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ABSTRACT 

 

Lung cancer is the leading cause of cancer-related mortality worldwide. Non-small cell lung cancer 

(NSCLC) is the most common type of lung cancer (85%), and is histologically subdivided into 

adenocarcinoma (AC; 40%), squamous cell carcinoma (SCC; 30%) and adenosquamous cell carcinoma 

(ASC; 0,4-4%). Histologically, ASCs harbor both AC and SCC components. Although ASCs are rare, 

they constitute the most aggressive form of lung cancer with poor patient prognosis. While molecularly 

targeted therapies for EGFR/ALK/ROS are typically directed towards ACs, in which these mutations 

are predominantly detected, the majority of NSCLC patients carry mutations in KRAS and LKB1, for 

which no approved therapies exist thus far. Furthermore, while heterogeneity in tumor 

microenvironments and oncogenic signaling are major factors contributing to disease relapse, the 

histotype-specific etiology of tumor heterogeneity remains elusive. Using genetically engineered 

mouse models (GEMMs) of lung cancer it has been shown that the identity of niche-specific 

progenitors defines the phenotype of the tumors that arise. Therefore, an understanding of lung 

histopathology subtype-specific cell(s) of origins will help to dissect the evolution of tumor 

heterogeneity, and ultimately the development of histotype-specific therapies. 

 

This thesis work investigated the role of the cell of origin in defining histotype diversity in a GEMM 

that harbors concurrent activation of KrasG12D with loss of Lkb1 (hereafter called ‘KL’). To do this, 

lung progenitor cells were targeted using cell-type directed Adenoviral Cre viruses (AdCre) to initiate 

tumorigenesis in bronchiolar Club cells (Club cell secretory protein; CC10+) or alveolar type II cells 

(surfactant protein C; SPC+). This approach led to the identification of CC10+ cells as predominant 

progenitors of ASC tumors. In addition, transcriptome analysis together with intratumoral immune cell 

analysis revealed an ASC-specific immunosuppressive phenotype, marked by downregulation of 

antigen-presenting genes, infiltration of tumor-associated neutrophils (TANs), and reduced numbers of  

intratumoral T cells. This part of the thesis work thus demonstrated that progenitor cell-specific 

etiology links to the histopathology spectrum and histotype-specific immune microenvironments of 

KL-driven tumors. 

 

The second part of this thesis work provides a visual demonstration of a methodology for the 

generation, cultivation, and analysis of precision-cut murine NSCLC tissue slices. This work showed 

that optimization for slice thickness was important to retain maximum viability of cultured slices. 

Additionally, this protocol describes how to identify optimal drug concentrations for treatment of tumor 

slices, and highlights that comparison of heterogeneous marker expression in cultivated and 
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neighboring uncultured slices is important to assess the preservation of tumor-specific biological 

functions in cultured slices.   

 

The thesis next focused on understanding the role of both tumor histotypes in defining oncogenic 

signaling downstream of  KRAS and LKB1, and how such insights can be used for drug testing and 

selection of optimal drug combinations. By utilizing Kras-driven NSCLC GEMMs we demonstrate 

that certain oncogenic signaling pathways are spatially active in a histotype-specific manner, namely: 

predominance of PI3K/AKT and SRC pathways in SCC subregion of ASCs, and enrichment of MAPK 

pathway in ACs. Short-term treatment of tumor tissue slice cultures with combinatorial PI3K/mTOR 

and MAPK inhibitors showed that cytotoxic responses correlated with spatially distributed co-

occurrence of both pathways. This work highlighted that tumor histotype, rather than genotype, is the 

major determinant of oncogenic signaling heterogeneity, and that concomitant spatial activation of 

targeted signaling pathways is essential to achieve optimal cytotoxic response to combination therapy. 

In addition, it demonstrated the utility of tumor tissue slices in modeling spatial response to drug 

treatment. 

  

Finally, this thesis investigated histotype- or genotype-specific drug vulnerabilities using epithelial 

cultures of murine NSCLC. We showed that KL tumor cells are unable to grow under standard 

conditions and require a use of a cell culture protocol called conditional reprogramming (CR). Drug 

sensitivity and resistance testing (DSRT) on murine NSCLC conditionally reprogrammed cells (CRCs), 

followed by in vivo validation of treatment responses, led to the identification of NSCLC subtype-

specific acute responses to single or combinatorial inhibition of the MAPK pathway. We showed that 

NSCLC subtype-specific resistance to MEK inhibition in CRC cultures is mediated by intrinsic or 

adaptive activation of receptor tyrosine kinases (RTKs), specifically activation of ERBBs (in KL;ASC 

and KL;ACs) or FGFR (in ACs). Importantly, we assessed the ability of CRCs to model in vivo drug 

response by performing short-term (3 days) combined MEK/ERBB inhibition in Kras mutant lung 

cancer GEMMs. This in vivo combinatorial inhibition resulted in acute cytotoxic response selectively 

in ASCs (with strongest responses in the SCC subregions of ASC tumors) compared to ACs. This result 

was further supported by the predominance of ERBB activation specifically in SCC regions of in situ 

ASCs. Consistent with murine findings, we showed ASC and SCC histotype-specific predominance of 

selected ERBB family receptors in clinical NSCLC samples.  Collectively, this work suggests that 

NSCLC-derived primary cultures could be used for the identification of subtype-specific acute 

therapeutic responses, and that the coupling of in vivo spatial signaling activities with in vitro drug 

sensitivities could aid in selection of tumor-specific combination therapies.  
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In summary, this thesis demonstrates that the tumor cell of origin defines histotype fate and a 

histopathology-specific immune microenvironment upon expression of oncogenic KrasG12D and loss of 

the tumor suppressor Lkb1, and that activation of oncogenic signaling pathways are also stratified by 

tumor histotype. Therefore, in addition to genotype-based stratification, deeper understanding of tumor 

histotype-specific features will be of importance in clinical settings. This work also validates the utility 

of ex vivo models, namely tumor tissue slices and tumor-derived primary cell cultures, for functional 

diagnostics, permitting assessment of spatial drug response and identification of pathology-specific 

drug vulnerabilities, respectively.   
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INTRODUCTION 

Cancer is a disease characterized by abnormal growth of cells in an uncontrolled manner. Certain cancer 

cells have the potential to invade or spread into surrounding tissues, by a process called metastasis. 

Cancer can arise from any part of the body. Carcinomas are the most common cancer type, and arise 

from epithelial cells that cover the skin and the body’s internal organs. Globally, cancer is the leading 

cause of mortality. During 2012, 8.2 million cancer-related deaths were reported worldwide (Ferlay et 

al., 2015). Cancer develops following somatic genetic abnormalities in normal cells, or inherited 

cancer-causing genetic variations (Hanahan and Weinberg, 2000, 2011; Loeb and Loeb, 2000). 

Exposure to physical (e.g. ultraviolet and ionizing radiation), chemical (e.g. tobacco, asbestos, arsenic), 

or biological carcinogens (e.g. viral and bacterial infections) results in alteration of genes that regulate 

cell growth and differentiation, increasing the risk of cancer development (Anand et al., 2008). 

Furthermore, chronic inflammation, or carcinogen-induced disruption of the host microenvironment 

also facilitates cancer development (Casey et al., 2015; Multhoff et al., 2011). Genes contributing to 

cancer initiation and progression are categorized as oncogenes, which promote cell growth, and tumor 

suppressors, which promote cell death or inhibit cell division under cellular stress conditions. Cancer-

causing genetic alterations can lead to inappropriate activation or overexpression of oncogenes, or 

inactivation or loss of tumor suppressor genes (Balmain, 2001; Knudson, 2001). Transformation of a 

normal cell into a malignant tumor is considered to occur via a multistep process during which cancer 

cells acquire abnormal biological capabilities, termed as ‘hallmarks of cancer’. These include 

sustaining proliferative signaling, evading growth suppressors, activating invasion and metastasis, 

enabling replicative immortality, inducing angiogenesis, resisting cell death, reprogramming of energy 

metabolism, and evading immune destruction (Hanahan and Weinberg, 2000, 2011). 

Lung cancer is the major cause of cancer-related deaths worldwide (Ferlay et al., 2015; Siegel et al., 

2018). Tobacco smoking is the primary risk factor, contributing to nearly 85% of the lung cancer deaths 

(Furrukh, 2013). Lung cancer is histologically and genetically a heterogeneous disease (Gridelli et al., 

2015). Comprehensive genomic profiling has led to the classification of lung cancer into distinct 

molecular subtypes, and the development of targeted therapies against specific genetic alterations 

(Bronte et al., 2010). However, as of yet, no clinically approved therapies available for the treatment 

of lung cancer patients carrying common driver genes, namely mutations in oncogenic KRAS (Kirsten 

Rat Sarcoma Viral Oncogene Homolog), and the tumor suppressor STK11 (Serine/Threonine Kinase 

11, also known as LKB1).  

The average five-year survival of lung cancer patients is only 15%, and the majority of patients are 

diagnosed at late stages, when tumors contain pronounced genetic and histological heterogeneities. 
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This limits the effectiveness of treatment, leading to poor patient survival (Chen et al., 2014; Wang et 

al., 2010). Pharmacological management of advanced NSCLC patients is primarily based on molecular 

and histological subtyping, and most patients develop resistance to targeted therapies within one year 

of treatment (Facchinetti et al., 2017b). Moreover, driver gene alterations do not always predict clinical 

response, highlighting a need for the development of diagnostic methods linked to predictive 

biomarkers (Shepherd et al., 2005; Tsao et al., 2005). Multiple factors contribute to therapy resistance, 

including roles for the tumor microenvironment and infiltrating immune cells, and activation of 

compensatory pathways through rapid rewiring of cancer cell signaling (Rosell et al., 2013; Wang et 

al., 2017). Furthermore, pronounced functional heterogeneity caused by the landscape of genetic 

mutations induced in different tumor cells of origin, as well as branched molecular evolution during 

tumor progression, poses challenges on the success of cancer therapies (Blanpain, 2013; de Bruin et 

al., 2015). A deeper understanding of disease etiology leading to end-stage tumor heterogeneity, using 

physiologically relevant models with intact immune systems, may help to eventually tackle this 

complexity in clinical samples.  

This thesis investigates the role of niche-specific lung progenitor cells in defining NSCLC histotype 

spectra and immune microenvironment heterogeneity, using a murine model driven by oncogenic Kras 

and loss of the tumor suppressor Lkb1. In addition, using Kras-driven NSCLC GEM models, this thesis 

also demonstrates histotype-associated spatial oncogenic signaling heterogeneity and its importance in 

defining therapeutic responses. Furthermore, it establishes Kras-driven NSCLC tumor tissue slice 

cultures and shows their utility as ex vivo models in predicting spatial responses to drug combinations. 

Finally, by performing drug screening on murine NSCLC primary cell cultures coupled with in vivo 

acute drug response analysis, this thesis identifies tumor subtype-selective therapeutic sensitivity and 

resistance mechanisms, as well as effective drug combinations. 
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1. REVIEW OF LITERATURE 

 

1.1. Structure and function of the lung 

The lung is the principal respiratory organ and plays a vital role in the survival of mammals and some 

vertebrates. The primary function of the lung is gas exchange. It provides oxygen from the air into the 

venous blood and removes carbon dioxide from the blood. The lung is also involved in the metabolism 

of compounds, filtering of unwanted substances from the blood, and also acts as a reservoir of blood 

(Joseph et al., 2013). In addition, recent studies have identified the lung to be a primary site for platelet 

production, and a reservoir of hematopoietic progenitors (Lefrancais et al., 2017). Structurally, the 

human lung consists of five lobes: two on the left and three on the right side of the chest. The trachea 

or windpipe splits into the right and left lungs to form primary bronchi, which in turn divide to form 

bronchioles, terminal bronchioles, and finally respiratory bronchioles that terminate in gas exchange 

units called alveoli. The region between the primary bronchi and the terminal bronchioles constitutes 

the proximal conducting airways, which function to lead the air to and from the distal gas exchange 

regions of the lung. 

 

1.1.1. Cell types in the adult lung 

The adult lung consists of over 40 different cell types, each with specific functions. Proximal airways 

(trachea and bronchi) are lined by a pseudostratified columnar epithelium, consisting of basal cells 

(cytokeratin 5/14; CK5+, CK14+, tumor protein 63; p63+), ciliated cells (forkhead box j 1; Foxj1+), club 

cells (secretoglobin 1 a1; Scgb1a1+, or club cell secretory protein; CCSP+/CC10+), neuroendocrine cells 

(calcitonin gene-related peptide; CGRP+) and mucus-producing goblet cells. The distal airway consists 

of club cells, basal cells, ciliated cells, and neuroendocrine cells. The alveolar epithelium is composed 

of cuboidal surfactant-producing (surfactant protein C; SPC+) alveolar type II cells (AT2) and gas-

exchanging squamous type I cells (AT1) (podoplanin; PDPN+, also known as T1α) (Leeman et al., 

2014; Li et al., 2015b). 

Studies involving lineage tracing of murine lung epithelial cells have been instrumental in 

understanding the role these different cell types in the regeneration and homeostasis of the adult lung. 

However, there are some key differences between the mouse and human lungs, both in terms of 

structure and cellular composition. Unlike humans, mice contain four lobes on the right and one on the 

left side of the thoracic cavity. In mice, mucin-producing submucosal glands are present only in the 

proximal trachea but in humans they penetrate deep into the bronchi. Furthermore, there are striking 
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differences with respect to cellular composition through the airways’ proximal-distal axis. In humans, 

basal cells are present throughout the airways until the terminal bronchioles, whereas in mice these are 

largely restricted to the trachea. Similarly, mucin-producing goblet cells are rare in laboratory mice, 

but are abundant in the human lungs (Figure 1) (Rock et al., 2010). These findings suggest that inter-

species differences in structure and cellular composition of the lung should be taken into consideration 

while performing mechanistic studies using murine models. 

Figure 1. Structure and epithelial cell types in different compartments of the adult mouse lung. Modified 

from (Barkauskas et al., 2017). 

 

 

1.1.2. Stem or progenitor cells of the adult lung 

Stem cells are undifferentiated cells capable of self-renewal and differentiation into specialized cell 

types. Their progeny constitutes progenitor cells that commit to the formation of differentiated cell 

types. Unlike stem cells, which can undergo indefinite cell divisions, progenitor cells have limited 

replicative potential. In adult tissues, stem cells are involved in tissue repair upon injury, and hence 

regulate tissue homeostasis. Deeper understanding of the tissue-specific stem or progenitor cell biology 

majorly impacts on regenerative medicine and disease modelling such as cancer (Singh, 2012). Based 

on their ability to expand and differentiate into mature lung cells, different cell types residing in the 

distinct compartments have been proposed to be the progenitors of the adult mouse lungs. In the upper 

murine airways, tracheal basal cells have been shown to differentiate into ciliated and secretory club 

cells, both under steady state and upon sulphur dioxide (SO2)-induced injury (Rock et al., 2009), while 

club cells can differentiate in to ciliated cells upon SO2 injury (Rawlins et al., 2009). In the conducting 

airways, (bronchi and terminal bronchioles) naphthalene-resistant variant club cells that lack the 

cytochrome p450 enzyme (CYP2F2) that metabolizes naphthalene into a toxic derivative have been 
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shown to replenish ciliated and club cells upon naphthalene injury (Buckpitt et al., 1995; Li et al., 2011; 

Rawlins et al., 2009). Towards the distal part of the lung, SPC+ AT2 cells have been shown to 

regenerate the damaged lung parenchyma following bleomycin injury (Rock et al., 2011). 

Subsequently, Chapman et al showed that integrin α6+β4+ but SPC negative cells from distal lungs also 

have a capacity to expand after bleomycin injury, suggesting the additional existence of SPC- 

progenitors in the distal lung (Chapman et al., 2011). Furthermore, also distal airway stem cells (DASC) 

marked by p63+ Krt5+ have been shown to regenerate both the bronchiolar and alveolar epithelium in 

response to H1N1 influenza virus infection (Zuo et al., 2015). Together, this indicates the existence of 

multiple tissue-regenerating stem cells, and shows that different injury types activate distinct 

progenitors.   

In the bronchioalveolar duct junction (BADJ), CC10 and SPC co-expressing cells, also known as 

bronchioalveolar stem cells (BASCs), have been considered as stem cells with regenerative capacity 

following naphthalene (bronchiolar) or bleomycin (alveolar) injury (Giangreco et al., 2002). These 

BASCs have been shown to possess self-renewal capacity, and could differentiate into CC10+ and SPC+ 

cells when cultured on matrigel (Kim et al., 2005). Contrary to these findings, Rawlins et al did not 

find evidence supporting the role of BASCs in repair following hyperoxia-induced injury (Rawlins et 

al., 2009). Adenoviruses or lentiviruses expressing Cre recombinase-under the control of lung 

progenitor cell-specific promoters such as CC10- or SPC- have been used to investigate the cell of 

origin of lung cancer, and this will be discussed in section 1.8. 

Figure 2. Epithelial stem or progenitor cells in different regions of the adult mouse lung.  Solid arrows point 

at cells that are generated from indicated lineage, either in response to lung injury or during steady state. Dotted 

arrows indicate cells that are derived from a lineage still under debate. Cells with self-renewing capacity are 

indicated by curved arrows. Modified from (Chen and Fine, 2016). 
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1.2. Lung cancer 

Lung cancer is one of the most common cancer types both in terms of incidence and mortality, and 

accounts for nearly 1.6 million deaths per year worldwide (Ferlay et al., 2015; Siegel et al., 2018; Wong 

et al., 2017). Initial lung cancer diagnosis is based on clinical symptoms, which include cough, dyspnea, 

and chest pain. Diagnostic tests to confirm lung cancer include imaging based positron emission 

tomography (PET)/computed tomography (CT) scans, or transesophageal and bronchoscopic 

ultrasound. In addition, a small tissue biopsy is routinely examined by microscopic means to establish 

disease diagnosis (Gridelli et al., 2015). Cancer stage is determined based on TNM classification: size 

of the primary tumor (T), regional lymph node involvement (N), and metastasis to distant organs (M) 

(Goldstraw et al., 2016). The overall survival of the patients diagnosed with lung cancer is strongly 

linked to clinical stage at the time of diagnosis. Patients who are presented at stage I have a five-year 

survival of appr. 73%, while patients with advanced stage IV disease have a poor survival of appr. 13% 

(Woodard et al., 2016). Treatment options depend on the clinical stage: surgery is the most effective 

treatment for stage I, II, and IIIA patients, while patients with stage IIIB or IV disease are mostly treated 

with chemotherapy or radiation therapy (Rocco et al., 2016). Diagnostic molecular profiling 

increasingly guides the prescription of targeted therapies as well as immunotherapies, particularly for 

treatment of metastatic lung cancer, and this will be discussed in detail in the following sections 

(Shojaee and Nana-Sinkam, 2017). 

 

1.2.1. Lung cancer epidemiology 

Lung cancer accounts for nearly 25% of all cancer-related deaths in men and women (Siegel et al., 

2018). Nearly 25% of the lung cancers are detected in non-smoking people (Sun et al., 2007). In 

addition, lung cancer in never- smokers also varies in terms of geographic locations, non-smoking 

people developing lung cancer is higher in South and East Asia compared to Europe or United states 

(Pirie et al., 2016; Subramanian and Govindan, 2007; Thun et al., 2008). A never-smoker is defined as 

an individual who has had exposure to less than 100 cigarettes in a life-time (Sun et al., 2007). While 

smoking is associated with all histological lung cancer subtypes, stronger association has been shown 

for small-cell lung cancer (SCLC) and SCC (Khuder, 2001). Although the AC subtype is the most 

common in never smokers, a major global shift towards increased AC and decreased SCC has been 

observed in smokers (Gabrielson, 2006; Yang et al., 2002). This shift has been attributed to altered 

nicotine and carcinogen contents in cigarettes leading to changes in smoking behavior (Gray, 2006; 

Sun et al., 2007). 
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1.2.2. Histological subtypes of lung cancer 

Lung cancer is broadly classified into two main subtypes; 1) NSCLC accounts for 85% of the diagnosed 

cases, 2) SCLC constitutes remaining 15% of the lung cancer (Gridelli et al., 2015). SCLC, previously 

known as oats cell carcinoma, is the most aggressive subset, and shows early and frequent metastasis 

(Bernhardt and Jalal, 2016). SCLC is a neuroendocrine carcinoma originating from neuroendocrine 

cells in the airways. Commonly used diagnostic markers, which distinguish SCLC from NSCLC, 

include serum pro-gastrin releasing peptide (ProGRP), chromogranin A (CgA) and synaptophysin 

(Taneja and Sharma, 2004).  

NSCLC is further classified into sub-histotypes, according to commonly used pathology guidelines 

(Travis et al., 2013; Travis et al., 2011), and based on morphological characteristics as well as 

immunohistochemical markers. Specifically, NSCLC is classified into AC (~40%), SCC (~30%), and 

non-small cell carcinoma (NSCC) not otherwise specified (NOS) (NSCC-NOS: ~10%) (Gridelli wt al., 

2015). A tumor is classified as adenosquamous carcinoma (ASC) if the resected specimens contain 

both AC and SCC biomarker expression; ASCs constitute appr. 4% of the NSCLC histotypes 

(Nakagawa et al., 2003; Travis et al., 2011). 

An update to the AC classification was made in 2011 by the International Association for the Study of 

Lung Cancer/American Thoracic Society/European Respiratory Society (IASLC/ATS/ERS). 

According to this classification, surgically resected specimens are classified as pre-invasive, minimally 

invasive or invasive adenocarcinomas. Pre-invasive AC include, adenocarcinoma in situ (AIS), in 

which neoplastic cells grow along the pre-existing alveoli (lepidic growth), without stromal or 

endothelial cell infiltrations. Invasive ACs are characterized by disruption of normal alveolar structure 

and are further subtyped based on their lepidic, papillary, acinar, solid, or mucinous growth patterns 

(Travis et al., 2011). 

NSCLC sub-histotypes are distinguished based on immunohistochemistry (IHC) markers. While 

thyroid transcription factor-1 (TTF-1), also known as NKX2-1, and napsin-A are the most widely used 

markers of ACs, SCCs are identified based on positivity for transcription factor p63, specifically 

DNp63 (also known as p40), a dominant negative isoform of p63 (Bishop et al., 2012; Terry et al., 

2010). The cytoskeletal marker CK5/6 is also used as squamous histotype marker. If a tumor cannot be 

differentiated into AC or SCC it is classified as NSCLC-NOS.  For ASCs, which are tumors that contain 

at least 10% of each SCC and AC components, p63 or CK5/6 positivity (SCC component) and NKX2-

1 or napsin-A positivity (AC component) are used as diagnostic markers (Travis et al., 2011).  
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1.2.3. Genetic landscape of lung cancer 

Comprehensive genomic analyses over the past decade have identified distinct molecular subtypes of 

lung cancer, characterized by DNA copy number alterations (CNAs), chromosomal rearrangements, 

and mutations in oncogenes or tumor suppressors. In addition to distinct morphological characteristics, 

NSCLCs and SCLCs harbor different sets of genetic alterations. Furthermore, NSCLC subtypes are 

also characterized by distinct genetic alterations (Campbell et al., 2016). 

 

1.2.3.1. Genetic alterations in SCLC 

SCLC is one of the deadliest lung cancer type, with a 5 year overall survival rate of 5-10% (Lassen et 

al., 1995). Almost all SCLC patients are smokers. These tumors show a high burden of carcinogen-

induced mutations, amounting to around 8.62 non-synonymous mutations per million base pairs 

(George et al., 2015; Varghese et al., 2014). Bi-allelic inactivation of tumor suppressors TP53 (Tumor 

Protein 53) and RB1 (Retinoblastoma 1) are the most common genetic alterations in SCLC (George et 

al., 2015). In addition, inactivating mutations in NOTCH1 (Notch homolog 1, translocation-associated), 

PTEN (Phosphatase and Tensin Homolog), copy number gain of MYC (MYC Proto-Oncogene, BHLH 

Transcription Factor), or amplification of FGFR1 (Fibroblast Growth Factor Receptor 1) or SOX2 (Sex 

Determining Region Y-Box 2) genes are reported in SCLC (Peifer et al., 2012; Rudin et al., 2012). 

 

1.2.3.2. Genetic alterations in AC 

Activating mutations in KRAS (32%) and EGFR (Epidermal Growth Factor Receptor: 15%) oncogenes 

are common in lung ACs (TCGA, 2014). The majority of KRAS mutations are detected in smokers (30-

43%), as opposed to never smokers (0-7%). In contrast, EGFR mutations are more common in never 

smokers (45%) compared with smokers (0-7%) (Subramanian and Govindan, 2013). Moreover, the 

frequency of EGFR mutation in ACs vary depending on the geographic location, with the highest 

prevalence in Asia (47%) compared to Europe (15%) or the United States (23%) (Midha et al., 2015). 

This difference has been partially explained by differences in the prevalence of polymorphisms in the 

EGFR promoter region between Asian and Western populations (Nomura et al., 2007). EGFR 

alterations commonly are exon 19 deletions (60%) or missense mutations at exon 858 (L58R), resulting 

in constitutive EGFR activation (Jackman et al., 2006; Rosell et al., 2009). Due to redundancy in 

downstream signaling pathways, KRAS and EGFR mutations are mutually exclusive in ACs (Yang et 

al., 2009). Genetic alteration in STK11/LKB1 is detected in 13-33% of ACs, and these often co-occur 

with KRAS mutations (10-67%) (Koivunen et al., 2008; Matsumoto et al., 2007; Sanchez-Cespedes et 
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al., 2002). Chromosomal translocations between the receptor tyrosine kinase gene ALK (Anaplastic 

Lymphoma Kinase) and EML4 (Echinoderm Microtubule-associated Protein 4) are also common in 

AC patients (4-7%) with a history of never smoking (TCGA, 2014; Wong et al., 2009). In addition, 

nearly 4% of ACs harbor alterations in the receptor tyrosine kinase ERBB2 (V-Erb-B2 Erythroblastic 

Leukemia Viral Oncogene Homolog (TCGA, 2014). Furthermore loss-of function mutations in KEAP1 

(Kelch-like ECH-associated protein 1) are also detected in approximately 20% of ACs (2012; Berger 

et al., 2017; Singh et al., 2006). Nearly 3-10% of lung ACs harbor activating mutations in BRAF (B-

Raf Serine/Threonine-Protein), most commonly a glutamatic acid substitution for valine at codon 600 

(TCGA, 2014; Litvak et al., 2014). 

 

1.2.3.3. Genetic alterations in SCC 

In SCC, alterations are detected in genes involved in growth factor signaling, namely, amplification of 

FGFR1 (22%) (Weiss et al., 2010), loss of function mutation in PTEN (10%) (Jin et al., 2010), or copy 

number gains in PIK3CA (Phosphoinositide-3-Kinase, Catalytic, Alpha Polypeptide: 33-43%) 

(Okudela et al., 2007; Yamamoto et al., 2008). Furthermore, somatic mutations in TP53 (81%) (2012), 

and amplification of SOX2 (20-45%) (Bass et al., 2009; Sasaki et al., 2012) are also predominant in 

SCC. TP53 mutations are associated with cigarette smoking, and carcinogen-associated G-T 

transversions in TP53 have been detected (Halvorsen et al., 2016; Pfeifer et al., 2002). 

