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Summary 

In this thesis, I focused on investigating the role of PA200, a proteasome activator, which is 

found to be overexpressed in non-small cell lung cancer (NSCLC) (Javitt et al., 2023; Welk, 

2018). To understand its function, I generated CRISPR/Cas9 PA200 knock-out cell lines (A549 

and NCI-H1299), validated the efficiency of gene editing, and confirmed PA200 protein 

depletion. Through analyses of proteasome/immunoproteasome expression and redistribution, 

I observed alterations in the dynamics, activation, and distribution of proteasome complexes in 

the absence of PA200. Notably, these effects differed between the two NSCLC cell lines. 

To gain deeper insights into the functional relevance of PA200, I established and optimized 

fundamental cancer biology assays, including proliferation, invasion, and migration assays. 

The results demonstrated a distinct impact of PA200 depletion on proliferation and metabolism 

rates in the two cell lines. Moreover, the absence of PA200 led to decreased invasion and 

migration abilities, albeit to different extents in the two cell lines. These findings raised the 

possibility of PA200's involvement in the epithelial-to-mesenchymal transition (EMT). To 

investigate this, I examined well-established EMT markers and observed that PA200 indeed 

plays a role in EMT, but the response is context-dependent, considering the divergent responses 

of the two NSCLC cell lines to PA200 knock-out. Building upon these findings, in vivo 

experiments were conducted in collaboration with the lab of Georgios Stathopoulos to validate 

the impact of PA200 depletion on tumour size. The results confirmed that the absence of PA200 

reduces tumour size. Our animal model system did not, however, allow for the analysis of the 

metastatic behaviour of PA200-depleted lung carcinoma cell lines.  

To gain insights into the differential effects of PA200 in the two NSCLC cell lines, global 

changes in RNA expression were determined by RNA sequencing. The data revealed diverse 

regulatory patterns at the RNA level following PA200 knock-out in the two NSCLC cell lines. 

Additionally, immunoprecipitation experiments with subsequent mass spectrometry (MS) 

analyses were conducted to identify PA200 interactors. Surprisingly, the main interactors of 

PA200 were found to be non-proteasome-associated proteins. Subsequent experiments using 

MS analysis of different fractions of native gels provided evidence for the existence of 

proteasome-independent presence of PA200 in the cells. Moreover, employing urea lysis of the 

TSDG-lysed cell pellets allowed me to detect PA200 in the insoluble fractions, which primarily 

consisted of DNA, RNA, and their interactor proteins. These findings support the notion that 
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PA200 can interact with insoluble components of the cells such as DNA and RNA interactors 

within the cellular context. 

In conclusion, this research elucidated the multifaceted roles of PA200 in NSCLC, highlighting 

its impact on proteasome dynamics, cellular functions, EMT, tumour growth, and interactions 

with various proteins. The context-dependent effects observed in the two NSCLC cell lines 

shed light on the complexity of PA200-mediated processes and provide a foundation for further 

investigations. 
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Zusammenfassung 

 

In dieser Arbeit konzentrierte ich mich auf die Untersuchung der Rolle von PA200, einem 

Proteasomaktivator, der bei nicht-kleinzelligem Lungenkrebs (NSCLC) überexprimiert ist 

(Javitt et al., 2023; Welk, 2018). Um seine Funktion zu verstehen, habe ich CRISPR/Cas9 

PA200-Knockout-Zelllinien (A549 und NCI-H1299) generiert, die Effizienz der Depletion 

validiert und auf RNA und Proteinebene bestätigt. Die Depletion von PA200 führte zu einer 

veränderten Dynamik, Aktivierung und Verteilung von Proteasom-Komplexen. 

Bemerkenswerterweise unterschieden sich diese Effekte zwischen den beiden NSCLC-

Zelllinien. 

Um tiefere Einblicke in die funktionelle Relevanz von PA200 zu gewinnen, habe ich 

verschiedene biologische Tests etabliert und optimiert, darunter Proliferations-, Invasions- und 

Migrationstests. Die Ergebnisse zeigten deutliche Auswirkungen der PA200-Depletion auf die 

Proliferations- und Stoffwechselraten in den beiden Zelllinien. Darüber hinaus führte das 

Fehlen von PA200 zu einer verminderten Invasion und Migration, wenn auch in 

unterschiedlichem Ausmaß in den beiden Zelllinien. Diese Ergebnisse ließen die Möglichkeit 

einer Beteiligung von PA200 am Übergang vom Epithel zum Mesenchym (EMT) vermuten. 

Die Analyse von EMT-Markern legt nahe, dass PA200 tatsächlich eine Rolle bei der EMT 

spielt, dies jedoch kontextabhängig ist, wenn man die unterschiedlichen Reaktionen der beiden 

NSCLC-Zelllinien berücksichtigt. Weitergehend wurden in-vivo Maus-Experimente 

durchgeführt, um den Einfluss der PA200-Depletion auf die Tumorgröße zu validieren. Die 

Ergebnisse bestätigten, dass das Fehlen von PA200 das Wachstum der Tumorzellen in der 

Maus verringert. 

Um Einblicke in die Auswirkung einer PA200 Depletion in den beiden NSCLC-Zelllinien zu 

gewinnen, wurde eine Transkriptomanalyse mittels RNA-Sequenzierung durchgeführt. Die 

Daten zeigten unterschiedliche regulatorische Muster auf RNA-Ebene in den beiden NSCLC-

Zelllinien nach PA200-Knockout. 

Darüber hinaus wurden Immunpräzipitationsexperimente zur Identifizierung von PA200-

Interaktionspartnern durchgeführt und Massenspektrometrie zur Analyse der assoziierten 

Proteine eingesetzt. Überraschenderweise wurde festgestellt, dass es sich bei den 
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Interaktionspartnern von PA200 meist um nicht Proteasom-assoziierte Proteine handelt. 

Nachfolgende Experimente deuten auf die Existenz einer Proteasom-unabhängigen Fraktion 

von PA200 in den Tumorzellen. Dies wurde mittels Nachweis von PA200 in unlöslichen 

Proteinfraktionen, die hauptsächlich aus DNA, RNA und ihren Interaktorproteinen bestanden, 

bestätigt. Diese Ergebnisse stützen die Annahme, dass PA200 im zellulären Kontext mit 

unlöslichen Komponenten wie DNA- und RNA interagieren kann. 

Zusammenfassend trägt dieses Forschungsprojekt dazu bei die zelluläre Funktion von PA200 

bei NSCLC besser zu verstehen und validiert PA200 als Onkogen für Lungentumorzellinien. 

Die in den beiden NSCLC-Zelllinien beobachteten kontextabhängigen Effekte geben 

Aufschluss über die Komplexität PA200-vermittelter Prozesse und bieten eine Grundlage für 

weitere Untersuchungen.
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1 Introduction 

1.1 Lung cancer 

Lung cancer stands as one of the most prevalent malignancies worldwide and remains a 

prominent cause of cancer-associated mortality, with an estimated 2.20 million new cases and 

1.79 million deaths reported annually (Cancer, 2020; Thai et al., 2021). Striking progress and 

notably enhanced outcomes for numerous patients have been attainable due to significant 

improvements in comprehending disease biology, predictive biomarkers, and treatment 

refinements (Howlader et al., 2020). Furthermore, public health initiatives aimed at decreasing 

smoking rates have resulted in enhanced survival rates and a decrease in the occurrence of lung 

cancer in high-income nations (Jemal et al., 2010; Ng et al., 2014; Siegel et al., 2020). 

Significantly, men are experiencing a more rapid decline in lung cancer incidence due to the 

historical pattern of slower adoption and cessation of tobacco use among women (Siegel et al., 

2020). Nonetheless, instances of new lung cancer cases persist in low-income nations where 

access to healthcare is limited, and initiatives to encourage smoking cessation are not as 

prevalent (Jemal et al., 2010; Ng et al., 2014). Intriguingly, lung cancer is not solely confined 

to smokers, as evidenced by the latest research from the Swanton Lab, indicating a link between 

air pollution-induced lung inflammation and the activation of cells harbouring cancer-causing 

mutations (Swanton et al., 2022). 

Lung cancer presents a wide spectrum of clinicopathological characteristics, displaying 

significant diversity (Travis, Brambilla, Nicholson, et al., 2015). Within lung cancer diagnoses, 

non-small cell lung cancer (NSCLC) and small-cell lung cancer (SCLC) comprise 85% and 

15% of cases, respectively (Figure 1.1 A) (Singal et al., 2019). In accordance with NSCLC 

classification, adenocarcinomas constitute the most prevalent subtype of lung cancer, closely 

followed by squamous-cell carcinomas (Figure 1.1 B) (Bray et al., 2015; Travis, Brambilla, 

Nicholson, et al., 2015). Notably, the occurrence of squamous-cell carcinomas has exhibited a 

significant decrease, attributed to declining smoking rates within high-income countries and 

changes in cigarette content (Alberg et al., 2013).  
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Figure 1.1: Lung cancer classification. Lung cancers are classified into two main types: 

SCLC and NSCLC. The latter is subtyped into A) squamous and non-squamous according 

to histology. B) The NSCLC is driven by several different mutations (Singal et al., 2019). 

The image is taken from a recent review (Thai et al., 2021). 

 

1.1.1 Small-Cell Lung Cancer (SCLC) 

SCLC is a high-grade neuroendocrine carcinoma that typically develops in smokers who are 

still smoking or have quit, and it has a very poor prognosis (Rudin et al., 2021). The WHO's 

pathological categorization system identifies only two subtypes of SCLC: SCLC (80% of 

cases) and combined SCLC (20% of cases) which has an additional non-small-cell carcinoma 

component (Travis, Brambilla, Nicholson, et al., 2015). The occurrence of SCLC often mirrors 

the prevalence of smoking, albeit with an approximate 30-year delay (Huang et al., 2015). This 

establishes SCLC as one of the malignancies displaying the most robust epidemiological 

associations with tobacco use. Over the course of the last thirty years, SCLC incidence in the 

USA has decreased in parallel with cigarette smoking prevalence (Breitling et al., 2020). Only 

2% of SCLC cases occur in never-smokers who have never smoked more than 100 cigarettes 

in their whole lives (Varghese et al., 2014). However, a Korean population-based study showed 

a link between air pollution and another recent study showed increased SCLC cases with 
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increased radon exposure in never-smokers (Lamichhane et al., 2017; Rodríguez-Martínez et 

al., 2022). The majority of SCLC cases exhibit concurrent inactivation of the tumour 

suppressors p53 and RB proteins which are the products encoded by TP53 and RB1 genes, 

respectively (George et al., 2015). This simultaneous inactivation of tumour suppressors 

diverges from the principal oncogenic drivers commonly found in various other solid tumours, 

particularly NSCLC, wherein activating oncogenic mutations play a crucial role in the initiation 

of carcinogenesis (Rudin et al., 2021). Furthermore, alterations may also influence SCLC 

tumourigenesis in the immune microenvironment and lung stroma (Huang et al., 2015). These 

insights are further corroborated by comprehensive DNA and RNA sequencing investigations 

involving larger cohorts of primary tumours and models derived from patient samples and 

circulating tumour cells (CTCs) (George et al., 2015; Peifer et al., 2012; Udagawa et al., 2018).  

In the context of SCLC, the most prevalent sites for metastasis include the contralateral lung, 

the brain, the liver, the adrenal glands, and the bone is the most typical locations (Rudin et al., 

2021). This pattern of metastatic dissemination is notably associated with the abundance of 

CTCs in SCLC (Hou et al., 2012). The scarcity of samples for histological diagnosis and 

subsequent study has been a persistent issue in SCLC research. The lack of tumour material 

may be lessened by the capacity to separate CTCs from SCLC patients' blood (Hodgkinson et 

al., 2014).  

1.1.2 Non-Small Cell Lung Cancer (NSCLC) 

NSCLC is histologically classified into squamous cell carcinoma (SCC), which typically 

develops close to a central bronchus, while non-squamous NSCLC begins in lung epithelial 

cells of the core bronchi to terminal alveoli (Paradigms, 2017). The majority of the mutations 

in NSCLC are found in KRAS (29%), EGFR (17%), BRAF (5%), MET (4%), and ERBB2 

(4%) genes (Figure 1.1 C) (Thai et al., 2021). The WHO identified three main forms of NSCLC 

are adenocarcinoma, squamous cell carcinoma, and large cell (Travis, Brambilla, Burke, et al., 

2015; Travis, Brambilla, Nicholson, et al., 2015). 

Adenocarcinomas develop from cells that typically release mucus and other chemicals and 

account for about 40% of lung malignancies, making them the most prevalent kind of NSCLC 

(Travis, Brambilla, Burke, et al., 2015). While it is the most common form of lung cancer 

observed in individuals who have never smoked, this subtype of lung cancer predominantly 

impacts individuals who are currently smoking or have a history of smoking (American Cancer 

Society, 2019). In contrast to other types of lung cancer, this variant is more frequently 
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diagnosed in women rather than men, and it has a higher propensity to occur in younger people. 

Adenocarcinoma typically develops in the outer regions of the lung and is more likely to be 

discovered early on. 

Squamous cell carcinomas account for 25% to 30% of lung malignancies and are typically 

caused by cells in the airway epithelium that line the lungs (Duma et al., 2019). These tumours 

often originate in the central regions of the lungs, near major airways, and they are commonly 

linked to a history of smoking, particularly in the bronchial region (American Cancer Society, 

2019).  

Large cell tumours comprise between 5-10% of all lung malignancies. Their prevalence is 

decreasing due to more advanced immunophenotyping methods that accurately classify poorly 

differentiated squamous cell carcinomas and adenocarcinomas (Duma et al., 2019). Large cell 

carcinoma can potentially arise in any region of the lung. It often exhibits rapid growth and has 

a tendency to metastasize, posing challenges for effective treatment (American Cancer Society, 

2019).  

1.1.2.1 Treatment in NSCLC 

The treatment options in the non-metastatic NSCLC are surgery, neoadjuvant, and adjuvant 

chemotherapy, depending on the cancer stage. Previously, for-early-stage NSCLC, the surgical 

resection of a single lobe (lobectomy) or limited resection was accepted as the ideal practice 

(Duma et al., 2019). However, early-stage NSCLC surgery continues to be challenging and 

patient-specific. On the other hand, neoadjuvant chemotherapy may be advantageous in 

treating micrometastases early, staging the tumour more conservatively, enabling total 

resection, and improving tolerability (Duma et al., 2019). Nevertheless, the impact of 

neoadjuvant therapy remains uncertain, and existing studies have not demonstrated a survival 

benefit from preoperative treatment (Felip et al., 2010; Gilligan et al., 2007). A recent review 

discusses the targeted therapy in NSCLC in detail and notes that neoadjuvant immunotherapy 

for NSCLC has shown exceptional pathological response rates without any rise in 

postoperative morbidity (Aguado et al., 2022). Furthermore, individuals with early-stage lung 

cancer are advised to undergo adjuvant chemotherapy, as studies have revealed that distant 

metastases are the leading cause of recurrence after potentially curative surgery. The use of 

molecularly targeted drugs and immunotherapy in the early stages of NSCLC is gaining 

popularity. Despite numerous trials utilizing EGFR and anaplastic lymphoma kinase (ALK) 

inhibitors following surgical resection, these studies did not demonstrate a significant 
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improvement in progression-free survival (PFS) or overall survival (OS) (Goss et al., 2013; 

Kelly et al., 2015). 

While treating advanced-stage lung cancer, the histological cell type, genetic mutation profile, 

and performance status must be considered. EGFR mutations and ALK rearrangement testing 

should be performed on all patients with histologically diagnosed cancer (Lindeman et al., 

2013). Including additional genes (i.e., ERBB2, MET, BRAF, KRAS, and RET) for labs 

performing next-generation sequencing panels and ROS1 testing for all adenocarcinoma 

patients are important new recommendations (Lindeman et al., 2018). For patients with 

advanced-stage disease, molecular targeted therapy is typically the initial treatment of choice 

if they possess well-identified driver mutations. On the other hand, for patients who do not 

have EGFR mutations or ALK rearrangements or for those with unknown mutation status, the 

standard approach involves systemic cytotoxic chemotherapy (Gridelli et al., 2015). 

1.2 Hallmarks of cancer 

The hallmarks of cancer were first introduced by Hanahan & Weinberg in 2000. The list 

initially consisted of six hallmarks (Hanahan & Weinberg, 2000). The hallmarks included 

evading apoptosis, self-reliance in growth signals, lack of sensitivity to anti-growth signals, 

invasion and metastasis, infinite capacity for replication, and angiogenesis (Hanahan & 

Weinberg, 2000) (Figure 1.2 A). After 11 years, four new hallmarks were added: metabolism 

deregulation, immune evasion, tumour-promoting inflammation, and genome instability and 

mutation (Hanahan & Weinberg, 2011) (Figure 1.2 B). The hallmarks of the cancer list gained 

four new members in 2022: plasticity, epigenetic reprogramming, polymorphic microbiomes, 

and senescence based on another decade-old research (Figure 1.2 C) (Hanahan, 2022). This 

subsection will introduce the following hallmarks in more detail: metabolic rewiring, tissue 

invasion and metastasis, immune evasion, and tumour-promoting inflammation, as they will 

be investigated in the course of this thesis. 

 

 



1 Introduction 

 

6 

 

Figure 1.2: Hallmarks of cancer over the years. A) The term “hallmarks of cancer” was 

first introduced with six characteristics (Hanahan & Weinberg, 2000). B) Changes in the 

metabolism, immune evasion, tumour-promoting inflammation, and genome instabilities 

further added to the hallmarks of the cancer list (Hanahan & Weinberg, 2011). C) In the 

recent review in 2022, four more hallmarks made it to the list: plasticity, epigenetic 

reprogramming, microbiome, and senescence (Hanahan, 2022). This figure is adapted from 

the cited reviews above. 

1.2.1 Deregulation of cellular energetics 

Otto Warburg initially noted a reprogramming of energy metabolism as a cancer-related trait 

in the 1920s (Warburg et al., 1927). This phenomenon is now often referred to as "the Warburg 

effect." Although the amount of ATP produced by aerobic glycolysis is around 18 times lower, 

glycolytic intermediates can be redirected into biosynthetic pathways to create amino acids, 

nucleosides, and other components necessary for cell proliferation (Beyoğlu & Idle, 2021). 

