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1 Abstract 

Mechanisms of resistance to targeted therapy in non-small cell lung cancer: 
Strategies for modeling and combating acquired resistance  

Lung cancer remains the leading cause of cancer-related deaths worldwide; non-small 

cell lung cancer (NSCLC) accounts for 84% of all lung cancers, with most patients 

having advanced disease at the time of diagnosis. Identification of targetable 

alterations such as anaplastic lymphoma kinase (ALK) and Kirsten rat sarcoma virus 

(KRAS) has revolutionized treatment of patients with advanced NSCLC but acquired 

drug resistance represents a major challenge in achieving long-term remission. Hence, 

further studies identifying mechanisms underlying resistance and strategies to 

overcome resistance are imperative to improve patient outcomes. 

Herein, patient-derived echinoderm microtubule-associated protein-like 4 (EML4)-ALK 

fusion gene and KRAS p.G12C models were successfully developed both in vitro and 

in vivo; representing two patient groups that are eligible for targeted therapies and 

account for approximately 5% and 35% of NSCLC, respectively. Sequencing of grafted 

tumors from ALK-positive lung cancers exhibited conservation of molecular features of 

their original patient tumors. They were shown to be promising modalities for better 

understanding of patient response to therapy and evolution of tumor resistance. Thus, 

these types of models and drug-resistant variants derived thereof could be valuable in 

guiding clinical treatment decisions.  

Additionally, in this thesis, elevated expression of human epidermal growth factor 

receptor 2 (HER2) was revealed to be a mediator of clinical resistance to KRAS G12C 

inhibition. This upregulation resulted in extracellular signal-regulated kinase 1/2 

(ERK1/2) signaling-dependent resistance to sotorasib, a KRAS p.G12C inhibitor. 

Importantly, co-targeting KRAS G12C and Src homology region 2-containing protein 

tyrosine phosphatase (SHP2) restored suppression of the ERK1/2 signaling pathway 

and ERK-dependent genes. This was further validated by growth inhibition of KRAS 

p.G12C-mutant tumors with and without elevated HER2 expression in vivo, 

corroborating the idea that co-treatment could be utilized both as preventive and 

curative modalities. Further development on our established patient-derived KRAS 

p.G12C model would also be highly beneficial in studies of clinical resistance. Overall, 

the findings presented here offer a promising strategy to tackle off-target resistance to 

KRAS G12C inhibitors, therefore closing a gap in the rapidly evolving field of KRAS 

targeting drugs in clinical development. 
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Resistenzmechanismen gegen zielgerichtete Krebstherapien bei nicht-
kleinzellige Lungenkarzinome: Strategien zur Modellierung und Bekämpfung 

der erworbenen Resistenz 
Lungenkrebs stellt weltweit die Hauptursache für krebsbedingte Mortalität dar. 

Mehrheitlich (84%) handelt es sich um nicht-kleinzelligen Lungenkrebs (NSCLC), 

wobei die meisten Patienten zum Zeitpunkt der Diagnose bereits ein fortgeschrittenes 

Stadium aufweisen. Die Identifizierung von zielgerichteten Therapieansätzen gegen 

Onkogene wie ALK oder KRAS haben die Behandlung von Patienten mit 

fortgeschrittenem NSCLC revolutioniert, jedoch stellen die erworbene Resistenzen 

eine große Herausforderung dar, um langfristige Remissionen zu erreichen. Daher 

sind weitere Studien zur Identifizierung der Resistenzmechanismen und Strategien zur 

Überwindung der Resistenz unerlässlich, um die Behandlungsmöglichkeiten für 

Patienten zu verbessern. 

In dieser Arbeit wurden in vitro und in vivo Modelle aus Patientenmaterial mit EML4-

ALK Fusionsgenen und KRAS p.G12C-Mutationen erfolgreich etabliert. Diese 

repräsentieren zwei Patientengruppen für zielgerichtete Therapieansätze und machen 

etwa 5% beziehungsweise 35% der NSCLC Patienten aus. Sequenzierungsanalysen 

ergaben, dass Xenotransplantaten die onkogenen Merkmale der Primärtumore 

behielten. Daher können solche Modelle nützlich für die Anpassung von klinischen 

Behandlungsstrategien sein, um das Ansprechen der Patienten auf die Therapie zu 

ermitteln und die Entwicklung von Resistenzen besser zu verstehen.   

Darüber hinaus wurde in dieser Arbeit eine erhöhte Expression des Onkogens HER2 

als mögliche Ursache der klinischen Resistenz bei KRAS-G12C-Inhibition 

nachgewiesen, da hierdurch der ERK1/2 Überlebenssignalweg reaktiviert wurde. 

Jedoch führt die simultane Inhibition von KRAS und SHP2 zu einer Re-Sensitivierung 

durch Abschalten des ERK1/2 Signalweges und ERK-abhängiger Gene. In vivo 

bewirkte die Kombination aus RAS- und SHP2-Inhibition einen Wachstumsstopp von 

KRAS p.G12C-mutierten Tumoren mit und ohne erhöhte HER2-Expression, was 

bestätigt, dass diese Behandlung sowohl kurativ als auch präventiv zur 

Resistenzvermeidung eingesetzt werden kann. Die Weiterentwicklung unseres 

etablierten KRAS p.G12C-Modells wäre daher für Resistenzstudien von großem 

Nutzen. Insgesamt bieten die hier vorgestellten Ergebnisse eine vielversprechende 

Strategie, um die off-target Resistenzentwicklung von KRAS-G12C-Inhibitoren zu 

bekämpfen und damit eine Lücke in dem sich rasch entwickelnden Bereich der KRAS-

inhibierenden Medikamente in der klinischen Entwicklung zu schließen. 
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2 Introduction 

2.1 Lung cancer 

In 2020 alone, the World Health Organization (WHO) reported 2.21 million new cases 

of lung cancer; this leading cause of cancer-related deaths resulted in 1.8 million 

deaths worldwide (World Health Organization, 2020). Despite continuous preventive 

and therapeutic efforts, the International Agency for Research on Cancer (IARC) 

estimates that these incidence levels will continue to increase 1.6-fold over the next 20 

years (International Agency for Research on Cancer, 2020).  

2.1.1 Types and stages 

Lung cancer is generally categorized into two main histological groups: small cell lung 

carcinoma (SCLC) and non-small cell lung carcinoma (NSCLC), with each type 

accounting for approximately 13% and 84% of all lung cancers, respectively. A third 

less common type of lung cancer is referred to as carcinoids or lung neuroendocrine 

tumors. Risk factors of lung cancer include (but are not limited to) previous or persistent 

use of tobacco, exposure to carcinogens through secondhand smoke, prolonged 

exposure to carcinogens such as asbestos, arsenic, chromium, beryllium nickel, and 

other agents, excessive radiation exposure, air pollution, family history of lung cancer, 

human immunodeficiency virus infection, and beta carotene supplements in heavy 

smokers (National Cancer Institute, 2021).  

In brief, SCLC is an extremely aggressive form of lung cancer, with fast growing cells 

leading to large tumors (Constant, et al., 2015). Most SCLC patients have metastatic 

disease at diagnosis with extensive chromosomal rearrangements and a high mutation 

burden (Rudin, et al., 2021). Consequently, although SCLC is more amenable to 

chemotherapy and radiation therapy than other types of lung cancer, a complete 

recovery is difficult to achieve due to metastasis (National Cancer Institute, 2021). In 

this thesis, the focus of the literature review and work will be in NSCLC.   

Histologically, NSCLC can be further classified into three subgroups: adenocarcinoma, 

squamous cell carcinoma and large cell carcinoma. The type of NSCLC correlates with 

site of origin, whereby squamous cell carcinoma usually starts near a central bronchus 

while adenocarcinoma and large cell carcinoma generally originate in peripheral lung 

tissue (National Cancer Institute, 2021). The disease progresses slowly over a period 
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of several years and as patients of early-stage NSCLC generally do not display 

symptoms, diagnosis often only occurs in advanced stages (Stage III or IV), by which 

survival rates are less than 10% due to high degree of metastasis (Constant, et al., 

2015).  

Stages of lung cancer are generally designated by levels 0 and then I-IV. Stage 0 is 

defined by the detection of abnormal cells confined in the lining of air passages, which 

may or may not turn cancerous (Cancer Treatment Center of America, 2021). Stage I 

tumors are small primary tumors that are present in one lung only; these non-

metastasized tumors are further divided in two substages, IA and IB, depending on the 

tumor size but are no more than 3cm in size (LUNGevity Foundation, 2021). Stage II 

NSCLCs are still characterized as early-stage, with possible collapse in the affected 

lung and usually range from 4-5cm in size; stage IIA cancers have not spread to the 

lymph nodes while stage IIB cancers present with cancer cells in the lymph nodes 

close to the affected lung (Heineman, et al., 2017). Stage III NSCLC is sometimes 

referred to as localized advanced cancer, with substages IIIA, IIIB and IIIC further 

defining the severity of the disease depending on the size of the tumor and how far it 

has spread from the primary site; however, metastasis in stage III cancers is limited to 

the chest cavity (Heineman, et al., 2017). Stage IV lung cancer is marked by metastasis 

to distant parts of the body; stage IVA tumors have either spread from one lung to the 

other, into the fluid around the lungs or heart, formed secondary nodules into the lung’s 

or heart’s lining, or metastasized  to one site outside the chest area while stage IVB 

tumors have metastasized to multiple sites outside the chest area (LUNGevity 

Foundation, 2021). 

2.1.2 Treatment modalities 

Depending on the stage of cancer, treatment for NSCLC patients include surgery, 

chemotherapy, radiotherapy, targeted therapy, immunotherapy, or a combination of 

these.  

In the case of patients presenting with resectable stage I and II disease, surgical 

intervention via lobectomy remains the gold standard of treatment (McDonald, et al., 

2017). Patient outcomes at these stages are largely positive with 5-year survival rates 

of above 90% (Yano, et al., 2015; Albano, et al., 2018). However, for early-stage 

patients who are considered medically inoperable, for example due to co-morbidities, 

the standard of care is radiotherapy (Vansteenkiste, et al., 2014; De Leyn, et al., 2014). 
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Treatment of stage III disease involves surgery, when possible, and either 

chemotherapy, radiotherapy, or both (Ozcelik, et al., 2016; Antoni & Mornex, 2016). 

Stage IV NSCLC is the most advanced form of the disease, whereby metastasis has 

extended beyond the lungs at the time of diagnosis. Treatment at this stage is mainly 

focused on prolongation of life, palliative care, and improvement of quality of life as 

opposed to curative (Zarogoulidis, et al., 2013). While the standard of care has 

traditionally been platinum-based chemotherapy, this modality has been shown to be 

associated with toxicity and minimal survival benefit (Abernethy, et al., 2017; Santana-

Davila, et al., 2014). Thus, in more recent years, the use of newer treatments such as 

targeted therapy and immunotherapy either alone or in combination with standard 

chemotherapy is also common practice (Hanna, et al., 2017; Novello, et al., 2016). The 

latter is referred to as systemic therapy. 

In the case of patients with identified targetable mutations or pathways, various 

targeted drugs have been developed and proven to have clinical benefit (Yuan, et al., 

2019). Figure 1 depicts the various mutational events that function as driver mutations 

in NSCLC. To date, therapies targeting alterations in eight genes; Kirsten rat sarcoma 

virus (KRAS), epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase 

(ALK), ROS1, BRAF, neurotrophic tyrosine receptor kinase (NTRK), MET, and RET; 

have been approved by the United States Food and Drug Administration (FDA) (FDA, 

2021). Several other genes are being targeted by drugs that are undergoing clinical 

trials. In NSCLC, the first successful use of targeted therapy was reported in tumors 

harboring specific activating mutations in the EGFR kinase domain that were highly 

sensitive to EGFR tyrosine kinase inhibitors (TKIs) such as erlotinib, gefitinib and 

afatinib (Guillermo Paez, et al., 2004; Cappuzzo, et al., 2005). Several randomized 

Phase III studies indicated that treatment of EGFR-mutant NSCLC with EGFR TKIs 

instead of chemotherapy resulted in lower toxicity and subsequent improvement of 

quality of life, significantly higher response rates, and also led to significantly prolonged 

progression-free survival (Mok, et al., 2009; Zhou, et al., 2011; Yang, et al., 2012). 

Since then, multiple other drugs have been developed in order to target aberrantly 

activated oncogenes in NSCLC tumors including ALK (Camidge, et al., 2012; Shaw, 

et al., 2013), ROS1 (Yasuda, et al., 2012; Masuda, et al., 2019), BRAF (Planchard, et 

al., 2016) and KRAS (Canon, et al., 2019; Hallin, et al., 2020). While drugs targeting 

these oncogenes are already used in clinical routine, inhibition of proteins downstream 

of these pathways such as the phosphoinositide 3-kinases/Akt/mechanistic target of 
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rapamycin kinase (PI3K/AKT/mTOR) and the rat sarcoma virus-mitogen activated 

protein kinase (RAS-MAPK) (Singh, et al., 2020; Beevers, et al., 2006; Liu, et al., 2017) 

is also evaluated in clinical trials. According to Tulpule & Bivona (2011), response rates 

to targeted therapies vary by driver oncogene but range between 40 and 80%.  

 

Figure 1: Identified driver mutations and their frequency in non-small cell lung cancer (NSCLC). 
Raw data sourced from the PanCancer Atlas cohort of The Cancer Genome Atlas (n=785). 

2.1.3 Tumor heterogeneity 

Tumor heterogeneity presents a major issue in diagnosis and treatment of cancer 

patients. Heterogeneity is generally classified as either interpatient, intertumoral, or 

intratumoral (Marino, et al., 2019). Interpatient heterogeneity refers to genetic and 

phenotypic variations that exist between individuals with the same tumor type and 

could explain the different patient responses to treatment. On the other hand, 

intertumoral heterogeneity is defined as the difference between the patients’ primary 

tumor and its metastases. Lastly, intratumoral heterogeneity is the presence of distinct 

subclonal populations of tumor cells within a single tumor. As discussed later, tumor 

heterogeneity at both the molecular and chromosomal level plays a large role in 

acquired resistance against therapeutic agents.  
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2.2 Models of NSCLC for better understanding of patient tumor development 

2.2.1 In vitro models 

The most commonly used models of NSCLC are established cell lines that are widely 

commercially available, inexpensive and scalable to the specific experiments. In fact, 

lung cancer cells were actually among the first to be successfully cultivated in vitro 

(Reed & Gey, 1962). 

2.2.1.1 Two-dimensional (2D) models 

Established cell lines are isolated from patients’ tumors and have been selected for 

easy growth on plastic cultureware. Such immortalized cells can be simply cultivated 

with the addition of commercially available culture medium containing bovine serum. 

They are widely used and able to provide important preliminary information of tumor 

cell viability in vitro with respect to newly developed compounds and are also highly 

beneficial for performing mechanistic and functional studies (Huo, et al., 2020). 

