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Abstract

Pulmonary adenocarcinoma is the most common and most heterogeneous form of lung cancer, and
its histological and biological diversity is well recognized. On its publication in 2011, the IASLC/
ATS/ERS lung adenocarcinoma classification drew attention to the prognostic value of
adenocarcinoma subtypes, and it has been anticipated to provide a novel architecture based
grading system. The prognostic role of other tumor-associated features in lung adenocarcinoma is
less established.

MUC1 overexpression has been demonstrated in many carcinomas, and in lung
adenocarcinoma, depolarized MUC1 expression has been associated with poor outcome. The role
of MUC4 in lung cancer, however, is somewhat conflicting. Moreover, there is no published data
on either MUC1 or MUC4 expression with regard to the different subtypes of lung
adenocarcinoma.

This study aimed to investigate the correlation between the IASLC/ATS/ERS classification,
prognosis, and clinical characteristics in a series of 112 surgically resected lung adenocarcinoma
patients. The analysis of tumor architecture aimed also at the discovery of new morphological
biomarkers for lung cancer. Additionally, the study focused on the expression of MUC1, MUC4,
and EGFR in lung adenocarcinoma, evaluating their relationship with tumor architecture, patient
outcome, and smoking. The study applied the methods of light microscopy,
immunohistochemistry, and cell culture with experimental cigarette smoke exposure combined
with real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) and
immunoelectron microscopy.

The study demonstrated that the prognostic value of the current adenocarcinoma classification
is not limited to predominant growth patterns as a more favorable clinical outcome was associated
with minor lepidic pattern. Significant associations were observed between adenocarcinoma
subtypes and smoking history. Classic histological features of malignancy correlated with tumor
architecture and survival, further confirming the prognostic value of semiquantitative growth
pattern analysis and identifying potential prognostic biomarkers such as mitotic activity and tumor
necrosis. Depolarized MUC1 expression correlated with histology and patient outcome, and
moreover, with smoking both in vivo and in vitro, suggesting a pathogenetic relationship between
cigarette smoke exposure and MUC1 in lung adenocarcinoma.

Keywords: histology, lung adenocarcinoma, lung cancer, mucins, prognosis, smoking
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Tiivistelmä

Keuhkon adenokarsinooma on maailmanlaajuisesti yleisin ja monella tapaa monimuotoisin
keuhkosyöpätyyppi. Vuonna 2011 uusi kansainvälinen keuhkosyöpäluokitus nosti esille adeno-
karsinooman histologisten alatyyppien ennustemerkityksen, ja luokituksen on odotettu muodos-
tavan pohjan uudelle kasvutapoihin perustuvalle gradeerausmenetelmälle. Kasvaimen muiden
histopatologisten piirteiden ennusteellinen merkitys keuhkon adenokarsinoomassa on vähemmän
tunnettu.

MUC1-proteiinin yli-ilmentymistä on kuvattu monissa karsinoomatyypeissä, ja keuhkon
adenokarsinoomassa MUC1:n poikkeava eli depolarisoitunut ilmentyminen on liitetty huonoon
ennusteeseen. MUC4:n merkitys keuhkosyövässä on puolestaan ristiriitainen. Toisaalta MUC1-
tai MUC4-ilmentymistä ei ole tutkittu tarkemmin keuhkon adenokarsinooman eri alatyypeissä.

Väitöskirjatutkimuksessa pyrittiin selvittämään uuden adenokarsinoomaluokituksen yhteyttä
ennusteeseen ja muihin kliinisiin muuttujiin aineistossa, joka käsitti 112 Oulun yliopistosairaa-
lassa leikkaushoidettua keuhkon adenokarsinoomapotilasta. Kasvainten histopatologisten
ominaispiirteiden kartoittamisen toivottiin tuovan ilmi myös uusia morfologisia ennustetekijöi-
tä. Lisäksi tutkimus keskittyi MUC1-, MUC4- ja EGFR-proteiinien ilmentymiseen keuhkon
adenokarsinoomassa, arvioiden niiden suhdetta kasvaimen histologiaan, potilaiden ennustee-
seen ja tupakointihistoriaan. Tutkimusmenetelminä käytettiin valomikroskopiaa, immunohisto-
kemiaa sekä kokeellista tupakka-altistusta soluviljelymallissa yhdistettynä kvantitatiiviseen
reaaliaikaiseen käänteistranskriptiopolymeraasiketjureaktio-tekniikkaan (RT-qPCR) ja immuno-
elektronimikroskopiaan.

Tutkimus osoitti, ettei nykyisen adenokarsinoomaluokituksen ennustearvo rajoitu hallitse-
viin kasvutapoihin, vaan myös väistyvä lepidinen kasvutapa vaikutti ennusteeseen suotuisasti.
Keuhkon adenokarsinooman alatyyppien ja tupakoinnin välillä todettiin merkittävä yhteys.
Pahanlaatuisten kasvainten klassiset histologiset piirteet liittyivät adenokarsinooman kasvutapoi-
hin ja ennusteeseen korostaen semikvantitatiivisen kasvutapa-analyysin ennustemerkitystä ja tar-
joten myös mahdollisia uusia ennustetekijöitä. Depolarisoituneen MUC1:n ilmentyminen liittyi
histologiaan, ennusteeseen ja erityisesti tupakka-altistukseen sekä in vivo että in vitro. Tämä löy-
dös viittaa mahdolliseen patogeneettiseen yhteyteen tupakoinnin ja MUC1:n välillä.

Asiasanat: ennuste, histologia, keuhkon adenokarsinooma, keuhkosyöpä, musiinit,
tupakointi
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1 Introduction 

Lung cancer is the leading cause of cancer incidence and cancer-related death in 

the world (Torre et al. 2015). In Finland, more than 2,500 new lung cancer cases 

are diagnosed annually, and more than 2,000 Finns die of lung cancer every year 

(Finnish Cancer Registry 2014). In the past, lung cancer has often been classified 

into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC), but 

this distinction is no longer sufficient. Lung cancer therapy is becoming 

personalized for individual patients based on the histological type and molecular 

status of the tumor (Travis et al. 2013b, Travis et al. 2015b). In early stage NSCLC, 

lobectomy is considered as the standard therapy. However, the risk of recurrence is 

known to be significant even among the curatively operated stage I NSCLC patients 

(Goodgame et al. 2008, Martini et al. 1995). 

Pulmonary adenocarcinoma has become the most prevalent histological type 

of primary lung cancer accounting for approximately half of all lung cancer cases 

(Devesa et al. 2005). Adenocarcinoma is also the most variable and heterogeneous 

form of lung cancer in many aspects (Kerr 2009, Travis et al. 2015a). This makes 

it a major focus of research to improve lung cancer patient survival (Russell et al. 

2011). In the literature, the emerging predominance of adenocarcinoma since the 

1960s has been strongly related to the evolution of smoking habits (Gray 2006, 

Kenfield et al. 2008, Lortet-Tieulent et al. 2014). As for other histological types of 

lung cancer, cigarette smoking remains the single most important risk factor of lung 

adenocarcinoma, yet the relative risk is smaller than for, e.g., squamous cell 

carcinoma (SCC) (Kenfield et al. 2008, Khuder 2001). 

In 2011, a novel IASLC/ATS/ERS classification of lung adenocarcinoma 

proposed significant changes to the 2004 WHO classification. One of the major 

outcomes of the IASLC/ATS/ERS project was the recognition that the diagnosis of 

lung adenocarcinoma requires a multidisciplinary approach (Travis et al. 2011). It 

also drew attention to the prognostic value of the adenocarcinoma subtypes based 

on the presence and proportion of five distinct histological patterns: lepidic, acinar, 

papillary, micropapillary, and solid. In diagnostic histopathology, grading is defined 

as the division of a specific tumor group into two or more prognostically relevant 

grades based on tumor morphology and often incorporating tumor-associated 

features such as atypia and mitotic activity. Until 2011, there was no established 

grading system for pulmonary adenocarcinomas, and the pathological stage (pTNM) 

has played perhaps the most important role in predicting the prognosis in lung 

adenocarcinoma patients. 
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Human mucins are high molecular weight glycoproteins, whose primary 

function is to lubricate and protect epithelial surfaces (Bafna et al. 2010). One of 

the best-characterized transmembrane mucins is MUC1, a highly-glycosylated 

epithelial membrane-bound molecule that is expressed in most secretory human 

epithelial cells, including the respiratory epithelium of the lungs (Patton et al. 1995). 

In normal epithelium, MUC1 is expressed on the apical surface of the cell in a 

polarized manner, but during carcinogenesis, the protein may become radically 

repositioned within the cell, leading to a depolarized localization (Gendler 2001, 

Guddo et al. 1998). MUC1 is shown to be frequently overexpressed and aberrantly 

glycosylated in many carcinomas, and in NSCLC, depolarized MUC1 expression 

has been associated with poor prognosis (Bafna et al. 2010, Gendler 2001, Nagai 

et al. 2006). Binding to the ErbB family of growth factor receptor tyrosine kinases, 

MUC1 enhances EGFR signaling, whereas MUC4 interacts with HER2 (Bafna et 

al. 2010). The precise role of MUC4 expression in the tumorigenesis and prognosis 

of lung cancer, however, is somewhat conflicting. 

This work was designed to investigate the correlation between the 

IASLC/ATS/ERS classification, prognosis, and clinical characteristics in surgically 

resected pulmonary adenocarcinoma by the deconstruction of the intratumoral 

growth pattern composition. Emphasis was placed on female gender and 

nonsmoking history. The work also aimed to discover novel morphological 

biomarkers for lung cancer by examining the prognostic value of the classic 

histopathological features of malignancy in lung adenocarcinoma. Additionally, 

this study focused on the expression of MUC1, MUC4, and EGFR in lung 

adenocarcinoma, evaluating their relationship with tumor architecture, patient 

outcome, and smoking. 
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2 Review of the literature 

2.1 Lung cancer epidemiology 

2.1.1 Lung cancer incidence 

Lung cancer is the leading cause of cancer incidence and cancer-related death in 

the world. More than 1.8 million individuals are diagnosed with lung cancer every 

year, accounting for approximately 13% of all cancer diagnoses (Torre et al. 2015). 

Lung cancer incidence rates are highest in Europe, Northern America and Eastern 

Asia, and the lowest rates are reported in Sub-Saharan Africa. Men are more 

frequently affected (1.2 million vs. 0.6 million cases in women). However, in 

several Western countries (e.g. the United States, the United Kingdom, and 

Finland), where the tobacco epidemic began early and reached its peak in the 

middle of the last century, lung cancer rates have been decreasing or plateauing in 

men but steadily increasing in women (Finnish Cancer Registry 2014, Lortet-

Tieulent et al. 2014, Torre et al. 2014). Despite the recent advances in treatment, 

the prognosis of lung cancer patients remains poor. Today, an annual 1.6 million 

deaths are estimated to occur due to lung cancer (Torre et al. 2015). 

In Finland, 2,616 new lung cancer cases were diagnosed in 2014. The incidence 

of lung cancer was 28.1 per 100,000 men and 13.3 per 100,000 women, making 

lung cancer the second most common malignancy in Finnish men and the third 

common malignancy in Finnish women. In the same year, 2,149 Finns died of lung 

cancer (Finnish Cancer Registry 2014). 

2.1.2 Risk factors 

Smoking 

Cigarette smoking is the single most important risk factor of lung cancer, 

accounting for approximately 90% of lung cancer deaths in men and 80% in women 

(Pesch et al. 2012). Active smokers are 15–30 times more likely to be diagnosed 

with lung cancer or die from it than nonsmokers, and the risk increases with early 

age at initiation, intensity and duration of smoking. There is no safe form of tobacco. 

The effect of pipe and cigar use on the lung cancer risk is similar to that of light 

cigarette smoking (Shaper et al. 2003). Multiple genetic, cellular, and local tissue 
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alterations are involved in the process of lung carcinogenesis. The transformation 

of normal cells to preneoplastic and later malignant cells involves DNA damage, 

and genetic and epigenetic changes (Dela Cruz et al. 2011). Tobacco smoke is a 

complex aerosol containing more than 7,000 chemicals, at least 81 of which are 

known to cause cancer in humans or animals (Smith et al. 2003). The most potent 

carcinogens of tobacco smoke are the polycyclic aromatic hydrocarbons (PAHs), 

such as benzo[a]pyrene (BAP), which induce mutations in the p53 tumor-

suppressor gene that are crucial for cell cycle dysregulation and carcinogenesis. 

Another major group of chemicals found in tobacco smoke are the tobacco-specific 

nitrosamines, e.g. nicotine-derived nitrosoaminoketone (NNK) (Pfeifer et al. 2002). 

Nicotine itself is not a direct chemical carcinogen, but as an addictive substance, it 

leads to a continued exposure to tobacco smoke and its constituents. 

Most lung cancer cases could be prevented by eliminating smoking initiation 

and increasing smoking cessation among current smokers (Dela Cruz et al. 2011, 

Torre et al. 2015). In fact, it has been estimated that up to 20% of all cancer deaths 

worldwide could be prevented by the elimination of tobacco smoking (Pisani et al. 

2002). Cigarette smokers can benefit at any age by quitting smoking. As the period 

of abstinence from smoking increases, the risk of lung cancer decreases, but even 

for periods of abstinence of more than 40 years, the risk of lung cancer among 

former heavy smokers remains elevated compared with the never-smokers (Alberg 

et al. 2013, Khuder & Mutgi 2001). The overall lung cancer trends are the product 

of a changing prevalence of smoking and the patterns of tobacco consumption, and 

while the tobacco epidemic has already peaked in the Western world, the 

developing world is in the earlier stage of the epidemic (Giovino et al. 2012, Lortet-

Tieulent et al. 2014). 

All major histological types of lung cancer are associated with smoking, 

although the relative risk is greater for squamous cell carcinoma (SCC) and small 

cell carcinoma (SCLC) than for adenocarcinoma and large cell carcinoma (LCC) 

(Kenfield et al. 2008, Khuder 2001). Both SCC and SCLC develop mainly in the 

large central bronchi, an area highly exposed to tobacco smoke, while pulmonary 

adenocarcinoma and LCC are typically located in the peripheral lung regions 

(Morabia & Wynder 1991, Travis et al. 2015a). Yet, the histological characteristics 

of lung cancer in developed countries have changed dramatically during the past 

50 years, and adenocarcinoma has become the predominant type of lung cancer 

(Devesa et al. 2005, Lortet-Tieulent et al. 2014). 
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Other risk factors 

While the majority of lung cancer cases are attributable to smoking, global 

estimates indicate that over 300,000 annual lung cancer deaths are due to other 

factors (Sun et al. 2007). The incidence of lung cancer in never-smokers ranges 

from 4.8 to 20.8 per 100,000 (Wakelee et al. 2007). Even though these incidence 

rates represent only a minority of the global lung cancer burden, they are 

comparable to the rates of cervical cancer or myeloma (Alberg et al. 2013, Wakelee 

et al. 2007). Secondhand or passive smoking has been established as a major risk 

factor among never-smokers with a relative risk of 1.24 (Brennan et al. 2004, 

Stayner et al. 2007). Nevertheless, lung cancer rates in Chinese women are higher 

than the rates among European women despite a lower prevalence of smoking. This 

is believed to reflect the exposure to indoor air pollution from combustion sources 

used for heating and cooking, as well as high levels of cooking oil vapors (Boffetta 

& Nyberg 2003). 

Asbestos is the most widely recognized and most common occupational cause 

of lung cancer, and tobacco smoking is known to potentiate its carcinogenic effect 

significantly (Alberg et al. 2013, Dela Cruz et al. 2011). The relative risk for lung 

cancer with asbestos exposure alone is 6-fold, but with exposure to both asbestos 

and cigarette smoke, the increase may be as high as 59-fold. Other known risk 

factors include ionizing radiation, most importantly radon in indoor environments 

and mines, and exposure to occupational and environmental carcinogens such as 

arsenic, beryllium, cadmium, chromium, nickel, silica, diesel fumes, and PAHs 

(Dela Cruz et al. 2011). It is estimated, that 3–11% of lung cancer deaths in urban 

high-income countries are due to outdoor air pollution (Boffetta 2006, Danaei et al. 

2005). Furthermore, intrinsic factors including previous lung disease, e.g. 

idiopathic pulmonary fibrosis (IPF), and chronic obstructive pulmonary disease 

(COPD), family history of cancer, and genetic and hormonal factors may also affect 

host susceptibility to developing lung cancer (Alberg et al. 2013, Sun et al. 2007, 

Torre et al. 2015). Apart from tuberculosis, the role of infections and oncogenic 

viruses in lung carcinogenesis remains debatable (Dela Cruz et al. 2011). 

Familial lung cancer 

A family history of lung cancer is known to be associated with an increased risk of 

lung cancer both in smokers and nonsmokers, but the hereditary factors in lung 

carcinogenesis are not yet fully understood (Lissowska et al. 2010). The familial 
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aggregation of lung cancer was first reported by Tokuhata and Lilienfeld in the 

early 1960s (Tokuhata & Lilienfeld 1963). Direct evidence for a genetic 

predisposition is provided by the increased risk of lung cancer linked with some 

rare Mendelian cancer syndromes, as observed in the carriers of constitutional p53 

and retinoblastoma mutations, as well as in individuals with, e.g., the Peutz-Jeghers 

syndrome (Giardiello et al. 2000, Hwang et al. 2003, Matakidou et al. 2005, 

Sanders et al. 1989). In 2004, the Genetic Epidemiology of Lung Cancer 

Consortium (GELCC) reported of a major lung cancer susceptibility locus on 

chromosome 6q with carriers having an increased lung cancer risk with any amount 

of smoking (Bailey-Wilson et al. 2004). Germline EGFR T790M mutations have 

similarly been described in association with NSCLC (Bell et al. 2005, Gazdar et al. 

2014), while the results from the segregation analysis by Xu et al. suggested a 

multigenic model for familial lung cancer (Xu et al. 2005). In their meta-analysis, 

Matakidou et al. found a significant increase in lung cancer risk associated with 

having an affected relative, the risk being further increased by young age at onset 

and by having multiple family members affected. The risk of lung cancer in the 32 

studies analyzed ranged from 0.75 to 5.70 (Matakidou et al. 2005). In line with 

these results, a comprehensive European case-control study revealed a 1.6-fold 

higher risk of lung cancer among individuals whose first-degree relative was 

affected by lung cancer (Lissowska et al. 2010). However, while familial risks are 

compatible with genetic predisposition, they may also reflect common exposures, 

most importantly shared smoking habits in families (Matakidou et al. 2005). 

Lung cancer in women 

Lung cancer surpassed breast cancer as the leading cause of global cancer deaths 

in women in the 1980s, and today, almost twice as many women die of lung cancer 

than of breast cancer (Siegel et al. 2011). In Finland, women’s lung cancer mortality 

is nearly equal to breast cancer mortality as the lung cancer deaths in women 

doubled rapidly from 384 to 770 cases during the period from 1997 to 2014 

(Finnish Cancer Registry 2014). By 1930, the tobacco industry began to promote 

smoking as a symbol of women’s empowerment (Lortet-Tieulent et al. 2014). As a 

consequence, the difference in smoking prevalence between the two sexes has been 

narrowing, and cigarette smoking remains the most important factor for the 

development of lung cancer in women. However, differences exist among men and 

women with lung cancer (Ridge et al. 2013). Women are claimed to be more 

vulnerable to tobacco carcinogens than men, but at the same time, women have a 
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lower rate of fatal outcome of lung cancer compared with men (Henschke et al. 