Therefore, some cancer-related mutations make it possible for cancer cells to digest nutrients 

in a fashion that promotes proliferation rather than effective energy generation (Vander Heiden 
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et al., 2009). While glucose is a well-known fuel for cancer growth, amino acids also play a 

significant role in the development of the disease (Lieu et al., 2020). For instance, while 

glutamine is classified as a nonessential amino acid because of the presence of endogenous 

glutamine biosynthesis pathways, it becomes essential in cancer cells due to the rapid 

consumption of glutamine by transformed cells, which surpasses the rate of glutamine 

biosynthesis (Zhang et al., 2017). Glutamine has a variety of roles in cellular metabolism in 

addition to contributing to the biosynthesis of nucleotides, intermediates of the tricarboxylic 

acid (TCA) cycle, glutathione (GSH), and other non-essential amino acids (Yoo et al., 2020). 

Thus, glutamine deficiency inhibits cancer progression and, in some malignancies, even 

triggers cell death (L. Chen & H. Cui, 2015; Qing et al., 2012; Yoo et al., 2020). This metabolic 

dependence on glutamine by malignant cells has been called glutamine addiction (Wise & 

Thompson, 2010). Fetal calf serum (FCS) provides hormones, minerals, trace elements, lipids, 

and components for attachment, spreading, stabilization, and detoxification to cells 

(Gstraunthaler, 2003). Therefore, serum-free conditions can also rewire the metabolism. For 

example, in prostate cancer cells, serum deprivation triggers oxidative stress adaption (White 

et al., 2020), whereas serum deprivation sensitizes the cells to cisplatin treatment in cervical 

and ovarian cancer cell lines (Senichkin et al., 2018). 

1.2.2 Invasion and metastasis 

Hanahan and Weinberg stated that "stimulating invasion and metastasis" is a characteristic of 

cancer (Hanahan & Weinberg, 2011). Metastases still continue to be an essential characteristic 

of cancer malignancy, with the invasion of adjacent tissue and seeding in distant sites 

accounting for more than 90% of cancer patients' fatalities (Fares et al., 2020; Steeg, 2006). 

For metastasis to occur, the cancer cells must leave their primary site, travel through the 

circulation, tolerate blood vessel pressure, adapt to new biological conditions in a secondary 

site, and avoid a lethal fight with immune cells in order to generate metastases (Maitra, 2019; 

Massagué & Obenauf, 2016). Transdifferentiated epithelial cells acquire the capacity to invade, 

withstand stress, and spread through a process known as epithelial-to-mesenchymal transition 

(EMT) (Hanahan & Weinberg, 2011). Epithelial cells are immobile and firmly attached to one 

another and the surrounding extracellular matrix (ECM) (Fouad & Aanei, 2017). EMT is 

responsible for the reversible biochemical changes that enable a particular epithelial cell to 

develop a mesenchymal phenotype and confers epithelial cells with epithelial-mesenchymal 

plasticity, which is essential for the spread of cancer and other diseases (Fares et al., 2020; Ye 
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& Weinberg, 2015). Several molecular mechanisms are activated to start the EMT process 

(Figure 1.3). These consist of synthesizing ECM-degrading enzymes, activating transcription 

factors, expressing particular cell-surface proteins, and reorganizing cytoskeletal proteins 

(Kalluri & Weinberg, 2009). Furthermore, several signalling molecules induce EMT such as 

HGF, EGF, FGF, and TGF-β (Adamczyk-Gruszka et al., 2022; Farajihaye Qazvini et al., 

2019; Kalluri & Weinberg, 2009; Liu et al., 2017; Nawshad et al., 2005).  

 

Figure 1.3: Epithelial-to-mesenchymal transition process. An EMT is distinguished by 

the functional transformation of differentiated epithelium cells into mobile, ECM 

component-secreting mesenchymal cells. The list includes the epithelial and mesenchymal 

cell markers used in this study. The figure is adapted from a previous review (Kalluri & 

Weinberg, 2009). 

1.2.3 Immune evasion 

Hanahan and Weinberg added immune evasion to the hallmarks of the cancer list in 2011 

(Hanahan & Weinberg, 2011). The immune system acts as a potent inhibitor of tumour 

development and progression, at least in some types of cancer that are not caused by viruses. 

Effective anti-cancer immune responses require a series of steps to be repeated (Chen & 

Mellman, 2017; Kim & Chen, 2016).  The process begins with the release of neoantigens from 

dead cancer cells upon tumour formation. Dendritic cells (DCs) capture these neoantigens and 

transport them to the nearest draining lymph node (DLN). Using MHC-I and MHC-II 

molecules, DCs present the acquired antigens to T cells, triggering activation of effector T 

cells. Within the DLN, cancer-specific T cells recognizing the antigen express essential cell 

adhesion molecules and chemokine receptors for migration and infiltration into the tumour. 

Subsequently, these cells traverse the bloodstream to reach the tumour tissue. The MHC-I-

antigen complex presented by the cancer cells is later recognized and bound by the T cell 

receptor (TCR) of CD8+ T cells as they infiltrate into the tumour. Cytotoxic T cells can kill 

malignant tumour cells that express tumour neoantigens (Raskov et al., 2021). Immunotherapy 

supports the immune system's ability to combat cancer (Steven et al., 2016; Waldman et al., 
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2020). Of the therapy options, immune check point inhibitors show effectiveness only in some 

tumours. The responsive subtypes are now known as “hot” tumours, while the unresponsive 

ones are called “cold” tumours (Kim & Cho, 2022). For tumours to be classified as "hot," they 

must first undergo successful antigen recognition, T cell activation, and T cell infiltration into 

the tumour. However, a malfunction at the beginning of the cancer-immune cycle occurs in 

"cold" tumours, distinguished by immunological non-infiltration, and most cold tumours do 

not react to immune checkpoint inhibitors. Therefore, it may be hypothesized that 

immunological checkpoint inhibitor reactivity is a common characteristic of this kind of 

immune infiltration and is primarily influenced by antigen identification and T-cell migration 

to the tumour (Havel et al., 2019; McGranahan et al., 2016; van Rooij et al., 2013).  

1.2.4 Tumour-promoting inflammation 

Another immune system-related hallmark of cancer, tumour-promoting inflammation, was 

added in 2011 (Hanahan & Weinberg, 2011). Inflammation plays a role in fostering various 

hallmark characteristics within the tumour microenvironment. This is achieved through the 

release of bioactive molecules, including growth and survival factors, enzymes that modify the 

extracellular matrix to support angiogenesis, invasion, and metastasis, as well as proangiogenic 

factors. Additionally, inflammation provides signals that trigger the activation of programs 

such as EMT and other processes that facilitate hallmark traits (DeNardo et al., 2010; 

Grivennikov et al., 2010; Qian & Pollard, 2010). Furthermore, inflammation can promote the 

transformation of early neoplasia into advanced malignancies and is sometimes visible at the 

earliest stages of neoplastic evolution (de Visser et al., 2006; Qian & Pollard, 2010). Since 

many cancers lack apoptotic cell death, necrotic cell death may be more relevant and 

immunostimulatory (Galluzzi et al., 2018; Weinlich et al., 2017). For instance, tumour cell 

necrosis may result in local and systemic anti-tumour immunity even when the antigens 

presented in dying and remaining tumour cells are not entirely shared (Snyder et al., 2019). 

Additionally, cancer cells nearby may be actively mutated by chemicals released by 

inflammatory cells, particularly reactive oxygen species, which speeds up the development of 

their genetic makeup into states of increased malignancy (Grivennikov et al., 2010). 

Understanding how inflammation promotes tumour growth is crucial for at least two reasons: 

by inhibiting inflammation, malignancies can be detected earlier, and it can be understood how 

metastatic seeds spread once they have become established far away (Greten & Grivennikov, 

2019). 
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1.3 The proteasome system 

1.3.1 The constitutive proteasome (c20S) 

The proteasome, around 700 kDa protein complex, is found in the cytoplasm and the nucleus 

of all eukaryotic cells. The proteasome is an evolutionarily conserved protease complex 

composed of 28 subunits. Its structure is barrel-shaped and consists of four stacked, heptameric 

rings that exhibit symmetry. The outer rings are formed by seven subunits (α1–7) each, while 

the inner rings are composed of seven subunits (β1–7) each. These inner rings collectively seal 

the entry port of the core proteasome, ensuring controlled protein degradation and preventing 

unregulated protein destruction (Figure 1.4) (Groll et al., 2000; Groll et al., 1997). 

Within the interior chamber of the barrel structure, the catalytically active sites are located on 

three distinct beta subunits, specifically referred to as β1/PSMB6, β2/PSMB7, and β5/PSMB5. 

These subunits each feature an N-terminal threonine residue that functions as the active centre, 

initiating a nucleophilic attack on the peptide bonds of the unfolded protein substrate. The 

substrate binding pockets within these β1, β2, and β5 subunits dictate their cleavage 

preferences, resulting in diverse activities targeting acidic residues (caspase-like activity), basic 

residues (trypsin-like activity), as well as large hydrophobic amino acids (chymotrypsin-like 

activity), among other amino acid types (Arciniega et al., 2014; Groll et al., 1997; Huber et al., 

2012).  

The presence of the ring-like subunits around the 20S core particle confines its accessibility, 

resulting in limited activity when the 20S proteasome is in its closed configuration. 

Consequently, the 20S proteasome struggles to effectively degrade large and folded proteins 

(Groll et al., 2000) (Groll et al., 2000). However, emerging evidence suggests that the 20S core 

particle can still target partially or fully unfolded proteins for degradation (Aiken et al., 2011; 

Pickering et al., 2010; Wang et al., 2020). Moreover, recent findings indicate that uncapped 

20S proteasomes are capable of breaking down native proteins featuring intrinsically 

disordered regions (IDRs) or proteins entirely composed of disordered regions (van der Lee et 

al., 2014). These intrinsically disordered proteins (IDPs) contain elements with signalling and 

regulatory functions associated with processes like oncogenesis and growth regulation (Dyson 

& Wright, 2005). Notably, the 20S proteasome exhibits resilience in oxidative conditions, 

contrasting with the relatively less stable 19S-capped 20S proteasome complexes (Livnat-

Levanon et al., 2014). 
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Figure 1.4: Cartoon representation of the constitutive proteasome. A) The two α-rings 

(orange) and two β-rings (light and dark blue), in a symmetric α1-7β1-7β1-7α1-7 

conformation, form the 20S core particle. The β1, β2, and β5 (coloured light blue) 

subunits are catalytically active. Without an activator, the α-rings of the 20S core particle 

are in a closed conformation. B) To be degraded, the substrates enter the 20S core 

particle via the α-ring gate centre (Dahlmann, 2016). 
 

The thymus expresses another catalytic subunit, β5t/PSMB11, which is involved in the positive 

selection of CD8+ T lymphocytes (Murata et al., 2007; Nitta et al., 2010). The testis is one 

tissue where the α4s/PSMA8 subunit is explicitly expressed, which adds to the diversity of 

cellular 20S proteasome particles (Kniepert & Groettrup, 2014; Uechi et al., 2014). 

Structural investigations of 20S proteasomes have demonstrated that the N-termini of the 20S 

particle functions as gatekeepers, obstructing the entrance to the proteolytic chamber. This 

arrangement serves to prevent uncontrolled protein entry and degradation by the 20S 

proteasomes  (Groll et al., 2000; Groll et al., 1997; Huber et al., 2012; Schrader et al., 2016). 

The activation of 20S proteolysis involves at least a partial opening of this gate, allowing the 

admission of partially folded or unfolded proteins (Kish-Trier & Hill, 2013). Consequently, 

approximately 20% of cellular proteins, primarily those with excessive disordered regions, are 

potentially susceptible to degradation by 20S proteasomes (Baugh et al., 2009; Kumar 

Deshmukh et al., 2019). 
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Table 1.1: The nomenclature of the 20S core subunits 

Subunit Gene symbol Name 

α 

PSMA1 proteasome 20S subunit alpha 1 

PSMA2 proteasome 20S subunit alpha 2 

PSMA3 proteasome 20S subunit alpha 3 

PSMA4 proteasome 20S subunit alpha 4 

PSMA5 proteasome 20S subunit alpha 5 

PSMA6 proteasome 20S subunit alpha 6 

PSMA7 proteasome 20S subunit alpha 7 

PSMA8 proteasome 20S subunit alpha 8 

β 

PSMB1 proteasome 20S subunit beta 1 

PSMB2 proteasome 20S subunit beta 2 

PSMB3 proteasome 20S subunit beta 3 

PSMB4 proteasome 20S subunit beta 4 

PSMB5 proteasome 20S subunit beta 5 

PSMB6 proteasome 20S subunit beta 6 

PSMB7 proteasome 20S subunit beta 7 

PSMB11 proteasome 20S subunit beta 11 

1.3.2 The immunoproteasome (i20S) 

While all cell types constitutively express the standard proteasome, cells of hematopoietic 

origin contain an additional set of proteasomes with unique catalytic subunits (Groettrup et al., 

2001). The three catalytically active sites in this so-called immunoproteasome are the only 

structural differences between the immuno- and the standard proteasomes. The term 

"immunosubunits" originated from the location of the genes low molecular mass protein 

2 (LMP2/β1i) and low molecular mass protein 7 (LMP7/β5i) in the MHC class II genomic 

region (Ortiz-Navarrete et al., 1991; Yang et al., 1992). These subunits integrate into the 

immunoproteasome instead of their homologous counterparts β1 and β5, for example, after 

INF-γ stimulation (Akiyama et al., 1994; Früh et al., 1994; Groettrup et al., 2001). Later, a third 

low molecular mass protein 10 (LMP10/ MECL-1/β2i) was discovered to be the replacement 

for the standard β2 subunit (Groettrup et al., 2010; Groettrup, Kraft, et al., 1996).  

However, non-immune cells can also express immunosubunits upon the secretion of pro-

inflammatory cytokines like interferon (IFN) or tumour necrosis factor (TNF) (Angeles et al., 

2012).  Upon stimulation by interferons (IFNs), specific regulatory factors such as interferon 

regulatory factor-1 (IRF-1) and signal transducers and activators of transcription-1 (Stat-1) play 
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a role in orchestrating the expression of three immunosubunits (Brucet et al., 2004; Chatterjee-

Kishore et al., 1998; Foss & Prydz, 1999; Namiki et al., 2005). Notably, type I IFNs can also 

lead to the upregulation of the immunoproteasome, although higher doses are necessary 

compared to the upregulation achieved by IFN-γ (Freudenburg et al., 2013a, 2013b; Shin et al., 

2006). Immune cells exhibit elevated baseline immunoproteasome expression in comparison 

to non-immune cells, likely due to sustained activation of intracellular signalling pathways  

(McCarthy & Weinberg, 2015). In studies involving mice, it was observed that mice lacking 

either Type I or Type II IFN receptors displayed modest decreases in mRNA levels for β1i and 

β5i in their thymus and spleens, while another study found that the expression of 

immunoproteasome proteins in the spleens of mice lacking IFN-γ was comparable to that of 

wild-type mice (Barton et al., 2002; Lee et al., 1999). However, immunoproteasome subunit 

mRNA and protein expression are significantly decreased in STAT1-/- mice spleens, indicating 

that non-phosphorylated STAT1 is at least partly responsible for basal immunoproteasome 

expression rather than IFN-γ signaling (and phosphorylated STAT1) (Barton et al., 2002; Lee 

et al., 1999; McCarthy & Weinberg, 2015). 

In contrast to the conventional subunits β1, β2, and β5, the immunosubunits possess distinct 

cleavage preferences due to structural alterations in the substrate-binding pockets of their active 

sites (Huber et al., 2012). For instance, when β1 is replaced with LMP2, there is a notable 

reduction in post-acidic cleavage activity. Consequently, a pool of peptides with predominantly 

hydrophobic C-termini is generated. These peptides more closely align with the binding 

requirements of MHC class I molecules, as compared to antigens produced by the standard 

proteasome. This alteration in cleavage specificity highlights the role of immunosubunits in 

generating peptides suitable for MHC class I antigen presentation (Groettrup et al., 2001).  
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Figure 1.5: Cartoon representation of the differences between constitutive proteasome 

and immunoproteasome. A) The two α-rings (orange) are in a symmetric α1-7 

orientation and have two β-rings (light and dark blue) in a β1-7 conformation in between. 

The gene name of the catalytically active subunits (light blue) is mentioned below in 

brackets (Dahlmann, 2016). B) The immunoproteasome shares similarities in structure; 

however, the catalytically active sites differ. The β1- β2- β5 subunits are replaced with 

β1i- β2i- β5i (yellow), respectively. The gene name of the catalytic subunits (yellow) of 

immunoproteasomes is mentioned below in brackets. 

 

MHC class I antigen presentation shows only minor abnormalities in mice lacking LMP2, 

LMP7, or MECL-1 (Basler et al., 2006; Fehling et al., 1994; Van Kaert et al., 1994). In contrast, 

mice lacking all i20S subunits exhibit a deficiency in MHC class I epitope presentation, 

reminiscent of the immunological phenotype observed in LMP7-deficient mice (Eleanor Z 

Kincaid et al., 2012). Moreover, the i20S proteasome plays a role in maintaining and shaping 

the CD8+ T-cell repertoire throughout the immune response to intracellular infections (Yang 

et al., 1992; Zaiss et al., 2008). Additionally, i20S contributes to the suppression of regulatory 

cell induction while fostering the development of pro-inflammatory T-helper type 1 (Th1) and 

type 17 (Th17) cells (Bockstahler et al., 2020; Goetzke et al., 2021; Khalid W Kalim et al., 

2012). Moreover, monocytes and T cells stimulate the production of the cytokines IL-23 and 

IL-2 (Muchamuel et al., 2009). When it comes to degrading oxidized proteins in an ATP- and 

ubiquitin-free way, i20S has been proven to be more effective than its conventional equivalent 

(Abi Habib et al., 2020; Pickering et al., 2010). The idea is supported by the fact that the mTOR 

pathway increases i20S expression to halt the accumulating of misfolded or damaged proteins 

(Eleanor Z. Kincaid et al., 2012). Furthermore, it has been demonstrated that i20S expression 

alters the quantity of transcription factors that control essential signalling pathways (Çetin et 

al., 2021; de Verteuil et al., 2014). 
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Table 1.2: The nomenclature of the i20S catalytically active subunits 
c20S 

catalytically 

active subunits 

i20S catalytically active subunits 

Gene Symbol Gene Name Protein Name Aliases  

PSMB7 PSMB8 proteasome 20S subunit beta 8 β5i, LMP7 

PSMB6 PSMB9 proteasome 20S subunit beta 9 β1i, LMP2 

PSMB5 PSMB10 proteasome 20S subunit beta 10 β2i, MECL-1, LMP10 

1.3.3 Proteasome Activators 

Multiple proteasome activators have been identified, including the 19S regulator, PA28αβ, 

PA28γ, and PA200 (Figure 1.4 A). These proteins attach to the 20S proteasome's alpha rings 

and open the gate to the proteolytic chamber, making it easier to degrade proteins and peptides. 