 

1.2.3.4. Genetic alterations in ASC 

High prevalence of EGFR mutation has been reported in ASCs, with frequencies ranging from 13%-

55% (Midha et al., 2015; Tochigi et al., 2011; Vassella et al., 2015), particularly in female never 

smokers (Song et al., 2013). Mutational analyses of micro-dissected AC and SCC components have 

revealed EGFR mutations in both the AC and SCC components (Midha et al., 2015; Powrozek et al., 

2014; Tochigi et al., 2011), or shown divergence with glandular AC regions showing predominant 

EGFR mutation (Shi et al., 2016). In addition, mutations in PI3KCA have been detected in ASCs, 

particularly in the SCC component (Shi et al., 2016; Vassella et al., 2015). Compared to frequent overall 

KRAS mutation in ACs (32%), ASCs show lower incidence of KRAS mutation (7-13%) (TCGA, 2014; 

Shi et al., 2016; Tochigi et al., 2011; Vassella et al., 2015). Vassella et al also reported mutations in 

LKB1, APC, KIT, TP53, or RB1, in both the SCC and AC components of ASC (Vassella et al., 2015), 
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with 22% of all ASCs harboring LKB1 mutation (Koivunen et al., 2008). These findings suggest that, 

as a hybrid of two histotypes, ASCs harbor select mutations specific to both the AC and SCC histotypes. 

          

 

 

 

 

 

 

M: mutation, C: copy number alterations, NA: not available  

Table 2. Selected co-occurring gene mutations in histological subtypes of NSCLC. Information has 

been derived from the following references: (Ji et al., 2007; Matsumoto et al., 2007; Schmid et al., 

2009; Yang et al., 2009). 

 

 

 

  

Gene Nature of 

genetic 

alteration 

Frequency 

AC (%) 

Frequency 

SCC (%) 

Frequency 

ASC (%) 

EGFR M, C 11-40 4-7 13-55 

KRAS M 30-32 1-2 7-13 

STK11 M 13-33 2-5 6-22 

TP53 M 46 81 38 

PIK3CA M, C 3-6 4-43 13 

ERBB2 M, C 3-20 4 NA 

Co-occurring gene 

mutations 

Frequency 

AC % 

Frequency 

SCC % 

Frequency 

 ASC % 

KRAS and EGFR 1-2 NA NA 

KRAS and TP53 12 7 NA 

KRAS and LKB1 10-67 2 NA 

Table 1. Selected genetic alterations in histological subtypes of NSCLC. Information in the table 

has been derived from the following references: (TCGA, 2012; TCGA, 2014; Boch et al., 2013; Joshi 

et al., 2017; Koivunen et al., 2008; Li et al., 2012; Midha et al., 2015; Okudela et al., 2007; Sanchez-

Cespedes et al., 2002; Shi et al., 2016; Tochigi et al., 2011; Vassella et al., 2015; Yamamoto et al., 

2008). 
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1.2.4. KRAS and its downstream signaling 

 Ras  (Rat sarcoma) family proteins are small guanosine triphosphatases (GTPases) that mediate 

intracellular signal transduction to regulate diverse cellular functions, including proliferation, survival, 

cytoskeletal integrity, migration, adhesion, and apoptosis (Wennerberg et al., 2005). Oncogenic 

functions of the RAS were first identified by the ability of retroviruses from leukemic rats to induce 

sarcomas in new-born rodents (Harvey, 1964; Kirsten and Mayer, 1967). Later, three independent 

studies discovered that human homologues of Kirsten and Harvey sarcoma viruses are found in cancer 

cell lines, and are capable of inducing transformation in mouse embryonic fibroblast NIH/3T3 cells 

(Der et al., 1982; Parada et al., 1982; Santos et al., 1982; Wennerberg et al., 2005). 

RAS genes are highly conserved across different species. The RAS family consists of three members, 

or isoforms, namely HRAS, KRAS, and NRAS, and these are frequently mutated in various human 

cancers (Hobbs et al., 2016). Interestingly, RAS isoforms show tissue-specific differences in mutations 

and context-dependent transformation potential (Castellano and Santos, 2011). Furthermore, of the 

three isoforms, only Kras is essential for the development of mouse embryos; Kras null embryos die 

due to defects in the development of heart and neurons (Koera et al., 1997).  

Among the three RAS isoforms, only KRAS forms two alternate splice variants, giving rise to two 

protein products, KRAS4A and KRAS4B, which differ in their 25 carboxyl terminal residues (Hobbs 

et al., 2016; Tsai et al., 2015). All RAS proteins are membrane localized, and a series of biochemical 

reactions involving C-terminal prenylation, farnesylation, and geranylation mediate the anchoring of 

RAS proteins to the plasma membrane (Casey et al., 1989; Prior and Hancock, 2012; Schaber et al., 

1990). The GTPase activity, or activated form of KRAS, is regulated by two regulatory proteins: i) 

guanine nucleotide exchange factors (GEFs) that mediate the exchange of GDP to GTP, and ii) GTPase 

activating proteins (GAPs), which mediate GTP hydrolysis and conversion to GDP. In the GTP-bound 

active state, KRAS shows high affinity for downstream effector molecules and mediates a cascade of 

signaling events (Wennerberg et al., 2005). Activation of growth factor receptors or receptor tyrosine 

kinases (RTKs) via extracellular cues drives activation of KRAS via KRAS-GEF, which leads to the 

activation of a spectrum of downstream effectors. One of the canonical pathways downstream of KRAS 

is initiated by translocation of the Raf proto-oncogene, a serine/threonine-protein kinase to the plasma 

membrane, followed by its phosphorylation. Activated Raf phosphorylates a dual specificity kinase 

MEK1/2 (mitogen-activated protein kinase), which in turn phosphorylates and activates ERK1/2 

(extracellular signal-regulated kinase). Activated ERK1/2 translocate to the nucleus, where it 
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phosphorylates Ets family transcription factors which regulate cell proliferation, differentiation, tissue 

remodeling and apoptosis (Figure 3) (Kar and Gutierrez-Hartmann, 2013; Repasky et al., 2004). 

 

 

 

 

 

1.2.4.1. KRAS in lung cancer 

As mentioned, KRAS is among the most frequently mutated genes in lung cancer, particularly in ACs 

of patients with a history of tobacco smoking. KRAS mutations are also observed in SCC (~2%) and 

ASC (7-13%) with less frequency, and very rarely in SCLC (TCGA, 2012; Boch et al., 2013; 

Mitsudomi et al., 1991; Tochigi et al., 2011; Vassella et al., 2015). In lung cancer, KRAS mutations are 

more frequent than HRAS or NRAS mutations (Suzuki et al., 1990). The KRAS gene is located on 

chromosome 12p.12.1. Mutations leading to single amino acid substitutions are commonly found at 

codon 12, and also at codon 13 or 61, though at a lower frequency (Ahrendt et al., 2001). It is thought 

that metabolically active carcinogens in tobacco smoke, such as polycyclic aromatic hydrocarbons 

(PAH) or nicotine-derived nitrosamine ketone (NNK), forms reactive intermediates that bind to the 

DNA and cause point mutations in KRAS leading to  G-C and G-T nucleotide transversions (Hecht, 

2012). In line with this, the G12C (~40%) and G12V (~22%) KRAS point mutations in lung cancers 

constitute G/T transversions (Forbes et al., 2011; Gautschi et al., 2007). Some reports suggest poorer 

prognosis of patients with G12C and G12V mutations compared to other KRAS mutations (Ihle et al., 

2012). Furthermore, the nature of the amino acid substitution has an effect on downstream signaling: 

mutant KRAS with a G12D substitution preferentially activates the PI3K/AKT pathway, while KRAS 

G12C, or G12V signals through the Raf-MEK pathway (Ihle et al., 2012). In addition, due to 

redundancy in downstream signaling, KRAS mutations confer resistance to anti-EGFR therapies 

(Eberhard et al., 2005; Pao et al., 2005).  

Figure 3. RAS-associated signaling pathways. 

RTKs are activated through phosphorylation 

upon ligand binding, which creates binding sites 

for adaptor proteins, including GRB2 and SHP2. 

These in turn recruit SOS, a RAS GEF, to the 

membrane to activate RAS via exchange of GDP 

for GTP. Activated RAS propagates various 

downstream effector pathways to regulate 

diverse cellular processes such as proliferation, 

survival, vesicle trafficking, and cytoskeletal 

organization. Modified from (Westcott and To, 

2013). 
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1.2.5. LKB1 

LKB1 is located on chromosome 19p13.3, and encodes for a serine threonine kinase (Manning et al., 

2002). It was first identified as a gene whose germline mutation is responsible for Peutz-Jeghers 

syndrome (PJS) (Hemminki et al., 1998; Hemminki et al., 1997; Jenne et al., 1998). PJS is an 

autosomal-dominant disorder distinguished by gastrointestinal hamartomatous polyps and melanocytic 

macules of the lips (Hemminki, 1999). Patients with PJS are at increased risk for cancer, including 

gastrointestinal cancers (Giardiello et al., 1987; Hearle et al., 2006). The tumor suppressor function of 

LKB1 was first identified by overexpression of wild type LKB1 in HeLa and G361 cells, which leads 

to growth suppression via a G1 cell cycle arrest (Tiainen et al., 1999). The same study also showed that 

catalytically inactive LKB1 mutants, including those found in PJS patients, were unable to cause growth 

arrest, confirming the role of kinase activity in blocking cell growth. Mice heterozygous for Lkb1 do 

not display defects in embryonic or postnatal development. However, homozygous deletion of Lkb1 is 

embryonic lethal, and Lkb1 null embryos die in utero between E8.5-E9.5 due to neural tube and heart 

development defects, as well as vascular abnormalities, suggesting that LKB1 plays an important role 

in embryonic development (Jishage et al., 2002; Ylikorkala et al., 2001). LKB1 is mutated in many 

human cancers, with the highest incidence in lung AC (~30%), followed by cervical cancers (Sanchez-

Cespedes, 2007; Sanchez-Cespedes et al., 2002; Wingo et al., 2009). 

 

1.2.5.1. LKB1 signaling 

LKB1 exerts its function by forming a complex with two other proteins, the pseudo kinase STRAD 

(STE20-related adaptor) and scaffold protein MO25 (mouse protein 25) (Baas et al., 2003; Boudeau et 

al., 2003). LKB1 acts as a master kinase to regulate cell metabolism, differentiation, proliferation and 

polarity via a set of 14 downstream kinases (Vaahtomeri and Makela, 2011). AMP-activated protein 

kinase (AMPK), the best characterized LKB1 substrate, is a heterotrimeric kinase composed of a 

catalytic (α) subunit and two regulatory (β and γ) subunits (Novikova et al., 2015). AMPK is an energy-

sensing kinase that is activated upon low cellular energy conditions, when cellular ATP levels are 

decreased and AMP levels are increased, mediated by LKB1-dependent phosphorylation of AMPK 

(Hardie, 2007). Activated AMPK activates catabolic pathways, including glucose uptake, glycolysis, 

and fatty acid oxidation. At the same time, AMPK inhibits anabolic processes such as protein synthesis, 

to restore cellular energy levels (Alexander and Walker, 2011). While the mTOR (mammalian target 

of rapamycin) pathway stimulates cell growth-associated processes in response to growth factor 

signaling, activated AMPK executes growth inhibitory effects, inhibiting mTOR activity through 
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phosphorylation of the tuberculosis sclerosis (TSC1/TSC2) complex, and phosphorylation of raptor, a 

component of mTORC1 (Figure 4) (Gwinn et al., 2008; Inoki et al., 2003). 

LKB1 was first shown to regulate cell polarity in studies performed in C. elegans and Drosophila. The 

C. elegans LKB1 homologue Par-4 was shown to maintain the anterior-posterior polarity of the embryo 

(Kemphues et al., 1988). In Drosophila, Lkb1 mutation affects the anterior-posterior axis as well as 

epithelial polarity (Martin and St Johnston, 2003). Using mammalian intestinal epithelial cells, it was 

later shown that activated LKB1 mediates actin cytoskeleton remodeling and formation of apical brush 

borders (Baas et al., 2004). Other AMPK-related kinases, namely MARK1-MARK4 (microtubule 

affinity-regulating kinases) and SAD-A and SAD-B (synapses of amphid-defective kinases), are known 

to control cell polarity by regulating microtubule assembly (Hezel and Bardeesy, 2008). Another 

AMPK-related kinase downstream of LKB1, NUAK (AMPK-Related Protein Kinase 5), has anti-

apoptotic functions, and is activated upon oxidative stress. Upregulation of NUAK1 has been 

associated with aggressiveness in colorectal cancers (Port et al., 2018; Suzuki et al., 2003). 

 

1.2.5.2. LKB1 in lung cancer 

Loss of heterozygosity (Khosravi et al.) of chromosome 19 were initially observed in 80% of the 

analyzed NSCLC cell lines, compared to less than 30% of the analyzed SCLC cell lines (Virmani et 

al., 1998). Subsequent studies showed that biallelic loss of LKB1 at chromosome 19.13, and loss of 

function mutation in LKB1 (10-50%), are common events in lung cancer (Sanchez-Cespedes et al., 

Figure 4. AMPK-mediated effector functions 

of LKB1. When cellular energy levels are low 

and AMP levels are high, LKB1 phosphorylates 

and activates AMPK. Activated AMPK inhibits 

protein synthesis and cell growth by inhibiting 

mTORC1 function. On the other hand, growth 

factor-mediated activation of the PI3K/AKT 

pathway leads to activation of mTORC1 by 

relieving negative regulation by TSC1/TSC2, 

and this results in cellular growth and protein 

synthesis. Modified from (Ochocki and Simon, 

2013). 
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2002). The LKB1 gene is more frequently altered in lung ACs (30%) or ASCs (22%) compared with 

SCCs (1.4-5%); it is never altered in SCLC (TCGA, 2012; TCGA, 2014; Koivunen et al., 2008; 

Sanchez-Cespedes et al., 2002; Vassella et al., 2015). Most of the LKB1 mutations are nonsense, 

frameshift or large intragenic deletions that result in the generation of a truncated protein. Missense 

mutations in the kinase domain have also been reported (Sanchez-Cespedes, 2007). Concurrent LKB1 

loss-of-function mutation and KRAS activating mutations are reported in 67% of analyzed lung cancer 

cell lines, while no significant association exists between LKB1 mutation and EGFR or TP53 mutations 

(Matsumoto et al., 2007). Clinical lung cancers with concomitant KRAS mutation and LKB1 alterations 

(52%) constitute an aggressive subset of NSCLCs, more often found in smokers, and associated with 

poor patient survival (Calles et al., 2015; Facchinetti et al., 2017a; Matsumoto et al., 2007). 

 

1.2.6. TP53 

Tumor protein 53 (TP53) belong to the p53 superfamily of transcription factors. It was discovered 

nearly 40 years ago as the cellular partner of the viral oncoprotein simian virus 40 large T-antigen 

(Kress et al., 1979; Lane and Crawford, 1979). Other members of the p53 family transcription factors 

include p63 and p73 (Levrero et al., 2000). p53 functions as a tumor suppressor in response to various 

cellular stress conditions, including DNA damage, hypoxia, nutrient starvation, oncogene expression 

and ribosome dysfunction, by mediating cell cycle arrest and apoptosis. Murine embryos lacking p53 

(p53-/-) are developmentally normal, but adult mice develop tumors, predominantly lymphomas 

(Donehower et al., 1992). On the contrary, p63 and p73 are involved in development and 

differentiation, and homozygous deletion of p63 (p63-/-) or p73 (p73-/-) leads to embryonic defects 

(Bieging et al., 2014; Levrero et al., 2000; Mills et al., 1999; Yang et al., 2000). TP53 was originally 

thought to function as an oncogene, as it accumulated in the nuclei of the cancer cells. Later discoveries 

showed that it is only the mutated form of p53 cooperated with RAS in inducing cellular transformation, 

assigning it as a tumor suppressor (Finlay et al., 1989; Hinds et al., 1989). TP53 mutations are found 

in the vast majority of human cancers, whereas TP63 or TP73 mutations are uncommon (Hagiwara et 

al., 1999; Hollstein et al., 1991; Melino et al., 2002). 

 

1.2.6.1. p53 regulations and its biological functions 

The transcription factor p53 regulates various biological processes, including DNA repair, cell cycle 

arrest, autophagy, senescence, apoptosis, cellular stem-ness, and metabolic reprogramming (Bieging et 

al., 2014). p53 mediates its function through transcriptional activation, or repression, as well as 

regulation of homologous DNA recombination and protein translation (Zilfou and Lowe, 2009). p53 
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functions as a tetrameric complex, and its function is regulated by affecting protein stability, activity, 

and subcellular localization. Post-translational modifications, which include phosphorylation, 

acetylation, sumoylation, and ubiquitination, play an important role in stabilization of p53. For 

example, p53 activation via protein stabilization is achieved by disruption of its interaction with Mdm2 

(Mouse double minute 2 homolog), a ubiquitin ligase that mediates p53 protein destruction (Hu et al., 

2012). Upon DNA damage, post-translational modification and phosphorylation of p53 by upstream 

kinases such as ATM and ATR disrupt the Mdm2 interaction, leading to protein stabilization (Appella 

and Anderson, 2001). In addition, upon exposure to γ radiation, ATM mediates phosphorylation of 

MDM2, resulting in impaired p53-MDM2 interaction (Khosravi et al., 1999). Following stabilization, 

p53 regulates gene expression by binding to DNA sites that contain two decameric palindromic 

sequences (half-sites) 5′-RRRCWWGYYY-3′, where R is purine, Y is pyrimidine, and W is either A 

or T (el-Deiry et al., 1992; McLure and Lee, 1998). Effector functions regulated by p53 include cell 

cycle checkpoint activation, cellular senescence, and apoptosis (Zilfou and Lowe, 2009). The cell cycle 

effects of p53 are executed via regulation of cyclins and cyclin-dependent kinase inhibitors (CKIs) 

(Brugarolas et al., 1995; St Clair and Manfredi, 2006). One of the p53 target genes, the p21 (waf-1/cip-

1) CKI, negatively regulates the cell cycle by mediating G1 arrest via inhibiting cyclin/cyclin dependent 

kinases. In normal cells, wild type p53 can mediate cellular senescence in response to overexpression 

of oncogenic KRAS (Yang et al., 2006), as a form of cell-intrinsic tumor suppression. This 

phenomenon was later confirmed to occur also in vivo, in a lung cancer model driven by oncogenic 

BRAF, where loss of p53 bypassed senescence in the context of oncogenic BRAFV600E expression, 

resulting in adenoma to AC progression (Dankort et al., 2007). Recently, it was shown that p53 loss 

before the induction of BRAFV600E oncogene-induced senescence (OIS) permits adenocarcinoma 

progression, but p53 loss after the establishment of OIS fails to rescue senescence, and hence does not 

permit tumor progression (Garnett et al., 2017). These results suggest that in the BRAFV600E lung cancer 

model, the timing of p53 loss is crucial for prevention of OIS and hence progression from adenoma to 

adenocarcinoma.  

 

1.2.6.2. TP53 in lung cancer 

Genetic analysis of the bronchial epithelium from chronic smokers revealed frequent LOH on 

chromosome 17p3, which contains the TP53 gene, suggesting a possible link between cigarette 

smoking and TP53 alterations in the lung (Mao et al., 1997). In line with this, the frequency of TP53 

mutations is higher in lung tumors of bronchial origin such as SCLC (100%) and SCC (87%) compared 

to distally arising AC (50%) (TCGA, 2012; TCGA, 2014; D'Amico et al., 1992; George et al., 2015; 

Kishimoto et al., 1992; Takahashi et al., 1991). The high frequency of TP53 mutations in smokers (67% 
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vs 19-26% in never smokers) has been attributed to carcinogen-induced DNA adducts within TP53 

exons (Denissenko et al., 1996; Takagi et al., 1998; Vahakangas et al., 2001). The majority of the 

mutations reside in the DNA binding region of TP53 (Olivier et al., 2002). Clinically, TP53 mutations 

are significant predictor of poor outcome in stage I NSCLC patients (Ahrendt et al., 2003).  

 

1.2.7. ERBB family receptors, ligands and their roles in cancer  

Epidermal growth factor receptor (EGFR) or ERBB family receptors are a group of transmembrane 

tyrosine kinase receptors, consisting of four members: EGFR (ERBB1), HER2 (ERBB2), HER3 

(ERBB3) and HER4 (ERBB4), and regulate cell growth, survival, differentiation, adhesion, and 

migration (Yarden and Sliwkowski, 2001). While inactive ERBB receptors constitute monomeric 

forms, ligand binding to the extracellular domain (ECD) results in homo- or heterodimerization of the 

receptors. In their monomeric state, an intracellular protein kinase (PTK) domain exist in an inactive 

conformation, which is activated in response to receptor dimerization (Fuller et al., 2008). Auto or 

trans-phosphorylation of multiple tyrosine residues within the intracellular domains of dimerized 

partners propagates intracellular signaling, through RAS/RAF/MEK/ERK and PI3K/AKT/mTOR 

signaling, and activation of SRC kinases and STAT transcription factors (Fuller et al., 2008; Yarden 

and Sliwkowski, 2001; Zhang et al., 2006). Although ERBB receptors are structurally similar to each 

other, they show differences in ligand binding and tyrosine kinase activity (Figure 5). ERBB2 is an 

‘orphan’ receptor which lacks a specific ligand, while ERBB3 lacks an intracellular kinase domain. 

However, both can function as heterodimers with other ERBB receptors. Despite lacking functional 

kinase domain ERBB3 can undergo transphosphorylation and transduce intracellular signaling events 

(Citri et al., 2003; Garrett et al., 2003; Guy et al., 1994; Klapper et al., 1999). Ligands of ERBB family 

receptors possess a high affinity EGF-like domain required for receptor binding and activation. EGFR 

has been shown to bind with multiple ligands, which include EGF, transforming growth factor alpha 

(TGF-α), heparin-binding epidermal growth factor like factor (HB-EGF), amphiregulin, epiregulin or 

betacellulin. Of these, EGF, TGF-α and amphiregulin bind exclusively to EGFR, whereas HB-EGF, 

epiregulin and betacellulin also bind to ERBB4. One of the most recently described ERBB ligands, 

epigen, also binds to EGFR, but with lower affinity. Another family of ERBB receptor ligands, called 

neuregulins (NRGs, NRG1-NRG4) can bind to ERBB3 and ERBB4 (Figure 5) (Falls, 2003; Fuller et 

al., 2008). 

Signaling events downstream of ERBB receptor activation involve docking of the adaptor proteins such 

as Grb2 or Shc via SH2/PTB domains to specific receptor phosphotyrosine residues on the cytoplasmic 

domain, followed by activation of RAS/RAF/MEK/ERK and PI3K/AKT/mTOR pathways, as well as 

activation of Src kinases and STAT transcription factors (Figure 5) (Yarden and Sliwkowski, 2001). 
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Interestingly, ERBB3 is a potent activator of the PI3K/AKT pathway, via its six docking sites for the 

PI3K regulatory subunit p85 (Hellyer et al., 1998). Studies using mouse models have shown that 

targeted deletion of each of the four ERBB receptors leads to embryonic or early postnatal lethality, 

implying that ERBB receptors have non-redundant functions during embryonic development (Lee et 

al., 1995; Miettinen et al., 1995; Threadgill et al., 1995; Tidcombe et al., 2003).  

Emerging evidence suggests that ERBB receptors and their ligands play an important role in cancer 

initiation, progression as well as therapy resistance (Arteaga and Engelman, 2014). Oncogenic 

functions of ERBB receptors were first assigned to EGFR, as it is homologous to the retroviral protein 

v-ERBB that causes the avian erythroblastosis virus to transform chicken cells (Downward et al., 1984). 

Subsequent studies with laboratory models indicated the transforming ability of EGFR and its 

alterations in multiple malignancies (Arteaga and Engelman, 2014). Genetic alterations of ERBB 

receptors, as well as overexpression of certain ERBB ligands, have been detected in multiple cancer 

types (Arteaga and Engelman, 2014). Feedback activation of ERBB receptors, including activation of 

EGFR and ERBB3 following inhibition of MEK/ERK or PI3K/AKT pathways, confer resistance 

mechanisms. In such cases, the combined inhibition of ERBB/MEK or ERBB/AKT signaling provided 

greater anti-tumor effects (Chakrabarty et al., 2012; Chandarlapaty et al., 2011; Corcoran et al., 2012; 

Katayama et al., 2012; Kitai et al., 2016; Prahallad et al., 2012; Turke et al., 2012). 

 

1.2.7.1. ERBB receptors and their ligands in lung cancer 

Genetic alterations in all four ERBB receptors have been detected in human lung cancer. As mentioned, 

EGFR alterations are more common in AC (11-40%) than in SCC (4-7%) (Table 1). Similarly, genetic 

alteration in HER2/ERBB2 (amplifications and mutations) are more prevalent in ACs (3-20%) 

compared to SCC (4%) (TCGA, 2012; TCGA, 2014; Kim et al., 2017; Li et al., 2012). In addition, 

intragenic kinase domain mutations in ERBB2 are exclusively found in ACs and are not accompanied 

with protein overexpression (Stephens et al., 2004). Similar to EGFR mutations, ERBB2 mutations are 

commonly found in female never smokers, accompanied with copy number gains of either ERBB2 or 

EGFR (Li et al., 2012). ERBB2 protein overexpression in NSCLC has been controversial, and a poor 

association between gene copy number alteration and protein overexpression has been observed 

(Hirsch et al., 2002). Furthermore, some studies report that ERBB2 protein overexpression is more 

common in ACs (1.9-38%) (Hirsch et al., 2002a; Hirsch et al., 2002b; Nakamura et al., 2005), while 

others reported that ERBB2 overexpressing tumors are predominantly SCC (Ugocsai et al., 2005). 

Activating mutations in ERBB3 and ERBB4 have also been reported in NSCLC (TCGA, 2012; Kurppa 

et al., 2016). In addition, chromosomal rearrangements in NRG1, one of the ligands of ERBB3, is 

detected in NSCLC. Recurrent rearrangements in the NRG1 gene that result in different fusion gene 
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products, such as CD74-NRG1, RBPMS-NRG1, WRN-NRG1, and SDC4-NRG1, have been identified 

in both AC and SCC, and a pro-tumorigenic effect of NRG1 gene fusions has been attributed to 

overexpression of full-length NRG1 protein driven by WRN promoter (WRN-NGR1), or CD74-NRG1 

fusion protein inducing ERBB2/ERBB3 heterodimers  (Dhanasekaran et al., 2014; Fernandez-Cuesta 

et al., 2014). 