2006). Women smokers are also more likely to develop pulmonary adenocarcinoma 

than men, and women who have never smoked are more likely to develop lung 

cancer than men who have never smoked (Patel et al. 2004). These differences in 

susceptibility to lung cancer may be explained by gender-related differences in 

nicotine metabolism and in metabolic activation or detoxification of lung 

carcinogens (Dela Cruz et al. 2011). However, as women started to smoke several 

decades later than men, they have been smoking an entirely different generation of 

cigarettes with a different chemical composition. This is important when 

considering whether the responses by the sexes to tobacco differ because of 

constitutional and genetic factors or whether they are more substantially related to 

the chemistry of smoke (Gray 2006). 

2.2 Histological classification of lung cancer 

Tissue based, i.e., histological diagnosis is crucial to any radical treatment of lung 

cancer (Vansteenkiste et al. 2014). Previously, lung cancer was often classified into 

SCLC and NCSLC, but this distinction is no longer sufficient for treatment 

planning. Major therapeutic advances have recently taken place in the lung cancer 

field, with profound implications for pathological diagnosis and molecular testing 

(Travis et al. 2015a). The definition of the histologic subtype of NSCLC has 

become essential in the selection of the chemotherapy regimens, and further 

subtyping of adenocarcinoma is becoming more and more important in determining 

the biologic behavior of the neoplasia and the extent of local therapy (Detterbeck 

et al. 2013, Travis et al. 2011). Since therapeutic targets are increasingly being 

identified outside of adenocarcinoma, a firm diagnosis of squamous cell carcinoma 

may become just as important (Travis et al. 2015a). In light of these developments, 

tissue samples are no longer managed for diagnosis alone, but also for 

immunohistochemical staining and molecular testing in relation to the potential 

targeted therapy. Therefore, the strategic tissue management of small diagnostic 

specimens is critical (Travis et al. 2015a). 

The prototype of lung cancer classifications, the first edition of “The 

Histological Typing of Lung Tumours” was originally published in 1967 (World 

Health Organization 1967). Fifty years later, lung tumors are classified according 

to the fifth edition, i.e., the 2015 WHO classification (Travis et al. 2015a). Almost 

all lung cancers are carcinomas, i.e., of epithelial origin, and approximately 85–90 

percent of all cases of lung cancer are carcinomas of NSCLC type. In the current 
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WHO classification (Table 1), these tumors are further classified into several major 

histological subtypes, including, e.g., adenocarcinoma, squamous cell carcinoma 

(SCC), and large cell carcinoma (LCC) (Travis et al. 2015a, Travis et al. 2015b). 

Compared to the 2004 WHO classification (Table 2), there are numerous changes 

concerning the classification of major lung cancer types, most of which follow the 

2011 lung adenocarcinoma classification introduced by the International 

Association for the Study of Lung Cancer (IASLC), American Thoracic Society 

(ATS), and European Respiratory Society (ERS) (Travis et al. 2004, Travis et al. 

2011, Travis et al. 2015b). The most significant modifications involve not only the 

completely different approach to lung adenocarcinoma, but also the use of 

immunohistochemistry throughout the classification. 

In prior WHO classifications, lung cancer diagnosis was based mainly on light 

microscopy with routine hematoxylin and eosin (H&E), and occasionally mucin 

stained slides (Travis et al. 2004, Travis et al. 1999, World Health Organization 

1981). In the 2015 WHO classification, immunohistochemistry is recommended 

not only for the small biopsies and cytology, but also for the resected specimens in 

certain settings, such as the diagnosis of solid adenocarcinoma, nonkeratinizing 

SCC, LCC, neuroendocrine tumors including SCLC, and sarcomatoid carcinomas, 

e.g. pleomorphic carcinoma (Travis et al. 2015b). Furthermore, sensible use of 

immunohistochemistry and/or mucin staining is recommended for all cases of 

NSCLC that cannot be classified as adenocarcinoma or SCC based on morphology 

alone. The accepted markers for the identification of differentiation towards 

adenocarcinoma are TTF-1 and napsin A, both of which are approximately 80% 

sensitive. In relation to the squamous differentiation, p40 is reported to be the most 

specific and sensitive squamous marker (Travis et al. 2015a). The term non-small 

cell carcinoma, not otherwise specified (NSCLC-NOS) should be used as seldom 

as possible, and only when a more specific diagnosis is not feasible by morphology 

and/or special staining (Travis et al. 2015a). 

The latest four editions of the WHO classification of lung tumors are presented 

in Tables 1-5. 
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Table 1. 2015 WHO classification of lung tumors. 

Histological type and subtypes ICD-O code 

Epithelial tumors  

Adenocarcinoma 8140/3 

Lepidic adenocarcinoma 8250/3 

Acinar adenocarcinoma 8551/3 

Papillary adenocarcinoma 8260/3 

Micropapillary adenocarcinoma 8265/3 

Solid adenocarcinoma 8230/3 

Invasive mucinous adenocarcinoma 8253/3 

Mixed invasive mucinous and non-mucinous adenocarcinoma 8254/3 

Colloid adenocarcinoma 8480/3 

Fetal adenocarcinoma 8333/3 

Enteric adenocarcinoma 8144/3 

Minimally invasive adenocarcinoma  

Non-mucinous 8256/3 

Mucinous 8257/3 

Preinvasive lesions  

Atypical adenomatous hyperplasia 8250/0 

Adenocarcinoma in situ 8140/2 

Squamous cell carcinoma 8070/3 

Keratinizing squamous cell carcinoma 8071/3 

Nonkeratinizing squamous cell carcinoma 8072/3 

Basaloid squamous cell carcinoma 8083/3 

Preinvasive lesion  

Squamous cell carcinoma in situ 8070/2 

Neuroendocrine tumors  

Small cell carcinoma 8041/3 

Combined small cell carcinoma 8045/3 

Large cell neuroendocrine carcinoma 8013/3 

Combined large cell neuroendocrine carcinoma 8013/3 

Carcinoid tumors  

Typical carcinoid 8240/3 

Atypical carcinoid 8249/3 

Preinvasive lesion  

Diffuse idiopathic pulmonary neuroendocrine cell hyperplasia 8040/0 

Large cell carcinoma 8012/3 

Adenosquamous carcinoma 8560/3 

Pleomorphic carcinoma 8022/3 

Spindle cell carcinoma 8032/3 

Giant cell carcinoma 8031/3 

Carcinosarcoma 8980/3 
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Histological type and subtypes ICD-O code 

Pulmonary blastoma 8972/3 

Other and unclassified carcinomas  

Salivary gland-type tumors  

Papillomas  

Adenomas  

Mesenchymal tumors  

Lymphohistiocytic tumors  

Tumors of ectopic origin  

Metastatic tumors  

Adapted from the publications of World Health Organization (WHO) 2015. 

Table 2. WHO terminology and criteria for adenocarcinoma, squamous cell carcinoma 

and non-small cell carcinoma, not otherwise specified (NSCLC-NOS) in small biopsies 

and cytology. 

Terminology, morphology and special stains 

Adenocarcinoma (morphological adenocarcinoma patterns clearly present) 

Describe identifiable patterns 

Adenocarcinoma with lepidic pattern 

If pure, add a comment that an invasive component cannot be excluded 

Invasive mucinous adenocarcinoma 

Describe patterns present 

Use the term mucinous adenocarcinoma with lepidic pattern if pure lepidic pattern is seen 

Adenocarcinoma with colloid features 

Adenocarcinoma with fetal features 

Adenocarcinoma with enteric features 

NSCLC, favor adenocarcinoma 

Morphological adenocarcinoma patterns not present, but supported by special stains (i.e. TTF-1) 

Squamous cell carcinoma (morphological squamous cell patterns clearly present) 

NSCLC, favor squamous cell carcinoma 

Morphological squamous cell patterns not present, but supported by special stains (i.e. p40) 

NSCLC-NOS 

No clear adenocarcinoma, squamous, or neuroendocrine morphology or staining pattern 

Adapted from the publications of World Health Organization (WHO) 2015. 

  



31 

Table 3. 2004 WHO classification of lung tumors. 

Histological type and subtypes ICD-O code 

Malignant epithelial tumors  

Squamous cell carcinoma 8070/3 

Papillary 8052/3 

Clear cell 8084/3 

Small cell 8073/3 

Basaloid 8083/3 

Small cell carcinoma 8041/3 

Combined small cell carcinoma 8045/3 

Adenocarcinoma 8140/3 

Adenocarcinoma, mixed subtype 8255/3 

Acinar adenocarcinoma 8550/3 

Papillary adenocarcinoma 8260/3 

Bronchioloalveolar carcinoma 8250/3 

Nonmucinous 8252/3 

Mucinous 8253/3 

Mixed or indeterminate 8254/3 

Solid adenocarcinoma with mucin production 8230/3 

Fetal adenocarcinoma 8333/3 

Mucinous (“colloid”) adenocarcinoma 8480/3 

Mucinous cystadenocarcinoma 8470/3 

Signet ring adenocarcinoma 8490/3 

Clear cell adenocarcinoma 8310/3 

Large cell carcinoma 8012/3 

Large cell neuroendocrine carcinoma 8013/3 

Combined large cell neuroendocrine carcinoma 8013/3 

Basaloid carcinoma 8123/3 

Lymphoepithelioma-like carcinoma 8082/3 

Clear cell carcinoma 8310/3 

Large cell carcinoma with rhabdoid phenotype 8014/3 

Adenosquamous carcinoma 8560/3 

Sarcomatoid carcinoma 8033/3 

Pleomorphic carcinoma 8022/3 

Spindle cell carcinoma 8032/3 

Giant cell carcinoma 8031/3 

Carcinosarcoma 8980/3 

Pulmonary blastoma 8972/3 

Carcinoid tumor 8240/3 

Typical carcinoid 8240/3 

Atypical carcinoid 8249/3 

Salivary gland tumors  
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Histological type and subtypes ICD-O code 

Preinvasive lesions  

Squamous carcinoma in situ 8070/2 

Atypical adenomatous hyperplasia  

Diffuse idiopathic pulmonary neuroendocrine cell hyperplasia  

Mesenchymal tumors  

Benign epithelial tumors  

Papillomas  

Adenomas  

Lymphoproliferative tumors  

Miscellaneous tumors  

Metastatic tumors  

Adapted from the publications of World Health Organization (WHO) 2004. 
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Table 4. 1999 WHO classification of lung and pleural tumors. 

Histological type and subtypes ICD-O code 

(I) Epithelial tumors  

Benign  

Papillomas 8050/0 

Adenomas 8140/0 

Preinvasive lesions  

Squamous dysplasia 74000 

Squamous carcinoma in situ 8070/2 

Atypical adenomatous hyperplasia 72425 

Diffuse idiopathic pulmonary neuroendocrine cell hyperplasia  

Malignant  

Squamous cell carcinoma 8070/3 

Papillary 8052/3 

Clear cell 8084/3 

Small cell 8073/3 

Basaloid 8083/3 

Small cell carcinoma 8041/3 

Combined small cell carcinoma 8045/3 

Adenocarcinoma 8140/3 

Acinar 8550/3 

Papillary 8260/3 

Bronchioloalveolar carcinoma 8250/3 

Nonmucinous 8252/3 

Mucinous 8253/3 

Mixed or indeterminate 8254/3 

Solid adenocarcinoma with mucin 8230/3 

Adenocarcinoma with mixed subtypes 8255/3 

Variants  

Well-differentiated fetal adenocarcinoma 8333/3 

Mucinous (“colloid”) adenocarcinoma 8480/3 

Mucinous cystadenocarcinoma 8470/3 

Signet-ring adenocarcinoma 8490/3 

Clear cell adenocarcinoma 8310/3 

Large cell carcinoma 8012/3 

Large cell neuroendocrine carcinoma 8013/3 

Combined large cell neuroendocrine carcinoma  

Basaloid carcinoma 8123/3 

Lymphoepithelioma-like carcinoma 8082/3 

Clear cell carcinoma 8310/3 

Large cell carcinoma with rhabdoid phenotype 8014/3 

Adenosquamous carcinoma 8560/3 
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Histological type and subtypes ICD-O code 

Carcinomas with pleomorphic, sarcomatoid or sarcomatous elements  

Carcinoid tumor 8240/3 

Typical carcinoid 8240/3 

Atypical carcinoid 8249/3 

Carcinomas of salivary-gland type  

Unclassified carcinoma 8010/3 

(II) Soft tissue tumors  

(III) Mesothelial tumors  

(IV) Miscellaneous tumors  

(V) Lymphoproliferative diseases  

(VI) Secondary tumors  

(VII) Unclassified tumors  

(VIII) Tumor-like lesions  

Adapted from the publications of World Health Organization (WHO) 1999. 
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Table 5. 1981 WHO classification of lung tumors. 

Histological type and subtypes ICD-O code 

(I) Epithelial tumors  

Benign  

Papillomas 8050/0 

Adenomas 8140/0 

Dysplasia and carcinoma in situ  

Malignant  

Squamous cell carcinoma (epidermoid carcinoma) 8070/3 

Spindle cell (squamous) carcinoma 8074/3 

Small cell carcinoma 8041/3 

Oat cell carcinoma 8042/3 

Intermediate cell type 8043/3 

Combined oat cell carcinoma  

Adenocarcinoma 8140/3 

Acinar adenocarcinoma 8550/3 

Papillary adenocarcinoma 8260/3 

Bronchiolo-alveolar carcinoma 8250/3 

Solid carcinoma with mucus formation 8230/3 

Large cell carcinoma 8012/3 

Giant cell carcinoma 8031/3 

Clear cell carcinoma 8310/3 

Adenosquamous carcinoma 8560/3 

Carcinoid tumor 8240/3 

Bronchial gland carcinomas  

Others  

(II) Soft tissue tumors  

(III) Mesothelial tumors  

(IV) Miscellaneous tumors  

(V) Secondary tumors  

(VI) Unclassified tumors  

(VII) Tumor-like lesions  

Adapted from the publications of World Health Organization (WHO) 1981. 
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2.3 Lung adenocarcinoma 

By definition, invasive lung adenocarcinoma is a malignant epithelial tumor with 

glandular differentiation, and with either mucin production or pneumocyte marker 

expression (Travis et al. 2015a, Travis et al. 2011). Pulmonary adenocarcinoma has 

become the most prevalent histological type of primary lung cancer accounting for 

almost half of all lung cancers. It is also the most histologically variable and 

heterogeneous form of lung cancer. This makes it a major focus of research to 

improve lung cancer patient survival (Devesa et al. 2005, Kerr 2009, Lortet-

Tieulent et al. 2014, Russell et al. 2011). According to the Finnish Cancer Registry, 

36% of the histologically confirmed lung cancers in 2007–2012 were reported as 

adenocarcinoma, 27% as SCC, and 19% as SCLC (Finnish Cancer Registry 2014). 

Only two decades earlier, SCC was the most common histological type in an 

epidemiological lung cancer study representing the general population of Northern 

Finland with a prevalence of 40%, while the prevalence of adenocarcinoma and 

SCLC was 26% and 24%, respectively (Mäkitaro et al. 1999). The etiological 

factors influencing the shift in the relative proportions of pulmonary 

adenocarcinoma vs. SCC are complex and not clearly understood (Lee et al. 2016, 

Lewis et al. 2014). 

In the literature, the emerging predominance of adenocarcinoma since the 

1960s has been strongly related to three smoking-associated factors. First, the 

change in cigarette manufacturing with the rise of filtered, lower tar- and nicotine-

containing cigarettes leading to deeper inhaling and a more peripheral distribution 

of tobacco smoke in the lung (Gray 2006). This together with the increase in 

tobacco-specific N-nitrosamines in the manufactured cigarettes has been said to 

promote a shift from central tumors, including SCC and SCLC, to peripheral 

tumors, i.e., adenocarcinomas (Lortet-Tieulent et al. 2014, Travis et al. 2015a). 

Second, the risk of SCC and SCLC increases more rapidly with increasing smoking 

duration than the risk of adenocarcinoma, causing adenocarcinoma to appear later 

(Kenfield et al. 2008, Lortet-Tieulent et al. 2014). Third, the risk of SCC and SCLC 

decreases more rapidly after smoking cessation than for adenocarcinoma (Kenfield 

et al. 2008). 

There is also evidence that non-smoking related factors have influenced the 

changes in the prevalence of adenocarcinoma (Lee et al. 2016). It is estimated that 

10–15% of lung cancer deaths are accounted for by factors other than active 

smoking (Samet et al. 2009). The improvements in the imaging and detection of 

peripheral pulmonary nodules as well as changes in the histological classifications 
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of lung tumors and in the pathological techniques may have influenced time trends 

in the adenocarcinoma/SCC ratio (Charloux et al. 1997, Lee & Lee 2011, Lee et al. 

2016, Travis et al. 2011). Yet the temporal and geographical patterns and trends 

observed suggest genuine changes in the prevalence rates (Devesa et al. 2005, Lee 

et al. 2016). Among women, however, adenocarcinoma rates have always been 

higher than SCC rates regardless of the smoking status, and the differences have 

widened over time (Devesa et al. 2005, Samet et al. 2009). 

2.3.1 The evolution of the IASLC/ATS/ERS classification 

In 2011, a novel IASLC/ATS/ERS classification of lung adenocarcinoma proposed 

significant changes to the 2004 WHO classification (Travis et al. 2011). Most 

importantly, these changes included discontinuing the terms bronchioloalveolar 

carcinoma (BAC) and mixed subtype adenocarcinoma, the addition of the terms 

adenocarcinoma in situ (AIS) and minimally invasive adenocarcinoma (MIA), and 

classification of invasive adenocarcinomas according to the predominant pattern 

after a comprehensive histological subtyping with lepidic, acinar, papillary, 

micropapillary, and solid patterns (Travis et al. 2015b). Furthermore, the 

classification addressed for the first time an approach to small biopsies and 

cytology in lung cancer diagnostics. This is of uttermost importance, as 

approximately 70% of lung cancer cases are diagnosed and staged by small biopsies 

or cytology rather than surgical resection specimens (Travis et al. 2011). 

One of the major outcomes of the IASLC/ATS/ERS project was the recognition 

that the diagnosis of lung adenocarcinoma requires a multidisciplinary approach 

(Travis et al. 2011). While previous WHO classifications had been written 

primarily by pathologists for pathologists, there was now collaboration with 

clinicians and radiologists. This effort led to the development of uniform 

terminology and criteria that not only define pathological entities, but also 

communicate critical information relevant to patient management (Travis et al. 

2011). Although histological criteria remained the foundation of the novel 

classification, a new emphasis was put on genetic studies, in particular, integration 

of molecular testing to help to personalize treatment strategies for patients with 

advanced lung cancer (Travis et al. 2015b). 

The subclassification of lung adenocarcinoma has been challenging as primary 

pulmonary adenocarcinoma is known to be in many respects a very heterogeneous 

neoplasia, not only in its histopathological complexity, but also in terms of the 

molecular, clinical, radiological, and surgical aspects (Travis et al. 2015a, Travis et 
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al. 2011, Yoshizawa et al. 2011). A major shortcoming of the previous WHO 

classifications was that the mixed subtype comprised more than 90% of all 

adenocarcinomas (Russell et al. 2011). Although pathologically accurate, these 

classifications were of limited clinical utility as most adenocarcinomas fell into the 

mixed subtype category despite having wide variation in their clinical outcomes 

(Chilosi & Murer 2010, Kerr 2009, Russell et al. 2011, Travis et al. 2011). On its 

publication, the IASLC/ATS/ERS classification drew attention to the prognostic 

value of the adenocarcinoma subtypes based on the presence and proportion of five 

distinct histological patterns. Emphasizing the impact of architecture, i.e., the 

predominant growth pattern, the IASLC/ATS/ERS classification and its prognostic 

value have already been validated in several comprehensive studies, and the 

classification has been adopted by the WHO with only minor modifications in the 

2015 WHO classification; see Table 1 (Russell et al. 2011, Travis et al. 2015a, Tsuta 

et al. 2013, Warth et al. 2012, Yoshizawa et al. 2011, Yoshizawa et al. 2013). 