These regulators can form singly or doubly capped complexes by attaching either one end of 

the 20S molecule or both. For example, the most studied proteasome activator, 19S, was found 

to attach either one end (26S) or both ends of the catalytic core (30S) and work in an ATP- and 

ubiquitin-dependent way (Figure 1.4 B).  Alternatively, PA28αβ, PA28γ, and PA200 attach to 

the proteasome and enable an ATP- and ubiquitin-independent protein degradation (Figure 1.4 

C). Additionally, these activators can create complexes with mixed regulators attached to one 

20S catalytic core. 
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Figure 1.6: Cartoon representation of proteasome complexes. The proteasome has four 

different A) activators identified so far. These proteins bind and activate the catalytic core 

(20). They can be separated depending on their dependency on ATP and ubiquitin. 19S binds 

to 20S and works in a B) ATP- and ubiquitin-dependent fashion. Three activators, PA28αβ, 

PA28γ, and PA200, work in a C) ATP- and ubiquitin-independent manner. 

1.3.3.1 The 19S activator 

As previously mentioned, 19S binds to the 20S core either at one or both ends and forms 26S 

and 30S, respectively. The 26S proteasome, which mediates ubiquitin-dependent substrate 

degradation, is at the centre of the ubiquitin-proteasome system (Ciechanover, 2005). 19S-

bound complexes make up most of the cell's proteasome complexes together with free 20S 

proteasomes (Fabre et al., 2013). 19S is made of a structure that resembles a base and a lid 

(Bard et al., 2018). The base of the 19S contains four non-ATPase subunits (RPN1, RPN2, 

RPN10, and RPN13) and a ring of six ATPases (RPT1-RPT6) with ubiquitin-binding 

features(Tanaka, 2009). The lid comprises nine non-ATPase subunits and is primarily involved 

in the deubiquitylation of substrates by the RPN11, UCH37, and UBP6/USP14 (Lander et al., 

2013). The ATPases play a crucial role in facilitating binding between the 20S core and the 

19S regulatory particle, leading to conformational changes and substrate unfolding essential 

for the activation of the 26S proteasome (Eisele et al., 2018; Finley et al., 2016; Matyskiela et 

al., 2013; Navon & Goldberg, 2001). Extensive studies involving knockout mouse models have 

demonstrated the indispensability of most 19S subunits for both cell and organismal survival 
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(Bedford et al., 2008; Sitaraman et al., 2019; Ugun-Klusek et al., 2018). Cell type-specific 

knockouts of individual 19S subunits have further elucidated the causal relationship between 

these subunits and specific pathophysiological conditions such as neurodegeneration and acute 

lung injury (Tanaka et al., 2012). Moreover, the assembly of 26S proteasome complexes 

requires specific chaperones to facilitate the formation of the complex from the 20S core and 

the 19S regulator (Funakoshi et al., 2009; Kaneko et al., 2009; Murata et al., 2009; Roelofs et 

al., 2009). Notably, in mammals, p28/PSMD10 and p27/PSMD9 have been identified as 

activating assembly factors, promoting the assembly of the 26S complex (Kaneko et al., 2009; 

Lu et al., 2017). In contrast, Proteasomal ATPase-Associated Factor 1 (PAAF1) and 

S5b/PSMD5 appear to inhibit the formation of the 26S complex (Levin et al., 2018; Park et al., 

2005; Shim et al., 2012). These intricate regulatory mechanisms ensure the proper assembly 

and functioning of the 26S proteasome complex in cells. 

1.3.3.2 PA28α/β 

The PA28α/β proteasome activator is exclusive to higher eukaryotic organisms and is 

constructed from seven 28 kDa subunits, termed PSME1 (α) and PSME2 (β) (Fort et al., 2015; 

Wang et al., 2020). These subunits, often induced by interferon (IFN), exhibit co-regulation 

with the immunoproteasome, suggesting their involvement in the presentation of MHC I 

antigens (Cascio, 2014; Rechsteiner et al., 2000). Within mammals, PA28 consists of four 

PA28α and three PA28β subunits, a composition that enhances proteasome activity more 

effectively than homomeric PA28α or PA28β complexes (Huber & Groll, 2017; Realini et al., 

1997). Unlike the 19S regulator, they work in an ATP and ubiquitin-independent manner and 

are wide enough to accommodate small proteins and disordered polypeptides (Stadtmueller & 

Hill, 2011). PA28αβ is found in the cytoplasm of cells from numerous organs, but it is most 

abundant in immunological tissues (Rechsteiner et al., 2000). The PA28αβ complexes 

preferentially bind with the immunoproteasome and activate all catalytically active subunits on 

the 20S in vitro (Fabre et al., 2015; Realini et al., 1997). Further studies showed that IFN-γ 

stimulation increases the expression of PA28α and PA28β subunits, as well as the formation 

of PA28αβ complexes (Murata et al., 2001; Tanahashi et al., 1997). The PA28αβ complex has 

been hypothesized to take part in antigen processing and to be crucial for MHC class I antigen 

presentation acting in concert with the immunoproteasome (Dick et al., 1996; Groettrup, Soza, 

et al., 1996; Preckel et al., 1999; Stohwasser et al., 2000) However, investigations involving 

double knockout animals lacking PA28α and PA28β subunits have revealed only minor 
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alterations in MHC I antigen presentation and disease progression upon viral induction. This 

suggests that PA28α/β might not be universally vital for generating MHC I antigenic peptides 

but instead influences the processing of specific epitopes (Murata et al., 2001; Respondek et 

al., 2017; Yamano et al., 2008).  

1.3.3.3 PA28γ 

PA28γ, also known as PSME3, shares close genetic similarities with PA28αβ. However, it 

forms a distinct complex with seven subunits, each having a molecular weight of 28 kDa, 

creating a homoheptameric structure, and its primary location is within the cell nucleus (Fort 

et al., 2015; Realini et al., 1997; Stadtmueller & Hill, 2011). Although PA28γ is capable of 

interacting with both the 20S and 26S proteasome components, the majority of its presence in 

the nuclear environment is as independent complexes or as part of structures not directly 

associated with the proteasome. This suggests that PA28γ might perform functions beyond its 

established role in proteasome activation. This situation raises the possibility that PA28γ might 

have roles unrelated to proteasome activity or that these unattached PA28γ complexes could 

act as a reservoir that can swiftly join the proteasome when required for activation (Welk et al., 

2016). PA28γ knock-out mice develop slower and are prone to premature ageing. However, 

they are viable and fertile, indicating that PA28γ is not necessary for survival (Fort et al., 2015; 

Murata et al., 1999). Recent studies found the involvement of PA28γ in NF-κB and 

transforming growth (TFG) -β signalling (Ali et al., 2013; Jiao et al., 2020; Sun et al., 2016; 

Xie et al., 2019; Xu et al., 2016). It is essential for maintaining protein homeostasis 

upon oxidative stress, proteotoxic stress following proteasome suppression, genotoxic stress 

during DNA repair, and autophagy regulation (Dong et al., 2013; Jiang et al., 2019; Levy-

Barda et al., 2011; Pickering et al., 2010; Welk et al., 2016; Zhang et al., 2015). Recent findings 

from mammalian cryo-EM structures demonstrate that PA28γ activates the trypsin-like 

catalytic site of the 20S proteasome through an allosteric mechanism and might be involved in 

the degradation of the DNA and RNA binding proteins (Thomas & Smith, 2022). 
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1.3.3.4 Proteasome Activator 200 (PA200) 

I participated in crafting a recently published review on PA200, where I held the position of 

the first author (Yazgili et al., 2022). In this part of the thesis, certain portions of the PA200 

review were rephrased to establish a strong foundational understanding of PA200. 

1.3.3.4.1 The structure of PA200 

PA200 (protein name), also referred to as PSME4 (gene name), is a monomeric protein with a 

molecular weight of 200 kDa. It interacts with both the catalytic core (20S) and the 26S 

proteasome complexes, leading to the activation of their proteolytic capabilities towards 

peptides (Ustrell et al., 2002). PA200 is highly conserved in mammals and has homologs in 

plants (Arabidopsis thaliana), yeast (Saccharomyces cerevisiae), and worms (Caenorhabditis 

elegans), but not in Arachne or Drosophila melanogaster (Fort et al., 2015).  

Although the structural similarities between human PA200 and yeast PA200, known as Blm10, 

are preserved, the sequence similarity between the two is only 17% (Savulescu & Glickman, 

2011; Toste Rego & da Fonseca, 2019). Using PA200 isolated from bovine testes, the initial 

PA200/20S structure was documented in 2005, achieving a resolution of 23 Å (Ortega et al., 

2005). The 20S alone, 20S-singly capped or 20S-doubly capped with PA200, formed at a ratio 

of 5:4:1. PA200 was characterized as an asymmetric, hollow, dome-like structure attached to 

all exterior alpha subunits of the 20S (apart from α7) as a monomer (Ortega et al., 2005; Yazgili 

et al., 2022). In addition, the 20S gate was reported to open up upon PA200 binding; however, 

due to the low resolution of the structures, no possible entry sites were observed in the earliest 

structure (Figure 1.7).  
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Figure 1.7: Earliest structure of PA200-20S proteasome complexes. a) Isosurface 

representations cut through the middle of the PA200-20 S complex (left), and the 20 S 

proteasome (right) shows only the end where PA200 (gold) is bound (arrow), opening the 

gate to the internal cavities of the 20 S, in contrast, the free end of the 20 S proteasome  blue) 

is closed. b) corresponds to the view in a), and a cylindrical average around the central axis 

c), indicating the decreased density at the end of the 20 S bound to PA200. The image is 

taken from the first PA200 structure paper (Ortega et al., 2005). 

 

A recent structure of human PA200 and entirely in vitro reconstituted human 20S was 

published in late 2019 (Toste Rego & da Fonseca, 2019). In this study, five proteasome 

assembly chaperones that aided the 20S in vitro assembly were used to express all the alpha 

(α) and beta (β) subunits utilizing a baculovirus expression method. To co-express human 

PA200, a third baculovirus was introduced. This recombinant PA200/20S complex's high-

resolution cryo-EM analysis revealed a dome-like structure comparable to the previous PA200, 

resulting from helical repetitions and binding to the 20S proteasome (Figure 1.8 A). The high-

resolution analysis of PA200's interaction with the alpha subunits revealed that PA200 linked 

to 20S via two anchor points, one near the α1– α2 interface and the other one at the α5– α6 

interface. When PA200 was bound, α5 and α7 moved to the interior of the PA200 dome, and 

α3 shifted to have a bigger ring opening. The catalytically active β-subunits underwent 

allosteric effects as a result of these modifications, with the β2 active site broadening and the 

β1 and β5 sites narrowing. By binding PA200 to recombinantly expressed 20S, these structural 

modifications of the catalytic centres were followed by an increase in trypsin-like (T-L) activity 

(β2), a decrease in chymotrypsin-like (CT-L) activity (β5), and a decrease in caspase-like (C-

L) activity (β1) in vitro. The PA200 and PA200-20S complex's most recent cryo-EM structure, 

measuring 3.75 Å and 2.72 Å, respectively, was published in 2020 (Guan et al., 2020). This 

study used commercially available 20S standard proteasomes to complex recombinantly 
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expressed human PA200, which produced a variety of doubly- or singly-capped PA200/20S 

complexes. The 20S α-subunits were similarly rearranged following the PA200 attachment, 

but no rearrangement was seen on the unbound alpha rings. Although the authors did not 

specify any allosteric alterations to the catalytically active beta sites, the in vitro activity assay 

showed a roughly 3-4–fold increase in CT-L activity. The other two active sites, however, were 

not examined. While limiting the direct access to 20S but partially opening the 20S entrance 

pore, PA200 rests directly on the α -rings of 20S in both recent structures. Only unstructured 

protein chains or peptides would be permitted through the PA200 gate due to the PA200 dome's 

narrow opening.  

 

Figure 1.8: Structure of PA200. A) General view of the complex proteasome structure with 

PA200 attached to both ends (the 20S (blue), PA200 (pink), PDB ID: 6REY) B) Two 

negatively charged molecules sit on top of PA200 C) (5,6)-bisdiphosphoinositol 

tetrakisphosphate (5,6[PP]2-InsP4) and D) Inositol hexakisphosphate (InsP6). The image is 

taken from a recent review of PA200 (Yazgili et al., 2022). 

 

Two positively charged grooves outside PA200 were identified by the high resolution of 

PA200/20S complexes and serve as potential substrate entrance sites (Figure 1.8 B). Two 

negatively charged densities, (5,6)-bisdiphosphoinositol tetrakisphosphate (5,6[PP]2-InsP4) 

and inositol hexakisphosphate (InsP6), however, blocked these channels (Figure 1.8 C and D, 

respectively). These extremely negatively charged small signalling molecules may be used to 

fine-tune substrate entrance via PA200. InsP6 played a role in folding, ternary interactions, and 

structural stabilization in earlier structures (Macbeth et al., 2005; Scaiola et al., 2020). RNA 

editing (Macbeth et al., 2005), mRNA transcription (Okamura et al., 2018), RNA export 

(Folkmann et al., 2011), DNA repair (Byrum et al., 2004; Hanakahi & West, 2002), and 
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modulation of histone deacetylases (HDAC) activity (Marcum & Radhakrishnan, 2019) have 

all been linked to InsP6. In addition, InsP6 plays a role in UV radiation resistance and serves 

as a glue to bind Cullin-RING ligase (CRL) and COP9 signalosome (CSN) together (Lin et al., 

2020). The substantial abundance of InsP6 in the nucleus is consistent with its regulatory role 

on numerous nuclear pathways (Brehm et al., 2007). Regarding the InsP4 function, not much 

is known. Evidently, no PA200 structure is available right now without these molecules. Hence, 

their purposes may only be hypothesized. Given that PA200 is also found in the nucleus, InsP6 

may interact with PA200 and modify its activity, possibly serving as an inhibitor. The structural 

information thus sheds light on the possibilities that PA200 binding could (1) hinder the access 

of bulky and positively charged substrates, (2) enhance its preference for negatively charged 

substrates, and (3) elevate its catalytic efficiency for ubiquitinylated substrates when forming 

hybrid complexes with 26S (Yazgili et al., 2022).  

The structure from Toste Rego et al. shows that upon PA200 binding to the 20S, the 20S alpha 

subunit gate opens, and the proteolytic sites are rearranged, facilitating the proteolytic 

processing of peptide substrates (Toste Rego & da Fonseca, 2019). PA200's potential to 

activate specific active sites, however, remains debatable. PA200 promotes peptide hydrolysis 

of all 20S active sites, primarily the C-L activity, according to early biochemical data using 

PA200 and 20S isolated from bovine testes (Ustrell et al., 2002). Later, Blickwedehl et al. 

reported increased C-L activity connected to cell PA200 expression (Blickwedehl et al., 2008). 

In contrast, the structural results from Toste Rego et al. showed that the C-L and CT-L activities 

decreased. However, the T-L active site was activated in an in vitro reconstituted PA200/20S 

complex (Toste Rego & da Fonseca, 2019). Later, Guan et al. found that red blood cell-isolated 

human 20S and recombinant human PA200 increased CT-L activity by 3–4 times (Guan et al., 

2020). An in vitro experiment using cell extracts and added recombinant human PA200 

revealed activation of the C-L and suppression of the T-L activities, according to a new study 

(Javitt et al., 2023). Recent research found enhanced activity for all 20S catalytic subunits when 

recombinant human PA200 was introduced, further compounding the issue (Zivkovic et al., 

2022).  

1.3.3.4.2 The function of PA200  

A potential nuclear localization signal in PA200/PSME4 suggests its nuclear localization 

(Ustrell et al., 2002). In cytoplasmic, microsomal, and nuclear extract crosslinking 

experiments, PA200 was found in each subcellular fraction (Fabre et al., 2013). However, the 
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subcellular localization may change according to the type of cell. In several experiments, 

genomic DNA and PA200 were colocalized (Blickwedehl et al., 2007; Qian et al., 2013). In 

SH-SY5Y neuroblastoma cells, a CHIP seq analysis discovered that PA200 was connected to 

several gene promoters' transcription start sites (Douida et al., 2020). 

PA200 is linked to several processes, including DNA damage repair (Blickwedehl et al., 2008; 

Blickwedehl et al., 2007), mitochondrial stress responses (Douida et al., 2020), response to 

proteasome inhibition (Welk et al., 2016), glutamine sensitivity of cancer cells (Blickwedehl 

et al., 2012), myofibroblast differentiation (Welk et al., 2019), and possibly a reduction in MHC 

class I antigen presentation in lung cancer (Javitt et al., 2023). Most of these studies 

investigated the potential functional implications of PA200 depletion in various cell types using 

acute silence of PA200. The knockdown of PA200 is often well tolerated by the cells at baseline 

but seems crucial in response to stress. Cancer cells exposed to ionizing radiation had a lower 

chance of surviving, and silencing of PA200 was linked to enhanced genomic instability and 

glutamine depletion sensitivity (Blickwedehl et al., 2008; Blickwedehl et al., 2007; 

Blickwedehl et al., 2012). However, when bred with p53-deficient animals, embryonic stem 

cells derived from PA200 knockout mice did not exhibit altered mortality or increased 

sensitivity to genotoxic stress (radiation of bleomycin) (Khor et al., 2006). In neuroblastoma 

cells, stable silencing of PA200 led to a metabolic switch from oxidative phosphorylation to 

glycolysis and increased intracellular ROS levels (Douida et al., 2021). In the same 

neuroblastoma cell line, ChIP-seq results showed that PA200 binds to the promoters of genes 

involved in cell cycle progression and death in response to mitochondrial stress, further 

supporting the idea that PA200 regulates mitochondrial function (Douida et al., 2020). Cells 

with low expression of PA200 were more susceptible to rotenone-induced cellular death 

(Douida et al., 2020). In contrast, the knockdown of PA200 in primary human lung fibroblasts 

stimulated myofibroblast development and shielded them from staurosporine-induced death 

(Welk et al., 2019). As opposed to this, mice lacking PA200 did not exhibit a different response 

to pulmonary fibrosis caused by bleomycin (Welk et al., 2019). This study indicates a 

differential role of PA200 across different cell types and possibly between mice and humans. 

The downregulation of PA200 in endothelial cells by miRNA-29b was linked to increased 

oxidative stress and endothelial dysfunction in a rat model (F. Wang et al., 2017). However, 

this effect was not linked to the modulation of PA200 and could instead be the result of 

additional and/or alternate targets of miRNA-29b. Knockdown of the PA200/PSME4 gene in 

hepatocellular carcinoma reduced mTOR phosphorylation and inhibited in vitro cell 
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proliferation (Ge et al., 2022). It is yet unclear how PA200 stimulates mTORC1 activation at 

the molecular level.  