 

  

  

Figure 5. ERBB family receptors, ligands and signaling pathways. ERBB3 lacks a functional 

tyrosine kinase (TK) activity, and there are no specific ligands for ERBB2. Ligand binding to the 

extracellular domain of the ERBB receptors results in homo- or heterodimerization, 

transphosphorylation and receptor dimer activation. This in turn results in activation of downstream 

signaling pathways, namely RAS/RAF/MEK/ERK and the PI3K/AKT/mTOR, and activation of SRC 

family kinases and STAT transcription factors. Together, these pathways regulate cell proliferation, 

survival, invasion, and angiogenesis. Modified from (Modjtahedi et al., 2014). 
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1.3. Targeted therapies for NSCLC 

The discovery of lung cancer driver genes has laid the foundation for implementation of targeted 

therapies against select gene alterations, such as EGFR mutations and ALK rearrangements. Mutations 

in EGFR lead to ligand-independent constitutive activation of the receptor and downstream effectors 

pathways, including activation of MAPK, and PI3K/AKT pathways (Sordella et al., 2004). Small 

molecule TKIs such as gefitinib and erlotinib, or monoclonal antibodies (mAbs) such as cetuximab 

have been developed against mutant EGFR (Pao et al., 2004). Gefitinib and erlotinib are reversible 

competitive inhibitors of ATP, inhibiting the tyrosine kinase activity, and hence downstream pathways. 

Clinical studies have shown improved response with EGFR TKIs in AC histotype tumors, and the 

response correlated with activating somatic mutations in EGFR (Lynch et al., 2004; Miller et al., 2004; 

Pao et al., 2004). Following a phase III clinical trial, both gefitinib and erlotinib were approved as first-

line monotherapy for the treatment of EGFR mutation-positive NSCLC (Pao et al., 2004; Rosell et al., 

2012). However, although EGFR inhibitors prolong patient survival, most patients developed 

resistance following 7-12 months of treatment. In the majority of the cases, acquired resistance was 

due to secondary gatekeeper mutations in exon 20 of EGFR, specifically T790M conversion (Yun et 

al., 2008). Other anti-EGFR resistance mechanisms include MET amplification, or mutations in HER2, 

PIK3CA, BRAF, STAT3, or AXL kinases (Serizawa et al., 2013; Sordella et al., 2004; Wu et al., 2013; 

Zhang et al., 2012). Efforts have focused on targeting EGFR T790M to treat EGFR TKI-resistant 

tumors. Towards this, several third-generation EGFR inhibitors are effective alone or in combination 

with anti-EGFR mAbs in EGFR T790M-positive and EGFR T790M-negative TKI-resistant tumors 

(Politi et al., 2015).  

Clinically, TKIs are not the therapeutic choice after the failure of first-line platinum-based therapy in 

SCC patients (Figure 6). Also, since EGFR alterations are sporadic in the SCC histotype, molecular 

testing for EGFR mutation is not routinely done in patients with SCC. Interestingly, a recent phase III 

trial comprising of molecularly unselected lung SCC patients pretreated with chemotherapy reported 

improved progression-free survival and overall survival of the patients treated with afatinib, an 

irreversible EGFR/ERBB2 inhibitor, compared to erlotinib (Soria et al., 2015). Furthermore, Song et 

al reported that ASC patients treated with erlotinib or gefitinib showed improved progression-free 

survival (ASC: 4.4 months vs SCC: 1.9 months) and overall survival (ASC: 17.6 months vs SCC: 12.2 

months) compared to SCC patients (Song et al., 2013).  

Anaplastic lymphoma kinase (ALK) belongs to the insulin receptor tyrosine kinase family. In lung 

cancer, ALK/EML4 gene fusion is commonly detected in AC (7%) from younger and non-smoking 

patients (Soda et al., 2007; Takahashi et al., 2010; Wong et al., 2009). ALK rearrangements are mutually 
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exclusive with EGFR or KRAS mutation, and at least 27 ALK fusion variants have been reported (Sasaki 

et al., 2010). According to the International Association for the Study of Lung Cancer (IASLC) and the 

European Society for Medical Oncology (ESMO) guidelines, all patients diagnosed with lung AC 

should be tested for ALK rearrangements. The small molecule TKI crizotinib has been approved as a 

first-generation ALK inhibitor, and its mechanism of action is similar to EGFR TKIs. Clinically, 

crizotinib has shown better efficacy compared to standard chemotherapy in ALK positive NSCLC 

patients (Shaw et al., 2013). Crizotinib is also effective against ROS1 and MET tyrosine kinases (Ou 

et al., 2011), (Bergethon et al., 2012). However, similar to first-generation EGFR inhibitors, resistance 

to crizotinib is typically developed within one year of treatment, and 20% of the patients treated with 

crizotinib were diagnosed with brain metastasis following treatment, while no prior metastases were 

present at first diagnosis (Costa et al., 2015). Acquired resistance mechanisms to crizotinib include 

secondary mutations in the ALK kinase domain, copy number gain of the ALK fusion gene, and bypass 

mechanisms consisting of activation of EGFR, KRAS, and c-kit (Choi et al., 2010; Doebele et al., 2012; 

Katayama et al., 2012; Sasaki et al., 2011). Second-generation ALK inhibitors such as ceritinib and 

alectinib have been approved for the treatment of crizotinib-resistant ALK positive tumors (Friboulet 

et al., 2014; Sullivan and Planchard, 2016). 

 

1.4. Immunotherapy for NSCLC 

Cancer immunotherapy involves activation of the patient’s immune system to inhibit tumor 

progression. Immunotherapies can function by breaking so-called immune checkpoints, which are 

generally defined as the set of immune signals required to establish self-tolerance and to prevent the 

immune system from randomly killing cells. Most checkpoint signals are mediated by ligand receptor 

interactions, and they can be grouped as stimulatory or inhibitory. Immune checkpoint molecules can 

be expressed on tumor cells, antigen presenting cells, or T cells. While interactions between stimulatory 

molecules expressed on T cells and antigen presenting cells promote the expansion and effector 

functions of the T cells, interactions between inhibitory checkpoint molecules suppress the activity of 

T cells. For example, interaction between inhibitory checkpoint molecules expressed on the cancer cell 

or tumor-infiltrating immune cells (e.g. Programmed death-ligand 1; PD-L1), and on the T cell (e.g. 

Programmed cell death protein 1; PD-1, or cytotoxic T-lymphocyte-associated protein 4; CTLA-4) are 

known to inhibit T cell proliferation and activation, resulting in escape from anti-tumor immune 

response (Li et al., 2016).  

Immune checkpoint blockade has revolutionized lung cancer therapy. Recently, clinical trials showed 

improved efficacy of mAb PD-1 inhibitors, nivolumab and pembrolizumab, compared to standard-of-

care docetaxel chemotherapy. The CheckMate 017 phase III clinical trial reported an extended median 
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overall survival (OS) of SCC patients treated with nivolumab (9.2 months) compared to docetaxel alone 

(6.0 months). Interestingly, in this study PD-L1 expression was not predictive of response to nivolumab 

therapy, as patients with PD-L1 negative tumors also showed improved response (Brahmer et al., 

2015). A different phase III study on non-squamous lung tumors showed similar responses to 

nivolumab, although in this case response correlated with tumor PD-L1 expression status (Borghaei et 

al., 2015). Similarly, a clinical study evaluated the efficacy of anti-PD-1 pembrolizumab compared to 

docetaxel in pre-treated advanced NSCLC patients. A significantly improved OS was observed in the 

pembrolizumab vs the chemotherapy group (median OS 14.9 vs 8.2 months), with a positive correlation 

between OS and tumor PD-L1 expression status (Herbst et al., 2016). A phase II clinical (POPLAR) 

trial using the anti-PD-L1 mAb atezolizumab has also shown a longer median OS compared to 

docetaxel alone (12.6 vs 9.7 months), and response was associated with increased expression of PD-

L1 (Fehrenbacher et al., 2016). Contrary to this finding, a more recent phase III trial showed that anti-

PD-L1 therapy improved the OS of NSCLC patients regardless of histotype or PD-L1 status (Rittmeyer 

et al., 2017). Based on these clinical trial results, PD-1 and PD-L1 inhibitors have been approved for 

immunotherapy of advanced NSCLC patients. 

Despite the emergence of immune checkpoint inhibitors as powerful approach for treatment of 

advanced NSCLC, response remains limited to a small proportion of the patients (Gettinger et al., 

2015).  Moreover, evidence from murine and human tumors show that the subset of NSCLC that 

harbors KRAS and LKB1 mutations lack PD-L1 expression, and hence are not suitable for immune 

checkpoint inhibition (Calles et al., 2015; Koyama et al., 2016; Skoulidis et al., 2015). This suggest the 

need for alternate effective therapies to treat NSCLC patients who are non-responsive to 

immunotherapy. 

 

1.5. Combination therapies for NSCLC 

Combination therapy combines two or more therapeutic agents. As opposed to a monotherapy 

approach, drug combinations can show improved efficacy by simultaneously inhibiting pathways that 

are synergistic or additive in promoting tumor growth and metastasis. In addition, it was shown more 

recently that inter-patient variability in response to a single drug and independent drug actions can also 

explain combination therapy benefit, without involving synergistic drug effects (Palmer and Sorger, 

2017).  

For lung cancer, FDA approved combination therapies currently include chemotherapy combined with 

targeted therapy or immunotherapy (Ruiz-Ceja and Chirino, 2017). The TRIBUTE randomized phase 

III clinical study  showed that the combination of the EGFR TKI erlotinib with carboplatin and 



34 

 

paclitaxel showed improved response compared to chemotherapy alone, and EGFR mutation carriers 

showed improved response to the combination (53%) than wild type EGFR (18%) (Eberhard et al., 

2005). As expected, KRAS mutation in this study was negatively associated with response to 

combination therapy. Recently, the combination of the MEK inhibitor trametinib and the B-Raf 

inhibitor dabrafenib was FDA-approved for the treatment of BRAF mutant metastatic NSCLC. Owing 

to the high incidence ERBB family receptor alterations in NSCLC, (Hendler and Ozanne, 1984; Hirsch 

et al., 2003; Ugocsai et al., 2005), combinations with the pan-ERBB inhibitor afatinib are currently 

being evaluated (Bennouna and Moreno Vera, 2016). Preclinical evidence using NSCLC cell lines has 

shown ERBB3 activation following MEK inhibition (Kitai et al., 2016), and the combination afatinib 

and MEK inhibitor selumetinib treatment for KRAS mutant advanced NSCLC is under clinical 

investigation (Bennouna and Moreno Vera, 2016). The combination of afatinib with the PI3K/mTOR 

inhibitor sirolimus did not provide any therapeutic benefit in a recent phase Ib clinical trial (Moran et 

al., 2017), and the combination of afatinib with the SRC inhibitor dasatinib and the  pan-JAK inhibitor 

ruxolitinib are still under clinical investigation (Bennouna and Moreno Vera, 2016).  

Direct targeting of KRAS has been challenging, due to a number of reasons, including absence of 

known allosteric binding sites, the high affinity of KRAS for GTP over GDP, as well as parallel 

compensatory pathways that provide alternate signaling (Gysin et al., 2011). Attempts to inhibit KRAS 

using farnesyl transferase inhibitors (FTI), which interfere with the post-translational addition of a 

farnesyl group, lead to escape mechanisms via post-transcriptional activation of geranyl-geranylation 

(Adjei et al., 2003; Sousa et al., 2008). Similarly, salirasib, which dislodges farnesylated RAS from the 

cell membrane, was also ineffective in NSCLC patients (Tsimberidou et al., 2010). A recent study 

reported on a new KRAS G12C inhibitor, ARS-1620, and showed it caused tumor regression in patient 

derived xenograft models, but its effect on clinical samples has yet to be investigated (Janes et al., 

2018). The MEK protein downstream of KRAS has also been considered as a potential target to inhibit 

MAPK signaling. However, combinations of docetaxel and the MEK inhibitor selumetinib or 

trametinib in KRAS mutant NSCLC patients did not show favorable outcomes compared to docetaxel 

alone (Blumenschein et al., 2015; Janne et al., 2013). Furthermore, the combination of selumetinib plus 

erlotinib in advanced KRAS mutant or wild type NSCLC patients was not beneficial over monotherapy 

(Carter et al., 2016). Clinical trials evaluating the efficacy of immunotherapy in combination with 

EGFR or ALK TKI in advanced NSLC are ongoing (Moya-Horno et al., 2018), and may give 

encouraging results. Overall, these results highlight an unmet need for effective combinations to treat 

molecularly-defined advanced NSCLC, and particularly its link to companion diagnostics that may 

better stratify the patients.  
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Despite significant advances in the discovery of targeted therapies for the treatment of advanced 

NSCLC, patients eventually develop resistance, culminating in poor clinical outcomes. Despite the 

discovery of select targetable drivers, traditional chemotherapy is the only first-line treatment of choice 

for treating locally advanced or metastatic SCC (Figure 6). In addition to genotype-based patient 

subtyping, efforts must be focused on the identification of histotype-specific predictive biomarkers to 

achieve NSCLC subtype-specific effective therapies.  

 

 

Figure 6.  Pharmacological management of advanced NSCLC. Treatments are based on 

histological and molecular features. Platinum-based chemotherapy is recommended as first-line 

treatment for non-squamous and squamous lung cancer, and second-line treatments are either 

docetaxel alone, or in combination with the anti-VEGFR2 antibody ramucirumab, or anti-PD1 

antibodies nivolumab and pembrolizumab. Anti-EGFR TKIs erlotinib, gefitinib, and afatinib are 

approved as first-line therapy in patients carrying EGFR mutations. Osimertinib, a third-

generation EGFR TKI, is applied as second-line therapy for T790M carriers following first-line 

anti-EGFR therapies. Patients with ALK rearrangements are treated with crizotinib as first-line 

therapy. Progressive disease after second-line therapy is treated with chemotherapy. Adapted from 

(Rocco et al., 2016). 
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1.6. Tumor heterogeneity 

Tumor heterogeneity refers to differences in the genetic, phenotypic and functional profiles of distinct 

cell populations found in a single tumor (intratumor heterogeneity: ITH), or between different tumors 

(intertumor heterogeneity). Tumor heterogeneity is detected at various levels: i) genetic heterogeneity, 

in which each tumor has its own genetic or epigenetic profile, or genetic differences exist between 

subpopulations of the same tumor, ii) microenvironmental heterogeneity, where tumors exhibit distinct 

stromal features composed of, for example, varying immune cell infiltrates, fibroblasts, or vasculature, 

iii) differences in biomarker expression, such as oncogenic signaling activities (de Bruin et al., 2015; 

Hanahan and Coussens, 2012; Liu et al., 2016; Spagnolo et al., 2016). The second and third 

heterogeneity types are considered to represent phenotypic heterogeneity, and all three heterogeneity 

types can be distributed in a spatial manner within the same tumor, referred to as spatial ITH (Hao et 

al., 2016; Spagnolo et al., 2016; Yuan, 2016). Both genetic and phenotypic heterogeneity have been 

implicated in sensitivity to therapies or drug resistance (Junttila and de Sauvage, 2013; Turner and 

Reis-Filho, 2012). 

Two different models have been proposed to explain tumor heterogeneity: i) the cancer stem cell model, 

suggesting that only a subpopulation of tumor cells, called stem cells, possess an ability to self-renew 

and differentiate into non-tumorigenic cells, with heterogeneity arising from differences in genetic and 

epigenetic changes among different stem cells, and ii) the clonal evolution model, suggesting that 

tumors originate as a result of mutation in a single cell of origin, and by temporally accumulating 

mutations, this gives rise to heterogeneous populations which can divide and mutate further (Nowell, 

1976; Reya et al., 2001). The mechanisms by which tumor heterogeneity arises during the patient’s life 

time is currently an intensely investigated subject. Multiregion sequencing analysis pioneered by 

Swanton and Gerlinger suggests that tumor evolution is accompanied with spatially and temporally 

distinct genetic alterations, with subclonal mutations leading to intratumor genetic and phenotypic 

heterogeneity (de Bruin et al., 2015; Gerlinger et al., 2012) 

 

1.6.1. NSCLC heterogeneity and therapeutic implications  

Multiregional analysis of human lung AC for spatial distribution of KRAS and EGFR mutation has 

identified high level of intratumor and intertumor heterogeneity in gene mutations. In addition, analysis 

of tumor subregions has identified correlations between higher variant allele frequencies (VAF) of 

KRAS and EGFR with solid AC growth pattern compared to other histological AC subtypes (Dietz et 

al., 2017). Recent multiregional gene expression analysis of human NSCLC has also shown significant 

inter and intratumor heterogeneity, of gene signatures related to epithelial-to-mesenchymal transition 
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(EMT), and resistance to PD-1 checkpoint inhibitors (Lee et al., 2018). Furthermore, by doing multi-

region exome/whole genome sequencing of NSCLC patients, Swanton and colleagues showed spatial 

and temporal heterogeneity in driver gene alterations. They found decrease in smoking-associated 

mutations over time and increase in apolipoprotein-B mRNA editing catalytic polypeptide-like 

(APOBEC) cytidine deaminase mediated mutations, and this was more prevalent in lung ACs 

compared to SCC, suggesting histotype-specific regulatory effects of APOBEC (de Bruin et al., 2015). 

The process of tumorigenesis involves a complex interplay between tumor cells and the host immune 

system, in a way that favors tumor cells to escape from host immune surveillance. Tumor infiltrating 

immune cells can either be pro-tumorigenic, and this category includes tumor associated macrophages 

(TAMs), myeloid derived suppressor cells (MDSCs), and regulatory T cells (Tregs). Anti-tumorigenic 

immune cells include cytotoxic T cells (CTL) (CD8+) and natural killer cells (NK cells). The density 

of tumor-infiltrating lymphocytes, particularly CTL, is associated with response to chemotherapy and 

improved survival in patients with advanced NSCLC (Kilic et al., 2011; Liu et al., 2012a). On the 

contrary, an increase in MDSCs (CD14+HLA-DR-) in NSCLC patients is associated with metastasis 

and poor response to chemotherapy (Huang et al., 2013). Heterogeneity in signaling downstream of 

NSCLC driver genes has an impact on patient survival, therapeutic sensitivity and resistance 

mechanisms (Gerdes et al., 2013; Lee et al., 2013). However, intertumoral as well as spatial ITH in 

oncogenic signaling downstream of common driver genes, such as KRAS, EGFR, or loss of LKB1 has 

thus far not been extensively studied in NSCLC. 

 

1.7. Preclinical models of lung cancer 

Various in vivo and ex vivo models have been established to dissect the physiological and molecular 

mechanisms that drive lung cancer pathogenesis.  These models have also been used for preclinical 

investigation of promising monotherapy and drug combinations, and the discovery of potential new 

NSCLC targets. 

 

1.7.1. In vivo models 

In vivo mouse models can be categorized as xenografts, chemically-induced, syngeneic, and transgenic 

models (Kellar et al., 2015). Generation of classic xenograft models involves injection of established 

cancer cell lines into immunodeficient mice, either subcutaneously or orthotopically into the same 

organ from which cancer cells were derived. These classical models are mainly used for testing drug 

response in vivo prior to enrolling new compounds in clinical trials (Steiner et al., 2007). Recent efforts 

have however focused on the grafting of patient-derived tumor cells or tissue pieces (PDX models), 
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and these serve as an ideal model for personalized cancer therapy (Gao et al., 2015; Morgan et al., 

2017). However, besides lacking physiologically relevant immune system, PDX models have been 

shown to undergo genetic drift during later passages, and hence may not recapitulate molecular and 

functional heterogeneity of the in situ tumor (Julien et al., 2012). Chemically-induced mouse models 

require exposure to carcinogens to initiate tumorigenesis. Typically, carcinogen-induced mouse models 

are inbred mice strains such as A/J or SWR known to be susceptible for spontaneous tumor 

development (Gordon and Bosland, 2009). Among carcinogen-induced models, lung adenocarcinomas 

driven by urethane has been shown to harbor Kras and p53 mutations (Horio et al., 1996). Syngeneic 

mouse models enable the injection of immunologically compatible tumor cells into immunocompetent 

mice. Syngeneic mouse models of lung cancer are limited; one well-studied model is the lewis lung 

carcinoma (LLC), originally established by injecting primary LCC cells derived from the spontaneous 

lung tumor of  C57BL mouse into the lung of recipient C57BL mouse (Rask et al., 2013). Due to the 

aggressiveness of the cell line, this model is used to for metastasis studies and for in vivo testing of 

chemotherapeutic agents (Papageorgiou et al., 2000; Sakai et al., 2006). Genetically engineered mouse 

models (GEMMs) are transgenic models that carry conditional or inducible genetic alterations, and are 

created by microinjection of the desired DNA construct into fertilized mouse oocytes, followed by 

homology-based genomic recombination to generate genetically-modified offspring (Gordon et al., 

1980). Another method, developed by Oliver Smithies and Mario Capecchi, involves modifying 

embryonic stem cells (ES) with DNA constructs homologues to the gene of interest, followed by 

implantation of ES cells with the desired genomic DNA into murine blastocysts (Thomas and Capecchi, 

1987). A variety of GEMMs carrying clinically-relevant genetic alterations have been created to model 

human NSCLC, which will be discussed below. 

 

1.7.1.1. Transgenic mouse models of lung cancer 

Transgenic mice or GEMMs of lung cancer are powerful models to examine processes governing tumor 

initiation and progression (Meuwissen and Berns, 2005). Sophisticated genetic engineering tools have 

enabled the creation of a number of lung cancer models with somatic gene alterations, which can be 

activated or inactivated in a spatial and temporal manner. The widely used Cre/lox and FLP/frt 

recombinase system permits conditional activation of oncogenes or inactivation of tumor suppressors 

(Jackson et al., 2001; Lee et al., 2012; Meuwissen et al., 2001; Sadowski, 1995; Sternberg and 

Hamilton, 1981). The availability of intranasally or intratracheally deliverable adenoviral Cre (AdCre) 

particles, as well as lentiviral Cre (LentiCre) particles, can mediate pulmonary tissue-specific genetic 

recombination (Gierut et al., 2014). These particles also permit the study of the role of different lung 
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epithelial cells in tumor initiation and progression, through the incorporation of cell type-specific 

promoters to drive Cre expression (Sutherland et al., 2011; Sutherland et al., 2014).  

 

1.7.1.2. GEM models of lung adenocarcinoma 

A number of transgenic mouse models model AC, the most common subtype of lung cancer. The 

earliest transgenic mouse model developing AC was expressing simian virus large T-antigen 

(SV40Tag) under the control of the CC10 or SPC promoter (DeCaprio et al., 1988; Dobbelstein and 

Roth, 1998). Later, expression of the oncogene c-Myc under the control of SPC promoter was shown 

to drive bronchioalveolar adenoma and then AC, with an average latency of 9.2 months (Ehrhardt et 

al., 2001). On the other hand, when c-Myc was driven by CC10 promoter, only bronchioloalveolar 

hyperplasias were observed (Geick et al., 2001). Transgenic mice carrying genetic alterations that are 

commonly found in lung ACs include models with Egfr mutation and Eml4-Alk4 fusion genes; mice 

harboring human EGFR kinase domain mutations, the exon 19 deletion and the exon 21 point mutation 

L858R, under the CCSP promoter develop ACs (Ji et al., 2006a; Politi et al., 2006). Expression of the 

Eml4-Alk4 fusion gene in SPC+ cells leads to development of multiple ACs within a few weeks of birth 

(Soda et al., 2008). 

The first oncogenic Kras-driven lung AC models were developed by Jacks and colleagues, and one 

model used a latent allele of KrasG12D (KrasLA) which is activated by spontaneous recombination. In 

addition to lung ACs, these mice also developed intestinal crypt foci, and skin papilloma (Johnson et 

al., 2001). Two additional inducible KrasG12D/+ GEMMs were created, one with a reverse tetracycline-

controlled transactivator (rtTA), and the other one  with the KrasG12D stop codon flanked by Cre-loxP 

sites (Fisher et al., 2001; Jackson et al., 2001). Both these Kras models have been extensively used, 

and include the combination of KrasG12D together with genes involved in cell cycle regulations, such 

as p53fl/fl, Rb1fl/fl, Rb12fl/fl, and Map2k7fl/Δ, or genes involved in controlling cellular metabolism and 

polarity, such as Lkb1fl/fl, or genes that regulate cell growth and proliferation, such as Ptenfl/fl (Ho et al., 

2009; Iwanaga et al., 2008; Ji et al., 2007; Schramek et al., 2011). With exception of the model 

harboring concomitant KrasG12D activation and loss of Lkb1 (Kras G12D/+;Lkb1fl/fl, KL), which produces 

lung SCC, ASC, and NSCLC-NOS (previously known as large cell carcinoma) in addition to AC, all 

models exclusively develop AC histotype tumors. Recently, a GEM model carrying clinically common 

KRAS mutation, KRASG12C (hKRASG12C) has been established (Li et al., 2018). 

A transgenic model carrying the KrasG12V mutation commonly found in lung ACs, has been established 

(Meuwissen et al., 2001). To elucidate the bioequivalence of oncogenic functions of Kras and Hras 

isoforms, Barbacid and colleagues generated transgenic mice expressing HrasG12V under the Kras locus, 
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and demonstrated differential effects of oncogenic KrasG12V and HrasG12V in lung tumorigenesis. Unlike 

KrasG12V, lung-specific expression of HrasG12V from the Kras locus did not result in lung tumors due to 

overactivation of MAPK signaling, resulting in a senescent-like state. However, it was also shown that 

the expression of Kras locus-driven HrasG12V was 2.5 fold higher than that of KrasG12V, suggesting that 

differences could be due to differences in their expression levels (Drosten et al., 2017).  

The transcription factor NKX2-1 is a master regulator of cell fate determination during embryonic 

development of pulmonary tissue, and is frequently lost in poorly differentiated ACs (Herriges and 

Morrisey, 2014). Homozygous loss of Nkx2-1 alters AC differentiation in KrasG12D/+ mice, and deletion 

of Nkx2-1 leads to mucinous AC as well as gastric differentiation of lung ACs marked by expression 

of the transcription factor, Hnf4α (Hepatocyte nuclear factor 4-alpha) (Snyder et al., 2013). These 

results suggests that NKX 2-1 has an important role in determining tumor differentiation and 

establishment of the AC sub-histotypes.  

Homozygous loss of p53 (p53fl/fl) or expression of a mutant form of p53 (structural mutant; p53R172H/-, 

or contact mutant; p53R270H/-) accelerates KrasG12D-induced lung AC development, and increases 

metastasis to lymph nodes and distant organs (Table 3) (Jackson et al., 2005). Tumors in the 

KrasG12D;p53fl/fl
,  KrasG12D;p53R172H/-, or KrasG12D;p53R270H/- GEMMs show characteristics of human 

tumors, including high grade ACs characterized by nuclear atypia, and desmoplastic stroma. 

