektiven Zellinvasion erhebliche Unterschiede in der 

Expression beteiligter Moleküle gibt. Insbesondere scheint eher eine partielle EMT als die 

klassische binäre EMT vorzuliegen. 
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1 INTRODUCTION 

1.1 Lung cancer 

1.1.1 Epidemiology 

Worldwide, lung cancer is the leading cause of cancer-related death in both men and women. 

In 2012, approximately 1.8 million people were diagnosed with lung cancer, and about 1.6 

million patients died of lung cancer. Because of an increase in global tobacco use it is 

estimated that deaths due to lung cancer will continue to rise. While in most industrialized 

countries the incidence of lung cancer is declining, in many developing countries the 

incidence is rising. These trends are clearly associated with changes in smoking habits. The 

global distribution of lung cancer incidence and mortality is summarized in Figure 1: 

 
Figure 1: Worldwide lung cancer rates in 2012 (per 100,000). From: GLOBOCAN 2012  (1) 
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The highest incidence rates in men are observed in Central and Eastern Europe (53.5 per 

100,000) and the lowest are seen in Western Africa (1.7 per 100,000). In women, the 

incidence rates are generally lower compared to those in men and are highest in Northern 

America (23.7 per 100,000) and lowest in Middle Africa (0.8 per 100,000). (1–3)  

 

In Europe, lung cancer is the leading cause of cancer death in men, but not in women. 

However, for women between the ages of 45 and 74 years, more deaths from lung than breast 

cancer were predicted for 2017. Breast cancer is the primary cause of cancer-related death 

only in young and elderly women. For men, lung cancer mortality declines since the 1980s, 

while for women it continues to rise. Only in the younger age group (between the ages of 25 

and 44 years), rates are predicted to be similar for women and men, reflecting disparities in 

gender-specific smoking habits across different generations. These predictions and trends 

confirm that smoking has the same impact on lung cancer in both men and women (4). 

According to a study from 2013 (5), there are remarkable differences in the lung cancer 

incidence rate between different European countries, ranging from 49 cases/100 000 in 

Cyprus to 156 cases/100 000 in Hungary. For women, the highest incidence rate is seen in 

Northern Europe and the lowest in Eastern European countries, whereas for men the lowest 

is seen in Northern European countries and the highest in Central and Eastern Europe (5).  

 

In Austria, lung cancer is, after prostate cancer, the second most common type of cancer in 

men (2.894 newly diagnosed in 2014), and, after breast and colon cancer, the third most 

common in women (1.822 newly diagnosed in 2014). In men, lung cancer is the most 

common cause of cancer death (2.450 died in 2014), while in women it is, after breast cancer, 

the second most common cause of cancer death (1.450 died in 2014). Consistent with 

worldwide and European trends in the last decade, both incidence and mortality rates 

increased in women (21% and 22%, respectively) and decreased in men (13% and 14%, 

respectively). Geographically, Vienna showed both the highest incidence and mortality rates 

within Austria, whereas the lowest incidence rate was seen in Upper Austria and the lowest 

mortality rate in Salzburg. In general, the survival rates increased over time (both 1- and 5-

year survival) and showed some differences between women and men (5-year survival rate 

23% and 16% respectively). (6) 
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Risk factors for the development of lung cancer comprise tobacco (including secondhand 

smoke), radon, asbestos, and many other environmental factors. However, as smoking is 

attributable to 80-85% of lung cancer deaths, it is by far the most important one. Compared 

to never-smokers, the incidence rate is approximately 20 times increased in people who 

smoke one pack of cigarettes per day for 40 years (7,8). Still, the risk of individuals who quit 

smoking falls significantly, especially in those who quit in younger age (9). Consequently, 

smoking cessation and, more importantly, preventing people from starting to smoke are the 

most important aspects of reducing the incidence and mortality of lung cancer. 

 

In addition to the aforementioned inhalation toxins, other factors increasing the risk of lung 

cancer comprise: pulmonary fibrosis (7-fold increased risk (10)), radiation therapy, HIV 

infection, genetic factors, and probably dietary factors and alcohol (11). In the etiology of 

lung cancer both exposure to risk factors and individual susceptibility to those factors are 

important. Furthermore, the lung cancer risk can be augmented by synergistic interactions 

among different agents. A well-described example of this interaction is the synergistic effect 

of cigarette smoking with asbestos exposure and radon (12). 
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1.1.2 Classification and morphological aspects 

 

The classification of lung cancer should be done according to the 2015 World Health 

Organization (WHO) classification of lung tumors (13,14). For a long time, the only clinical 

relevant information was the differentiation between small cell lung cancer (SCLC) and non-

small cell lung cancer (NSCLC). Since the precise classification of histological subtypes has 

now ever increasing prognostic and predictive significance, they will be discussed in more 

detail (13,15,16). 

 

Adenocarcinomas comprise about 50% of all lung cancer cases, and are therefore the most 

common histological type in the western world (14). For decades, an increased incidence 

has been observed in pulmonary adenocarcinomas. One possible explanation for that, 

although still controversial, is the consumption of low-tar filter cigarettes, which have been 

introduced in the mid-20th century (14,17). Histologically, lung adenocarcinomas are 

characterized by neoplastic gland formation, the appearance of intracytoplasmic mucin, 

and/or by pneumocyte marker expression (TTF-1, napsin A) (14). In the WHO classification, 

it is specified that one of these three characteristics is sufficient to establish the diagnosis of 

lung adenocarcinoma (13,14). The genetic profile of adenocarcinoma comprises several 

driver gene alterations, including EGFR, KRAS, BRAF, ERBB2/HER2, ALK, ROS1, RET, 

NTRK1, and NRG1. Because approved targeted drugs are available for patients whose 

tumors harbor mutations in EGFR, ALK or ROS1, these are the most clinically relevant ones 

(13,14). The morphology of neoplastic structures can vary significantly in different 

adenocarcinomas, leading to further subtyping of growth patterns (acinar, papillary, 

micropapillary, lepidic, and solid) with additional variants (mucinous, cribriform, colloid, 

fetal, and enteric) (13,14). The presence of these different patterns has prognostic 

significance (13,14,18,19). In the following, different cases of adenocarcinoma with typical 

growth patterns and variants are shown (Figures 2-9). 
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Figure 2: Low power view of an acinar adenocarcinoma; 
HE-staining; Scale bar 400 µm 

 

Figure 3: High power view of an acinar adenocarcinoma; 
HE-staining; Scale bar 40 µm 

Figure 4: Low power view of a papillary adenocarcinoma; 
HE-staining; Scale bar 400 µm 

Figure 5: High power view of a papillary 
adenocarcinoma; HE-staining; Scale bar 40 µm 
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Figure 6: Low power view of a lepidic adenocarcinoma; 
HE-staining; Scale bar 400 µm 

Figure 7: High power view of a lepidic adenocarcinoma; 
HE-staining; Scale bar 40 µm 

 

Figure 8: Low power view of a fetal variant of 
adenocarcinoma; HE-staining; Scale bar 400 µm 

Figure 9: High power view of a fetal variant of 
adenocarcinoma; HE-staining; Scale bar 40 µm 

 

 

Squamous cell carcinomas (Figures 10-12) are, after adenocarcinomas, the second most 

common histological type of lung cancer and arise mostly in the proximal tracheobronchial 

tree (13,14). They are characterized by intercellular desmosomes (Figure 11), keratin 

production by tumor cells (Figure 12), and/or the expression of specific markers, e.g. p40, 

p63, CK5 (13,14). Squamous cell carcinomas are divided into the following subtypes: non-

keratinizing (no keratinization at all), keratinizing (at least some keratinization), and basaloid 
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(more than 50% of the tumor has basaloid features) (13,14). Since some adenocarcinomas 

show a squamous-like morphology (20), it is recommended to use immunohistochemistry to 

distinguish between non-keratinizing squamous cell carcinomas, solid type 

adenocarcinomas, and large cell carcinomas (13,14).  

 

 
Figure 10: Low power view of a squamous cell carcinoma (on the left) and normal lung tissue (on the right); HE-staining; 
Scale bar 400 µm 

 

Figure 11: Intercellular bridges (desmosomes) within a 
squamous cell carcinoma; HE-staining; Scale bar 10 µm 

 

Figure 12: Keratinization within a squamous cell 
carcinoma; HE-staining; Scale bar 20 µm  
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Adenosquamous carcinomas are composed of both glandular and squamous components (at 

least 10% each) and account for 0.4 to 4 percent of pulmonary carcinomas (14). They are 

extremely aggressive and have a poorer prognosis than adenocarcinomas and squamous cell 

carcinomas (13,14,21). Because of the glandular component it is recommended to perform 

molecular testing for abnormalities in EGFR and ALK (13,14). 

 

Large cell carcinoma is a poorly differentiated NSCLC and is a diagnosis of exclusion. It 

lacks both squamous and glandular differentiation (examined via light microscopy and 

immunohistochemistry), and also the cytological features of small cell carcinoma are 

missing (13,14). Typically, the tumor cells have vesicular nuclei, prominent nucleoli, and 

abundant eosinophilic cytoplasm (Figure 13 and Figure 14). Because of the so-called null 

phenotype of large cell carcinomas, it is not appropriate to apply that term to cytology 

specimens and small endoscopic biopsies. In these cases, the term “non-small cell lung 

cancer, not otherwise specified” is recommended (13,14). The incidence of large cell 

carcinomas has apparently decreased, since several entities, formerly classified as large cell 

carcinoma, were reclassified with the help of immunohistochemistry (e.g. TTF-1 expression 

for adenocarcinoma, p40 expression for squamous cell carcinoma, chromogranin and 

synaptophysin expression for neuroendocrine carcinoma) (13,14). 

 

Figure 13: Low power view of a large cell carcinoma; HE-
staining; Scale bar 400 µm 

Figure 14: High power view of a large cell carcinoma; 
HE-staining; Scale bar 20 µm 
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Pleomorphic, spindle cell, and giant cell carcinomas together comprise less than 1% of all 

lung cancers and are associated with a poor prognosis (22). Pleomorphic carcinoma is a 

NSCLC with poor differentiation that contains spindle and/or giant cells (at least 10%). 

Spindle cell carcinoma consists almost entirely of epithelial spindle cells, whereas giant cell 

carcinoma consists of an almost pure population of tumor giant cells. Both spindle cell and 

giant cell carcinoma have no differentiated carcinomatous elements (13,14). 

 

Neuroendocrine tumors include several tumor types which share neuroendocrine features. 

These subtypes are small cell lung carcinoma (SCLC), large cell neuroendocrine carcinoma 

(LCNEC), typical carcinoid, and atypical carcinoid. In general, SCLC and LCNEC have 

more necrosis and a much higher mitotic rate compared to pulmonary carcinoids (13,14,23). 

 

Small cell lung carcinomas (SCLC) comprise around 13% of all pulmonary carcinomas, and 

are in almost all cases associated with smoking, hence extremely rare in persons who have 

never smoked (13,14). Histologically, they consist of cells with scant cytoplasm, poorly 

defined cell borders, absent or unobtrusive nucleoli, and finely dispersed granular nuclear 

chromatin. The cells are round, oval, or spindle-shaped, and the size of cells can be compared 

to the size of three resting lymphocyte nuclei. Typically, the mitotic count is high and 

necrosis is extensive (Figure 15 and Figure 16). In most cases small cell carcinomas express 

neuroendocrine markers like CD56, chromogranin or synaptophysin (13,14). There are 

several molecular abnormalities associated with SCLC, including amplification of the MYC 

and MAD1L1 gene, as well as extensive and multiple site deletions in chromosome 3p. 