One of the consistent findings on PA200 function refers to its part in developing sperm cells. 

The ubiquitous genetic reduction of PA200 led to male infertility in mice (Khor et al., 2006), 

and this finding was supported by a separate PA200 KO model (Qian et al., 2013). Given that 

PA200 is mainly expressed in testes, it has been hypothesized that PA200 preferentially binds 

to a specialized type of proteasome, the spermatoproteasome,  in which a gamete-specific α4s 

subunit substitutes the α4 isoform of constitutive proteasomes. To test this hypothesis, the 

spermatoproteasomes (s20S) were co-immunoprecipitated with α4s antibodies from bovine 

testes. The results showed that PA200 was enriched 2-fold in the spermatoproteasomes 

compared to the constitutive proteasome. However, when immunoprecipitation was carried out 

using the PA200 antibody, the levels of s20S and c20S were comparable, indicating that PA200 

did not favour one 20S type over the other. Although PA200 appeared to have a role in s20S, 

the authors concluded that it does not work as an exclusive activator during germ cell 

development since 19S is coupled to α4s more (Zivkovic et al., 2022).  In comparison to 

spermatogonia (SPG), PA200 binding to 20S was found to be at least 10-fold higher in 

spermatids (SPTs) and Sertoli (SER) cells, indicating a specialized role for PA200 in these 

cells (Zivkovic et al., 2022).  

Qian et al. proposed the potential involvement of PA200 in the degradation of core histones 

associated with acetylation in response to DNA double-strand breaks (Qian et al., 2013). Their 

study revealed significant abnormalities in the early-stage elongated spermatids' core histone 

ablation in the testes of PA200 KO mice  (Qian et al., 2013). They observed in vitro binding of 

acetylated histones to recombinant bromodomains from mouse PA200 and its yeast 

counterpart, Blm10, through pulldown experiments. The authors also demonstrated that bovine 

PA200 facilitated the in vitro degradation of acetylated histones by 20S proteasomes. This 

notion was reinforced by Mandemaker et al., who observed elevated histone levels in UV-

exposed HeLa cells upon PA200 silencing (Mandemaker et al., 2018). Another recent study by 

Jiang et al. suggested that PA200 influences the stability of histone modifications H3K4me3 

and H3K56ac in processes related to ageing and transcription (Jiang et al., 2021). However, 

the new cryo-EM structures of human recombinant PA200 did not corroborate the presence of 

a bromodomain in PA200, casting some limitations on these findings. Moreover, the positively 

charged histidine residues in PA200's entrance pores might not favour the binding of acetylated 

histones (Guan et al., 2020; Qian et al., 2013; Toste Rego & da Fonseca, 2019). Recent research 

by Douida et al. further suggested that PA200's role likely extends beyond the degradation of 
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acetylated histones (Douida et al., 2020). Their CHIP seq experiment in a neuroblastoma cell 

line indicated that PA200's genomic DNA binding only partially overlapped with the presence 

of H3K27ac marks. The mechanisms underlying the transcriptional regulation of PA200 

expression are not well elucidated. Several studies have indicated that proteasome inhibitor 

therapy can trigger the transcriptional activation of PSME4, possibly as part of an auto-

regulatory feedback loop (Meiners et al., 2003; Sha & Goldberg, 2014). Notably, research by 

Welk et al. demonstrated a two-fold upregulation of PSME4 within 24 hours following 

treatment with the proteasome inhibitor bortezomib. This upregulation was also observed upon 

decreased assembly of the 26S proteasome due to the silencing of the 19S component Rpn6 

(Welk et al., 2016). Through in silico analysis of the PSME4 promoter, a conserved binding 

site for Nrf1 near the transcriptional start point was identified (Welk et al., 2016). Additionally, 

our research group revealed the transcriptional activation of PA200 in response to treatment 

with transforming growth factor beta (TGF-β) (Welk et al., 2019). The same study found that 

when basal stem cells differentiated into airway epithelial cells, PA200 was downregulated 

(Welk et al., 2019). One study suggested that the microRNA-29b binds to the 3' UTR of PA200 

in the context of post-transcriptional control of PA200 (Jagannathan et al., 2015), but additional 

evidence is lacking. The fast assembly of PA200 into the 20S or 26S proteasome complexes at 

the level of the proteasome complex has been shown in response to acute proteasome inhibition 

(Welk et al., 2016). These findings imply that free PA200 exists and that it can be quickly 

recruited to the 20S and 26S proteasomes to create single- or double-capped PA200/20S or 

hybrid PA200/26S complexes (Welk et al., 2016). It has also been noted that PA200 forms 

PA200-20S-19S proteasome complexes when exposed to radiation in Hela cells (Blickwedehl 

et al., 2008). Structures of the complexes PA200-20S-PA28 and PA200-20S-19S were also 

documented in a recent BioRxiv publication (Zhao et al., 2021). The presence of PA200 in 

both the 20S and 26S complexes was confirmed by crosslinking experiments, which show that 

PA200 occupies the cytoplasm and nucleus in almost equal amounts (Fabre et al., 2013). It 

accounts for less than 5% of the cell's total proteasome fraction (Fabre et al., 2014). Another 

recent paper revealed that PA200 could bind to 20S complexes containing immunoproteasome 

subunits (Javitt et al., 2023). In their findings, the authors propose that the binding of PA200 

to the immunoproteasome might exert a negative regulatory influence on the specific activities 

of the immunoproteasome responsible for generating MHC class I antigenic peptides. PA200 

dysregulation in disease 
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To identify the functions of PA200, many studies used cancer lines previously (Blickwedehl et 

al., 2008; Blickwedehl et al., 2012; Douida et al., 2020; Ustrell et al., 2002). Our group showed 

the first direct evidence of the dysregulation of PA200 in the disease. Welk et al. showed that 

PA200 is upregulated in the myofibroblast in the fibrotic lung tissues of idiopathic pulmonary 

fibrosis function, and PA200 is involved in the activation of the myofibroblast (Welk et al., 

2019). Recently, Javitt et al. showed that PA200 is upregulated in NSCLC, and its expression 

level corresponds to the responsiveness to immune checkpoint inhibition (Javitt et al., 2023). 

In our recent review, we have extensively discussed the dysregulation of PA200 in diseases 

(Yazgili et al., 2022). Interestingly, our literature survey found that PA200/PSME4 gene 

expression is increased in various cancers (Table 1.3) and cardiovascular diseases, whereas it 

is decreased in infection, environmental stress, neurodevelopment, and neurodegeneration. 

Therefore, considering its dysregulation in cancer, finding the significance of PA200 might 

serve as a potential therapeutic to target proteasome complexes with PA200 selectively. Our 

recent review of the protein discussed the PA200 dysregulation in diseases. 

 

Table 1.3: An overview of PA200/PSME4 gene regulation in cancer. (Taken from (Yazgili 

et al., 2022)) 

 

1.4 The proteasome as a therapeutic target in lung cancer 

The proteasome, a widely recognized target for cancer therapy, serves as the primary protein 

degradation mechanism within cells, breaking down essential regulators of cell growth, 

migration, and survival. The discovery of diverse alternative proteasome activators has added 

intricacy to the role of the proteasome. The engagement of proteasome activators with the 20S 

Context Disease 
PA200/PSME4 

Expression 
Reference 

Cancer 

Multiple myeloma ↑ (loss of miR-29b) (Jagannathan et al., 2015) 

Multiple myeloma ↑ (Yu et al., 2022) 

Gastric cancer ↑ (Guo et al., 2021) 

Oesophageal squamous cell carcinoma ↑ (Tong et al., 2012) 

Esophageal Adenocarcinoma ↑ (Maag et al., 2017) 

Oral squamous cell cancer (OSCC) ↑ (Farah et al., 2016) 

Hepatocellular carcinoma ↑ (Ge et al., 2022) 

Non-small lung cancer ↑ (Sanchez-Palencia et al., 2011) 

Lung cancer ↑ (Abdueva et al., 2010) 

Transitional cell carcinoma of the kidney ↑ (Jones et al., 2005) 

 Osteosarcoma ↓ (Jones et al., 2012) 
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proteasome core units allows for swift, precise, and localized adjustments to proteasomal 

activity, ensuring the cell can dynamically respond to its specific requirements (Coux et al., 

2020; Meiners et al., 2014). This idea proposes that any dysregulation of proteostasis in disease 

will be associated with adaptive changes in proteasome function and alternative complex 

formation. However, there is little known about how alternative proteasome activators are 

regulated and how they interact with the 20S proteasome core complex in response to specific 

cellular stimuli or during disease pathogenesis.  

Numerous clinical trials have investigated the effectiveness of proteasome inhibitors in treating 

lung cancer (Manasanch & Orlowski, 2017). These substances successfully limit protein 

degradation in the cell and efficiently inhibit the proteasome's catalytic activities, which 

impede cell development and cause apoptosis (Meiners et al., 2008). While these inhibitors, 

such as bortezomib, carfilzomib, and ixazomib, have demonstrated encouraging outcomes in 

myeloma, their effectiveness for solid tumours, such as lung cancer, is constrained by their 

noticeable cytotoxic side effects as a result of their broad suppression of general cellular protein 

breakdown. Proteasomes are a class of different complexes that differ in their associated 

proteasome activators but share the 20S proteasome as their common proteolytic core (Figure 

1.9 A) (Meiners et al., 2014; Stadtmueller & Hill, 2011). Each of these different proteasome 

complexes has a distinct function in regulating cellular activity. Pathological developments 

may be aided by or caused by any of the dysfunctional proteasome complexes (Tanaka et al., 

2012). Proteasome inhibitors impede cell growth and trigger cell death by deactivating the 

catalytic core of the 20S subunit, effectively halting protein degradation across all proteasome 

complexes within the cell (Figure 1.9 B) (Meiners et al., 2008; Morozov & Karpov, 2018). 

Nevertheless, research has shown that when catalytic proteasome activity is inhibited, there is 

a swift mobilization of proteasome activators like PA28 and PA200 to associate with the 20S 

and 26S complexes (Welk et al., 2016). Therefore, possible alternative proteasome inhibitors 

can be generated and selectively target one subset of proteasome complexes (Figure 1.9 C).  
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Previously, we observed an upregulation of PA200 protein levels in the tumour tissues of lung 

cancer patients compared to their healthy tissues (Welk, 2018). Furthermore, recent research 

also observed an increase in PA200 levels in lung cancer and focused on the regulatory function 

of PA200 in immune evasion (Javitt et al., 2023). Our in-depth review of PA200 extensively 

explored the recent progress in comprehending its functions, structural attributes, and 

association with diverse diseases (Yazgili et al., 2022). Notably, it highlighted a growing gap 

in our understanding of PA200 biology, particularly in the context of lung cancer. Therefore, 

in this study, we aimed to better characterize the function of PA200 in PA200-depleted human 

non-small cell lung cancer (NSCLC) cell lines as a model to understand its dysregulation in 

this disease. 

 

Figure 1.9: Selective inhibitors may potentially target cellular subsets of the proteasome 

complexes. (A) The 20S catalytic core is present in all proteasome complexes in the cell but 

combines with alternate proteasome regulators. (B) Current 20S core inhibitors inhibit the 

catalytic activity, which results in a general inhibition of all proteasome complexes. (C) The 

alternative inhibitors, in theory, can target PA200/proteasome complexes more efficiently 

and selectively for lung cancer therapy. (Adapted from (Meiners et al., 2014)) 
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2 Aims 

The first study on the dysregulation of PA200 in disease showed that patients with idiopathic 

pulmonary fibrosis had elevated levels of PA200 in their lungs (Welk et al., 2019). A recent 

study found that PA200 is more abundantly expressed in immunotherapy-resistant "cold" 

cancers and counter-regulates the production of MHC class I antigenic peptides by inhibiting 

the immunoproteasome in lung cancer (Javitt et al., 2023). Therefore, finding and validating 

inhibitors of the PA200/proteasome complex for treating lung cancer will create a new 

perspective for cutting-edge therapeutic approaches to inhibit other proteasome complexes. 

The specific aims of this study were: 

 

1. Generation and validation of PA200 depleted non-small cell lung cancer (NSCLC) cell 

lines 

The first objective of this project was to generate PA200-deleted human lung cancer cells 

(A549 and NCI-H1299) using CRISPR/Cas9 technology.  

 

2. Characterization of the PA200 knock-out cells in vitro 

The changes in the proteasome landscape were studied in the PA200 knock-out cell lines. The 

engineered cells were further profiled for their phenotypic and functional alterations, including 

growth, survival, and invasion capacities.  

 

3. Identifying the role of the PA200 in tumour formation in vivo 

The PA200 deficient human cells were analyzed in a non-orthotopic typic flank tumour model 

in mice to monitor how PA200 presence affects primary tumour development in vivo and the 

development of metastases.  

 

4. Analyzing the cell-autonomous response upon PA200 depletion in vitro 

The changes in the RNA levels upon PA200 depletion were assessed by RNA sequencing. The 

PA200 interactome was identified by immunoprecipitation of the protein and LC-MS/MS 

collaboration with the Helmholtz Zentrum München core facility. 
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3 Materials 

3.1 Antibodies 

3.1.1 Primary antibodies 

Rb: Rabbit, Ms: Mouse, Gt: Goat, mAb: Monoclonal, pAb: Polyclonal 

Target 
Catalog 

Number 
Host & Type Application 

Working 

Dilution 
Company 

Claudin-1 (D5H1D) 13255 Rb mAb Western Blotting 1:1000 
Cell Signaling 

Technology  
CSL4 ab181108 Rb mAb Western Blotting 1:1000 Abcam 

E-Cadherin (24E10) 3195 Rb mAb Western Blotting 1:1000 
Cell Signaling 

Technology 

EIF5B ab89016 Ms pAb Western Blotting 1 µg/µl Abcam 

Erf3/GSPT1 + 

eRF3B/GSPT2 
ab256471 Rb mAb 

Western Blotting 
1:1000 Abcam 

GAPDH (HRP-linked) 14C10 Rb mAb 
Western Blotting 

1:80000 
Cell Signaling 

Technology 

Integrin β3 (ITGB3) D7X3P Rb mAb 
Western Blotting 

1:1000 
Cell Signaling 

Technology 

Lmp2 (Psmb8) ab3328 Rb pAb Western Blotting 1:1000 Abcam 

Lmp7 (Psmb9) ab3329 Rb pAb Western Blotting 1:1000 Abcam 

MECL-1 (Psmb10) ab190790 Rb mAb Western Blotting 1:1000 Abcam 

N-Cadherin (D4R1H) 13116 Rb mAb 
Western Blotting 

1:1000 
Cell Signaling 

Technology 

Nucleolin ab134164 Rb mAb Western Blotting 1:10000 Abcam 

PA200 NBP1-22236 Rb pAb 
Western Blotting 

Immunoprecipitation 

1:5000 

3 µl 

Novus 

Biologicals 

Pa28α ab155091 Rb mAb Western Blotting 1:1000 Abcam 

Pa28α ab155091 Rb mAb Western Blotting 1:1000 Abcam 

Pa28β sc-23642 Gt pAb Western Blotting 1:1000 Santa Cruz 

Pa28γ sc-136025 Ms mAb Western Blotting 1:1000 Santa Cruz 

Slug (C19G7) 9585 Rb mAb 
Western Blotting 

1:1000 
Cell Signaling 

Technology 

Snail (C15D3) 3879 Rb mAb 
Western Blotting 

1:1000 
Cell Signaling 

Technology 

Vimentin (D21H3) 5741 Rb mAb 
Western Blotting 

1:1000 
Cell Signaling 

Technology 

ZEB1 (D80D3) 3396 Rb mAb 
Western Blotting 

1:1000 
Cell Signaling 

Technology 

ZO-1 (D7D12) 8193 Rb mAb 
Western Blotting 

1:1000 
Cell Signaling 

Technology 

α1-7 (MCP231) ab22674 Ms mAb Western Blotting 1:1000 Abcam 

β-Actin (HRP-linked) A3854 Ms mAb Western Blotting 1:80000 Sigma-Aldrich 

β-Catenin (D10A8) 8480 Rb mAb 
Western Blotting 

1:1000 
Cell Signaling 

Technology 
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3.1.2 Secondary Antibodies 

Rb: Rabbit, Rt: Rat, Hs: Horse 

Target 
Catalog 

Number 
Host Application 

Working

Dilution 
Company 

Anti-goat IgG HRP-linked 61-1620 Rb Western Blotting 1:40000 Thermo Fisher Scientific 

Anti-Mouse IgG (H+L)-Alexa 

Fluor 488 

415-545-

166 
Rt Immunofluorescence 1.5 mg/ml 

Jackson 

ImmunoResearch 

Anti-mouse IgG HRP-linked 7076 Hs Western Blotting 1:40000  
Cell Signaling 

Technology 

Anti-rabbit IgG HRP-linked 7074 Hs Western Blotting 1:40000  
Cell Signaling 

Technology 

Protein A (HRP Conjugate) 12291S - Western Blotting 1:20000 
Cell Signaling 

Technology 

3.2 Oligonucleotides 

All quantitative real-time polymerase chain reaction (qRT-PCR) primers were procured from 

Eurofins, Germany. 