However, as established cell lines undergo significant long-term passaging in vitro, 

they may lack the original molecular heterogeneity of initial patient tumors (Huo, et al., 

2020). In an effort to develop more effective models for studying NSCLC, patient-

derived cell lines have been considered a better alternative as they generally retain the 

morphological and biochemical characteristics of the tumors from which they were 

derived (Gazdar & Oie, 1986; Morgan, et al., 2017). This significantly increases the 

relevance of using patient-derived cell cultures as models for NSCLC. As primary 

cultures can be derived from cells retrieved by patient biopsies, lobectomies, pleural 

fluid samples or even circulating tumor cells (CTCs) recovered from blood samples 

(Hynds, et al., 2021), this allows for relatively simple establishment of patient-derived 

cell lines that specifically represent their local population and directly impact decisions 

on current treatments. 

2.2.1.2 Three-dimensional (3D) models 

As two-dimensional (2D) models do not maintain their heterogeneity over time and lack 

the original 3D structure, they are fundamentally limited in representing the complexity 

of the disease. In order to address these disadvantages, 3D models in the form of 

organoid cultures and spheroids have been established. Organoids are generally 

derived from primary patient tumors and have been successfully utilized in drug 
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screening and biomarker identification studies (Pauli, et al., 2017; Aurora & Spence, 

2016; Nadkarni, et al., 2016). Studies have indicated that such models better preserve 

important histological and molecular traits of the original patient tumors and 

subsequently more accurately represent response of these tumors to therapy (Sachs, 

et al., 2018; Broutier, et al., 2017; Schütte, et al., 2017).  

2.2.2 In vivo models 

While in vitro studies are informative and provide valuable preliminary information, they 

are not able to fully recapitulate the complex nature of tumorigenesis or in vivo toxicity 

and responses to therapy. Thus, the use of animal models to provide further insight 

into specific NSCLC initiation, development and treatment is still unparalleled.    

2.2.2.1 Established cell line-derived and patient-derived xenograft models 

Cell line-derived models can be further classified as allografts (transplantation of 

mouse lung cancer cells into immunocompetent mice) or xenografts (transplantation 

of human lung cancer cells into immunocompromised mice); both of which can be 

carried out ectopically, orthotopically to mimic tumor growth in its organ of origin or 

systematically to study metastatic spread (Gengenbacher, et al., 2017). While 

allografts are beneficial for representing immunological responses to tumors, it is 

generally a poor predictor for efficacy in human trials (Voskoglou-Nomikos, et al., 2003; 

Talmadge, et al., 2007). Hence, the application of cell line-derived xenograft (CdX) 

models is more prevalent in investigations of preclinical drug efficacy. However, in 

NSCLC, the spectrum of mutations in readily available established cell lines have 

considerably drifted with regards to current patient tumors (Gao, et al., 2015). 

As a response to the need for lung cancer models that closely mimic patient tumors, 

patient-derived xenograft (PdX) models were developed. These models are usually 

generated through implantation of patient tumor tissue or injection of patient CTCs 

subcutaneously, orthotopically or intravenously (Hynds, et al., 2021). We also 

established that in vivo NSCLC PdX models can be generated through injection of 

single cell suspensions derived from patient pleural carcinoma or pleural effusion either 

directly or after in vitro passaging (Stockhammer, et al., 2020). However, while PdX 

models closely resemble their original patient tumors, the success rate is only 

approximately 25-40% (Wang, et al., 2016; Chen, et al., 2019). Additionally, it has been 
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indicated that higher stage tumors are more readily engrafted in mice; therefore, PdXs 

are not feasible models for early-stage disease (John, et al., 2011; Moro, et al., 2017). 

2.2.2.2 Genetically engineered mouse models 

As CdX and PdX models are established in immunodeficient mice, they are not able 

to fully represent the complex nature of tumorigenesis and effects of treatment. 

Therefore, preclinical evaluations of immunotherapies are still highly reliant on the use 

of allograft models and genetically modified mouse models (GEMMs). Additionally, the 

use of GEMMs and carcinogen-induced models are highly beneficial in studying early 

oncogenesis.  

The majority of GEMMs for NSCLC have been centered on adenocarcinomas for 

KRASG12D and EGFRL858R mutations – representing tumor development in 

approximately 40% of patients (Jackson, et al., 2001; Jin, et al., 2006). Additionally, 

several constitutive and conditional GEMMs of echinoderm microtubule associated 

protein like 4 (EML4)-ALK fusions have also been developed (Pyo, et al., 2016; Soda, 

et al., 2008). Establishment of these GEMMs have been invaluable for identifying 

pathways involved in the development of NSCLC, especially with regards to the role 

of the MAPK pathway (Shaw, et al., 2007; Blasco, et al., 2011). These models have 

also been shown to be beneficial in several preclinical evaluations of targeted and 

cytotoxic agents (Hayes, et al., 2014). In addition, second-generation GEMMs employ 

multiple strategies that enable activation or silencing of gene expression – allowing for 

extensive control of experimental parameters (Kwak, et al., 2004). These models can 

therefore provide valuable information on the molecular basis of the disease. Despite 

these advantages, GEMMs are still not able to fully mimic the complexity of human 

tumors and are therefore not always good predictors of patient tumor response 

(Richmond & Su, 2008). 

2.2.3 Ex vivo models 

Ex vivo models are generally explants of functional live tissues cultured outside of the 

original host, allowing for partial maintenance of complex cellular environments found 

in vivo. In NSCLC, explants are generated from small fragments or slices of resected 

tumors and are able to be maintained in cell culture medium for short-term experiments 

(Hynds, et al., 2021). In a study conducted by Karekla et al. (2017), they found that 

approximately 70% of NSCLCs were able to successfully form ex vivo cultures. It has 
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also been indicated that successful ex vivo models conserve its original tumor 

heterogeneity and are therefore highly beneficial in predicting response to clinical 

treatment (Majumder, et al., 2015; Ivanova, et al., 2020). However, it has also been 

revealed that a large majority (80%) of such short-term cultures are often overgrown 

by normal airway organoids (Dijkstra, et al., 2020). This lack of tumor purity could 

complicate interpretation of drug screens. Hence, repeated evaluations of tumor purity 

would be vital in such conditions. In addition, Mishra et al. (2015) reported their 

development of an ex vivo four-dimensional (4D) lung cancer model that can form and 

grow perfusable tumor nodules over time, allowing for mimicking of lung cancer 

metastasis. Through this 4D model, the entire metastatic process from primary tumor 

to metastatic lesion formation can be studied in an efficient system. These models 

could therefore be a powerful modality for the field of personalized medicine. 

2.3 Resistance and relapse 

While the emergence of targeted therapy has led to marked improvement in NSCLC 

patient outcome, responses to this modality is often incomplete and temporary. This 

results in a relapse and patients often end up succumbing to the disease. Resistance 

to targeted therapy can be classified in two categories: intrinsic/primary resistance and 

acquired/secondary resistance (Figure 2). 

2.3.1 Intrinsic resistance 

Intrinsic resistance is defined as tumor cell resistance to therapy due to baseline 

characteristics present before therapy exposure. Hence, tumors with intrinsic 

resistance fail to respond to initial treatment and the condition can be rapidly 

diagnosed. This occurrence is largely due to presence of oncogenic driver mutations 

that are unresponsive to therapy. For example, it has been shown that current clinically 

approved EGFR TKIs are typically not effective against tumors bearing EGFR exon 20 

insertions (Wu, et al., 2008; Robichaux, et al., 2018) or tumors with a baseline 

presence of other mutations such as the germline BIM deletion polymorphism or 

activation of nuclear factor-κB (NF-κB) (Bivona, et al., 2011). Identification of specific 

mechanisms of resistance such as these are able to lead to significant advancement 

in precision medicine in terms of development of targeted therapeutic drugs and 

subsequent prolonged patient survival. 
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Figure 2: Mechanisms of resistance to therapy in non-small cell lung cancer (NSCLC). 
Virtually all patients treated with targeted therapies develop resistance. Diverse mechanisms of resistance have 

been discovered and can be classified in two major groups: instrinsic resistance and acquired resistance. The latter 

can be further categorized into effect of intratumoral heterogeneity, on-target resistance and off-target resistance. 

Image was created with BioRender.com. 

 

2.3.2 Acquired resistance 

Unlike intrinsic resistance, acquired resistance generally leads to disease progression 

only after prolonged clinical benefit from treatment. This may develop due to the 

expansion of one or more subsets of clones from the original tumor existing prior to 

treatment and/or the emergence of new resistance mechanisms as a form of gradual 
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adaptive response of cancer cells to treatment. Unfortunately, development of acquired 

resistance occurs in nearly all patients with advanced-stage lung cancer and most end 

up succumbing to the disease (Tulpule & Bivona, 2020). 

2.3.2.1 On-target acquired resistance 

Mechanisms of acquired resistance can be classified as “on-target” or “off-target”. The 

former denotes alteration of the primary target of the drug – resulting in limited ability 

of the agent to inhibit the activity of its target. These secondary alterations can either 

be a result of a gain of a second-site mutation within the same targeted oncogene that 

promotes resistance or, less often, the amplification or loss of the targeted oncogene 

(Rotow & Bivona, 2017). As shown in studies involving ALK (Stockhammer, et al., 

2020; Doebele, et al., 2012; Choi, et al., 2010), EGFR (Yu, et al., 2015; Tumbrink, et 

al., 2020; Yang, et al., 2020) and human epidermal growth factor receptor 2 (HER2) 

(Kosaka, et al., 2017), this mode of resistance is highly common amongst receptor 

tyrosine kinase (RTK)-mutated NSCLC treated with targeted therapy. However, 

patient-specific response and resistance can not only originate from secondary 

aberrations induced by targeted therapy, but also from intratumoral heterogeneity. In 

two separate studies, Hata et al. (2016) and Watanabe et al. (2015) indicated that 

acquired resistance can also occur either by means of de novo acquisition or 

expansion of small, pre-existing subclones upon selection by the targeted therapeutic 

agent.  

2.3.2.2 Off-target acquired resistance 

Conversely, off-target resistance occurs when other oncogenic pathways parallel to or 

downstream of the primary target are activated despite effective inhibition of the initial 

driver mutation. This allows for bypassing of the primary oncoprotein for continuous 

activation of signaling pathways, promoting tumor survival and growth. For example, 

this can arise via MAPK pathway reactivation that can occur at multiple points along 

the signaling pathway. Research has indicated that acquisition of BRAF mutations is 

able to constitutively activate the MAPK pathway, leading to cancer cell survival, in 

EGFR-inhibitor resistant patients (Ohashi, et al., 2012). Likewise, despite inhibition of 

KRAS, downstream pathways of resistant KRAS-mutant NSCLC remain activated. 

Studies indicate that in such cases, combination treatment of specific RAS inhibitors 

and either mitogen-activated protein kinase kinase (MEK) inhibitors (Lu, et al., 2019) 
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or SHP2 inhibitors (Lu, et al., 2019; Ho, et al., unpublished) provide beneficial outcome. 

In a study conducted by Mulder et al. (2018), using mass spectrometry they showed 

that several NSCLC cell lines were able to rapidly adapt to EGFR-targeted therapy via 

altered Ca2+ and adhesion signaling despite continuous target inhibition. This was 

validated by restoring the efficacy of the inhibitor through depletion of extracellular Ca2+ 

(Mulder, et al., 2018).  

2.3.3 Overcoming resistance in NSCLC 

In combination, all this information suggests that complete eradication of solid cancers 

with the use of a single targeted drug would be highly implausible. Along these lines, 

the application of combination therapy is a promising option that may achieve greater 

therapeutic effects and reduce occurrence of acquired resistance in treatment of 

NSCLC. Multiple preliminary (Lin, et al., 2020) and preclinical (Ho, et al., unpublished; 

Tricker, et al., 2015; Shi, et al., 2016) studies have indicated that resistance to targeted 

inhibitors can be reversed, or even prevented, when used in combination with a second 

targeted agent. Accordingly, such combination therapies are also currently being 

tested in clinical trials. For example, the MARIPOSA trial by Janssen Research & 

Development, LLC is testing the efficacy of amivantanab (EGFR and MET inhibitor) in 

combination with lazertinib (EGFR exon 19 deletion, exon 21 L858R substitution, and 

T790M+ resistance mutation inhibitor) (ClinicalTrials.gov, 2020), while the KRYSTAL 

2 study by Mirati Therapeutics Inc. and Novartis aim to evaluate the clinical activity of 

adagrasib (KRAS G12C inhibitor) and TNO 155 (SHP2 inhibitor) in patients with 

advanced KRAS p.G12C-mutated solid tumors (ClinicalTrials.gov, 2020). Based on 

current work, the application of combination therapy approaches holds promise to 

improve NSCLC patient outcomes. 
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3 Aim of Study 

Despite continuous advances in the development of both targeted therapies and 

immunotherapies, NSCLC remains the leading cause of cancer-related deaths 

worldwide. Therapies targeting oncogenic driver mutations have drastically improved 

survival in patients with metastatic NSCLC, with identification of targetable alterations 

and application of TKIs evolving the treatment paradigm. Nevertheless, a vast majority 

of patients eventually develop resistance to treatment. Effective cancer research is 

contingent on preclinical models of the disease that can accurately represent patient 

disease progression and predict responses to therapy, in addition to readily available 

measures for preventing and/or combatting the thus far inevitable patient tumor relapse 

due to acquired resistance. This thesis aimed to establish PdX models of NSCLC that 

are able to accurately represent patient tumors and model acquired resistance to 

therapy. It was also hypothesized that these models would be valuable for analyzing 

sensitivity and resistance to targeted inhibitors. Based on this, potential inhibition 

targets for reversing and/or preventing acquired resistance could be identified. 

Generating a “library” of PdX models would therefore provide a valuable resource for 

response prediction in patients with similar genetic background. Additionally, effective 

models could be utilized in co-clinical trials, allowing for guided treatment decisions 

and facilitating personalized precision medicine. 
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4 Methods 

4.1 Patients and diagnostics 

Patients were treated at either the Ruhrlandklinik or the West German Cancer, 

University Hospital Essen and gave informed consent for the use of their tumor-derived 

specimens via informed consent according to institutional guidelines established at the 

West German Biobank (WBE). Diagnoses of ALK-positive patient samples were 

performed using ALK fluorescence in situ hybridization (FISH) according to the 

manufacturer’s protocol by using Zytolight FISH-Tissue Implementation Kit and 

ZytoLight SPEC ALK/EML4 Tricheck Probe set (Zytovision GmbH, Bremerhaven, 

Germany) containing probes for both the two ends of the ALK gene (ZyOrange labelled 

3’/red/ and ZyGreen labelled 5’/green/) and the EML4 (ZyBlue labelling /aqua/). Nuclei 

were stained with DAPI (4’,6-diamidino-2-phenylindole /blue/). FISH results were 

evaluated by merging 11 focal planes of 4 µm for each color channel 

(blue/green/red/aqua) with a Leica DM RXA motorized fluorescent microscope and 

Leica CW4000 FISH software. Diagnosis of ALK rearrangement was based on the 

presence of the 3’-5’ split and/or the isolated 3’ signal pattern of the ALK gene in at 

least 15% of the tumor cells. Involvement of EML4 in the rearrangement was confirmed 

by the detection of fusion of the aqua signals with the separated 3’ red signals. 