These 3p sites contain many tumor suppressor genes: FHIT, RASSF1, FUS1, VHL, and 

DUTT1, among others. SCLC has a very poor prognosis, with a 2-year survival rate of only 

10%. (13) 
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Figure 15: Low power view of a small-cell lung carcinoma 
with widespread necrotic areas; HE-staining; Scale bar 
400 µm 

Figure 16: High power view of a small-cell lung 
carcinoma consisting of typical tumor cells with scant 
cytoplasm; HE-staining; Scale bar 40 µm 

 

 

Large cell neuroendocrine carcinoma (LCNEC) is defined as a NSCLC that expresses at 

least one neuroendocrine marker and shows histological features of neuroendocrine 

morphology. As it is strongly related to smoking, more than 90% of these tumors occur in 

heavy smokers. In general, LCNEC is considered to be a high-grade tumor. Mostly it is 

located in the peripheral lung, although in 20% of cases a central location occurs (13,14). 

Histologically, LCNEC shows rosette-like structures, peripheral palisading, organoid 

nesting, and trabecular growth. The tumor cells have moderate to abundant cytoplasm and 

are generally large with often prominent nucleoli. LCNEC exhibits a very high mutation rate 

as compared to other carcinomas of the lung (13,14). In terms of prognosis no differences 

between SCLC and LCNEC have been described. Because of the low incidence of this 

subtype, there is little information about specific prognostic or predictive markers (13,14). 

 

Carcinoid tumors can be subdivided into typical and atypical carcinoids, which are, 

according to the recent WHO classification, defined as follows: Typical carcinoids have < 2 

mitoses per 2 mm², lack necrosis, and measure ≥ 0.5 cm in size. Atypical carcinoids have 2-

10 mitoses per 2 mm² and/or foci of necrosis. Relative to the high grade LCNEC and SCLC, 

typical carcinoids and atypical carcinoids are low- to intermediate-grade subtypes of lung 

neuroendocrine tumors, respectively (13,14). Patients with carcinoid tumors have a better 

prognosis and are usually younger than patients with other pulmonary neuroendocrine 
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tumors (23). Additionally, both carcinoid subtypes have very few genetic abnormalities 

compared with SCLC and LCNEC (24). Carcinoid tumors account for <1% of all lung 

cancers and occur more often in people who are female, white, or aged < 60 years. 

Interestingly, typical carcinoids are, in contrast to atypical carcinoids, not related to smoking 

(13,14). 
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1.1.3 Pathogenesis and molecular aspects 

 

In many organs, including the lung, it has been demonstrated that cancer develops through 

a series of progressive lesions, which are typically called precursor or preneoplastic lesions. 

This multistep tumorigenesis corresponds with the accumulation of genetic and epigenetic 

changes (25,26). However, there are also studies suggesting that not a multistep, but rather 

a direct linear process is responsible for the development of malignant lung tumors (27,28). 

In fact, both above mentioned concepts could be compatible with each other, as different 

lung cancer subtypes presumably develop through different molecular pathways. The latter 

is substantiated by the variety of the different lung cancer subtypes regarding their cell of 

origin and anatomical location. For example, adenocarcinomas arise from small bronchi, 

bronchioles or alveolar epithelial cells and are typically located peripherally, whereas 

squamous cell carcinomas and SCLCs develop from the major bronchi and are located 

centrally in most cases (29). Therefore, the mechanisms of carcinogenesis will be discussed 

in the following for the three most common lung cancer subtypes separately: 

 

In adenocarcinoma, the two most important signaling pathways involved in carcinogenesis 

are the epidermal growth factor receptor (EGFR) and Kirsten rat sarcoma viral oncogene 

(KRAS) pathways. Mutations in KRAS are associated with positive smoking status, whereas 

EGFR-mutations are linked to negative smoking status, East Asian ethnicity, and female 

gender (30–32). Atypical adenomatous hyperplasia most likely represents a preneoplastic 

lesion in the development of lung adenocarcinoma, as both entities share certain molecular 

alterations (33). For example, it could be demonstrated that up to 40% of atypical 

adenomatous hyperplasia lesions show KRAS mutations (34). Furthermore, atypical 

adenomatous hyperplasias express high levels of thyroid transcription factor 1 (TTF-1), a 

factor physiologically expressed in the lung periphery and terminal bronchioles, but also in 

the developing lung, where it is important for morphogenesis (35). In adenocarcinomas, the 

TTF-1 gene is often amplified, suggesting an oncogenic role of TTF-1 in this lung cancer 

subtype (36). 
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Squamous cell carcinomas develop through well-known precursor lesions: As a consequence 

of chronic tobacco smoke exposure, basal cells in the large airways give rise to metaplastic 

and dysplastic squamous cells. This process results in squamous cell dysplasia and 

carcinoma in situ (37). It has been demonstrated that these lesions show several molecular 

specificities. One such example is CDKN2A (p16), which acts as a tumor suppressor and is, 

by promoter region hypermethylation, inactivated in many tumor types. DNA methylation 

of CDKN2A is found in pulmonary squamous preinvasive lesions with, depending on 

histopathologic progression, increasing frequencies (17 % in basal cell hyperplasia, 24% in 

squamous metaplasia; 50% in carcinoma in situ) (38). Furthermore, the gene expression of 

vascular endothelial growth factor (VEGF) and its receptor (VEGFR) is, compared with 

normal bronchial epithelia, increased in squamous dysplastic lesions (39). The latter finding 

is consistent with a general principle of carcinogenesis: Tumor cells promote angiogenesis 

in response to a lack of oxygen supply, which in turn leads to an increase in vascular density 

(16). It has been demonstrated that SOX2, an oncogene that promotes survival and fosters 

the growth of tumor cells, is amplified in squamous cell carcinoma (40). At the protein 

expression level, it has been shown that SOX2 is completely absent in all phases of 

pulmonary adenocarcinoma pathogenesis, but is highly expressed in squamous cell 

carcinomas and in preinvasive squamous lesions of the lung (41). As on chromosome region 

3q an amplification of SOX2 is only present in high-grade bronchial dysplasias but not in 

low-grade lesions, it can probably be assumed that SOX2 gets upregulated during 

pathogenesis of pulmonary squamous cell carcinoma (42). However, the earliest alterations 

in the sequence of squamous cell carcinoma pathogenesis already occur in normal-appearing 

bronchial epithelia, where allelic losses were described in several chromosome sites (3p12, 

3p14, 3p21, 3p22-24, and 9p21) (43). 

 

In SCLC, activation of the hedgehog pathway seems to play an important role in 

pathogenesis. As this signaling pathway is also required for normal lung development, it has 

been proposed that some types of SCLC might recapitulate some events of this physiological 

process (44). Further described genomic alterations in SCLC are amplifications in the 

FGFR1 oncogene, inactivation of TP53 and RB1, and mutations in PTEN, SLIT2, EPHA7, 

but also in the histone modifiers EP300, MLL, and CREBBP. Therefore, the authors of the 

mentioned study propose that histone modification is a major feature of SCLC (45). 
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In summary, recent developments in multiplex gene expression analysis and next-generation 

sequencing (NGS) technology provided many new insights into the molecular pathogenesis 

of lung cancer, some of which are already used in diagnosis and therapy. As a result, the 

current WHO classification of lung tumors incorporated some of these aspects in their 

molecular testing recommendations for treatment selection in lung cancer (46). However, in 

contrast to studies in malignant lung tumors, similar NGS studies in premalignant lung 

tissues have been very limited. Such studies would, according to a recent article by Kadara 

and colleagues (47), provide valuable insights into the earliest events that drive the 

pathogenesis of lung cancer and may also have implications for early detection and 

prevention efforts.  
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1.1.4 Diagnostic approach 

 

In general, there are three possibilities how lung cancer can initially be found in a patient: 

incidentally in chest imaging, within a screening program, or because of occurring symptoms 

(48). 

 

The symptoms of lung cancer can be classified according to tumor spread: Symptoms due 

to the location of the primary tumor in the lung comprise cough, dyspnea, haemoptysis, and 

wheezing. Symptoms due to local invasion or compression of adjacent structures are chest 

pain (resulting of pleural, chest wall, or mediastinal invasion), hoarseness (left recurrent 

laryngeal nerve), dysphagia, stridor, diaphragmatic paralysis (phrenic nerve), superior vena 

cava syndrome, or Pancoast syndrome (upper extremity muscle wasting, Horner, and 

shoulder pain). Symptoms as a result of distant metastasis include organ-specific symptoms 

of the brain, bone, liver, and adrenal gland. Constitutional symptoms (loss of appetite, weight 

loss, fatigue, and malaise) also belong to this category. Furthermore, in 10% of lung cancer 

patients, symptoms of a paraneoplastic syndrome occur: they comprise endocrine (e.g. 

hyponatraemia), musculoskeletal (e.g. hypertrophic osteoarthropathy), neurological (e.g. 

Lambert-Eaton myasthenia), haematological (e.g. anaemia), and dermatological (e.g. 

pruritus) symptoms (48,49). 

 

In chest imaging, a pulmonary lesion is often found incidentally and without any 

accompanying symptoms. In most cases these lesions can be characterized as a non-calcified 

solitary pulmonary nodule (SPN). A SPN is defined as a solitary radiographic opacity with 

a diameter less than 3 cm on chest computed tomography (CT) scan. Furthermore, a SPN is 

not associated with intrathoracic lymph nodes or a pleural effusion and, with at least two 

thirds of its margins, is surrounded by normal lung parenchyma. If an SPN is detected, the 

further clinical evaluation is dependent on the appearance and size of the lesion, but also on 

the calculation of the pretest probability of malignancy. The latter is based on size, margin, 

cancer and smoking history, age, and location of the lesion. The combination of these 

parameters determines the further management of the nodule, e.g. follow-up CT or invasive 

procedures (48,50). 
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To date, the disease stage is the most important prognostic factor in lung cancer. 

Consequently, an adequate Tumor-Node-Metastasis (TNM) staging should be performed. 

Staging of lung cancer involves different imaging and endoscopic techniques: white light 

videobronchoscopy and autofluorescence bronchoscopy, CT scan (of chest and upper 

abdomen), cranial MRI (in Stage IB-III lung cancer), PET (complementary to CT; also 

integrated PET-CT available), and endosonography (48,49). 

 

For an accurate pathological testing, clinicians must obtain tissue of sufficient quantity and 

quality from an appropriate tumor site. To achieve that in lung cancer, there are currently 

three main methods used: endoscopic biopsy, image-guided percutaneous core needle 

biopsy, and surgical biopsy. For endoscopic biopsy, many variants are available: 

endobronchial biopsy (forceps biopsy or cryobiopsy), transbronchial lung biopsy with or 

without guidance by radial endobronchial ultrasound (EBUS) miniprobe, EBUS-controlled 

transbronchial needle biopsy, oesophageal-guided fine needle aspiration, and 

thoracocentesis/ medical pleuroscopy. The image-guided (mostly CT- or ultrasound-guided) 

percutaneous core needle biopsy is used to obtain tissue from supraclavicular lymph nodes, 

from parenchymal or pleural nodes/masses and from liver or adrenal metastases. Video 

assisted thoracoscopy (VATS), a variant of surgical biopsy, is mainly used for diagnostic 

wedge resections and for the sampling of lymph nodes. Other variants of surgical biopsies 

comprise cervical mediastinoscopy and parasternotomy. Of all these techniques, the optimal 

one for the respective patient must be chosen. This decision should be based on the 

invasiveness and risk of a procedure, on the anticipated diagnostic yield and accuracy, on 

the accessibility of the respective site, and on the available local expertise (48,49). 
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1.1.5 Treatment of non-small cell lung cancer 

 

Surgery in stage I and II NSCLC without mediastinal lymph node involvement includes the 

complete radical resection of the primary tumor. Additionally, a systematic mediastinal 

lymphadenectomy should be performed, as intraoperative staging becomes more precise. 