3.2.1 qRT-PCR Primers 

FW: Forward primer, RV: Reverse Primer 

Target  

Gene 

Target 

Species 
  Sequence 5’-3’ 

AC007255.1 human 
FW GTCTTGTTCTGCTACCCTCCA 

RV GCTCCACATTCACTTTCCATA 

AC007785.1 human 
FW AAACTGACCCTCCTTCTT 

RV CTCCTTGGCTCCTATACTC 

AC104041.1 human 
FW CCGCCTTGCAGTTTGATCTC 

RV ACTCCCACCCGAATATTGCG 

AC139722.1 human 
FW GATGGCTCAGAAGGCAGAAC 

RV GCCGACCACACCAGATACTT 

ADAM23 human 
FW ACATCAACCAAGACTCGGAAAG 

RV TTTGGAGCCGAAGGCTTCAAT 

AL031283.2 human 
FW AAGCAAGGTATGCGTCAGGG 

RV GGGATACGCAGCAGAGAGTC 

AL139220.2 human 
FW TGTGCCTCTTTTGGTCCACTT 

RV ATTAGGGAAGCCAGAGCCAAC 

AP001972.3 human 
FW AAGGAGAAGAGGCAGACCCT 

RV GGACGCACTCAAACCTACGA 

AP002893.1 human 
FW TGGCTTTCTCCCCATTGTCG 

RV TGGCTCAGTTCCCTCCCTTA 

B-catenin human 
FW CATCTACACAGTTTGATGCTGCT 

RV GCAGTTTTGTCAGTTCAGGGA 

BMP4 human 
FW TAGCAAGAGTGCCGTCATTCC 

RV GCGCTCAGGATACTCAAGACC 

CASC19 human 
FW TTGGAGTGCCTGGGTTAGA 

RV CTGTCCTTGCCAGTGTCTT 

claudin 2 (CLDN2) human FW ATCGCTCCAACTACTACGATGC 
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RV TGAACTCACTCTTGACTTTGGGA 

collagen, type IV, alpha 1 (COL4A1) human 
FW GGACTACCTGGAACAAAAGGG 

RV GCCAAGTATCTCACCTGGATCA 

E-Cadherin (CDH1) human 
FW ATTTTTCCCTCGACACCCGAT 

RV TCCCAGGCGTAGACCAAGA 

EPAS1 human 
FW TTGCTCTGAAAACGAGTCCGA 

RV GGTCACCACGGCAATGAAAC 

ITGB3 human 
FW CATGAAGGATGATCTGTGGAGC 

RV AATCCGCAGGTTACTGGTGAG 

LGR6 human 
FW ACACAACCGCATCTGGGAAAT 

RV CGTTCCAGCTAAGATCCAGGG 

LINC01127 human 
FW GCTTTTCTCGCTATGCTGCC 

RV GTTTGCCATTTGGGTGGTCC 

LINC01748 human 
FW ACCCCACCCTCAAAGAAACA 

RV AGGGCAATCAGATTCAGCCG 

N-Cadherin (CDH2) human 
FW AGCCAACCTTAACTGAGGAGT 

RV GGCAAGTTGATTGGAGGGATG 

NPAS2 human 
FW GATGGCTTCATTATCGCAGTGA 

RV CGACGGTAAATGCCCAAGG 

Occludin human 
FW ACAAGCGGTTTTATCCAGAGTC 

RV GTCATCCACAGGCGAAGTTAAT 

PPARGC1A human 
FW TCTGAGTCTGTATGGAGTGACAT 

RV CCAAGTCGTTCACATCTAGTTCA 

PRICKLE1 human 
FW TTTGCTTGCTTACCAGAGGAAA 

RV ACTGGCAATACCGTACCTCAT 

PSMB8 human 
FW AGTACTGGGAGCGCCTGCT  

RV CCGACACTGAAATACGTTCTCCA 

PSMB9 human 
FW CGTTGTGATGGGTTCTGATTCC 

RV GACAGCTTGTCAAACACTCGGTT 

PSMB10 human 
FW TGCTGCGGACACTGAGCTC  

RV GCTGTGGTTCCAGGCACAAA  

PSME1 human 
FW CAAGGTGGATGTGTTTCGTG 

RV TGCTCAAGTTGGCTTCATTG 

PSME2 human 
FW GCAAACAGGTGGAGGTCTTC  

RV GTCAGCCAGATTGAGGGAGT  

PSME3 human 
FW TAGCCATGATGGACTGGATGG 

RV CCTTGGTTCCTTGGAAGGCT 

PSME4 human 
FW ATTTGGAGTTACCCTGGAGACC 

RV GCAGCTTTTCACGAGTGTTTTG 

RPL19 human 
FW TGTACCTGAAGGTGAAGGGG 

RV GCGTGCTTCCTTGGTCTTAG 

SLC8A1-AS1 human 
FW CAGTCGTGTTCGTCGCACTT 

RV GCTGCCCGTGACGTTACCTAT 

SNAIL1 human 
FW ACTGCAACAAGGAATACCTCAG 

RV GCACTGGTACTTCTTGACATCTG 

SNAIL2 human 
FW CGAACTGGACACACATACAGTG 

RV CTGAGGATCTCTGGTTGTGGT 

TGFA human 
FW AGGTCCGAAAACACTGTGAGT 

RV AGCAAGCGGTTCTTCCCTTC 

TWIST1 human 
FW GTCCGCAGTCTTACGAGGAG 

RV GCTTGAGGGTCTGAATCTTGCT 

Vimentin (VIM) human 
FW TGCCGTTGAAGCTGCTAACTA 

RV CCAGAGGGAGTGAATCCAGATTA 

ZEB1 human 
FW TTACACCTTTGCATACAGAACCC 

RV TTTACGATTACACCCAGACTGC 

ZEB2 human FW GCGATGGTCATGCAGTCAG 
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RV CAGGTGGCAGGTCATTTTCTT 

Zo-1 human 
FW ACCAGTAAGTCGTCCTGATCC 

RV TCGGCCAAATCTTCTCACTCC 

3.2.2 Primers for PCR and Sanger sequencing 

Application Species  Sequence 5´- 3´ 

PCR 
Human FW  ATCTGCAAGAGAGATGCAGCC 

Human RV AGGTTTGAGCAGCAGCAAGA 

Sanger Sequencing Human RV TGGATGGGGAAAGCAAAACCC 

3.3 Cell culture 

3.3.1 Human cell lines 

Cell line Origin Specification 

A549 Human adenocarcinoma, alveolar epithelial basal cell DSMZ, ACC 107 

NCI-H1299 Lung large cell carcinoma, derived from metastatic lymph node Gift from Dr. Georgios 

Stathopoulos's Lab 
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3.3.2 Media formulations for cell lines 

Cell line Media formulations Catalog number Company 

A549 

DMEM/F-12 (1:1) (1x) 

10% FBS 

100 U/mL Penicillin/Streptomycin 

31330-038 

S0615 

15140-122 

Thermo Fisher Scientific 

Sigma-Aldrich 

Thermo Fisher Scientific 

NCI-H1299 

RPMI-1640 Medium 

10% FBS 

100 U/mL Penicillin/Streptomycin 

R08758-500ML 

S0615 

15140-122 

Sigma-Aldrich 

Sigma-Aldrich 

Thermo Fisher Scientific  

 

A549 

(w/o L-glutamine) 

DMEM/F-12 (1:1) (1x) 

10% FBS 

100 U/mL Penicillin/Streptomycin 

 

21331-020  

S0615 

15140-122 

 

Thermo Fisher Scientific 

Sigma-Aldrich 

Thermo Fisher Scientific 

 

NCI-H1299 

(w/o L-glutamine) 

RPMI-1640 Medium 

10% FBS 

100 U/mL Penicillin/Streptomycin 

 

R0883-500ML  

S0615 

15140-122 

 

 

Sigma-Aldrich 

Sigma-Aldrich 

Thermo Fisher Scientific 

3.4 Treatments 

Stimulation Solvent Stock 

concentration 

Company 

hTGFβ-1 4 mM HCl + 1 mg/mL BSA 100 µg/ml PeproTech 

hIFN-β 0.1% BSA 500000 U/ml Abcam, Cambridge 

hIFN-γ 0.1% BSA 100 µg/ml PeproTech 

Bortezomib DMSO 2.6 mM Millenium Pharmaceuticals 

3.5 Enzymes 

Enzymes Company 

DNase 2 U/µL Peqlab 

M-MLV Reverse Transcriptase Sigma-Aldrich 

Phusion HF DNA Polymerase New England Biolabs 

3.6 Kits 

Kits Company 

LightCycler 480 SYBR Green I Master Roche Diagnostics 

Pierce BCA Protein Assay Kit Thermo Fisher Scientific 

Proteasome-GloTM Assay Promega 

Roti-Quick RNA Extraction Kit Carl Roth 

peqGOLD Total RNA Kit VWR 

DNeasy Blood & Tissue Kit Qiagen 

QIAquick Gel Extraction Kit Qiagen 

3.7 Markers  

Markers Company 

Protein Marker IV (10-245 kDa) AppliChem 
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Peqlab peqGOLD DNA-ladder 100 bp Plus VWR 

3.8 Purified Proteins  

Purified Proteins Company 

Human 20S Standard Proteasome (BML-PW8720-0050) Enzo Life Sciences 

Human 20S Immunoproteasome (E-370-025) Boston Biochem 

PA200 Dr. Marijke Jansma, HMGU 

3.9 Buffer recipes 

All solutions were formulated using Milli-Q® water unless specified otherwise. These buffers 

were frequently used in our lab and were previously described elsewhere (Meul, 2021; Welk, 

2018). 

Buffer Reagent Final Concentration  

0.1 M Phosphate buffer pH 8 
Na2HPO4 

NaH2PO4 

93.2 mM 

6.8 mM 

5x Native loading buffer 

Tris 

Glycerol 

Bromophenol blue 

250 mM 

43.5 % (v/v) 

0.05% (w/v) 

6x Laemmli buffer 

Tris 

Glycerol 

SDS 

Bromophenol blue 

DTT 

300 mM 

50 % (v/v) 

6% (w/v) 

0.01 % (w/v) 

600 mM 

8x TBE Buffer 

Tris 

Boric acid 

EDTA-Na2 

89 mM 

89 mM 

2 mM 

MTT dissolving reagent 

Isopropanol 

Triton X-100 

HCl 

- 

10% (v/v) 

0.0074% (v/v) 

Native gel running buffer 

Tris 

Boric acid 

EDTA 

MgCl2 

ATP 

DTT 

89 mM 

89 mM 

2 mM 

5 mM 

2 mM 

1 mM 

OK Lysis Buffer 

Tris/HCl (pH 7.5, 100 mM) 

DTT (1 M) 

MgCl2 (1 M) 

Glycerol (87%) 

ATP 

Digitonin (5%) 

cOmplete® protease inhibitor 

PhosphoStop phosphatase inhibitor 

50 mM 

2 mM 

5 mM 

10% (v/v) 

2 mM 

0.05% (v/v) 

1x 

1x 

PBST washing buffer 

NaCl 

KCl 

Na2HPO4 

KH2PO4 

Tween-20 

137 mM 

2.7 mM 

10 mM 

2 mM 

1 % (v/v) 

Phosphate buffered saline (PBS) 

pH 7.4 

NaCl 

KCl 

137 mM 

2.7 mM 
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Na2HPO4 

K2HPO4 

10 mM 

2 mM 

Proteasome activity overlay assay 

reaction buffer 

Tris pH 7.5 

ATP 

MgCl2 

DTT 

Suc-LLVY-AMC 

50 mM 

1 mM 

10 mM 

1 mM 

0.05 mM 

Proteasome Reconstitution Buffer 

pH 7.5 

HEPES 

EDTA 

25 mM 

0.5 mM 

RIPA lysis buffer pH 7.5 

 

Tris/HCl pH 7.5  

NaCl 

IGEPAL 

Sodium deoxycholate  

SDS 

cOmplete® protease inhibitor 

PhosphoStop phosphatase 

inhibitor 

50 mM 

150 mM 

1 % (v/v) 

0.5 % (w/v) 

0.1 % (w/v)  

1x 

1x 

SDS PAGE running buffer 

Tris 

Glycin 

SDS 

25 mM 

192 mM 

0.1 % (w/v) 

Solubilization buffer 

Na2CO3 

SDS 

β-mercaptoethanol 

66 mM 

2 % (w/v) 

1.5 % (v/v) 

TSDG buffer pH 7.0 

Tris pH 7.0 

NaCl 

MgCl2 

EDTA 

DTT 

NaN3 

Glycerol 

10 mM 

10 mM 

1.1 mM 

0.1 mM 

1 mM 

1 mM 

10 % (v/v) 

Urea Lysis Buffer 

Urea 

Thiourea 

DTT 

SDS 

8 M 

2 M 

50 mM 

0.1% 

Western blot transfer buffer 

Tris 

Glycine 

Methanol 

25 mM 

192 mM 

10 % (v/v) 

3.10 Reagents  

These products were frequently used in our lab and were previously described elsewhere 

(Meul, 2021; Welk, 2018). 

Reagents Solvent 
Stock 

concentration 
Company 

4’,6-Diamidin-2-phenylindol (DAPI) PBS 1 M Sigma-Aldrich 

6x DNA Loading Dye - 6x Thermo Fisher Scientific 

Activity-based probe LW124 DMSO 2.5 µM 

Prof. Dr. H. Overkleeft, 

University of Leiden, 

Netherlands 

Activity-based probe MV151 DMSO 50 µM 

Prof. Dr. H. Overkleeft, 

University of Leiden, 

Netherlands 
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Activity-based probe MVB127 DMSO 25 µM 

Prof. Dr. H. Overkleeft, 

University of Leiden, 

Netherlands 

Alt-R® CRISPR-Cas9 crRNA H2O 100 µM IDT 

Alt-R® CRISPR-Cas9 tracrRNA H2O 100 µM IDT 

Adenosine triphosphate (ATP) - - Roche Diagnostics 

Bovine serum albumin (BSA) - - AppliChem 

Collagen G (L7213-100ML) - - Sigma-Aldrich 

cOmpleteTM protease inhibitor cocktail H2O 25x Roche 

Dithiotreitol (DTT) H2O 1 M Life Technologies 

DynabeadsTM Protein A - - Thermo Fisher Scientific 

First Strand Buffer - 5x Life Technologies 

Fluorescent Mounting Medium - - Dako 

Lipofectamine® CRISPRMAX™ Cas9 Transfection 

Reagent 
- - Thermo Fisher Scientific 

LuminataTM Classico Western HRP Substrate - - Merck Millipore 

LuminataTM Forte Western HRP Substrate - - Merck Millipore 

Matrigel® Basement Membrane Matrix (356234) - - Corning 

M-MLV RT Buffer - - Thermo Fisher Scientific 

Nuclease-Free Water - - 
Ambion, Thermo Fisher 

Scientific 

Nucleotide Mix - 10 mM Promega 

Opti-MEM Reduced Serum Medium - - Thermo Fisher Scientific 

Penicillin/Streptomycin - - Thermo Fisher Scientific 

Random Hexamers - 250 µM Promega 

RNAsin RNAse Inhibitor - 40 U/µL Promega 

Roti-Block - 10x Carl Roth 

Succinyl-leucine-leucine-valine-tyrosine-

aminomethylcoumarine (Suc-LLVY-AMC) 
DMSO 2 mM Bachem 

SuperSignal West Atto Ultimate - - Thermo Fisher Scientific 

SuperSignal West Extended Duration Substrate - - Thermo Fisher Scientific 

SuperSignal West Femto - - Thermo Fisher Scientific 

SuperSignal West Pico - - Thermo Fisher Scientific 

SYBR Safe - - Thermo Fisher Scientific 

Thiazolyl Blue Tetrazolium Bromide PBS 3 mg/ml Sigma-Aldrich 

Trypsin (0.25 % EDTA) - - Thermo Fisher Scientific 

3.11 Chemicals 

These chemicals were frequently used in our lab and were previously described elsewhere 

(Meul, 2021; Welk, 2018). 

Product Company 

Boric acid AppliChem 

Bromophenol blue AppliChem 

Citric acid monohydrate  AppliChem 

Dithiotreitol (DTT) Life Technologies 

DMSO Carl Roth 

EDTA AppliChem 

Ethanol AppliChem 

Glycerol AppliChem 

Glycine AppliChem 

IGEPAL Sigma-Aldrich 

Isopropanol (p. A.) AppliChem 
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3.12 Consumables 

Product Company 

25 Culture-Inserts 2 well for self-insertion ibidi 

6/24/96 well plates TPP 

96 well plates, white, for luminescence detection Berthold Technologies 

Cell culture dishes (6 cm, 10 cm, 15 cm) Nunc 

Cell culture flasks (75 cm2, 175 cm2) Nunc 

Cryovials 1.5 ml Greiner Bio-One 

Falcon tubes (15 mL, 50 mL) BD Bioscience 

Glass pasteur pipettes VWR International 

Microplate 96-well, PS, flat bottom (for BCA assay) Greiner Bio-One 

NuPAGE Novex 3-8 % Tris-Acetate Gel 1.5 mm 

(10 & 15 well) 

Thermo Fisher Scientific 

PCR plates, white, 96 well Biozym Scientific 

Pipet tips Biozym Scientific 

PVDF membrane Bio-Rad 

SafeSeal reaction tubes (0.5 mL, 1.5 mL, 2.0 mL) Sarstedt 

Sealing foil for qPCR  plate Kisker Biotech 

Serological pipettes Cellstar 2, 5, 10, 25 and 50 mL Greiner Bio-One 

Super RX Fuji medical X-ray film Fujifilm Corporation 

Syringes (10 mL, 20 mL, 50 mL) Neolab 

Whatman blotting paper 3 mm GE Healthcare 

3.13 Devices 

Technical device Company 

-20 °C freezer MediLine LGex 410 Liebherr 

-80 °C freezer Eppendorf 

-80 °C freezer U570 HEF New Brunswick 

Analytical scale XS20S Dual Range Mettler-Toledo 

Autoclave DX-45 Systec 

Autoclave VX-120 Systec 

Cell culture work bench Herasafe KS180 Thermo Fisher Scientific 

Centrifuge MiniSpin plus Eppendorf 

Magnesium acetate Sigma-Aldrich 

Magnesium chloride AppliChem 

Methanol (p. A.) AppliChem 

Potassium chloride AppliChem 

Potassium phosphate monobasic AppliChem 

Sodium azide AppliChem 

Sodium chloride AppliChem 

Sodium citrate tribasic dihydrate AppliChem 

Sodium deoxycholate AppliChem 

Sodium phosphate dibasic AppliChem 

Sodiumdodecylsulfate (SDS) AppliChem 

Thiazolyl Blue Tetrazolium Bromide Sigma-Aldrich 

Tris AppliChem 

Triton X-100 Life Technologies 

Tween-20 AppliChem 

Xylene AppliChem 

β-Mercaptoethanol AppliChem 
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Centrifuge Rotina 420R Hettich 

Centrifuge with cooling, Micro220R Hettich 

CO2 cell incubator BBD6620 Thermo Fisher Scientific 

Dry ice container Forma 8600 Series, 8701 Thermo Fisher Scientific 

DynaMag-2 Thermo Fisher Scientific 

Film developer Curix 60 AGFA 

Gel imaging system ChemiDoc MP Bio-Rad 

Gel imaging system ChemiDoc XRS+ Bio-Rad 

iBright™ CL1500 Imaging System Invitrogen 

Ice machine ZBE 110-35 Ziegra 

Light Cycler LC480II Roche Diagnostics 

Liquid nitrogen cell tank BioSafe 420SC Cryotherm 

Liquid nitrogen tank Apollo 200 Cryotherm 

Magnetic stirrer KMO 2 basic IKA 

Mastercycler gradient Eppendorf 

Mastercycler Nexus Eppendorf 

Milli-Q® Advantage A10 Ultrapure Water Purification 

System 

Merck Millipore 

Milli-Q® Integral Water Purification System for Ultrapure 

Water 

Merck Millipore 

Mini Centrifuge MCF-2360 Schubert & Weiss Omnilab 

Nalgene Freezing Container (Mister Frosty) Omnilab 

pH meter InoLab pH 720 WTW 

Plate centrifuge 5430 Eppendorf 

Plate reader Sunrise Tecan 

Plate reader TriStar LB941 Berthold Technologies 

Power Supply Power Pac HC Bio-Rad 

Refrigerator Profi Line Liebherr 

Research plus pipettes Eppendorf 

Roll mixer VWR International 

Scale XS400 2S Mettler-Toledo 

Shaker Duomax 1030 Heidolph 

Thermomixer compact Eppendorf 

Vacuum pump NO22AN.18 with switch 2410 KNF 

Vortex mixer IKA 

Water bath Aqua Line AL 12 Lauda 

3.14  Software 

Software Company 

GraphPad Prism 9 GraphPad Software 

Image Lab Bio-Rad 

ImageJ National Institutes of Health 

LightCycler® 480 SW 1.5 Roche Diagnostics 

Magellan Software Tecan 

Microsoft Office Professional Plus 2010 Microsoft 

PyMol Schrödinger 

Qupath-0.3.2 Queen’s University Belfast 

Tristar MicroWin 2000 Berthold Technologies 

Zen Blue Carl Zeiss Meditec 
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4 Methods 

4.1 Cell culture 

4.1.1 Maintenance of human cell lines 

Human NSCLC cell lines A549 were obtained from DSMZ, and NCI-H1299 were a gift from 

the lab of Dr. Georgios Stathopoulos. The cell lines were cultured as monolayers in 10 cm2 or 

15 cm2 cell culture dishes at 37 °C and 5% CO2 in a humidified incubator. A549 cells were 

grown in the DMEM/F12 medium, while NCI-H1299 cells were cultured in the RPMI-1640 

medium. Both media were supplemented with 10% fetal bovine serum (FBS) (Sigma) and 100 

U/mL penicillin/streptomycin (Gibco, Thermo Fisher Scientific). For serum deprivation, 1% 

FBS medium was added to the mediums instead of 10% FBS. They were passaged at a ratio 

according to their growth rate. 