Diagnoses of KRAS p.G12C mutated NSCLC was established using routinely 

performed panel sequencing within the German national network for genomic medicine 

(nNGM). HER2 copy number was determined in situ by FISH using ZytoLight 

CEN17/SPEC ERBB2 probe according to the manufacturer’s recommendation. All 

study protocols were approved by the local ethics committee (Ref. No. 18-8208-BO 

and 19-8825-AF). 

4.2 Cell biology methods 

4.2.1 Cell culture 

NCI-H358, Calu-1, HCC-44, A549, PF240PE, PF240PC, PF521PE, and PF139 cells 

were cultivated in Roswell Park Memorial Institute (RPMI) 1640 (with glutamine; Gibco; 

Waltham, MA, USA); HEK293FT cells were cultivated in Dulbecco’s modified Eagle’s 

medium (DMEM; with glutamine; Gibco). Both media were supplemented with 10% 

fetal bovine serum (FBS; Biochrom, Cambridge, USA), 100 U/mL penicillin (pen) and 

100 µg /mL streptomycin (strep; Gibco). Splitting of cells was performed when cells 
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reached 80% confluency and all experiments were performed using cells with passage 

number of less than 30. In order to split cells, cells were first rinsed with Dulbecco’s 

phosphate-buffered saline (DPBS; no calcium, no magnesium) then incubated with 

0.05% Trypsin/ethylenediaminetetraacetic acid (EDTA) (Gibco) for 5 min at 37°C, 

resuspended in medium, and centrifuged at 300 × g for 5 min. Cell counting was 

performed by mixing cells with Trypan Blue stain 0.4% (Invitrogen, Waltham, MA, USA) 

in a 1:1 ratio then counted using a Countess™ Automated Cell Counter (Invitrogen). 

All cells were cultured under humidified atmosphere at 37°C with 5% CO2. Absence of 

mycoplasma was tested regularly by polymerase chain reaction (PCR). 

4.2.2 Freezing and thawing of cells 

Cells were frozen in 90% cell growth medium (without pen/strep) and 10% dimethyl 

sulfoxide (DMSO; Sigma, St. Louis, MO, USA) and stored at -80°C for short-term 

storage and in liquid nitrogen for long-term storage. Cells were thawed at 37°C, 

centrifuged with pre-warmed medium, and transferred to a new flask. Thawed cells 

were passaged at least once before being used in experiments. 

4.2.3 Generation of resistant cell line 

Cells were seeded in a cell culture flask and allowed to proliferate to 80% confluency. 

Ceritinib concentration, at the tested IC50 value of the parental cell line, was used to 

treat the cells. Medium was changed thrice weekly and exposure dose was increased 

two-fold every 20 days until the final concentration (tested IC90 value of the parental 

cell line) was achieved. The cells were then maintained in normal cell culture medium 

for two weeks before proceeding with further experiments. Cell viability assays 

comparing generated resistant cells and parental cells were performed periodically in 

order to confirm maintained resistance to ceritinib. 

4.2.4 Single cell isolation from primary samples 

Patient-derived cell lines; PF240PE, PF240PC, PF521PE and PF139; were 

established from the patient’s malignant pleural effusion (PF240PE, PF521PE, PF139) 

or pleural carcinosis tissue specimen (PF240PC). Following 5 mL effusion sample 

centrifugation at 1200 × g for 10 min, the supernatant was removed and the pellet was 

resuspended in RPMI 1640 (with glutamine; Gibco) supplemented with 10% FBS, 100 

U/mL pen and 100 µg /mL strep. The suspension was seeded on a 25 cm2 cell culture 
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flask. At least 10 passages of adherent cells were performed before experiments were 

initiated in order to obtain a tumor cell culture free of non-malignant cells. 

4.2.5 Cell viability and drug-dose response assay (MTT) 

Proliferation and viability of cells were assessed using 3-(4,5-dimethylthiazolyl)-2,5-

diphenyl-2H-tetrazolium bromide (MTT; Roth, Karlsruhe, Germany). Cells (800 to 2500 

cells per well) were seeded in a 96-well plate. After 24 hours, the cells were treated. 

After the indicated timepoint, 10 µL of MTT solution (5 mg/mL) was added and the 

plates were incubated at 37°C for 3 hours. Next, solubilization solution was added and 

the solution was allowed to mix on a plate shaker for 1 hour at room temperature. 

Absorbance was measured at 595 nm, with measurements at 655 nm used as a 

reference wavelength. 

4.2.6 Colony formation assay 

Cells (100 to 500 cells per well) were seeded in 6-well plates and treated after 24 hours. 

After 10 days of incubation, wells were rinsed with DPBS (Gibco), fixed with 70% 

ethanol for 1 hour, and then stained with Coomassie brilliant blue (Roth) for 5 min. 

Colonies formed by more than 50 cells were counted. Plating efficiency (PE) and 

survival fraction (SF) were calculated as follows:  

PE = number of colonies formed / number of cells seeded 

SE = number of colonies formed / (number of cells seeded × PE) 

4.3 Molecular biology methods 

4.3.1 Generation of genetically modified cell lines 

Genes of interest were cloned into the pLenti6.3 expression vector using the 

pLenti6.3/V5-DEST™ Gateway™ vector kit (Thermo Fisher Scientific, Waltham, MA, 

USA) via Addgene donor plasmids #70291 (ALK: R777-E007 Hs. ALK) and #70345 

(HER2: R777-E061 Hs. ERBB2). 

HEK293T cells were seeded on a 25 cm2 cell culture flask and transfected at 50% 

confluency. Four hours before transfection, medium was replaced with transfection 

medium (antibiotics-free RPMI 1640). For lentiviral transfection, 3 µg each of the 

plasmids pSPAX2 (gag-pol), pMD2.G (VSV-G), and either plasmid of interest were 

transfected using TransIT®-LT1 transfection reagent (Mirus Bio, Madison, WI, USA) 
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according to the manufacturer’s protocol. Medium was changed 24 hours and viral 

supernatant was collected 48 hours after transfection, respectively. Collected viral 

supernatant was centrifuged, filtered through a 0.45 µm filter, and used directly or 

frozen at -80°C. 

Target cells (H358, Calu-1, HCC-44, A549 or PF139) were seeded in 6-well plates. 

The next day, viral supernatant was mixed in a 1:2 ratio with fresh medium and 1 µg/mL 

polybrene (Sigma) and added to the cells. After 48 hours, the cells were selected with 

50 µg/mL spectinomycin (Sigma) for seven days. After transduction and selection, 

clonal cell lines were established using limiting dilution.  Cells were seeded at a density 

of 0.5 cell/well in a 96-well plate and the single-cell colonies formed were expanded. 

4.3.2 Isolation of RNA and DNA, reverse transcription and quantitative real-time PCR 
(RT-qPCR) 

Cells were seeded in 10 cm petri dishes and then treated after 24 hours. At the desired 

timepoint, cells were washed with DPBS (Gibco) and scraped from the dish. 

Ribonucleic acid (RNA) was then isolated using the High Pure RNA Isolation Kit 

(Roche, Basel, Switzerland) according to the manufacturer’s instructions and RNA was 

eluted in 50 µL. For RNA and deoxyribonucleic acid (DNA) sequencing, RNA and DNA 

was isolated using the RNeasy FFPE kit and QIAamp DNA FFPE tissue kit (Qiagen, 

Hilden, Germany), respectively, and eluted in 30 µL filtered water. RNA and DNA 

concentration was measured using a Qubit® 3.0 fluorometer (Thermo Fisher 

Scientific). 

For quantification of gene expression via real-time quantitative PCR (RT-qPCR), 1 µg 

of isolated RNA was reverse transcribed using the Transcriptor High Fidelity cDNA 

Synthesis Kit (Roche). The synthesized complementary DNA (cDNA) was then diluted 

in a 1:5 ratio in distilled water. Gene expression was quantified by using LightCycler® 

480 SYBR Green I Master Kit (Roche, see Table 1 for protocol). Primers were 

designed using the primer designing tool from the National Center for Biotechnology 

Information (NCBI), purchased from Integrated DNA Technologies (IDT; Newark, NJ, 

USA) and used at a final concentration of 10 µM. Gene expression was quantified in 

triplicates and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the 

housekeeping gene for normalization. All primers used are listed in Table 2. 
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 Table 1: Protocol for RT-qPCR with LightCycler® 480. 

Step Time (min) Temperature (°C) Number of cycles 

Initialization 5:00 95 1 

Denaturation 0:10 95 

45 Annealing 0:10 57 

Elongation 0:10 72 

Melting curve 

0:05 95 

1 1:00 65 

- 97 

Cooling 0:10 40 1 

 

Table 2: Primers used for RT-qPCR Primer in this thesis. 

Primer Sequence (5’–3’) Source 

DUSP6 
Forward ACTGGAACGAGAATACGGGC Custom DNA oligos, 

IDT Reverse GATTGGTCTCGCAATGCAGG 

ETV1 
Forward TCATACACCGAAACCTGACCG Custom DNA oligos, 

IDT Reverse GTCGGCAAAGGAGGAAAGGA 

ETV4 
Forward CCCTACACCTTCAGCAGCAA Custom DNA oligos, 

IDT Reverse GGTACCTGAGCTTCAGCGAG 

ETV5 
Forward CTTACCAGAGGCGAGGTTCC Custom DNA oligos, 

IDT Reverse AGCGGCTCAGCTTGTCATAG 

GAPDH 
Forward CATCAAGAAGGTGGTGAAGC Custom DNA oligos, 

IDT Reverse GAGCTTGACAAAGTGGTCGT 

KRAS 
Forward AGGGACTAGGGCAGTTTGGA Custom DNA oligos, 

IDT Reverse AATGTCTTGGCACACCACCA 

MAPK1 
Forward GGCTGTTCCCAAATGCTGAC Custom DNA oligos, 

IDT Reverse AACTTGAATGGTGCTTCGGC 
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4.4 Biochemical methods 

4.4.1 Isolation of proteins and measurement of their concentrations 

Cells were seeded in 10 cm petri dishes and treated after 24 hours. Cells were then 

lysed at the desired timepoint using radioimmunoprecipitation assay (RIPA) buffer 

supplemented with 4% cOmplete protease inhibitor cocktail (Roche) and 1% of each 

phosphatase inhibitor cocktails 2 and 3 (Sigma) before being scraped. Protein lysates 

were frozen in liquid nitrogen. After thawing on ice, lysates were centrifuged at 18 400 

× g for 10 min at 4°C and stored at -80°C. In order to measure protein concentrations, 

Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad, Hercules, CA, USA) was 

diluted in a 1:5 ratio in distilled water. Protein lysates were then mixed in a 1:500 ratio 

in the diluted reagent. Absorbance was measured at 595 nm using a GeneQuant Pro 

spectrophotometer (GE Healthcare, Chicago, IL, USA).  

4.4.2 Immunoblotting 

Proteins were mixed with 6X sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) loading buffer to equilibrate them to equal concentrations 

and then denatured at 95°C for 5 min. Proteins (15 µg) were loaded on 6-12% SDS-

PAGE gels or 4-20% Mini-PROTEAN TGX Precast Protein gradient gels (Bio-Rad) and 

separated for 1.5-2 hours at 95-105 V. Proteins were then transferred to a 

nitrocellulose membrane (Mini Nitrocellulose Transfer Kit; Bio-Rad) using the Trans-

Blot® Turbo™ system (Bio-Rad). The membrane was incubated for 1 hour with 5% 

bovine serum albumin (BSA; Roth) in Tris-buffered saline-Tween20 (TBS-T), and then 

in primary antibody overnight at 4°C. The next day, membranes were incubated with 

horse-radish peroxidase (HRP)-conjugated secondary antibodies for at least 2 hours 

at room temperature and signals were then detected using the Super Signal West Pico 

system (Thermo Fisher Scientific) on the Chemi-Smart 5000 imaging system (Vilber, 

Collégien, France). All washing steps were performed using TBS-T. All primary 

antibodies used are listed in Table 3. 
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Table 3: Primary antibodies used for immunoblotting in this thesis. 

Antibody Dilution Catalog No. Manufacturer 

ALK 1:1000 3633  Cell Signaling 

E-cadherin 1:1000 3195 Cell Signaling 

HER2/ErbB2 1:1000 2165 Cell Signaling 

HSP90 1:1000 4874 Cell Signaling 

p44/42 MAPK (Erk1/2) 1:1000 4695 Cell Signaling 

Phospho-p44/42 MAPK (Erk1/2) 1:1000 9101 Cell Signaling 

Ras 1:1000 3965 Cell Signaling 

SHP-2 1:1000 3397 Cell Signaling 

Slug 1:1000 9585 Cell Signaling 

Snail 1:1000 3879 Cell Signaling 

Vimentin 1:1000 5741 Cell Signaling 

ZO-1 1:1000 5406 Cell Signaling 

 

4.4.3 Immunohistochemistry 

Sections (3 µM thickness) were prepared from formalin-fixed paraffin-embedded 

(FFPE) tumor tissues using a Leica RM2245 (Leica Biosystems, Wetzlar, Germany). 

Slides were dewaxed and rehydrated using a Leica ST5010 Autostainer XL (Leica 

Biosystems). Antigen retrieval was performed using either citrate-based (pH 6.0) or 

Tris-based (pH 9.0) antigen unmasking solutions (Vector Laboratories, Burlingame, 

CA, USA). Slides were incubated with primary antibodies overnight at 4°C. The next 

day, VECTASTAIN ABC Reagent (Vector Laboratories) was used for detection; 

followed by staining using DAB Substrate Kit, HRP, with nickel (3,3’-diaminobenzidine) 

(Vector Laboratories) and counterstaining with hematoxylin (Merck, Darmstadt, 

Germany). Stained slides were scanned using an Axio Scan.Z1 (Zeiss, Oberkochen, 

Germany). Quantification was carried out using either Orbit Image Analysis (Idorsia 

Pharmaceuticals Ltd, Allschwill, Switzerland) or ImageJ (National Institutes of Health, 

Bethesda, USA). All washing steps were performed using phosphate-buffered saline-

Tween20 (PBS-T). All primary antibodies used are listed in the appendix. 
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Table 4: Primary antibodies used for immunohistochemistry in this thesis. 