There are, depending on the functional status of the patient, several surgical principles to 

achieve the radical resection. They comprise sublobar resection, lobectomy, bilobectomy, 

and pneumonectomy. However, the role of sublobar resection, anatomical segmentectomy, 

or wide-wedge resection for early lung cancer is a subject of debate. The standard surgical 

treatment, at least for all tumors >2 cm and for tumors <2 cm that have a solid appearance 

on CT scan, is lobectomy with mediastinal lymph node dissection. After lobectomy, the 

morbidity rates vary from 3-6%. In these cases, prolonged air leak, recurrent nerve palsy, 

chylothorax, and bleeding are the typical complications. The most common approach to 

perform a lobectomy is via muscle-sparing anterolateral thoracotomy and is called open 

lobectomy. In contrast, video-assisted thoracoscopic surgery (VATS) lobectomy is a 

minimal-invasive procedure. VATS lobectomy for early-stage NSCLC is, in comparison to 

open lobectomy, associated with fewer postoperative complications, less postoperative pain, 

and a decreased length of hospital stay. Furthermore, the 5-year survival rate in stage IA 

NSCLC is near 80% both in open lobectomy and in VATS, indicating a similar clinical 

outcome with both procedures. However, it is recommended that patients should, in order to 

exclude locally advanced disease, undergo an accurate preoperative work-up, and that VATS 

lobectomy should only be performed at experienced centers (51). Another surgical 

technique, although restricted to centrally located tumors, is parenchyma-sparing sleeve 

resection. This technique can be performed to avoid pneumonectomy, while having an 

oncological outcome that is comparable to pneumonectomy or standard lobectomy (51).  

 

In contrast to the clear-cut recommendations for surgery in Stage I and II NSCLC, the 

surgical treatment in stage III depends on the subclassification of the tumor. The latter 

comprises locally advanced primary tumors (T3N1, T4N0-1) and N2-positive NSCLC. In 

T3N1 and T4N0-1, radical resection can mostly be achieved. For patients who are not 

eligible for radical resection, an induction treatment can be applied before surgery in order 

to “down-stage” the tumor. For N2-positive NSCLC, there are no general treatment 

protocols due to the lack of evidence. However, at least in some studies, patients with N2 

disease undergoing induction chemoradiotherapy and lobectomy had an improved 
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progression-free and overall survival compared to patients treated with chemoradiotherapy 

alone. Pneumonectomy can obtain favorable outcomes after induction chemoradiotherapy 

only, due to otherwise unusually high mortality, when performed at experienced centers (51). 

 

In stage IV NSCLC, resection of both the primary and metastatic sites can be performed in 

combination with chemotherapy. However, careful patient selection is important, as only 

those patients are eligible in whom a complete resection of the primary tumor and continuous 

control of the distant metastatic sites are possible (51). In the palliative setting of patients 

with NSCLC, malignant pleural effusion is a terminal condition diminishing quality of life. 

Pleurodesis is mostly the treatment of choice in the management of malignant pleural 

effusion, but requires multiple hospital admissions and interventions. However, the latter 

could be reduced with the development of tunneled pleural catheters (TPCs). After the initial 

placement of a TPC, which requires two small incisions, patients can get their further 

treatment in outpatient care (51). 

 

Radiotherapy is, in addition to surgery and drug treatment, a key modality in the treatment 

of lung cancer. It can be used both in the curative and in the palliative setting. In locally 

advanced NSCLC, concurrent radiotherapy and platinum-based chemotherapy is the 

standard of care in properly staged and fit patients. Typically, radiotherapy is delivered in 

doses of 2 Gy daily, with an overall dose in the range of 60-66 Gy. Side effects of 

radiotherapy comprise esophagitis, hematological toxicity, and radiation pneumonitis. 

Although the latter occurs in up to 30% of patients, it is very uncommon that those affected 

develop a fatal pneumonitis (52). 

 

Chemotherapy regimens in NSCLC are mostly platinum-based and used in combination with 

other chemotherapeutic drugs. It has been shown that different combinations of this 

treatment modality are equally effective in terms of overall survival (53). Despite some 

clinical benefit, it seems that this chemotherapy has reached a plateau in metastatic NSCLC. 

In recent years, several new targeted therapies (including tyrosine kinase inhibitors, TKIs) 

and immunotherapies (including checkpoint inhibitors) have been developed. The European 

Society for Medical Oncology has already incorporated these new treatment options in their 

current Clinical Practice Guidelines (54).  

EGFR TKIs currently comprise gefitinib, erlotinib, and afatinib. Compared with platinum-

based chemotherapy these treatments result in improved progression-free survival and 
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response rate, especially in patients harboring activating EGFR mutations. Furthermore, 

patients treated with EGFR TKIs showed a superior quality of life and a better tolerance of 

the applied drug (54). 

 

Crizotinib, an inhibitor of ALK, MET, and ROS1, is a very effective treatment option for 

patients harboring chromosomal rearrangements of ALK. However, due to the emergence 

of crizotinib resistance, the disease progresses in most patients within the first 12 months of 

treatment. These insights paved the way for the development of second-generation ALK 

inhibitors for crizotinib-resistant NSCLC. As ALK TKIs are now approved for first-line 

therapy, molecular testing should be performed in EGFR- and in ALK-genes simultaneously. 

In addition to second-generation ALK inhibitors, a number of alternative ALK inhibitors 

with broader activity against several mutated ALK genes are currently in clinical 

development (54,55). 

 

Pembrolizumab and nivolumab are both monoclonal antibodies against the PD-1 receptor. 

In Europe, pembrolizumab is indicated as monotherapy for the first-line treatment of 

metastatic NSCLC in adults whose tumors express PD-L1 (the ligand of the PD-1 receptor) 

with a ≥50% tumor proportion score (TPS). Also, no EGFR or ALK tumor mutations should 

be present in these cases. The indication for pembrolizumab as second-line treatment of 

NSCLC in Europe is defined as follows: Locally advanced or metastatic disease in adults 

whose tumors express PD-L1 with a ≥1% TPS and who have received at least one prior 

chemotherapy regimen. EGFR or ALK positive tumors should have been treated with 

targeted therapy before receiving this second-line treatment (56). Nivolumab is indicated in 

Europe as monotherapy for the treatment of locally advanced or metastatic NSCLC in adults 

who have received prior chemotherapy (57). PD-1 receptor inhibitors belong to the ever-

increasing group of immune checkpoint inhibitors. In general, immune checkpoints protect 

peripheral tissues from excessive immune responses and maintain self-tolerance. It is quite 

interesting that, despite lung cancer was historically seen as poorly immunogenic, NSCLC 

is now at the forefront of developments in cancer immunotherapy, a field considered to be 

the scientific breakthrough of the year 2013 (54,58). 
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1.2 The invasion-metastasis cascade 

 

About 90% of all cancer-associated deaths are not caused by the primary tumor, but rather 

by metastasis. The latter is a multi-step process, often called the invasion-metastasis cascade. 

After the formation of the primary tumor, cancer cells have to invade the surrounding tissues, 

intravasate into and survive within the circulatory system, extravasate through the vascular 

wall into distant tissues, build micrometastatic colonies, and proliferate there in order to 

establish detectable metastatic lesions (59). This sequence of events is described in the 

following chapters chronologically. 
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1.2.1 Invasion and Intravasation 

 

In the classical view (which will be further discussed and expanded later), the epithelial-

mesenchymal transition (EMT) is seen as the very first step in the dissemination of 

carcinoma cells. This cell-biological program leads to the loss of epithelial features and the 

acquisition of properties associated with mesenchymal cells, including enhanced migratory 

capacity and invasiveness. To confirm a successful EMT experimentally, changes in the 

expression of epithelial and mesenchymal markers can be measured. For the epithelial 

phenotype, the most commonly used markers comprise E-cadherin, occludins, and 

cytokeratins. In contrast, N-cadherin and vimentin are mostly used to confirm a 

mesenchymal phenotype. Several EMT-inducing transcription factors are known to be 

responsible for the coordination of this process, e.g. Snail, Slug, Twist, and Zeb1 (60). 

Traditionally, the induction of the metastatic cascade has been viewed as being a late event 

during tumor progression (61). However, some studies have shown that EMT occurs, at least 

in certain cases, even in preneoplastic lesions, indicating that EMT (and possibly cancer cell 

dissemination) is a relatively early event (62).  

 

After these first steps, the dissociated tumor cells invade the surrounding stroma and 

infiltrate vessels. Although both blood and lymphatic vessels can be invaded, it is presumed 

that draining lymph nodes represent dead ends for carcinoma cells. Therefore, the 

hematogenous transport of cancer cells is probably the main route of dissemination (63). 

Nonetheless, the spreading of tumor cells to draining lymph nodes is a valuable clinical 

parameter with prognostic relevance. For that reason, the histopathological regional lymph 

node status is well established in staging systems, including the TNM classification of 

malignant tumors (64). From a mechanistic point of view, it is likely that draining lymph 

nodes, although dead ends for cancer cells, function as surrogate markers that correlate with 

the extent of tumor cells disseminating into the blood circulation (63). 
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1.2.2 Circulation and Extravasation 

 

Circulating tumor cells (CTCs) interact with many cell types during their intravascular 

journey to distant tissues, including platelets and neutrophils: 

 

The association with platelets starts immediately after intravasation, because carcinoma cells 

express tissue factor on their cell membrane. This interaction can result in imbalances of the 

coagulation homeostasis, if many CTCs enter the circulation at the same time. Therefore, 

clotting symptoms, like disseminated intravascular coagulation, microthrombi, and 

pulmonary emboli, can occur in cancer patients (65). The contribution of platelets to the 

metastatic process is also highlighted by the fact that thrombocytopenia can have an anti-

metastatic effect, which has already been proven experimentally in 1968 (66). 

Correspondingly, in most tumor types, including lung cancer, a high platelet count is 

associated with a poor prognosis in patients (67). The biological mechanisms behind these 

clinical associations are not yet fully understood. Still, in mice depleted of NK cells, the pro-

metastatic effects of platelets are vanished. In the same study it was shown that thrombocytes 

can protect tumor cells from being eliminated by NK cells via deposition of fibrinogen and 

the formation of protective barriers around CTCs (68). This protection from NK-cells can 

not only be mediated by these mechanical shields but also by soluble factors, like TGF-ß 

(69). Another effect of platelets on tumor cells is the induction of EMT, which presumably 

facilitates the subsequent steps of metastasis (70).  

 

Neutrophils elicit, under specific conditions, inhibitory effects on metastasis. One of these 

conditions is the secretion of CCL2 by tumor cells, a molecule which influences neutrophils 

in a way that they prevent cancer cells from building metastatic colonies in the lungs. This 

is achieved by accumulation of CCL2-primed neutrophils in the circulation and the lungs 

even before the progression of metastasis. In contrast, neutrophils treated with G-CSF, 

instead of CCL-2, cannot prevent lung metastasis (71). However, neutrophils can also 

facilitate cancer progression via neutrophil extracellular traps (NET). NETs are extracellular 

neutrophil-derived DNA webs with the ability to trap invading pathogens during an immune 

response. It has been shown that NETs can capture CTCs and, probably, increase their 

intraluminal survival, their adherence to endothelial cells, and their capacity to extravasate. 

Since NETs are released in response to inflammatory cues, this finding also provides an 
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explanation for the observation that severe postsurgical infection is associated with an 

adverse oncologic outcome (72). A well-known mechanism of neutrophils to promote 

metastatic spread is also immunosuppression. For example, it has been demonstrated that 

neutrophils can inhibit NK cells in their function of eliminating tumor cells. This leads to a 

significant increase in the intraluminal survival time of CTCs and, hence, increases their 

chances of building metastatic colonies (73).  