4.1.2 Cell harvest 

4.1.2.1 Trypsinization 

The cell culture medium was removed, and the cells were rinsed once with PBS. Subsequently, 

trypsin was added to the cells, and the plates were placed in a 37 °C, 5% CO2 humidified 

incubator for 5 minutes. The trypsinization process was halted by adding the respective 

medium supplemented with 10% FBS, leading to cell detachment. The cells were then collected 

by centrifugation at 1500 rpm for 5 minutes. After discarding the medium, the cells were 

washed once with PBS and subjected to another round of centrifugation under the same 

conditions. Finally, the PBS was removed, and the resulting cell pellets were stored at -20 °C 

until further use. 

4.1.2.2 Scraping 

The medium was aspirated, and cells were washed once with ice-cold PBS. Later, the cells 

were detached by scraping in ice-cold PBS on ice. The cells were collected and pelleted by 

centrifugation for 5 min at 1500 rpm, and after PBS was aspirated, the pellets were stored at -

20 °C until further use. 
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4.1.1 Generation of PA200 knock-out NSCLC cell lines via CRISPR/Cas9 

Low passage number cells were used to generate PA200 knock-out A549 and NCI-H1299 cells 

(passage 4 and passage 5, respectively). Defrosted cells were incubated either with DMEM F12 

medium + 10% FBS+ 1% Pen/Strep (A549) or RPMI-1640 medium + 10% FBS+ 1% Pen/Strep 

(H1299). The cells were harvested when they reached 80% confluency. 250.000-300.000 cells 

were counted and seeded into the 6-well plate. After 24 hours, cells were 70% confluent and 

ready for transfection. For the transfection, Lipofectamine™ CRISPRMAX™ Transfection 

Reagent, Invitrogen™ TrueCut™ Cas9 Protein v2, Hs.Cas9.PSME4.1.AB (crRNA, IDT) and 

tracRNA (IDT) were used. 1 µl tracRNA (100 µM) and 1 µl crRNA (100 µM) were diluted in 

98 µl TE Buffer and annealed at 95°C for 5 minutes according to the manufacturer’s protocol 

to generate sgRNA. For transfection, transfection mixes A and B were prepared in 

microcentrifuge tubes, as indicated in Table 4.1  below. 

Table 4.1: Composition of transfection mixes A and B (per well in a 6-well plate). 
Transfection Mix A Transfection Mix B 

Opti-MEM™ I Medium 125 µl Opti-MEM™ I Medium 125 µl 

gRNA (crRNA:tracrRNA) 

(5`GAGCTGATTTGGAGTTACCC`3) 
6250 ng CRISPRMAX™ Reagent 7.5 µl 

Cas9 nuclease 1200 ng - - 

Cas9 Plus™ Reagent 12.5 µl - - 

 

Transfection mix B was allowed to incubate at room temperature for 1 minute. It was then 

added to transfection mix A and further incubated for 10 minutes under the same conditions. 

Subsequently, the resulting complex was added dropwise to the cells. The cells were incubated 

at 37°C for 48 hours. Following the incubation period, the cells were collected and 50 cells 

were seeded onto 15 cm dishes containing the respective medium supplemented with 20% FBS 

instead of the usual 10% FBS, aiming to promote growth stimulation. After 2 weeks, colonies 

were picked with trypsin-incubated cloning disks and transferred to 24-well (one colony per 

one well). To avoid contamination, the cloning disks were removed the next day with sterile 

forceps. When the cells became confluent, they were harvested, and 2:3 of the cells were 

transferred to 6-well plates. 1:3 of the cells were pelleted to monitor the transfection via protein 

expression level. Cells possibly not-edited (wild type) and cells possibly edited (knock out) 

were transferred to 10 cm dishes according to PA200 presence or not, respectively. When cells 

became confluent, they were transferred to a 15 cm2 dish. A small portion of these cells was 

then pelleted for DNA sequencing. When the cells reached 80% confluency in the 15 cm2 
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dishes, they were frozen with 90% FBS and 10% DMSO to be used when the DNA sequencing 

showed successful editing. 

4.1.2 Treatment of cells  

4.1.2.1 TGFβ-1 treatment 

300.000 A549 cells and 200.000 NCI-H1299 cells were seeded into 10 cm dishes containing 

1% FBS medium. This seeding was done with the purpose of synchronizing the cell cycles 

over a 24-hour period. On the following day, the existing medium was substituted with either 

medium supplemented with 1% FBS or medium supplemented with 1% FBS along with TGF-

β1 (at a concentration of 5 ng/ml, Catalog Number: 100-21-10UG). These two conditions were 

referred to as the control and treatment conditions, respectively. Cells were harvested 72 h later 

by the scraping method. ¾ of the pellet was used for protein isolation, and ¼ of the pellet was 

used for RNA isolation. 

4.1.2.2 Interferon treatment 

1.5 million A549 cells and 1 million NCI-H1299 cells were plated in 10 cm dishes and allowed 

to grow for 24 hours in a medium supplemented with 10% FBS. On the subsequent day, the 

existing medium was removed, and cells were treated with standard medium, medium 

containing IFNβ (at a concentration of 100 U/ml, Catalog Number: ab7147575), or medium 

containing IFNγ (at a concentration of 10 ng/ml, Catalog Number: #300-02-100 µg). Following 

24 hours of treatment, cells were detached using trypsin. Upon harvesting, the cell pellet was 

divided, with 2/3 of it allocated for protein isolation and the remaining 1/3 designated for RNA 

isolation. 

4.1.3 Cell proliferation assay 

The daily proliferation rate of different cell types was assessed using the established 

methodology outlined in previous studies (Meul et al., 2020; Sullivan et al., 2015). Briefly, to 

initiate the assay, 30.000 A549 cells and 40.000 NCI-H1299 cells were seeded into separate 

wells of 6-well plates a day prior to the experiment. On the subsequent day, the initial cell count 

for each cell line on day 1 was determined by counting control wells. Subsequently, the cells 
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were cultured for an additional 3 days, and on day 4, the final cell count was recorded. The rate 

of cell division per day was calculated utilizing the formula: 

Proliferation Rate (Doublings per day) = log2 (Final cell count (day 4)/Initial cell count (day 

1))/3 (days) 

4.1.4 MTT assay 

Cellular metabolic activity was assessed using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay, which relies on the reduction of MTT to a purple insoluble 

formazan product by NAD(P)H-dependent cellular oxidoreductases (Mosmann, 1983). The 

cells were cultured in 24-well plates, and to each well, 200 µL of a 3 mg/mL thiazolyl blue 

tetrazolium bromide solution (Sigma) in PBS was added to achieve a final concentration of 0.5 

mg/mL. The cells were then incubated for 1 hour at 37 °C. Wells containing only the medium 

without cells were included as blanks. After incubation, the medium was removed, and the 

formazan crystals were solubilized using 500 µL of MTT dissolving reagent. The absorbance 

of the resulting solution was measured at 570 nm using a SunriseTM plate reader (TECAN). 

4.1.5 Colony formation assay 

A colony formation assay was employed to evaluate the capacity of individual cells to develop 

into colonies (Franken et al., 2006). In 6-well plates, 100 NCI-H1299 and 200 A549 cells were 

seeded per well. The culture medium was refreshed on day 3 and day 7 of the experiment. On 

day 10, the cells were washed with PBS and then fixed using 4% formaldehyde for 15 minutes 

at room temperature. Following fixation, the colonies were stained with 1% crystal violet dye, 

photographed, and subsequently quantified. 

4.1.6 Migration and invasion assay with Boyden chamber 

For analysis of cellular migration, 600 µl 10% FBS medium was used as a chemoattractant and 

added to 24-well plates. Boyden chambers were inserted into the wells, and 100.000 NCI-

H1299 cells in 0% FBS medium were added to the upper side. After a 24-hour period, the 

culture medium was removed, and the cells were treated with 4% formaldehyde at room 

temperature for 15 minutes on both sides. Following fixation, the cells were subjected to 
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staining with 1% crystal violet solution for 15 minutes at room temperature. Excessive dye was 

washed off with water, and chambers were left to dry until imaging with Axio Observer.Z1/7. 

4.1.7 Wound healing assay 

Ibidi 2 well silicone inserts assessed cellular wound healing capacity. First, the inserts were put 

into the 24-well plate (1 insert/well). A549 (28.000 cells/insert side) and NCI-H1299 (20.000 

cells/insert side) cells were seeded to both sides of the inserts. The next day, the silicone 

material was lifted, and 1 ml medium was added. Cells were incubated in the live cell imaging 

microscope (Axio Observer.Z1/7) at 37°C and 5% CO2 for 48h or until the 500 µm gap closed. 

Images from different time points are calculated using the Wound Healing Tool macro on 

ImageJ. (Carpentier G., 2012) (Wound Healing Tool, 2022). 

4.1.8 Spheroid formation and matrix invasion 

Spheroids were generated using low attachment U-bottom 96-well plates. A total of 5.000 

A549 cells were seeded in each well with 100 µl of medium and centrifuged briefly for 2 

minutes at 1000 rpm to establish initial cell-cell contact. The cells were then incubated for 72 

hours under standard conditions of 37°C and 5% CO2. After this incubation period, the 

spheroids were gently collected into 1.5 ml Eppendorf tubes and allowed to settle on the tube's 

bottom for 5 minutes on ice. 

Simultaneously, a collagen G matrix gel was prepared. Solution A was created by combining 

1M HEPES buffer (pH= 7-7.5) and 0.7M NaOH in equal proportions. Subsequently, solution 

A was mixed with 20% FBS (PAA) in 10× PBS (pH = 7.4) in a 1:1 ratio to create solution B 

(pH = 7.90–8.05). For the final gelation step, collagen G and solution B were mixed in a 4:1 

ratio, as previously described (Burgstaller et al., 2013). To create a collagen G+Matrigel 

matrix, a mixture of collagen G matrix gel and Matrigel was prepared in a 1:1 ratio, resulting 

in a total volume of 200 µl. All steps were carried out on ice using pre-chilled materials to 

prevent premature gel formation. The spheroids were then transferred into the matrix mixture 

using 40 µl of medium. To ensure the integrity of the spheroids and minimize bubble formation 

within the matrix, the tips of the yellow pipette tips were modified by cutting. Subsequently, 

40 µl of the spheroid-matrix mixture was dispensed into each well of a 24-well plate, with this 

process repeated four times to create technical replicates. Typically, each well contained 2-4 

spheroids. The plates were subsequently placed in an incubator set at 37°C and 5% CO2, 
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allowing the gel matrices to solidify over a period of 5 hours. After this solidification period, 

1 ml of medium (pre-warmed to 37°C) was gently added to each well to prevent detachment 

of the matrices. Following the 5-hour solidification, the spheroids were imaged using a live 

cell imaging microscope (Axio Observer.Z1/7) under conditions of 37°C and 5% CO2. The 

cells were then subjected to an incubation period of 72 hours under the specified conditions, 

after which they were imaged once more.  

4.2 Animal experiments 

The PhD students Georgia Giotopoulou and Sabine Behrend carried out injections and scoring. 

Harvesting was jointly done by Ayse Seda Yazgili, Georgia Giotopoulou, Sabine Behrend, and 

Lilith Trassl. 

4.2.1 Study Approval 

Experiments were designed and approved a priori by ROB-55.2-2532.Vet_02-20-197 

(approval numbers) and were conducted according to Directive 2010/63/EU (http://eur-

lex.europa.eu/legal-content/EN/TXT/?qid=1486710385917&uri=CELEX:32010L0063). 

SCID mice are purchased from Charles River (NOD.CB17-Prkdcscid/NCrCrl (strain code 

394), https://www.criver.com/products-services/find-model/nod-scid-mouse?region=3671) 

SCID refers to a mouse model in which the SCID mutation (Severe Combined 

Immunodeficiency) was combined with a NOD (non-obese diabetic, non-obese diabetic) 

genotype.  T and B cell lymphocyte development is hampered in SCID homozygous animals. 

Additionally, the NOD background leads to impaired natural killer (NK) cell activity. Male and 

female animals are used for the experiments to keep the number of animals as small as possible. 

The sexes were evenly distributed to the respective experimental groups (Table 4.2). The animals 

were used in the experiment at the age of six to eight weeks at a weight of 20-25 g and were also 

housed in groups during the experiments. The sample size was determined before conducting the 

experiment through a power analysis using G*power software. The experimental procedures 

were randomized across different cages.  

http://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1486710385917&uri=CELEX:32010L0063
http://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1486710385917&uri=CELEX:32010L0063
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4.2.2 Subcutaneous injection of genetically engineered cells 

The acclimatized mice were anaesthetized with 1-2% isoflurane and immobilized on a warm 

plate for the procedure. The injection site (region: flank to the lower back, approx. 2x3 cm) 

was shaved to ensure safe subcutaneous injection of the tumour cells under visibility and 

disinfected. Then, 3x106 million PA200 WT or PA200 KO cells in 150 µl body-temperature 

PBS were injected subcutaneously (Table 4.2). The injection was applied with a 27G cannula 

(diameter 0.4 mm). After injection, the animals continue to be warmed with a red-light lamp 

(about 1 m from the mouse) or in a cage without bedding on a warming plate at 39°C and 

observed until they fully arouse from anaesthesia (about 1 hour until the normal activity is 

observed). The animals are then placed in the cage and remain there in groups. The procedure 

takes about five to ten minutes. 

Table 4.2: Mice used for PA200 WT or KO cell subcutaneous injection.  
A549 NCI-H1299 

Gender WT PA200 KO WT PA200 KO 

Female 4 6 6 9 

Male 6 9 4 6 

4.2.3 Scoring of the mice 

For weighing, the animals are placed from the cage into a weighing pan on the scale. After this, 

the tumour size was measured using callipers by placing the animals on the cage lid. The three 

vertical dimensions of the tumour (δ1, δ2, and δ3) were measured twice a week, and the tumour 

volume was calculated using the formula π * δ1 * δ2 * δ3 / 6, as outlined in previous studies 

(Giopanou et al., 2017; Stathopoulos et al., 2010). Tumour size and weight were determined 

every two days while the experiments were ongoing. The conditions of the endpoint of the 

experiments were as follows: either the tumour reached 150 mm3 or after 10 weeks post-

subcutaneous injection (TVA approval number ROB-55.2-2532.Vet_02-20-197).  

4.2.4 The endpoint of the mouse experiment 

Mice were planned to be sacrificed once their tumour burden reached the maximal size, the 

primary tumour had necrosis or 10 weeks after the injection. The necrosis occurred on the 

primary tumours and was visible by eye, and information was given by the animal caretakers. 

Lethal anaesthesia was induced by an intraperitoneal injection of ketamine (250 mg/kg body 
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weight) and xylazine (10 mg/kg body weight). The injection was made with a 27G cannula 

(diameter 0.4 mm). The depth of the anaesthesia is checked using the intertoe reflex. After the 

animals become unconscious, they are observed for at least 3 minutes until they stop breathing 

completely. The lungs were removed to ensure death, and the carcasses were disposed. This 

method of killing was used for the purpose of organ harvesting, to rule out lung damage or 

organ bleeding, which is necessary for the following examinations of the lung tissue. 

4.3 Protein biochemistry 

4.3.1 Protein extraction from cell pellets  

4.3.1.1 Native protein extracts 

4.3.1.1.1 TSDG cell lysis 

This method is a standard practice in our lab and was previously described elsewhere (Meul, 

2021; Welk, 2018; Yazgili et al., 2021). Briefly, frozen cell pellets were thawed and dissolved 

in TSDG buffer, which was supplemented with 1x cOmpleteTM protease inhibitor cocktail 

(Roche) and 1x PhosSTOP phosphatase inhibitor cocktail (Roche Diagnostics). The volume of 

the lysis buffer was adjusted to match the size of the cell pellet. The process of lysing the cells 

involved disrupting the cell membrane through a series of 7 freezing-thawing cycles using 

liquid nitrogen. Subsequently, the cell extracts underwent centrifugation at 15000 rpm and 4°C 

for a duration of 20 minutes to remove cellular debris and achieve clear cell lysates. These 

cleared cell lysates were then stored at a temperature of -20°C until they were ready for further 

use. It's important to note that the TSDG cell lysis method was exclusively employed in the 

immunoprecipitation of PA200. 

4.3.1.1.2 OK cell lysis 

This method is a standard practice in our lab and was previously described elsewhere (Meul, 

2021; Welk, 2018; Yazgili et al., 2021). Briefly, frozen cell pellets were thawed and 

subsequently dissolved in an OK buffer. This buffer was supplemented with 1x cOmpleteTM 

protease inhibitor cocktail (Roche) and 1x PhosSTOP phosphatase inhibitor cocktail (Roche 

Diagnostics). The volume of the lysis buffer was adjusted to match the size of the cell pellet. 