The rise and fall of “bronchioloalveolar carcinoma” 

According to Butt and Allen, the concept of bronchioloalveolar carcinoma was first 

introduced to pulmonary pathology in the late 1940s (Butt & Allen 2015, Cheek & 

Muirhead 1948, Delarue & Graham 1949). Initially thought to represent a human 

form of jaagsiekte of sheep and termed as “alveolar cell carcinoma”, the tumor was 

later recognized by various other names until the diagnostic term “bronchiolo-

alveolar carcinoma” was established by the pathologist Averill Liebow in 1960 

(Liebow 1960). Over the following decades, the term bronchioloalveolar 

carcinoma has been incorrectly used for several pathologically and clinically 

distinct entities. In the 2004 WHO classification, bronchioloalveolar carcinoma 

(BAC) is defined as a pattern showing growth of neoplastic cells along pre-existing 

alveolar structures without evidence of stromal, vascular, or pleural invasion, i.e., 

a noninvasive process (Travis et al. 2004). Yet, the spectrum of tumors under the 

name BAC has included solitary small noninvasive lung tumors with a 100% 5-

year survival, as well as highly invasive and widespread disease with a very low 

survival rate (Butt & Allen 2015, Travis et al. 2011). This discrepancy has caused 

confusion both in the clinical and research settings (Travis et al. 2011). Along with 

the IASLC/ATS/ERS classification, the use of the term BAC was discontinued, and 

it has been substituted by five specific diagnostic categories, namely mucinous and 

nonmucinous AIS, MIA, lepidic predominant adenocarcinoma, and invasive 

mucinous adenocarcinoma (IMA) (Butt & Allen 2015). 
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2.3.2 Histological subtypes of lung adenocarcinoma 

Preinvasive lesions 

In the current classification, atypical adenomatous hyperplasia (AAH) is described 

as a localized, small (usually 5 mm or less) proliferation of mildly to moderately 

atypical type II pneumocytes and/or club cells (formerly called Clara cells) arising 

in the centriacinar region and lining the alveolar walls, and sometimes, respiratory 

bronchioles (Fig. 1) (Travis et al. 2015a). Within the category of preinvasive lesions, 

AAH is the counterpart of squamous dysplasia. The lesion is typically incidentally 

found during examination of surgical specimens, most of which bear lung cancer 

(Travis et al. 2015a). Distinction between the more cellular and atypical AAH and 

adenocarcinoma in situ (AIS) can be difficult (Travis et al. 2011). AIS is a small 

(less than 3 cm), solitary nonmucinous or mucinous adenocarcinoma with a pure 

lepidic growth pattern, lacking stromal, vascular and pleural invasion. Nuclear 

atypia is absent or inconspicuous. The diagnosis of AIS can be made only in a 

resected tumor with knowledge of the size of the tumor and examination of the 

entire tumor to confirm that there is no invasive component (Travis et al. 2015a). 

Minimally invasive adenocarcinoma 

Minimally invasive adenocarcinoma (MIA) is a small (less than 3 cm), solitary 

adenocarcinoma with a predominantly lepidic pattern and ≤ 5 mm invasion in 

greatest dimension. The invasive component includes any histological subtype 

other than lepidic pattern, i.e., acinar, papillary, micropapillary, solid, colloid, fetal, 

or invasive mucinous adenocarcinoma, and tumor cells infiltrating myofibroblastic 

stroma. The diagnosis of MIA is excluded if the tumor invades lymphatics, blood 

vessels, air spaces, or pleura, contains tumor necrosis, or spreads through airspaces 

(STAS) (Travis et al. 2015a). Multiple studies have shown that patients with MIA 

have 100% disease-free survival if the tumor has been completely resected (Kadota 

et al. 2014a, Maeshima et al. 2010, Travis et al. 2013a, Tsuta et al. 2013). Like 

adenocarcinoma in situ (AIS), MIA can only be diagnosed on resection, and 

histology and cytology reports should reflect this accordingly (Travis et al. 2015a). 
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Invasive adenocarcinoma  

Invasive adenocarcinomas represent more than 70 to 90% of surgically resected 

lung adenocarcinomas with the variance reflecting differences in the prevalence of 

adenocarcinoma in situ (AIS) and minimally invasive adenocarcinoma (MIA) 

(Travis et al. 2015a, Travis et al. 2011). They consist of a complex heterogeneous 

mixture of histological subtypes, which can be seen as a morphological and 

biological continuum. Adenocarcinomas showing a pure single pattern are 

relatively rare (Kerr 2009). Semiquantitative recording of the subtypes in 5% 

increments encourages observers to identify all growth patterns that may be present, 

and the histological subtyping should be performed based on a review considering 

all the histological sections of the tumor. This method provides a basis for 

determining the predominant pattern for an individual tumor. Recording of the 

percentages also makes it clear to the reader of the pathology report when a tumor 

has even mixtures of several patterns vs. a single predominant pattern (Travis et al. 

2015a, Travis et al. 2011). Small biopsies, however, are seldom representative of 

the whole tumor. This is acknowledged in the current classification, which presents 

a distinctive diagnostic approach to small biopsies and cytology (Table 2) (Travis 

et al. 2015a). 

The differential diagnosis of lung adenocarcinoma involves the distinction 

form other lung cancer types, particularly SCC and large cell neuroendocrine 

carcinoma (LCNEC), distinction of multiple lung primaries from intrapulmonary 

metastases, and distinction between primary lung adenocarcinoma and metastases 

from extrapulmonary sites. In addition, for multiple adenocarcinomas, 

comprehensive histological subtyping in resection specimens may help in 

distinguishing intrapulmonary metastasis from synchronous or metachronous 

metastases (Travis et al. 2015a). 

The most commonly used immunohistochemical pneumocyte markers are 

TTF-1 and napsin A. Approximately 75% of invasive adenocarcinomas are positive 

for TTF-1 (Rekhtman et al. 2011, Stenhouse et al. 2004, Travis et al. 2015a). The 

sensitivity of napsin A is comparable with that of TTF-1, although some reports 

have suggested that napsin A is superior for differentiating adenocarcinoma from 

SCC if positive reactions from entrapped type II pneumocytes and intra-alveolar 

macrophages are carefully excluded (Ordonez 2012, Travis et al. 2015a). 
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Fig. 1. Atypical adenomatous hyperplasia (H&E, original magnification x50). 

Fig. 2. Lepidic predominant adenocarcinoma (H&E, original magnification x100). 
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Fig. 3. Acinar predominant adenocarcinoma (H&E, original magnification x100). 

Fig. 4. Cribriform variant of acinar predominant adenocarcinoma (H&E, original 

magnification x100). 
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Lepidic adenocarcinoma 

Lepidic adenocarcinoma consists of bland pneumocytic tumor cells growing along 

the surface of alveolar walls, similar to the morphology defined for AIS and MIA 

(Fig. 2). An invasive adenocarcinoma component is present in at least one focus 

measuring > 5 mm in greatest dimension. The term lepidic predominant 

adenocarcinoma defines a nonmucinous adenocarcinoma that has lepidic growth as 

its predominant component, and should not be used in the context of IMA with 

predominant lepidic pattern (Travis et al. 2015a). 

Acinar adenocarcinoma 

The most common predominant pattern in lung adenocarcinoma is the acinar 

pattern. Acinar adenocarcinoma shows a majority component of glandular 

structures, which are round to oval-shaped with a central luminal space surrounded 

by tumor cells. The neoplastic cells and glandular spaces may contain mucin (Fig. 

3). When lepidic growth forms nests entrapped by collapse, the morphology may 

be difficult to distinguish from the acinar pattern. However, when the alveolar 

architecture is lost and/or the myofibroblastic stroma is present, a diagnosis of 

invasive acinar adenocarcinoma is considered. In the current WHO classification, 

the cribriform pattern characterized by glandular fusion and complexity of the 

glandular structures is also placed under the category of acinar adenocarcinoma 

(Fig. 4) (Travis et al. 2015a). 

Papillary adenocarcinoma 

The papillary subtype consists of malignant cuboidal to columnar glandular cells 

growing along central fibrovascular cores (Fig. 5). This should be distinguished 

from tangential sectioning of the alveolar walls in an area of lepidic 

adenocarcinoma. If a tumor has lepidic growth, but the alveolar spaces are filled 

with papillary structures, the tumor is classified as papillary adenocarcinoma. 

Myofibroblastic stroma is not needed to diagnose this pattern (Travis et al. 2015a). 

Micropapillary adenocarcinoma 

The IASLC/ATS/ERS classification launched a novel micropapillary subtype 

(Travis et al. 2011). The major component of micropapillary adenocarcinoma are 
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tumor cells growing in papillary tufts forming florets that lack the fibrovascular 

cores characteristic for papillary adenocarcinoma. These florets of cells may appear 

detached from or connected to the alveolar walls. Tumor cells are usually small and 

cuboidal, presenting with variable atypia. Ring-like glandular structures may 

seemingly float within the alveolar spaces (Fig. 6). Vascular and stromal invasion 

is common, and psammoma bodies may be seen (Travis et al. 2015a). 

Solid adenocarcinoma 

Solid adenocarcinoma lacks recognizable patterns of adenocarcinoma, i.e., acinar, 

papillary, micropapillary, or lepidic growth, and shows polygonal tumor cells 

growing in solid sheets or nests (Fig. 7). If the tumor is 100% (pure) solid, 

intracellular mucin should be present in at least five tumor cells in each of two high 

power fields (HPF), and confirmed with histochemical mucin stains, e.g. Alcian 

blue PAS (Travis et al. 2015a). Solid adenocarcinoma must be distinguished from 

SCC and LCC, both of which may show occasional cells with intracellular mucin 

(Travis et al. 2011). TTF-1 positivity is less common in solid predominant 

adenocarcinoma than in other subtypes, and while the classic localization of 

invasive adenocarcinoma is in the lung periphery, two recently published series of 

resected lung adenocarcinomas showed that a considerable percentage of solid 

(33%) predominant adenocarcinomas were localized centrally (Russell et al. 2011, 

Russell et al. 2013). Interestingly, the presence of solid tumor components has also 

been associated with heavy smoking (Maeda et al. 2011). 
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Fig. 5. Papillary predominant adenocarcinoma (H&E, original magnification x100). 

Fig. 6. Micropapillary predominant adenocarcinoma (H&E, original magnification x100). 
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Fig. 7. Solid predominant adenocarcinoma (H&E, original magnification x100) 

Fig. 8. Invasive mucinous adenocarcinoma (H&E, original magnification x100) 
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Adenocarcinoma variants 

Invasive mucinous adenocarcinoma (IMA) includes adenocarcinomas formerly 

classified as mucinous BAC, with tumor cells that have goblet and/or columnar cell 

morphology with abundant intracytoplasmic mucin and small, basally located 

nuclei. Nuclear atypia is characteristically inconspicuous or absent. Surrounding 

alveolar spaces often fill with mucin. Any growth pattern except solid may be seen: 

acinar, papillary, micropapillary, and lepidic, the lepidic pattern being the most 

common (Fig. 8). Mixtures of mucinous and nonmucinous adenocarcinoma may 

rarely occur. If there is ≥ 10% of each component, the tumor should be classified 

as mixed invasive mucinous and nonmucinous adenocarcinoma, with a description 

of each component. IMAs show a very strong correlation with KRAS mutation, and 

the immune profile of these tumors is different from that of other subtypes, as they 

are typically positive for CK7 and CK20, and usually negative for TTF-1 and 

napsin A (Travis et al. 2015a, Travis et al. 2011). 

In colloid adenocarcinoma, abundant pools of extracellular mucin replace 

airspaces and destruct their walls. The tumor cells may comprise only a small 

percentage of the total tumor, and be extremely well differentiated and 

inconspicuous. Fetal adenocarcinoma (former pulmonary blastoma) consists of 

complex glandular structures imitating the developing epithelium in the 

pseudoglandular phase of the fetal lung, while enteric adenocarcinoma resembles 

the adenocarcinomas arising in the colorectum. The latter variant may express 

immunohistological markers of enteric differentiation, namely CDX-2, CK20, or 

MUC2 (Travis et al. 2015a, Travis et al. 2011). 
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2.3.3 Invasion patterns in lung adenocarcinoma 

In pulmonary adenocarcinoma, invasion is defined as the presence of histological 

patterns other than lepidic, i.e., acinar, papillary, micropapillary, and/or solid 

pattern, infiltration of stroma, and infiltration of lymphatics, blood vessels, or 

structures such as the visceral pleura (Kadota et al. 2015, Travis et al. 2011). 

Lymphatic spread gives rise to involvement of ipsilateral or contralateral hilar and 

mediastinal lymph nodes, whereas blood-borne metastases are most frequently 

found in the liver, bone, brain, adrenal glands, and lungs (Travis et al. 2015a). 

Microscopic vessel invasion including lymphatic and blood vessel invasion is a 

frequent finding in surgical resection specimens. Nevertheless, a number of studies 

have demonstrated that it is associated with a high risk of recurrence having strong 

impact on survival in NSCLC (Miyoshi et al. 2009, Neri et al. 2014, Ruffini et al. 

2011). Metastatic tumor growth along the pleural surface is another route of 

metastatic spread, and its current descriptor is M1a disease (Travis et al. 2015a). 

Visceral pleural invasion has long been known to reflect the aggressiveness and 

invasive nature of NSCLC, and is considered as one of the most significant adverse 

prognostic factors in surgically operated NSCLC patients (Rusch et al. 2010, 

Shimizu et al. 2005). In their meta-analysis, Jiang et al. showed that in conjunction 

with tumor size, the visceral pleural invasion affects the overall survival (OS) and 

should thus be considered as an indication for adjuvant chemotherapy in stage I 

NSCLC patients (Jiang et al. 2015). 

With respect to the potential routes for tumor dissemination, lung carcinomas 

are exceptionally unique. Apart from the vascular, nodal and distant spread of 

tumor cells, aerogenous tumor spread may also occur. This includes a previously 

underestimated pattern of invasion, spread through airspaces (STAS), where tumor 

cells spread through air spaces in the lung parenchyma beyond the outer edge of 

the main tumor (Kadota et al. 2015, Travis et al. 2015a). This phenomenon has 

been reported in various NSCLC types using different terms, e.g., “aerogenous or 

pneumonic spread”, “tumor islands”, and “alveolar growth pattern”, and some of 

these reports have shown associations with poor prognosis (Clayton 1986, Onozato 

et al. 2013, Sardari Nia et al. 2004). In lung adenocarcinoma, STAS has recently 

been associated with significantly reduced overall and disease free survival, and it 

is suspected to contribute to the increased recurrence rate for patients with small 

stage I adenocarcinomas who undergo limited sublobar resections (Kadota et al. 

2015, Warth et al. 2015b). According to Kadota et al, STAS is composed of three 

morphological patterns: micropapillary clusters consisting of papillary structures 



49 

without central fibrovascular cores which occasionally form ring-like structures 

within air spaces; solid nests or tumor islands consisting of solid collections of 

tumor cells filling air spaces; and single cells consisting of discohesive single tumor 

cells (Kadota et al. 2015). In the study by Warth et al, STAS was observed in either 

limited or extensive degree in 50.6% of cases, and the highest rates were present in 

the micropapillary predominant adenocarcinomas (Warth et al. 2015b). 

2.3.4 Grading of lung adenocarcinoma 

Currently, there is no established histological grading system for pulmonary 

adenocarcinomas. There is still insufficient data to determine how to grade 

carcinomas like SCC and adenosquamous carcinoma, while neuroendocrine lung 

tumors are inherently graded as they are classified with low-grade typical carcinoid, 

intermediate-grade atypical carcinoid, and high-grade LCNEC and SCLC (Table 1) 

(Travis et al. 2015a). According to WHO, tumor grading is the division of a specific 

tumor group into two or more prognostically relevant grades based on 

morphological appearance (Travis et al. 2015a). In the 2004 WHO classification, 

the grading of pulmonary adenocarcinomas into well-, moderately-, and poorly-

differentiated tumors (grades I–III) was based on the so called conventional 

histological criteria, including cytological atypia and the extent to which the 

architectural pattern of the tumor resembles normal lung tissue, i.e., the degree of 

differentiation or histological variation (Nakazato et al. 2010, Travis et al. 2004). 

However, in these highly heterogeneous tumors, the lack of standardization led to 

subjective grading methods, susceptible to human error and grade reporting of 

uncertain clinical significance. In many other organ systems including breast, 

prostate and kidney, the grading criteria for adenocarcinoma are well established 

and based on the architectural patterns, cytological features, or both (Eble et al. 

2004, Epstein et al. 2005, Lakhani et al. 2012, Rioux-Leclercq et al. 2007, Thomas 

et al. 2009). 

Following to the introduction of the IASLC/ATS/ERS classification, the 

predominant histological subtypes of adenocarcinoma have been shown to be 

associated with significant prognostic differences (Travis et al. 2015a, Tsuta et al. 

2013, Yoshizawa et al. 2011). These associations are expected to provide the basis 

for a specific architectural grading system, which would be most applicable to 

resection specimens (Travis et al. 2015a). Currently, lepidic predominant 

adenocarcinomas are considered to be well-differentiated grade I tumors with an 

excellent outcome and survival rates of 86–93%, while acinar and papillary 
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predominant adenocarcinomas are regarded as moderately-differentiated, and solid 

and micropapillary predominant adenocarcinomas as poorly-differentiated tumors 

corresponding to the grades II and III and with survival rates of 67–84%, 71–83%, 

38–67%, and 39–70%, respectively, depending on the population studied (Russell 

et al. 2011, Tsuta et al. 2013, Yoshizawa et al. 2011). A correlation with the 

presence of a nonpredominant solid growth pattern and poor outcome has also been 

observed (Solis et al. 2012). The survival data on IMA is somewhat conflicting, but 

it is currently considered as a subtype with an intermediate or even a poor prognosis 

(Gu et al. 2013, Russell et al. 2011, Tsuta et al. 2013, Yoshizawa et al. 2011). 

The previously proposed grading systems have included classifications based 

on the two most predominant growth patterns, the highest-grade pattern, and 

nuclear features in combination with the architecture, such as the predominant 

pattern (Barletta et al. 2010, Kadota et al. 2012, Sica et al. 2010, von der Thusen 

et al. 2013). More recently, Xu et al. based their proposal for adenocarcinoma 

grading on four parameters: the predominant growth pattern, mitotic activity, 

nuclear features, and vascular invasion (Xu et al. 2013). In all of these proposals, 

the grading scheme is well-argued and also relatively easy to accomplish unlike the 

promising, yet much more time-consuming method by Nakazato et al., which 

focuses on the detailed morphometric evaluation of the nuclear features, i.e., the 

nuclear area and nuclear major dimension of tumor cells (Nakazato et al. 2010). 

The most common subtype in lung adenocarcinoma is the acinar predominant 

adenocarcinoma. It has been suggested that for prognostic purposes, acinar 

predominant adenocarcinomas should be further divided into acinar and cribriform 

predominant subsets. With respect to morphology, the cribriform pattern might be 

placed somewhere in between the acinar and solid patterns (Warth et al. 2015a). 

The cribriform pattern has been associated with a poor prognosis in several reports 

(Kadota et al. 2014c, Maeshima et al. 2010, Moreira et al. 2014, Xu et al. 2013). 