 

For the extravasation of CTCs many different mechanisms have been described. One of them 

works via proliferation of carcinoma cells in the blood vessel lumen, leading to intraluminal 

tumor colonies. As these colonies continue to grow, they eventually rupture the vessel wall. 

This leads to direct access to the surrounding tissue, without the need to traverse the 

endothelial wall (74). Furthermore, it has been shown that tumor cell induced necroptosis 

(programmed necrosis) of endothelial cells can drive extravasation. This mechanism requires 

the interaction of the amyloid precursor protein on tumor cells with its receptor, death 

receptor 6 (DR-6), on endothelial cells. Therefore, it has been suggested that endothelial 

DR6-mediated necroptotic signaling pathways could be possible targets for anti-metastatic 

therapies (75). Platelets, in addition to their aforementioned interaction with CTCs, can also 

interact with endothelial cells and enable extravasation. In detail, tumor cell-activated 

platelets release adenine nucleotides which act on P2Y2 receptors of endothelial cells. This 

interaction induces the opening of the endothelial barrier and, consequently, allows 

transendothelial migration of tumor cells (76). 
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1.2.3 Colonization 

 

After cancer cells have successfully extravasated into a distant tissue parenchyma, they often 

get eliminated immediately or enter a state of dormancy. In the latter, small tumor cell 

clusters or single tumor cells can persist for a very long time, sometimes even for years. This 

inefficiency to colonize distant organs after extravasation is principally determined by two 

distinct aspects of cell growth: failure of solitary cells to initiate growth, and failure of early 

micrometastases to continue growth into macroscopic tumors (77). The insufficiency in 

growth of disseminated tumor cells can have two reasons: On the one hand, they suffer from 

the lack of extracellular signals which they received when they were still part of the primary 

tumor in the tissue of origin. On the other hand, the tissue microenvironment in their new 

destination site is also rich of foreign signaling molecules which can initiate different 

responses, including a state of dormancy, in the disseminated tumor cells (78). For example, 

the extracellular matrix seems to play an important role in initiating dormancy programs, but 

also in providing mitogenic signals for the newly arrived tumor cells. In the lung, it was 

shown that the ability of disseminated tumor cells to interact with the matrix is dependent 

on the formation of filopodium-like protrusions that are coated with integrin ß1. In the 

absence of the latter, tumor cells fail to get proliferative signals from the extracellular matrix 

and, consequently, enter a dormancy state (79). Although the microenvironment provides 

many more dormancy-inducing factors, including TGF-ß2 in head-and-neck cancer (80) or 

BMP7 in prostate cancer (81), it seems that many of them activate the p38 MAPK pathway. 

This activation, in combination with missing mitogenic signals, leads to disseminated tumor 

cells with low ERK, and high p38 expression. The latter expression profile arrests cancer 

cells in the G0/G1 cell cycle phases, which are, in turn, associated with the state of tumor 

cell dormancy (82).  

 

The founding of metastatic colonies relies on cells with the property of tumor initiation. 

Presumably, cancer stem cells (CSC) have this ability and are therefore the main drivers of 

colonization. In breast cancer, for example, it has been shown that CSCs are responsible for 

the initiation of lung metastasis. In the same study, enhanced Wnt signaling has been 

identified to be the major factor contributing to the maintenance of this stem cell population 

(83). Interestingly, activation of the previously mentioned EMT program can not only 

initiate mesenchymal traits, but also the expression of characteristic stem cell markers in 

carcinoma cells (84).  
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Taken together, these two mentioned studies provide evidence that there is probably a direct 

link between the EMT, the gain of stem cell properties, and the founding of metastatic 

colonies. However, comparing carcinoma metastases and their corresponding primary 

tumors, there are often similar histopathological patterns, including epithelial features, 

present in both tumor locations. These morphological findings seem to be incompatible with 

the idea that the EMT is a prerequisite to the founding of metastatic colonies. This paradox 

probably can be resolved by a mechanism that reverses the EMT after dissemination, which, 

consequently, is called Mesenchymal-Epithelial-Transition (MET). The MET restores most 

of the epithelial properties that were lost during the EMT, including cell-cell adhesions. 

Hence, this process provides an explanation for the complex multicellular growth patterns 

of metastatic lesions that can be observed during histopathological examinations (85). 

 

From a mechanistic point of view, disseminated cancer cells must fulfill two requirements 

to build metastatic colonies. Apart from the above discussed ability to initiate tumor growth, 

which is attributed to CSCs, they also have to thrive in the microenvironment of the 

metastatic site. Basically, this idea has already been suggested in 1889 by Paget with his 

“seed and soil” hypothesis. There he stated that different types of tumor cells are distinct in 

their ability to build metastatic lesions in different types of tissue microenvironment:  

 

(…) every single cancer cell must be regarded as an organism, alive and capable of 

development. When a plant goes to seed, its seeds are carried in all directions; but 

they can only live and grow if they fall on congenial soil (86). 

 

However, there have been, and still are, hypotheses claiming that tumor cells arrest 

nonspecifically in the first organ which they encounter after following the circulatory route 

from the primary tumor. For example, the liver is a common site of metastases for 

gastrointestinal tumors because of the portal venous system, which represents a unique 

venous drainage. Presumably, both the “seed and soil” and the anatomical/drainage 

hypotheses can coexist, as they do not have to be mutually exclusive and, furthermore, as it 

depends on the tumor type which of these mechanisms are predominant (87). 
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1.2.4 Emerging principles 

 

In summary, all the above discussed mechanisms of the metastatic cascade are quite complex 

and sometimes contradictory. For that reason, Lambert et al recently suggested, referring to 

the famous “hallmarks of cancer” (61), a number of emerging biological principles of 

metastasis (88):  

 

1) Metastasis occurs mainly through a sequential, multi-step process: the invasion-

metastasis cascade. 

 

2) Primary tumor cells, especially in carcinomas, accomplish most of the steps involved 

in the dissemination process by the help of an EMT. 

 

3) During their transit through the circulatory system, metastasizing carcinoma cells 

experience many interactions with other blood components. These interactions 

influence the fate of the disseminating tumor cells. 

 

4) Once disseminated, cancer cells must escape the attacks of immune cells. 

Furthermore, they have to subvert the state of dormancy, which is imposed by 

specific cellular programs. 

 

5) The dissemination of cancer stem cells is a prerequisite of active metastatic 

colonization, because only this cell type can reinitiate tumor growth at distant sites. 

Additionally, the disseminated tumor cells or their progeny must have the ability to 

assemble colonization programs, which are organ-specific and adaptive. 

Furthermore, successful metastatic colonization depends on the establishment of a 

microenvironment that is advantageous to metastasis.  
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1.2.5 Approaches to study invasion and metastasis 

 

Many of the recent advances in our understanding of the mechanisms leading to metastatic 

disease have their origin in the multiple experimental techniques which are available today. 

For example, the processes of collective invasion (an alternative mode of invasion, as 

opposed to single-cell invasion), can be studied both in vitro and in vivo by a variety of 

methods. In vitro, 2D and 3D time-lapse microscopy are the primary methods for monitoring 

collective cell migration. In 2D assays, the migration of confluent cells across a flat surface 

is studied, whereas in 3D assays also vertical migration across a 3D extracellular matrix 

scaffold can be observed. In vivo, collective invasion can be studied, for example, by 

intravital microscopy of tumor cells, by animal models, or by standard histological/ 

immunohistochemical analyses. The latter analyses can determine the extent of invasion and 

the presence of cell-cell junctions in migrating tumor cells. Additionally, the results of 

histological and immunohistochemical studies can be correlated with human pathology data. 

However, there is debate about whether in static 2D sections (without 3D reconstruction) 

cell groups disseminating as a cohort can be distinguished from single cells that subsequently 

proliferated (89,90). Furthermore, tumor cell budding, defined as the presence of small 

isolated tumor nests composed of less than 5 tumor cells in the stroma of the invasive tumor 

edge (91), cannot be reliably evaluated in 2D sections. A possible solution to overcome these 

limitations in 2D sections could be the use of already intravasated tumor cell clusters as a 

sign of successful collective invasion. 

 

Migration and metastasis of tumor cells are regulated by a plethora of molecules. Using these 

molecules as markers and assessing their expression during the process of invasion could 

provide novel insights into the involved biological mechanisms. In the following, molecules 

related to these processes are described in terms of their physiological function, as well as 

in their (presumed) role in migration and metastasis. 

  



44 
 

Twist, ZEB, Snail, and Slug are transcription factors which are upregulated after the 

initiation of an EMT. These transcription factors decrease the expression of E-cadherin and 

increase the expression of vimentin and N-cadherin (92). Transforming growth factor-beta 

(TGF-ß) is a cytokine that has been described as a strong inducer of EMT (93). 

 

E-Cadherin and N-Cadherin are transmembrane glycoproteins that mediate cell-cell-

adhesion. Physiologically, they play important roles in tissue morphogenesis and 

homeostasis (94). However, cadherins are also involved in cancer progression. It has been 

shown in several tumor types that a switch from E-Cadherin to N-Cadherin expression is 

indicative of an EMT (95). Furthermore, E-Cadherin negatively regulates cell proliferation 

and migration in NSCLC via downregulation of RhoA or Cdc42 (96). In accordance with 

this finding, high expression of E-cadherin is positively correlated with the survival of 

NSCLC patients (97) . 

 

Vimentin belongs to the protein family of intermediate filaments. Physiologically, vimentin 

is expressed predominantly in mesenchymal cells, while an overexpression has also been 

described in many epithelial cancers (98). In this context, vimentin is regarded as a marker 

for a successful EMT (60). In the normal adult bronchial epithelium, its expression is limited 

to basal and columnar cells (99). In NSCLC, vimentin is widely expressed in tumor cells 

(100) and correlates with poor survival of patients (97).  

 

Brk, mad, rack1, and sax are genes recently described to be related to border cell migration 

in drosophila melanogaster. As drosophila border cells migrate predominantly via collective 

cell migration, they provide a powerful model to study also the process of human collective 

cancer cell invasion (101). 

 

Rab40B and Tks5 were both described to be involved in the formation of invadopodia (102–

104). Invadopodia (present in cancer cells) and podosomes (present in normal cells) are 

dynamic protrusions of the plasma membrane. As both structures share major biological 

features (e.g. the ability to degrade and remodel the extracellular matrix), they are sometimes 

collectively called “invadosomes” (105).  
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Fascin1 regulates the stability and maintenance of filamentous actin bundles and is involved 

in many cellular mechanisms, including cell adhesion, migration, and invasion (106). It is 

expressed mainly in neuronal cells, smooth muscle cells, endothelial cells, fibroblasts, and, 

interestingly, also in motile embryonic cells. In contrast, there is only a low expression or 

even an absence of fascin1 in normal epithelial tissue (107). In malignant epithelial tissue, 

however, fascin1 is often highly expressed. In this context, fascin1 has been described as a 

prognostic marker in colorectal, esophageal, breast, and head and neck squamous cell 

carcinomas (108). Presumably, fascin1 promotes the invasion of tumor cells via stabilization 

of actin bundles in invadopodia (109). 

 

ERK1 and ERK2 are part of the Ras-Raf-MEK-ERK signaling pathway. This pathway is 

involved in the regulation of many cellular processes, including cell migration, proliferation, 

differentiation, and cell adhesion. ERK1 and ERK2 get activated via phosphorylation of both 

tyrosine and threonine. Activated ERK1/2 catalyzes the phosphorylation of nuclear 

transcription factors, which requires the translocation of ERK1/2 into the nucleus (110). 