Following this, the cells underwent lysis on ice for a duration of 20 minutes, with intermittent 
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vortexing during the process. The supernatants were collected by centrifuging the lysates at 

15000 rpm and 4°C for a period of 20 minutes. The collected samples were then stored at a 

temperature of -20°C until they were ready for further use. 

4.3.1.2 Denatured protein extracts 

4.3.1.2.1 Ripa Lysis 

This method is a standard practice in our lab and was previously described elsewhere (Meul, 

2021; Welk, 2018). Briefly, to obtain denatured protein extracts, the RIPA lysis buffer was 

used. Frozen cell pellets were dissolved in an amount of RIPA buffer and adjusted according 

to the size of the cell pellet. This RIPA buffer was supplemented with 1x cOmpleteTM protease 

inhibitor cocktail (Roche) and 1x PhosSTOP phosphatase inhibitor cocktail (Roche 

Diagnostics). The cell lysis process was carried out on ice and lasted for 20 minutes, with 

periodic vortexing during this period. Subsequently, the lysates underwent centrifugation at 

15,000 rpm and 4°C for 20 minutes to remove cellular debris. The resulting cleared cell lysates 

were then stored at -20°C until they were ready to be used for further experiments. 

4.3.1.2.2 Urea Lysis 

Urea lysis was applied to recover the insoluble proteins after the isolation with TSDG lysis. 

After the TSDG lysis was applied, the left-over pellets that contained the insoluble part of the 

cell were stored at -20°C until further use. These pellets were then dissolved in the same volume 

of urea lysis buffer (see recipe 3.9), and 6x Laemmli sample buffer was applied (to a final 

concentration of 1x). 

4.3.2 Bicinchoninic acid (BCA) assay 

This method is a standard practice in our lab and was previously described elsewhere (Meul, 

2021; Welk, 2018). Briefly, the Pierce BCA protein assay kit from Thermo Fisher Scientific 

was utilized for determining the protein concentrations in the cell lysates. As part of the 

process, 20 µl of bovine serum albumin at varying concentrations were prepared as standard 

samples. Initially, the samples of interest were diluted in PBS at a 1:10 ratio, resulting in a total 

volume of 20 µl. Subsequently, 200 µl of the BCA working solution was added to these 

samples, which were then incubated at 37 °C for a duration of 30 minutes. To complete the 

procedure, the absorbance of the samples was measured in triplicate using the Sunrise Plate 
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Reader, with readings taken at a wavelength of 562 nm. The absorbance values obtained from 

the standard samples were employed to construct a standard curve, which was used to quantify 

the protein concentrations of the unknown samples. 

4.3.3 SDS gel preparation and Western blot analysis 

4.3.3.1 Sample preparation 

This method is a standard practice in our lab and was previously described elsewhere (Meul, 

2021; Welk, 2018). Briefly, 15 µg protein was used per sample for Western blotting. Protein 

extracts were diluted to an equal volume with Milli-Q® water, mixed with 6x Laemmli sample 

buffer (with a final concentration of 1x), and heated at 95 °C for 15 minutes to denature the 

proteins. 

4.3.3.2 SDS gel preparation and electrophoresis 

This method is a standard practice in our lab and was previously described elsewhere (Meul, 

2021; Welk, 2018). Briefly, polyacrylamide gels  (7.5 %, 10 %, 12 %, or 15 % SDS) were 

prepared by mixing chemicals listed in Table 4.3 and pouring them into the casting equipment 

(Bio-Rad) for the electrophoretic separation of proteins. After pouring the resolving gel, a layer 

of isopropanol (250 µl/gel) was added to form a plain interface and eliminate the bubbles. After 

the gel's complete polymerization, the isopropanol layer was removed and washed with 

MilliQ® water. Later, stacking gel was poured, and combs were inserted. The percentage of 

polyacrylamide was selected depending on the protein's molecular weight to be detected. 

Table 4.3: Composition of 1.5 mm 7.5 %, 10 %, 12 % and 15 % SDS polyacrylamide gels. 
 SDS Resolving Gels SDS Stacking Gel 

Chemical 
7.5% Volume 

(mL/gel) 

10% Volume 

(mL/gel) 

12% Volume 

(mL/gel) 

15% Volume 

(mL/gel) 

3.6% Volume 

(mL/gel) 

4x Resolving 

buffer 
2.0 2.0 2.0 2.0 - 

4x Stacking 

buffer 
- - - - 1.0 

H2O 4.0 3.3 2.8 2.0 2.52 

30% Acryla-

mide 
2.0 2.7 3.2 4.0 0.48 

TEMED 0.012 0.012 0.012 0.012 0.012 

10% APS 0.1 0.1 0.1 0.1 0.05 
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Protein samples and 3-6 µl protein markers were loaded onto SDS gels. Electrophoresis was 

performed in Bio-Rad gel running chambers at a voltage of 90 V at the first instance until the 

samples reached the resolving gel, then increased to 120 V. 

4.3.3.3 Immunoblotting 

This method is a standard practice in our lab and was previously described elsewhere (Meul, 

2021; Welk, 2018). Briefly, following electrophoresis, the proteins were transferred from the 

gel to a polyvinylidene fluoride (PVDF) membrane (Bio-Rad) using the tank method through 

immunoblotting. To activate the PVDF membrane, it was treated with 100% methanol. The 

transfer of proteins onto the PVDF membrane was carried out using transfer buffer (1x Transfer 

buffer + 10% Methanol) at a current of 250 mA for a duration of 90 minutes at 4°C. To prevent 

non-specific binding, the PVDF membranes were incubated either in Roti®-Block for a 

minimum of 1 hour or for 10 minutes using an EveryBlot blocking buffer. 

Primary antibodies were diluted as per the manufacturer's instructions and then allowed to 

incubate overnight at a temperature of 4°C. On the following day, the PVDF membrane 

underwent three washes lasting 15 minutes each with PBST (Phosphate Buffered Saline with 

Tween). Subsequently, secondary antibodies linked with horseradish peroxidase (HRP) and 

diluted in PBST were applied for a duration of 1 hour at room temperature. After two rounds 

of washing the membranes with PBST, chemiluminescent signals were generated using either 

LuminataTM Classico/Forte reagent (Merck Millipore) or Super Signal 

(West/Pico/Femto/Atto, Thermo Fisher Scientific). The generated signals were detected using 

either the iBright (CL1500 Imaging System, Thermo Fisher Scientific) or the ChemiDoc 

(XRS+ or MP system, Bio-Rad). Densitometric analysis of the detected bands was performed 

within the linear range using the ImageLab software from Bio-Rad. 

4.3.4 Native gel electrophoresis 

This method is a standard practice in our lab and was previously described elsewhere (Meul, 

2021; Welk, 2018). Briefly, native gel electrophoresis was utilized to analyze intact and active 

proteasome complexes using the XCell SureLock® Mini-Cell system from Thermo Fisher 

Scientific, following the method outlined recently (Yazgili et al., 2021). Briefly, 15 µg of 

protein from OK lysates was diluted with water. The diluted lysates were then mixed with 5x 
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native gel loading buffer and loaded onto commercially available 3-8% gradient NuPAGE 

Novex Tris-acetate gels from Life Technologies. The native proteasome complexes were 

separated over a 4-hour period at 4°C with a voltage of 150 V. After the native gel 

electrophoresis, an in-gel proteasome activity assay was conducted to assess the chymotrypsin-

like (CT-L) activity of the native proteasome complexes. For this assay, the gels were incubated 

in a reaction buffer at 37°C for 30 minutes. The reaction buffer comprised 50 mM Tris, 1 mM 

ATP, 10 mM MgCl2, 1 mM DTT, and 0.05 mM Suc-LLVY-AMC, a fluorogenic peptide 

substrate. The fluorescence generated by the CT-L specific cleavage of the Suc-LLVY-AMC 

substrate within the active proteasome was detected using the ChemiDoc XRS+ system at an 

excitation wavelength of 380 nm and an emission wavelength of 460 nm (BioRad). Prior to 

immunoblotting, the gels were incubated in a solubilization buffer (2% w/v SDS, 66 mM 

Na2CO3, 1.5% v/v β-Mercaptoethanol) for 15 minutes. This step facilitated the subsequent 

transfer of proteins using the previously described immunoblotting technique. For the mass 

spectrometry sample preparation, the samples were loaded to the native gels by leaving one 

well empty in between. The gel was run in the same conditions and cut right after into 6 

fractions. The gel pieces were stored in lo-bind Eppendorf tubes at -20°C.  

4.3.5 Proteasome activity assay with luminescent substrates 

4.3.5.1 Cell lysates 

The activity of the 20S proteasome active sites, specifically chymotrypsin-like (CT-L), 

caspase-like (C-L), and trypsin-like (T-L), was assessed using the Proteasome-Glo™ Assays 

(Promega, Fitchburg) in accordance with the manufacturer's instructions and as described 

previously (Meul, 2021; Welk, 2018). In this procedure, 1 µg of protein lysate from TSDG 

lysates was mixed with TSDG lysis buffer to achieve equal volumes. The resulting samples 

were adjusted to a volume of 20 µL with water. Subsequently, the prepared dilutions were 

transferred to white flat-bottom 96-well plates and combined with 20 µL of the specific active 

site-targeted substrates: Succinyl-leucine-leucine-valine-tyrosine-aminoluciferin (for CT-L), 

Z-leucine-arginine-arginine-aminoluciferin (for C-L), or Z-norleucine-proline-norleucine-

aspartate-aminoluciferin (for T-L). 

As the reactions progressed, the aminoluciferin released by the substrates was converted by 

luciferase in the reaction buffer, producing luminescent signals. These signals were measured 
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at 2-minute intervals over a 45-minute period using a Tristar LB 941 plate reader. Each sample 

was measured in quadruplicate. The values obtained when the luminescent signal reached a 

plateau were used for the quantification of proteasome activity for each specific substrate. 

4.3.5.2 Purified proteasome complexes  

First, the purified proteins were diluted according to Table 4.4 with 25 mM HEPES 0.5 mM 

EDTA pH 7.5 buffer. These working dilutions were used to generate 1 nM 20S proteasome 

and 1 nM immunoproteasome concentrations by using the same buffer. 10 nM bortezomib was 

used as a negative control for the proteasome activity. PA200 was added to have the following 

final concentrations: 1 nM, 2 nM, 4 nM and 10 nM, wherever appropriate. As the assay was 

planned in quadruplicates, these preparations were done as a master mix. Then, 20 µl/well 

samples were pipetted to a white flat bottom 96-well plate. The plate was covered with a seal 

to avoid evaporation, and the samples were incubated at 4°C for 2 hours. After the incubation 

period, 20 µl of each Proteasome-Glo™ substrate was added to the wells. The released 

aminoluciferin was measured as indicated above. 

Table 4.4: Protein Dilutions 
Protein Stock Concentration Working Dilution 

20S proteasome 1 mg/ml 0.1 mg/ml 

Immunoproteasome 3 µM 0.3 µM 

PA200 1 mg/ml 0.01 mg/ml 

4.3.6 Labelling of active proteasome complexes with activity-based probes 

(ABPs) 

In conjunction with the luminescent proteasome activity assay, activity-based probes (ABPs) 

were utilized to assess the catalytic activity of distinct 20S active sites within native 20S and 

assembled 26S proteasome complexes. ABPs, which are irreversible proteasome inhibitors, 

were employed for their binding affinity to the specific 20S active sites. These ABPs, including 

MV151 (binding to all 20S active sites), MVB127 (targeting β5/β5i), and LW127 (specific for 

β1/β1i), are fluorescently labelled, allowing detection through gel-based assays  (Verdoes et 

al., 2006).  

This method is a standard practice in our lab and was previously described elsewhere (Meul, 

2021; Welk, 2018). Briefly, samples of 7.5 μg protein from OK lysates were diluted in OK 

lysis buffer (excluding digitonin) to achieve uniform volumes. The samples were incubated 

with MV151 (5µM), MVB127 (1µM), or LW124 (0.25µM) for one hour at 37 °C in a 
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thermocycler. Subsequently, 6x Laemmli loading buffer was added, and the samples were 

loaded onto Mini-PROTEAN TGX Stain-Free Precast Gels (Bio-Rad). Electrophoresis 

commenced at 90V for 15 minutes, allowing samples to enter the resolving gel, followed by 

continuing at 120V for 90 minutes. Quantification of active sites in the proteasome was 

achieved by capturing the site-specific binding of fluorescent activity-based probes using the 

iBright CL1500 Imaging System (Thermo Fisher Scientific). 

Stain-Free imaging technology was employed, which employs a polyacrylamide gel containing 

a unique trihalo compound covalently linked to tryptophan residues. This compound increases 

fluorescence upon exposure to UV light, allowing protein detection at concentrations as low as 

10-25 ng (Short & Posch, 2011). The trihalo chemical induces immediate fluorescence upon 

brief photoactivation, enabling rapid protein visualization within the gel. Thus, the stain-free 

gels underwent a 5-minute activation period, with the distinctive band at around ~48 kDa 

selected as the loading control. The acquired signal was quantified using ImageJ software. 

4.3.7 Immunoprecipitation of PA200 

For immunoprecipitation (IP) of PA200, cells were lysed in TSDG buffer under native 

conditions as described previously to preserve physiological protein-protein interactions. Pre-

clearing of the lysates was performed using magnetic Dynabeads coated with Protein A for 

antibodies raised in rabbits (Thermo Fisher Scientific) on a magnetic rack. 20 µL of Dynabeads 

were transferred to protein LoBind tubes (Eppendorf) and washed twice with 500 µL phosphate 

buffer pH 7.4. 200 µg protein lysate (in TSDG buffer + 0.2 % IGEPAL) was incubated with 

the Dynabeads for 20 minutes at room temperature on a rotator (20 rpm) in a pre-clearing step 

which allows the saturation of the unspecific binding sites of the Dynabeads with proteins from 

the cell extracts and thereby reduces unspecific background binding. Alternatively, 200 µg 

protein was directly used without pre-clearing. In the meantime, 30 µl Dynabeads were washed 

twice with 100 µL phosphate buffer pH 7.4. Beads were resuspended in 50 µL phosphate buffer 

pH 7.4 and incubated with 3 µL of the antibody directed against the target protein for 15 

minutes at 1250 rpm and room temperature. Afterwards, beads were washed twice with 100 

µL TSDG buffer + 0.2 % IGEPAL. 50 µl of the TSDG buffer + 0.2 % IGEPAL was used to 

resuspend the beads-antibody complexes. Without (w/o) pre-cleared or precleared 200 µg 

TSDG protein lysates (separated from the beads) were added onto the beads bound to the 

antibody to a total volume of 250 µl. Samples were incubated with a rotator (20 rpm) for 2 
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hours at 4 °C. 25 µL per sample of the total mixture was used as input. 25 µl supernatant was 

collected once the beads had been separated on the magnetic rack. Input and supernatant 

samples (25 µl) were mixed with 6x loading buffer (5 µl) and heated at 95 °C for 10 min. Beads 

were washed three (w/o pre-cleared) or five times (pre-cleared) with 500 µL TSDG buffer 

supplemented with 0.2 % IGEPAL and one final time with TSDG buffer. Co-

immunoprecipitated proteins were eluted in 25 µL 1x Laemmli buffer and further denatured 

for 10 min at 95 °C. Eluted proteins were further analyzed by Western blotting together with 

the input and supernatant samples or sent to the Research Unit Protein Science (HMGU) for 

mass spectrometry analysis. 

4.4 Histology 

The staining was done by the Core Facility Pathology & Tissue Analytics. 

4.4.1 Hematoxylin & Eosin and Ki67 staining 

Excised tissue specimens were fixed in a 4% (w/v) solution of neutrally buffered formalin, 

followed by paraffin embedding and sectioning into slices measuring 3 µm in thickness. These 

sections were subsequently stained using hematoxylin and eosin (HE) staining. The staining 

procedure was carried out using the HistoCore SPECTRA ST automated slide stainer (Leica, 

Germany) with ready-made staining reagents (Histocore Spectra H&E Stain System S1, Leica, 

Germany) in accordance with the instructions provided by the manufacturer. 

Immunohistochemical staining was performed following standardized protocols on a 

Discovery Ultra automated stainer (Ventana Medical Systems, Tucson, AZ). Monoclonal 

rabbit anti-cleaved-Caspase-3 (1:250, #9664S, Cell Signaling, Danvers, USA) or polyclonal 

rat anti-Ki67 (1:1000, Abcam, Cambridge, UK) antibodies were used as primary antibodies. 

As secondary antibodies, goat anti-rabbit, biotinylated (1:750) (Vector BA-1000, Burlingame, 

USA) was applied. Signal detection was achieved using the Discovery® DAB Map Kit 

(Ventana Medical Systems, Tucson, AZ). The stained tissue sections were then digitally 

scanned using an AxioScan.Z1 digital slide scanner (Zeiss) equipped with a 20x magnification 

objective. 

4.5 Mass spectrometry analysis 

Proteomic analysis by LC-MS/MS, as described in the following section, was performed by 
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Dr. J. Merl-Pham, Research Unit Protein Science (HMGU) and the methods were previously 

has been published elsewhere (Gerckens et al., 2021; Hauck et al., 2010; Merl et al., 2012). 

4.5.1 Proteomics screen 

4.5.1.1 Sample preparation  

The method for sample preparation was previously described in detail (Gerckens et al., 2021). 

Briefly, affinity purification samples were digested using a modified FASP protocol and the 

protein samples were first subjected to reduction and alkylation using dithiothreitol and 

iodoacetamide (Grosche et al., 2016; Wiśniewski et al., 2009). Following this, the proteins 

were diluted to a concentration of 4 M urea and then centrifuged using a 30 kDa filter device 

(Sartorius). After multiple wash steps employing 8 M urea and 50 mM ammonium bicarbonate, 

the proteins were enzymatically digested on the filter using Lys-C and trypsin, with an 

overnight incubation. The resulting peptides were subsequently eluted via centrifugation, 

acidified with trifluoroacetic acid (TFA), and stored at -20°C. 