The recurrence-free survival for patients with predominantly cribriform tumors has 

been shown to be comparable to patients with solid and micropapillary 

predominant adenocarcinoma referring to an aggressive course of disease (Kadota 

et al. 2014c). Based on their observations on the patient outcome, Warth et al. 

suggested that in the future classifications cribriform pattern should rather be 

grouped in the high-grade tumors together with solid and micropapillary 

predominant carcinoma and not in the acinar category as currently recommended 

(Warth et al. 2015a). Considering the heterogeneous nature of pulmonary 

adenocarcinomas, additional morphological patterns might be expected to be found 

(Fukutomi et al. 2013, Warth et al. 2015a). 
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2.3.5 Combining mutational and morphological profiles 

EGFR, KRAS, and ALK mutations are considered the prototypical driver mutations 

in lung cancer in general, but these mutations are acquired in a manner almost 

completely specific to pulmonary adenocarcinoma (Travis et al. 2015a). Among 

the adenocarcinomas with these driver mutations, adenocarcinomas with EGFR 

mutations are preferentially seen in Asians, women, and never-smokers, and 

develop in the peripheral lung parenchyma, while adenocarcinomas with KRAS 

mutations commonly occur in the non-Asian population, smokers, IMA, and 

frequently in the hilar regions (Mazieres et al. 2013, Pao et al. 2004, Shigematsu et 

al. 2005, Suda et al. 2010, Tam et al. 2006, Travis et al. 2015a, Travis et al. 2011). 

Activating mutations in EGFR occur in exons encoding the tyrosine kinase domain 

(exons 18 to 21), are usually heterozygous, and have been identified in 10–30% of 

lung adenocarcinomas (Lynch et al. 2004, Mäki-Nevala et al. 2014, Pao et al. 2004, 

Travis et al. 2011). Approximately 30% of adenocarcinomas carry mutations in 

KRAS, and these mutations are most commonly activating missense mutations of 

codon 12 (Finberg et al. 2007, Rodenhuis & Slebos 1990). KRAS mutations are not 

rare among never-smokers with adenocarcinoma, yet never-smokers have a distinct 

KRAS mutation profile showing transition rather than transversion mutations (Riely 

et al. 2008). Yet KRAS is one of the downstream molecules in the EGFR signaling 

pathway, EGFR and KRAS mutations are mutually exclusive, and are seldom 

present in the same tumor (Shigematsu et al. 2005). In contrast to EGFR mutations, 

KRAS mutations predict primary resistance to tyrosine kinase inhibitor (TKI) 

treatment and have been associated with poor prognosis (Marks et al. 2008, 

Mascaux et al. 2005, Pao et al. 2005, Sun et al. 2013). 

Unlike the specific genetic alterations seen in other malignant tumors such as 

sarcomas, lymphomas, and leukemias, there are no specific histological/molecular 

correlations in lung cancer, and EGFR and KRAS mutations, as well as ALK 

rearrangements, can be detected in most of the adenocarcinoma subtypes (Travis et 

al. 2015a). However, the highest correlation is seen with IMAs, a high percentage 

of which has KRAS mutations and lacks EGFR mutations (Finberg et al. 2007, 

Kadota et al. 2014b, Travis et al. 2015a). A significant association between KRAS 

mutations and solid predominant histology or solid growth pattern in nonmucinous 

adenocarcinoma has also been reported in two recent studies (Rekhtman et al. 2013, 

Russell et al. 2013). EGFR mutations, on the contrary, are most often observed in 

the absence of solid tumor components. They are mainly seen in lepidic and 

papillary predominant nonmucinous adenocarcinomas, yet they have also been 
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associated with micropapillary predominant growth pattern (De Oliveira Duarte 

Achcar et al. 2009, Kadota et al. 2014b, Maeda et al. 2011, Motoi et al. 2008, 

Travis et al. 2015a). In addition, ALK rearrangement has been linked with a 

predominantly acinar or cribriform morphology and solid predominant growth 

pattern with signet ring cell features (McLeer-Florin et al. 2012, Sasaki et al. 2010, 

Travis et al. 2015a, Yoshida et al. 2011). 

HER2 and ROS1 share clinicopathological features with EGFR and ALK in 

terms of involvement that is virtually specific to adenocarcinoma, their mutations 

being particularly frequent in TTF-1 positive tumors, never-smokers, and women 

(Bergethon et al. 2012, Tomizawa et al. 2011, Travis et al. 2015a). Moreover, ROS1 

altered adenocarcinomas have also been described morphologically similar to ALK 

rearranged tumors both having a reportedly high frequency of solid predominant 

growth and mucinous differentiation (Sholl et al. 2013). 

2.4 Lung cancer diagnostics 

2.4.1 Diagnosis 

The lung is a visceral organ and the limited access to it poses barriers to the 

sensitivity of molecular lung cancer early detection modalities. Due to the complex 

branching structure of the bronchial tree, the entire lung cannot be thoroughly 

examined with external imaging, endobronchial fiberoptics, or long probes (Alberg 

et al. 2013). Early detection in individuals at high risk could prevent, interrupt, or 

delay lung cancer progression (Molina et al. 2008). The 2014 Lung Cancer 

Screening Guidelines published by the American Cancer Society (ACS) stated that 

individuals requesting lung cancer screening should enter an organized screening 

program at an institution with expertise in low-dose computed tomography (CT) 

screening, and with access to a multidisciplinary team skilled in the evaluation, 

diagnosis and treatment of abnormal lung lesions (Smith et al. 2014). If these 

criteria are not met, the risk of harms associated with lung cancer screening is 

considered to be substantial, and screening is not recommended (Smith et al. 2014, 

Vansteenkiste et al. 2014). No current guidelines recommend mass screening for 

early detection of lung cancer. 

Approximately 25% of patients are asymptomatic at the time lung cancer is 

identified, and these patients are more likely to have a less advanced disease (Ost 

et al. 2013). However, the majority of lung cancer patients present with cancer-
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related symptoms, of which the most common are cough, weight loss, and dyspnea, 

followed by chest pain, hemoptysis, bone pain, finger clubbing and hoarseness. 

Less common symptoms are weakness, superior vena cava obstruction, dysphagia, 

wheezing and stridor. Pulmonary symptoms are more frequent in large and 

centrally located tumors and tumors with an endobronchial component (Ost et al. 

2013). Recurrent pneumonia in the same anatomic distribution or recurrent acute 

exacerbations of COPD should raise concern for neoplasia. Fatigue, fever, anorexia, 

and weight loss are symptoms relating to a metastatic disease. Lung cancer can 

metastasize to any organ, and the most common sites of metastasis are the lymph 

nodes, liver, bone, brain, adrenal glands, pleura, and lungs. The clinical 

presentation may also be complicated by the presence of paraneoplastic syndromes 

such as hypercalcemia (Ost et al. 2013). Paraneoplastic syndromes are far more 

common in SCLC than other types of lung cancer as SCLC is characterized by 

neuroendocrine activity (Travis et al. 2015a). 

Chest radiography (CXR) is the basic imaging modality of lung cancer, and it 

should be done when pulmonary symptoms are present. However, CXR is less 

sensitive and specific for lung cancer than CT, which visualizes the entire chest and 

is able to detect even the very small, i.e., 2 mm lesions. CT provides information 

about the accurate size and location of the tumor, as well as its shape, borders, 

density, and distribution. If radiographic findings are suggestive of lung cancer, 

tissue diagnosis and disease staging are required prior to the appropriate treatment. 

A variety of techniques are available as diagnostic methods: sputum cytology, 

bronchoscopy including washings, brushings, and biopsies, endobronchial 

ultrasound (EBUS) or esophageal ultrasound (EUS) guided biopsies, and 

ultrasound or CT guided transthoracic biopsies. Test selection should be done in a 

multidisciplinary fashion, unnecessary invasive tests should be avoided, and the 

yield of the selected procedure should be maximized for both the diagnosis and 

staging (Rivera et al. 2013). In some cases, the tissue specimens are best achieved 

by more invasive methods, i.e., mediastinoscopy, thoracoscopy, or thoracotomy. 

2.4.2 Staging 

After the initial diagnosis of lung cancer, accurate TNM staging is essential not 

only for determining the appropriate therapy but also for estimating the prognosis 

(Molina et al. 2008, Rusch et al. 2010). The most important issue in lung cancer 

staging is the detection of mediastinal involvement as current guidelines do not 

recommend surgery if mediastinal lymph node metastases are present (De Leyn et 
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al. 2014, Heigener et al. 2008). Conventional clinical staging is most often 

performed with CT of the thorax and upper abdomen. CT imaging can also be used 

as a combination with positron emission tomography (PET) with fluorine 18-

labeled fluorodeoxyglucose, which has been shown to have greater sensitivity for 

the detection of metabolically active malignant disease, thus improving the rate of 

detection of local and distant metastases (Pieterman et al. 2000). For risk 

assessment, a complete medical history including smoking history and 

comorbidities, weight loss, performance status (PS), and physical examination is 

required (Vansteenkiste et al. 2014). 

Corresponding to other malignant tumors, lung cancer is staged according to 

the TNM classification maintained by the International Union for Cancer Control 

(UICC) and American Joint Committee on Cancer (AJCC) (Rusch et al. 2010). The 

TNM system describes the anatomical extent of disease and is based on the 

assessment of three components: T describing the anatomical extent of the primary 

tumor (tumor size, tumor location, the involved structures, and the effects of tumor 

growth), N defining the absence or presence and extent of regional lymph node 

metastasis, and M denoting the absence or presence of distant metastasis (Rusch et 

al. 2010). The latest revision of the classification, i.e., TNM-8, was introduced in 

December 2016 (Brierley et al. 2017). One of the major changes between the 7th 

and the 8th edition is the new subdivision of the T1 tumors, including minimally 

invasive adenocarcinoma (MIA) (Table 6). No changes have been done regarding 

the N category (Table 7), while the M category now classifies single and multiple 

distant metastases into two different categories, i.e., M1b and M1c (Table 8). For 

stage classification, see Table 9. 

The pathologist has a major role both in the pretreatment clinical staging and 

the final postsurgical pathological staging of lung cancer patients. The pathological 

TNM classification (pTNM) uses the evidence acquired before treatment, 

supplemented or modified by the additional evidence acquired during and after 

surgery, particularly from the pathological examination of the resected specimens. 

A comprehensive pathology report should include accurate information of the size 

and location of the tumor, presence of lymphovascular invasion and/or pleural 

involvement, status of the surgical margins, and status and location of lymph nodes 

station by station (Detterbeck et al. 2013, Rusch et al. 2010). 
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Table 6. TNM-8 classification for lung cancer: Primary tumor (T). 

T category Definition 

TX Primary tumor cannot be assessed 

T0 No evidence of primary tumor 

T1 Tumor 3 cm or less in greatest dimension, surrounded by lung or visceral pleura, 

without bronchoscopic evidence of invasion more proximal than the lobar bronchus 

(i.e., not in the main bronchus) 

T1mi Minimally invasive adenocarcinoma 

T1a Tumor 1 cm or less 

T1b Tumor more than 1 cm but not more than 2 cm 

T1c Tumor more than 2 cm but not more than 3 cm 

T2 Tumor more than 3 cm but not more than 5 cm; or tumor with any of the following 

features: Involves main bronchus without involvement of the carina, or invades 

visceral pleura or associated with atelectasis or obstructive pneumonitis 

T2a Tumor more than 3 cm but not more than 4 cm 

T2b Tumor more than 4 cm but not more than 5 cm 

T3 Tumor more than 5 cm but not more than 7 cm or directly invades: parietal pleura, 

chest wall, phrenic nerve, or parietal pericardium; or separate tumor nodule(s) in the 

same lobe. 

T4 Tumor more than 7 cm or of any size that invades any of the following: diaphragm, 

mediastinum, heart, great vessels, trachea, recurrent laryngeal nerve, esophagus, 

vertebral body, carina; or separate tumor nodule(s) in a different ipsilateral lobe to the 

primary 

Adapted from the publications of the International Union for Cancer Control (UICC) 2016. 

Table 7. TNM-8 classification for lung cancer: Regional lymph nodes (N). 

N category Definition 

NX Regional lymph nodes cannot be assessed 

N0 No regional lymph node metastasis 

N1 Metastasis in ipsilateral peribronchial and/or ipsilateral hilar lymph nodes and 

intrapulmonary nodes, including involvement by direct extension 

N2 Metastasis in ipsilateral mediastinal and/or subcarinal lymph node(s) 

N3 Metastasis in contralateral mediastinal, contralateral hilar, ipsilateral or contralateral 

scalene or supraclavicular lymph node(s) 

Adapted from the publications of the International Union for Cancer Control (UICC) 2016. 
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Table 8. TNM-8 classification for lung cancer: Distant metastasis (M). 

M category Definition 

M0 No distant metastasis 

M1 Distant metastasis 

M1a Separate tumor nodule(s) in a contralateral lobe; tumor with pleural or pericardial 

nodules or malignant pleural or pericardial effusion 

M1b Single extrathoracic metastasis in a single organ 

M1c Multiple extrathoracic metastasis in a single or multiple organs 

Adapted from the publications of the International Union for Cancer Control (UICC) 2016. 

Table 9. TNM-8 classification for lung cancer: Stage grouping. 

Stage Definition 

IA1 T1mi, T1a, N0, M0 

IA2 T1b, N0, M0 

IA3 T1c, N0, M0 

IB T2a, N0, M0 

IIA T2b, N0, M0 

IIB T1a–c, T2a,b, N1, M0 or T3, N0, M0 

IIIA T1a–c, T2a,b, N2, M0 or T3, N1, M0 or T4, N0, N1, M0 

IIIB T1a–c, T2a,b, N3, M0 or T3, T4, N2, M0 

IIIC T3, T4, N3, M0 

IVA Any T, Any N, M1a, M1b 

IVB Any T, Any N, M1c 

Adapted from the publications of the International Union for Cancer Control (UICC) 2016. 
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2.5 Lung cancer treatment and prognosis 

2.5.1 Treatment 

Clinical practice guidelines such as the ESMO guidelines of the European Society 

for Medical Oncology are intended to provide recommendations for the best 

standards of cancer care based on the findings of evidence-based medicine (Besse 

et al. 2014, Eberhardt et al. 2015, Vansteenkiste et al. 2014). According to the 

current guidelines, lobectomy is considered as the standard therapy for early stage 

(stage I and II) non-small cell lung cancer (NSCLC), but sublobar resection, i.e., 

anatomical segmentectomy or wide wedge resection with adequate margins, is 

currently acceptable for small, noninvasive or minimally invasive lesions, 

especially those with radiological ground-glass opacity characteristics (Travis et al. 

2011, Van Schil et al. 2012, Vansteenkiste et al. 2014). For patients with clinical 

stage I and II NSCLC, a systematic mediastinal lymph node dissection is 

recommended, though in some specific subsets of early stage pulmonary 

adenocarcinoma it may not always be required (Nomori et al. 2006, Vansteenkiste 

et al. 2014). Postoperative platinum-based adjuvant chemotherapy is recommended 

only for patients with completely resected pathologic stage II NSCLC and good 

performance status (PS), and postoperative radiation therapy should be limited to 

patients with a positive surgical margin (R1 resection) in the resected specimen 

(Vansteenkiste et al. 2014). However, a significant proportion of patients with early 

stage NSCLC do not receive surgical therapy, mainly due to high comorbidity and 

old age (Palma et al. 2010). For these patients, treatment with stereotactic body 

radiation therapy (SBRT) is currently an option (Vansteenkiste et al. 2014). 

The management of stage III NSCLC is said to be among the most confusing 

and controversial areas in lung cancer as stage III involves patients with a wide 

spectrum of disease burden (Detterbeck et al. 2013, Eberhardt et al. 2015). 

Tailoring the aggressiveness and intent of treatment, i.e., curative or palliative, in 

patients with comorbidities, weight loss, or impaired PS requires additional 

consideration. In the absence of contraindications, a curative-intent treatment is 

indicated using a combination of cisplatin-based chemotherapy and radiotherapy 

(RT) (Eberhardt et al. 2015). The optimal surgical management of stage III NSCLC 

aims at complete resection preserving as much noninvolved lung parenchyma as 

possible. Usually this is achieved by lobectomy, bilobectomy, or sleeve resection, 

including systematic mediastinal nodal exploration (Eberhardt et al. 2015). 
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Major advances continue to be made in the treatment of stage IV NSCLC, and 

though cure is not possible, significant palliation in terms of improved quality of 

life and duration of survival can be accomplished. The choice of chemotherapy is 

strongly directed by the histologic type of NSCLC. Moreover, targeted therapy with 

an EGFR tyrosine kinase inhibitor (e.g. gefinitib or erlotinib) is the first-line 

treatment of choice for patients with EGFR mutations (Besse et al. 2014). 

Crizotinib has been proven effective in patients with ALK positive NSCLC, and it 

may also be considered in individual patients with ROS1 translocation (Besse et al. 

2014). Maintenance chemotherapy has been established to be useful in many 

situations, and the safety and efficacy of the chemotherapy regimens have been 

extended (Detterbeck et al. 2013). The therapeutic outcomes with novel immune 

checkpoint modulators such as nivolumab or pembrolizumab are also highly 

promising in NSCLC (Sundar et al. 2015). 

Personalized medicine 

One of the greatest advances in the modern management of lung cancer is the 

concept of personalized medicine, in which the therapeutic decisions are based on 

the specific histologic and genetic characteristics of the tumor (Travis et al. 2015b). 

Until the past decade, there were no therapeutic implications to classify NSCLC 

further. Systemic treatment of NSCLC was limited to platinum-based 

chemotherapy, and little attention was given to the distinction of adenocarcinoma 

and SCC in small diagnostic tissue samples (Korpanty et al. 2014, Travis et al. 

2015b). However, this situation changed radically with the discovery of several 

therapeutic options that are only approved for treatment of patients with specific 

types of lung cancer (Travis et al. 2015b). 

In cancer development, “driver” mutations confer growth advantage on the 

cancer cells carrying them (Stratton et al. 2009). Finding that driver mutations, such 

as EGFR mutations and ALK rearrangements, have an essential role in the 

tumorigenesis of adenocarcinomas and are thus effective targets for EGFR tyrosine 

kinase or ALK inhibitors in patients with advanced lung adenocarcinoma not only 

revolutionized therapeutic strategies, but also transformed the clinical practice for 

pathologists (Pao et al. 2004, Soda et al. 2007, Travis et al. 2011, Travis et al. 

2015b). Current data indicate that EGFR mutations are adenocarcinoma dominant, 

rather than adenocarcinoma specific (Cheng et al. 2012). The incidence of EGFR 

mutations in unselected tumors with NSCLC histology ranges from 10 to 50%, and 

95% of such mutations have been found in adenocarcinomas. A smaller subset of 
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lung adenocarcinoma cases harbor a transforming ALK fusion gene (Cheng et al. 

2012). Other clinically relevant biomarkers in lung cancer include MET, ROS1, and 

KRAS (Fig. 9). 

Due to the therapeutic implications, molecular testing for EGFR mutation and 

ALK rearrangement is currently recommended in lung tumors classified as 

adenocarcinoma and in cases where an adenocarcinoma component cannot be 

excluded (Leighl et al. 2014, Lindeman et al. 2013, Travis et al. 2011, Travis et al. 

2015b). Unfortunately, the number of patients for whom molecular targeted therapy 

is suitable is still quite small (Korpanty et al. 2014). In contrast, patient selection 

for the novel immune checkpoint inhibitors is done through assessment of PD-L1 

(programmed cell death ligand 1) immunohistochemistry. This has raised the 

question of how to define a threshold for positive PD-L1 immunolabeling on biopsy 

samples considering that certain patients respond to treatment despite low or absent 

immunoreactivity (Ilie et al. 2016). 