About one-third of all human cancers show an increased activity of the Ras-Raf-MEK-ERK 

cascade (110), including NSCLC (111). Phospholipase C gamma (PLCγ) is an important 

factor especially during development, for example as a downstream signaling molecule of 

the VEGF-receptor during development of arterial vessels (112). Furthermore, PLCγ 

probably has a major role in integrin-mediated cell motility processes (113). An association 

of PLC γ with cancer cell invasion has also been described (114). 

 

RhoA and CdC42 both belong to the family of Rho GTPases. When bound to GTP, this 

protein family is active, and when bound to GDP, it is inactive. Rho GTPases are essential 

for many cellular mechanisms, including both single and collective cell migration (115). In 

cancer, both RhoA (116) and CdC42 (117) seem to be pro-tumorigenic. This is in accordance 

with results of the above mentioned study in NSCLC, which links E-Cadherin with RhoA 

and CdC42 (96). 

 

Connexins are the essential part of gap junctions (cell-cell contacts) and hemichannels (cell-

ECM contacts). Therefore, they are very important for all kinds of biological processes 

which involve intercellular communication, both in health and disease (118). In cancer 

progression, connexins have a mostly tumor suppressive role in early stages, and a mostly 
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tumor promotive role in advanced stages. However, these general principles do not always 

apply, as there are 21 different connexins in the human genome (118). More specifically, it 

has been suggested that connexin43 is probably a marker of tumor vasculature and 

micrometastases (119). In NSCLC, overexpression of connexin43 has been shown to reverse 

EMT and cisplatin resistance (120). 

 

Chemokines are cytokines that mediate cell migration in a directed (chemotactic) way. The 

term chemokine (chemotactic cytokine) derives from these two characteristics. Chemokines 

bind to G-protein coupled receptors and can be classified into the following subgroups: 

CXC, CC, CX3C, and C chemokines (121).  The function of chemokines is best understood 

in leukocytes, where they regulate different steps of the immune response, including cell 

trafficking (122). It is estimated that there are about 50 different chemokines and 20 different 

chemokine receptors in humans (123). Many of them have been described to play an 

important role in the pathogenesis of cancer, including metastasis (123). For example, 

CXCR1 and its ligand CXCL8 (also known as IL8) are involved in the induction of EMT in 

carcinoma cells (124). For CXCR2, it has been demonstrated that its expression on tumor 

cells promotes the invasion-metastasis cascade and is a poor prognostic factor in NSCLC 

(125). Furthermore, CXCR2 is probably implicated in the process of inflammation-driven 

tumorigenesis (126). CXCR4 is overexpressed in at least 23 different human cancer types 

and contributes to many steps of tumor progression, including invasion and metastasis (127). 

In NSCLC, a high expression of CXCR4 is associated with a worse overall survival (128) 

and with brain-specific metastasis (129). 

 

SMARCA4/BRG1 is a key factor in SWI/SNF chromatin remodeling complexes. The latter 

can modulate chromatin structure and are involved in a plethora of cellular processes, such 

as DNA repair, cell cycle control, and differentiation. Taken together, SWI/SNF chromatin 

remodeling complexes are mutated in 20% of all human cancers (130). In NSCLC, 

SMARCA4 inactivation alters nucleosome positioning and is associated with a higher 

aggressiveness of the tumor (131). However, it has also been shown that SMARCA4 

deficiency in NSCLC correlates with a differentiated histological phenotype (132) and with 

an increased sensitivity to platinum-based chemotherapy (133). 
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2 AIM OF THE PRESENT STUDY 

 

Histopathological findings question the current doctrine that an EMT is indispensable for 

invasion and metastasis: Instead of migrating as separated single cells, which would be the 

logical consequence of a complete EMT-program, carcinomas rather move as multicellular 

complexes. In lung malignancies, this collective way of migration seems to be most 

frequently occurring in adenocarcinomas, squamous cell carcinomas, and large cell 

carcinomas. Despite the commonness of collective cell migration in cancer, relatively little 

is known about the actual mechanisms behind these morphological findings. 

 

Therefore, the aim of our retrospective study was to further examine this mode of cell 

migration in NSCLC patient samples by immunohistochemistry. More specifically, we 

wanted to evaluate the expression and distribution of classical EMT-markers and of other 

molecules associated with migration and metastasis.  
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3 MATERIALS AND METHODS 

 

To achieve the above-mentioned study aim, we used tissue specimens from 558 NSCLC 

patients (30 for the study set and 528 for the validation set). All patients gave their written 

informed consent. Our study was approved by the ethics committee of the Medical 

University of Graz (No. 24-135). 

 
 

3.1 Study set 

 

3.1.1 Tissue acquisition and selection criteria 

 

All selected histopathological cases of the study set were obtained from NSCLC patients 

who had undergone thoracic surgery between 2011 and 2012. Depending on the performance 

status of the respective patient, sublobar resection, lobectomy, bilobectomy, or 

pneumonectomy had been performed. The resulting surgical specimens had been processed, 

fixed in 4% neutral-buffered formalin, and paraffin-embedded according to the standard 

protocols of the Institute of Pathology, Medical University of Graz. Subsequently, the 

formalin-fixed, paraffin-embedded (FFPE) tumor tissue samples had been stored at the Lung 

Archive of the same institution. 

 

At the beginning of our study, 30 cases of NSCLC with clear vascular invasion were 

retrieved from the Lung Archive. To avoid a staining bias later on, the selected FFPE tissue 

samples had to have the central tumor, the invasion front (to lung or pleura), and the vascular 

invasion site on the same tissue slide. To verify these morphological criteria, 4 µm thick 

sections of the FFPE blocks were deparaffinized with xylol, dehydrated via a graded ethanol 

series of increasing ethanol concentrations, and stained with Hematoxylin-Eosin (H&E). 

These steps were carried out by qualified technicians of the Laboratory of Histology at the 

Institute of Pathology, Medical University of Graz. The H&E tissue sections were evaluated 

by Prof. Dr. Helmut H. Popper and only those 30 cases that have met the above-mentioned 

criteria were included in the study set. 
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3.1.2 Study population 

 

The 30 selected cases (patient characteristics are shown in Table 1) comprised 17 

adenocarcinomas (56.7%), eight squamous cell carcinomas (26.7%), and two large cell 

carcinomas (6.7%). Three cases (10.0%) had an ambiguous histopathological diagnosis and 

were classified as mixed types of NSCLC. The population of the study set had a median age 

of 65 years (range of 47-73). In terms of gender distribution, the 30 cases consisted of 9 

women (30.0%) and 21 men (70.0%). In 29 cases (96.7%) the smoking status was known 

and showed a clear preponderance of current- or ex-smokers (together 83.3%). Only four 

patients (13.3%) had no smoking history at all. Due to our selection criteria, all cases of the 

study set were characterized by vascular invasion (V1). Further histopathological details 

about tumor size (T), lymph node metastases (N), and grading (G) are provided in Table 1.  

 

Table 1: Patient characteristics of the study set (n = 30) at the time of surgery / pathological diagnosis 

Characteristic Categories N (%) 

Age Median 65 

 Range 47-73 

Gender Female 9 (30.0%) 

 Male 21 (70.0%) 

Smoking status Current-smoker 13 (43.3%) 

 Ex-smoker 12 (40.0%) 

 Never-smoker 

No data available 

4 (13.3%) 

1 (3.3%) 

Histological type Adenocarcinoma 17 (56.7%) 

 Squamous cell carcinoma 8 (26.7%) 

 Large cell carcinoma 

Others (e.g. mixed types) 

2 (6.7%) 

3 (10.0%) 

Tumor size T1a 

T1b 

T2a 

1 (3.3%) 

3 (10.0%) 

15 (50.0%) 

 T2b 7 (23.3%) 

 T3 4 (13.3%) 
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Lymph node metastases N0 12 (40.0%) 

 N1 15 (50.0%) 

 N2 2 (6.6%) 

 NX 1 (3.3%) 

Vascular invasion V0 

V1 

0 (0%) 

30 (100%) 

Grading G1/G2 1 (3.3%) 

 G2 8 (26.7%) 

 G2/G3 7 (23.3%) 

 G3 14 (46.7%) 

   

 

 

3.1.3 Sample preparation and immunohistochemical staining 

 

To immunohistochemically evaluate the 30 selected cases, 4 µm thick sections of the FFPE 

blocks were deparaffinized with xylol and dehydrated via a graded ethanol series of 

increasing ethanol concentrations. Depending on the used antibody, the tissue sections were 

pretreated with different antigen retrieval protocols. In Table 2 (chapter 3.3 “Primary 

Antibodies”), the pretreatment procedures for all used antibodies are summarized.  

 

The selection of the used antibodies was based on a literature search for molecules that are 

related to cell migration and invasion. Consequently, 30 purchased antibodies were 

incubated with the individually pretreated tissue sections in accordance with the standard 

protocols of the Institute of Pathology, Medical University of Graz, and with the 

specifications of the respective manufacturers. Each of the 30 used antibodies is listed in 

Table 2 with details about the manufacturer, dilution, pretreatment, and detection.  

 

The tissue sections as well as the immunohistochemical staining procedures and controls 

were carried out by BMA Sylvia Eidenhammer, Laboratory of Immunohistochemistry, 

Institute of Pathology, Medical University of Graz. 
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3.1.4 Interpretation of immunohistochemical staining 

 

In the study set, all 30 markers were evaluated in terms of their staining pattern, intensity, 

extent, and, according to the above described selection criteria, distribution. Because of the 

latter, we could compare the expression profile of each marker between the tumor center, 

the invasion front, and the vascular invasion site. The criteria for staining positivity and 

staining intensity were established by an experienced pulmonary pathologist, Prof. Dr. 

Helmut H. Popper. To be regarded as positive, at least 1% of the tumor cells had to be 

stained. 
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3.2 Validation set 

 

To avoid a selection bias and because the study set comprised only 30 cases, we validated 

the expression of the tested molecules in a larger cohort of NSCLC (n=528). We chose the 

tissue microarray (TMA) technology, because it allows the use of a single 

immunohistochemical staining protocol in a large patient cohort and therefore reduces 

staining variability. Also, the small amount of tissue that is needed for the preparation of 

TMAs makes this technique a good choice for precious pathological specimens (134–136).   

 

 

3.2.1 Tissue acquisition and selection criteria 

 

The 528 histopathological cases of the validation set were obtained from NSCLC patients 

who had undergone thoracic surgery between 1992 and 2012. The surgical and subsequent 

pathological approach was basically the same as in the cases of the study set. 

 

The selected cases of the validation set (325 cases of AC, 142 cases of SCC, and 61 cases of 

LC) were also retrieved from the Lung Archive at the Institute of Pathology, Medical 

University of Graz. In contrast to the rigorous selection criteria in the study set (central 

tumor, invasion front, and vascular invasion site all on the same tissue slide), the only 

prerequisite for inclusion in the validation set was a confirmed histopathological diagnosis 

of NSCLC. 

 

 

3.2.2 Tissue microarray preparation and immunohistochemical staining 

 

At least 3 cores of tumor tissue and 1 core of normal lung tissue (each with a diameter of 0.6 

mm) were punched from the same tissue block (donor block). Each core was subsequently 

assembled into another paraffin block (recipient block). For these steps, a manual TMA 

instrument (Beecher Instruments Inc, Sun Prairie, WI, USA) was used. Figure 17 and Figure 

18 show exemplary histological sections (both are IHC stainings for pERK) of a donor block 

and of a recipient block.  
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Figure 17: Histological section of a TMA donor block; 
IHC staining pERK; Scale bar 1000µm 

Figure 18: Histological section of a (partial) TMA 
recipient block; IHC staining pERK; Scale bar 1000µm 

 

 

From these TMA donor blocks, 4 µm thick sections were cut. These sections were then 

deparaffinized, dehydrated, and pretreated for antigen retrieval using the same procedures 

as described above for the study set. 