Interestingly, AdCre-mediated loss of p53 (p53fl/fl) alone drives AC with a longer latency (1-1.5 years) 

suggesting that p53 alteration itself is not sufficient to initiate lung tumorigenesis; instead the oncogenic 

Kras drives tumor initiation and loss of p53 accelerates tumor progression (Meuwissen et al., 2003).  
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Table 3. Select mouse models of lung AC 

 

 

  

Genetic modifications Initiation method Tumor burden Reference  

Kras LSL-G12D/+ 

 

Ad5-CMV-Cre AC spectrum (Jackson et al., 

2001) 

 

 

 

Kras LSL-G12D/+;Trp53 fl/fl Ad5-CMV-Cre Advanced AC 

with lymph node 
metastasis 

(Jackson et al., 

2005)  

Kras LSL-G12D/+;Trp53 LSL-R172H/-  Ad5-CMV-Cre Advanced AC 

with lymph node 

metastasis 

(Jackson et al., 

2005)  

Kras LSL-G12D/+;Trp53 LSL-R270H/- Ad5-CMV-Cre 

Advanced AC 

with lymph node 

metastasis 

(Jackson et al., 

2005) 
 

Kras LSL-G12D/+;Ptenfl/fl CC10-Cre Advanced AC (Iwanaga et al., 

2008) 
 

Kras LSL-G12D/+;Lkb1fl/fl Ad5-CMV-Cre AC (Ji et al., 2007)  

Kras LSL-G12D/+;Nkx2-1fl/fl Ad5-CMV-Cre Increased AC 

burden and 

additional 

mucinous AC 

(Snyder et al., 2013) 

 

KrasLSL-G12D/+;Pik3r2-/-; 

Pik3r1fl/fl; 

Ad5-CMV-Cre Decreased AC 

burden 

(Engelman et al., 

2008) 
 

Kras LSL-G12D/+;Tgfbr2fl/fl K5-CrePR Increased AC 

burden 

(Malkoski et al., 

2012) 
 

Kras LSL-G12V/+ CMV-Cre+/T Adenomas and 
AC 

(Meuwissen et al., 
2001) 

 

hKRAS LSL-G12C/+ Ad5-CMV-Cre AC (Li et al., 2018)  
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1.7.1.3. GEM models of lung squamous cell carcinoma  

Only very few GEMMs exist to model lung SCC. Lung-specific loss of Lkb1 together with bi-allelic 

inactivation of Pten (LP) leads to SCC formation (Xu et al., 2014). In addition, using bi-cistronic 

lentiviral vectors expressing Sox2 and Cre recombinase, it has been shown that Sox2 expression 

cooperates with Lkb1 loss (Sox2;Lkb1) to promote lung SCC formation (Mukhopadhyay et al., 2014). 

Concomitant loss of Pten and Tgfrb2 (transforming growth factor beta type II receptor) in airways by 

Cre recombinase under the control of K5 (keratin 5) promoter results in SCC with low incidence 

(Malkoski et al., 2012). A recent study by Berns and colleagues showed that SOX2, but not FGFR1, 

overexpression is critical for establishing squamous tumors in mice harboring conditional loss of Pten 

and Cdkn2ab (PC). This study demonstrated that both FGFR1 and SOX2 expression can drive lung 

tumorigenesis in PC mice but, only SOX2 (Sox2;PC model) overexpression promotes SCC formation, 

whereas FGFR1 overexpression results in sporadic SCCs (Ferone et al., 2016). These findings suggest 

that FGFR1, despite being frequently amplified (22%) and overexpressed (27%) in lung SCC, is not 

critical for driving SCC tumorigenesis, at least in the mouse (Table 4) (TCGA, 2012; Ferone et al., 

2016; Weiss et al., 2010). 

A lung cancer model harboring homozygous loss of Lkb1 was shown to cooperate with oncogenic 

KrasG12D to generate an expanded histopathology spectrum compared to KrasG12D mice, including SCC 

and ASC tumors. Furthermore, KL mice treated with AdCre exhibited a shorter latency compared to 

KrasG12D/+ mice (median survival, KL: 63 days vs Kras: 168 days). In addition, these mice also 

demonstrated enhanced metastasis to regional lymph node (61%), or axial cytoskeleton (7%) compared 

to KrasG12D/+ (0%) mice (Ji et al., 2007). Interestingly, KrasG12D activation or Lkb1 loss alone did not 

produce SCC, suggesting cooperative effects of oncogenic Kras and Lkb1 loss in SCC tumorigenesis 

(Ji et al., 2007). Furthermore, spontaneously arising SCCs in a mouse model harboring kinase dead 

IKKα (an inhibitor of the nuclear factor kappa-B kinase subunit alpha) showed significant 

downregulation of LKB1 compared to adjacent normal lung tissue, further supporting a mechanistic 

role of LKB1 loss in SCC differentiation and tumorigenesis (Xiao et al., 2013). In the KL model, 

transdifferentiation of AC to SCC via an ASC intermediate stage has been reported (Han et al., 2014), 

and suggested to mechanistically involve the extracellular matrix remodeling enzyme lox (lysal 

oxidase), the YAP (yes-associated protein) hippo pathway protein, as well as oxidative stress in 

regulating the AC-SCC transition (Gao et al., 2014; Han et al., 2014; Li et al., 2015a).  

Despite the low incidence of LKB1 genetic alterations in lung SCC (Table 1), above murine studies 

thus show that Lkb1 loss plays an important role in the establishment of SCC together with genes 
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predominantly altered in SCC, namely PTEN and SOX2, and that these tumors thus represent a small 

subset of clinical SCC. 

 

1.7.1.4. GEM models of lung adenosquamous cell carcinoma 

ASC is one of the rarest but most aggressive subtype of lung cancer, with poor patient prognosis 

(Nakagawa et al., 2003). Only limited mouse models have been shown to give rise to ASCs, with the 

already mentioned KL model being one of these (Ji et al., 2007) (Table 4). As mentioned, in the KL 

model, transdifferentiation of SPC+ cell-derived AC to SCC tentatively suggested to involve ASC as 

an intermediate stage (Han et al., 2014). In addition to the KL model, also loss of Pten and a 

transcription factor Smad4 in CC10 expressing airway epithelial cells results in ASCs, showing 

increased activation of AKT and ERBB2 compared to normal airway epithelium (Liu et al., 2015). 

Mechanistically, deletion of Pten and Smad4 led to transcriptional repression of Errfi1, a negative 

regulator of ERBB2 leading to increased ERBB2 signaling. Interestingly, transgenic expression of the 

mutant human HER2 gene (hHER2YVMA) in the lung epithelium drives ASC formation (Perera et al., 

2009), suggesting that ERBB2 receptor-mediated signaling suffices to initiate and establish ASC 

tumors.      
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  Table 4. Select mouse models of lung SCC and ASC 

 

 

  

Genetic modifications Initiation 

method 

Tumor burden Reference 
 

Kras LSL-G12D/+; Lkb1fl/fl 

(KL) 

Ad5-CMV-Cre AC, SCC, ASC, and 

LCC 

(Ji et al., 2007) 
 

Lkb1fl/fl;Ptenfl/fl (LP) Ad5-CMV-Cre SCC (Xu et al., 2014)  

IkkaKA/KA  Spontaneous SCC (Xiao et al., 2013)  

Tgfbr2fl/fl;Ptenfl/fl K5-CArePR AC and rare SCC (Malkoski et al., 

2012) 
 

Lkb1fl/fl  

Lenti-Sox2-Cre 
(Sox2;Lkb1) 

Lenti-Sox2-Cre SCC (Mukhopadhyay 

et al., 2014) 
 

Ptenfl/fl;Cdkn2abfl/fl 

;LSL-Sox2 (Sox2;PC) 

Ad5-K5-Cre 

Ad5-K14-Cre 

SCC (Ferone et al., 

2016)  

Ptenfl/fl ;Cdkn2abfl/fl 

;LSL-Fgfr1K656E   

Ad5-K5-Cre 

Ad5-K14-Cre 

Sporadic SCC (Ferone et al., 

2016)  

Ptenfl/fl ;Smad4fl/fl 

 

CCSPiCre ASC (Liu et al., 2015) 

 

hHER2YVMA CC10-rTA ASC and occasional 

AC 

(Perera et al., 

2009) 
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1.8. Cellular origin(s) of lung cancer 

Tumorigenesis is a multistep process. Transforming events lead to alterations of stem/progenitor cell 

functions. In this,  the precise cell of origin has been suggested to define phenotypic heterogeneity of 

the tumor lesions (Blanpain, 2013). Thus, improved understanding of the tumor progenitor cell can 

help in uncovering the source of tumor heterogeneity. As mentioned, anatomically distinct 

stem/progenitor cells have been identified based on their ability to self-renew and/or differentiate into 

specific lung epithelial cells. These include tracheal basal cells and club cells, bronchiolar club cells, 

BASCs in the BADJ, and alveolar AT2 cells (Figure 2) (Leeman et al., 2014). To explore the role of 

progenitor cells in progression of NSCLC, two different approaches have been used in GEM models: 

i) adenoviruses that contain epithelial cell type-specific promoter to drive expression of the Cre 

recombinase (Ad5-CC10-Cre, Ad5-SPC-Cre, Ad5-K5-Cre,and Ad5-K14-Cre), and ii) inducible 

knock-in mouse models (Sftpc-CreER, or CC10-CreER), in which cell type-specific genetic 

recombination is achieved following tamoxifen treatment (Sutherland et al., 2011; Sutherland et al., 

2014; Xu et al., 2012)  

 

1.8.1. Studies on the cell of origin of NSCLC 

The progenitor cells of lung AC have been defined during recent years. Studies using the KrasG12D/+ 

and KrasG12D/+;p53fl/fl GEMMs have identified club cells, AT2 cells, and BASCs as progenitors of 

murine AC (Kim et al., 2005; Sutherland et al., 2014; Xu et al., 2012). By using Ad5-CC10-Cre and 

Ad5-SPC-Cre, Sutherland et al showed that both CC10+ and SPC+ cells can drive AC progression upon 

activation of KrasG12D/+ alone, or in combination with loss of p53 (Sutherland et al., 2014). Despite an 

absence in survival differences between KrasG12D/+ or KP mice infected with SPC-Cre or CC10-Cre 

viruses, Sutherland et al reported that CC10+ cell-derived ACs showed invasive characteristics and 

expressed Hmga2, a transcription factor involved in the regulation of proliferation, EMT, and 

metastasis in many cancers and also expressed in poorly differentiated tumors (Gao et al., 2017; 

Sutherland et al., 2014). Similarly, using tamoxifen-inducible SPC-Cre-ER or CC10-Cre-ER mouse 

models, Xu et al showed that both CC10+ and SPC+ positive cells are progenitors of AC in 

KrasG12D/+;p53fl/+ mouse model (Xu et al., 2012). The role of BASCs as  progenitors of AC is under 

debate: while Kim et al showed expansion of BASCs as measured by immunofluorescence (IF) 

staining, following Ad5-CMV-Cre mediated KrasG12D/+ expression, Sutherland et al did not observe 

SPC and CC10 dual positive cells in the BADJ/BASC region of Ad5-SPC-Cre infected KrasG12D/+ mice 

(Kim et al., 2005; Sutherland et al., 2014). Possible explanations could be that either the SPC promoter 

activity in SPC/CC10 dual positive BASC cells is too low to initiate KrasG12D activation, or BASCs are 

not AC progenitors. Interestingly, an AdCre-mediated inflammatory response, consisting of increased 
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infiltration of T and B cells, has been linked to CC10+-driven AC progression in the KrasG12V/+ model 

(Mainardi et al., 2014). This inflammatory response was essential for progression of epithelial 

hyperplasia to low grade adenomas, but not for progression to advanced ACs. These findings show that 

the tumor cell of origin, together with the genetic drivers and microenvironmental factors influence the 

tumor progression and aggressiveness of the established tumors. 

Recently, Ferone et al demonstrated that basal cells, club cells, and AT2 cells have the capacity to give 

rise to SCC in the Sox2;PC mouse model. While SCCs induced from basal cells using Ad5-K14-Cre 

were detected in the bronchi or bronchioles, leading to centrally-localized tumors, Ad5-CC10-Cre- or 

Ad5-SPC-Cre driven SCCs were distributed in the peripheral regions of the lung. In addition to 

morphological similarities, SCCs derived from different progenitors exhibited striking similarity in 

their gene expression profiles. The authors therefore concluded that peripheral SCCs in humans may 

originate from both SPC+ or CC10+ cells, and also that SOX2 expression is a determining factor for 

SCC tumorigenesis (Table 5). (Ferone et al., 2016). Using CC10 promoter-driven knock-in mice or 

AdCre viruses, previous studies have shown that CC10+ cells can drive ASC tumorigenesis (Liu et al., 

2015; Perera et al., 2009). However, the relative roles of progenitors in establishing lung ASC remains 

unclear. Moreover, in the study by Han et al addressing the transdifferentiation of KL AC to SCC via 

ASC, the human SPC promoter was used to drive Cre-ER expression, and this promoter has been shown 

to be active in bronchiolar and alveolar cells (Glasser et al., 1991; Han et al., 2014), suggesting that 

cellular origins of diverse NSCLC histotypes observed in the KL model are unlikely restricted to the 

alveolar compartment.  
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 Table 5. Select mouse model studies addressing the cell of origin of NSCLC 

 

  

Genetic modifications 
Initiation 

method 
Tumor burden Reference  

Kras LSL-G12D/+ Ad5-CC10-Cre Papillary hyperplasia, 

papilloma, and papillary 

carcinoma 

(Sutherland et al., 

2014) 

 

Kras LSL-G12D/+ Ad5-SPC-Cre AAH, mixed AC 
(Sutherland et al., 
2014) 

 

Kras LSL-G12D/+;Trp53 fl/fl  Ad5-CC10-Cre Invasive, metastatic 

Hmga2 positive AC 

(Sutherland et al., 

2014) 

 

Kras LSL-G12D/+;Trp53 fl/fl Ad5-SPC-Cre Mixed AC 
(Sutherland et al., 

2014) 
 

Kras LSL-G12D/+;Trp53+/fl CC10-CreER 
Hyperplasia at BADJ, AC 

in alveoli 
(Xu et al., 2012)  

Kras LSL-G12D/+;Trp53+/fl SPC-CreER AC in alveoli (Xu et al., 2012)  

Kras LSL-G12D/+; Lkb1fl/fl SPC-CreER AC which transdifferentiate 

into SCC via ASC 

(Han et al., 2014) 
 

Kras LSL-G12D/+; Lkb1fl/fl Ad5-SPC-Cre AC, SCC, and, ASC (Li et al., 2015a)  

Pten fl/fl;Cdkn2abfl/fl 

;LSL-Sox2 

Ad5-CC10-Cre Central SCC  (Ferone et al., 

2016) 

 

Pten fl/fl;Cdkn2abfl/fl 

;LSL-Sox2 

Ad5-SPC-Cre Peripheral SCC  
(Ferone et al., 

2016) 
 

Pten fl/fl;Cdkn2abfl/fl 

;LSL-Sox2 

Ad5-K14-Cre Central SCC  
(Ferone et al., 

2016) 
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1.9. Modeling of immune functions in lung cancer 

Tumorigenesis involves a complex interplay between malignant cells and the host environment, which 

consists of vasculature, stromal cells, and cells of the innate and adaptive immune system (Junttila and 

de Sauvage, 2013). The tumor immune contexture, which is defined as the functional identity, density, 

and spatial distribution of immune cells, is regarded as an important factor affecting patient prognosis 

and therapeutic efficacy (Fridman et al., 2013). Immunosurveillance is a mechanism by which the host 

immune system recognizes neoantigens, and destroys transformed cells. Some of the effector cells that 

mediate immunosurveillance are NK cells, macrophages, and tumor-infiltrating lymphocytes (TILs), 

mainly represented by CD8+ T cells and interferon gamma (IFN-γ)-producing γδ T cells (Figure 7) 

(Dunn et al., 2002). Conversely, tumors employ various strategies to escape from the host immune 

system, a process called immunoediting. Various soluble factors and cytokines secreted by the tumor 

cells favor the recruitment of cells with immunosuppressive functions, which includes MDSCs capable 

of inhibiting T cell-mediated immunosurveillance (Marvel and Gabrilovich, 2015). Another immune 

evasion mechanism is altered antigen presentation by downregulating expression of class I major 

histocompatibility complex (MHC) molecules, or alterations in the antigen-processing machineries, 

amounting to escape form CTL-mediated recognition and tumor attack (Garrido et al., 1997; Maeurer 

et al., 1996). A subset of CD4+ T cells called Tregs, marked by expression of the FoxP3 transcription 

factor, also act immunosuppressively, by suppression of antigen presentation and secretion of T cell 

inhibitory cytokines (Facciabene et al., 2012). Tregs have been implicated in lung cancer progression 

and metastasis (Marshall et al., 2016). In addition, significant enrichment of Tregs in lung ACs 

compared to SCCs has been observed in clinical samples suggesting histopathology-selective functions 

of Tregs and AC patients might benefit from anti-Treg therapies (Black et al., 2013). 

Hematopoietic stem cells give rise to myeloid progenitors, which then differentiate into immature 

myeloid cells (IMCs). Under normal conditions, IMCs are produced in the bone marrow, and these 

cells then differentiate into macrophages, dendritic cells (DCs) and granulocytes. However, in disease 

conditions including cancer, differentiation of IMCs can be blocked, resulting in the expansion of IMCs 

with immunosuppressive functions which are referred to as MDSCs (Gabrilovich and Nagaraj, 2009). 

In mice, MDSCs are identified based on cell surface expression of CD11b (integrin alpha M) and Gr-

1. A monoclonal antibody that binds to cell surface antigen Gr-1 recognizes two different epitopes, 

namely lymphocyte antigen 6 complex locus G and C (LY6G and LY6C), with higher affinity for 

LY6G (Fleming et al., 1993). Subsequently, development of isotope-specific antibodies led to the 

identification of two subsets of MDSCs, namely granulocytic MDSCs identified as 

CD11b+LY6G+LY6Clow, and monocytic MDSCs identified as CD11b+LY6G−LY6Chi (Youn et al., 
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2008). Importantly, granulocytic MDSCs share similarity with neutrophils/tumor-associated 

neutrophils (TANs) in terms of morphology and cell surface markers (Pillay et al., 2013). 

Human MDSCs are identified as cells that co-express CD11b and CD33, but lacking HLA-DR. The 

granulocytic counterpart of human MDSCs are CD15+, whereas monocytic MDSCs are CD14+. In 

recent years, molecules that regulate MSDC’s immune suppressive functions have been identified, 

including Arginase-1 (Arg-1), indoleamine 2, 3-dioxygenase (IDO1), reactive oxygen species (ROS), 

and nitric oxide synthase (NOS) (Elliott et al., 2017). Inflammatory signals, and the pro-inflammatory 

cytokines interleukin 1b (IL1β) and interleukin-6 (IL-6), as well as the bioactive lipid prostaglandin 

(PGE2), are known to induce MDSC accumulation and activation (Ostrand-Rosenberg and Sinha, 

2009; Song et al., 2005; Tu et al., 2008). In addition, the S100 Calcium Binding Proteins A8 and A9 

(S100A8 and S100A9) regulate MDSC mobilization (Sinha et al., 2008). One of the well-described 

mechanisms of MDSC-mediated immunosuppression relates to the metabolism of L-arginine, which 

acts as a substrate for two enzymes, iNOS (generating NO) and arginase 1 (converting L-arginine to 

urea and L-ornithine). MDSCs express high levels of both of these enzymes, and the specific T cell 

suppressive ability of MSDCs is attributed to depletion of extracellular arginine required for the 

proliferation and expansion of T cells (Munder et al., 2006; Rodriguez and Ochoa, 2008; Rodriguez et 

al., 2002). In addition to immunosuppressive functions, MDSCs can also assist in tumor invasion, 

angiogenesis and migration by secreting growth factors such as MMPs (matrix metalloproteinases) and 

VEGFA (vascular endothelial growth factor A) (Ye et al., 2010).  

Importantly, analysis of granulocytic MDSCs isolated from the peripheral blood of lung cancer patients 

showed an inverse relationship between the abundance of MSDC and CD3+CD8+ CTLs, and MDSC 

infiltration correlated with as poor patient prognosis (Liu et al., 2010). Furthermore, increases in 

monocytic MDSCs were reported in NSCLC patients treated with chemotherapy, and this was 

associated with disease progression and poor response to therapy (Koinis et al., 2016). Recently, it was 

shown that elevated neutrophil-to-lymphocyte ratio (NLR) negatively correlates with patient survival 

and response to anti-PD1 therapy in metastatic NSCLC patients (Diem et al., 2017). In addition, using 

murine breast cancer models, neutrophils have been shown to provide a pre-metastatic 

microenvironment in the lungs facilitating lung metastasis of breast cancer cells (Wculek and Malanchi, 

2015). These finding imply that targeting MDSCs and neutrophils may help in controlling primary and 

metastatic disease. Various strategies are being tested in preclinical and clinical settings to 

therapeutically target MDSC function, such as molecules affecting MDSC recruitment (anti-CSF-1 and 

anti-G-CSF antibodies), expansion (cyclooxygenase (COX-2 and PGE2), differentiation (trans-

Retinoics; ATRA, vitamin D3), and immune suppression (inhibitors of reactive nitrogen species) 

(Albeituni et al., 2013; Gabrilovich, 2017). 
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The role of the immune microenvironment in tumor progression has been extensively studied using 

GEMMs. For example, in the KP GEMM, exogenous expression of T cell antigens elicited a substantial 

anti-tumor immune response marked by increase in number of T and B cells (DuPage et al., 2011). 

This response was not sustained at later time points, due to loss of anti-tumor functional and memory 

T cells, as well as expression of the T cell exhaustion marker PD-1, and tumors eventually escaped 

from T cell attack. Despite lack of T cell response in the later phase, significant delay in the tumor 

development was observed in immunogenic KP mice compared to poorly immunogenic control mice, 

suggesting early anti-tumor responses can delay disease progression (DuPage et al., 2011). In addition, 

the role of Tregs in lung tumorigenesis has been studied using murine models, Foxp3+ Treg cells 

promote tumor growth in CC10-Tag transgenic lung AC mouse model. Specifically, anti-CD25-

mediated depletion of Tregs led to reduction in tumor burden accompanied by increased cleaved 

caspase-3-marked cell death and enhanced CD8+ T cell infiltration, indicating that in this model Tregs 

promote lung cancer development by restraining anti-tumor immunity (Ganesan et al., 2013).  

Tertiary lymphoid structures (TLS) are immune cell aggregates that are often found near the site of an 

inflammatory infection, or near cancerous tissue. TLSs contain T and B lymphocytes, and dendritic 

cells. The role of tumor associated (TA)-TLS in tumor development has been deeply studied in the KP 

NSCLC GEMM. Specifically, Joshi et al demonstrated that depletion of Tregs located in TA-TLS 

resulted in an increased number of tumor infiltrating CD8+ lymphocytes and triggered an anti-tumor 

immune response against established ACs (Joshi et al., 2015).  

Profiling of the immune cell phenotypes in ACs driven by mutant Kras, mutant Egfr or mutant Kras 

with p53 loss, revealed immune cell signatures unique to each of these models. Specifically, flow 

cytometry and IHC analysis showed expansion of CD8+ lymphocytes in mutant Kras- and KP-driven 

tumors, but not in Egfr mutant tumors, and this was further validated in human KRAS and EGFR mutant 

NSCLC. On the contrary, murine Kras and KP ACs, but not Egfr mutant ACs, showed a significant 

decrease in NKG2D (natural killer group 2, member D receptor) expression required for suppression 

of NK cell-mediated cytotoxicity, suggesting NSCLC subtype-specific immune cell composition 

(Busch et al., 2016). 

A recent study by Faget et al reported that particularly the large and advanced tumors in the KP model 

exhibited high Gr-1+ neutrophil and low CD8+ T cell infiltration, and Gr-1+ neutrophils were shown to 

promote tumor progression by enhancing tumor hypoxia and Snail expression (a transcription factor 

involved in EMT) by the cancer cells. Anti-Gr1-mediated neutrophil depletion reversed hypoxia, 

decreased Snail expression, and sensitized tumors for PD-1 inhibition, resulting in tumor regression. 

Authors further validated this finding in human NSCLC samples, by showing that patients with low 



51 

 

CD8+ T cell and high CD15+ neutrophils showed reduced overall survival (Faget et al., 2017). These 

findings suggest that immune cell signatures correlate with the histological grade or aggressiveness of 

the tumor, and that immunosuppression by neutrophils is predominant in advanced lung ACs.  

In a mouse model harboring kinase dead IKKα, which develops spontaneous SCC, macrophage-

induced inflammation was shown to regulate the development of SCC (Xiao et al., 2013). Another lung 

SCC model driven by loss of Lkb1 and Pten showed immunosuppressive features marked by PD-L1 

expression and high tumor-associated neutrophil (TAN) infiltration (Xu et al., 2014). Similarly, SCCs 

in the Sox2;PC model showed abundant LY6G and myeloperoxidase (MPO) positive TANs, and 

conversely, TAMs were poorly represented in these tumors. Furthermore, while membranous PD-L1 

expression was variable in human SCC, Sox2;PC-derived SCCs showed strong PD-L1 positivity, 

suggesting immunosuppression in SOX2;PC-driven SCC (Ferone et al., 2016). Together, these reports 

indicate that TAN infiltration might be characteristic of lung SCC and advanced ACs, while 

lymphocyte functions vary depending on the AC subtype. 

Loss of Lkb1 has also been linked to an immunosuppressive microenvironment, characterized by pro-

inflammatory cytokine and chemokine production favorable for TAN infiltration. Koyama et al 

reported that tumors from the KL model show increased CD11b+ Gr-1+ TANs and decreased PD-L1 

expression compared to Kras tumors. In addition, expression of the pro-inflammatory cytokine Il6 was 

higher in TANs isolated from KL tumors compared to neutrophils from the normal lung. Therapeutic 

benefit was observed only upon TAN inhibition via IL-6 neutralizing antibody, whereas treatment with 

anti-PD1 antibody did not show measurable response in KL mice. This study also reported that LKB1 

inactivating mutations in human NSCLC were associated with reduced PD-L1 expression and low 

CD3+/CD8+ T cells compared to Kras mutant tumors (Koyama et al., 2016). Given the observation that 

SCCs as well as advanced ACs in the KP model exhibit TAN infiltration, it remains to be investigated 

if TAN-mediated immunosuppression in the KL model is histotype-specific.  
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1.10. Oncogenic signaling heterogeneity in murine NSCLC  

Deregulation of signaling pathways that govern cell proliferation, survival, and migration such as 

MAPK and PI3K/AKT pathways are frequently found in cancers (McCubrey et al., 2012). Surprisingly, 

oncogenic signaling heterogeneity has been studied only to a limited extent using lung cancer GEMMs. 

Integrative genomic and proteomic analysis identified activation of SRC (proto-oncogene tyrosine-

protein kinase) and FAK (focal adhesion kinase) in primary and metastatic KL tumors compared to 

KrasG12D tumors. This was suggested to have functional consequences, as interference with SRC and 

FAK signaling in LKB1 wild type and LKB1 null human NSCLC cell lines using the small molecule 

inhibitors dasatinib (SRC inhibitor) or PF573228 (FAK inhibitor) resulted in decreased cell adhesion 

and migration. Furthermore, LKB1 null cell lines grew faster as subcutaneous xenografts compared to 

wild type cells, and showed vimentin positivity in the tumor periphery, suggesting that loss of LKB1 

could promote EMT. These findings indicate that activation of SRC and FAK signaling could be one 

possible mechanism by which LKB1 loss activates cell migration and promotes metastasis (Carretero 

et al., 2010).  