Antibody Dilution Catalog No. Manufacturer 

ALK 1:100 3633  Cell Signaling 

Cleaved caspase-3 1:1000 9664 Cell Signaling 

HER2/ErbB2 1:500 2165 Cell Signaling 

Ki67 1:2000 ab15580 Abcam 

Phospho-p44/42 MAPK (Erk1/2) 1:100 4376 Cell Signaling 

Phospho-ALK 1:100 ab73996 Abcam 

 

4.5 In vivo methods 

All animal experiments were carried out in accordance with animal research legislation 

of the European Union (Directive 2010/63/EU). All study protocols were approved by 

the State Office for Nature, Environment and Consumer Protection of North-Rhine-

Westphalia and the local ethics committee. Establishment of patient-derived 

xenografts were performed in either NOD/Scid/ᵧC (NSG) mice or NMRI-Foxn1 nude 

mice. Mice were housed in individually ventilated cages with ad libitum food and water 

and kept in a pathogen-free animal facility with a regular 14 hours light/10 hours dark 

cycle at constant room temperature of 22 ± 2°C. 

4.5.1 In vivo tumorigenicity of primary cells 

Primary cells (1 × 106 cells) were mixed with Matrigel® Matrix (BD Bioscience, Franklin 

Lakes, NJ, USA; 1:1 ratio) in the flank of NSG or nude mice. Length (a), width (b), and 

height (c) of tumors were measured with digital calipers three times per week and 

tumor size was calculated as half the volume of an ellipsoid (!"!"#$). Upon substantial 

growth of tumors, mice were sacrificed in accordance with institutional animal welfare 

guidelines and tumors were harvested for analyses and further in vitro propagation. 

Briefly, single cell suspensions were derived from tumors utilizing the Tumor 

Dissociation Kit, human and the gentleMACS™ Octo Dissociator with Heaters (Miltenyi 

Biotec, Bergisch Gladbach, Germany) according to manufacturer’s instructions.  
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4.5.2 In vivo drug sensitivity 

Cells (PF521PE: 1 × 106 cells; H358, Calu-1: 5 × 106 cells) were mixed with Matrigel® 

Matrix (BD Bioscience; 1:1 ratio) and injected into the flank of nude mice. Length (a), 

width (b), and height (c) of tumors were measured with digital calipers three times per 

week and tumor size was calculated as half the volume of an ellipsoid (!"!"#$). When 

average tumor size of tumor-bearing mice was 100 mm3, mice were randomized into 

treatment groups (n=5 per group). In ALK inhibition studies, mice were treated via oral 

gavage with either a vehicle control (VC; 5% DMSO in 5% glucose solution), alectinib 

(20 mg/kg), brigatinib (20mg/kg), ceritinib (25 mg/kg), or ixazomib citrate (14 mg/kg) 

twice weekly. In KRAS inhibition studies, mice received either a VC (5% DMSO in 5% 

glucose solution), sotorasib (35 mg/kg, once daily), or a combination of sotorasib and 

TNO 155 (10 mg/kg, BID) via oral gavage. Mice were sacrificed at the end of the 

experiment in accordance with institutional animal welfare guidelines. In a second 

cohort, mice were randomized as described above and treated for three consecutive 

days for validation of on-target effects. 

4.5.3 Organ harvesting and sample processing/fixation 

After euthanization of mice, tumors and organs of interest were harvested and fixed in 

4% paraformaldehyde overnight. Fixed samples were then immersed in 70% ethanol 

for 3 hours before further dehydration and wax infiltration using an automated tissue 

processor, Leica TP1020 (Leica Biosystems), before being paraffin embedded. All 

FFPE) blocks were stored in dark conditions at room temperature. 

4.6 Statistics 

Mean ± standard deviation (SD) are shown on graphs. Significance was estimated for 

experiments biologically repeated at least three times using GraphPad Prism 8 (San 

Diego, CA, USA). For comparison of groups involving one variable, one-way ANOVA 

was used with post-hoc test. For comparison of groups involving more than one 

variable, two-way ANOVA was used. Both tests were used with Dunnett, Tukey or 

Fisher’s least significant difference (LSD) post-hoc tests, when applicable. If not stated 

differently, results can be considered not significant p>0.05. When significant results 

are shown, p-values are indicated as following: * p ≤0.05, ** p ≤0.01, *** p ≤0.001, **** 

p ≤0.0001. 
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5 Results 

5.1  Establishing patient-derived models of non-small cell lung cancer 

Based on patient data obtained from the West German Cancer Center at University 

Hospital Essen, only approximately 10% of NSCLC patients are currently amenable to 

targeted therapy (University Hospital Essen, annual report). Development of resistance 

to targeted therapeutics is a major limiting factor and is commonly associated with 

disease progression. Generation of relevant models that can recapitulate the complex 

nature of tumorigenesis and responses to therapy are therefore vital.  

Our collaborators at the Ruhrlandklinik, University Hospital Essen, have previously 

established a method to generate single cell suspensions from patient-derived biopsies 

and pleural effusion samples (Dr. Hegedüs, personal communication). They have also 

successfully used this protocol to generate patient-derived cell lines in vitro. In this 

study, it was evaluated if these cells could be utilized either before or after in vitro 

passaging to generate PdX models that could potentially better predict response of 

patient tumors to therapy. All patient-derived cell lines and primary cells were kindly 

provided by Dr. Hegedüs from the Ruhrlandklinik, University Hospital Essen (Table 5). 

PdX models were established from 60% of ALK+ samples, 66% of BRAF-mutant 

samples, 50% KRAS-mutant samples, and one early-stage sample with an undefined 

driver mutation. As expected, samples derived from patients with late-stage disease 

were more tumorigenic than early-stage samples.  

In this thesis, studies were focused on the patient-derived EML4-ALK fusion gene and 

KRAS models; representing two patient groups that are eligible for targeted therapies 

and account for approximately 5% and 35% of NSCLC, respectively (Fois, et al., 2021). 

5.1.1 Patient-derived ALK-rearranged cell lines are tumorigenic in vivo 

A synchronous ALK rearranged and mutated lung cancer cell line pair from the 

malignant pleural effusion (PF240PE) and carcinosis (PF240PC) at time of ALK 

inhibitor resistance in addition to a separate treatment-naïve ALK rearranged cell line 

(PF521PE) were previously successfully established (Stockhammer, et al., 2020). 

These cell lines were then subcutaneously injected in the flanks of NSG mice in order 

to derive PdX models that could represent intra- and intertumoral heterogeneity and 

subsequent effect on treatment resistance. Within 50 days post-inoculation, all mice 
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developed visible tumors at the inoculation site, indicating that all cell lines were highly 

tumorigenic (Figure 3a). Additionally, analyses of histological sections of the 

xenografts indicated that all tumors maintained expression of ALK (Figure 3b).  

Table 5: Summary of driver oncogenes and genetic aberrations of NSCLC PdX samples. 
Single cell suspensions were derived from patient biopsies or pleural effusion samples and then utilized 
to generate PdX models either with (Y) or without (N) prior culturing in vitro. Samples that formed tumors 
are marked with Y, and non-tumorigenic cells were marked N. Y yes; N no. 

Driver 
oncogene Genetic alteration Disease 

stage 
In vitro 

passaging Tumorigenic 

ALK 

E1161K mutation IV Y Y ALK rearrangement 
L1152R mutation IV Y Y ALK rearrangement 

ALK rearrangement IV Y Y 
ALK rearrangement IV Y N 
ALK rearrangement IV Y N 

BRAF 
V600E mutation IV Y Y 
V600E mutation IV Y N 
V600E mutation IV Y Y 

EGFR 
L861Q mutation IIIB N N 

Exon 20 insertion IIB N N TP53 mutation 

KRAS 

G12S mutation IVA N Y TP53 (K291*)mutation 
G12C mutation IV Y Y TP53 (R282W) mutation 
G12C mutation IV Y N TP53 (V157F) mutation 
G12C mutation IV Y N 

ROS1 
ROS1 rearrangement 

IIIA N N CTNNB1 (C98G, C134T) 
mutations 

(none 
defined) 

  IB N N 
  IA2 N N 
  IIB N N 
  IIIB N N 
  IA2 N Y 
  IIIB N N 

TP53 (G245C) mutation IVA N N 
  IA2 N N 
  IIA N N 
  IIB N N 
  IA N N 
  IA3 N N 

TP53 (R282W) mutation IV N N 
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Figure 3: Novel ALK rearranged tumor cell lines are highly tumorigenic in vivo. 
a. PF240PC, PF240PE or PF240PE cells were injected subcutaneously into the right flank of NSG mice 
(n=1 per cell line). Despite different latency periods, all mice developed tumors at the site of inoculation 
by day 50 post-inoculation. b. Immunohistochemistry stainings of PF240PC, PF240PE and PF521PE 
xenograft tumors validating the presence of the oncogenic driver, ALK (in brown). Scale bars are as 
indicated. 
 

Single cell suspensions obtained from harvested xenografts were also successfully 

passaged in vitro. These PdX cell lines were then used to establish secondary 

xenograft models in nude mice. However, only PF240PC and PF521PE were found to 

be tumorigenic in nude mice. In order to confirm that the PdX tumors maintained the 

characteristics of the original patient samples, RNA and DNA were isolated from the 

patient cell lines, the NSG mouse tumor xenografts, and the nude mouse xenografts 

for sequencing. However, while RNA sequencing indicated that all xenografts 

preserved the same variant of EML4-ALK fusions as their corresponding patient 

samples, DNA sequencing suggested a loss of the specific ALK mutations in the 

PF240PE and PF240PC cell lines (Table 6). Instead, sequencing of the xenograft 

tumors indicated a mutation in the serine/threonine protein kinase (STK11) gene that 

was not previously detected in the original patient samples. Based on this data, further 

experiments were focused on the PF521PE cell line as it maintained the most 

characteristics of its original patient tumor. Accordingly, following experiments utilized 

the cell line derived from the PF521PE xenograft tumor, designated PF521PE PdX. 

PF240PC                                    PF240PE                                     PF521PE 
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Table 6: RNA and DNA sequencing results indicate retention of EML4-ALK fusion variant but 
loss of specific ALK mutations and gain in STK11 mutations in harvested mouse tumors. 
RNA and DNA samples were isolated from early and late passages of the patient-derived cell line as 
well as tumors harvested from patient-derived xenografts in both NSG and nude mice, where applicable. 
RNA sequencing was conducted using the Archer® FusionPlex® lung panel while next-generation DNA 
sequencing was conducted using the nNGM-Lung1.2 panel by QIASeq. Results shown below are for 
hits with the highest number of reads for each individual sample. 

RNA Sequencing (Archer® FusionPlex® panel) 
Sample EML4-ALK fusion variant % Reads 

PF240PC 

Early passage EML4 Exon 7 - ALK Exon 20 58.47 

Injection passage EML4 Exon 7 - ALK Exon 20 47.13 

NSG tumor EML4 Exon 7 - ALK Exon 20 59.94 

Nu/nu tumor EML4 Exon 7 - ALK Exon 20 65.58 

PF240PE 

Early passage EML4 Exon 7 - ALK Exon 20 47.77 

Injection passage EML4 Exon 7 - ALK Exon 20 51.09 

NSG tumor EML4 Exon 7 - ALK Exon 20 48.00 

PF521PE 

Early passage EML4 Exon 13 - ALK Exon 20 81.07 

Injection passage EML4 Exon 13 - ALK Exon 20 83.01 

NSG tumor EML4 Exon 13 - ALK Exon 20 88.03 

Nu/nu tumor EML4 Exon 13 - ALK Exon 20 89.04 

DNA sequencing (QIASeq nNGM-Lung1.2 panel) 
Sample Gene / Mutation % Reads 

PF240PC 

Early passage ALK c.3455T>G 16.88 

Injection passage ALK c.3455T>G 46.81 

NSG tumor STK11 c.33G>T 27.97 

Nu/nu tumor STK11 c.33G>T 29.83 

PF240PE 

Early passage ALK c.3455T>G 18.05 

Injection passage ALK c.3455T>G 52.32 

NSG tumor STK11 c.33G>T 29.25 

PF521PE 

Early passage TP53 c.1129A>C 48.00 

Injection passage TP53 c.1129A>C 70.83 

NSG tumor TP53 c.1129A>C 24.53 

Nu/nu tumor TP53 c.1129A>C 33.78 
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5.1.2 Treatment-naïve PF521PE cells are a viable model for analyzing sensitivity to 
ALK inhibition 

In order to investigate if the treatment-naïve patient-derived PF521PE PdX cells could 

be a viable model for predicting patient response, in vitro cell cytotoxicity assays were 

performed.  

In parallel work, our collaborators at the Heinrich Heine University Düsseldorf (Prof. 

Dr. M. Remke) identified ixazomib citrate, a proteasome inhibitor, as a potential 

therapeutic option for overcoming resistance to therapy in ALK-mutated 

neuroblastoma. SH-SY5Y neuroblastoma cells harbor an ALK F1174L mutation that is 

commonly associated with resistance to first-generation ALK inhibitor, crizotinib 

(Wang, et al., 2017; Debruyne, et al., 2016). As crizotinib-resistant patients are 

generally treated with the second-generation ALK inhibitor, ceritinib, the efficacy of 

ixazomib citrate was compared to ceritinib in a CdX model using SH-SY5Y cells. This 

in vivo study indicated that ixazomib citrate was equally effective as ceritinib in 

controlling tumor growth and inducing apoptosis in ALK F1174L-mutant cells (Figure 
4a-b). 

 
Figure 4: Ixazomib citrate is effective in controlling tumor growth and inducing apoptosis in 
crizotinib-resistant ALK F1174L-mutant neuroblastoma cells in vivo. 
a. Nude mice were injected subcutaneously in the right flank with SH-SY5Y cells. Upon tumor formation, 
mice were treated with either a vehicle control (VC), ceritinib or ixazomib citrate twice weekly. n=3. 
b. Representative images of immunohistochemistry stainings against ALK and marker of cell apoptosis, 
cleaved caspase-3 (CC3). Positive cells are stained brown. 
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Along these lines, PF521PE PdX cells were treated with commonly used second 

generation ALK inhibitors alectinib, brigatinib, and ceritinib in addition to a proteasome 

inhibitor, ixazomib citrate. After 72 hours, all four treatment options were successful in 

significantly inhibiting cell proliferation (Figure 5a).  

 

 
Figure 5: PF521PE PdX is a viable model for analyzing responses to ALK-directed therapies. 
a. Cell proliferation assay of PF521PE PdX cells upon treatment with either alectinib, brigatinib, ceritinib 
or ixazomib. n=3. b. Preliminary in vivo validation of PF521PE PdX sensitivity to ALK inhibition. Nude 
mice (n=3 per treatment group) were injected subcutaneously in the right flank with PF521PE PdX cells. 
Upon tumor formation, mice were treated with either a vehicle control (VC), alectinib, brigatinib, ceritinib 
or ixazomib twice weekly.  