 

In the validation set, immunohistochemistry was only performed for markers which showed 

differences in staining patterns between the central tumor part and the invasion sites 

(invasion front and/or vascular invasion) in the study set. Consequently, the markers 

Connexin43, Mad, Twist, Vimentin, PLCγ, Tks5, E-Cadherin, N-Cadherin, and pERK were 

included in the validation set. The incubation of these 9 antibodies with the pretreated TMA 

tissue sections was done in the same way as in the study set. In Table 2, each of the 9 used 

antibodies is listed with details about the manufacturer, dilution, pretreatment, and detection. 

 

The tissue microarray preparation and section, as well as the immunohistochemical staining 

procedures and controls were performed by BMA Sylvia Eidenhammer, Laboratory of 

Immunohistochemistry, Institute of Pathology, Medical University of Graz. 
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3.2.3 Interpretation of immunohistochemical staining 

 

To evaluate the expression profile of the 9 selected markers immunohistochemically, either 

the staining extent (for Connexin43, Mad, Twist, Vimentin, PLCγ, and Tks5) or the staining 

intensity (for E-Cadherin, N-Cadherin, and pERK) was assessed within the tumor tissue. For 

the staining extent, the percentage (0-100%) of positive tumor cells was assessed. All cases 

with a staining extent of at least 1% were defined as positive. For the assessment of the 

staining intensity, a scoring system (0-2) was used: 0 = no staining; 1 = weak to moderate 

staining; 2 = strong staining. All cases with a staining intensity score of 1 or 2 were defined 

as positive. In contrast to the study set, the staining distribution could not be evaluated in the 

validation set due to the spatial limitations of TMAs. Therefore, the expression profile of the 

respective marker could here not be compared between the tumor center, the invasion front, 

and the vascular invasion site. 
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3.3 Primary Antibodies 

 

Table 2: Overview of the tested molecules and the used antibodies. Dilution, pretreatment, and visualization 
procedures are also shown. 

Marker Company Dilution1 Pretreatment2 Visualization3 

Brk Biosource 1:200 CC1mild UV/DAB 

CdC42 Santa Cruz 1:50 MW 6.0 ENV/DAB 

Connexin43 Novusbio 1:500 CC1mild UV/DAB 

CXCR1 Abcam 1:200 MW 9.0 ENV/DAB 

CXCR2 Abcam 1:200 MW 9.0 ENV/DAB 

CXCR4  Abcam 1:500 WB 6.0 HRP/DAB 

E-Cadherin Dako rtu high pH Omnis Flex 

ERK1/2  Cellsignaling 1:100 MW Tris ENV/DAB 

FAK Abcam 1:1000 MW 6.0 ENV/DAB 

Fascin 1 Chem 1:500 MW 6.0 CM/AEC 

ILK Abcam 1:100 CC1mild UV/DAB 

Mad Novusbio 1:100 CC1mild UV/DAB 

N-Cadherin  Abcam 1:500 CC1mild UV/DAB 

PLC γ Abcam 1:100 MW 9.0 ENV/DAB 

Rab40B Proteintech 1:200 MW 6.0 ENV/DAB 

Rack1 Spring 1:100 CC1mild UV/DAB 

RhoA Abcam 1:200 MW 6.0 ENV/DAB 

SARI Novusbio 1:200 CC1mild UV/DAB 

SAX Abcam 1:200 CC1mild UV/DAB 

Slug Novusbio 1:100 CC1mild UV/DAB 

SMARCA4 Abcam 1:200 CC1mild UV/DAB 

Snail Santa Cruz 1:50 MW 6.0 ENV/AEC 

pSRC  Abcam 1:100 CC1mild UV/DAB 

TGFß1 Santa Cruz 1:50 CC1mild UV/DAB 

Tks5 Novusbio 1:75 MW 6.0 ENV/DAB 

Twist  Novusbio 1:50 MW 6.0 ENV/DAB 

Vim Dako rtu low pH Omnis Flex 
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YAP  Abcam 1:300 CC1mild UV/DAB 

ZEB1 Abcam 1:200 CC1mild UV/DAB 

ZFPL1 Abcam 1:200 CC1mild UV/DAB 

1) Abbreviations: rtu = ready-to-use  

2) Abbreviations: CC1mild = Cell Conditioning 1 Solution, Ventana; MW = microwave; WB = 

water bath; 6.0 = Target Retrieval Solution, pH 6.0, Dako; 9.0 = Target Retrival Solution, pH 9.0, 

Dako; Tris=TrisHCl + 5% Urea, pH 9.5; high pH = Target Retrieval Solution, High pH (Dako 

Omnis); low pH = Target Retrieval Solution, Low pH (Dako Omnis) 

3) Abbreviations: ENV/DAB = ChemMate DAKO EnVision Detection Kit, Peroxidase/DAB, 

Rabbit/Mouse, Dako; UV/DAB = ultraView Universal DAB Detection Kit, Ventana; HRP/DAB = 

EnVision+ System-HRP (DAB), Dako; Omnis Flex = EnVision Flex (Dako Omnis); CM/AEC = 

ChemMate Detection Kit Peroxidase/AEC, Mouse/Rabbit, Dako; ENV/AEC = EnVision+ System-

HRP (AEC), Dako  
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4 RESULTS 

4.1 Study set 

 

All 30 markers were evaluated in terms of their staining profile in the 30 resection samples 

of lung tissue (Table 3). In the following, each marker will be discussed separately. 

 

Table 3: Comparison of positive marker expression between the tumor center (TC), the invasion front (IF), 
and the vascular invasion site (VI) in the study set (n = 30). The respective staining patterns are also shown: 
nuclear (nuc), cytoplasmic (cyt), and membranous (mem). 

Marker Positive in TC1 

N (%) 

Positive in IF1  

N (%) 

Positive in VI1 

N (%) 

Staining 

pattern2 

Twist 30 (100%) 30 (100%) 30 (100%) nuc, cyt  

ZEB1 1 (3.3%) 1 (3.3%) 1 (3.3%) nuc 

Snail 13 (43.3%) 13 (43.3%) 13 (43.3%) nuc, cyt 

Slug 0 (0.0%) 0 (0.0%) 0 (0.0%) - 

TGFß1 0 (0.0%) 0 (0.0%) 0 (0.0%) - 

E-Cad 30 (100%) 30 (100%) 30 (100%) mem 

N-Cad 30 (100%) 30 (100%) 30 (100%) mem 

Vim 0 (0.0%) 9 (30.0%) 9 (30.0%) cyt 

Mad 23 (76.7%) 23 (76.7%) 23 (76.7%) nuc, cyt  

Brk 15 (50.0%) 15 (50.0%) 15 (50.0%) nuc, cyt 

SAX 0 (0.0%) 0 (0.0%) 0 (0.0%) - 

Rack1 0 (0.0%) 0 (0.0%) 0 (0.0%) - 

Rab40B 0 (0.0%) 15 (50.0%) 15 (50.0%) nuc, cyt 

Tks5 0 (0.0%) 21 (70.0%) 21 (70.0%) cyt, mem 

Fascin 1 19 (63.3%) 26 (86.7%) 26 (86.7%) cyt 

pERK1/2 10 (33.3%) 16 (53.3%) 16 (53.3%) nuc, cyt 

PLC γ 0 (0.0%) 22 (73.3%) 22 (73.3%) cyt 

RhoA 27 (90.0%) 27 (90.0%) 27 (90.0%) cyt 

CdC42 2 (6.7%) 5 (16.7%) 5 (16.7%) cyt, mem 

Connexin43 20 (66.7%) 20 (66.7%) 20 (66.7%) cyt, mem 

CXCR1 30 (100.0%) 30 (100.0%) 30 (100.0%) cyt 

CXCR2 11 (36.7%) 11 (36.7%) 11 (36.7%) nuc, cyt 
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CXCR4 9 (30.0 %) 9 (30.0 %) 9 (30.0 %) cyt, mem 

FAK 15 (50.0%) 15 (50.0%) 15 (50.0%) cyt 

ILK 18 (60.0%) 18 (60.0%) 0 (0.0%) nuc, cyt 

p-SRC 6 (20.0%) 4 (13.3%) 0 (0.0%) nuc 

SARI 0 (0.0%) 0 (0.0%) 0 (0.0%) - 

SMARCA4 30 (100.0%) 30 (100.0%) 30 (100.0%) nuc 

YAP 29 (96.7%) 29 (96.7%) 29 (96.7%) nuc, cyt 

ZFPL1 8 (26.7%) 0 (0.0%) 0 (0.0%) nuc, cyt 

1) Abbreviations: TC = tumor center; IF = invasion front; VI = vascular invasion site  

2) Abbreviations: nuc = nuclear; cyt = cytoplasmic; mem = membranous 

 

 

The EMT-inducing transcription factors Twist, ZEB1, Snail, and Slug were stained as 

follows: All cases (30/30) were characterized by nuclear positivity for Twist, without any 

differences between the tumor center, the invasion front, and the vascular invasion site 

(Figure 19). The staining intensities for Twist varied from moderate to strong, and in some 

cases an additional cytoplasmic staining was present. In contrast, only one case (1/30) was 

positive for ZEB1 and showed a nuclear staining pattern. Snail was positive in 13/30 cases 

(nuclear and cytoplasmic), although only in a few cells with minimal intensity. Slug was not 

expressed at all (0/30). TGFß1, an EMT-inducing cytokine, was also negative in all cases 

(0/30). 
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Figure 19: IHC Twist with nuclear staining pattern. The vascular invasion site (on the left) shows a similar staining 
intensity as the main tumor (on the right). Scale bar 90 µm 

 

 

Markers for EMT were stained as follows: E-cadherin was positive in all tumors (30/30) and 

showed a classical membranous staining pattern. However, the intensity varied remarkably: 

In 24/30 cases, the invasion front and the vascular invasion site were less intensely stained 

compared to the tumor center (Figure 20). In some cases (8/30), there was a loss of E-

cadherin in a few cells within the tumor bulk. N-cadherin was also positive in all tumors 

(30/30; membranous staining pattern), with 9/30 cases demonstrating a stronger intensity 

than the remaining cases. In 9/30 carcinomas, vimentin was only positive in several tumor 

cells (cytoplasmic staining pattern; Figure 21) at the invasion front and in the blood vessels, 

whereas in the tumor center there were no (0/30) vimentin positive tumor cells at all. The 

vimentin positive tumor cells at the invasion sites were still connected to the main tumor cell 

bulk. They showed no or only a reduced E-cadherin positivity. In 21/30 cases, vimentin was 

neither expressed at the tumor center nor at the invasion sites. 
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Figure 20: IHC E-cadherin with membranous staining pattern. The tumor center (bottom/left) is more intensely stained 
than the invasion front (in the middle). For spatial orientation, non-tumorous lung tissue is shown (top/right). Scale bar 
300 µm 

 

 
Figure 21: IHC Vimentin with cytoplasmic staining pattern. The tumor center (on the left) is Vimentin-negative, wheras 
the invasion front (in the middle) is Vimentin-positive. For spatial orientation, non-tumorous lung tissue is shown (on the 
right). Scale bar 90 µm 
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Molecules described as being important for border cell migration in Drosophila were stained 

as follows: Mad was positive in 23/30 cases, Brk was focally positive in 15/30 cases (Figure 

25 on the next page). Both markers showed a nuclear and cytoplasmic staining pattern. 

Neither in Mad nor in Brk there were any differences in the number of positive cases between 

the tumor center, the invasion front, and the vascular invasion site. However, the invasion 

sites were usually stained more intensely. Interestingly, all carcinomas positively stained for 

Brk (15/30) were also positive for Mad. In contrast, SAX and Rack1 were negative in all 

cases. 