Loss of PTEN is generally known to activate PI3K/AKT pathway. Interestingly, however, Curry et al 

showed that, depending on the bronchiolar or alveolar origins, KrasG12D-driven Pten-null murine 

tumors showed differential AKT activation and resistance to dietary restriction. Pten lacking, 

bronchiolar, high-grade tumors showed AKT activity and resistance to dietary restriction. On the other 

Figure 7. The balance between anti-tumor and tumor promoting functions of the immune 

system. Both innate and adaptive immune cells mediate anti-tumor immunity, and these include B 

cells, CD4+ T cells, CTLs, and NK cells that can be activated by interferon gamma (IFN-γ). On the 

other hand, tumor promoting immune cells, including Tregs, MDSCs, TANs, TAMs, and IDO+-

dendritic cells are activated by pro-inflammatory cytokines IL-6, and TNF- α (tumor necrosis factor 

alpha). Adapted from (Smith et al., 2014). 
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hand, alveolar tumors were sensitive to dietary restriction and displayed low AKT activity. This 

difference was attributed to bronchiolar cells intrinsically expressing high levels of IGF-IR (insulin-

like growth factor-I receptor) and the enzyme ENTPD5 (endoplasmic reticulum enzyme, 

ectonucleoside triphosphate diphosphohydrolase 5), known to modulate growth factor receptor levels 

(Curry et al., 2013). These findings imply that cell autonomous growth factor signaling in the 

bronchiolar vs alveolar compartments of the lungs may influence signaling activities in the tumors 

derived from different progenitors. 

Murine squamous tumors in the LP model exhibited high AKT activity, as well as low ERK activity 

compared to KrasG12D-driven tumors, suggesting that LP SCC tumors rely on PI3K/AKT signaling, 

while KrasG12D-driven AC tumors are more dependent on MEK/ERK signaling (Xu et al., 2014). 

Similarly, SCCs in the Sox2;Lkb1 model showed weak activation of ERK compared to KrasG12D and 

KL tumors. However, AKT activation was found to be variable in KL tumors as well as in SCCs in the 

Sox2;Lkb1 model.  Furthermore, Sox2;Lkb1-driven SCCs showed significantly higher nuclear pSTAT3 

compared to AC or SCC tumors in the KrasG12D or KL model, respectively (Mukhopadhyay et al., 

2014). These studies linked PI3K/AKT and MAPK signaling heterogeneity to tumor genotype. 

However, oncogenic signaling heterogeneity in a genetically homogeneous KL model with mixed 

NSCLC pathologies remained to be investigated. 

 

1.11. Organotypic tumor slice cultures as a preclinical model 

Predicting patient responses to anticancer therapies remains as a major challenge, especially for solid 

tumors such as lung cancer, where pronounced genetic, phenotypic and microenvironmental 

heterogeneity influences treatment efficacy (Mumenthaler et al., 2015; Xue et al., 2017). As opposed 

to conventional two-dimensional (2D) and three-dimensional (3D) models, in which tumor 

complexities can be partially retained, organotypic cultures known as precision-cut slices retain the 

complexities of the in situ tumors such that intact tumor-stroma interactions which can be studied in a 

spatial manner (Meijer et al., 2017). In addition, tumor tissue slices offer a low-throughput but high-

content platform for pharmacological drug testing. The first organotypic cultures were generated from 

heart and brain tissues of chick embryos and adult rats, respectively (Bousquet and Meunier, 1962; 

Loffredo Sampaolo, 1956). Initially, precision-cut slices were generated using a Krumdieck tissue slice 

machine that punches cylindrical tissue cores, which are further sliced by a rotating knife (Krumdieck, 

2013). More recently, a vibratome machine Leica VT1200 S, which uses a vibrating blade microtome 

to generate precision-cut slices has been developed. The latter generates reproducible and more precise 

slices compared to the Krumdieck tissue slicer, and also enables to follow the order of slicing 

(Zimmermann et al., 2009). 
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The most widely used tissue slice culture method is the air-liquid interphase, which involves placing 

the slices on top of 0.4 μm pore size membrane inserts immersed in the culture medium. Some studies 

have cultivated slices on top of titanium grids inserted into culture medium in rotating 6-well plates, 

and this method ensures intermittent exposure of tissue slices to oxygen and nutrients (Kiviharju-af 

Hallstrom et al., 2007). Careful optimization of the tissue slice culture conditions is a prerequisite for 

long-term culturing. Slices with varying thickness (250 μm -500 μm) have been shown to preserve the 

morphological and histological tissue features up to 16 days (Das et al., 2015; Davies et al., 2015; 

Kiviharju-af Hallstrom et al., 2007; Merz et al., 2013; Naipal et al., 2016; Vaira et al., 2010). Davies et 

al performed a systematic comparison of culture conditions using tumor slices derived from lung, breast 

and prostate cancer models. This showed that atmospheric oxygen and membranous supports are 

required for the preservation of the tissue slice viability. They further showed that stress response genes 

were elevated in cultured slices compared to freshly section uncultured 0 h slices, and that an intra-

slice gradient in viability, proliferation and biomarkers formed during cultivation; the region of the 

slice exposed to the culture medium had reduced viability, and accumulated HIF1α as a result of poor 

oxygenation. This suggests that intra-slice viability gradients, as well as DNA damage responses, likely 

affecting tumor-specific biological functions, and should be taken into consideration when performing 

perturbation studies on slice cultures (Davies et al., 2015).  

Precision-cut tumor slices from a variety of tumor tissues have been established for testing anti-cancer 

agents (Carranza-Torres et al., 2015; Gerlach et al., 2014; Koerfer et al., 2016; Vaira et al., 2010). 

Breast cancer-derived tissue slices were established for ex vivo diagnostics to test RAD51 accumulation 

at DNA double strand breaks, and authors suggest that this assay could be used to guide selection of 

patients for treatment with PARP inhibitors (Naipal et al., 2014). In addition, Muzumder et al developed 

an ex vivo tumor slice model established from clinical biopsies of Head and neck squamous cell 

carcinoma (HNSCC), or colorectal cancer, this model composed of slices cultured with tumor grade-

matched matrix and autologous patient serum. They evaluated the functional drug response (viability, 

and proliferation) to targeted drug (cetuximab) and or chemotherapy agents on these cultures and 

integrated the responses obtained in ex vivo engineered cultures with response from matched patients. 

This permitted the development of an algorithm that could accurately predict clinical response in a new 

group of 55 patients (Majumder et al., 2015). Furthermore, Vaira et al established tissue slices from 

human lung, colon, and prostate cancers, and showed that viability and proliferation in these cultures 

are preserved up to 4 days. Pharmacological inhibition of the PI3K/AKT pathway in slices effectively 

inhibited phosphorylation of AKT and S6RP (S6 ribosomal protein), and resulted in a partial reduction 

in viability and proliferation (Vaira et al., 2010). The authors also show an increase in the levels of 

phosphorylated S6RP (pS6RP) in cultured slices as compared to uncultured T0 tissue slices, suggesting 

altered signaling in the cultured slices. This highlights the importance of careful analysis of the cultured 
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slices for the preservation of targeted pathway activities of in situ tumors before evaluating ex vivo drug 

responses. The utility of slice cultures has also been extended for the prediction of response to 

combination treatments; slices established from clinical glioblastoma tumors from patients harboring 

the ROS1-FIG fusion gene showed a synergistic response to combination treatment with crizotinib and 

the chemotherapy agent temozolomide (Das et al., 2015). Together, these findings suggest that 

precision-cut tumor slices could be a valuable tool for evaluating functional drug response.  

 

1.12. Preclinical studies using in vivo models 

The utility of in vivo and ex vivo cancer models extends from understanding disease biology to testing 

the efficacy of anticancer regimens prior to their clinical application. Preclinical studies have been 

carried out with lung cancer GEMMs, human NSCLC cell lines, and more recently also with patient-

derived primary cells. A study conducted by Johnson and colleagues showed that combination of 

chemotherapy  (carboplatin) and erlotinib has no effect on the survival of KP mice, and this 

observation was in line with the response to same combination in Kras mutant NSCLC patients. In 

addition, they also showed that similar to human NSCLC, KP mice obtain significant survival 

benefit from combination of chemotherapy with anti-VEGFR therapy compared to chemotherapy 

alone (Singh et al., 2010). This highlights the preclinical utility of lung cancer GEMM in predicting 

therapeutic responses and identifying novel drug combinations. TKIs were shown to be effective in 

an Egfr mutant transgenic lung cancer model (Ji et al., 2006b; Politi et al., 2006). In addition, the anti-

EGFR mAb cetuximab was shown to mediate effective tumor regression in a mutant Egfr-driven lung 

AC model (Ji et al., 2006a). Another lung AC GEM model, driven by expression of the H1047R kinase 

domain mutation of the PI3K p110α catalytic subunit (PIK3CA), was used to show that treatment with 

the dual PI3K and mTOR inhibitor NVP-BEZ235 (dactolisib) effectively caused tumor regression. 

Interestingly, while the same inhibitor was not effective in KrasG12D mice, combined treatment with 

NVP-BEZ235 and the MEK inhibitor ARRY-142886 caused efficient tumor regression, suggesting 

that two major effector pathways downstream of KRAS need to be perturbed to achieve tumor 

regression in mutant Kras-driven murine lung tumors (Engelman et al., 2008). On the other hand, KL 

tumors were found to be unresponsive to combined PI3K/mTOR and MEK inhibition 

(dactolicib+AZD2644/selumetinib) (Carretero et al., 2010). Based on the observation that KL tumors 

showed increased SRC and FAK activation, Carretero et al hypothesized that interference with SRC 

signaling might restore sensitivity in KL tumors. In line with this hypothesis, they observed that the 

triple combination of dactolisib, selumetinib, and the SRC inhibitor dasatinib caused tumor regression 

in KL mice. These findings imply that KL tumors are resistant to combined PI3K/mTOR and MEK 

inhibition, at least partly due to activation of SRC (Carretero et al., 2010). Another murine study 
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conducted in parallel with an ongoing human clinical trial, comparing the response of standard-of-care 

docetaxel monotherapy with the combination of docetaxel and the MEK inhibitor selumetinib in Kras 

mutant NSCLC patients (Chen et al., 2012). This co-clinical study used tumor-bearing KrasG12D, KP, 

and KL mice. Similar to the observations by Carretero et al, KL tumors were shown to be non-

responsive to docetaxel/selumetinib combination therapy, while significant decreases in tumor volume 

accompanied by increased apoptosis and decreased proliferation were detected in KrasG12D and KP 

tumors. These authors thus suggested that resistance to combination therapy in KL tumors could be 

associated with low MAPK activity and increased AKT and SRC activity, indicating that multiple 

pathways in addition to MAPK appear to drive proliferation of KL tumors (Chen et al., 2012). In 

addition, hKRASG12D mice showed prolonged progression-free survival to combination of selumetinib 

and chemotherapy, while the same combination was not effective in hKRASG12D; p53R270H mice. These 

results suggests that the KRAS and p53 mutation status may define sensitivity to MEK inhibition plus 

chemotherapy (Li et al., 2018). 

Resistance to targeted therapies can be categorized as:  i) primary resistance, where some of the tumor-

inherent features in pose resistance to therapy, for example KRAS mutation confers resistance to anti-

EGFR therapies, ii) adaptive resistance in which bypass signaling is activated upon blockade of driver-

gene induced oncogenic signaling, iii) acquired resistance occurs when cancer cells obtain additional 

mutations following therapy. Towards the identification of effective combination therapies to treat Kras 

mutant lung cancer, and to understand adaptive resistance mechanisms, Manchado et al employed an 

in vitro shRNA screen on Kras mutant NSCLC cell lines to identify genes whose downregulation 

sensitizes to MEK inhibition following trametinib treatment. This showed that feedback activation of 

RTKs, via activation of FGFR1-mediated signaling, was involved in adaptive resistance to MEK 

inhibition. Subsequent in vivo treatment using combinatorial treatment with trametinib and the FGFR1 

inhibitor ponatinib in KP mice showed significantly increased tumor regression compared to single 

treatment (Manchado et al., 2016), implying FGFR activation is an adaptive signal mediating resistance 

to MEK inhibition. 

Metabolic rewiring is considered as one of the hallmarks of cancer in which cancer cells continue to 

grow and survive in harsh environmental condition by altering their metabolism and nutrient 

requirements (Hanahan and Weinberg, 2011). Martins and colleagues reported that high grade, but not 

low grade, tumors in the KP model exhibit KrasG12D allelic amplification, which results in metabolic 

rewiring accompanied by altered glucose and glutathione metabolism. Combined inhibition of 

glycolysis, using the glucose analogue 2-deoxy-d-glucose (2DG), and inhibition of glutathione using 

buthionine sulfoximine (BSO, an inhibitor of gamma-glutamylcysteine synthetase, an enzyme required 

for glutathione synthesis), proved to be effective in advanced KP tumors (Kerr et al., 2016). LKB1-

https://en.wikipedia.org/wiki/Gamma-glutamylcysteine_synthetase
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deficient NSCLC cell lines and tumors in the KL model are sensitive to the anti-diabetic drug 

phenformin (Shackelford et al., 2013). Under normal conditions, phenformin mediates its effect by 

inhibiting the mitochondrial complex I, and thereby increases intracellular AMP levels, which results 

in LKB1-dependent phosphorylation of AMPK. Activated AMPK in turn directs defective 

mitochondria towards autophagy (Dykens et al., 2008; Egan et al., 2011; Hawley et al., 2010; Owen et 

al., 2000). Shackelford et al demonstrated that lack of AMPK activation in KL tumors confers 

sensitivity to phenformin due to defective mitochondria and autophagy, but not in KrasG12D and KP 

tumors. In addition, long-term treatment with phenformin also provided survival benefit to KL, but not 

KP, mice (Shackelford et al., 2013). Interestingly, it was found that AC and SCC tumors in KL mice 

responded differently to combination treatment with phenformin and the mTOR inhibitor MLN0128: 

while this combination induced apoptosis and inhibited proliferation in KL-derived ACs (KL;ACs), 

squamous tumors in the same mice were resistant to combination therapy. MLN0128 treatment induced 

AKT activation in KL-derived SCCs, suggesting a possible resistance mechanism (Momcilovic et al., 

2015). This suggests that combinatorial strategies involving AKT inhibition could be effective 

specifically in KL squamous tumors. 

As discussed previously, transgenic mice expressing an inducible form of human mutant HER2YVMA in 

mouse airway epithelium give rise to ASCs (Perera et al., 2009). Combinatorial treatment with the 

irreversible dual EGFR/HER2 inhibitor BIBW2992/afatinib and rapamycin caused effective tumor 

shrinkage, suggesting possible therapeutic combinations for HER2 mutant NSCLC. Similarly, ASCs 

in the Pten;Smad4 conditional mouse model, which showed ERBB2 and AKT activation, were found 

to regress following combinatorial treatment with the PI3K inhibitor GDC-094 and the ERBB2/EGFR 

dual kinase inhibitor lapatinib (Liu et al., 2015). 

Collectively, these preclinical studies utilizing lung cancer GEMMs have addressed tumor genotype 

and signaling pathway activity directed therapeutic responses. In KL mice, Momcilovic et al identified 

AC histotype-selective sensitivity to combination of phenformin and mTOR inhibitor (Momcilovic et 

al., 2015). However, in the KL model, histotype-specific drug sensitivity and resistance mechanisms 

including drugs targeting PI3K/mTOR, MAPK, or SRC pathways have not been investigated. 

Moreover, it is unknown if the previously described PI3K/mTOR and SRC pathway signatures in the 

KL model are selective to a particular histotype, or whether histotype-selective signaling differences 

confer differential drug sensitivities. Furthermore, spatial ITH in oncogenic signaling and its 

importance in predicting therapeutic responses have thus far not been addressed.  
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1.13. Preclinical studies using in vitro models 

Despite the fact that two-dimensional (2D) monolayer cell cultures fail to represent the complexities 

of the in situ tumors, cancer cell lines have been extensively used in preclinical studies to identify new 

targets and gene signatures predicting drug response (Greshock et al., 2010; Sos et al., 2009). Compared 

to complex in vivo models, 2D models are advantageous due to the fact that they are amenable to i) 

high-throughput functional assays, including drug sensitivity screening, ii) relatively straightforward 

investigation of mechanisms of drug resistance, and iii) easier genetic manipulation compared with in 

vivo models.  

Pharmacological targeting of mutant KRAS remains challenging. Alternatively, inhibition of the RAS 

effector pathways including MAPK pathway has been considered in clinical settings. However, 

targeting MEK a downstream effector of the KRAS has proven to be ineffective, due to adaptive 

activation of several other pathways including PI3K/AKT (Blumenschein et al., 2015; Cox et al., 2014; 

Janne et al., 2013) . Furthermore, MEK inhibition relieves the negative feedback regulation of upstream 

RTKs leading to survival and proliferation of cancer cells (Turke et al., 2012). Towards identification 

of adaptive resistance to MEK inhibition in KRAS mutant lung cancer cells, Kitai et al demonstrated 

epithelial or mesenchymal cell-specific adaptive activation of RTKs leads to resistance to MEK 

inhibition. While epithelial-like cell lines showed activation of ERBB3 as a feedback mechanism, 

mesenchymal-like cell lines showed FGFR1 activation as a resistance mechanism upon trametinib 

treatment. Furthermore, combination treatment with the pan-ERBB inhibitor afatinib and MEK 

inhibitor trametinib was found to be effective only in epithelial-like cell lines and corresponding 

xenograft models, whereas mesenchymal-like cell lines and xenograft tumors were sensitive to 

combinatorial blockade of MEK together with FGFR inhibitor NVP-BGJ398 (Kitai et al., 2016). 

Similarly, Sun et al identified synergistic effects of the MEK inhibitor AZD6244 and the pan-ERBB 

inhibitor afatinib in KRAS mutant NSCLC and colon cancer cell lines. Mechanistically, they showed 

that AZD6244 treatment relieves MYC-mediated transcriptional repression of ERBB2 and ERBB3, 

leading to their increased expression, and resistance to MEK inhibition (Sun et al., 2014). Collectively 

these studies imply that feedback activation of ERBB and FGFR1 RTKs is one of the mechanisms of 

resistance to MEK inhibition in KRAS mutant lung cancer cells (Figure 8).  

While establishment of  conventional 2D cell cultures derived from patient lung tumors have been 

reported, the success rate was low at 2.6% (Sugaya et al., 2002). Primary cultures have also been 

derived from murine NSCLCs, although in this case mice were always crossed with the p53fl/fl GEMM 

to derive KP or KPL tumor-derived cell lines (Koyama et al., 2016; Liu et al., 2013; Meylan et al., 

2009; Pfirschke et al., 2016). However, promising recent advancements in cell culture technology have 
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improved the ability to establish primary epithelial cell cultures from a variety of normal and tumor 

tissues. This method was originally developed by Schlegel and colleagues, known as the conditional 

reprogramming (CR) protocol (Liu et al., 2012b). This methodology involves the culturing of primary 

cells together with irradiated 3T3 feeder cells, in the presence of media containing the Rho-associated 

protein kinase inhibitor or ROCK inhibitor Y-27632. This protocol has been suggested to achieve cell 

immortalization by: i) induction of telomerase expression by factors secreted by the feeder cells, and 

ii) ROCK inhibitor-mediated deregulation of cytoskeleton and Rb/p16 pathway (Liu et al., 2012b). 

Various studies have identified novel therapies, even applied to clinical translation, using the CR 

technology (Beglyarova et al., 2016; Crystal et al., 2014; Liu et al., 2017; Liu et al., 2012b; Saeed et 

al., 2017; Yuan et al., 2012). Crystal et al established conditionally reprogrammed cells (CRCs) from 

biopsies of lung cancer patients treated with EGFR or ALK TKIs, following acquired resistance to 

therapy. By combining genetic analysis with pharmacological screens on patient-derived CRCs, they 

were able to identify effective combinations against resistant tumors and validated their findings in 

PDX in vivo models (Crystal et al., 2014). For example, they showed that an ALK-positive resistant 

tumor with MAP2K1 activating mutation was sensitive to combination treatment with ALK and MEK 

inhibitors. Similarly, combinatorial treatment with EGFR and FGFR inhibitors was effective in EGFR 

mutant resistant CRCs that had acquired a novel FGFR3 mutation. This suggests that CRCs may offer 

a unique tool for use in precision medicine, to identify lesion-specific therapeutic sensitivities. 

However, it remains unaddressed in how far the in vitro drug responses observed in CRCs are predictive 

of response of native tumors. In addition, lung cancer GEMM tumor-derived CRC cultures have not 

been established thus far.  

 

 

Figure 8.  Feedback RTK activation following 

MEK inhibition. In KRAS mutant NSCLC cell lines, 

MEK inhibitor treatment relieves negative regulation 

of ERBB and FGFR receptors by Myc and Sprouty 

(SPRY), respectively. This in turn leads to activation 

of PI3K/AKT signaling and adaptive resistance to 

MAPK inhibition. Modified from (Sun et al., 2014). 
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Taken together, cancer genome analyses have revolutionized our understanding of lung cancer at the 

genetic level, and this information has been integrated in the development of targeted therapies against 

a set of driver genes. So far, targeted therapies, particularly tyrosine kinase inhibitors against EGFR or 

ALK1, are however mainly been directed towards AC histotype tumors, in which these genetic 

alterations are predominantly detected. Despite gained understanding of the genetic landscape of SCC 

and ASC histotype tumors, effective therapies to treat these subtypes are still underway. Moreover, 

resistance to targeted therapies occur eventually leading to poor clinical outcomes. Therefore, better 

understanding of intrinsic and adaptive resistance mechanisms as well as the investigation of predictive 

markers beyond genetic drivers is necessary to design effective single or combination therapies. The 

evolution of cancer from pre-malignant lesions to heterogeneous tumors is a multistep process, and 

various factors, including the nature of cancer-initiating oncogenic events and the tumor cell of origin, 

determine the fate of end-stage tumors (Blanpain, 2013). Furthermore, the complex interplay between 

malignant cells, stromal and immune cells can also influence therapy response (Junttila and de Sauvage, 

2013). Hence, understanding of tumor immunity, particularly tumor immune suppression, is necessary 

for guiding optimal immunotherapy. Therefore, in addition to understanding of the heterogeneity at 

genetic level, improved understanding of the phenotypic and functional heterogeneity may help in 

designing lung cancer subtype-specific effective therapies. Despite the development and utilization of 

various ex vivo models for testing drug responses, their ability to maintain molecular and functional 

features of the native tumor remains poorly characterized. This highlights the importance of careful 

characterization of ex vivo models in order to reliably predict drug responses of the native tumors. 
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2. AIMS OF THE STUDY 

Genetic alterations in cancer cells of origin lay the foundation for initiation and establishment of 

tumors. In addition, intrinsic and extrinsic factors related to the tumor cell of origin influence the 

heterogeneity of the established tumors. Hence, it is important to investigate the niche-specific tumor 

progenitors of different cancer subtypes. Using mouse models driven by oncogenic KrasG12D alone, or 

in combination with loss of the tumor suppressor p53, it has been established that multiple cells of 

origin, namely CC10+ and SPC+ cells, serve as progenitors of lung ACs. However, the relative roles of 

different lung progenitors in establishing other NSCLC histotype tumors has remained obscure. Given 

that a mouse model harboring conditional expression of KrasG12D together with loss of the tumor 

suppressor Lkb1 (KL) produces all four subtypes of NSCLC, it serves as an excellent model to study 

the etiology of NSCLC histotypes. Furthermore, as all of the histotypes in this model are derived from 

common genetic drivers, the model allows the investigation of histotype-specific functions of lung 

cancer.  

 

Tumor heterogeneity plays an important role in drug sensitivity and resistance; therefore, understanding 

the cellular and molecular basis of tumor heterogeneity is fundamental in disease control. However, 

the investigation of tumor heterogeneity, including intratumor spatial heterogeneity, is challenging in 

surgically-resected clinical samples or small biopsies. GEMMs that mimic the genetic and biological 

aspects of patient tumors offer an excellent opportunities to expand our knowledge on tumor 

heterogeneity, and to investigate effective drugs or drug combinations. Furthermore, the balance 

between pro-tumorigenic and anti-tumor tumor immune functions influence on disease outcome, as 

well as the response to immunotherapies. The objectives of this thesis were to unravel how the cell of 

origin influences histotype spectra and immune function heterogeneity. In addition, this thesis work 

also set out to investigate intertumoral and intratumoral spatial heterogeneities and associated drug 

sensitivities. These aims were addressed using the KL and KP lung cancer GEMMs, representing a 

range of NSCLC histotypes, as well as ex vivo tumor slices and primary cell cultures derived from KL 

and KP tumors. 
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     Specific aims of this thesis were: 

I. To investigate the role of the cell of origin in determining NSCLC histopathology and 

associated immune function heterogeneity upon activation of KrasG12D together with loss 

of the tumor suppressor Lkb1. 

II. To set up a methodology for the establishment and analysis of precision-cut murine 

NSCLC slice cultures as a prerequisite for drug testing 

 

III. To investigate oncogenic signaling heterogeneity in Kras-driven murine NSCLC, and test 

signaling heterogeneity-related functional drug responses, using tumor tissue slice 

cultures. 