Fig. 9. Driver genes in lung adenocarcinoma. Adapted from the Cancer Genome Atlas 

Research Network (2014). 
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2.5.2 Prognosis and prognostic factors 

In Finland, the relative 5-year survival rate for lung cancer patients for the period 

of 2012 to 2014 was merely 10% for men and 15% for women (Finnish Cancer 

Registry 2014). Survival rates are higher in surgically operated NSCLC patients, 

and correspond closely to disease progression, i.e., TNM stage. However, the risk 

of recurrence is known to be significant even among the curatively resected stage I 

NSCLC patients, whose long-term survival is also affected by the relatively high 

rate of diagnosis of second primary lung cancers (Goodgame et al. 2008, Martini 

et al. 1995, Rice et al. 2003). The most recent IASLC staging project reports overall 

5-year survival rate of 92% for stage IA1, 83% for stage IA2, 77% for stage IA3, 

68% for stage IB, 60% for stage IIA, 53% for stage IIB, 36% for stage IIIA, 26% 

for stage IIIB, 13% for stage IIIC, 10% for stage IVA, and 0% for stage IVB 

NSCLC patients (Goldstraw et al. 2016). Analyses of the IASLC lung cancer 

database have revealed that in addition to clinical stage and histology (squamous 

vs. non-squamous) in NSCLC, age, gender, and performance status (PS) are 

important prognostic factors for both NSCLC and SCLC (Rusch et al. 2010, Sculier 

et al. 2008). 

Performance status, as measured by, e.g., the WHO or Karnofsky PS scores, is 

the most established clinical factor for assessing prognosis in advanced (stage IIIB 

and IV) NSCLC, and this is advised in the current treatment guidelines (Simmons 

et al. 2015). Accordingly, weight loss is common in lung cancer patients and 

typically worsens with disease progression. Studies have linked weight loss in lung 

cancer to reduced survival, independent of treatment received. Patients with weight 

loss are less likely to complete their chemotherapy and more likely to experience 

chemotoxicity, independent of tumor status (Ross et al. 2004). Therefore, weight 

loss in lung cancer patients is of symptomatic, treatment predictive, and prognostic 

relevance (Simmons et al. 2015). Women have been shown to have better outcome 

than men, and in a large population-based study from Norway, the difference was 

most evident in women diagnosed with pulmonary adenocarcinoma (Sagerup et al. 

2011). Smoking history and comorbidities correlate strongly with PS, but could 

also be potentially useful as independent prognostic variables in NSCLC (Sculier 

et al. 2008). 

Measures of the systemic inflammatory response are of independent prognostic 

value in cancer. The Glasgow prognostic score (GPS), a combination of the serum 

levels of C-reactive protein (CRP) and albumin, has been the most extensively 

studied and validated prognostic scoring tool in various types of malignant tumors 
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(McMillan 2013). In advanced lung cancer, GPS has been shown to correlate with 

weight loss, to associate with increased treatment toxicity and reduced treatment 

response, and to carry significant independent prognostic value (Gioulbasanis et al. 

2012, McMillan 2008, Simmons et al. 2015). Preoperative and perioperative serum 

carcinoembryonic antigen (CEA) values have also been reported to identify lung 

cancer patients with poor prognosis (Okada et al. 2004, Sawabata et al. 2002). 

However, routine measurements of either GPS or serum CEA levels are not widely 

performed. 

In the IASLC database, where adequate data was available on five basic blood 

tests: calcium, albumin, sodium, white blood cells, and hemoglobin, the elevated 

white blood cell count and hypercalcemia showed interestingly a significant 

adverse prognostic effect (Sculier et al. 2008). In their report, Sculier et al. also 

summarized results from several meta-analyses published on the prognostic value 

of various promising biological and genetic markers in lung cancer (Sculier et al. 

2008). These markers include, e.g. EGFR, which has since emerged as a potentially 

useful prognostic and predictive factor in the management of advanced NSCLC, 

especially adenocarcinoma, with EGFR tyrosine kinase inhibitors (Lynch et al. 

2004, Nakamura et al. 2014, Paez et al. 2004). In NSCLC, younger patients have 

been reported to possess a uniquely high incidence of targetable genomic 

alterations paired with an unexpectedly poor prognosis. These findings suggest that 

comprehensive genotyping including next-generation sequencing (NGS) should be 

used when available for young lung cancer patients (Sacher et al. 2016). 

2.6 EGFR in lung cancer 

The human epidermal growth factor receptor (EGFR) or ErbB family is comprised 

of four distinct receptors, namely EGFR (also known as ErbB1/HER1), 

ErbB2/HER2/Neu, ErbB3/HER3, and ErbB4/HER4 (Burden & Yarden 1997). All 

proteins of this family have an extracellular ligand-binding domain, a single 

hydrophopic transmembrane domain and a cytoplasmic tyrosine kinase containing 

domain (Normanno et al. 2006, Olayioye et al. 1999). Essential roles for these 

receptors and their ligands have been described in various types of human cancer, 

including lung carcinoma, and the contribution of each receptor to cancer cell 

behavior is generally regulated by a combination of its expression level and the 

availability of its ligand or ligands in tumor microenvironment (Shepard et al. 2008, 

Yarden & Sliwkowski 2001). Each ErbB molecule engages a distinct set of 

signaling pathways, and thus ErbB signaling can be viewed in terms of a layered 



62 

signaling network (Mosesson & Yarden 2004). Binding of ligands to the 

extracellular domain of EGFR results in receptor dimerization, subsequent 

activation of the tyrosine kinase domain and phosphorylation of specific tyrosine 

residues within the cytoplasmic tail, and eventually, activation of intracellular 

signaling pathways (Normanno et al. 2006). 

In cancer cells, unrestrained EGFR signaling promotes cell proliferation and 

survival, angiogenesis, and invasion (Mosesson & Yarden 2004). Several 

mechanisms, including EGFR mutations and overexpression of EGFR protein, 

have influence on the activity of EGFR signaling in cancer. Approximately 10–30% 

of lung adenocarcinomas carry activating mutations in EGFR (Travis et al. 2011), 

and these mutations are known to predict therapeutic response to EGFR tyrosine 

kinase inhibitors, e.g., erlotinib and gefitinib (Lynch et al. 2004, Paez et al. 2004, 

Pao et al. 2004). Overexpression of EGFR family members and their ligands is 

known to predict more aggressive behavior in many carcinomas (Shepard et al. 

2008), yet the prognostic role of EGFR overexpression in NSCLC has been left 

undefined in meta-analyses (Meert et al. 2002, Nakamura et al. 2006). However, 

Pirker et al. have recently reported that high EGFR expression could predict 

survival benefit from the addition of cetuximab to first-line chemotherapy in 

patients with advanced NSCLC, suggesting that overexpression of EGFR in 

NSCLC actually indicates tumor dependency on EGFR signaling (Pirker et al. 

2012). 

2.7 Mucins in lung cancer 

2.7.1 MUC1 

Human mucins are high molecular weight O-linked glycoproteins whose primary 

function is to lubricate and protect the epithelial surfaces. Transmembrane mucins 

are typically composed of two subunits: a membrane spanning domain with a 

cytoplasmic tail, and an extensive extracellular domain which is characterized by 

highly variable centrally located tandem repeat regions. The biochemical and 

biophysical properties of the mucins are largely governed by the extent and nature 

of their glycosylation (Bafna et al. 2010). One of the best-characterized 

transmembrane mucins is MUC1, a highly-glycosylated epithelial membrane-

bound molecule that is expressed in most secretory human epithelial cells, 

including the respiratory epithelium of the lungs (Patton et al. 1995). In 
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histopathology, MUC1 is commonly referred to as epithelial membrane antigen 

(EMA) or episialin, and its soluble and circulating form is also known as the Krebs 

von den Lungen antigen (KL-6) (Kohno et al. 1988, Patton et al. 1995). Modulating 

immune response and intracellular signaling, MUC1 has long been known to affect 

tumor progression by enhancing cell growth and altering signaling pathways, and 

it is shown to be frequently overexpressed and aberrantly glycosylated in many 

carcinomas, e.g., breast, ovarian, colorectal, pancreatic, and lung cancer (Bafna et 

al. 2010, Gendler 2001). Interestingly, a recent study demonstrated that targeting 

the C-terminal subunit of MUC1 in NSCLC cells is effective in decreasing PD-L1 

mRNA and protein, suggesting a novel model to enhance the effectiveness of PD-

1/PD-L1 blockade in lung cancer immunotherapy (Bouillez et al. 2017). 

In normal epithelial cells, MUC1 is expressed on the apical surface of the cell 

in a polarized manner (Hilkens et al. 1984, Jarrard et al. 1998). During 

carcinogenesis, the amount of MUC1 mRNA increases, and due to altered 

glycosylation, the protein may be radically repositioned within the cell, leading to 

a basolateral membranous and cytoplasmic, i.e., a depolarized, localization, where 

MUC1 expression can be seen on virtually the entire surface of the tumor cells 

(Gendler 2001, Guddo et al. 1998, Hilkens et al. 1984, Ohgami et al. 1999, Zhang 

et al. 2013). Overexpression of MUC1 has been reported to correlate with high 

metastatic potential and poor survival in various types of cancer, particularly breast 

cancer (Burchell et al. 1987, Gendler 2001, McGuckin et al. 1995). In NSCLC 

patients, the aberrant and high expression of MUC1 protein, MUC1 mRNA, or 

circulating KL-6 has been associated with poor prognosis in numerous studies 

(Table 10). 
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Table 10. MUC1 expression and its prognostic significance in lung cancer. 

Reference Biomarkers Patients (N) Study protocol Results 

Guddo et al. 

1998 

IHC 

Tissue 

T1,2 NSCLC (93) Correlation of MUC1 

expression with 

histological parameters 

and survival 

Depolarized MUC1 is a 

marker of poor outcome 

in early-stage NSCLC. 

Ohgami et al. 

1999 

mRNA 

RT-PCR 

Tissue 

Resected stage I ADC 

(33) 

Correlation of MUC1 

mRNA with tumor 

recurrence 

High expression of 

MUC1 mRNA is a 

marker of early 

recurrence in ADC. 

Giatromanolaki 

et al. 2000 

IHC 

Tissue 

Resected NSCLC 

(199) 

MUC1 as a prognostic 

marker and its 

correlation with 

angiogenesis in NSCLC 

MUC1 overexpression 

predicts worsened 

prognosis and is 

associated with 

angiogenic factors and 

their receptors in 

NSCLC. 

Hirasawa et al. 

2000 

Anti-KL-6, 

MUC1-ab 

ELISA 

Sera 

NSCLC (30) and 

normal controls (60) 

Prognostic value of 

circulating anti-KL-

6/MUC1 IgG ab in 

NSCLC 

Low level of circulating 

anti-KL-6/MUC1 

indicates poor prognosis 

in NSCLC. 

Tsutsumida et 

al. 2004 

IHC 

Tissue 

Resected ADC <3 cm 

(185) 

Prognostic value of 

MUC1 in small ADCs 

High expression of 

MUC1 predicts poor 

survival in small ADCs. 

Nagai et al. 

2006 

IHC 

Tissue 

Resected NSCLC (62) Prognostic value of 

MUC1 IHC in NSCLC 

Depolarized MUC1 is a 

marker of poor 

prognosis in NSCLC. 

Fujiwara et al. 

2008 

KL-6 

Sera 

NSCLC treated with 

gefitinib (41) 

Prognostic value of 

circulating KL-6 

High levels of KL-6 

predict poor outcome in 

NSCLC. 

Ishikawa et al. 

2008 

KL-6 

Sera 

Advanced NSCLC 

treated with EGFR-TKI 

Prognostic value of 

circulating KL-6 

High levels of KL-6 

predict poor outcome in 

NSCLC. 

Woenckhaus et 

al. 2008 

IHC 

Tissue 

Resected NSCLC 

(125) 

Prognostic value of 

MUC1 IHC in NSCLC 

MUC1 is a marker of 

poor prognosis in SCC. 

Situ et al. 2011 IHC 

Tissue 

Resected NSCLC 

(178) 

Prognostic value of 

MUC1 IHC in NSCLC 

MUC1 is a marker of 

poor prognosis in 

NSCLC, especially in 

non-squamous NSCLC. 
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Reference Biomarkers Patients (N) Study protocol Results 

Tanaka et al. 

2012 

IHC, KL-6 

Tissue 

Sera 

Resected NSCLC 

(103) 

Correlation and 

prognostic value of 

MUC1 IHC and KL-6 

MUC1 IHC in tissue 

correlates with serum 

KL-6 and both predict 

poor survival in NSCLC. 

Kaira et al. 2012 IHC 

Tissue 

Resected NSCLC 

(126) 

Prognostic significance 

of MUC1 and correlation 

with other molecular 

markers 

Depolarized MUC1 

predicts poor prognosis 

and associates with 

hypoxic markers in 

NSCLC. 

Li et al. 2014 RT-qPCR 

Peripheral 

blood 

Advancer NSCLC 

treated with gefitinib 

(66) 

Prognostic value of 

MUC1 

Blood MUC1 is a marker 

of poor prognosis in 

advanced NSCLC. 

Zhu et al. 2014 MUC1 

mRNA 

Peripheral 

blood 

NSCLC (74) Prognostic value of 

circulating MUC1 mRNA 

positive cells 

Circulating MUC1 

mRNA is a marker of 

poor prognosis in 

NSCLC. 

Abbreviations: IHC: immunohistochemistry; NSCLC: non-small cell lung cancer; ADC: adenocarcinoma; 

mRNA: messenger RNA; KL-6: Krebs von den Lungen antibody; ab: antibody; ELISA: enzyme-linked 

immunosorbent assay; EGFR: epidermal growth factor receptor; TKI: tyrosine kinase inhibitor; SCC: 

squamous cell carcinoma; RT-qPCR: real time quantitative reverse transcription PCR. 

Nagai classification 

Acknowledging the pivotal role of the altered MUC1 expression in NSCLC, 

especially pulmonary adenocarcinoma, Nagai et al. have proposed a classification 

based on its immunohistochemical expression pattern (Nagai et al. 2006). 

According to the Nagai classification, NSCLC can be classified into three groups: 

high-grade polarized, low-grade polarized, and depolarized patterns showing 

significant correlation with both tumor differentiation and the postoperative 

survival of the patients (Nagai et al. 2006). High-grade polarized expression pattern 

(HP) is defined as having polarized expression of MUC1 in more than 50% of 

tumor cells and less than 10% of cells showing depolarized expression. Low-grade 

polarized pattern (LP) is seen when less than 50% of tumor cells show polarized 

expression of MUC1 and less than 10% show depolarized expression, while the 

expression pattern is considered depolarized (DP) if depolarized MUC1 expression 

is present in more than 10% of tumor cells (Table 11) (Lakshmanan et al. 2015, 

Nagai et al. 2006). 
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Table 11. The Nagai classification. 

Expression profile HP LP DP 

Tumor cells showing polarized MUC1 expression (%) ≥50% <50% Any 

Tumor cells showing depolarized MUC1 expression (%) <10% <10% ≥10% 

Abbreviations: HP: high-grade polarized; LP: low-grade polarized; DP: depolarized expression pattern. 

MUC1, EGFR, and smoking 

The oncogenic effects of MUC1 are believed to occur through the interaction of its 

cytoplasmic tail with various signaling molecules. These molecules include several 

proteins implicated in the tumor regulation by affecting the proliferation, apoptosis, 

and transcription of various genes (Bafna et al. 2010). Through its cytoplasmic tail, 

MUC1 binds also with the ErbB family of growth factor receptor tyrosine kinases 

and potentiates the ErbB-dependent signal transduction in the MUC1 transgenic 

breast cancer mouse model (Bafna et al. 2010, Li et al. 2005, Schroeder et al. 2001). 

MUC1 has been shown to enhance EGFR signaling in breast cancer cells by 

inhibiting the growth factor mediated ubiquitination and degradation of EGFR, and 

also by enhancing both the internalization and recycling of EGFR (Bafna et al. 

2010, Pochampalli et al. 2007). Through these mechanisms, MUC1 activates 

extracellular signal-regulated kinases 1 and 2, and thereby stimulates cell 

proliferation (Bafna et al. 2010, Schroeder et al. 2001). As suppression of MUC1 

synthesis has been shown to downregulate the expression of EGFR, targeting 

MUC1 has been suggested to be one potential way to inhibit EGFR signaling in 

cancer cells (Hisatsune et al. 2011, Kharbanda et al. 2014, Li et al. 2005). 

Adherens junctions play a crucial role in regulating cell-cell adhesion between 

epithelial cells through complexes made up of epithelial cadherin (E-cad), p120-

catenin, β-catenin, and α-catenin (Reynolds & Roczniak-Ferguson 2004, Zhang et 

al. 2013). In several experimental cell culture models of human bronchial epithelial 

cells, cigarette smoke has been shown to disrupt the integrity of these junctions and 

to promote the epithelial mesenchymal transition via glycosylation of MUC1, 

activation of EGFR, and the formation of aberrant MUC1/p120 catenin and 

MUC1/β-catenin complexes (Chen et al. 2010, Xu et al. 2012, Zhang et al. 2013, 

Zhang et al. 2014). Furthermore, in mice, cigarette smoke induces Muc1 expression 

in mouse lung macrophages, and in humans, serum KL-6 concentration has been 

shown to correlate positively with the smoking history of lung cancer patients 

(Ishikawa et al. 2011, Xu et al. 2012). However, no published data has been 
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available about the possible correlation between smoking and MUC1 expression in 

lung cancer either in vivo or in vitro. 

2.7.2 MUC4 

Like MUC1, MUC4 is a membrane-bound glycoprotein normally expressed in the 

lungs, and like MUC1, MUC4 exerts its oncogenic effects by altering the 

behavioral properties of tumor cells through its interaction with the ErbB family of 

growth factor receptors, more specifically with ErbB2/HER2/Neu (Bafna et al. 

2010, Chaturvedi et al. 2008). An anti-apoptotic function of MUC4 has also been 

demonstrated (Chaturvedi et al. 2007). Qualitative and quantitative alterations in 

the expression of MUC4 have been observed in various preneoplastic and 

neoplastic lesions, and aberrant overexpression of MUC4 is frequently seen in 

many malignant tumors including non-small cell lung cancer (NSCLC) (Bafna et 

al. 2010). In NSCLC, MUC4 expression varies between different histological 

subtypes, and pulmonary adenocarcinomas are known to express higher levels of 

MUC4 than SCC or LCC (Kwon et al. 2007, Lakshmanan et al. 2015). Furthermore, 

MUC4 expression has been found to distinguish primary pulmonary 

adenocarcinoma from malignant mesothelioma (Llinares et al. 2004). However, the 

precise role of MUC4 expression in the tumorigenesis and prognosis of lung cancer 

is somewhat conflicting (Table 12). 
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Table 12. MUC4 expression and its prognostic significance in lung cancer. 

Reference Biomarkers Patients (N) Study protocol Results 

Hanaoka et al. 

2001 

Southern & 

Northern 

blot 

Flow 

cytometry 

ELISA 

Tissue 

Blood 

Sera 

Diverse lung 

carcinoma cell lines, 

resected lung 

carcinomas (29) 

Expression of MUC4 

protein and mRNA in 

lung carcinoma, 

immunogenicity of 

MUC4 

MUC4 protein and 

mRNA expression are 

elevated in lung 

carcinoma, and MUC4 

elicits specific humoral 

and cellular immunity. 

Karg et al. 2006 IHC 

Tissue 

NSCLC (100) Correlation of MUC4 

expression with 

histopathology and 

stage in NSCLC 

MUC4 correlates 

negatively with apoptotic 

activity and positively 

with HER2 in NSCLC. 

Kwon et al. 2007 IHC 

Tissue 

NSCLC (343) MUC4 as a prognostic 

marker in NSCLC 

MUC4 expression is 

common in ADC and 

may indicate a more 

favorable prognosis in 

early-stage ADCs. 

Tsutsumida et 

al. 2007 

IHC 

Tissue 

Resected ADC <3 cm 

(185) 

MUC as a prognostic 

marker in small ADCs 

High MUC4 expression 

correlates with poor 

prognosis in small 

ADCs. 