 

Markers associated with invadopodia formation and stabilization were stained as follows: 

Rab40B demonstrated nuclear and cytoplasmic positivity in 15/30 tumors. Tks5 was positive 

in 21/30 tumors with a cytoplasmic and membranous staining pattern. Rab40B (Figure 23) 

and Tks5 (Figure 24 on the next page) were both almost exclusively stained at the invasion 

front and at the vascular invasion site. Rab40B was coexpressed with Tks5 in 11/15 cases. 

Interestingly, all Tks5 positive carcinomas were also positive for Mad.  

 

 

Figure 22: HE-staining of a vascular invasion site. Tumor 
cell clusters are assembled around a blood vessel and have 
already invaded the vessel wall and lumen. Scale bar 100 
µm 

Figure 23: IHC Rab40B with nuclear and, here to a lesser 
extent, cytoplasmic staining pattern of the same vascular 
invasion site as in Figure 22. Scale bar 100µm 
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Figure 24: IHC Tks5 with cytoplasmic and membranous staining pattern of the same resection specimen and region as the 
figure below (Figure 25). The invasion front (in the middle) is Tks5-positive, wheras the tumor center (on the right) is Tks5-
negative. For spatial orientation, non-tumorous lung tissue is shown (on the left). Scale bar 300 µm 

 

 
Figure 25: IHC Brk with nuclear and cytoplasmic staining pattern of the same resection specimen and region as the figure 
above (Figure 24). Brk-positive tumor cells are scattered across the tumor (on the right) with low staining intensity. There 
are no differences in staining intensity within the tumor. For spatial orientation, non-tumorous lung tissue is shown (on 
the left). Scale bar 300 µm 
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Fascin was positive in 26/30 cases with a cytoplasmic staining pattern, however, 7/26 were 

positive only at the invasion sites. In general, the staining intensity of Fascin was more 

pronounced at the invasion front and at the vascular invasion site as compared to the tumor 

center (Figure 26). All carcinomas positive for vimentin (9/30) were also Fascin-positive, 

although with a lesser intensity. 

 

 
Figure 26: IHC Fascin with cytoplasmic staining pattern. The tumor center (top/left) is less intensely stained than the 
invasion front (middle/right). For spatial orientation, non-tumorous lung tissue is shown (bottom/right). Scale bar 400 µm 

 

 

pERK1/2 was positive in 10/30 cases at the tumor center and in 16/30 cases at the invasion 

sites (Figure 27 and Figure 28). The staining pattern was predominantly cytoplasmic, but 

occasionally also nuclear. In 1/30 case, positivity was confined to the pleural invasion site.  
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Figure 27: IHC pERK with cytoplasmic and nuclear 
staining pattern. The pERK-positive tumor cells (invasion 
front) are assembled around the blood vessel in the middle, 
whereas the pERK-negative tumor cells are located at the 
edge of the figure. Apparently, the tumor cells are about to 
infiltrate the blood vessel wall.  Scale bar 60 µm 

Figure 28: IHC pERK of the same case (different region) 
as in Figure 27 with cytoplasmic and, here to a lesser 
extent, nuclear staining pattern. The shown tumor 
complex is located within a blood vessel (vascular 
invasion site). Interestingly, the tumor cells at the center 
of this complex are less intensely stained than the ones 
along the edge (near the endothelium). Scale bar 70 µm 

 

 

Connexin43 was positive in 20/30 cases with a cytoplasmic and membranous staining 

pattern. The positive tumor cells were mostly scattered over the tumor center and the 

invasion sites. At the latter, the scattered tumor cells were more numerous. However, in a 

few cases Connexin43-positivity was exceptionally strong (Figure 29 and Figure 30). 

CXCR1, CXCR2, and CXCR4 were expressed in 30/30, 11/30, and 9/30 cases, respectively. 

The staining patterns also differed between CXCR1 (cytoplasmic), CXCR2 (nuclear, 

cytoplasmic), and CXCR4 (cytoplasmic, membranous). All three markers were usually 

expressed focally without any differences in the number of positive cases between tumor 

center and invasion sites. However, CXCR2 was always less intensely stained at the invasion 

front. In all cases (30/30), a high CXCR2 staining intensity was prominent in macrophages. 
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Figure 29: IHC Connexin43. The tumor tissue shows a 
strong and evenly distributed Connexin43-staining. The 
unstained regions on top and on the bottom right are non-
tumorous tissue. Scale bar 600 µm 

Figure 30: IHC Connexin43 of the same case as in Figure 
29. The invasion front of the tumor (on the right) shows a 
strong Connexin43-positivity with a cytoplasmic and 
membranous staining pattern. For spatial orientation, 
non-tumorous lung tissue is shown (on the left). Scale bar 
20 µm 

 

 

PLCγ showed cytoplasmic positivity in 22/30 cases with stromal and pleural invasion. The 

tumor center was PLCγ-negative in all cases (Figure 31). Tumor cell complexes within the 

blood vessel walls or lumina also expressed PLCγ. RhoA was positive in 27/30 cases with a 

cytoplasmic staining pattern, both at the tumor center and at the invasion front/ vascular 

invasion site. However, the invasive sites were less intensely stained in comparison to the 

tumor center. CdC42 was focally positive at the invasion sites in 5/30 cases, only 2/30 were 

randomly positive in the tumor center. The staining pattern of CdC42 was cytoplasmic and 

membranous. 
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Figure 31: IHC PLCγ with cytoplasmic staining pattern. The invasion front (in the middle) is PLCγ-positive, wheras the 
tumor center (on the right) is PLCγ-negative. For spatial orientation, non-tumorous lung tissue is shown (on the left). Scale 
bar 100 µm  

 

 

Focal adhesion kinase (FAK) was focally positive in 15/30 carcinomas (cytoplasmic staining 

pattern), with more intense staining in tumor centers. Integrin-linked kinase (ILK) was 

positive in 18/30 cases and showed a nuclear and cytoplasmic staining pattern. In 8/18 cases, 

ILK-positivity was confined to mitotic cells. The vascular invasion site was always negative 

for ILK (0/30). pSRC showed nuclear positivity in 6/30 tumors. In 4/6 tumors, exclusively 

mitotic cells were stained, 2/6 tumors were randomly nuclear positive. SARI was negative 

in all cases. SMARCA4, in contrast, was positive in all cases (nuclear staining pattern) 

without any staining differences between tumor center and invasion sites. YAP1 was positive 

in 29/30 cases with the invasion site always less intensely stained. In 8/29 cases, YAP1-

staining was exclusively cytoplasmic, whereas in 21/29 cases, the staining was both 

cytoplasmic and nuclear. ZFPL1 was positive in 8/30 carcinomas. In 7/8 ZFPL1-positive 

carcinomas, only few predominantly keratinized SCC cells were stained. Only 1/8 case was 

diffusely positive. In general, the expression of ZFPL1 was confined to the tumor center in 

all positive cases (8/8) and showed a nuclear and cytoplasmic staining pattern. 
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4.2 Validation set 

 

In the validation set we evaluated the 9 markers E-cadherin, N-cadherin, pERK, Twist, 

Vimentin, Mad, Tks5, PLCγ and Connexin43. Either the staining extent (percentage) or the 

staining intensity (score) was assessed. Positivity was defined by a staining extent of at least 

1% or by a staining intensity score of at least 1 (see also Material/Methods chapter). In the 

following, the results of these three parameters (positivity, extent, and intensity) will be 

presented. Due to the qualitative approach in the study set and the spatial limitations of 

TMAs, the only parameter that could be compared between the study set and the validation 

set is the number of positive cases. The other parameters (extent or intensity) could only be 

compared between different subpopulations within the validation set. 

 

The markers with the highest number of positive cases in the validation set were N-cad 

(99.6%), E-cad (98.1%), and Mad (81,5%). The markers with the lowest number of positive 

cases were Vimentin (32.8%), Tks5 (48.8%), and PLC γ (55.6%). By comparing the 

validation set with the study set in terms of positively stained cases, some marker-specific 

differences were identified (Figure 32). Specifically, pERK was positive in more cases of 

the validation set (67.2%) than in the study set (33.3% and 53.3%). Conversely, Twist, Tks5, 

and PLCγ positivity was more abundant in the study set. E-Cad, N-Cad, Mad, and Con43 

showed no considerable difference in positive cases between validation set and study set.  

 

 
Figure 32: Percentages of positive cases in the validation set in comparison to the study set 
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Comparing ACs, SCCs, and LCs within the validation set, there were also marker-specific 

differences in expression (Figure 33). In LCs, there were less cadherin-expressing tumor 

cells (both E-cad and N-cad) than in the other histological subtypes. In contrast, pERK was 

most often expressed in LCs. Twist was most often positive in SCCs and LCs (83.8% and 

78.4%, respectively), compared against ACs with only 50.7% twist-positive tumor cells. 

Vimentin was least often expressed in SCCs (only 15.2%). In contrast, both Tks5 and Con43 

were mostly positive in SCCs (73.2% and 94.2%, respectively).  

 

 
Figure 33: Percentages of positive cases in the validation set in total, as well as separately in AC, SCC, and LC 

 

 

Due to differences in the spatial distribution of the respective markers, the TMA-cores 

represent different amounts of positively stained tumor cells. Figure 34 and Figure 35 

illustrate these differences by comparing the missing TMA-cores between the Twist- and the 

Vimentin-staining of the same donor block. Figure 36 and Figure 37 show the resulting 

punched TMA-cores with different amounts of Twist- and Vimentin-positivity. 
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Figure 34: IHC Twist of a TMA donor block section. The 
round holes throughout the specimen represent the 
missing cores after TMA preparation. They are located 
almost exclusively within Twist-positive tumor tissue 
(brown area). Scale bar 1000µm 

Figure 35: IHC Vimentin of the same TMA donor block as 
in Figure 34. The missing TMA-cores are located mostly 
within Vimentin-negative tumor tissue (blue area). Scale 
bar 1000 µm. 

 

Figure 36: IHC Twist of a (partial) TMA recipient block 
section with four representative cores. The upper left core 
shows partially positive tumor tissue with a nuclear 
staining pattern. Both the upper and lower right core show 
completely positive tumor tissue with a both nuclear and 
cytoplasmic staining pattern. The lower left core shows 
non-tumorous lung tissue. In all four cases, the stroma is 
completely negative. Scale bar 100µm. 

 

Figure 37: IHC Vimentin of a (partial) TMA recipient 
block section with four representative cores. The upper left 
core shows non-tumorous lung tissue. Both the upper and 
lower right core contain only Vimentin-negative tumor 
tissue with positivity confined to the stroma. The lower left 
core shows partially positive tumor tissue with a 
cytoplasmic staining pattern, whereas the stroma is again 
completely positive. Scale bar 100µm. 
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The three markers E-cad, N-cad, and pERK were evaluated in terms of their staining 

intensity, regardless of the number of positive tumor cells (Figure 38). In general, pERK was 

the least intensely stained marker (mean intensity 0.71), as opposed to E-cad and N-cad (1.10 

and 1.13, respectively). E-cad was the most intensely stained marker in SCCs (1.23). For N-

cad, there were no significant differences between histological subtypes. pERK was most 

intensely stained in LCs (1.03) and least intensely in SCCs (0.47).  