IV. To identify histotype-specific drug sensitivities using murine NSCLC cell cultures, and 

investigate the effectiveness of primary cultures to predict acute in vivo drug response. 
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3.  MATERIALS AND METHODS 

 

3.1. Materials used in this thesis work 

 

3.1.1. Mouse strains 

 

Mouse Strain Description Reference Study 

KrasLSL-G12D/+ Mice carrying conditional allele of 

mutant Kras 

(Jackson et al., 2001) I, II, III, & 

IV 

Lkb1fl/fl Mice carrying conditional allele for 

Lkb1 

(Bardeesy et al., 2002) I, II, III, & 

IV  

p53fl/fl                                 Mice carrying conditional allele for 

p53 

(Marino et al., 2000) I, III, & 

IV 

 

Rosa26mT/mG               Membrane-targeted tandem dimer 

Tomato/membrane-targeted tandem 

dimer 

 

(Muzumder et al., 2007) I, III, & 

IV 

PtenLoxP/LoxP                 Mice carrying conditional allele for 

Pten loss-of-function 

 

(Marino et al., 2002) III 

 

PSA-Cre              Mice carrying Cre recombinase under 
the control of PSA promoter 

 

Ma et al., 2005) 

 

III 
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3.1.2. Primary antibodies  

 

Antibody Description Reference Study 

GFP Rabbit polyclonal Verschuren Laboratory I 

SPC Rabbit polyclonal Millipore, Ab3786 I 

CC10 Rabbit polyclonal Millipore, AB-07632 I 

NKX 2-1 (TTF1) Rabbit monoclonal Abcam, ab133638 
I, II, III, & 

IV 

p63 Rabbit polyclonal Abcam, ab124762 I, III, & IV 

Ki67 Rabbit monoclonal 
Thermo Fischer scientific, 

 RM-9106-S0 
I, III, & IV 

LKB1 Rabbit monoclonal Cell Signaling Technology, 13031 I, & IV 

SOX2 Goat polyclonal 
Santa Cruz Biotechnology,  

sc-17320 
I 

Cytokeratin 5 Rabbit monoclonal Abcam ab52635 

 

I 

HMGA2 Rabbit polyclonal Biocheck, BC-59210AP I 

Gr-1 (Ly6G) Rat monoclonal E-Bioscience, 145931 I 

CD11b Rabbit monoclonal BioSB, BSB6441 I 

CD3 Rabbit polyclonal Abcam ab5690 I 

CD45 Rabbit monoclonal Cell Signaling Technology, 13917 I 

CD8 Mouse monoclonal Dako, M7103 I 

CD4 Rabbit monoclonal Abcam, 133616 I 

CD33 Mouse monoclonal LSbio, C338084 I 

HLA-DR Mouse monoclonal Abcam, 20181 I 

p44/22 (Erk1/2) Rabbit monoclonal Cell Signaling Technology, 4370 II, III, & IV 

p4EBP1 Rabbit monoclonal Cell Signaling Technology, 2855 II, III, & IV 

pAMPK Rabbit monoclonal Cell Signaling Technology, 2535 III 

pSRC(Y416) Rabbit polyclonal Cell Signaling Technology, 2101 III 

E-cadherin Rabbit monoclonal Cell Signaling Technology, 3195 I, III, & IV 

Vimentin Rabbit monoclonal Abcam, ab92547  IV 

γ-H2AX Rabbit monoclonal Millipore,MABE205 III 

CIdU Rat monoclonal Biorad, OBT0030 IV 

pEGFR (Tyr 1068) Rabbit polyclonal Cell Signaling Technology, 2234S IV 

pERBB2 

(Tyr1211/1222) 
Rabbit monoclonal Cell Signaling Technology, 2243 IV 

pERBB3 (Tyr1289) Rabbit monoclonal Cell Signaling Technology, 4791  

 

IV 

Cleaved Caspase-3 Rabbit monoclonal Cell Signaling Technology, Y9664 IV 

CD45-PE Rat monoclonal E-Biosciences, 12-0451-82 I 

CD3-APC Mouse monoclonal Biolegend, 100236 I 

CD4-PerCP Mouse monoclonal BD Biosciences, 553052 I 

CD8-FITC Rat monoclonal E-Biosciences, 11-0083-81 I 

CD11b-FITC Rat monoclonal Biolegend, 101206 I 

Ly-6c-PerCP Mouse monoclonal Biolegend,128027 I 

Gr1-APC Rat monoclonal Biolegend, 108412 I 
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3.1.3. Quantitative PCR (q-PCR) probes and primers 

 

Q-PCR probe Nucleotide sequence  Source Study 

Mouse l1b  fwd 5’TGCCACCTTTTGACAGTGATGAGA3’  Verschuren 

laboratory 

I 

Mouse l1b rev 5’CCTGGAAGGTCCACGGGAA3’  Verschuren 

laboratory 

I 

Mouse Arg1 

fwd 

5’TCGTGTACATTGGCTTGCGA3’  Verschuren 

laboratory 

I 

Mouse Arg1 rev 5’GCCAATCCCCAGCTTGTCTA3’  Verschuren 

laboratory 

I 

Mouse H2-D1 

fwd 

5’CTGAAGAACGGGAACGCGAC3’  Verschuren 

laboratory 

I 

Mouse H2-D1 

rev 

5’TGTAAGAGTCAGTGGACGGAGG3’  Verschuren 

laboratory 

I 

Mouse H2-M2 

fwd 

5’GTGCCTTGGATGGAACAGAT3’  Verschuren 

laboratory 

I 

Mouse H2-M2 

rev 

5’CCAGTCATCCTTTGGATGG3’  Verschuren 

laboratory 

I 

Mouse Rpl19 
fwd 

5’CGGGAATCCAAGAAGATTA3’  Verschuren 
laboratory 

I 

Mouse Rpl19 

rev 

5’CGGGAATCCAAGAAGATTGA3’  Verschuren 

laboratory 

I 

 

3.1.4. Human NSCLC samples (I, III, and IV) 

Tissue microarrays (TMAs) were prepared from human NSCLC tissue blocks, and consisted of ASCs 

(n=13), ACs (n=25), and SCCs (n=28) operated during 2000-2015 at the Hospital District of Helsinki 

and Uusimaa (HUS), Finland under an approval of the ethics committees of Joint Authority for the 

HUS, Finland. 
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3.1.5. Growth factors and supplements 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.6. Selected small molecule inhibitors used in study II, III and IV.  List of all the compounds 

used in study IV can be found from supplementary Table S1 (IV) 

Name                                 Description  Source Study 

Insulin 
Recombinant human expressed in 
yeast 

 
Sigma, I2643 

   IV 

EGF 
Recombinant human expressed in 

E.coli 

 BD 

Biosciences, 

354052       IV 

Hydrocortisone   Sigma, H4001    IV 

Adenine  
 Sigma: 

A2786        IV 

Cholera toxin  

 List 

Biological 

laboratory, 

100B    IV 

ROCK inhibitor  
 ENZO, ALX-

270-333 IV 

  Name Mechanism/Target 
Approval 

status 
Source  Study 

Selumetinib 

AZD6244 
 

MEK inhibitor Investigational 

(Phase 3) 

Selleckchem, 

S1008 

 II, III, 

& IV 

Dactolisib 

NVP-BEZ235 

PI3K/mTOR inhibitor Investigational 

(Phase 2) 

Selleckchem 

S1009 

 II, III, 

& IV 

Saracatinib 

AZD-0530 

Src, Bcr-Abl inhibitor Investigational 

(Phase 3) 

LC Laboratories 

S-8906. 

 III 

Trametinib 

GSK1120212 

MEK1/2 inhibitor Approved ChemieTek 

CT-GSK112 

 IV 

Afatinib 

BIBW2292 

EGFR and ERBB2 

inhibitor 

Approved Selleckchem, 

S11011 

 IV 

Ponatinib 

AP24534 

Broad TK inhibitor Approved Selleckchem, 

S1490 

 IV 
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3.2. Methods 

 

3.2.1. Mouse cohort and adenovirus infections (I, II, III, and IV) 

All mice experiments conducted in this thesis followed the guidelines from the Finnish National Board 

of Animal Experimentation and were approved by the Experimental Animal committee of the 

University of Helsinki and the State Provincial Office of Southern Finland (permit number 

ESAVI/9752/04.10.07/2015). Cohorts of KrasLSL-G12D/+;Lkb1fl/fl (KL) were generated by breeding 

KrasLSL-G12D/+ mice (C57Bl/6J background) with Lkb1fl/fl mice on a mixed genetic background (F4 

ICR;BALB/cByJ;FVB/N). KL mice were also bred with Rosa26mT/mG reporter mice resulting in 

cohorts with mixed genetic background (C57Bl/6J, F4 ICR;BALB/cByJ;FVB/N, 29X1/SvJ;ICR). 

KrasLSL-G12D/+ mice were also crossed with Trp53fl/fl mice to generate KrasLSL-G12D/+; Trp53fl/fl mice. Eight 

to ten weeks old KL or KP mice were intranasally or intratracheally treated with 1-20 x107 pfu of Ad5-

CC10-Cre or 2.5-7.5 x109 pfu of Ad5-SPC-Cre viruses under isofluorane anaesthesia (Viral Vector 

Core Facility, University of Iowa, USA). Animal experiments performed using Pten mice were 

approved by the animal experimentation committee of the Erasmus Medical Center (DEC-consult, 

permit number 106-05-11). Cohorts of PSA-Cre;Pten-loxP/loxP (Pten) mice, were generated by 

crossing PSA-Cre mice (strain FVB) with mice carrying Pten-loxP allele (strain 129Ola). 

 

3.2.2. Tissue preparation immunohistochemistry and quantification (I, III, & IV) 

Tumor bearing lungs from moribund mice were fixed in 4% formaldehyde overnight at 4°C followed 

by processing into paraffin blocks. Formalin-fixed paraffin-embedded (FFPE) lungs were sectioned 

into 4-5µm thickness and then processed for H&E staining or IHC analysis. IHC on murine paraffin 

sections were performed as follows: rehydrated sections were subjected to antigen retrieval method 

(either citrate buffer, pH 6.0 or tris-EDTA, pH 9.0) to expose antigenic epitopes. To block non-specific 

binding of primary antibody, sections were blocked with 1% BSA and 10% normal goat serum (NGS) 

in 1x PBS. Primary antibodies were stained for 1-1.5 h at ambient temperature or overnight at 4°C. 

Secondary antibodies, BrightVision poly-HRP Goat anti-rabbit (IL ImmunoLogic, AD Duiven, the 

Netherlands) or Peroxidase Goat anti-rat IgG (H+L) (Invitrogen Corporation, Camarillo, CA) were 

incubated for 30 min at ambient temperature. Immunodetection was done using DAB (Bright DAB, IL 

ImmunoLogic, Duiven, The Netherlands). IHC stained sections were scanned using Panoramic 250 

3DHISTECH (3DHISTECH Kft., Budapest, Hungary) digital slide scanner using a 20x objective. 

Quantitation for H&E or IHC stained whole slide scans were performed using the Tissue StudioTM 

image analysis of the Definiens Developer XD 64 2.1-4.2 software (Definiens, Munich, Germany). 
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3.2.3. Immunohistochemistry quantification using CellProfiler (II) 

Whole slide scans of the IHC-stained samples were acquired using Pannoramic 250 3DHISTECH 

scanner, and TIFF images were acquired using Pannoramic Viewer 3DHISTECH. Using Fiji-ImageJ, 

the images were converted into 16-bit images, and uploaded to CellProfilerTM ( http://cellprofiler.org) 

2.0.0 for analysis. The following pipeline was used for quantification: Identify Primary Objects -> 

Measuring Object Intensity -> Filter Objects (minimal value=0.0025) -> Calculate Math. The results 

were represented as percentages of DAB-stained nuclei of the total number of nuclei. 

3.2.4. Immunofluorescence and quantification of human NSCLC TMA (I) 

For fluorescent triple multiplex staining on human NSCLC TMA, tissue sections were rehydrated 

followed by antigen retrieval using 10mM Tris/1mM EDTA pH 9.0 buffer in a PT heating module 

(Thermo Scientific).  Endogenous peroxidase activity was blocked using 0.9% H2O2 in TBS, followed 

by blocking with TBS containing 0.05% Tween-20 and 10% normal goat serum. Sections were 

incubated with primary antibodies for 1-2 h at ambient temperatures. The 488 fluorescent signal was 

developed first by applying HRP (1:10 diluted) conjugated secondary (Bright Vision, Immunologic, 

Duiven, the Netherlands) followed by enhancement of signal using the TSA-Alexa Fluor-488 substrate 

(Life Technologies). After this, slides were immersed in TBS containing 0.9% H2O2 and 15mM NaN3 

to block remaining peroxidase reactivity. The second primary antibody was probed for 1 h at ambient 

temperature and 555 fluorescent signal was obtained by adding HRP conjugated secondary antibody 

for 30 min and the signal was enhanced by using the TSA-555 substrate (Life Technologies). 

Previously bound antibodies were denatured by immersing the slides in 10mM Tris/1mM EDTA pH 

9.0 in a PT module at 99°C for 20 min. Finally, the third primary antibody was incubated for 2 h at 

ambient temperature and secondary Alexa fluor-647 conjugated goat anti-mouse or -rabbit antibodies 

(Life Technologies) were used and sections were counterstained with DAPI (Roche, Mannheim, 

Germany. 

Fluorescent multiplex stained TMA slides were scanned using Axio Imager.Z2 (Zeiss, Germany) with 

the Metafer 4 slide scanning system (MetaSystems GmbH, Germany), and quantifications were 

performed using Tissue StudioTM IF image analysis solution of the Definiens Developer XD 64 2.1 

software (Definiens, Munich, Germany).  
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3.2.5. Microarray gene expression and quantitative PCR analysis (I) 

Lung tumors were snap frozen and RNA was extracted using NucleoSpin RNA II kit (MACHEREY-

NAGEL, Duren, Germany). Gene expression profiling was done with Illumina Mouse WT-6 version 2 

expression arrays (Illumina, San Diego, CA, USA). For the quantitative real-time PCR (qPCR) 

analysis, cDNA was extracted from high-capacity cDNA reverse transcription kit (Life technologies, 

Waltham, USA), and qPCR reactions were run and analyzed on a CFX384 TouchTM Real-Time PCR 

Detection System (Bio-Rad, Hercules, USA). 

 

3.2.6. Flow cytometry analysis (I) 

Lung tumors were incubated with HBSS/2mg/ml collagenase 1A (Sigma Aldrich, USA) and 0,3 mg/ml 

dispase (Life Technologies, Thermo Fisher Scientific, USA) for 30 min at 37°C, resulting tissue 

homogenate was digested using gentle MACS Dissociator (Miltenyi Biotec, Germany) in 

DMEM/20mM Hepes and 5U/ml DNAse (Promega, USA). Thus obtained single cell suspensions were 

incubated with antibodies in HBSS/2%BSA buffer for 30 min at 4°C. Propidium Iodide (Sigma 

Aldrich, USA) was used to stain dead cells and the analysis was performed using BD Accuri flow 

cytometer, data analysis was done using BD Accuri C6 software (Becton, Dickinson and Company, 

USA). 

 

3.2.7. Preparation and culturing of murine and human tissue slices (II, & III) 

Mouse and human tumor tissue slices were prepared using vibrating blade microtome (Leica 

VT1200S), to ensure better quality slices vibrocheck was performed prior to slicing. Tumor-containing 

lung tissue was attached to the magnetic specimen holder of a Leica VT1200S, using cyanoacrylate 

adhesive. Lung tumor tissues were either sliced as 160 µm, or 200 µm, or 250 µm thick using speed at 

0.12 mm/s and 2.5-2.7 amplitude settings. Sliced tissues were collected into 24-well plates with cold 

HBSS, and then placed in an inclined position on top of titanium grids inserted into culture medium in 

6-well plates, which were then placed in rotating incubation units. Importantly, slices were collected in 

the order of slicing, and neighboring slices were compared for experimental purposes. Tumor slices 

were cultivated at 37°C and 5% CO2, in a humidified incubator under normoxic condition (21%). 

Uncultured (0 h) slices as well as those cultivated for different time points were snap frozen (Pten 

tumor slices) for western blot analysis, or fixed in 4% formaldehyde overnight at +4°C, for paraffin 

embedding followed by H&E and IHC analysis. 
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3.2.8. Drug treatments on murine NSCLC tissue slices (II, & III) 

Precision-cut (200 µm) murine and human NSCLC tissue slices were placed on rotating incubation 

units, and were drug treated in the following medium:  F-12 medium (Thermo Fisher, Waltham, MA, 

USA) supplemented with 2mM glutamax (Gibco), 100 U/mL penicillin, 100 µg/mL streptomycin 

(Gibco), and 22 mM glucose (Sigma-Aldrich, St. Louis, MO, USA). At the end of treatment period, 

slices were fixed in 4% formaldehyde overnight at +4°C and processed for FFPE sections, which were 

processed for H&E and IHC analysis. 

 

3.3.9. Quantification of necrosis and overlapping signaling areas in tissue slices (II, & III) 

Necrotic areas in the H&E stained tissue slices were analyzed by a pathologist followed by drawing of 

the masks on necrotic tumor regions using Adobe Photoshop CS6, as described (Davies et al., 2015). 

The following formula was used to calculate relative decrease in viability of the drug treated slices: (1 

– viability in drug-treated/viability in DMSO control) * 100%. Analysis of phosphoprotein overlapping 

areas was done by drawing masks on the single stained regions in Photoshop CS6, and these masks 

were overlapped, and the overlapping regions were recolored using the magic wand tool in Photoshop 

CS6. Thus, the obtained overlapping regions were measured normalized to the total tumor area using 

the Photoshop histogram tool. 

 

3.2.10. Tissue dissociation and epithelial cell isolation (IV) 

Tumors were separated from the surrounding normal lung tissue, minced into small pieces and then 

subjected to enzymatic digestion in HBSS buffer containing 1% bovine serum albumin (BSA), 2 mg/ml 

collagenase (Sigma), and 0.3 mg/ml dispase (ThermoFisher Scientific; 17105-041) at 37ºC for 30 min 

with continuous rotation. Digested tissue was subjected to mechanical dissociation using 

gentleMACSTM dissociator, and filtered through a 70 µm cell strainer. The resulting single cell 

suspensions were used for epithelial cell isolation using EpCAM MicroBeads (MACS Miltenyi biotec; 

130-105-958). 

 

3.2.11. Cell culture (IV) 

Tumor-derived epithelial cells were either cultured on plastic with RPMI containing 10% FBS, 10mM 

glutamine, and penstrep, or as conditionally reprogrammed cells (CRC) as described before (Liu et al., 

2012b). In brief, tumor cells were plated on 3T3 cells (feeder cells) irradiated with 11 gray in F-medium 
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1:3 v/v DMEM: F-12 nutrient HAM) supplemented with, 5% FBS, and reagents listed in growth factors 

and supplements table. 3T3 cells were maintained in DMEM supplemented with 10%FBS/10mM 

glutamine/penstrep. CRC cultures were passaged by differential trypsinization, first to remove the 

feeder cells, followed by trypsinization of the epithelial cells.  

 

3.2.12. Colony formation assays (IV) 

Murine NSCLC CRCs or normal lung (NL) CRCs at passage 7 were plated in a 6-well plates as 500 

cells per well, either in CRC media or with F-media without Y-27632. To evaluate long-term effect of 

drugs, compounds or vehicle were added 48 h following cell seeding. At day 11 for regular assays, or 

day 13 for drug treated cells, colonies were fixed using a mixture of acetic acid and methanol (1:7 

vol/vol) and stained with 0.5% crystal violet in methanol. For regular assays, colonies were counted 

manually, and the colony formation rate was calculated as the percentage of cells forming colonies per 

500 cells. For drug treatment studies, analysis was done as percentage of area covered by colonies using 

the ‘ColonyArea’ Image J plugin (Guzman et al., 2014), and normalized to DMSO controls.  

 

3.2.13. Immunofluorescence analysis (IV) 

Cells cultures as CRCs were plated on top of glass coverslips, and fixed with 4% paraformaldehyde 

(PFA) for 15 min at ambient temperature. Fixed cells were blocked with PBS containing 3 % BSA, 

0.1M Glycine, and 0.1% TritonX-100, followed by incubation with primary antibodies for 1 h. Alexa 

goat anti-rabbit secondary antibody (Thermo Fisher Scientific; A21244) was incubated for 30 min. at 

ambient temperature, followed by nuclear staining with Hoechst (1 ug/ml, Thermo Fisher Scientific). 

Images were acquired using a Nikon Eclipse 90i fluorescence microscope; quantifications were done 

using CellProfiler software. 

FFPE sections (4 µm) of murine lungs treated with vehicle and CIdU or trametinib and CIdU were 

rehydrated, and permeabilized with 0.2% TritonX-100 in PBS. Sections were subjected to antigen 

retrieval using 10mM citric acid buffer (pH6) in a PT heating module (ThermoFisher Scientific) for 20 

min at 99°C. To expose antigenic epitopes, DNA was denaturated using 1.5N hydrochloric acid for 40 

min. at ambient temperature, followed by blocking with PBS containing 1% BSA, 10% NGS. Primary 

rat anti-CIdU (Biorad; OBT0030) antibody was incubated overnight at +4°C, and then with secondary 

anti-rat Alexa 488 (Invitrogen; A11006), and Hoechst (0,5 mg/ml). Whole slide scans of the stained 

samples were obtained using a Pannoramic 250 3DHISTECH digital slide scanner. Quantification of 

CIdU positive nuclei was done using CellProfiler software. 
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3.2.14. CRC 3-dimensional cultures (IV) 

Tumor or NL CRCs at passage 6 or 7 were plated on top of matrigel (Corning) in chambered cover 

glass (Lab-Tek) at a concentration of  2.5x104 cells per well in F-media (100 µl) without Y-67632. On 

the second day, a layer of collagen (of 2 mg/ml, Corning) was added on top of the spheroids, and 

allowed to solidify at 37°C for 1 h. 100 µl of F-media without Y-27632 was added on top of the 

solidified collagen. On the fourth day after seeding the cells, matrigel-collagen sandwich cultures were 

fixed with 4% PFA, processed using the Cytoblock kit (Thermo Fisher Scientific), paraffin embedded, 

and sectioned at 4 µm for further IHC processing. 

 

3.2.15. Immunoblotting (I, & IV) 

Snap frozen tissue references or CRC pellets were lysed using RIPA buffer, protein concentrations 

from the resulting protein lysate were measured using BCA kit (G Biosciences; 786-570). Western 

blotting was done using 20 µg of protein lysate. Membranes were blocked with Odyssey® Blocking 

Buffer (927-40000), and probed with primary antibody for 1 h at ambient temperature or overnight at 

+4°C followed by incubation with odyssey IRDye secondary antibodies. Membranes were scanned 

using an odyssey infrared imager. 

 

3.2.16. Drug Sensitivity and Resistance Testing (DSRT) (IV) 

Murine NSCLC tumor-derived or normal lung CRCs were subjected to DSRT according to previously 

published procedure (Yadav et al., 2014). For DSRT analysis a library of 299 compounds listed in 

Table S1 (III) was used. Drugs were dispensed using an Echo 550 Liquid Handler (Labcyte) into clear 

bottom 384-well plate (Corning #3712), at five different concentrations. Cells (1500 per well) were 

seeded into pre-plated DSRT plates using a MultiDrop Combi dispenser (Thermo Fisher Scientific), in 

F-media (25 ul) with or without Y-27632. Cell viability was measured using CellTiter-Glo® reagent 

(25 µl) (Promega) at 72 h post plating the cells using a PheraStar plate reader (BMG Labtech). 

 

3.2.17. DSRT data analysis and interpretation (IV) 

Quality assessment of DSRT screen data was done using the Z’-factors value, calculated as the raw 

luminescence values of drug-treated wells normalized against positive and negative controls (Yadav et 

al. 2015). Data from screens that passed the data quality test were used to determine the percentage 

inhibition of viability per drug concentration, plotted as dose-response curves by applying the 
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Marquardt-Levenberg algorithm implemented in an in-house developed bioinformatic pipeline 

‘Breeze’. Multiple parameters of each dose-response curve, including the IC50, slope, top, and lower 

asymptotes, were used to calculate the Drug Sensitivity Score (DSS), as described (Yadav et al, 2015). 

The average DSS values following treatment of normal lung cultures were used to normalize the DSS 

values for each tumor-derived culture, to calculate cancer cell-specific DSS (selective DSS). The sDSS 

values for each culture type were plotted using unsupervised hierarchical clustering with the Cluster 

3.0 application (http://bonsai.hgc.jp/~mdehoon/software/cluster/), and using Euclidean distance 

measures of the CRC profile. Heat maps were plotted in Java TreeView (http://jtreeview.- 

sourceforge.net/). 

 

3.2.18. In vivo drug treatments (IV) 

KL or KP mice infected with Ad5-CC10-Cre or Ad5-SPC-Cre viruses were randomly assigned for 

treatment groups at 11-14 (for KL) or 13-25 (for KP) weeks post infection. For 24 h trametinib 

treatment, mice were intra peritonially (IP) treated with 1 mg/ kg trametinib in 0.9 % saline or with 

vehicle (1.6% DMSO in 0.9% saline). At 20 h post trametinib treatment, mice were administered with 

2 mg chloro-deoxyuridine (CldU; Sigma C6891) via IP and 4 h later they were sacrificed by cervical 

dislocation. For combination treatments, mice were treated with vehicle equivalent of trametinib and 

afatinib, or with 1 mg/ kg trametinib alone in 0.9% saline via IP or with 12.5 mg/kg afatinib alone in 

0.5% hydroxyl propyl methyl cellulose (HPMC), 0.1% Tween 80 in H2O by oral gavage. Mice treated 

with both drugs received 1 mg/ kg trametinib and 12.5 mg/kg afatinib by IP or oral gavage, respectively. 

Treatment was done once daily for 3 days, and mice were sacrificed by cervical dislocation 24 h 

following the third treatment. 

 

3.2.19. Statistical analysis (I, III, & IV) 

Quantitative data are represented as +/- standard deviation or standard error of mean. Statistical 

significance calculated using t-tests were performed using two-tailed student’s t-test. Survival analysis 

(study I) was done using the Gehan-Breslow-Wilcoxon Test. Fisher’s exact test was used for the 

comparison of two categorical variables (human TMA analyses in study III and IV). One –way 

ANOVA was used for statistical comparison of more than two groups (study III). Spearman’s 

correlation coefficient (study III) or Pearson correlation coefficient (study IV) was used to evaluate the 

correlations between two variables. For the data which did not pass D'Agostino-Pearson omnibus 

normality test, non-parametric, Kolmogorov–Smirnov test was used for statistical analysis (study I and 

IV).  

http://bonsai.hgc.jp/~mdehoon/software/cluster/)
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4.  RESULTS AND DISCUSSION 

 

4.1. Cell of origin determines histotype spectrum and immune functions in NSCLC driven by 

mutant KrasG12D and loss of Lkb1 

Towards investigating the role of the cell of origin in establishing NSCLC subtypes, previous reports 

have utilized cell type-specific AdCre viruses or Cre-ER driven mouse strains to target CC10+ club 

cells in the airways or SPC+ AT2 cells in the alveoli and shown that both of these progenitor cell types 

can give rise to ACs (Mainardi et al., 2014; Sutherland et al., 2011; Sutherland et al., 2014; Xu et al., 

2012). Furthermore, GEMM studies have also shown that airway basal cell-specific deletion of Pten 

together with Tgfbr2 gives rise to SCC, however with low incidence (10-20%) and long latency (52 

weeks) (Malkoski et al., 2014). In addition, using the SOX2;PC model, recent work by Berns and 

colleagues suggested that multiple progenitors can give rise to SCC, namely K14+ cells in the bronchi, 

and SPC+ and CC10+ cells in the more distal lungs (Ferone et al., 2016). Using the KL model, Han et 

al showed that SPC+ cells can initiate ACs, which they suggest to transdifferentiate into SCC via an 

ASC intermediate state. In the latter study, the human SPC promoter was used to drive Cre recombinase 

expression (Han et al., 2014). However, this promoter was reported to be active also in bronchiolar 

cells (Glasser et al., 1991), suggesting the possible involvement of bronchiolar cells in establishing 

tumors in the KL model. Moreover, the role of CC10+ club cells in producing NSCLC histotypes, 

particularly in KL model which develop AC, SCC, and ASC histotype tumors, remained largely 

unknown. Hence, we decided to use KL mouse model to better understand the role of CC10+ and SPC+ 

lung progenitors in establishing histotype diversity and functional heterogeneity. 