Majhi et al. 2013 IHC 

Tissue 

Various types of lung 

cancer (35+167) 

MUC4 in lung cancer 

progression 

MUC4 may act as a 

tumor suppressor in 

lung carcinogenesis. 

Gao et al. 2014 IHC 

Tissue 

ADC (20) Correlation of MUC4 

expression with lymph 

node metastasis in ADC 

Intratumoral MUC4 

correlates inversely with 

lymph node metastasis 

in pulmonary ADC. 

Abbreviations: IHC: immunohistochemistry; NSCLC: non-small cell lung cancer; mRNA: messenger RNA; 

ELISA: enzyme-linked immunosorbent assay; HER2: human epidermal growth factor receptor-2; ADC: 

adenocarcinoma. 
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3 Aims of the present study 

1. To analyze the intratumoral growth pattern composition and to investigate the 

correlation between the IASLC/ATS/ERS classification, prognosis, and 

clinical characteristics in surgically resected pulmonary adenocarcinoma. 

Emphasis is placed on female gender and nonsmoking history. 

2. To discover novel morphological biomarkers for lung cancer by examining the 

prognostic value of the classic histopathological features of malignancy and to 

determine their association with the IASLC/ATS/ERS classification and the 

growth patterns of lung adenocarcinoma. 

3. To study the expression of MUC1, MUC4, and EGFR in lung adenocarcinoma 

and to examine their relationship with tumor architecture, patient outcome, and 

smoking. 
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4 Materials and methods 

4.1 Patients (I–III) 

The studies were based on a retrospective cohort of 112 lung adenocarcinoma 

patients who had undergone a complete surgical resection with curative intent in 

the Oulu University Hospital between January 1998 and December 2007; no 

preoperative chemotherapy or radiotherapy was given. From Study III, six patients 

had to be excluded due to the unavailability of the original paraffin-embedded 

tissue blocks (n=106). 

Table 13. Clinicopathological characteristics of the cohort. 

Characteristic Studies I, II (N=112) Study III (N=106) 

Age, mean (SD) 65.2 (8.7) 65.1 (8.8) 

<65 years (%) 51 (45.5) 48 (45.3) 

≥65 years (%) 61 (54.5) 58 (54.7) 

Gender 

Male (%) 

Female (%) 

 

71 (63.4) 

41 (36.6) 

 

66 (62.3) 

40 (37.7) 

Smoking status 

Nonsmoker (%) 

Former or current smoker (%) 

No smoking data available (%) 

 

20 (17.9) 

88 (78.6) 

4 (3.6) 

 

18 (17) 

84 (79.2) 

4 (3.8) 

Surgical procedure 

Sublobar resection (%) 

Lobectomy (%) 

Bilobectomy (%) 

Pneumonectomy (%) 

 

11 (9.8) 

73 (65.2) 

9 (8) 

19 (17) 

 

11 (10.4) 

70 (66) 

8 (7.6) 

17 (16) 

Pathological stage (TNM-7) 

IA (%) 

IB (%) 

IIA (%) 

IIB (%) 

IIIA (%) 

IIIB (%) 

IV (%) 

 

32 (28.6) 

26 (23.2) 

20 (17.9) 

12 (10.7) 

17 (15.2) 

0 (0) 

5 (4.5) 

 

30 (28.3) 

25 (23.6) 

19 (17.9) 

11 (10.4) 

17 (16) 

0 (0) 

4 (3.8) 
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The cases were retrieved from the archives of the Department of Pathology, Oulu 

University Hospital. Clinical information including age, sex, smoking history, 

comorbidities (e.g. COPD), and follow-up data was collected systematically from 

the medical records using a specific formula planned for the study; a nonsmoker 

was defined as a person whose lifetime tobacco consumption equaled fewer than 

100 cigarettes. Other relevant data, such as the size and location of the tumor, came 

from the original pathology reports. Metastases from extrapulmonary 

adenocarcinomas were carefully excluded, and all patients were restaged according 

to the seventh edition of the TNM classification of malignant tumors (Union for 

International Cancer Control/American Joint Committee on Cancer, 7th edition) 

(Rusch et al. 2010). 

The study design was approved by the Ethical Committee of the Northern 

Ostrobothnia Hospital District (statement 2/2008, amendment Dec 15, 2014), and 

by the National Supervisory Authority for Welfare and Health, Valvira (former 

National Authority of Medicolegal Affairs, Reg. no. 863/04/047/08). The approval 

for the collection of follow-up data was obtained from the Ministry of Social 

Affairs and Health (STM/2892/2008), and the National Institute for Health and 

Welfare (THL/894/5.05.00/2015). 

4.2 Histopathological analysis (I–III) 

Surgical specimens had been routinely fixed in 10% buffered formalin and 

embedded in paraffin. After deparaffinization and rehydration, 5-μm sections were 

cut and stained with hematoxylin and eosin (H&E). Additionally, at least one 

representative tumor slide was stained with Alcian Blue PAS to confirm the 

presence of intracytoplasmic mucin, and in selected cases, immunohistochemical 

staining for thyroid transcription factor-1 (TTF-1) and p40 was used to define the 

adenocarcinoma diagnosis. 

4.2.1 Subtype analysis (I–III) 

The subtype analysis was conducted according to the IASLC/ATS/ERS 

classification. All available tumor slides from each case were independently re-

evaluated by two pathologists (JMM and ELB), blinded to clinical data, and an 

average of five tumor slides (ranging from one to 16 slides) was processed per case. 

Five histological growth patterns were defined: lepidic, acinar (including acinar 

and/or cribriform pattern), papillary, micropapillary, and solid (Fig. 2–7). Patterns 
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were assessed semiquantitatively in 5% increments in the entire set of tumor slides, 

and a predominant pattern was designated for each tumor. All tumors were 

confirmed invasive (no AIS or MIA included), and reclassified as either lepidic, 

acinar, cribriform, papillary, micropapillary or solid predominant adenocarcinoma. 

Tumors with a single growth pattern were referred to as pure tumors. In addition, 

tumors exhibiting mucinous differentiation were divided into invasive mucinous 

adenocarcinoma (IMA; Fig. 8), mixed mucinous and nonmucinous 

adenocarcinoma, and colloid adenocarcinoma. 

4.2.2 Analysis of tumor-associated features (I–III) 

Atypia 

Atypia was recorded with reference to the regions with the highest degree of 

nuclear atypia, and scored in three grades: (1) mild atypia involving small and 

uniform nuclei, with uniform chromatin pattern and inconspicuous nucleoli, (2) 

moderate atypia involving crowding nuclei with moderate variability in their size 

and shape, and with small and discernible nucleoli, and (3) highly atypical nuclei 

presenting with marked variation in size and shape, incipient pleomorphism, and a 

coarse chromatin pattern with large prominent nucleoli. 

Mitotic activity 

Mitotic activity was evaluated in 10 consecutive high-power fields (HPF) at x 400 

magnification using a Zeiss Axio Imager M2 microscope (0.25 mm2 field of view). 

Only the clearly identifiable mitotic figures were counted, and areas of necrosis 

were avoided whenever possible. In addition to the absolute number of mitoses, 

mitotic activity was scored as low (0–2 mitoses/10 HPF), and intermediate or high 

(≥ 3 mitoses/10 HPF). 

Tumor necrosis 

Tumor necrosis was recorded as being absent (0), or present in the form of (1) small, 

separate or dot-like necroses, (2) merging necroses, and (3) extensive necroses 

covering more than 30% of the tumor’s surface area. 
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Desmoplasia 

Desmoplasia was scored in two grades depending on the intensity of the stromal 

reaction: (1) no or mild desmoplasia with a narrow mesh of fibrosis surrounding 

the neoplastic cells, and (2) moderate or strong desmoplasia with abundant stromal 

fibrosis. In addition, the presence and diameter (mm) of a central scar was 

documented in T1 tumors (tumor diameter ≤ 3 cm). 

Invasion patterns 

Pleural invasion was scored as absent or present, and lymphovascular invasion was 

recorded positive if tumor cells were observed inside at least one lymphatic, arterial 

or venous vessel. Intra-alveolar spread, i.e., tumor spread through airspaces (STAS) 

was scored as negative or positive in either limited (tumor cell nests less than three 

alveoli away from and with no direct connection to the main tumor mass) or 

extensive form (tumor cell nests more than three alveoli away from the main tumor 

mass) using the criteria reported by Warth (Warth et al. 2015b). If positive, STAS 

was further divided into three morphological patterns according to Kadota et al.: 

micropapillary, solid, and single cell STAS (Kadota et al. 2015). If the tumor 

periphery was difficult to identify or had been sampled with an insufficient amount 

of surrounding lung parenchyma, the STAS analysis was not performed.  

Dissected lymph nodes were evaluated for potential metastases, and the growth 

pattern combination for each metastatic case was recorded. The status of the 

resection margin, tumor multifocality, and the presence of concurrent preinvasive 

lesions (AAH, AIS) were also documented whenever possible. 

4.3 Immunohistochemistry (III) 

4.3.1 Immunohistochemistry protocols (III) 

From each case, one representative paraffin-embedded tissue block was chosen for 

immunohistochemistry (IHC), and 4-µm adjacent sections were cut. The sections 

were deparaffinized in xylene and rehydrated through a series of graded alcohols. 

If antigen retrieval was needed, the sections were pre-treated with either citrate (pH 

6.0) or Tris-EDTA buffer (pH 9.0) in a microwave oven, and cooled down to room 

temperature. After neutralizing the endogenous peroxidase activity in a peroxidase 

blocking solution, the sections were incubated with the diluted primary antibodies 
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for either 30 or 60 minutes at room temperature. Bound antibodies (MUC1, MUC4, 

HER2) were detected with the EnVision system (Dako, Copenhagen, Denmark). 

The chromogen used was 3,3’-diaminobenzidine (DAB), while hematoxylin was 

used as the counterstain. Negative controls were composed of sections incubated 

with PBS instead of the primary antibodies. Unlike MUC1, MUC4, and HER2, 

EGFR was processed in an automated BOND-III IHC stainer (Table 14). 

Table 14. Immunohistochemistry protocols. 

Antibody Manufacturer Clone Dilution Antigen retrieval Incubation 

MUC1 Novocastra Ma695 1:100 MW1 10 min in citrate2 60 min 

MUC4 Invitrogen 1G8 1:100 MW1 15 min in tris-EDTA3 60 min 

EGFR Novocastra EGFR.25 1:100 Bond ER2 30 min4 automatic 

HER2 Novocastra CB11 1:500 None 30 min 

Abbreviations: 1 Microwave heat treatment; 2 Citrate buffer, pH 6.0; 3 Tris-EDTA buffer, pH 9.0, 
4 Novocastra BOND epitope retrieval solution ER2, pH9.0. 

4.3.2 Analysis of immunohistochemistry (III) 

Immunohistochemical MUC1 expression was analyzed according to the 

classification proposed by Nagai et al. (Nagai et al. 2006). In the Nagai 

classification, the staining patterns are graded as high-grade polarized (HP), low-

grade polarized (LP) or depolarized (DP) depending on the amount of the apical or 

basolateral membranous and/or cytoplasmic staining (Table 11) (Nagai et al. 2006). 

In addition, the total expression of MUC1 was estimated by correlating the total 

intensity with the extent of the staining. The staining intensity of tumor cells was 

graded as negative (0), weak (1+), moderate (2+), or strong (3+). For each slide, a 

score from 0 to 300 was calculated by multiplying the intensity of the staining by 

the corresponding percentage of tumor cells and adding these scores together. A 

similar two-folded approach was used for the analysis of the expression of MUC4. 

The total amount of EGFR was scored from 0 to 300 as described above. Only 

a membranous staining pattern was regarded as positive, but in addition to this, 

both nuclear and cytoplasmic staining were recorded separately. HER2 expression 

was analyzed using the HercepTest criteria of Dako (Glostrup, Denmark): (0) no 

staining observed or membrane staining observed in < 10% of tumor cells, (1+) a 

faint and incomplete membrane staining in > 10% of tumor cells, (2+) a weak to 

moderate complete membrane staining in > 10% of tumor cells, and (3+) a strong 
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complete membrane staining in > 10% of tumor cells. Scores 2+ and 3+ were 

considered as HER2 protein overexpression. 

4.4 Cell culture and cigarette smoke exposure (III) 

H1650 adenocarcinoma cells (ATCC, Rockville, MD, USA) were used for studying 

MUC1 expression after cigarette smoke extract (CSE) exposure. The cells were 

cultured in Minimum essential medium Eagle α modification supplemented with 

13% fetal calf serum (PromoCell), 2 mM L-glutamine, 100 U/mL penicillin, 0.1 

g/L streptomycin, 2.5 mg/L fungizone and 10 mM HEPES (all reagents from 

Sigma-Aldrich unless otherwise indicated). CSE was prepared as described earlier 

(Merikallio et al. 2011). Briefly, the smoke of two cigarettes was bubbled into 50 

mL of serum-free cell culture medium. CSE was diluted with fresh serum-free 

medium to make 5-15 % CSE. The control sample was treated with serum-free 

medium. 

4.5 IEM for cultured cells and adenocarcinoma specimens (III) 

H1650 cells were cultured without or with 5% CSE for 24 hours. H1650 cells and 

tissue samples from a lung adenocarcinoma patient (a former smoker with an acinar 

predominant adenocarcinoma) were prepared as described earlier (Kaarteenaho-

Wiik et al. 2009). The samples were fixed in 4% PFA - 0.2% sucrose, cells were 

pelleted and all samples were immersed in 12% gelatine followed by 2.3 M sucrose. 

The specimens were frozen in liquid nitrogen and thin sections were cut with a 

Leica UCT 7 cryoultramicrotome. In the immunolabeling, the grids were first 

incubated in 2% gelatine in PBS for 20 min and then in 0.1% glycine-PBS for 10 

min, after which 1% BSA in PBS was used for washings and dilution of antibodies 

and gold conjugates. Sections were exposed to the MUC1 antibody for 45 min, 

followed by incubation with rabbit anti-mouse IgG (Jackson ImmunoResearch Inc, 

Baltimore, PA, USA) for 30 min and protein A-gold (10 nm) for 30 min (Slot and 

Geuze). The controls were prepared by replacing the primary antibody with PBS. 

The grids were stained with neutral uranyl acetate (UA) and embedded in 2% 

methyl cellulose containing 0.4% UA and examined with a Tecnai Spirit 

transmission electron microscope (FEI, Eindhoven, The Netherlands). Images were 

captured by a Quemesa CCD camera (Olympus Soft Imaging Solutions GMBH, 

Munster, Germany). Quantification of MUC1 labeling in the cultured cells by IEM 

was performed by counting the number of gold particles on 40 µm2 of each sample. 
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4.6 RT-qPCR for cultured cells (III) 

In the real-time quantitative reverse transcription polymerase chain reaction (RT-

qPCR) analysis, samples were exposed to 0, 5, 10 or 15% CSE for 24 hours. RNA 

was isolated by RNeasy Mini Kit (Qiagen) and 1 µg RNA was reverse transcribed 

into cDNA by RevertAid First Strand Synthesis Kit (Fermentas). Quantitative PCR 

was performed in triplicate by using iQ SYBR Green Supermix (Bio-Rad). The 

primers for MUC1 were 5’ACAGTGCTTACAGTTGTTACGGGT3’ and 

5’CCTGGCAGAGGTGCCGTTGT3’. For GAPDH, which was used as the house-

keeping gene, they were 5’GAGTCAACGGATTTGGTCGT3 and 5-

GACAAGCTTCCCGTTCTCAG3’. MUC1 expression was evaluated by the Livak 

method (Livak & Schmittgen 2001). 

4.7 Statistical analyses (I–III) 

Statistical analyses were performed by IBM SPSS Statistics for Windows, Version 

21.0 (IBM Corp, Armonk, NY, USA). Interobserver agreement over the histologic 

growth patterns was verified using Cohen’s kappa statistics. Associations between 

clinicopathological and histological parameters were analyzed using χ2 test and 

Fisher’s exact test (categorical variables) and one-way analysis of variance. 

Univariate survival analyses were performed using the Kaplan-Meier method with 

log-rank test and multivariate analyses using the Cox proportional hazard 

regression model. All tests were two-sided, and p-values less than 0.05 were 

considered statistically significant. 
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5 Results 

5.1 Histopathological features of lung adenocarcinoma (I, II) 

5.1.1 Predominant growth patterns are observed against a 

background of histological heterogeneity (I) 

According to the original pathology reports, seven tumors had initially been 

diagnosed as well-differentiated (grade I) adenocarcinoma (6.3%), 41 tumors as 

moderately-differentiated (grade II) adenocarcinoma (36.6%), 39 tumors as poorly-

differentiated (grade III) adenocarcinoma (34.8%), and ten cases had been named 

as adenocarcinoma with no mention of tumor grade (8.9%). Eleven tumors were 

originally diagnosed as BAC (9.8%), and four cases currently recognized as solid 

predominant adenocarcinoma had initially been given the diagnosis of SCC (3.6%). 

After reclassification, the most prevalent subtype was acinar predominant 

adenocarcinoma with 56 cases (50%), followed by solid predominant 

adenocarcinoma with 25 cases (22.3%). IMA was diagnosed in ten (8.9%), 

papillary predominant adenocarcinoma in eight (7.1%), and micropapillary 

predominant adenocarcinoma in seven patients (6.3%). In addition, there were four 

cases of mixed invasive mucinous and nonmucinous adenocarcinoma (3.6%), and 

one case of lepidic predominant and colloid adenocarcinoma (0.9% each). Among 

the acinar predominant tumors we identified eight cribriform variants (7.1% of all 

adenocarcinomas (Fig. 10). 

Most adenocarcinomas (90.2%) expressed histological heterogeneity, i.e., they 

were composed of a mixture of two or more growth patterns. The number of 

observed growth patterns correlated positively with the number of tumor slides 

(p=0.043), but did not show significant correlation with tumor size. However, solid 

predominant adenocarcinomas displayed less heterogeneity than other subtypes, 

especially the micropapillary predominant adenocarcinomas (p=0.033). With 

respect to the 11 (9.8%) adenocarcinomas presenting with a single growth pattern, 

three showed a pure solid and eight a pure acinar pattern (with acinar and/or 

cribriform morphology). 

The majority, 108 adenocarcinomas (96.4%), displayed areas of acinar growth 

archetypal for adenocarcinoma, and in 30 tumors (26.8%), this acinar component 

showed cribriform features. As a nonpredominant (minor) pattern, acinar growth 

was observed in 39 tumors (34.8%). A nonpredominant micropapillary pattern was 
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present in 46 tumors (41.4%), a solid pattern in 43 tumors (38.4%), and a papillary 

pattern in 27 tumors (24.1%). A nonpredominant lepidic tumor component was 

detected in 24 adenocarcinomas (21.4%). Its frequency was highest in IMA 

(69.2%), whereas it was only rarely observed in solid predominant adenocarcinoma 

(8%, p<0.001). 

Fig. 10. Diagnoses from original pathology reports (1998–2007) (a), and after 

reclassification according to the IASLC/ATS/ERS (b). 

Interobserver agreement 

The interobserver kappa value for the predominant growth pattern was 0.85 

(p<0.001), indicating a very good interobserver agreement. For nonpredominant 

patterns, the kappa values were the following: papillary 0.34 (p=0.002), 

micropapillary 0.71 (p<0.001), acinar/cribriform 0.71 (p<0.001), solid 0.77 

(p<0.001), and lepidic 0.86 (p<0.001), the interobserver agreement ranging from 

fair to very good. 