 

This data was then validated in a preliminary in vivo experiment by injecting PF521PE 

cells subcutaneously in the flank of nude mice and administering treatment of either 

alectinib, brigatinib, ceritinib, ixazomib citrate, or a vehicle control upon tumor 

formation. In contrast to in vitro data, only tumors treated with alectinib or brigatinib 

were able to significantly control tumor growth while treatment with ceritinib or ixazomib 

citrate did not indicate any substantial benefit (Figure 5b). Based on this data, 

repetitions were performed using brigatinib and ceritinib whereby the preliminary 

findings were confirmed (Figure 6a). Accordingly, immunohistochemistry revealed that 

tumors treated with brigatinib exhibited significantly lower phosphorylation of ALK, 

lower proliferation, and higher levels of apoptosis compared to tumors treated with 

ceritinib (Figure 6b and Figure 7). Taken together, the data suggests that the PdX 

xenograft model is potentially able to better predict tumor response to therapy 

compared to the in vitro model. 
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Figure 6: Sensitivity of treatment-naïve PF521PE cells to inhibition by brigatinib and ceritinib. 
a. Nude mice were injected subcutaneously in the right flank with PF521PE PdX cells. Upon tumor 
formation, mice were treated with either a vehicle control (VC), brigatinib or ceritinib twice weekly. n=3. 
b. Representative images of immunohistochemistry staining against ALK, phosphorylated ALK (p-ALK), 
the marker of cell proliferation, Ki-67 and marker of cell apoptosis, cleaved caspase-3 (CC3). Positive 
cells are stained brown. Scale bar represents 100µm. 
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Figure 7: Brigatinib significantly reduces activity of the ALK oncogene and affects cell death and 
proliferation. 
Harvested tumors were fixed in in paraffin, cut, and stained for phospho-anaplastic lymphoma kinase 
(p-ALK), Ki-67 and cleaved caspase-3 (CC3). Three random regions of interests were selected from 
each tumor and staining intensity was quantified using Orbit Image Analyzer. P-values were calculated 
for difference in staining intensity between all treatments. 

 

5.1.3 Ceritinib-resistant cells exhibit upregulated mesenchymal markers 

The development of drug-resistant cell lines is another valuable approach for 

investigating mechanisms of cytotoxicity and resistance to therapeutic agents. 

Previous studies have shown that approximately 60% of patients treated with ceritinib 

eventually develop resistance (Toyokawa, et al., 2015; Kodityal, et al., 2016). Hence, 

a ceritinib-resistant PF521PE cell line was generated to produce a clinically relevant 

model in vitro that can mimic the conditions patients experience over the course of 

therapy.  



RESULTS 

 

38 

 
Figure 8: Ceritinib-resistant PF521PE cells are a viable model for studying acquired resistance 
and predicting patient response to therapy in vitro. 
Resistance of PF521PE cells to ceritinib was elicited by subjecting cells to escalating doses of the drug. 
a-b. Cell proliferation assays were performed to compare effects of ceritinib and brigatinib on parental 
and resistant PF521PE cells. IC50 values were then calculated using best-fit values for non-linear 
regression. c. Immunoblotting revealed that the resistant PF521PE cells displayed elevated levels of 
proteins associated with the mesenchymal phenotype compared to their parental cells. 

The resulting PF521PEresistant cells exhibited a 4.5-fold resistance to ceritinib compared 

to the parental cells (Figure 8a), which falls within the range of resistance that is 

generally deemed clinically relevant (McDermott, et al., 2014). Interestingly, 

PF521PEresistant cells were also shown to have a 2.8-fold resistance to brigatinib 

(Figure 8b).  Additionally, the resistant cells displayed higher expression of vimentin, 

snail, and slug – markers that are generally associated with the mesenchymal 

phenotype – and a lower expression of zonula occludens-1 (ZO-1), which is a marker 

of epithelial phenotype cells (Figure 8c). Based on this data, the developed 

PF521PEresistant cells are a promising model for further studies on mechanisms of 

acquired resistance to ceritinib. 

5.1.4 KRAS G12C-mutated PF139 is a potential in vivo model for resistance 

In May 2021, the Food and Drug Administration (FDA) approved the first KRAS-

blocking drug, sotorasib, which specifically inhibits KRAS p.G12C-mutant NSCLC 

(National Cancer Institute, 2021). However, despite demonstrated activity of sotorasib 

emergence of acquired resistance has already been documented (Tanaka, et al., 

2021). Hence, it is highly anticipated that acquired resistance will limit long-term clinical 
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efficacy. It is therefore imperative that clinically relevant models are derived in order to 

better study both the various potential mechanisms of resistance as well as possible 

strategies to overcome them. Along these lines, a KRAS p.G12C-mutated cell line 

(PF139) was successfully established as a primary cell line in vitro. As the PF139 cells 

have also been found to be tumorigenic in both NSG and nude mice (Figure 9), this 

suggests that it could be a viable model for further in vitro and in vivo studies involving 

KRAS G12C and/or resistance to targeted therapy. 

 
Figure 9: Patient-derived PF139 is a potential in vivo model for therapeutic response. 
PF139 cells were injected in the flank of either a NSG or nude mouse (n=1 per breed) and tumor growth 
was recorded over time. Expectedly, latency period in completely immunodeficient NSG mice was 
shorter. Nonetheless, PF139 was highly tumorigenic on both NSG and in nude mice – suggesting its 
potential to be utilized as a clinically relevant PdX model in predicting response to therapy. 

5.2  Off-target acquired resistance mediated by activation of RTKs in KRAS p.G12C-

mutant NSCLC 

A patient at the University Hospital Essen was diagnosed with stage IV B NSCLC 

(KRAS p.G12C mutation) in January 2019 and was treated with chemo-

immunotherapy until progression in September 2019. Treatment with sotorasib, a 

KRAS G12C inhibitor, was initiated in November 2019. Despite initial control of the 

disease, progression occurred, and a new cutaneous metastasis developed after four 

months of sotorasib treatment. The cutaneous lesion was biopsied and subjected to 

comprehensive molecular pathology profiling. Results were compared to the biopsy 

taken at initial diagnosis and gain of ERBB2/HER2 gene copy number and low-level 

ALK expression of unknown significance was identified. As the HER2 gain was more 

significant and HER2 activation has been previously described as a mediator of 

resistance to targeted agents in EGFR-mutant NSCLC (Sato, et al., 2021), its 

functional relevance in KRAS G12C-mutant NSCLC was investigated in this thesis. 
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5.2.1 Overexpression of HER2 attenuates efficacy of KRAS G12C inhibitors sotorasib 
and adagrasib 

In order to explore HER2 overexpression as a potential mediator of resistance of KRAS 

p.G12C-mutated tumors to targeted therapy, HER2 was stably transduced in 

established lung cancer cell lines (H358, Calu-1, HCC-44) and a patient-derived cell 

line (PF139) harboring the KRAS p.G12C mutation, in addition to a control cell line 

harboring the KRAS p.G12S mutation (A549). The lentiviral constructs and transduced 

cell lines were generated in our lab using Gateway cloning via Addgene donor plasmid 

#70345. Successful overexpression of the HER2 protein was confirmed by 

immunoblotting (Figure 10).  

 
Figure 10: HER2 overexpression was successfully introduced in KRAS p.G12C-mutated cell 
lines. 
Overexpression of HER2 was achieved by stable transduction of HER2-encoding donor plasmid 
(Addgene #70345) in established human KRAS p.G12C-mutated lung cancer cell lines (H358, Calu-1, 
HCC-44), a patient-derived KRAS p.G12C-mutated cell line (PF139). Additionally, an established 
human KRAS p.G12S-mutated cell line (A549) was chosen, as it was deemed unresponsive to KRAS 
G12C-specific inhibitors. 

The effect of HER2 on cytotoxicity of KRAS G12C inhibitors in these cells in vitro 

cytotoxicity assays were then analyzed. All KRAS p.G12C-mutated cell lines with 

HER2 overexpression displayed significantly increased cell proliferation when treated 

with sotorasib compared to their wild type (WT) counterparts (Figure 11a-d) while no 

effect was observed in both A549 WT and A549 HER2 cell lines (Figure 11e). Similar 

results were also shown when the cells were treated with another KRAS G12C 

inhibitor, adagrasib (Figure 11f-j). As both inhibitors yielded comparable results, 

further experiments were conducted using sotorasib because the patient on whom the 

study was based on was treated with this drug prior to relapse.  
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Figure 11: Overexpression of HER2 attenuates efficacy of KRAS G12C inhibitors in vitro. 
Proliferation of parental KRAS p.G12C-mutant cells (WT, indicated in black) and KRAS p.G12C-mutant 
HER2-overexpressing cells (HER2, indicated in red) upon treatment with varying concentrations of 
KRAS G12C inhibitors, (a-d) sotorasib or (f-i) adagrasib. Overexpression of HER2 resulted in resistance 
against targeted therapy. KRAS p.G12S-mutant A549 cells (e, j) did not respond to either inhibitor 
regardless of HER2 expression. n=3. 
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5.2.2 Combined KRAS G12C and HER2 inhibition impairs cell proliferation and 
survival in vitro 

In order to overcome HER2-mediated resistance to KRAS G12C inhibition, the effect 

of combined treatment with sotorasib and mubritinib, a specific HER2 inhibitor, was 

evaluated. In vitro cell proliferation assays (utilizing MTT) were performed with various 

concentrations of sotorasib and mubritnib, both alone and in combination. Co-targeting 

of KRAS G12C and HER2 inhibited cell viability in all cell lines harboring the KRAS 

p.G12C mutation, including cells with HER2 overexpression (Table 7 and Figure 12a-
d).  

Table 7: Co-targeting KRAS G12C and HER2 synergistically inhibits cell proliferation in vitro. 
IC50 based on MTT proliferation assays was calculated using best-fit values for nonlinear regression 
upon treatment of indicated cell lines with sotorasib and mubritinib. Either parental cells or cells with 
ectopic expression of HER2 were analyzed as indicated. Synergy scores were calculated using 
SynergyFinder 2.0. Here, a score <(-10) suggests that the interaction between both drugs is 
antagonistic, a score between–(10)≤x≤(10) indicates additive effects, and scores >10 are characteristic 
for synergy. 

Cell line IC50 Sotorasib (nM) IC50 Mubritinib (nM) Synergy score 

H358 
WT 17 475 6.12 

HER2 90 207 12.96 

Calu-1 
WT 37 328 -2.65 

HER2 215 96 1.63 

HCC-44 
WT 84 35 5.79 

HER2 351 27 11.65 

PF139 
WT 178 15 -5.47 

HER2 531 39 6.87 
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Figure 12: Combination treatment of sotorasib and mubritinib impairs cell proliferation in vitro. 
a-d. Proliferation of parental (left) and HER2-overexpressing (right) cells upon treatment with varying 
concentrations of KRAS G12C inhibitor, sotorasib (Soto), and HER2 inhibitor, mubritinib (Mub). 
Combination treatment inhibited proliferation in (a-c) established and (d) patient-derived KRAS G12C-
mutant cells. The color bar indicates residual proliferation in a range between 20% (0.2, dark blue) and 
100% (1.0, dark green). n=3. 
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5.2.3 Overexpression of ALK promotes resistance to sotorasib 

As the re-biopsy of the patient described in 5.2 also displayed a slight increase ALK 

expression, the potential of ALK-mediated resistance response was investigated. In 

parallel to the work in 5.2.1, ALK-overexpression was stably induced and effect of ALK 

expression on response to sotorasib was assessed using cell proliferation assays 

(Figure 13). The resulting data indicated that overexpression of ALK also elicited 

resistance to sotorasib, but at a lower fold resistance than HER2. However, this did not 

reach statistical significance. Hence, this thesis focused on effects of HER2-mediated 

resistance and how to overcome it. 

 
Figure 13: Overexpression of ALK as a mediator of resistance to sotorasib in vitro. 
Proliferation of parental KRAS p.G12C-mutant cells (WT, indicated in black), KRAS p.G12C-mutant 
ALK-overexpressing cells (ALK, indicated in blue), and HER2-overexpressing cells (HER2, indicated in 
red) upon treatment with varying concentrations of sotorasib. Overexpression of ALK resulted in 
resistance against targeted therapy, albeit at a lower fold resistance than elicited by HER2 
overexpression. KRAS p.G12S-mutant A549 cells did not respond to sotorasib regardless of ALK or 
HER2 expression. n=3. 

5.3 Targeting SHP2 reverts oncogene-mediated resistance to KRAS G12C inhibition 

Previous studies (Fedele, et al., 2020; Ryan, et al., 2020) have indicated that inhibition 

of SHP2 is able to overcome adaptive resistance to KRAS G12C inhibitors in colon 

cancer and pancreatic ductal adenocarcinoma (PDAC) xenograft models. Multiple 
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SHP2 inhibitors such as SHP099, TNO 155, JAB-3068, RMC-4630 and RLY-1971 

have entered clinical trials to treat various solid tumors (Yuan, et al., 2020). 

As SHP2 is positioned in a common node downstream of multiple RTKs, further work 

was conducted on combination treatment of sotorasib and TNO 155 to inhibit both 

KRAS and SHP2. Considering that multiple clinical trials evaluating concurrent 

treatment with SHP2 inhibitors and various solid tumors (including KRAS p.G12C-

mutant NSCLC) are currently being conducted, this was also considered to be a 

clinically relevant setting.  

5.3.1 Combined KRAS G12C and SHP2 inhibition synergistically inhibits cell 
proliferation and survival of KRAS p.G12C mutated cells in vitro 

In order to validate co-targeting SHP2 and KRAS p.G12C as a means of overcoming 

HER2-mediated resistance, in vitro cell proliferation assays were performed using 

increasing concentrations of the SHP2 inhibitor, TNO 155, in combination with 

increasing concentrations of sotorasib. While none of the cell lines were sensitive to 

TNO 155 alone, the combination treatment of TNO 155 and sotorasib synergistically 

inhibited cell viability in all cell lines harboring the KRAS p.G12C mutation including 

cells with HER2 overexpression (Table 8 and Figure 14). 

Table 8: Co-targeting KRAS G12C and SHP2 inhibits cell proliferation in vitro. 
IC50 based on MTT proliferation assays was calculated using best-fit values for nonlinear regression 
upon treatment of indicated cell lines with sotorasib and TNO 155. Either parental cells or cells with 
ectopic expression of HER2 were analyzed as indicated. Synergy scores were calculated using 
SynergyFinder 2.0. Here, a score <(-10) suggests that the interaction between both drugs is 
antagonistic, a score between–(10)≤x≤(10) indicates additive effects, and scores >10 are characteristic 
for synergy. 