 

4.1.1. The cell of origin defines NSCLC histotype spectra and mouse survival upon activation of 

KrasG12D and loss of Lkb1 

Previous work using the KP model has shown that both CC10+ and SPC+ cells similarly influence the 

survival of the mice following AdCre infection (Sutherland et al., 2014). We asked if the progenitor 

cell of origin has an effect on survival of mice in the KL model. To do this, we intranasally infected 8-

12 weeks old KL mice with adenovirus expressing Cre recombinase under control of the CC10 or SPC 

promoter: Ad5-CC10-Cre or Ad5-SPC-Cre. To confirm accurate targeting of the cell type-specific 

AdCre viruses, KL mice were crossed with the Rosa26mT/mG reporter strain, to locate Cre-targeted cells 

based on membrane GFP (mGFP) expression. Consistent with previous results, IHC analysis of mGFP 

on lung sections following 2 and 4 weeks of Ad5-CC10-Cre and Ad5-SPC-Cre infection revealed 

mGFP positivity in bronchiolar and alveolar compartments, respectively. In addition, Ad5-CC10-Cre, 
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but not Ad5-SPC-Cre infection, also resulted in mGFP positivity in the BADJ (I, Fig. S1A). Virus titers 

were set at 1 x 107 pfu for Ad5-CC10-Cre and 2.5 x 109 pfu for Ad5-SPC-Cre to archive comparable 

infection rates. The numbers of mGFP+, CC10+ or SPC+ cells were quantified on sequential lung 

sections. With these amounts of viruses, approximately 0.8% of the total lung cells were targeted at 3 

and 4 weeks following Ad5-CC10-Cre and Ad5-SPC-cre infection, respectively (I, Fig. S1B). KL mice 

intranasally infected with Ad5-CC10-Cre or Ad5-SPC-Cre (n=9 for each group) were sacrificed when 

they showed disease symptoms (breathing difficulties and loss of body weight). Interestingly, KL mice 

infected with Ad5-CC10-Cre showed a significantly shorter latency compared with Ad5-SPC-Cre 

infected mice (median survival of 79 and 120 days respectively) (I, Fig. 1A), suggesting that CC10+ 

cells may produce faster growing tumors. Next, we performed a detailed histopathological analyses of 

the lesions from full lung lobes of infected mice (n=5 per virus). The commonly used histotype-specific 

clinical biomarkers TTF1, also known as NKX 2-1, and p63 were analyzed to classify lesions into 

different histopathology subtypes of AC or ASC (I, Fig 1B) (Travis et al., 2011). Using LKB1 IHC, 

we first confirmed that all the lesions in KL mice originated following Ad5-CC10-Cre or Ad5-SPC-

Cre infection lacked LKB1 expression, using tumors from KP mice as positive reference tissue (I, Fig. 

S1C).  

Interestingly, quantification of lesions revealed that the incidence of ASCs was higher in Ad5-CC10-

Cre infected mice (20/60 lesions from 5 mice) than in Ad5-SPC-Cre infected mice (3/171 lesion from 

5 mice). On the other hand, Ad5-SPC-Cre infection resulted in invasive AC (IAC) (117/171), or 

papillary AC (PAC) (26/171) as the predominant histotypes. Of note, mucinous AC (MAC) and acinar 

AC (AAC) subtypes were detected specifically in Ad5-CC10-Cre infected mice (I, Fig. 1C, S1D, S1G 

and Table S1). Collectively, these results suggested that progenitor cells influence histotype spectra in 

KL mice, and that CC10+ cells are the predominant origins of ASC. 

Analysis of tumor proliferation using Ki67 IHC showed that lesions that originated from CC10+ cells, 

more specifically PAC and AIS, showed higher proliferation compared to those derived from SPC+ 

cells. In addition, the SCC regions of ASC tumors showed higher proliferation compared to the AC 

regions of ASCs (I, Fig. 1B and 1D) Analysis of tumor size revealed that ASCs were the largest (20-

30 mm2) of all the lesions (I, Fig. 1E). Consistent with published results, ASCs showed keratin 5 

(KRT5) positivity and low or absence of SOX2 expression (Mukhopadhyay et al., 2014). Assessment 

of SOX2 positivity in human ASCs showed positivity in 8/12 samples, and more specifically in SCC 

components of ASCs. Furthermore, 7/12 ASCs showed LKB1 negativity, including 2/4 SOX2 negative 

tumors, indicating that SOX2 negative KL ASCs may represent a subset of clinical ASCs (I, Fig. S1E-

F, and Table S1). To determine the precursors of end-stage tumors, we assessed the KL lungs at 6 and 

9 weeks post AdCre infection. Ad5-CC10-Cre infection resulted in bronchiolar hyperplasias at 6 weeks, 
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and adenocarcinoma in situ (AIS), IAC, PAC, MAC, and ASC at 9 weeks post infection (w.p.i). Of 

note, 1/ 4 Ad5-CC10-Cre infected mice showed SCC lesions at 9 w.p.i. On the other hand, Ad5-SPC-

Cre infection resulted mainly in AIS or PACs at 6 or 9 w.p.i, respectively (I, Fig. S1 I). We also 

confirmed the MAC histotype using Periodic acid-Schiff (PAS) staining, and showed that, similar to 

published results, PAS positive MAC tumors contained reduced numbers of NKX 2-1 positive cells 

compared to PACs (I, Fig. 1F-1G, and S2C-E) (Snyder et al., 2013). The expression of high mobility 

group AT-hook 2 (HMGA2), a transcription factor associated with poorly differentiated tumors 

(Sutherland et al., 2014), was found to be homogeneously expressed in ASCs, while other histotypes 

showed negative or mosaic staining (I, Fig. 2B). Together these results suggested that the shorter 

survival of Ad5-CC10-Cre infected KL mice was most likely due to the increased tendency of CC10+ 

progenitors to form fast growing, larger and more poorly differentiated ASC tumors. 

 

4.1.2. Mutant KrasG12D and Lkb1 loss-driven tumors show histotype-specific gene expression 

signatures 

To investigate tumor histotype-associated molecular heterogeneity, we performed gene expression 

analysis of Ad5-CC10-Cre induced ASCs and Ad5-SPC-Cre induced PACs from KL mice. We decided 

to use PACs, as they were the largest and second most frequently detected lesion upon Ad5-SPC-Cre 

infection. In addition, other AC subtypes including MAC, AAC, and PACs (from Ad5-CC10-Cre 

infected mice) were detected in low frequency compared to ASCs, and hence could not be isolated in 

sufficient numbers. We isolated six tumors, two each from 3 mice infected with Ad5-CC10-Cre or 

Ad5-SPC-Cre viruses. Each tumor was processed for RNA isolation, protein lysates and histological 

analyses. We confirmed the ASC histotype of tumors by western blot analysis using anti-p63 antibody 

(I, Fig. S3B). Unsupervised clustering of the microarray results with cut-off adjusted p-value<0.01, 

LogFC>1 revealed 340 genes that were differentially expressed between ASCs and PACs (I, Fig. 2A).  

We further assessed commonalities in histotype-specific gene signatures between our data and 

published datasets. Since there are no human ASC gene expression data available, we used human SCC 

vs AC comparative data and Lkb1;Pten loss (LP) mouse model-derived SCC vs Kras-AC comparative 

data (Kuner et al., 2009; Xu et al., 2014). Venn diagram representation of comparative gene expression 

analysis revealed 40 genes (29 upregulated 11 downregulated) to be commonly altered in a histotype-

specific manner (I. Fig. 2B). Among 29 upregulated genes were SCC markers, Trp63, and a set of 

cytokeratins including Krt5. As expected, one of the downregulated genes included one of the AC 

marker napsin A (Napsa) (I, Fig. 2C). Given that ASCs showed SCC-specific gene signatures, we next 

assessed the similarities between the KL ASC vs PAC comparison and murine basal cell expression 
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(Rock et al., 2009). This analysis revealed 75 or 33 genes to be commonly up- or downregulated, 

respectively, in these two data sets (I, Fig. S3C and Table S2). Upregulated genes were related to basal 

cell differentiation, namely Trp63, basonuclin 1 (Bnc1), stratifin (Sfn), snail family zinc finger 2 

(Snai2), and cytokeratins. In addition, pro-inflammatory cytokine interleukin 1b (Il1b) and its type II 

interleukin 1 receptor (Illr2) were found to be commonly upregulated in ASCs and basal cells (I, Table 

S2). Finally, we compared KL ASC vs PAC data with published data from Ad5-CMV-Cre-induced KL 

AC vs ASCs transcriptional analyses (Ji et al., 2007). This comparison resulted in 23 commonly 

deregulated genes, including SCC-specific Trp63 and cytokeratins (I, Fig. S3C and Table S2). 

 

4.1.3. Murine NSCLC show histotype-specific immune gene signature 

It has been reported that Ad5-CMV-Cre induced tumors from KL mice harbor immunosuppressive 

microenvironment characterized by the presence of TANs and production of pro-inflammatory 

cytokines that suppress CTL recruitment (Koyama et al., 2016). Since our gene expression analysis 

showed histotype-dependent gene expression signatures, we asked if there exist histotype-specific 

immune gene signatures in the KL model. Ingenuity Pathway Analysis (IPA) of KL;ASC vs KL;PAC 

gene expression with a cut-off log FC>2 identified granulocyte adhesion and diapedesis (upregulated 

in ASCs: Cxcl15, Itga2, Ccl6, Ccl7, Cldn18), and antigen presentation (downregulated in ASCs: Cd74, 

Ciita, H2-D1, H2-DMa, H2-DMb1) as altered canonical pathways (I, Fig. 3A). It has been reported 

that in the KrasG12V/+ model, adenovirus-induced inflammation can contribute to inflammatory 

infiltrates and promotes tumorigenesis (Mainardi et al., 2014). To confirm that the observed histotype-

specific immune gene signature was not due to AdCre-induced inflammation, we performed gene 

expression analysis of selected immune genes in KL;ASCs, and PACs together with KP;ACs derived 

from Ad5-CC10-Cre or Ad5-SPC-Cre infection. Our results showed that indeed certain immune genes 

were expressed in a histotype- but not genotype-dependent manner (I, Fig. 3B), and excluded the 

possible effect of AdCre on immune gene signatures. Histotype-specific immune genes included ASC-

specific upregulation of pro-inflammatory genes related to neutrophil recruitment, namely cytokine 

Il1b, S100a8 and S100a9, and Arg1, an enzyme mediating T-cell suppression (Munder et al., 2006; 

Ryckman et al., 2003). Additionally, antigen presentation genes including the expression of class I 

major histocompatibility complex (MHC) genes (H2-M2, and H2-D1), class II MHC genes (H2-DMa, 

H2-Ab1, H2-DMb1) and class II MHC associated gene Cd74 were downregulated in ASCs, and also 

the lymphocyte and monocyte chemoattractant genes Ccl17 and Ccl6 were downregulated in ASCs 

compared to ACs (I, Fig. 3B). Furthermore ASC histotype-specific downregulation of class I MHC 

genes and up regulation of Arg1 was confirmed by quantitative real-time PCR (qPCR) (I, Fig. 3C). 

Expression of Il1b, one of the neutrophil chemoattractants was not statistically significant between 

ASCs and KP;ACs (I, Fig. 3C). This could possibly relate to tumor grade, as Gr-1+ neutrophils have 
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been reported to be higher in high grade KP;ACs (Faget et al., 2017). These results indicate that KL 

tumors show histotype-specific immune gene signatures suggestive of immunosuppression in ASCs 

compared to ACs  

 

4.1.4. ASC histotype-specific recruitment of Gr-1+ CD11b+ TANs   

The finding that ASCs showed gene expression signatures favorable for neutrophil recruitment 

prompted us to investigate the abundance of TANs in KL;ASC and KL;PACs. For this purpose, we 

performed quantitative IHC-based analysis for neutrophil markers, Gr-1 and Cd11b, on full lung lesions 

from KL Ad5-CC10-Cre or Ad5-SPC-Cre infected mice (n=5 for both groups). The results showed a 

clear enrichment of Gr-1+ and CD11b+ cells in ASCs compared to PACs. Furthermore, increased TAN 

recruitment in ASCs was accompanied with a reduced number of CD3+ T cells, suggesting pro-

tumorigenic effect of TANs in ASCs (I, Fig. 4A-B, and S3E). Additionally, we confirmed Gr-1 and 

Cd11b double positive cells (TANs) by flow cytometry, and the results confirmed ASC-specific 

recruitment of TANs. Conversely, flow cytometry analysis also showed an ASC-specific reduction in 

CD3+ T cells (I, Fig. 4C-D). Consistent with varying expression of Il1b, IHC analysis on KP;ACs 

showed variability in the percentage of  Gr-1+  and CD11b+ cells (I, Fig. S4A-B), supporting the finding 

that that tumor grade in KP;ACs influences TAN infiltration.  

To investigate the translational relevance of our findings, we next analyzed a set of human NSCLC 

tumors, in a TMA comprised of ASC (N=12), PAC (N=25), and SCC (N=28) tumors, for TAN 

infiltration. Quantification of fluorescent multiplex staining for human TANs, CD11b+CD33+HLA-Dr-

, did not show statistically significant difference among histotypes (I, Fig 4F-G and S4C-D). However, 

we observed a trend towards SCC subregion-specific infiltration of TANs in ASC tumors (I, Fig 4H 

and S4E). Consistent with the murine findings, the status of LKB1 in human NSCLC tumors did not 

correlate with TAN infiltration (I, Fig S4F-G). Taken together, these results showed an KL;ASC-

specific immunosuppressive microenvironment, accompanied by increased TAN recruitment and a 

concomitant reduction in CD3+ T cells. 
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Figure 9. Schematic illustration summarizing of the role of cell of origin in determining survival of 

mice, histotype spectrum and histotype-specific immune microenvironment in the KL GEMM. (A) 

Different cell types in the distinct compartments of the adult mouse lungs. Intranasal or intratracheal 

administration of Ad5-CC10-Cre or Ad5-SPC-Cre viruses into KL lungs restricts genetic recombination 

to either CC10+ or SPC+ cells, respectively. (B) Ad5-CC10-Cre infected KL mice show a shorter survival 

compared to Ad5-SPC-Cre infected mice. (C) CC10+ cells are the predominant progenitors of ASC, MAC, 

and AAC tumors, while both CC10+ and SPC+ cells can produce PAC, IAC, and AIS lesions (D) KL;ASCs 

show immunosuppressive features, consisting of reduced antigen presentation molecules, increased TAN 

infiltration and reduced intratumoral T cells. 
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4.2. A protocol for the generation, cultivation and analysis of precision-cut murine NSCLC tissue 

slices 

 

In an IMI-funded consortium project PREDECT (http://www.predect.eu), we described an optimized 

workflow for the establishment, and analysis of precision-cut tumor slices derived from lung, breast, 

and prostate cancer models (Davies et al., 2015). We showed that, compared to filter-supports where 

sliced are cultivated on air-liquid interphase, rotating incubation units improved viability of short-term 

NSCLC slice cultures by intermittent exposure of tumor slices to oxygen and nutrients (Davies et al., 

2015). However, slice cultivation on rotating incubation units is technically challenging and requires 

constant monitoring. We therefore developed a protocol for the generation of precision-cut murine 

NSCLC tissue slices using the Leica VT1200 S vibratome machine, which includes a practical video 

demonstration showing how to handle the rotating incubation unit followed by H&E staining and 

quantitative IHC analysis of cultured slices (II, Fig. 1). We also showed that thickness influences the 

viability of short-term (24 h) slice cultures. H&E analysis of 160 µm, 200 µm, and 250 µm thick tumor 

slice cultures showed that 160 µm thin slices harbor necrotic regions across the slices, likely because 

they are too fragile and tend to damage during slice handling. Slices of 250 µm thickness showed 

necrotic gradients across the slice when compared to 200 µm thin slices (II, Fig. 2A). The poor viability 

of thicker 250 µm slices is possibly related to insufficient oxygen and nutrient diffusion across the 

slices compared with thinner 200 µm slices. Due to differences in tissue stiffness, hypoxia or matrix 

composition, each tissue type is therefore likely to require slice thickness optimization. In addition, we 

demonstrated how to execute quantitative IHC analysis for well-differentiated lung AC marker, NKX2-

1. This showed that, compared to 0 h slices, NKX2-1 expression was not altered in samples cultured 

up to 72 h, suggesting that the AC differentiation status is not affected during short-term slice 

cultivation (II, Fig. 2B-C). Given our findings that Kras mutant murine ACs exhibit high pERK1/2 

compared to ASCs, with p4EBP1 is similarly expressed in both ACs and ASCs (III, Fig. 2A-B), we 

targeted these pathways to demonstrate how to select optimal drug concentrations prior to slice 

treatment studies. To evaluate a dose-dependent effect on targeted pathway inhibition, KL;AC slices 

were treated with DMSO or titrated amounts of compounds, namely 0.1 µM -1 µM dactolisib (to inhibit 

p4EBP1) or 0.05 µM - 0.5 µM selumetinib (to inhibit pERK1/2). The results showed that 1 µM 

dactolisib or 0.5 µM of selumetinib was effective in inhibiting 4EBP1 or ERK1/2 phosphorylation, 

respectively. In addition, as a technical bonus, such selective regulation of phosphoprotein expression 

indicates that tumor slices can be used to validate phosphorylation-specific antibodies. Together, this 

protocol demonstrated the critical steps in obtaining maximum viability of the tumor slice cultures, and 

analytical considerations prior to their application for pharmacological drug testing. 
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4.3. KrasG12D-driven murine NSCLC show histotype-specific spatial heterogeneity in oncogenic 

signaling  

Despite advancements in cancer therapy, successful treatments are compromised by intra- and 

intertumoral heterogeneity (Xue et al., 2017). Research during the past few decades have established 

multiple levels of tumor heterogeneity, namely genetic, phenotypic, functional, and 

microenvironmental heterogeneity (de Bruin et al., 2015; Turner and Reis-Filho, 2012; Xue et al., 

2017). For solid cancers, an important question remains how the spatiality of oncogenic signaling 

activities determine functional response to therapies. Since our previous work using the KL GEMM 

showed a histotype-dependent immune phenotype, we next asked if the histotypes also determine 

oncogenic signaling. We analyzed a set of KL and KP tumors initiated by Ad5-CC10-Cre or Ad5-SPC-

Cre viruses for oncogenic signaling downstream of KRAS or LKB1 (III, Fig. S1A). We demonstrated 

that certain oncogenic signaling pathways are expressed in a histotype-specific manner, with 

phosphorylation of AKT (pAKT; indicating PI3K pathway activity) selectively detected in ASCs and 

phosphorylation of ERK (pERK; indicating MAPK pathway activity) predominantly detected in ACs. 

Furthermore, we found that oncogenic phosphoproteins, namely pAKT, and pSRC were predominantly 

detected in the SCC subregions of ASCs, suggesting intratumoral spatial heterogeneity in oncogenic 

signaling (III, Fig. 2A-B). Interestingly, consistent with our murine finding, human NSCLC analysis 

revealed that ASC (5/13), and SCC (8/28) showed predominant pAKT expression compared to AC 

(1/25) (ASC comparison to AC, Fisher’s test p-0.012, SCC comparison to AC, Fisher’s test p-0.026), 

whereas pERK was more commonly detected in ACs (20/25) compared to ASC (9/13), or SCC (13/28) 

tumors (AC comparison to SCC, Fisher’s test p-0.02). Examination of the LKB1 or TP53 status in 

human NSCLCs by IHC revealed that the majority of the tumors contained nuclear TP53, suggesting 

alteration in the TP53 pathway, while LKB1 expression varied in all the pathologies (III, Fig. S1B, 

and Table S1). In summary, these results indicated that oncogenic signaling tends to stratify according 

to tumor histotype and exhibits intratumoral spatial heterogeneity in murine and human NSCLC. 

 

4.3.1. Establishment and characterization of KrasG12D-driven murine NSCLC tissue slices to study 

drug responses 

The fact that we identified marked intra- and intertumoral heterogeneity in PI3K/mTOR and MAPK 

pathway activities led us to investigate how this affects sensitivity to targeted therapies. Precision-cut 

tumor tissue slices are an attractive preclinical model for functional drug testing, due to the presence 
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of intact tumor-stroma interactions, and, more importantly, spatial aspects of drug response can be 

better modelled in tumor tissue slices. As a part of the PREDECT consortium project (www.predect.eu) 

we established KL and KP tumor tissue slices, optimized the culture conditions and assessed viability, 

proliferation, DNA damage, and phosphoprotein levels in uncultured (0 h) and in slices cultured up to 

72 h (III, Fig. S2A). Slices were cultured on rotator incubation units to ensure uniform exposure to 

oxygen and nutrients. Assessment of the viability by H&E in cultured slices showed that viability was 

better maintained in the top section of the tissue (III, Fig. S2B and S2C). Hence, in the following 

experiments, all quantitative analyses were done on the top section of the tumor slices (III, Fig. S2A). 

We interrogated the slicing and culture-induced changes on cellular proliferation, DNA damage, and 

phosphoprotein expression. Proliferation of 0 h uncultured slices were similar to native tumors with 

respect to Ki67 IHC; hence we compared the proliferation in cultured samples to that of 0 h samples 

(III, Fig. S3B). While cultured AC slices showed a decrease in Ki67 positivity, ASCs showed region-

specific changes: SCC regions showed a decrease in proliferation already at 24 h, and AC regions of 

ASCs showed an increase in proliferation after 48 h (III, Fig. S3C). Cultured slices accumulated more 

DNA damage compared to 0 h slices, as demonstrated by γH2AX positivity (III, Fig. S3A). Analyses 

of oncogenic phosphoproteins showed no significant change in 0 h slices compared to in situ tumors. 

However, ASC-specific induction of pAKT was observed in ASC slices cultivated for 24 h. While 

pERK1/2 showed alterations in both directions, p4EBP1 and pSRC showed a significant induction in 

slices of both ASC and ACs (III, Fig. S5A). Furthermore, PTEN loss-driven murine prostate cancer 

slices also showed similar changes in pERK1/2 upon cultivation (III, Fig. S7A). In addition, altered 

p4EBP1 and pERK1/2 expression was also seen in freshly resected human NSCLC and prostate tumors 

(III, Fig. S5B and S7B). Taken together, these results suggested that murine NSCLC tissue slices are 

vulnerable for culture-induced changes in proliferation and oncogenic signaling, while freshly cut (0 

h) uncultured slices preserving proliferation and oncogenic functions of in situ tumors. Therefore, drug 

treatments on tumor slices must be conducted at the onset of culturing.  

 

4.3.2. Cytotoxic response to combinatorial inhibition of the PI3K/mTOR and MAPK pathways 

is determined by co-expression of targeted phosphoproteins 

Next, we set out to investigate how histotype-specific spatial heterogeneity in oncogenic signaling 

influences on sensitivity to small molecule inhibitors, namely the dual PI3K/mTOR inhibitor NVP-

BEZ235 or dactolisib (dact), the MEK inhibitors AZD6244 or selumetinib (sel), and the SRC inhibitor 

saracatinib (sar) (III, Fig. 3A). Assessment of viability in neighboring DMSO and drug-treated slices 

(24 h) did not show significant cytotoxic responses in any of the single compound treated samples (III, 

http://www.predect.eu/
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Fig. 3B-C). Interestingly, of the tested double combinations, only dact+sel showed considerable 

cytotoxic, but not cytostatic, response (III, Fig. 3C-D, and S10A). Since SRC activity is enriched in 

the SCC compartment of ASCs, we reasoned that addition of sar to the dact+sel may show SCC-specific 

increased sensitivity. However, our results showed that the effect of dact+sel and dact+sel+sar was 

very similar, and that inhibition of SRC did not increase cytotoxic effect in any of the groups tested 

(III, Fig. S10B). These results suggest that KL- and KP- derived NSCLC slices show sensitivity to 

combined inhibition of PI3K/mTOR and MAPK pathways. We reasoned that sensitivity to combination 

of dact+sel could possibly relate to prevalence of targeted pathways in the treated tissue slices. To test 

this, we determined baseline signaling activities, p4EBP1 and pERK1/2 (% area) in the 0 h uncultured 

slices, and correlated this with relative decreases in viability following 24 h dact+sel treatment. There 

was a significant correlation between p4EPB1 and pERK1/2 positivity in 0 h slices with cytotoxic 

response (p<0.001 for p4EBP1, and p<0.05 for pERK1/2) in neighboring treated slices (III, Fig. 4A 

and Table S2). Furthermore, deeper investigation of responding vs non-responding slices revealed the 

concomitant expression of p4EBP1 and pERK was required to elicit significant cytotoxic response 

(>20 decrease in viability), while expression of either of these phosphoproteins alone failed to induce 

cytotoxicity in treated slices (III, Fig 4C). 

To convincingly show that co-expression of p4EBP1 and pERK1/2 guides sensitivity to dact+sel, we 

correlated the percentages of overlapping p4EBP1 and pERK1/2 expression areas in 0 h slices with 

viability decreases in dact+sel-treated samples. As expected, there was a positive correlation between 

the % overlapping area and viability (III, Fig 5A-B). Furthermore, the AC regions of ASC tumors 

showed increased sensitivity to dact+sel compared to SCC regions (III, Fig. S10C), suggesting a SCC-

specific intrinsic resistance mechanism. Taken together, these results showed that in Kras-driven 

murine NSCLC slices, cytotoxic response to combined inhibition of the PI3K/mTOR and MAPK 

pathways depended on the co-activation of the targeted signaling pathways. In addition, the 

preservation of spatial aspects of oncogenic signaling may make tumor slices a valuable model for 

preclinical studies. 
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Figure 10.  Kras-mutant murine NSCLCs show histotype-specific oncogenic signaling, and co-

expression of the targeted phosphoproteins determine sensitivity to combined drug treatment. 

Spatially distributed signaling activities correlate with sensitivity to drug combinations in Kras mutant 

NSCLC tissue slice cultures. Oncogenic phosphoproteins pAKT and pSRC are predominant in the SCC 

region of ASCs, while pERK is predominant in ACs. Short-term treatment of ASC or AC tissue slice 

cultures with a combination of PI3K/mTOR and MEK inhibitors leads to cytotoxic response in the 

regions showing concomitant activation of both p4EBP1 (indicative of PI3K/mTOR pathway) and 

pERK (indicative of MAPK pathway). Modified from graphical abstract prepared by Katja Närhi. 
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4.4. Histotype-specific oncogenic signaling defines sensitivity to combinatorial MEK inhibition in 

KrasG12D-driven NSCLC 

Since our previous work using KL and KP GEMMs identified that tumor histotype determines immune 

microenvironmental heterogeneity and oncogenic signaling, we asked how in vivo pathology-specific 

functional heterogeneity informs on histotype-selective drug vulnerabilities. We hereto set out to 

establish KL- and KP tumor-derived cell cultures, to investigate the ability of in vitro cultures to model 

drug response of in vivo tumors. 

 

4.4.1. A conditional reprogramming (CR) protocol is necessary for the establishment of KL cell 

cultures 

To investigate NSCLC subtype-specific drug sensitivities, we first set out to establish murine NSCLC 

cell cultures. Epithelial cells from Ad5-CC10-Cre-induced KL;ASC (N=4), Ad5-SPC-Cre-induced 

KL;AC (N=3), or Ad5-CC10-Cre- or Ad5-SPC-Cre-induced KP;AC (N=4) tumors were cultured on 

plastic using RPMI medium, or on top of irradiated 3T3 feeder cells using F-medium supplemented 

with Rho kinase inhibitor (Y-27632). The latter cultures are referred to as conditionally reprogrammed 

cells (CRCs). Using IHC, we confirmed the histotype of the source tumors from which the cell cultures 

were established, by performing NKX2-1 (AC & ASC marker) and p63 (ASC marker) staining, and 

confirmed the lack of LKB1 expression in KL source tumors (IV, Fig. S1A). While KP  cultures were 

readily established in RPMI as well as in the CR condition, establishment of KL tumor cell cultures 

(both ASC and AC histotypes), required the CR protocol (IV, Fig. 1A and S1B), indicating that tumor 

genotype (KL vs KP) is the major determinant influencing whether the CR protocol is required for 

culture establishment.  