5.1.2 Predominant growth pattern correlates with atypia, mitotic 

activity, and tumor necrosis (II) 

When all adenocarcinomas were classified purely according to the architectural 

pattern irrespective of their nonmucinous/mucinous nature, the distribution of 

predominant growth patterns was the following: acinar 52.7%, solid 22.3%, 

cribriform 8.9%, papillary 7.1%, micropapillary 6.3%, and lepidic 2.7%. 
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Predominant growth pattern displayed a significant correlation with atypia 

(p=0.027), mitotic count (p<0.001), and the extent of tumor necrosis (p<0.001). 

Highly atypical nuclei were observed in almost half of the cases (49.1%), and were 

especially characteristic for the solid and micropapillary predominant tumors. 

High-degree atypia correlated with the presence of both lymphovascular invasion 

(p<0.001) and necrosis (p<0.001). The observed mitotic count ranged from 0 to 93 

(median 10.0/10 HPF), and the highest mitotic rates were detected in the solid and 

cribriform predominant adenocarcinomas (Fig. 11A). Necrosis was present to some 

extent in 86.6% of the tumors. Solid and cribriform predominant adenocarcinomas 

exhibited the highest necrosis indexes, whereas tumor necrosis was virtually absent 

in lepidic predominant adenocarcinomas. Correspondingly, the presence of a minor 

lepidic component showed a significant inverse correlation with atypia (p=0.002), 

mitotic activity (p=0.008), and tumor necrosis (p<0.001). 

Fig. 11. Predominant growth pattern shows correlation with average mitotic rate (a). The 

incidence of local lymph node metastasis increases with lymphovascular invasion (b). 
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5.1.3 Lymphovascular invasion predicts local lymph node 

metastasis (II) 

Lymphovascular invasion was a strong predictor of local lymph node metastasis 

(Fig. 11B). It was mainly observed in small venules, arterioles, and lymphatics, yet 

in ten cases (8.9%), invasion of small elastic arteries with a diameter of 0.5 to 1.5 

mm was present. In total, lymphovascular invasion was observed in 71.4% of the 

cases correlating significantly with solid and cribriform predominant histology 

(p=0.001). There were 97 patients who had undergone a lymph node resection; in 

33 of these individuals, metastasis of adenocarcinoma was present. The incidence 

of lymph node metastases ranged from 0% (lepidic) to 57.1% (micropapillary 

predominant), and the metastasis rate increased from 10.3% to 44.1% with 

lymphovascular invasion (p=0.001). Metastatic tumors reflected the heterogeneous 

nature of the primary tumors: an acinar growth pattern was observed in 56.3% of 

the metastases, a solid growth pattern in 43.5%, a micropapillary and cribriform 

pattern in 40.6% each, and a papillary pattern in 12.5%. 

Pleural involvement was present in 33.9% of the cases, and it was particularly 

frequent in the micropapillary predominant adenocarcinomas (85.7%; p=0.010). 

Limited STAS was recorded in 27.7% and extensive STAS in 38.4%, and STAS 

was a typical pattern of invasion in solid predominant adenocarcinoma as well as 

in micropapillary and cribriform predominant tumors, especially those containing 

a minor solid component (p=0.004). With respect to the morphological patterns of 

STAS, the micropapillary pattern was most frequently seen (56.8%), followed by a 

solid pattern (37.8%) and single cell STAS (5.4%). 

Multifocality was characteristic for lepidic (66.7%) and micropapillary 

predominant (28.6%) adenocarcinomas, while concurrent preinvasive lesions 

(atypical adenomatous hyperplasia) were observed in acinar predominant tumors 

(11.9%). 

5.1.4 Smoking and gender correlate with histology (I, II) 

The majority of the patients, 78.6% of all, 88.7% of the men, and 61% of the women 

were smokers, whereas 75% of the nonsmokers in the study were female (p<0.001). 

Smoking was strongly associated with papillary predominant (100% smokers), 

solid predominant (96%), and micropapillary predominant subtypes (87.5%) and 

the cribriform variant of acinar predominant adenocarcinoma (87.5%; p=0.001). 

Solid predominant adenocarcinoma was the most common subtype found in 
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smokers (27.3%), and the solid pattern in itself associated with smoking (Fig. 12). 

Among smokers, 68.2% of tumors displayed a solid component, while its 

prevalence was only 20% (p<0.001) in the nonsmoking group, where only one case 

of solid predominant adenocarcinoma was detected. Accordingly, smoking 

correlated with atypia (p<0.001), high mitotic rate (p=0.009), and tumor necrosis 

(p<0.001). 

Mucinous adenocarcinomas were associated with a nonsmoking history. Every 

second tumor in nonsmokers was designated as a mucinous variant, invasive 

mucinous adenocarcinoma (IMA) being the most common subtype (35%). In 

smokers, only 5.7% of tumors exhibited a mucinous pattern (p<0.001). At the same 

time, 60% of the mucinous adenocarcinomas were observed in women (p=0.050). 

Fig. 12. Subtypes and smoking history of lung adenocarcinoma patients. 
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5.2 MUC1 expression in lung adenocarcinoma (III) 

5.2.1 Depolarized MUC1 expression correlates with histology (III) 

MUC1 immunohistochemistry was positive in all adenocarcinomas. High-grade 

polarized expression of MUC1 was observed in 22 cases (20.8%), low-grade 

polarized expression in 14 cases (13.2%), and depolarized expression in 70 cases 

(66.0%) (Fig. 13). High-grade polarized pattern was typical for the mucinous 

adenocarcinoma variants (46.7%) and was also present in the single case of lepidic 

predominant adenocarcinoma. Only 20% of mucinous adenocarcinomas showed a 

depolarized pattern, whereas this pattern was seen in 82.6% of solid, 77.4% of 

acinar, 75% of cribriform, 57.1% of papillary, and 42.9% of micropapillary 

predominant adenocarcinomas (p<0.001), see Table 15 for details. Furthermore, 

tumors expressing a depolarized pattern only rarely contained nonpredominant 

lepidic growth (12.9%; p<0.001). 

Lymphovascular invasion was observed in 82.9% of adenocarcinomas 

expressing depolarized MUC1, in contrast to only 36.4% of tumors expressing 

high-grade polarized MUC1 (p<0.001). A positive correlation was also found 

between depolarized MUC1 and tumor necrosis as well as high-grade atypia. 

Tumor necrosis was seen in 95.7% of adenocarcinomas with a depolarized pattern, 

but only 59.1% of adenocarcinomas with a high-grade polarized pattern (p<0.001), 

and for high-grade atypia the difference was 58.6% vs. 13.6% (p<0.001). 

Furthermore, the lowest average number of mitoses was observed in tumors 

displaying high-grade polarized MUC1 expression (p=0.023). 
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Fig. 13. Depolarized MUC1 expression pattern in solid predominant adenocarcinoma 

(original magnification x100). 
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Table 15. MUC1 expression patterns in adenocarcinoma subtypes (p<0.001). 

Subtype N (%) HP (%) LP (%) DP (%) 

Lepidic predominant 1 (0.9) 1 (100) 0 (0) 0 (0) 

Acinar predominant 45 (42.5) 8 (17.8) 2 (4.4) 35 (77.8) 

Cribriform variant 8 (7.5) 1 (12.5) 1 (12.5) 6 (75) 

Papillary predominant 7 (6.6) 2 (28.6) 1 (14.3) 4 (57.1) 

Micropapillary predominant 7 (6.6) 3 (42.9) 1 (14.3) 3 (42.9) 

Solid predominant 23 (21.7) 0 (0) 4 (17.4)  19 (82.6) 

Mucinous variants 15 (14.2) 7 (46.7) 5 (33.3) 3 (20) 

Abbreviations: HP: high-grade polarized; LP: low-grade polarized; DP: depolarized. 

Depolarized MUC1 associated with smoking but not with COPD 

A significant correlation was seen between smoking and the MUC1 expression 

patterns. The majority, 76.2% of the adenocarcinomas of the smokers, current or 

former, expressed depolarized MUC1, whereas 55.6% of the non-smokers 

displayed a high-grade polarized and only 27.8% depolarized pattern (p<0.001). 

No significant association, however, could be observed between COPD, age or 

gender and MUC1 expression. 

5.2.2 Cigarette smoke induced MUC1 expression in cell culture (III) 

H1650 cells were analyzed for MUC1 expression at both the translational and 

transcriptional levels after CSE exposure. In both the untreated and CSE treated 

cells, MUC1 was mainly localized in the cytoplasm close to the endoplasmic 

reticulum although occasional labeling was observed on the cytoplasmic membrane 

or in the nuclei. Cells treated with 5% CSE contained 1.8- times more MUC1 

labeling than untreated control cells (p=0.042; Fig. 14A), indicating that cigarette 

smoke had induced the expression of MUC1 at the protein level. This was 

confirmed by RT-qPCR, in which a dose dependent increase in MUC1 expression 

was seen, i.e., there was a 1.8-fold increase of MUC1 transcript in the sample 

treated with 5% CSE compared to the control, a 2.2-fold increase in the sample 

treated with 10% CSE, and a 1.8-fold increase in the sample treated with 15% CSE, 

a CSE level marginally toxic to the cultured cells (Fig. 14B). 
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Fig. 14. In immunoelectron microscopy, MUC1 labeling was 1.8 times higher in the CSE 

exposed H1650 adenocarcinoma cells (a). RT-qRCR analysis of CSE exposed cells 

showed 1.8- to 2.2-fold increase in MUC1 transcription compared to the control (b). 

Intracellular localization of MUC1 in adenocarcinoma cells 

In the lung tissue specimens of an adenocarcinoma patient (a smoker prior to his 

death), MUC1 labeling was detected in the plasma membrane, in the cytoplasm and 

in the endoplasmic reticulum. In areas with better differentiation, abundant labeling 

was also seen in the apical cell membranes (Fig. 15). 
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Fig. 15. MUC1 labeling in the apical cell membranes and microvillous structures in lung 

adenocarcinoma cells. Immunoelectron microscopy image captured by a Quemesa 

CCD camera (Olympus Soft Imaging Solutions GMBH, Munster, Germany). 

5.2.3 MUC4, EGFR and HER2 immunohistochemistry (III) 

MUC4 

Like MUC1, MUC4 immunohistochemistry was positive in all cases. Compared to 

MUC1, however, the expression of MUC4 was less common and more inconsistent. 

Based on the intensity and extent of the immunoreaction, the average score for 

MUC1 per case was 221.2 (median 270, SD 97.5), but only 58.5 for MUC4 (median 

10, SD 82.8). No significant histopathological or clinical correlations were 

observed regarding either the total MUC4 expression or the distribution of MUC4 

protein within the cell. 
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EGFR 

Membraneous expression of EGFR was observed in 80.2% of the cases, while the 

average score for EGFR per case was 123.9 (median 102.5, SD 105.7). A nuclear 

staining pattern was observed in only two adenocarcinomas (1.9%), whereas a 

cytoplasmic staining pattern was seen in 85.8%. The relative amount of the 

membraneous EGFR expression displayed a statistically significant correlation 

with tumor necrosis (p=0.009), nuclear atypia (p=0.025), and lymphovascular 

invasion (p=0.033), and the highest EGFR scores were observed in solid 

predominant and cribriform adenocarcinomas (p=0.006). Yet, no significant 

correlation existed between EGFR and MUC1 expression. 

HER2 

HER2 expression was observed in 39.6% of the cases. In most HER2 positive cases, 

the expression pattern was, however, faint and the cells exhibited incomplete (1+) 

membrane staining (35.8% of all adenocarcinomas). HER2 overexpression (scored 

2+ or 3+) was observed in four tumors (3.8%). No specific histopathological or 

clinical associations for HER2 expression were detected. 

5.3 Survival analysis (I–III) 

In Kaplan-Meier analysis, the mean disease-specific survival (DSS) was 74.1 

months and 5-year DSS rate 41.9%, whereas the 5-year overall survival (OS) rate 

for the entire cohort was 34.8%. The postoperative 30-day mortality was low, 0.9%. 

During the follow-up, a total of 68 patients (60.7%) died of lung cancer and a 

further 23 patients (20.5%) died of other causes. Of the remaining 21 patients 

(18.8%) alive at the end of the study, two (1.8%) had recurrent disease and 19 (17%) 

had no evidence of disease. The last follow-up date was Dec 31, 2012, and the 

median follow-up time was 32.5 months (range 0–172 months). 

5.3.1 Micropapillary and solid predominant adenocarcinomas share 

a poor survival rate (I) 

For patients with solid and micropapillary predominant adenocarcinoma, the 5-year 

DSS rate was 30.4% and 21.4%, respectively, these subtypes showing significantly 

lower DSS rates than other subtypes (p=0.040; Fig. 16A). The 5-year DSS rate was 
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37.5% among patients with papillary predominant adenocarcinoma and 45.3% 

among patients with acinar predominant tumors. In terms of survival, the cribriform 

variants did not differ significantly from other acinar predominant 

adenocarcinomas. Surprisingly, the mucinous adenocarcinoma variants shared the 

highest 5-year DSS rate, 53.3%. Our only patient with a lepidic predominant 

adenocarcinoma was alive with no signs of disease after five postoperative years, 

but died of histologically confirmed pulmonary SCC three years later. 

Fig. 16. Kaplan-Meier survival curves for disease-specific survival (DSS) according to 

the IASLC/ATS/ERS classification (a) and the presence of lepidic tumor component (b). 

5.3.2 Nonpredominant lepidic pattern correlates with better outcome 

in different morphological combinations (I) 

The presence of the nonpredominant lepidic pattern correlated significantly with 

better outcome. The 5-year DSS rate for patients with a nonpredominant lepidic 

tumor component was 70.4% in comparison to 32.5% for patients without this 

component (p=0.003; Fig. 16B), whereas the difference in mean DSS was 127.4 

months vs. 55.7 months (p=0.001). Both the mucinous and nonmucinous lepidic 

patterns were associated with a more favorable outcome (75% and 67.7%, 

respectively), the survival rate was higher when the lepidic component grew 

extensive (83.3% 5-year DSS; p=0.011), and in multivariate analysis, the 

nonpredominant lepidic pattern was a stage-independent prognostic factor (HR 

3.226; 95% CI, 1.468 to 7.090; p=0.004). 

The favorable effect of the nonpredominant lepidic pattern was also seen when 

adenocarcinomas were classified according to different combinations of 
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predominant growth patterns (including both nonmucinous and mucinous histology) 

and a minor lepidic pattern. The group with the most favorable prognosis comprised 

lepidic predominant tumors and acinar or papillary predominant adenocarcinomas 

containing lepidic growth, showing a 5-year DSS rate of 76.2% (p=0.002) and 

mean DSS of 135.1 months (p<0.001). In multivariate analysis, the proposed 

subclassification was a stage-independent predictor of survival (HR 6.560; 95% CI, 

2.449 to 17.571; p<0.001). 

The nonpredominant papillary, micropapillary, and solid patterns did not 

possess any statistically significant prognostic value, and the simultaneous 

presence of a nonpredominant micropapillary and solid component or the 

progressive increase in their proportion did not potentiate their negative effect on 

survival. 

5.3.3 Mitotic activity, tumor necrosis and lymphovascular invasion 

are stage-independent predictors of survival (II) 

Tumor diameter, positive surgical margin, visceral pleural involvement, 

lymphovascular invasion, increasing mitotic activity, and tumor necrosis were all 

associated with reduced DSS and OS (Tables 16 and 17). In patients with stage I or 

II disease, the prognostic impact of mitotic activity was even stronger, showing 

significant differences in both the 5-year DSS (p=0.004) and mean DSS (p=0.005). 

Furthermore, mitotic activity, tumor necrosis and lymphovascular invasion were 

stage-independent predictors of survival. Tumors 2 cm or less in diameter were 

associated with longer DSS and OS survival than larger tumors (p<0.001). 

Lymphovascular and pleural invasion (p=0.001) had the second greatest impact on 

DSS, while OS was significantly influenced by tumor necrosis (p<0.001) and 

lymphovascular invasion (p<0.001). The mean OS was worse in patients with high-

degree atypia, but no significant differences were detected in the mean DSS or the 

5-year survival rates. In contrast to lymphovascular and pleural invasion, the 

presence and extent of STAS did not correlate with prognosis in our patients, and 

no survival differences were observed between the morphological patterns of STAS; 

see Tables 16 and 17 for details. 
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5.3.4 Depolarized MUC1 associates with stage and shows a trend for 

poor prognosis (III) 

A depolarized MUC1 expression pattern displayed a statistically significant 

correlation with the pTNM stage. In stage IA adenocarcinomas, high-grade 

polarized (33.3%), low-grade polarized (13.3%), and depolarized (53.3%) MUC1 

expression patterns were all observed. From stage IB onward, however, depolarized 

pattern was the norm (p=0.002). 

Tumors with depolarized MUC1 expression showed a trend for poor survival. 

The 5-year DSS rate was 57.1% in the high-grade polarized, 50% in the low-grade 

polarized, and 36.4% in the depolarized group, while the mean DSS was 97.0, 65.1, 

and 65.1 months, respectively. In terms of OS, the 5-year OS rate was 54.5% in the 

high-grade polarized, 42.9% in the low-grade polarized, and 28.6% in the 

depolarized group. The OS difference reflected the same trends and was 

statistically significant, i.e., the mean OS was 86.7 months in the high-grade 

polarized, 58.5 months in the low-grade polarized, and 48.6 months in the 

depolarized subgroup (p=0.031). The adverse effect of depolarized MUC1 

expression on OS was seen independent of stage (HR 2.039; 95% CI, 1.118 to 3.718; 

p=0.020). 

No survival correlation was observed regarding the expression of MUC4 or 

EGFR. 
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6 Discussion 

Historically, lung cancer was considered as one entity arising from the lung (Pao et 

al. 2004). Today, lung cancer, and especially its most predominant histological 

subtype, pulmonary adenocarcinoma, is acknowledged as an extremely 

heterogeneous group of malignancies showing marked differences in their 

pathogenesis, histopathology, and prognosis (Kerr 2009, Travis et al. 2011, Travis 

et al. 2015b). Despite the recent therapeutic advances in NSCLC, the overall 

prognosis of lung cancer patients is still disappointingly poor. The risk of 

recurrence is considerable even among the curatively operated NSCLC patients, 

particularly among patients with adenocarcinoma (Goodgame et al. 2008, Martini 

et al. 1995). In a recent Finnish-population based study, the mean survival time of 

NSCLC patients after resection was 2.14 years (Sioris et al. 2008). Histological 

grading is used in various malignant tumors for developing treatment strategies and 

predicting the prognosis in each individual patient. However, prior to the launch of 

the IASLC/ATS/ERS classification in 2011, there was no uniformly accepted 

grading system for lung adenocarcinoma, and the pathologic stage has played the 

most important role in predicting the prognosis in adenocarcinoma patients. In this 

study, we have examined the morphological features of lung adenocarcinoma and 

studied their association with patient outcome as well as their potential as novel 

prognostic markers. 

6.1 Growth patterns and subclassification of lung adenocarcinoma 

In the current study, the most common adenocarcinoma subtype was acinar 

predominant adenocarcinoma with a prevalence of 50%. In the previously 

published large adenocarcinoma cohorts, the prevalence of acinar predominant 

adenocarcinoma has ranged from 40 to 45.1%, making it categorically the most 

prevalent subtype (Ujiie et al. 2015, Warth et al. 2012, Yoshizawa et al. 2011). The 

percentage of cribriform variants of acinar predominant adenocarcinoma in this 

study (7.1% of all adenocarcinomas) also corresponds to the figures reported earlier 

(Kadota et al. 2014c, Moreira et al. 2014, Warth et al. 2015a). In our material, no 

survival difference could be observed between these two morphologically related 

subgroups, yet there were significant differences regarding the tumor-associated 

features. The current adenocarcinoma classification recommends to classify 

cribriform tumors as acinar predominant adenocarcinoma (Travis et al. 2015a, 

Travis et al. 2011). However, the predominance of the acinar predominant 
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adenocarcinomas has been seen as one of the major limitations of the current 

classification (Kadota et al. 2014c). There is growing evidence that the cribriform 

growth pattern associates with other high-grade tumor components and metastatic 

potential, and should therefore be regarded as a high-grade variant of the acinar 

subtype, or moreover, included as a specific subtype into future pulmonary 

adenocarcinoma classifications (Kadota et al. 2014c, Moreira et al. 2014, Warth et 

al. 2015a, Xu et al. 2013). 