 

 
Figure 38: Mean staining intensity (score 0-2) for E-cad, N-cad, and pERK 

 

 

The markers Twist, Vimentin, Mad, Tks5, PLC γ, and Connexin43 were evaluated in terms 

of their staining extent (Figure 39). In general, the most widely expressed markers were Mad 

(mean extent 33.5%), Connexin43 (29.0%), and Twist (24.0%). The least widely expressed 

markers were Tks5 (7.8%), Vimentin (8.9%), and PLC γ (14.1%). Twist showed some 

differences between histological subtypes: 40.6% in SCCs versus 17.2% in ACs. Vimentin 

had the most widely expressed positivity in LCs (19.9%). Tks5 and Connexin43 were both 

most widely expressed in SCCs (16.5% and 53.1%, respectively). Both Mad and PLC γ 

showed no significant differences between histological subtypes. 
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Figure 39: Mean staining extent (%) for Twist, Vim, Mad, Tks5, PLC γ, and Con43 
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5 DISCUSSION 

 

In this study, we evaluated the role of the EMT and other migration-associated molecules in 

NSCLC invasion. In the following, all studied markers with interesting results will be 

discussed, comprising both EMT-associated markers and molecules connected to migration 

and metastasis in general. 

 

Regarding EMT, Twist was the only EMT transcription factor which was expressed in all 

cases. However, as TGFß was negative in all our cases, Twist was presumably not induced 

by TGFß, which is in contrast to previous reports in the literature (137). Therefore, Twist 

must have been induced by other factors. One possibility is hypoxia: It has been reported 

that intratumoral hypoxia leads to upregulation of twist via HIF-1alpha and that this 

signaling pathway promotes metastasis (138). In this context it is interesting to note that also 

in mouse models of lung adenocarcinomas, the invasion of tumor cells started exclusively 

in areas of hypoxia (139). Snail was expressed in less than half of our cases and only in 

scattered single cells. Hence, in our study we could not confirm the role of Twist as an 

inducer of Snail, as described in the literature (140). The fact that ZEB1 and Slug were both 

negative in almost all cases, provides further evidence for the lack of classical EMT in 

NSCLC bulk migration.  

 

E-cadherin was downregulated at the invasion front and at the vascular invasion site, but its 

expression was never completely lost. Conversely, the staining of N-Cadherin was more 

intense at the invasion sites. However, N-cadherin was also expressed in all cases. The 

coexpression of both cadherins provides evidence for a cell phenotype that is not exclusively 

mesenchymal or epithelial, but rather a state in between. This conclusion is supported by 

recent in-vitro findings, which have shown that a hybrid epithelial/mesenchymal state is a 

stable cell phenotype (141). In our cases, vimentin positive tumor cells at the invasion sites 

also co-expressed epithelial markers. This is in line with the assumption that cells within 

migrating cell complexes can be subdivided into leader cells (at the front) and follower cells 

(at the rear). This concept supports the idea that only cells at the invasion front must obtain 

some mesenchymal features, in order to pave the way for the following cell bulk (142). 

Based on this concept, the vimentin positive tumor cells in our study set were probably the 

leader cells. However, vimentin was positive in only a third of our cases. Other mechanisms 
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must therefore also be involved in this process. Interestingly, it has been recently shown that 

cancer-associated fibroblasts (CAFs) mechanically interact with cancer cells via N-cadherin 

(at the fibroblast membrane) and E-cadherin (at the cancer cell membrane). This heterotypic 

interaction exerts a physical force on cancer cells and enables migration (143). 

Consequently, fibroblasts might act as leader cells in the vimentin negative cases of our 

study set. However, the exact role of CAFs in tumor cell migration is still quite controversial, 

and other mechanisms that pave the way for the follower cells are also possible. 

 

In conclusion, our findings regarding EMT markers provide evidence that an EMT is not 

indispensable for tumor cell migration in NSCLC. This is in line with two very recent and 

pivotal studies which have shown that cancer cells do not require EMT to accomplish 

metastasis (144,145). 

 

In addition to molecules related to EMT, we also studied factors related to cell migration in 

general. Among the tested molecules which have been described as being important for wing 

border cell migration in drosophila (101), Rack1 and Sax were negative in all our cases. In 

contrast, Mad was expressed in most, and Brk in half of our cases in the study set. The 

number of Mad-positive tumor cells was similar in the study set and in the validation set. 

These findings indicate that some of the molecules found in drosophila might also have a 

role in human bulk tumor cell migration. However, in drosophila the expression of these 

molecules was accompanied by an upregulation of TGFß (101), whereas in our cases this 

association could not be observed.  

 

An interesting finding in our study was that three examined molecules (Rab40B, Tks5, 

Fascin), which have been described to be associated with invadopodia formation or 

stabilization (105), were clearly upregulated at the invasion sites. In half of the study set 

cases, Rab40B and Tks5 were even coexpressed. Hence, it is very likely that invadopodia 

play an important role in bulk tumor cell migration. The markers pERK and PLC γ were also 

significantly upregulated at the invasion front and at the vascular invasion site, thus 

providing evidence for their role in cell migration. With these findings we could also confirm 

previous reports regarding the activation of ERK1/2 in NSCLC and its association with 

advanced tumors (111). As PLC γ has been described to be related to both blood vessel 

development (112) and cancer cell invasion (114), the upregulation of PLC γ in our study 

might be a result of angiogenesis during invasion. 
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Within the studied RhoGTPases, RhoA was more intensely stained at the tumor center, 

whereas CdC42 was positive mostly at the invasion sites. Hence, the above described feature 

of E-cadherin to downregulate RhoGTPases (96) could only be confirmed for CdC42 at the 

tumor center. The downregulation of RhoA at the invasion sites was therefore probably 

induced by another factor. 

 

As Connexin43 was expressed in two thirds of our cases, it might have contributed to the 

downregulation of several EMT markers. This finding is in accordance with a recent report, 

claiming that Connexin43 overexpression reverses EMT in NSCLC (120). The previously 

described involvement of CXCR1 in EMT (124) could not be validated in our study, since 

CXCR1 was expressed in all our cases despite the widespread lack of EMT-phenotypes. 

Even though CXCR2 was only expressed in one third of our cases in the tumor cells, the 

staining intensity in macrophages was very high in all 30 cases. Thus, the role of CXCR2 in 

inflammation-driven tumorigenesis (126) could possibly be mediated by tumor-infiltrating 

macrophages. CXCR4 was also expressed in about one third of our cases. Although this is 

in line with the general frequency of brain metastasis in NSCLC (146), further studies are 

needed to validate the correlation of CXCR4 with brain-specific metastasis (129). This could 

be done for example by comparing the expression of CXCR4 between the primary tumor 

and the matched metastatic brain lesions in the same patients. 

 

SMARCA4 was positive in all our cases, thus contradicting a study which states that 

SMARCA4 loss is associated with a more aggressive tumor phenotype (131), since the 

vascular invasion in all our cases can be seen as a sign of aggressiveness. Also the correlation 

of SMARCA4 loss with a differentiated histological phenotype (132) is in conflict with our 

data, because all tumors of our study set were at least moderately differentiated and still 

retained SMARCA4 expression. In many of our ILK-positive cases, the staining was 

exclusively positive for mitotic cells. This is in accordance with a report claiming that ILK 

is localized in centrosomes and that it regulates the organization of the mitotic spindle (147).  

 

The nine markers that were additionally evaluated in the validation set (E-cadherin, N-

cadherin, pERK, Twist, Vimentin, Mad, Tks5, PLCγ and Connexin43) showed mostly a 

similar number of positive cases when compared to the study set. However, for some 

markers the differences were more distinct than for others (Figure 32). One explanation for 

these discrepancies are the varying spatial distributions among the different markers, 
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including the tumor center and the tumor margins (Figures 34-37). As a consequence, the 

punched TMA-cores contained different amounts of positive tumor cells, especially in 

markers with a pronounced staining at the invasion front (Vimentin, Tks5, and PLCγ). 
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6 CONCLUSION 

 

By investigating a variety of molecules associated with cell migration, we could confirm 

many findings previously described in the literature. However, there were also some novel 

findings in our study cohort: On the one hand, we could identify several new molecules 

being involved in NSCLC invasion, which never had been linked to metastasis before. On 

the other hand, our findings provide evidence that some well-known migratory signaling 

pathways are also present in NSCLC bulk migration, but are regulated maybe in a slightly 

different way than previously reported. This discrepancy can most likely be explained by the 

fact that many of the above-mentioned studies have been done in a setting of single cell 

migration, while the tumor cells in our cases moved predominantly via collective cell 

migration.  

 

In general, the migration capacity of tumor cell bulks is acknowledged beyond controversy 

in the literature. However, to what extent these tumor cell clusters contribute to metastasis 

is still controversial. In a recent study it could be demonstrated that the occurrence of 

circulating tumor cell clusters is associated with a worse prognosis as compared with the 

occurrence of single circulating tumor cells (148). This study along with other findings (149) 

provide evidence that tumor cell clusters are very efficient in disseminating and seeding of 

metastatic colonies.  

 

Therefore, it is of prime clinical importance to better understand this movement of cell bulks 

in cancer. Our study provides at least some new aspects to this still insufficient 

understanding: 1) There are remarkable differences in the expression of involved molecules 

and in the regulation of these molecules between single cell and collective cell invasion; 2) 

NSCLC tumor cell bulks predominantly show a cell phenotype that has both epithelial and 

mesenchymal characteristics, which is probably the result of a partial EMT rather than EMT 

in its classical binary (epithelial or mesenchymal) form. However, to gain further 

mechanistic insight, future studies must validate and specify these findings in an 

experimental setting. Finally, the clinical significance of our findings must be elucidated by 

correlating obtained results to patient data. 
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APPENDIX 

 

 

Table 4: Percentages of positive cases in total, as well as separately in AC, SCC, and LC 

 All cases 

(n=528) 

AC 

(n=325) 

SCC 

(n=142) 

LC 

(n=61) 

E-cad 98.1% 98.8% 99.2% 91.7% 

N-cad 99.6% 100% 100% 96.7% 

pERK 67.2% 68.1% 54.4% 91.7% 

Twist 65.4% 50.7% 83.8% 78.4% 

Vim 32.8% 34.5% 15.2% 47.6% 

Mad 81.5% 82.2% 81.0% 80.0% 

Tks5 48.8% 42.1% 73.2% 36.1% 

PLC γ 55.6% 53.1% 53.7% 65.0% 

Con43 70.1% 59.4% 94.2% 73.8% 

 
 

  

Table 5: Mean staining intensity (in score [0-2] for E-cad, N-cad, and pERK) or mean staining extent (in %) 
for Twist, Vim, Mad, Tks5, PLC γ, and Con43 

 All cases 

(n=528) 

AC 

(n=325) 

SCC 

(n=142) 

LC 

(n=61) 

E-cad (0-2) 1.13 1.09 1.23 1.07 

N-cad (0-2) 1.10 1.13 1.08 1.02 

pERK (0-2) 0.71 0.73 0.47 1.03 

Twist (%) 24.8% 17.2% 40.6% 29.7% 

Vim (%) 8.9% 7.6% 7.2% 19.9% 

Mad (%) 33.5% 34.9% 31.6% 31.2% 

Tks5 (%) 7.8% 4.3% 16.5% 6.7% 

PLC γ (%) 14.1% 14.8% 13.2% 12.2% 

Con43 (%) 29.0% 18.3% 53.1% 30.4% 
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Table 6: Percentages of positive cases in the validation set in comparison to the study set 

  

Validation set  
(n=528) 

Study set ‐ center 
(n=30) 

Study set ‐ invasion 
(n=30) 

E‐cad  98.1%  100%  100% 

N‐cad  99.6%  100%  100% 

pERK  67.2%  33.3%  53.3% 

Twist  65.4%  100%  100% 

Vim  32.8%  0%  30.0% 

Mad  81.5%  76.7%  76.7% 

Tks5  48.8%  0%  70.0% 

PLCγ  55.6%  0%  73.3% 

Con43  70.1%  66.7%  66.7% 

 