Using immunoblot analysis, we confirmed that KL- and KP-CRCs lacked LKB1 or p53, respectively, 

and retained features of epithelial cells (IV, Fig. 1B, and 1C). Interestingly, all KP-CRCs showed both 

vimentin and E-Cadherin positivity, while KL-CRCs were E-cadherin positive. Of note, one of the 

KL;ASC-CRCs, established without EpCAM purification, showed positivity for LKB1 and the stromal 

marker vimentin, suggesting epithelial purification is required to establish pure epithelial cultures (IV, 

Fig. 1B-1C and S1C-S1D). Next, we assessed the growth rates of the established CRCs at passage 6. 

In line with differential growth rates observed in vivo, KL;ASCs grew faster than KL;ACs (IV, Fig. 

S1E). We examined if cultures also showed a differential clonogenic potential in the presence of 

absence of Y-27632. This showed that KL cultures were dependent on the presence of Y-27632 for 
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colony formation, and exhibited a variable yet higher clonogenic potential than KL;AC cultures (IV, 

Fig. 1D and 1E). On the contrary, inclusion of Y-27632 negatively affected the clonogenic ability of 

KP;AC cultures (IV, Fig. 1D and 1E). These results suggested that murine NSCLC CRCs represent the 

genotype and growth characteristics of in vivo tumors. 

To assess the representativity of CRCs to that of source tumors, we analyzed histotype-specific marker 

expression in CRC 2D and three dimensional (3D) cultures. Comparison of NKX2-1 and p63 

expression in 2D or 3D cultures to that of the source tumors showed that p63 expression was variable 

yet sustained in 2D and 3D cultures of ASCs, but was absent in ACs. On the other hand, NKX2-1 

expression was reduced in 2D and 3D cultures of ASCs, while it was completely lost in ACs. (III, Fig. 

S1F-H). These results suggested that AC-CRCs undergo de-differentiation by losing NKX2-1 

expression, while ASC-CRCs maintain their differentiated state. 

 

4.4.2. Identification of NSCLC subtype-specific drug vulnerabilities using drug sensitivity and 

resistance testing (DSRT) 

To validate the robustness of the CRCs in identifying pathology- or genotype-specific drug responses, 

we first tested the effect of idasanutlin, an activator of p53 and inhibitor of mdm2-p53 interaction, in 

KL and KP cultures. Drug Sensitivity Scores (DSSs) were used to measure the drug response 

(Pemovska et al, 2013).  As expected, KL cultures showed increased sensitivity to idasanutlin compared 

to KP;ACs (IV, Fig. S2A). Next, we performed DSRT on murine NSCLC CRCs representing KL;ASCs 

(N=2), KL;ACs (N=2), and KP;ACs (N=2), and on NL cultures (N=3). For each drug, tumor cell-

specific sensitivities were identified by subtracting the DSS of individual tumor-derived CRCs from 

average DSS scores of NL;CRCs (n=3), determining selective drug sensitivity scores (sDSS) 

(Pemovska et al., 2013; Yadav et al., 2014). Sensitivity or resistance to a particular drug was identified 

as those with sDSS greater than 5 or lesser than 5, respectively (IV, Fig. 2A). Analysis of the DSRT 

data revealed that ASC cells were sensitive to 19 compounds, while ACs from both genotypes showed 

sensitivity to fewer drugs (IV, Fig. S2D). The second screening phase (phase II) included the 61 

compounds for which at least one of the CRCs showed a sDSS ≥5 and ≤-5 in the initial screen (IV, Fig. 

2A). Unsupervised hierarchical clustering of the sDSS from the phase II screen revealed four distinct 

compound groups (IV, Fig. 2B). Consistent with higher proliferative capacity, KL;ASC cultures 

showed increase sensitivity to antimitotic and chemotherapeutic agents. In addition, also compounds 

targeting proliferation, topoisomerase, BET inhibitors and HDAC inhibitors were found to be 

specifically effective in KL;ASC cultures (IV, Fig. 2B). In line with published findings, KL cultures 
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showed higher sensitivity to HSP90 inhibitors compared to KP cells (IV, Fig. 2C) (Skoulidis et al., 

2015). These results tentatively suggested that murine NSCLC CRCs showed both histotype and 

genotype-selective drug sensitivities. 

 

4.4.3. AC histotype-selective sensitivity to MEK inhibition 

Comprehensive drug screening on GEMM tumor-derived CRCs across different genotypes and 

histotypes revealed that compared to other subtypes, KL;AC cultures were more sensitive to the MEK 

inhibitors (IV, Fig. 2C and S2D). To further validate this finding, eight different doses (0.5-500 nM) 

of MEK inhibitor trametinib were tested in all the cultures. Consistent with the previous results, 

KL;ACs showed increased sensitivity to trametinib among the culture subtypes tested (IV, Fig. 3A). 

To investigate signaling changes following MEK inhibition, we assessed pERK1/2 and pAKT 

expression in cells treated with 50 nM trametinib for 4-72 h, or with a titrated amount of trametinib (5 

to 50 nM) for 48h (dose-dependent). ERK phosphorylation was successfully inhibited with 50 nM 

trametinib already at 4 h post treatment, and this was accompanied by increased AKT phosphorylation 

in all the cultures, suggesting adaptive responses to MAPK inhibition (IV, Fig. 3B-C and S3A-B). 

Consistent with our in vivo IHC analysis (II, Fig. 2A-B), western blot analysis of the source tumor 

tissues showed pERK to be predominant in ACs, while pAKT was higher in ASCs (IV, Fig. S3E). 

These results partially explained KL;AC-selective sensitivity to MEK inhibition. 

Next, we assessed if the in vitro subtype-specific sensitivity to MEK inhibition was also recapitulated 

in in situ tumors. Short-term treatment (24 h) of KL and KP tumor-bearing mice with trametinib showed 

that ACs of both culture genotypes exhibited sensitivity to trametinib as evidenced by decreases in the 

percentage of proliferating cells (chloro-deoxyuridine; CIdU or Ki67 positive nuclei). Consistent with 

the in vitro results, KL;ASC tumors (both their SCC and AC subregions) were insensitive to trametinib 

(IV, Fig. 3D-H), and  this could be explained by the observation that ASCs showed lower ERK activity 

compared to ACs (IV, Fig. S3C-D). Together, these result showed that, despite the presence of Kras 

mutation in all culture subtypes, murine NSCLCs showed AC-specific cytostatic effects to short-term 

MEK inhibition, likely due to the pronounced ERK activation in ACs compared to ASCs. 
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4.4.4. Inhibition of MEK together with RTKs identifies NSCLC subtype-specific drug 

combinations  

The finding that KL;ASCs were non-responsive to trametinib, and all the culture subtypes showed 

adaptive activation of the PI3K/mTOR pathway following MAPK inhibition, prompted us to explore 

subtype-specific effective drug combinations. Several studies using KRAS mutant NSCLC cell lines 

have shown adaptive activation of various RTKs, including ERBBs, and FGFR following MAPK 

inhibition (Anderson et al., 2017; Kim et al., 2016; Kitai et al., 2016; Manchado et al., 2016; Massarelli 

et al., 2007). These adaptive pathways promote pro-survival signaling via induction of pAKT. To 

investigate which RTKs were involved in adaptive activation PI3K/AKT signaling, we treated cultures 

with pan-ERBB, FGFR, IGF1R, Axl or Met inhibitors, either alone or in combination with trametinib. 

This approach revealed a KL-specific (both ASC and AC cultures) sensitivity to combination treatment 

with MEK and pan-ERBB inhibitor (trametinib + afatinib) (IV, Fig. 4A-B). On the other hand, all the 

cultures were insensitive to MEK and FGFR inhibitor (trametinib + ponatinib) combination (IV. Fig. 

S4A-B). Together, these results indicate NSCLC subtype-specific sensitivity to combinatorial MEK 

and RTK inhibition, with selective sensitivity of KL cultures to combinatorial inhibition of MEK and 

ERBB pathways. 

 

Combination treatment of trametinib together with ponatinib was previously shown to cause tumor 

regression in the KP lung cancer model (Manchado et al., 2016). Hence, the finding that none of the 

culture subtypes showed response to trametinib + ponatinib combination treatment, prompted us to 

investigate the long-term response to this combination. In addition, we asked if the culture subtype-

specific response to MEK and ERBB inhibition showed durable response. Therefore, we selected the 

trametinib + afatinib and trametinib + ponatinib combinations to perform clonogenicity assays for 

NSCLC culture subtypes, and treated with single compound trametinib (5 nM), afatinib (250 nM), or 

ponatinib (250 nM) or their combinations. Consistent with previous results, the trametinib + afatinib 

combination significantly reduced the colony forming ability of KL;ASC and KL;AC, but not KP;AC 

cultures. Interestingly, the ponatinib combination, which was ineffective in short-term assays (IV, Fig. 

4A and S4A-B), showed a significant reduction in colony formation exclusively in AC cultures (IV, 

Fig. 4C-D). Together, these results suggested the role of ERBBs and FGFR in KL genotype-selective 

and AC-histotype selective adaptive resistance mechanisms upon MEK inhibition, respectively. 
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To determine if KL-specific sensitivity to afatinib combination treatment was explained by activation 

of ERBB family receptors, we assessed pEGFR, pERBB2, and pERBB3 expression by 

immunoblotting, before and after trametinib treatment. In KL;ASCs, ERBB3 phosphorylation was 

found to be present in untreated cells, as well as following trametinib treatment. Furthermore, 

phosphorylation of EGFR, was found to be induced in KL cultures following trametinib treatment. In 

contrast, KL;AC cultures lacked pERBB3, but pERBB2 was induced following trametinib treatment. 

Interestingly, KP;AC cultures lacked pERBB3 expression, and baseline phosphorylation of EGFR and 

ERBB2 was lost upon trametinib treatment (IV, Fig. 4E-F and S4C-D). In line with the AC-specific 

sensitivity to combination MEK and FGFR inhibition, pFRS2, one of the adaptor proteins of activated 

FGFR1, was found to be expressed specifically in ACs, either at baseline or following trametinib 

treatment in KP;ACs and KL;ACs respectively (IV, Fig. 4E-F and S4C-D). Finally, to assess if the 

combinatorial inhibition of the MEK and ERBB pathways also affected cell survival, we analyzed 

expression of cleaved caspase-3 (CC3), a marker of apoptosis, in samples treated with trametinib (50 

nM), afatinib (1000 nM), or trametinib + afatinib for 48 h. Combination treatment with trametinib + 

afatinib induced cell death specifically in KL cultures (IV, Fig. 4G). These results suggested that 

combinatorial inhibition of MEK together with subtype-specific RTKs effectively blocked the survival 

and proliferation of NSCLC cultures. Collectively, these results indicated NSCLC subtype-specific 

RTK activation, with intrinsic or adaptive ERBB activation being KL-selective, and AC-selective 

adaptive FGFR activation following MEK inhibition determining sensitivity to combinatorial MEK 

inhibition.  

 

4.4.5. Histotype-specific differences in ERBB receptor activation in murine and human NSCLC 

To assess if in vitro sensitivity to combinatorial inhibition of the MEK and ERBB pathways was 

explained by the activation of ERBB receptors in in situ tumors, we profiled in vivo KL;ASC (N=4 

mice), KL;AC (N=3-6 mice), and KP;AC (N=7-8 mice) tumors for pEGFR, pERBB2, and pERBB3 

expression. Interestingly, quantitative IHC analysis showed that activation of all three ERBB receptors 

was predominant in the SCC subregions of ASC tumors compared to AC tumors (IV, Fig. 5A-B). To 

determine if the pathology-specific activation of ERBB receptors was also found in clinical samples, 

we performed IHC for pERBBs on human NSCLC TMAs comprised of ASCs (N=13), ACs (N=25), 

and SCCs (N=28). In line with the murine findings, pERBB3 in human samples was predominant in 

ASC (4/13) and SCC (7/28) histotype lesions compared to ACs (0/25) (Fisher’s test p=0.009 for ASC 

vs AC, p=0.02 for SCC vs AC.) In addition, activation of EGFR was significantly higher in SCCs 

compared to ACs, Fisher’s test p=0.03 SCC vs AC (IV, Fig. 5C-D). Replicate cores taken from 
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different subregions of the same tumor showed varying positivity for activation of all tested ERBB 

receptors, indicating that spatial heterogeneity is also detected in human tumors (IV, Fig. 5D). These 

results suggested that NSCLCs show histotype-specific spatial heterogeneity in activation of ERBB 

receptors. More specifically, the SCC subregions of murine ASCs showed predominance of ERBB 

receptor activation compared to AC tumors. 

 

4.4.6. Spatially-defined ERBB receptor activation determines acute cytotoxic response to 

combinatorial inhibition of the MAPK and ERBB pathways 

Given that ERBB activation in vivo was prevalent in SCC subregion of ASCs, we reasoned that SCCs 

may show increased response to inhibition of ERBB signaling. To investigate the NSCLC subtype-

specific acute response to combinatorial MEK + ERBB inhibition in in vivo settings, we treated KL or 

KP mice with TR, or AF as single agents or in combination, once daily for three days. Quantitative 

IHC comparisons of proliferation (Ki67), or cell death (CC3) was performed between four groups 

(KL;SCC of ASC, KL;AC of ASC, KL;AC, or KP;AC) of vehicle, trametinib, afatinib, or trametininb 

+ afatinib-treated KL or KP mice. As opposed to 24 h in vivo trametinib treatment, MEK inhibition did 

not show cytostatic response in all tumor subtypes (IV, Fig. 3E-H and 6A-B), suggesting adaptive 

resistance mechanisms following MEK inhibition. However, a significant decrease in Ki67 positive 

proliferating cells was observed upon combinatorial MAPK and ERBB pathway inhibition in all the 

groups (IV, Fig. 6A-B). In line with the Ki67 results, residual pERK1/2 expression was detected 

following 72 h trametinib treatment, while combination trametinib plus afatinib treatment caused 

significant inhibition of pERK1/2 in all subtypes (IV, Fig S5A-B).  

 

Next we assessed cytotoxic responses short-term combination treatment, using CC3 IHC. Of note, the 

CC3 antibody was found to stain inherent necrotic areas in vehicle-treated ASC tumors, and drug-

induced or inherent-necrotic regions were indistinguishable. Hence, the percentages of CC3 positivity, 

marking both necrotic and apoptotic regions, per tumor area were quantified in both control and treated 

samples. Interestingly, the SCC regions of ASCs exhibited varying but significant cytotoxic response 

upon trametinib treatment (IV, Fig. 6C-D). Importantly, combination treatment elicited stronger 

cytotoxic response selectively in SCC subregion of ASCs as measured by CC3 positivity (% area) (IV, 

Fig. 6C-D). Lack of a cytotoxic response to combination treatment in ACs suggested that survival 

pathways in these tumors are independent of ERBB signaling. In summary, these results suggest that 

the in situ ERBB activation status associates with acute cytotoxic response to combination treatment 

with the pan-ERBB inhibitor afatinib and the MEK inhibitor trametinib. 
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Figure 11.  Subtype-specific intrinsic and 

adaptive signaling activities determine 

sensitivity to combinatorial MEK inhibition in 

Kras mutant NSCLC. MEK inhibition in ex vivo 

cultures of KL;ASC, KL;AC, or KP;AC leads to 

adaptive activation of the AKT in all culture 

subtypes. However, cultures show subtype-specific 

differential activation of RTKs: adaptive EGFR and 

intrinsic ERBB3 activation in KL;ASCs, and 

adaptive ERBB2, EGFR, and FGFR activation in 

KL;ACs, or adaptive FGFR activation in KP;ACs. 

Combinatorial ERBB + MAPK or FGFR1 + MAPK 

inhibition results in KL genotype-specific or AC 

histotype-specific inhibition of proliferation or 

survival, respectively. In contrast, short-term (72 h) 

combinatorial inhibition of the MAPK + ERBB 

pathways in KL and KP tumors results in KL;ASC- 

selective acute responses in terms of proliferation 

and survival, which is in line with the predominance 

of ERBB receptor activation in KL;ASC tumors 

compared to ACs. The dotted line represents 

absence or lower PI3K/AKT pathway activity in 

ACs compared to KL;ASC tumors. Red and blue 

arrows indicate predominant and lower activation of 

ERBB receptors in KL;ASCs and ACs, 

respectively. 
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5. CONCLUSIONS AND FUTURE PERSPECTIVES 

 

5.1. The cell of origin defines NSCLC histotype spectra and immune microenvironment 

heterogeneity upon activation of KrasG12D and loss of Lkb1 

This thesis work demonstrates that the tumor cell of origin is crucial in determining the survival of 

mice, and the histotype fate of the lesions following KrasG12D activation together with loss of Lkb1. 

Importantly, this work showed that ASCs, the most aggressive NSCLC subtype, are initiated from 

CC10+ progenitors. The occasional ASCs produced from SPC+ cells indicated possible 

transdifferentiation of AC-SCC via an ASC intermediate state, as reported previously (Han et al., 

2014). Alternatively, rare CC10 and SPC co-expressing alveolar cells or BASCs could serve as 

progenitors of Ad5-SPC-Cre-derived ASCs (Rawlins et al., 2009). The finding that CC10+ cells 

uniquely gave rise to mucinous and acinar AC subtypes could be explained by the presence of CC10+ 

cells in different compartments of the lung, for instance a rare SPC and CC10 dual positive alveolar 

cells (Rawlins et al., 2009), or CC10 and mucin co-expressing bronchiolar cells (Boers et al., 1999; 

Rawlins et al., 2009) could serve as progenitors of Ad5-CC10-Cre-derived acinar or mucinous AC 

tumors, respectively. Investigation of markers specific to subsets of CC10+ cells residing in 

anatomically distinct compartment of the lung would help in lineage-tracing the cellular origin of the 

diverse histotypes originated upon Ad5-CC10-Cre infection in KL mice. In addition, future studies 

focusing on targeting of other lung progenitors, including p63+K5+ cells or integrin α6+β4+ and SPC- 

cells, would expand our knowledge on NSCLC subtype-specific cellular origin(s) in the KL model. 

The ASCs produced from CC10+ cells showed gene expression signatures similar to SCC. This finding 

was further supported by published reports showing the ability of club cells to form p63+ cells in the 

lung parenchyma following influenza infection, but not bleomycin injury, and suggests a unique 

capacity of club cells to differentiate into basal-like cells in a context-dependent manner (Zheng et al., 

2014). A study by Koyama et al suggested that immunosuppression mediated by increased TANs was 

specific to loss of LKB1 in the KL model (Koyama et al., 2016). Our study deepened this finding by 

showing that TAN infiltration and immunosuppression in KL mice is in fact ASC histotype-specific. 

The fast generation and bigger size of ASCs could partially be due to modulation of the immune 

microenvironment favorable for TAN recruitment, and reduced anti-tumor surveillance by CD3+ T 

cells. In addition, ASCs may escape from anti-tumor immune response by downregulating antigen 

presentation genes, enabling faster growth of tumors. Our attempts to investigate ASC-specific 

expression of TANs in clinical samples did not yield convincing results due to the low number of 
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clinical ASCs, and possibly also because of the varied clinical history of patients with respect to co-

existence of other inflammatory diseases such as COPD (Chronic obstructive pulmonary disease) and 

prior clinical treatments. Moreover, this study investigated myeloid cell populations in human NSCLC, 

and further analysis using granulocytic and monocytic MDSC-specific markers are warranted. Finally, 

to obtain reliable translational relevance for such TAN analyses, immune cell analysis in human 

NSCLC must be correlated to clinical parameters such as previous treatment history and consider the 

option to follow neutrophil abundance in liquid biopsies taken from the blood, so to enable the temporal 

tracing of immune suppressive cells. In addition, further development of strategies to specifically target 

TAN functions in Ad5-CC10-Cre infected KL mice, as well as in patients, is necessary to reveal if the 

previously observed therapeutic benefit upon TAN inhibition in KL mice is specific to ASCs (Koyama 

et al., 2016).  

 

5.2. Tumor histotype but not driver genotype defines oncogenic signaling heterogeneity in 

KrasG12D-driven murine NSCLC 

Previous studies using murine models of lung cancer suggest that pERK activity is lower in lung SCC 

driven by Lkb1;Pten or Sox2;Lkb1 compared to KrasG12D-driven tumors, and this difference was 

attributed to absence of oncogenic Kras-driven MAPK pathway in SCCs (Mukhopadhyay et al., 2014; 

Xu et al., 2014). However, our quantitative IHC analysis of murine KL and KP tumors showed that 

despite being driven by oncogenic KrasG12D, signaling downstream of Kras is stratified according to 

tumor histotype, rather than genotype. Our results demonstrated that in both murine and human 

NSCLCs, pAKT expression is predominant in SCC/ASC histotype lesions, while pERK is enriched in 

ACs. In addition, pSRC and pAKT show intratumor spatial distribution within KL;ASCs, with 

predominant activation in SCC subregions compared to AC. These results suggested that increased 

AKT and SRC activities previously observed in the KL model were mostly specific to ASC and SCC 

histotypes (Ji et al., 2007). Together, we demonstrated that, despite being driven by the same 

oncogenetic drivers, signaling activities are stratified according tumor histotypes. 
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5.2.1. Spatially active co-occurrence of signaling activities define cytotoxic response to 

combinatorial inhibition of the PI3K/mTOR and MAPK pathways in KrasG12D-driven NSCLC 

tissue slices 

We demonstrated that precision-cut organotypic murine NSCLC slice cultures are valuable only for 

short-term therapeutic studies, as the tumor slice cultures showed dynamic alterations in proliferation 

and signaling, particularly hyperactivation of mTORC1. By doing short-term treatment on tumor tissue 

slices, we showed that cytotoxic response to combined inhibition of the PI3K/mTOR and MAPK 

pathways was dependent on co-expression of both of the pathways being targeted. These results 

demonstrate the utility of tumor tissue slices in modelling spatial response to targeted therapies. 

Furthermore, these findings imply that spatial heterogeneity in oncogenic signaling must be taken into 

consideration as predictive markers in clinical settings.  

Establishment of tissue slices cultures from freshly resected clinical NSCLCs is technically 

challenging, and in our preliminary experience, successful generation of good quality slices depends 

on the stiffness of the tumor tissue: harder tissues provide better quality slices, while softer tissues were 

not suitable for slicing. Thus, further technical refinements in slicing softer tumor tissues are needed to 

establish clinical tumor tissue slice cultures. Furthermore, future studies comparing the responses 

between tumor tissue slices established from lung cancer biopsies with that of matched patient response 

to the same drugs or drug combinations will reveal the applicability of this model in routine clinical 

settings.   

 

5.3. Stratification of KrasG12D-driven murine NSCLC based on in situ signaling activities and 

sensitivity to combinatorial MEK inhibition  

In search of NSCLC lesion-specific drug sensitivities, we set out to establish Kras-driven murine 

NSCLC cell cultures. However, our attempts to establish conventional KL cultures was not successful, 

possibly due to p53-mediated growth arrest. The conditional reprograming method proved to be 

successful in establishing long-term KL and KP cultures with the preservation of genotype and growth 

properties of native tumors. DSRT analysis on murine NSCLC CRCs followed by in vivo validation 

demonstrated that KL;AC cultures and AC tumors showed increased sensitivity to the MEK inhibitor 

trametinib. While in vivo response to MEK inhibition was accurately modelled in KL;AC cultures, 

KP;ACs were found to be resistant to trametinib-mediated MAPK inhibition as opposed to in situ 

KP;ACs. Differential sensitivity to MEK inhibition between in vitro KP;AC cultures vs in vivo KP;AC 
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tumors could possibly be due to differences in end-point readout, as assessment of in vitro viability is 

based on cellular ATP levels, whereas in vivo effects of trametinib were measured on cell proliferation 

using nuclear markers. Increased sensitivity of AC tumors upon 24 h MEK inhibition could be 

explained by previous data showing that Kras copy number gain in KP tumors leads to increased 

dependency on the MAPK pathway (Junttila et al., 2010; Kerr et al., 2016). 

A number of studies on Kras mutant NSCLC cell lines or in vivo models have reported that adaptive 

resistance to MEK inhibition is associated with activation of  RTKs, namely ERBBs and  FGFR (Kitai 

et al., 2016; Manchado et al., 2016; Pang and Liu, 2016; Sun et al., 2014). Our study extrapolated this 

finding and demonstrated that Kras mutant NSCLC subtype-selective intrinsic or feedback RTK 

activation is associated with resistance to MEK inhibition. Cell intrinsic or adaptive activation of 

ERBBs in KL cultures, and adaptive FGFR activation in AC cultures, is associated with resistance to 

MEK inhibition, and that this can be overcome by combinatorial inhibition of the MEK + ERBB 

pathways or MEK + FGFR1 pathways, respectively. Previously, the combined blockade of the MEK 

and FGFR pathways was shown to effectively induce tumor regression in the KP model (Manchado et 

al., 2016). However, the effect of the same combination in the KL model was not explored. Our results 

showed that, in addition to KP;ACs, KL-derived ACs were also responsive to this combination, 

indicating an AC histotype-specific sensitivity to combinatorial inhibition of the MAPK and FGFR 

pathways. These results highlight the utility of CRCs for the identification of NSCLC subtype-specific 

drug sensitivities. 

It has been shown that ERBB3 has high affinity for the PI3K regulatory subunit, and is a potent 

activator of  PI3K/AKT pathway (Hellyer et al., 1998). Our finding of absence or lower activation of 

ERBB3 in murine and human ACs possibly explains the lack of AKT activation in ACs, and that 

alternative survival pathways in tumor with low levels of ERBB3 phosphorylation may exist. 

Interestingly, two recent studies demonstrated the role of ERBBs in Kras-driven murine lung 

tumorigenesis, and showed an impressive anti-tumorigenic effect of long-term treatment with ERBB 

inhibitor alone or in combination with MEK inhibitor (Kruspig et al., 2018; Moll et al., 2018).  These 

findings complement our finding of in vivo acute cytotoxic response to combinatorial MAPK and 

ERBB pathway inhibition, and extends this response to the SCC histopathology. Given that ASCs 

showed acute cytotoxic response to short-term trametinib plus afatinib combination treatment, long-

term treatment with the same combination will likely show therapeutic responses in ASCs. However, 

long-term treatment studies are warranted to fully understand the potential of this treatment strategy in 

the context of Kras-driven mixed NSCLC histopathology models. A clinical study investigating the 
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combination of afatinib and MEK inhibitor selumetinib in KRAS mutant NSCLC is ongoing 

(NCT02450656), and given these findings, the outcome of this will be very interesting (Bennouna and 

Moreno Vera, 2016). Together, our work suggests that coupling of in vitro drug sensitivities with the 

analysis of oncogenic signaling and therapeutic responses in in situ tumors will aid in the selection of 

tumor-specific effective drug combinations 

 

In summary, the work presented in this thesis demonstrates that while being targeted by the same 

genetic alterations, particularly KrasG12D activation and Lkb1 loss, niche-specific lung progenitors 

exhibit a differential ability to establish phenotypic and immune microenvironmental heterogeneity. In 

addition, this work also establishes ex vivo models of Kras mutant murine NSCLCs, and demonstrates 

their utility in modeling spatial responses to targeted therapies, as well as in the identification of 

subtype-selective drug combinations. Furthermore, this work highlights that beyond understanding 

lung cancer at the genetic level, it is important to consider histotype-specific functions, including spatial 

oncogenic signaling heterogeneity, in guiding selection of effective therapies. As such, our studies start 

to point at an alternative way in which NSCLCs, and possibly also other tumor types, can be stratified 

according to etiology-related phenotypes.  
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