In line with the previous studies (Russell et al. 2011, Tsuta et al. 2013, Ujiie et 

al. 2015, Warth et al. 2012, Yoshizawa et al. 2011), micropapillary and solid 

predominant subtypes predicted a more aggressive course of disease in our patients. 

IMA has also generally been considered as a subtype with an intermediate or even 

a poor prognosis (Gu et al. 2013, Russell et al. 2011, Yoshizawa et al. 2011). In the 

present study, mucinous adenocarcinoma variants including IMA were associated 

with a surprisingly favorable outcome. Patients with papillary predominant 

adenocarcinoma, however, approached the low survival rate of the high-grade 

subtypes, especially solid predominant adenocarcinoma. While papillary 

predominant adenocarcinomas have usually been associated with an intermediate 

prognosis (Russell et al. 2011, Yoshizawa et al. 2011), our observation is consistent 

with the data published by Warth et al. who reported that papillary predominant 

adenocarcinoma has survival rates similar to micropapillary and solid predominant 

adenocarcinomas (Warth et al. 2012). The association between the risk of 

recurrence and minor, i.e., nonpredominant micropapillary or solid tumor 

component has been demonstrated in several studies (Cha et al. 2014, Nitadori et 

al. 2013, Solis et al. 2012, Sumiyoshi et al. 2013). In the current study, 

nonpredominant micropapillary and solid patterns did not display any significant 

prognostic value, but our observations may have been affected by the relatively 

small number of patients studied. 

In this study, the presence of a nonpredominant lepidic tumor component 

correlated with better outcome independent of stage. The excellent prognosis of 

lepidic predominant adenocarcinoma (Araki et al. 2014, Russell et al. 2011, Solis 

et al. 2012) and its correlation with EGFR mutation status (Rekhtman et al. 2013, 

Villa et al. 2014, Yoshizawa et al. 2013) has previously been documented in several 

studies. There is less published data on the role of the nonpredominant growth 

patterns, e.g. a minor lepidic pattern. Yet, the higher percentage of lepidic pattern 

has been reported to correlate with lower risk of recurrence in lung adenocarcinoma 

(Kadota et al. 2014a), and more recently, the percentage of the lepidic component 

has been suggested to be a significant and independent prognostic factor in former 
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BACs (Strand et al. 2015). The nuclear expression of maspin, a tumor suppressor 

protein inhibiting tumor progression in many anatomical sites, has been observed 

in association with lepidic growth pattern, whereas the combined nuclear and 

cytoplasmic expression profile of this serin protease inhibitor has been linked to 

invasion (Lonardo et al. 2014). Araki et al. have proposed that the low incidence 

of lymphatic vessel invasion in lepidic predominant adenocarcinoma could be the 

key factor for its favorable prognosis (Araki et al. 2014). The presence of STAS 

has also been shown to be exceedingly rare in lepidic predominant 

adenocarcinomas (Warth et al. 2015b). It is possible that the noninvasive nature of 

the lepidic component may alter lung cancer behavior. Furthermore, our finding of 

the rarity of the lepidic growth in solid predominant adenocarcinomas may point to 

integral differences in the pathogenesis of these patterns. 

The interobserver agreement ranged from fair to very good in the current study 

indicating good reproducibility of the IASLC/ATS/ERS classification. Yet there are 

some challenges concerning the semiquantitative growth pattern analysis, and not 

all of them are observer-related. The potential sources of interpretation error 

include, for example, fixation artifacts and collapse of the tissue architecture, which 

can be avoided by standardizing the formalin fixation procedure. It is also 

noteworthy that the diagnosis of AIS and MIA cannot be established without 

histological sampling of the entire tumor (Travis et al. 2015a, Travis et al. 2011). 

Correspondingly, every surgically resected adenocarcinoma should be sampled in 

an adequate manner. 

6.2 Correlating histopathological and clinical features 

In this study, mucinous histology associated with female gender and nonsmoking 

history. At the same time, the solid predominant subtype was observed more often 

in smokers, and solid pattern correlated with smoking history. The other subtypes 

associated with smoking were papillary and micropapillary predominant 

adenocarcinoma and the cribriform variant of acinar predominant adenocarcinoma. 

Mazieres et al. have reported a higher frequency of lepidic features in never-

smokers (Mazieres et al. 2013), and others have shown a connection between 

smoking and poorly differentiated adenocarcinoma components, namely solid and 

cribriform pattern (Kadota et al. 2014c, Mackinnon et al. 2014, Maeda et al. 2011). 

Our results are in line with the recent studies indicating that there are differences 

in the pathogenesis of lung cancer between smokers and nonsmokers (Schiavon et 

al. 2014). Male gender and smoking history have been associated with poorer 
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survival in lung adenocarcinoma (Maeda et al. 2011, Yoshizawa et al. 2013), but 

we could not detect any significant survival differences attributable to either gender 

or smoking habits in the current study. However, our patients differ from Japanese 

adenocarcinoma patients on the basis of higher prevalence of smoking and higher 

male-female ratio. Furthermore, EGFR mutations are likely to play a more 

important role in the Asian than in the Western European, e.g. Finnish population. 

6.3 In search for a grading system 

Over the last decade, there have been several attempts to establish a clinically 

relevant grading system for pulmonary adenocarcinoma (Barletta et al. 2010, 

Kadota et al. 2012, Nakazato et al. 2010, Sica et al. 2010, von der Thusen et al. 

2013, Xu et al. 2013). In various other tumor streams, e.g., breast cancer and renal 

cell carcinoma, tubule formation, atypia, and mitoses have been successfully 

incorporated in the histological grading criteria of adenocarcinomas (Rioux-

Leclercq et al. 2007, Thomas et al. 2009), but there are also grading schemes that 

rely solely on architectural patterns. For example, in prostate adenocarcinoma, the 

Gleason grading system is based on the presence of a complex glandular pattern, 

i.e., cribriform architecture having direct impact on the clinical decision-making 

(Epstein et al. 2005). 

Architectural heterogeneity is very characteristic for pulmonary 

adenocarcinomas, reflecting the biological diversity of these tumors (Kerr 2009, 

Travis et al. 2011). The heterogeneity was evident also in our study material in 

which a single pattern morphology was present in only a minority of the cases. Not 

only could we observe complex mixtures of different growth patterns, but also a 

considerable variation in the degree of atypia and mitotic activity of cancer cells 

between different tumor areas. In pulmonary adenocarcinoma, the objective 

evaluation of mitotic activity necessitates adequate tumor sampling, and moreover, 

the identification of the so-called hot spot areas of proliferation. On the other hand, 

the evaluation of atypia is complicated since there have been no clear definitions 

of nuclear atypia in lung adenocarcinoma (Nakazato et al. 2010). Together these 

facts could create a significant grading bias. 

In the current study, multiple tumor-associated histopathological features were 

evaluated for their prognostic value. Of the classic histological features of 

malignancy, both mitotic activity and tumor necrosis associated with reduced 

disease-specific (DSS) and overall survival (OS) independent of stage. Nuclear 

atypia, however, did not display clear prognostic significance in our cohort. 
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According to Kadota et al., the mitotic count is an important prognostic factor that 

can predict the risk of recurrence in stage I lung adenocarcinoma (Kadota et al. 

2012). Furthermore, Xu et al. have reported that mitotic activity and prominent 

nucleoli correlate with metastatic potential and indicate poor prognosis in lung 

adenocarcinoma (Xu et al. 2013), and in the recent study by Duhig et al., the mitotic 

index was actually more closely associated with patient outcome than pathologic T 

stage or the IASLC/ATS/ERS classification (Duhig et al. 2015). There is less 

published data on tumor necrosis in pulmonary adenocarcinoma. In Kadota’s 

patients, nevertheless, tumor necrosis associated with lower recurrence-free 

probability (Kadota et al. 2012), and in our material, its impact on OS was as 

significant as that of tumor size and lymphovascular invasion. 

In our patients, lymphovascular invasion was a strong predictor of local lymph 

node metastasis, and it exerted a significant influence on both DSS and OS. Visceral 

pleural invasion also indicated adverse outcome. Visceral pleural invasion has long 

been known to reflect the aggressiveness and invasive nature of NSCLC, and it is 

considered as one of the most significant prognostic factors in surgically operated 

NSCLC patients (Maeda et al. 2012, Neri et al. 2014, Rusch et al. 2010, Shimizu 

et al. 2005). Recently, it was suggested that visceral pleural invasion could actually 

be an indication for adjuvant chemotherapy in stage I NSCLC patients (Jiang et al. 

2015). Accordingly, lymphovascular invasion was regarded as one of the three 

main predictors of recurrence in stage I lung adenocarcinoma by Yang et al. (Yang 

et al. 2015). STAS has also been associated with reduced overall and disease-free 

survival and risk of recurrence in two well-documented cohorts (Kadota et al. 2015, 

Warth et al. 2015b). In the current study, STAS was a common pattern of invasion 

but unlike the other invasion patterns, it was not clearly associated with stage or 

prognosis. In contrast, its association with solid tumor component was significant 

and thus clinically important. 

In this work, a significant correlation was seen between the classic histological 

features of malignancy and the IASLC/ATS/ERS classification. Solid and 

micropapillary predominant architecture associated with high-degree atypia, and in 

addition, solid predominant adenocarcinomas together with cribriform tumors 

showed high mitotic activity and high prevalence of both tumor necrosis and 

lymphovascular invasion which predicted metastasis. The relative incidence of 

local lymph node metastases was highest in micropapillary predominant 

adenocarcinomas, whereas micropapillary, solid, and cribriform patterns were 

frequently encountered in the metastatic tumors. Solid predominant histology has 

previously been associated with a special microenvironment and more frequent 
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lymphovascular invasion and lymph node metastasis than other subtypes (Maeda 

et al. 2012, Saruwatari et al. 2016), and a major solid growth pattern at metastatic 

sites has been associated with shorter OS in advanced lung adenocarcinoma (Clay 

et al. 2014). Yet, our own findings add to the earlier reports connecting cribriform 

architecture with a metastatic potential (Kadota et al. 2014c, Mackinnon et al. 2014, 

Warth et al. 2015a). The obvious relationship between the tumor-related features 

and the growth patterns raises an interesting question: is there really a need for a 

parallel grading system in pulmonary adenocarcinoma? 

Since its publication, the IASLC/ATS/ERS classification has been anticipated 

to provide the basis for an architectural grading system in pulmonary 

adenocarcinoma (Travis et al. 2011). At its best, the current classification is an 

objective and easily reproducible instrument for the diagnosis of resected lung 

adenocarcinomas. It has already shown strong prognostic potential (Russell et al. 

2011, Tsuta et al. 2013, Warth et al. 2012, Yoshizawa et al. 2011, Yoshizawa et al. 

2013), and in a large adenocarcinoma cohort incorporating patients from four 

clinical trials it predicted benefit from adjuvant chemotherapy (Tsao et al. 2015). 

In the everyday diagnostic routine, an architecture based grading method offers an 

advantage over the more complex grading schemes proposed for pulmonary 

adenocarcinoma, e.g. the morphometric analysis of nuclear features (Nakazato et 

al. 2010). In small biopsies, however, in which the growth pattern analysis is often 

restricted or impossible, the presence of brisk mitotic activity and/or tumor necrosis 

could offer valuable information about the tumor’s pathobiology that is not 

otherwise available. With this in mind, further studies will be needed to validate 

the prognostic value of these tumor-associated features in lung cancer. 

6.4 The role of MUC1 in lung adenocarcinoma 

The overexpression of MUC1 has been correlated with poor outcome in patients 

with NSCLC (Guddo et al. 1998, Kaira et al. 2012, Nagai et al. 2006, Ohgami et 

al. 1999, Situ et al. 2011, Tanaka et al. 2012). In normal epithelium, MUC1 is 

expressed on the apical cell surface (Hilkens et al. 1984, Jarrard et al. 1998), but 

along with the malignant transformation, MUC1 protein is sometimes repositioned 

and the staining pattern becomes depolarized (Gendler 2001, Wesseling et al. 1995). 

In this study, MUC1 expression was analyzed according to the three-tier 

classification proposed by Nagai et al., who reported that NSCLC patients with 

depolarized MUC1 expression pattern show poor postoperative prognosis (Nagai 

et al. 2006). Correspondingly, we observed that the depolarized pattern was 
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associated with a trend for shorter DSS and OS. Furthermore, a significant 

correlation was observed between the MUC1 expression profile, tumor stage, and 

the growth patterns of adenocarcinoma. 

In the current study, certain tumor-associated histopathological features, 

namely lymphovascular invasion, tumor necrosis, nuclear atypia, and mitotic 

activity, showed a statistically significant correlation with depolarized MUC1 

expression. Repositioning of MUC1 protein can alter integrin-dependent binding, 

leading to decreased cell-matrix adhesion, and thus promote invasion (Wesseling 

et al. 1995). MUC1 is also known to promote cell signaling and survival in NSCLC 

(Kharbanda et al. 2014, MacDermed et al. 2010). Aberrant in vitro upregulation of 

MUC1 enhances the proangiogenic activity of NSCLC cells by inducing vascular 

endothelial growth factor (VEGF) receptor dependent endothelial cell migration 

and angiogenesis (Yao et al. 2011), and in one in vivo study on NSCLC, the 

immunohistochemically assessed MUC1 expression correlated with the expression 

of angiogenic factors and their receptors (Giatromanolaki et al. 2000). 

In this study, we reported a novel observation on the positive correlation 

between depolarized MUC1 expression and cigarette smoking. The high 

prevalence of smoking might explain the high number of adenocarcinomas 

expressing depolarized MUC1 in our cohort. The correlation between smoking and 

depolarization of MUC1 is further supported by our experimental cell culture 

model, in which an exposure to cigarette smoke increased both the MUC1 protein 

expression and the amount of the MUC1 transcript in single lung cancer cells. 

Compared to MUC1, the immunohistochemical expression of MUC4 was less 

common and the expression pattern more inconsistent. The few previous studies on 

MUC4 expression in lung cancer have yielded conflicting results (Gao et al. 2014, 

Karg et al. 2006, Kwon et al. 2007, Majhi et al. 2013, Tsutsumida et al. 2007), 

suggesting that the role of MUC4 in lung adenocarcinoma is possibly different from 

the role of MUC1. In part, this might be explained by the different distribution of 

these two glycoproteins; during embryogenesis and in normal lung, MUC1 is 

expressed in type II pneumocytes (Jarrard et al. 1998), whereas MUC4 is present 

in the epithelia of the trachea and large airways (Buisine et al. 1999, Chaturvedi et 

al. 2008). Yet the expression of MUC4 isoforms in human cancer can be very 

complex, and studying the expression and function of MUC4 in lung cancer is 

further complicated by the variety of the analytical methods used and the difficulty 

of their application. The results obtained with different methods and on different 

types of samples may vary widely and thus indicate different outcomes of the 

MUC4 expression (Carraway et al. 2009). 
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6.5 Future perspectives in lung adenocarcinoma diagnostics 

Lung cancer therapy is becoming personalized, i.e, specific therapies are selected 

for each patient depending on the histopathological diagnosis and the molecular 

status of the tumor (Cheng et al. 2012, Travis et al. 2013b). Although 

histopathology still remains the backbone of lung cancer diagnostics, we are 

already living in the era of molecular pathology, and molecular testing is about to 

have an increasingly important role in the future, particularly in the management 

of patients with advanced disease. 

Mutational burden is high in lung cancer, especially lung adenocarcinoma 

(Alexandrov et al. 2013), and the mutational burden is directly related to cancer 

antigenicity. At present, several new biological drugs are in development, and in 

the near future, we may witness a completely different generation of lung cancer 

patients. It is likely that individual patients will receive successful therapy in 

several lines and with multiple drugs, and long-term lung cancer survivors will 

begin to emerge. In targeted therapy, the choice of treatment will be modified by 

the transforming mutational landscape of the neoplasia, while the pathologist will 

still be in charge of selecting the material for molecular studies. 

Currently, a significant percentage of lung cancer cases is diagnosed by small 

biopsies or cytology which may represent metastatic rather than primary tumors 

(Travis et al. 2011, Travis et al. 2013b). When adequate, core biopsies provide 

tissue not only for the histopathological diagnosis but also for molecular testing, 

and the amount of tissue required for the needs of molecular pathology is getting 

smaller and smaller. However, core biopsies do not allow a semiquantitative growth 

pattern analysis of lung adenocarcinoma, and in fact, there is only little data 

regarding the prognostic significance of grading in these specimens (Travis et al. 

2013b). Furthermore, patients for whom the current molecular testing provides 

targeted therapy represent only a minority of all lung cancer patients (Korpanty et 

al. 2014). Therefore, histology-based biomarkers could supply additional 

prognostic information in advanced lung cancer. 

Another important issue is how to predict disease recurrence in surgically 

resected lung adenocarcinoma. No current therapeutic guidelines recommend 

adjuvant chemotherapy in stage I disease, yet it has been estimated that 

approximately 30–40% of patients with resected stage I NSCLC relapse and 

ultimately die of their disease (Goodgame et al. 2008). Postoperative surveillance 

promotes early detection of recurrences, but it does not prevent them. Moreover, 

clinical surveillance is usually indicated only until the first five postoperative years. 
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In the future, tumor-associated histopathological features such as mitotic activity, 

lymphovascular invasion, and tumor necrosis could be used to select patients for 

adjuvant therapy and/or more intensive surveillance. For the time being, we must 

increase our understanding of these potential prognostic biomarkers in lung cancer. 

Finally, although cigarette smoking is the single most important risk factor of 

lung cancer and most lung cancer cases could be prevented by the elimination of 

smoking (Torre et al. 2015), we must be aware of other predisposing factors and 

the increasing incidence of lung cancer in the nonsmoking population. This is 

particularly evident for pulmonary adenocarcinoma (Mazieres et al. 2013, Wakelee 

et al. 2007). Even though the pathogenesis of the disease may be different, the 

consequences of lung cancer can be equally devastating for each affected individual, 

whether a smoker or a nonsmoker. 
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7 Conclusions 

1. Solid and micropapillary predominant adenocarcinomas share a poor survival 

rate, but the prognostic value of the current adenocarcinoma classification is 

not limited to predominant growth patterns. The more favorable clinical 

outcome associated with nonpredominant lepidic pattern further emphasizes 

the importance of semiquantitative growth pattern analysis in the diagnostics 

of lung adenocarcinoma. In pulmonary adenocarcinoma, mucinous pattern is 

associated with female gender and nonsmoking history, whereas solid 

architecture is more frequently observed in smokers. 

2. Classic histological features of malignancy including atypia, mitotic activity, 

and tumor necrosis are associated with the growth patterns of lung 

adenocarcinoma. Solid architecture correlates with a higher mitotic activity 

and the presence of tumor necrosis, both of which indicate shortened survival 

in our patients. Furthermore, solid morphology is frequently observed in the 

presence of lymphovascular invasion, which predicts local lymph node 

metastasis. Further studies will be needed to determine the prognostic value of 

these tumor-associated features in lung cancer. 

3. In pulmonary adenocarcinoma, depolarized MUC1 expression correlates with 

histology and patient outcome. Moreover, MUC1 expression shows a 

significant correlation with smoking both in vivo and in vitro, suggesting a 

pathogenetic relationship between cigarette smoke exposure and MUC1 in 

lung adenocarcinoma. 
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