Cell line IC50 Sotorasib (nM) IC50 TNO 155 (nM) Synergy score 

H358 
WT 17 1260 13.39 

HER2 90 5692 24.47 

Calu-1 
WT 37 7488 18.99 

HER2 215 31026 16.90 

HCC-44 
WT 84 3534 17.18 

HER2 351 68771 13.45 

PF139 
WT 178 2644 -4.67 

HER2 531 2822 7.45 

A549 
WT 755 8992 -0.96 

HER2 3991 5983 -4.22 
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Figure 14: Combination treatment of sotorasib and TNO 155 impairs cell proliferation in vitro. 
Proliferation of parental (left) and HER2-overexpressing (right) cells upon treatment with varying 
concentrations of KRAS G12C inhibitor, sotorasib, and SHP2 inhibitor, TNO 155. a-d. Combination 
treatment synergistically inhibited proliferation in (a-c) established and (d) patient-derived KRAS 
p.G12C-mutant cells. e. Proliferation of KRAS p.G12S-mutant A549 cells were unaffected regardless of 
HER2 expression. The color bar indicates residual proliferation in a range between 20% (0.2, dark blue) 
and 100% (1.0, dark green). n=3. 
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Additionally, clonogenic assays were used to validate the long-term effect of treatment 

on the capability of the cells to form colonies. In all KRAS p.G12C-mutated cells, 

ectopic overexpression of HER2 significantly increased the surviving fraction when 

treated with sotorasib. However, when treated in combination with a fixed dose (120 

nM) of TNO 155, all HER2-overexpressed cells indicated a marked decrease in 

clonogenic survival (Figure 15a-d). This indicates that in KRAS p.G12C-mutated cells 

with an acquired resistance to targeted therapy as a result of HER2 overexpression, 

sensitivity to targeted drugs was restored upon co-targeting of SHP2. Additionally, co-

targeting of both KRAS G12C and SHP2 in HCC-44 WT and PF139 WT cells showed 

a significant decrease in surviving fraction, corroborating the benefit of combination 

therapy as opposed to monotherapy. 

 
Figure 15: Combination treatment of sotorasib and TNO 155 restores sensitivity of HER2-
mediated resistant KRAS p.G12C cells to targeted therapy. 
Survival of indicated cell lines with (shown in red) or without (black) ectopic expression of HER2. Colony 
formation ability of cells were assessed 10 days post-treatment either with varying concentrations of 
sotorasib alone (indicated in solid lines) or in combination with a fixed (120 nM) concentration of TNO 
155 (indicated by dashed lines). n=3.  
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5.3.2 Co-targeting of KRAS G12C and SHP2 completely abrogates p-ERK1/2 
signaling in KRAS p.G12C cells 

Both RAS and SHP2 activation are able to trigger numerous cascades of molecular 

events that affect cancer progression and maintenance. Some of the major pathways 

that have been implicated include the extracellular signal-regulated kinase 

(ERK)/MAPK pathway, the PI3K pathway, the Ral guanine nucleotide dissociation 

stimulator (RalGDS) pathway and the Janus kinase/signal transducer and activator of 

transcription (JAK/STAT) pathway. As activation of ERK1/2 is the most abundant 

oncogenic factor across all cancer types (Salaroglio, et al., 2019), the effect of 

sotorasib and combination of sotorasib and TNO 155 on phosphorylated ERK1/2 (p-

ERK1/2) was investigated. Immunoblots indicated that only the combination of 

sotorasib with TNO155, and not sotorasib alone, could completely abrogate p-ERK1/2 

signaling before and after ectopic HER2-overexpression in all cells harboring KRAS 

p.G12C mutations (Figure 16a-d). Expectedly, sotorasib had no effect on p-ERK1/2 

expression in A549 cells harboring the KRAS p.G12S mutation and reduced 

expression levels were only exhibited upon treatment with TNO 155 (Figure 16e).  

Additionally, a double band was observed in all immunoblots of KRAS p.G12C-mutant 

cells treated with either sotorasib alone or sotorasib and TNO 155 and not A549 cells 

(Figure 16a-e), indicating the formation of a KRAS protein-inhibitor complex and the 

concomitant specific and irreversible binding of sotorasib to cysteine 12 within the 

KRAS G12C protein (Misale, et al., 2019; Zeng, et al., 2017).  

This was further validated by assessing the expression levels of several ERK-

dependent genes (ETV1, ETV4, ETV5 and DUSP6) by RT-qPCR. Analyses indicated 

marked suppression of all four ERK1/2 effectors, specifically in KRAS p.G12C-mutant 

cells (both with and without HER2 overexpression) treated with both sotorasib and 

TNO 155 (Figure 17a-c, 13e). However, no significance was calculated using the two-

way ANOVA test. Again, as expected, sotorasib had no effect on mRNA levels of 

downstream p-ERK1/2 effectors in A549 cells and any suppression observed in these 

cells was entirely due to SHP2 inhibition (Figure 17d). 
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Figure 16: Combination of sotorasib and TNO 155 completely abrogates p-ERK1/2 signaling. 
Expression levels of indicated target proteins in (a-c) established and (d) patient-derived KRAS p.G12C-
mutant cells, (e) KRAS p.G12S-mutant A549 cells, as well as all their corresponding HER2-
overexpressed counterparts. Cells were either treated with a vehicle control (VC), sotorasib (Soto, 120 
nM), TNO 155 (TNO, 1 µM) or a combination of sotorasib and TNO 155 for 24 hours before proteins 
were harvested for immunoblots. Quantification was performed on intensity values that were first 
normalized against their corresponding loading controls (Hsp90) and then compared to untreated WT 
cells (indicated by dotted line on graph). n=3. 
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Figure 17: Co-targeting SHP2 and KRAS G12C results suppresses downstream ERK1/2 effectors. 
RT-qPCR analyses of several downstream ERK 1/2 effectors (ETV1, ETV4, ETV5 and DUSP6). Cells 
were treated either sotorasib, TNO 155 or a combination of both for 24 hours. Co-targeting KRAS G12C 
and SHP2 resulted in suppressed mRNA levels of the investigated targets in (a-c, e) KRAS p.G12C-
mutant models but not in (d) A549 control cells. Data was log-transformed and normalized to the 
untreated control. n=3. 
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5.3.3 Combination of sotorasib and TNO155 inhibits tumor growth and leads to 
prolonged survival in vivo 

These findings were further evaluated in vivo by treating H358 and Calu-1 

subcutaneous xenograft tumors with either a VC, sotorasib alone, or in combination 

with TNO 155. Tumor growth of H358 and Calu-1 WT tumors could be significantly 

inhibited by both sotorasib and combination treatment. However, in both H358 and 

Calu-1 tumors overexpressing HER2, tumor growth was only effectively controlled by 

combination treatment, but not by sotorasib alone (Figure 18a-b).  

 

 
Figure 18: Resistance of KRAS p.G12C-mutant tumors to targeted therapy mediated by 
overexpression of ectopic HER2 can be overcome by co-targeting KRAS G12C and SHP2.  
Tumor growth kinetics of mice (n=5 per treatment group) upon subcutaneous inoculation of WT (left) or 
HER2-overexpressing (right) (a) H358 or (b) Calu-1 cells. Mice (n=5 per treatment group) were treated 
with either a vehicle control (VC), sotorasib (Soto, 35 mg/kg, once daily) or a combination (combi) of 
sotorasib and TNO 155 (10 mg/kg, BID) for 14 days. Arrows indicate start of treatment. Indicated p-
values are based on differences between groups at the end of treatment.  
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Additionally, the observed reduced tumor burden was maintained beyond continuous 

drug administration and translated into prolonged survival of mice (Figure 19a-b). 

Importantly, mice treated with both sotorasib and TNO 155 did not exhibit any apparent 

adverse effects, toxicities, or weight loss as a result of the treatment (Figure 19c), 

indicating high tolerability. Together, the data confirms our hypothesis that co-targeting 

of KRAS G12C and SHP2 can effectively suppress adaptive resistance of tumors 

triggered by acquired elevated expression of HER2. 

 
Figure 19: Co-targeting of SHP2 and sotorasib leads to prolonged survival in vivo. 
a-b. Reduced tumor burden was maintained beyond continuous drug administration, translating into 
prolonged survival of mice harboring KRAS p.G12C-mutant (a) H358 and (b) Calu-1 tumors. c. 
Combination treatment of sotorasib and TNO 155 was well tolerated without any weight loss or other 
noticeable toxicities. Arrows indicate start of treatment. 
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Separately, a short-term experiment was conducted with a second cohort of mice to 

validate the on-target effect of combined KRAS G12C and SHP2 inhibition. Analyses 

of the harvested tumors via immunohistochemistry revealed strong HER2 expression 

only in tumors from the HER2-overexpressing model (Figure 20a). After three 

consecutive days of treatment, immunohistochemical staining of the tumors indicated 

that the combination of sotorasib with TNO 155, and not sotorasib alone, could 

completely abrogate p-ERK1/2 expression levels in both WT and HER2-

overexpressed samples (Figure 20b-c).  

 
Figure 20: Combination treatment of sotorasib and TNO 155 abrogates p-ERK1/2 signaling in 
KRAS p.G12C-mutant tumors. 

                                                                                    
 
a. Immunohistochemistry staining of representative tumors induced by parental (WT) or HER2-
overexpressing (HER2) H358 or Calu-1 cells. Scale bar represents 100 µm. b-c. Representative 
immunohistochemistry stainings and quantification of p-ERK1/2 in (b) H358 or (c) Calu-1 tumors after 
three consecutive days of treatment with either a VC, sotorasib alone (35 mg/kg, once daily), or in 
combination with TNO 155 (10 mg/kg, BID). Scale bars represent 50 µm. Staining intensity was analyzed 
and quantified using IHC Profiler macro for ImageJ. P-values were calculated for differences between 
WT and corresponding HER2-overexpressing tumors for each separate treatment group. 
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Additionally, it was shown that the combination treatment significantly impaired 

proliferation in HER2-overexpressed tumors, while the use of sotorasib alone was not 

efficacious in controlling proliferation in these tumors (Figure 21). 

 
Figure 21: Combination treatment of sotorasib and TNO 155 significantly reduced proliferation 
in KRAS p.G12C-mutant tumors. 

 
a-b. Representative immunohistochemistry stainings and quantification of Ki-67 expression in (a) H358 

or (b) Calu-1 tumors after three consecutive days of treatment with either a VC, sotorasib alone (35 

mg/kg, once daily), or in combination with TNO 155 (10 mg/kg, BID). Scale bars represent 50 µm. 

Staining intensity was analyzed and quantified using IHC Profiler macro for ImageJ. P-values were 

calculated for differences between WT and corresponding HER2-overexpressing tumors for each 

separate treatment group. 
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6 Discussion 

Based on projections by the IARC, it is predicted that by 2040 lung cancer incidence 

and mortality will increase by 64.4% and 67.5%, respectively (Ferlay, et al., 2020). 

Survival of lung cancer patients is highly dependent on how early the disease is 

diagnosed. Unfortunately, early detection is rare as symptoms of lung cancer generally 

do not occur until advanced stages of the disease. Data has indicated that 58% of 

patients are only diagnosed after tumor metastasis; however, the five-year survival of 

these patients is only approximately 6% (Ferlay, et al., 2020).  

Despite the numerous advances in therapeutic options – especially in the development 

of oncogene-targeting drugs – in the past decade, acquired resistance is a major 

limiting factor in achieving long-term remission. Within this thesis, two approaches are 

presented as viable methods of combatting acquired resistance. In the first approach, 

patient-derived in vitro and in vivo models that can be used to predict patient response 

to therapy were established. These models were shown to be promising modalities for 

better understanding of evolution of tumor resistance. In the second approach, the 

utilization of concurrent oncogene-targeting therapeutics was used in order to 

overcome acquired resistance to monotherapy. Based on the obtained data, this mode 

of treatment could not only be curative, but also potentially be preventative when used 

prior to emergence of acquired resistance. 

6.1 Application of in vivo PdX models in personalized treatment 

Established cell lines have been considered fundamental in preclinical oncology 

research for a long time. However, it is indisputable that while they maintain the major 

characteristics of their primary tumors, loss of molecular heterogeneity as well as 

changes in subclonal evolution over time is inevitable (Huo, et al., 2020). In response 

to these shortcomings, 2D and 3D (in the form of spheroids or organoids) patient-

derived models have been established to better recapitulate molecular and phenotypic 

characteristics of the parental tumor. They are therefore more clinically relevant in 

predicting tumor response and making better informed treatment decisions (Morgan, 

et al., 2017).   

While development of in vitro tumor models has advanced significantly, the use of in 

vivo models is still deemed indispensable. Research has indicated that PdX models 

are significantly more advantageous as they generally retain the patients’ gene 
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expression profile and tumor heterogeneity (Tentler, et al., 2012; Cassidy, et al., 2015; 

Wang, et al., 2016). In addition, PdX models are accepted as the most clinically 

relevant in vivo cancer models as they are the most concordant drug response model 

to human cancers (Okada, et al., 2018; Tentler, et al., 2012; Gargiulio, 2018; Collins & 

Lang, 2018; Bleijs, et al., 2019; Gao, et al., 2015; Pompili, et al., 2016).  

In this thesis, primary cell lines derived from patient pleural effusion and pleural 

carcinoma were used to establish xenografts of patient tumors in NSG mice. This 

specific mouse strain was selected as they have no mature T and B cells, no natural 

killer cells as well as impaired macrophages and dendritic cells, resulting in generally 

higher engraftment efficiencies (Okada, et al., 2019; Xu, et al., 2019). The engraftment 

rate of our samples was approximately 28%, which falls within the overall NSCLC PdX 

engraftment rate (25-40%) reported by Chen et al. (2019). Additionally, approximately 

a third of our samples were derived from early-stage NSCLC, which has been shown 

to be correlated with lower PdX take rates, therefore resulting in our lower engraftment 

rate (Moro, et al., 2017; Chen, et al., 2019). In our lab, we found that a higher 

successful engraftment rate was achieved when injecting patient-derived cells that 

were first cultured in vitro as opposed to single-cell suspensions harvested directly 

from patient samples. This could be in part due to in vitro selection of subclones that 

promote survival.  

Additionally, poor engraftment rate can also be attributed to low cell viability. Patient 

biopsies are generally very small, and it has been revealed that up to 90% of injected 

cells die upon subcutaneous injection in mice (Hoffmann, et al., 2020). It is likely that 

the number of viable single cells obtained from a biopsy is simply not sufficient for 

tumor formation. Alternatively, Drapkin et al. (2018) has shown that lung cancer 

obtained from NSCLC biopsies are significantly more likely to form xenograft tumors 

than isolated cells or CTCs. This higher engraftment rate is attributed to larger starting 

number of tumor cells and preservation of tumor microenvironments. It is also of note 

that in our study, successful engraftment in NSG mice commonly indicated high 

possibility of secondary xenograft formation in nude mice. This is in line with research 

by Pardo-Sánchez et al. (2021) that revealed tumor evolution towards higher 

aggressiveness during PdX passages in mice. 
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6.2 Genetic heterogeneity and clonal evolution in PdX models 

As indicated by DNA sequencing results of the early passage and injection passage of 

tested cell lines (Table 5.1), shifts in allele frequencies of cells can vary from 20-30% 

over a short period of in vitro passaging. Although more in depth and precise assays 

such as single cell sequencing or barcoding would be required to quantify intratumor 

heterogeneity and clonal evolution, allelic frequency has been shown to be a 

reasonable surrogate for estimating clonal population in NSCLC (Friedlaender, et al., 

2021). It is therefore important to take these factors into account, especially in the 

utilization of patient-derived material. Low passage numbers are therefore ideal to 

conserve histological and genetic integrity of the primary tumor. However, it is also 

important to note that this selection could also represent the evolutionary potential of 

subclones as well as offer insights into treatment susceptibility in patients. 

Nonetheless, more comprehensive comparisons of PdX models and patient tumors 

would need to be carried out in order to confirm or negate this. Barcoding technology 

has been shown to be valuable in detecting and tracing subpopulations of tumor cells 

over time (Guernet, et al., 2016; Wu, et al., 2021). As tumor heterogeneity and clonal 

evolution play a major role in therapeutic resistance, the application of DNA barcoding 

in PdX models would be highly beneficial in advancing personalized treatment 

strategies in cancer. 

However, clonal evolution also serves as a limitation in establishing PdX models. In 

the current study, two out of the three sequenced PdXs (PF240PC and PF240PE) 

indicated a loss of their parental ALK mutation in addition to gain of a STK11 mutation. 

In a comprehensive characterization of PdX models across 25 cancer types by Sun et 

al. (2021), it was revealed that a majority of models exhibit loss of mutations from 

human samples; some xenografts lose up to 99% mutations found in their parental 

tumors. This huge loss in mutation numbers again support the existence of rapid tumor 

clonal evolution in PdX models.   

STK11 is a tumor suppressor that has been shown to pay a role in cell metabolism, 

cell polarity, apoptosis and DNA damage response (Facchinetti, et al., 2017). 

Mutations in the STK11 gene are associated with inactivation of the STK11 protein, 

which leads to uncontrolled cell growth. Based on data from independent cohorts, 

STK11 mutations are present in approximately a third of lung adenocarcinoma 

(Carretero, et al., 2004; Fang, et al., 2014). These mutations are most commonly 
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detected in patients with a history of smoking (Koivunen, et al., 2008; Pécuchet, et al., 

2017) and with concomitant KRAS mutations (Pécuchet, et al., 2017; Gao, et al., 2010; 

Schabath, et al., 2016). Interestingly, Kanaki et al. (2021) and Jung et al. (2020) also 

observed gain of mutation in the STK11 locus in NSG-based PdXs of NSCLC. As the 

primary samples did not harbor the STK11 p.M11I mutation present in both 

corresponding PF240PC and PF240PE PdX models, it can be speculated that this gain 

in mutation is a genetic event developed during PdX model establishment. It is also 

possible that the primary samples contained minimal levels of these STK11 p.M11I 

subclones and were therefore not detected during DNA sequencing of the patient-

derived cell line. Against this background, these subclones provided significant survival 

benefits during xenograft implantation and outgrew to form a majority of the PdX 

tumors. This would corroborate data from Ben-David et al. (2017), who found that a 

single in vivo passage could sometimes render an initially undetected chromosomal 

aberration readily detectable at the population level. Moreover, as STK11 mutations 

have been identified as a vital regulator of resistance to anti-PD-1/PD-L1 therapies in 

NSCLC (Skoulidis, et al., 2019; Shire, et al., 2020), these PdX models are also of 

potential use within the scope of investigating resistance against immunotherapy. 

6.3 Modeling resistance to targeted therapy  

In this thesis, the PF521PE in vivo model was the most close-to-patient and therefore 

most promising model for further investigation. Based on the results of cell proliferation 

assays and in vivo tumor growth inhibition assays, the in vivo PdX model presented 

more clinically realistic drug treatment response data. It is therefore speculated that 

the in vivo model is a more accurate representation of response to treatment as 

opposed to the in vitro model as the former better simulates biological conditions in a 

living subject. The application of PdX models in combination with DNA barcoding 

technology would therefore be invaluable in modeling clinical drug resistance. While 

the PdX models here were established subcutaneously for convenient tumor burden 

monitoring, the application of orthotopic models may be more beneficial in terms of 

increasing engraftment (McLemore, et al., 1987) and in similarity to microenvironment  

of patient tumors (Nakano, et al., 2018). However, subcutaneous xenografts have been 

shown to be comparable to orthotopic models in the case of studies of antitumor activity 

(Teicher, 2006; Mordant, et al., 2011). Nevertheless, such models are still not the 
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perfect representation of patient disease due to the lack of stromal, vascular and 

immune microenvironments in a mouse host (Ben-David, et al., 2018).  

Over a period of several months, a ceritinib-resistant patient-derived cell line was 

successfully developed and maintained via dose escalation conditioning. The stability 

of acquired resistance in PF521PE cells was assessed by analyses of cells after 

repeated freeze-thaw cycles (n=5) following drug withdrawal and was confirmed based 

on experimentally validated IC50 values. The resulting PF521PEresistant cells exhibited 

a 4.5-fold resistance to ceritinib compared to their parental cells. McDermott et al. 

(2014) previously showed that resistance in patients generally occur between two- to 

five-fold increase from the IC50 value of the parent cell line; the resistant cells 

generated in this study can therefore be deemed clinically relevant. Drug-resistant cell 

lines have been shown to be good models for understanding resistance processes in 

tumor cells and subsequent screening for more effective drugs to circumscribe 

mechanisms of resistance (Amaral, et al., 2019; Coley, 2004). As indicated by cell 

proliferation assays utilizing PF521PEresistant cells, resistance to ceritinib also resulted 

in resistance to brigatinib, albeit at a lower fold resistance of 2.8. This suggests that at 

least this patient may not have significant or long-term benefits when treated with 

brigatinib. However, Tegze et al. (2012) showed that in developing resistant breast 

cancer cells in parallel, multiple resistant sublines with separate resistance 

mechanisms could be generated even when treated with the same treatment. Hence, 

it has been recommended that the development of drug-resistant models be regarded 

to as a process as opposed to an experiment that can be repeated in biological 

triplicate (McDermott, et al., 2014). 

6.4 Strategies to overcome resistance to targeted therapy 

In this thesis, elevated expression of HER2 was revealed to be a mediator of clinical 

resistance to KRAS G12C inhibition. This upregulation results in ERK1/2 signaling-

dependent resistance to sotorasib. This is in line with a study describing the off-target 

resistance spectrum in sotorasib-treated patients (Awad, et al., 2021).  

Within the scope of NSCLC, previous research has indicated HER2 amplification as a 

mechanism of acquired resistance to targeted therapy in EGFR-mutant (Takezawa, et 

al., 2012; Leonetti, et al., 2019), ALK-mutant (Ding, et al., 2019; Minari, et al., 2020) as 

well as HER2-mutant NSCLC (Wang, et al., 2021).  Conversely, Xu et al. (2016) 
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showed that overexpression of HER2 restored sensitivity of EGFR-mutant H1975 cells 

harboring the L858R and T790M mutations to gefinitib; corroborating data from 

retrospective studies of patients with advanced NSCLC that significantly correlated 

increased HER2 gene copy number with sensitivity to gefitinib (Capuzzo, et al., 2005; 

Soh, et al., 2007). Similar results have been indicated in studies on effects of HER2 

expression levels on gefitinib treatment in human breast cancer and epithelial cell lines 

(Moulder, et al., 2001; Moasser, et al., 2001). Taken together, the data suggests that 

expression of HER2 plays a substantial role in influencing drug sensitivity of RTK-

mutant tumors. The complex underlying mechanism(s) of this process warrants further 

investigation and could significantly impact patient treatment decisions.  

Importantly, it was demonstrated that co-targeting KRAS G12C and SHP2 restored 

suppression of the ERK1/2 signaling pathway and subsequently inhibited growth of 

KRAS p.G12C-mutant tumors with elevated HER2 expression in vivo. The results 

validate that inhibition of SHP2 (as opposed to direct inhibition of HER2) was sufficient 

to overcome HER2-mediated resistance. Separately, within this thesis we also showed 

that overexpression of ALK attenuates efficacy of sotorasib; although the level of ALK-

mediated resistance was not statistically significant. Additionally, an in vitro KRAS 

p.G12C model established by Xue et al. (2020) revealed that acquired resistance to 

KRAS G12C inhibitors could be attributed to activation of EGFR and Aurora kinase. 

Taken together, all this data strongly suggests that various upstream kinase signaling 

can function as mechanisms of resistance to KRAS G12C inhibition. In addition, it was 

revealed in a panel of preclinical PDAC models that prolonged exposure to sotorasib 

activated upstream receptor tyrosine kinase signaling (Wang, et al., 2021). As SHP2 

is positioned in a common node downstream of multiple RTKs (including HER2, EGFR, 

ALK, etc.), the combination treatment of sotorasib and TNO 155 (instead of mubritinib) 

was used in this study in order to not neglect the possibility of gain of function in other 

RTKs as potential mechanisms of resistance. As the data in this thesis validated the 

efficacy of SHP2 inhibition in overcoming HER2-mediated resistance, it is speculated 

that the application of concurrent KRAS G12C and SHP2 inhibition can overcome 

various RTK-mediated off-target resistance.  

Additionally, this thesis described the workflow of establishing PF139 as a patient-

derived KRAS p.G12C model. The tumorigenesis of PF139 in both NSG and nude 

mice are highly promising for further in vitro and in vivo studies. As the FDA just 
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announced the approval of KRAS G12C inhibitor, sotorasib, for clinical applications in 

May 2021, it can be expected that numerous studies concerning on-target and off-

target resistance to KRAS G12C inhibitors are imminent. To date, studies describing 

possible mechanisms of resistance to KRAS G12C inhibition (Awad, et al., 2021) and 

strategies to overcome on-target resistance (Tanaka, et al., 2021) have been 

published. The application of our patient-derived model to such studies would be highly 

advantageous. 
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7 Conclusion and Outlook 

In summary, this thesis presents two approaches to overcome resistance to targeted 

therapy in NSCLC. Firstly, the application of patient-derived in vitro and in vivo models 

is shown to be valuable in both assessing drug response and modeling clinical 

resistance. However, as patient-derived cells are limited by ever-changing shifts in 

heterogeneity, frequent validations of genetic makeup are necessary in order to ensure 

that utilized models remain accurate representations of original patient tumors. 

Effective PdX models have the potential to be utilized in “co-clinical trials”, whereby in 

vivo investigations and clinical trials are performed in parallel to identify therapeutic 

targets. In this context, the PdX models can also function as “avatars”, allowing for 

identification of biomarkers of sensitivity or resistance to treatment. This application 

was validated in the ALK rearranged PdX model established within this thesis. As an 

extension of this, once an extensive library of PdX models is amassed, responsive 

biomarkers can be identified and response of patient tumors with similar genetic 

background can be predicted.  

The second approach involves concurrent inhibition of upstream tyrosine kinase 

activity as a means of combatting off-target resistance to KRAS G12C inhibitors. The 

co-targeting of SHP2 and KRAS G12C in both parental and HER2-overexpressing 

KRAS p.G12C mutants completely abrogated downstream ERK1/2 signaling, 

suggesting that co-treatment could function as both preventive and curative modes of 

treatment. However, additional validations in the form of pull-down assays or 

knockouts/knockdowns should be performed in order to unequivocally identify the 

mechanism by which HER2 overexpression attenuates KRAS G12C inhibition. Further 

development on the established KRAS p.G12C patient-derived model, PF139, will also 

be highly beneficial in studies of clinical resistance. Overall, the work in this thesis 

reveals that HER2 expression mediates resistance of KRAS p.G12C tumors to 

targeted therapy. This effect was reversed upon co-targeting of SHP2, a phosphatase 

downstream of HER2. These findings offer a promising strategy to tackle off-target 

resistance to KRAS G12C inhibitors, therefore closing a gap in the rapidly evolving 

field of KRAS targeting drugs in clinical development. 
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9 Appendix 

The following tables list specific materials, reagents, equipment, and software 

programs that were utilized in this thesis.  

Table 9: Cell lines used and generated in this thesis. 

Cell line Tissue Characteristics Medium Source 

A549 Human lung 
adenocarcinoma 

KRAS G12S 
mutation 
STK11 G37T 
mutation 

RPMI 1640 
+ 10% FBS 

Molecular 
Oncology 
group, Essen, 
ATCC 

A549 ALK Human lung 
adenocarcinoma 

A549 
transduced with 
pLenti6.3 R777-
E007 Hs.ALK 

RPMI 1640 
+ 10% FBS 

Generated in 
this work 

A549 HER2 Human lung 
adenocarcinoma 

A549 
transduced with 
pLenti6.3 R777-
E061 
Hs.ERBB2 

RPMI 1640 
+ 10% FBS 

Generated in 
this work 

Calu-1 
Human lung 
squamous cell 
carcinoma 

KRAS G12C 
mutation 
TERT C228T 
mutation 

RPMI 1640 
+ 10% FBS 

Molecular 
Oncology 
group, Essen, 
ATCC 

Calu-1 ALK 
Human lung 
squamous cell 
carcinoma 

Calu-1 
transduced with 
pLenti6.3 R777-
E007 Hs.ALK 

RPMI 1640 
+ 10% FBS 

Generated in 
this work 

Calu-1 
HER2 

Human lung 
squamous cell 
carcinoma 

Calu-1 
transduced with 
pLenti6.3 R777-
E061 
Hs.ERBB2 

RPMI 1640 
+ 10% FBS 

Generated in 
this work 

H358 
Human 
bronchioalveolar 
carcinoma 

KRAS G12C 
mutation 

RPMI 1640 
+ 10% FBS 

Molecular 
Oncology 
group, Essen, 
ATCC 

H358 ALK 
Human 
bronchioalveolar 
carcinoma 

H358 
transduced with 
pLenti6.3 R777-
E007 Hs.ALK 

RPMI 1640 
+ 10% FBS 

Generated in 
this work 
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H358 HER2 
Human 
bronchioalveolar 
carcinoma 

H358 
transduced with 
pLenti6.3 R777-
E061 
Hs.ERBB2 

RPMI 1640 
+ 10% FBS 

Generated in 
this work 

HCC-44 Human lung 
adenocarcinoma 

KRAS G12C 
mutation 
TERT C228A 
mutation 
TP53 S94T 
mutation 
TP53 A175L 
mutation 

RPMI 1640 
+ 10% FBS 

Molecular 
Oncology 
group, Essen, 
Leibniz 
Institute 

HCC-44 ALK Human lung 
adenocarcinoma 

HCC-44 
transduced with 
pLenti6.3 R777-
E007 Hs.ALK 

RPMI 1640 
+ 10% FBS 

Generated in 
this work 

HCC-44 
HER2 

Human lung 
adenocarcinoma 

HCC-44 
transduced with 
pLenti6.3 R777-
E061 
Hs.ERBB2 

RPMI 1640 
+ 10% FBS 

Generated in 
this work 

HEK293FT Human embryonic 
kidney 

Viral packaging 
cells 

DMEM + 
10% FBS 

Molecular 
Oncology 
group, Essen, 
ATCC 

PF139 Human lung 
adenocarcinoma 

KRAS G12C 
mutation 

RPMI 1640 
+ 10% FBS 

Dr. Hegedüs, 
Ruhrlandklinik, 
Essen 

PF139 HER2 Human lung 
adenocarcinoma 

PF139 
transduced with 
pLenti6.3 R777-
E061 
Hs.ERBB2 

RPMI 1640 
+ 10% FBS 

Generated in 
this work 

PF240PC Human lung 
adenocarcinoma 

ALK E1161K 
mutation 

RPMI 1640 
+ 10% FBS 

Dr. Hegedüs, 
Ruhrlandklinik, 
Essen 

PF240PE Human lung 
adenocarcinoma 

ALK L1152R 
mutation 

RPMI 1640 
+ 10% FBS 

Dr. Hegedüs, 
Ruhrlandklinik, 
Essen 

PF521PE Human lung 
adenocarcinoma 

ALK 
rearrangement 

RPMI 1640 
+ 10% FBS 

Dr. Hegedüs, 
Ruhrlandklinik, 
Essen 

SH-SY5Y Human 
neuroepithelioma 

ALK F1174L 
mutation 

RPMI 1640 
+ 10% FBS 

Molecular 
Oncology 
group, Essen, 
DSMZ 
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Table 10: Plasmids used in this thesis. 

Plasmid Characteristics Source 

pLenti6.3 R777-
E007 Hs.ALK 

Lentiviral plasmid with human 
ALK – resistance to 
spectinomycin 

Molecular Oncology 
group, Essen, Thermo 
Fisher Scientific 

pLenti6.3 R777-
E061 Hs.ERBB2 

Lentiviral plasmid with human 
ERBB2 – resistance to 
spectinomycin 

Molecular Oncology 
group, Essen, Thermo 
Fisher Scientific 

pMD2.G 
Lentiviral packaging plasmid 
(VSV-G envelope protein 
expression) 

Sholl/Fröhling group, Ulm 

pSPAX2 Lentiviral packaging plasmid 
(gag-pol expression) Sholl/Fröhling group, Ulm 

 

Table 11: List of commercial kits used in this thesis. 

Kit Manufacturer 

DAB Substrate Kit, Peroxidase (HRP), with 
Nickel, (3,3’-diaminobenzidine) Vector Laboratories 

High Pure RNA Isolation Kit Roche 

LightCycler 480 SYBR Green I Master Roche 

RNeasy FFPE Kit Qiagen 

Trans-Blot® TurboTM RTA Mini 
Nitrocellulose Transfer Kit Bio-Rad 

Transcriptor High Fidelity cDNA Synthesis 
Kit Roche 

Tumor Dissociation Kit, human Miltenyi Biotec 

QIAamp DNA FFPE Tissue Kit Qiagen 

Qubit dsDNA HS Assay Kit Thermo Fisher Scientific  

Qubit RNA HS Assay Kit Invitrogen 

VECTASTAIN® ABC-HRP Kit, Peroxidase 
(Rabbit IgG) Vector Laboratories 
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Table 12: List of chemicals, reagents and media used in this thesis. 

 Manufacturer 
0.05% Trypsin-EDTA Gibco 
2-Mercaptoethanol Roth 

3-(4,5-Dimethylthiazole-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) 

Roth 

4–20% Mini-PROTEAN® TGX™ Precast 
Protein Gels 

Bio-Rad 

5% glucose solution Braun 
Acrylamide Rotipherese Gel 30 Roth 

Antigen Unmasking Solution, Citrate-Based Vector Laboratories 
Antigen Unmasking Solution, Tris-Based Vector Laboratories 

AMG510 (Sotorasib) Selleckchem 
Alectinib Selleckchem 

Ammonium persulfate Merck 
Aqua dest Braun 

Bradford reagent Roth 
Brigatinib Selleckchem 

Brilliant Blue Roth 
Bovine serum albumin (BSA) fraction V Roth 

cOmplete protease inhibitor cocktail 25x Roche 
Dulbecco’s Modified Eagle Medium (DMEM) Gibco 

Dimethyl sulfoxide (DMSO) Sigma 
Dulbecco’s phosphate buffered saline 

(DPBS) 
Gibco 

Entellan® Neu Merck 
Ethanol absolute Sigma 

Ethylenediaminetetraacetic (EDTA) Roth 
Fetal bovine serum (FBS) PAN Biotech 

Gelatine (porcine) Sigma-Aldrich 
Hematoxylin Roth 

Isoflurane (Forene®) AbbVie 
LDK378 (Ceritinib) Selleckchem 

Matrigel® Basement Membrane Matrix, 
Phenol Red-free, LDEV-free 

Corning 

MLN9708 (Ixazomib citrate) Selleckchem 
Opti-MEM Gibco 

Paraformaldehyde, granulated Roth 
Penicillin-Streptomycin Gibco 

Precision Plus Protein Dual Color 
Standards 

Bio-Rad 

Phosphatase Inhibitor Cocktail 2 and 3 Sigma 
Polybrene Sigma 

Roswell Park Memorial Institute (RPMI) 
1640 

Gibco 

Spectinomycin Sigma 
Sybr Green Nucleic Acid Gel Stain Invitrogen 

Sodium dodecyl sulfate pellets Roth 
SuperSignal West Pico Chemiluminescence 

Substrate 
Thermo Fisher Scientific  
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Tetramethylethylenediamine (TEMED) Roth 
TNO 155 MedChemExpress 

TRIS Roth 
Tween 20 Roth  

Trypan Blue 0.4 % Invitrogen 
 

Table 13: List of buffers used in this thesis.  

If not stated otherwise, Aqua dest was used to dilute components of buffers. 

Buffer Components 

10X PBS 
1.37 M NaCl 
27 mM KCl 
100 mM Na2HPO4 
18 mM KH2PO4 

10X TBS 
200 mM Tris 
1500 mM NaCl 
pH 7.6 

4% paraformaldehyde (PFA) 
solution 4% w/v paraformaldehyde, granulated in PBS 

5% BSA TBS-T 5% BSA 
in TBS-T 

5X SDS-PAGE running buffer 
125 mM Tris 
960 mM glycine 
175 mM SDS 

6X SDS-PAGE sample buffer 

600 mM Tris-Hcl pH 6.8 
24% SDS 
20% glycerol 
200 mM ß-mercaptoethanol 
0.2% bromophenolblue 

ACK lysis buffer 
1.5 M NH4Cl 
100 mM KHCO3 
10 mM EDTA 

MTT solubilization solution 
10% w/v SDS 
0.6% v/v glacial acetic acid 
In DMSO 

MTT solution 5 mg/mL MTT in PBS 

PBS-T 1X PBS 
0.1% Tween-20 

RIPA buffer 

50 mM Tris-HCl 
150 mM NaCl 
1% NP-40 
0.5% sodium deoxycholate 
0.1% SDS 
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SDS-PAGE resolving gel 

6-12% acrylamide 
380 mM Tris-HCl, pH 8.8 
0.1% SDS 
0.1% APS 
0.04% TEMED 

SDS-PAGE stacking gel 

5% acrylamide 
126 mM Tris-HcL, pH 6.8 
0.1% SDS 
0.1% APS 
0.1 % TEMED 

Staining solution  
(colony formation assay) 

0.25% Brilliant blue 
10% acetic acid 
40% methanol 

TBS-T 1X TBS 
0.1% Tween20 

 

Table 14: List of consumables used in this thesis. 

Item Manufacturer 
Cell culture dish 10 cm BD Falcon 
Cell culture flask T-25 Greiner Bio-One 
Cell culture flask T-75 Greiner Bio-One 

Cell culture flask T-175 Greiner Bio-One 

Combitips® advanced 2 – 10 mL eppendorf 
Countess™ Cell Counting Chamber 

slides Invitrogen 

Cover slips VWR 
Cuvettes, semi micro LLG Labware 

Filter 0.45 µm Sartorius 
gentleMACS™ C tubes Miltenyi Biotec 

gentleMACS™ M tubes Miltenyi Biotec 
Injection needles 23G BD Microlance™ 3 
Injection needles 25G BD Microlance™ 3 

MACS® SmartStrainers 70 µm Miltenyi Biotec 
Microcentrifuge tubes 0.5 – 5 mL Eppendorf 
Multiwell cell culture plate 6 well BD Falcon 

Multiwell cell culture plate 96 well Corning 

Pipette tips Starlab 
Reusable feeding needles Fine Science Tools 
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Serological pipettes Greiner Bio-One 
SuperFrost Ultra Plus™ microscope 

slides Thermo Fisher Scientific 

Surgical instruments Fine Science Tools 
Surgical scalpels Swann Morton 

Syringe 1 mL Braun 
Syringe 10 mL BD Discardit 
Syringe 25 mL BD Discardit 

Test tubes 15 mL Greiner Bio-One 
Test tubes 50 mL Greiner Bio-One 

 

Table 15: List of equipment used in this thesis. 

Equipment Model, Manufacturer 
Analytical balance TE124S; TE3102S, Sartorius 

Automated cell counter Countess™ Automated Cell Counter, 
Invitrogen 

Automated slide stainer Leica ST5010 Autostainer XL, Leica 
Biosystems 

Centrifuge 

Heraeus Multifuge 3SR+ (Swing-out rotor, 
4-place), Thermo Fisher Scientific 
Heraues Megafuge 40 (Swing-out rotor, 4-
place), Thermo Fisher Scientific 
Mikro 200R (Angle rotor, 24-place), Hettich 

Chemiluminescence Imager Chemi Smart 5000, Vilber Lourmat 

CO2 incubator Heracell™ 150i, Thermo Fisher Scientific 

Decloaking chamber NxGen, Biocare Medical 

Electronic multi-dispenser pipette Multipette® E3x, eppendorf 

Flat orbital shaker KS260, IKA 

Fluorometer Qubit® 3.0, Thermo Fisher Scientific 

Microplate reader iMark™ Microplate Absorbance Reader, 
Bio-Rad 

Microscope CKX41, Olympus 
Axiovert 40 C, Zeiss 

Paraffin embedding station Leica EG1150 H; Leica EG1150 C, Leica 
Biosystems 
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Power supply MP-3AP, Major Science 

qPCR platform LightCycler® 480, Roche 

Roller mixer RM 5, CAT 
SRT9D, Stuart 

Semi-automated rotary microtome Leica RM2245, Leica Biosystems 

Slide scanner Axio Scan.Z1, Zeiss 

Spectrophotometer GeneQuant pro, GE Healthcare 

Thermomixer Thermomixer comfort, eppendorf 

Tissue dissociator gentleMACS™ Octo Dissociator with 
Heaters, Miltenyi Biotec 

Tissue processor Leica TP1020, Leica Biosystems 

Vortexer Top-Mix 11118, Fisher Bioblock Scientific 

Western blotting transfer system Trans-Blot Turbo Transfer System,  
Bio-Rad 

 

Table 16: List of software programs used in this thesis. 

Software Developer 
Affinity Designer, version 1.10.0.1127 Serif 

GraphPad Prism, version 8.4.3 GraphPad Software 
ImageJ, version 1.8.0 National Institutes of Health 

Microsoft Office, version 16.53 Microsoft 
Orbit Image Analysis, version 3.6 Actelion Pharmaceuticals Ltd 

SynergyFinder, version 2.0 Ianevski, A., Giri, K. A. & Aittokallio, T. 
ZEN Blue, version 2.6 Zeiss 
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ALK   anaplastic lymphoma kinase 

BID   bis in die (twice a day) 

BIM   Bcl-2-like 11 

BSA   bovine serum albumin 

CC3   cleaved caspase-3 

cDNA   complementary deoxyribonucleic acid 

CdX   cell line-derived xenograft 

CTC   circulating tumor cell 

DAPI   4′,6-diamidino-2-phenylindole 

DMEM  Dulbecco’s modified Eagle’s medium 

DMSO  dimethyl sulfoxide 

DNA   deoxyribonucleic acid 

DPBS   Dulbecco’s phosphate-buffered saline 

DUSP6  dual specificity phosphatase 6 

EDTA   ethylenediaminetetraacetic acid 

EGFR   epidermal growth factor receptor 

EML   echinoderm microtubule associated protein like 4 

ERBB2  Erb-B2 receptor tyrosine kinase 2 

ERK1/2  extracellular signal-regulated protein kinases 1 and 2 

ETV   ETS (E twenty-six) variant transcription factor 1 

FBS   fetal bovine serum 
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GAPDH  glyceraldehyde-3-phosphate dehydrogenase 
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HER2   human epidermal growth factor receptor 2 
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JAK   Janus kinase 

KRAS   Kirsten rat sarcoma virus 

LSD   least significant difference 

MAPK   mitogen-activated protein kinase 

MEK   mitogen-activated protein kinase kinase 

mTOR   mechanistic target of rapamycin kinase 

MTT   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

Mub   mubritinib 

NCBI   National Center for Biotechnology Information 

NF-κB   nuclear factor-κB 

NSCLC  non-small cell lung carcinoma 

NSG   NOD/Scid/γC 

NTRK   neurotrophic tyrosine receptor kinase 
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p-ALK   phospho-anaplastic lymphoma kinase 

p-ERK1/2  phospho-extracellular signal-regulated protein kinases 1 and 2 

PBS   phosphate-buffered saline 

PBS-T   phosphate-buffered saline-Tween20 

PCR   polymerase chain reaction 

PDAC   pancreatic ductal adenocarcinoma 

PdX   patient-derived xenograft 

PE   plating efficiency 

pen   penicillin 

PFA   paraformaldehyde 

PI3K   phosphoinositide 3-kinases 

RalGDS  Ral guanine nucleotide dissociation stimulator 

RAS   rat sarcoma virus 

RIPA   radioimmunoprecipitation assay 

RNA   ribonucleic acid 

RPMI   Roswell Park Memorial Institute 

RT-qPCR  real-time polymerase chain reaction 

RTK   receptor tyrosine kinase 

SCLC   small cell lung carcinoma 

SD   standard deviation 

SDS-PAGE  sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

SF   survival fraction 
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SHP2   Src homology2 domain-containing protein tyrosine phosphatase2 

Soto   sotorasib 

STAT   signal transducer and activator of transcription 

STK11  serine/threonine protein kinase 11 

strep   streptomycin 

TBS-T   Tris-buffered saline-Tween 20 

TKI   tyrosine kinase inhibitor 

VC   vehicle control 

WBE   West German Biobank 

WHO   World Health Organization 
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ZO-1   zonula occludens-1 
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4D   four-dimensional 
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