4.5.1.2 LC-MS/MS measurements 

The method for LC-MS/MS measurements was previously described in detail (Gerckens et al., 

2021). Briefly, samples were measured on a QExactive HF-X mass spectrometer (Thermo 

scientific) online coupled to an Ultimate 3000 nano-RSLC (Dionex). Tryptic peptides were 

automatically loaded on a trap column (300 µm inner diameter (ID) × 5 mm, Acclaim 

PepMap100 C18, 5 µm, 100 Å, LC Packings) prior to C18 reversed-phase chromatography on 

the analytical column (nanoEase MZ HSS-T3 Column, 100Å, 1.8 µm, 75 µm x 250 mm, 

Waters) at 250nl/min flow rate in a 95-minute non-linear acetonitrile gradient from 3 to 40% 

in 0.1% formic acid. Profile precursor spectra from 300 to 1500 m/z were recorded at 60000 

resolution with an automatic gain control (AGC) target of 3e6 and a maximum injection time 

of 30 ms. Subsequently, TOP15 fragment spectra of charges 2 to 7 were recorded at 15000 

resolution with an AGC target of 1e5, a maximum injection time of 50 ms, an isolation window 

of 1.6 m/z, and normalized collision energy of 28 and a dynamic exclusion of 30 seconds. 
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4.5.1.3 Quantitative data analysis 

The method for quantitative data analysis for LC-MS/MS measurements was previously 

described in detail (Gerckens et al., 2021). Briefly, the generated raw files were analyzed using 

MaxQuant 1.6.7.0 (MPI for biochemistry, Martinsried) for label-free quantification applying 

default settings with the following changes: deamidation (NQ) allowed as variable 

modification, application of the LFQ algorithm with LFQ ratio count 1, the inclusion of iBAQ 

method, no second peptide search (Hauck et al., 2010; Merl et al., 2012). Searches were 

performed against the Swiss-prot human protein database (20432 sequences) with default 

settings. Results were filtered for a peptide and protein FDR of 0.01. Missing intensity, iBAQ, 

and LFQ intensity values were imputed in Perseus 1.6.7.0 by replacing them with missing 

values from normal distribution separately for each column. After imputation, abundance 

values were used for calculating average enrichment ratios WT/KO for the two different cell 

types, including statistics by a student's t-test. Candidates were filtered for p<0.05 and a fold-

change of 1.5. 

4.6 Nucleic acid biochemistry 

4.6.1 DNA isolation from cell pellets 

DNA isolation was carried out using a commercial kit (DNeasy, Qiagen). To initiate the 

process, cell pellets were suspended in 200 µl of PBS, and 20 µl of Proteinase K was added. 

Following this, 200 µl of Buffer AL (without ethanol) was introduced, and the mixture was 

thoroughly mixed. The samples were then subjected to an incubation at 56°C for 10 minutes. 

After incubation, 200 µl of pure ethanol (96-100%) was combined with the sample and mixed 

until a uniform solution was achieved. Subsequently, the solution was loaded onto a DNeasy 

Mini spin column, which was then placed in a 2 ml collection tube. Centrifugation was carried 

out at a minimum of 6000 x g (8000 rpm) for 1 minute, and the resulting liquid was discarded. 

To the spin column, 500 µl of Buffer AW1 was added, followed by another round of 

centrifugation at a minimum of 6000 x g (8000 rpm) for 1 minute after the liquid was discarded. 

Following this step, 500 µl of Buffer AW2 was introduced, and the samples were centrifuged 

for 3 minutes at 20,000 x g (14,000 rpm) to facilitate the drying of the DNeasy membrane. The 

spin columns were then placed within clean 1.5 ml microcentrifuge tubes, and 100 µl of DEPC 
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water (free from DNase and RNase) was added. After a 1-minute incubation at room 

temperature, the samples were centrifuged for 1 minute at a minimum of 6000 x g (8000 rpm) 

to elute the DNA. The concentration of the extracted DNA was subsequently determined using 

a NanoDrop machine, with DEPC water being used as a blank for calibration. 

4.6.2 Polymerase Chain Reaction (PCR) for CRISPR/Cas9 target site 

amplification 

After DNA concentration had been determined, good-quality DNA (with an absorbance 

A260/A280 ratio of 1.7–1.9) was used. The CRISPR/Cas9 target site was amplified with PCR 

primers (see 3.2.2) and produced around ~500 bp amplicon. 50 ng DNA samples were mixed 

with a PCR master mix (Table 4.5), and PCR was performed using the temperature time profile 

shown in Table 4.6. 

Table 4.5: PCR reaction components as a master mix 
Component Final Concentration/Amount Amount 

5x GC Buffer ( 1x 10 µl 

10 mM dNTP mix 200 µM 1 µl 

Forward Primer (10 µM) 1 µM 5 µl 

Reverse Primer (10 µM) 1 µM 5 µl 

DNA template (25 ng) 50 ng 2 µl 

High-fidelity DNA polymerase  0.5 µl 

H2O Add up to 50 µl  

 

Table 4.6: PCR temperature and time cycling profile  
Repeats Temperature [°C] Time [min: sec] 

1x 98 03:00 

9x 

98 00:10 

72 00:15 

72 00:30 

26x 

98 00:10 

62 00:15 

72 00:30 

1x 72 10:00 

1x 95 10:00 

1x 4 forever 

 

The PCR product was combined with 6x Loading dye (Thermo Fisher Scientific) and 

introduced onto a 1% TBE agarose gel that contained SYBR Safe (Thermo Fisher Scientific). 

Electrophoresis was conducted for 30 minutes at 90 V, and the gel was subsequently examined 

using UV light via the ChemiDoc XRS+ system (Bio-Rad). To prevent sample cross-

contamination, an empty well was maintained between the two samples. Bands located around 
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500 bp were identified and excised from the gel while being illuminated by UV light. A clean, 

sharp scalpel was employed for this procedure, and the resulting gel pieces were transferred 

into a 1.5 ml microcentrifuge tube with a known weight. Any excess agarose was removed in 

order to minimize the size of the gel.  

4.6.3 DNA isolation from the agarose gels 

Amplified DNA was isolated from the gel with a commercial kit (QIAquick, Qiagen). Briefly, 

the gel slice was weighed, and 3x volume of Buffer QG to 1 volume of gel was added (e.g., 

150 µl buffer to 50 mg of the gel slice). The solution was incubated at 50°C for 10 minutes 

until the gel slice dissolved completely. One gel volume of isopropanol was added to the 

sample and mixed (e.g., 50 µl isopropanol to 50 mg of the gel slice). The mixture was 

transferred to a spin column, and the DNA bound to the column upon 1-minute centrifugation 

at 17,900 x g. The flow-through was discarded, and 500 µl Buffer QG was added for 

centrifugation at 17,900 x g for 1 minute. The spin column was then washed with 750 µl Buffer 

PE and incubated for 5 minutes at room temperature before centrifugation (17,900 x g and 1 

minute). To completely dry the membrane, the microcentrifuge tubes were turned 180 degrees 

and centrifuged again under similar conditions. 20 µl DNase/RNase-free DEPC-water was used 

to elute the DNA from the columns. The water was added to the centre of the spin column and 

incubated for 1 minute at room temperature. Samples were then centrifuged, DNA 

concentration was measured with the NanoDrop machine, and DEPC water was used as blank. 

Samples were sent to Eurofins for sequencing and the sequencing primer (see 3.2.2). 

4.6.4 RNA isolation of cell pellets 

For the isolation of total cellular RNA intended for qRT-qPCR, the Roti®-Quick Kit (Carl 

Roth) was used for phenol-chloroform extraction. The procedure involved the following steps: 

Initially, cells were lysed in 500 µL of Roti®-Quick 1 solution. After thorough mixing, 600 µL 

of Roti®-Quick 2 solution was added to the samples and incubated for 10 minutes on ice. 

Centrifugation was carried out for 15 minutes at 10,000 rpm and 4 °C to achieve phase 

separation. The upper aqueous phase was gently pipetted by tilting the tube and transferred to 

a new tube. Subsequently, 500 µL of Roti®-Quick 3 solution was added, and the samples were 

either incubated at -80 °C for 40 minutes or at -20 °C overnight. RNA was then pelleted by 

centrifugation for 20 minutes at 13,000 rpm and 4 °C. The supernatant was discarded, and the 
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RNA pellets were washed twice with 70% (v/v) ethanol. Following drying on ice, the RNA 

pellet was reconstituted in 25-40 µL of nuclease-free water (Ambion, Thermo Fisher Scientific) 

based on the initial pellet size. Concentration measurements were performed at a wavelength 

of 260 nm using the NanoDrop 1000 (Thermo Fisher Scientific). 

Additionally, for bulk RNA sequencing, cellular RNA was isolated using an RNA isolation kit 

(VWR). The procedure involved the following steps: Cell pellets were dissolved in 350 µl of 

TRK buffer + 2% β-ME and loaded onto a peqGOLD RNA Homogenizer Column placed 

within a 2 mL Collection Tube. Samples were centrifuged at maximum speed (≥12,000 x g) 

for 2 minutes, and the flow-through was collected. Ethanol (70%) was added, and the samples 

were vortexed thoroughly. Subsequently, 700 µl of the mixture was transferred to a peqGOLD 

RNA Mini Column, followed by centrifugation at 10,000 x g for 1 minute. The filtrate was 

discarded, and then 500 µl of RNA Wash Buffer I was added, followed by centrifugation at 

10,000 x g for 1 minute. The columns were washed once more with 500 µl of 80% ethanol, 

and centrifugation was carried out at 10,000 x g for 30 seconds each time. Afterwards, the 

empty columns were centrifuged at maximum speed for 2 minutes to eliminate residual ethanol. 

The peqGOLD RNA Mini Column was then transferred to clean 1.5 ml microcentrifuge tubes, 

and 30 µl of nuclease-free water was added to elute the RNA from the columns. Centrifugation 

at maximum speed for 2 minutes was performed, and RNA concentration was measured using 

the NanoDrop 1000. The eluted RNA was stored at -80°C until further use. 

4.6.5 Reverse transcription of RNA 

For the reverse transcription process, RNA ranging from 0.25 to 1 µg was mixed with 9 µL 

of nuclease-free water, followed by the addition of 2 µL of 250 µM Random Hexamers 

(Thermo Fisher Scientific). After allowing the mixture to incubate at 70 °C for 10 minutes, 

the samples were placed on ice. Subsequently, 9 µL of a reverse transcription master mix 

was introduced, with final concentrations of 1x First Strand Buffer, 10 mM DTT, 0.5 mM 

dNTPs, 1 U/µL RNAse Inhibitor, and 10 U/µL M-MLV transcriptase. The reverse 

transcription procedure involved annealing for 5 minutes at 25°C, followed by elongation 

for 60 minutes at 37°C, which was executed using a Mastercycler Nexus (Eppendorf). The 

cDNA was subjected to digestion with 1 U of DNase at 37°C for 15 minutes, followed by 

heat inactivation at 75°C for 10 minutes. The resultant cDNA was then diluted at a 1:5 ratio 

with nuclease-free water (Ambion, Thermo Fisher Scientific).  
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4.6.6 Quantitative real-time RT-PCR 

Quantitative real-time RT-PCR analysis was carried out using the SYBR Green LC480 

system from Roche. A mixture comprising 2.5 µL of both forward and reverse primer 

dilutions (0.5 µM each) and 5 µL of LC480 SYBR Green I Master mix (Roche) was prepared 

per well in a 96-well plate format. Additionally, 2.5 µL of cDNA was added to each well. 

Each sample was measured in duplicate, and the plates were centrifuged for 2 minutes at 

1000 rpm prior to initiating the measurements using the standard program outlined in Table 

4.7 on the Light Cycler 480 II (Roche). The gene expression levels of the various samples 

were normalized to the housekeeping gene ribosomal protein L19 (RPL19). The relative 

gene expression was determined using the ΔΔCT method, with the specificity of the primers 

verified by analyzing the melting curve. 

Table 4.7: Quantitative real-time RT-PCR program 
Program Cycles Target (°C) Hold (mm:ss) 

Pre-incubation 1 95 05:00 

Amplification 

45 

95 00:10 

60 00:10 

72 00:10 

Melting curve 

1 

95 00:05 

65 01:00 

97 5 acquisitions 

Cooling 1 40 00:30 

4.6.7 Bulk mRNA sequencing 

A total of 1.5 million A549 cells and 1 million H1299 cells were cultured in 15 cm dishes and 

incubated for 48 hours. Total RNA was isolated utilizing the Total RNA kit (Peqlab, VWR). 

Subsequently, the samples were dispatched to the Core Facility Next-Generation Sequencing 

at the Helmholtz Center Munich. The RNA integrity number (RIN) was assessed using the 

Agilent 2100 Bioanalyzer system, and concentration was quantified using the Qubit 2.0 RNA 

BR assay (Invitrogen). RNAs with RIN values exceeding 6 were chosen for total RNA 

sequencing (ribo-depleted), a method that effectively detects essential coding and non-coding 

transcripts by removing highly abundant rRNA species. 

Library preparation for both human and mouse samples involved using the TruSeq stranded 

total-RNA Library Preparation kit (Illumina) with 1μg of RNA, following the kit's protocol. 

Following a final quality control step, the libraries were subjected to paired-end sequencing 

(2x150 bases) on the Hiseq 4000 sequencer (Illumina), targeting a depth of at least 40 million 
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paired reads per sample. Subsequent to sequencing, initial processing (demultiplexing) of raw 

data to fastq files was performed using the bcl2fastq v2.20 program from Illumina. 

For RNA sequencing file alignment, the STAR tool was employed with the GRCh38/hg38 

version. To estimate transcript abundances, the FeatureCounts function within the Subread2 

package was utilized in the Unix environment. Initially, the gene-code ReleaseM23 

(GRCm38.p6) served as the gene annotation. Subsequently, data underwent filtering, 

normalization, and differential gene expression analysis using relevant packages within the R 

programming environment. 

limma: (https://bioconductor.org/packages/release/bioc/html/limma.html) 

edgeR: (https://bioconductor.org/packages/release/bioc/html/edgeR.html) 

4.6.8 Downstream analysis of RNA-seq and Mass Spectrometry data 

The downstream analysis for the RNA-seq data and LC-MS/MS was done by using the web 

tools Enrichr and Reactome pathway browser (Chen et al., 2013; Gillespie et al., 2021; 

Kuleshov et al., 2016; Xie et al., 2021). Enrichr webtool was used to analyze Gene Ontology 

(GO) terms (biological process (BP) and molecular function (MF)) and molecular signature 

database (MSigDB). GO molecular functions encompass actions rather than the entities (such 

as molecules or complexes) responsible for executing those actions. These functions lack 

details regarding the specific location, timing, or contextual circumstances in which the actions 

take place. On the other hand, GO biological processes examine the larger processes carried 

out by several molecular activities (Mi et al., 2018). Because the biological process is not 

similar to the pathway analysis, the Reactome pathway browser was used to analyze 

differentially regulated pathways (Liberzon et al., 2011). Additionally, MSigDB was analyzed 

to identify defined biological states or activities. According to the RNA-seq results, up- or 

down-regulated gene sets were uploaded to the above-mentioned web tools. The results were 

filtered to have p<0.05. Only the top 10 regulated terms were included in the figures. The same 

analysis methods were used for the LC-MS/MS results. In this case 

4.7 Statistical analysis 

The specific statistical analyses for each panel are provided in the corresponding figure 

legends. In brief, to assess the significance of differences between wild-type (WT) and PA200 

knockout (KO) groups, a two-tailed unpaired t-test was employed. For comparing gene/protein 

https://bioconductor.org/packages/release/bioc/html/limma.html
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variations between WT and KOs, ordinary two-way ANOVA with Šídák test was utilized. 

Treatment disparities between WT and PA200 KOs were examined through multiple unpaired 

t-tests and the Holm-Šídák method. Statistical significance was denoted in the figures as 

follows: * for p < 0.05, ** for p < 0.01, *** for p < 0.001, or **** for p < 0.0001. The figures 

display data as mean ± SEM. All statistical analyses were performed using GraphPad Prism 

software (version 9).
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5 Results 

5.1 NSCLC cell lines differentially adapt proteasome complexes to 

PA200 depletion 

5.1.1 Generation, validation, and characterisation of PA200 deficient 

human NSCLC cell lines  

CRISPR/Cas9 is a well-known technique used to generate knock-out cell lines via gene editing. 

As explained in the methods section, crRNA and tracrRNA were annealed to produce sgRNA 

to target exon 3 of PA200 when combined with Cas9 protein for gene editing (Figure 5.1). 

After 48h incubation, the cells were diluted and plated to generate single cells clones with or 

without genomic PA200 editing. Then, after 2-3 weeks, the single cells were grown into clones 

and carefully transferred for expansion. A small part of the cells was pelleted during this 

expansion period for further validation. 

 

Figure 5.1: CRISPR/Cas9 technology was used to generate PA200 knock-out (KO) 

NSCLC cell lines (A549 and NCI-H1299). crRNA (IDT) and tracrRNA (IDT) were 

combined with Cas9 and incubated with the cells for 48h. After 48h, the cells were detached 

and diluted to generate single-cell clones. 
 

After two weeks, 150 colonies from each cell line were picked, and PA200 protein levels were 

initially checked for a cost-effective screening. Based on protein expression levels, around 10 

clones with or without PA200 were selected and genomic DNA was extracted from the clones. 

The genomic DNA was then used to amplify exon 3 (guide RNA target site) of PA200 for 

sequencing analysis. DNA from untreated cells was used as a control template for the Inference 

of CRISPR Edits (ICE) analysis (ICE Analysis, 2019). The ICE analysis is offered by Synthego 

and analyses the editing of the target exon using Sanger data. ICE analysis is free and only 
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requires a template sequence (control without any editing) and the sequences of the clones and 

the gRNA. Once the clones’ sequence is aligned with the template sequence, the editing can be 

easily tracked (Figure 5.2). In this analysis, the clones with 0 bp indel size were identified as 

wildtype (WT) clones (Figure 5.2 A, C). In contrast, the editing efficiency in the clones was 

identified according to deletions and shifts of the exon 3 of the PA200 sequence (Figure 5.2 B, 

D).  
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Figure 5.2: Validation of PA200 knock-out cancer cell lines by sequencing. PA200-

depleted cell lines generated by CRISPR/Cas9 technology. (A-C) Deletion (indel) sizes 

and their relative prevalence in the selected clones in A549 cells and NCI-H1299 cell lines, 

respectively (0 indicates no editing, ICE analysis tool). (C-D) Sanger sequencing results 

were aligned with a non-edited (control) DNA template from A549 and NCI-H1299 

(middle). The rectangles show the editing frame in the sequence compared to the non-edited 

template. The representative KO3 clones show different sequences (blue rectangle), while 

the WT3 clones do not show any sequence changes (red rectangle). In the control sample, 

the protospacer neighbouring motif sequence is indicated by a dotted red underline, whereas 

the guiding target sequence is highlighted in black. Vertical dotted black lines indicate the 

anticipated cut place. 
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After confirming the gene editing with the ICE analysis tool, three WT and KO clones were 

selected from each cancer cell line to be validated on protein and mRNA levels by Western 

blotting and RT-qPCR analysis, respectively. The clones with edits in the genomic DNA 

showed no PA200, neither in the protein level (Figure 5.3 A, D) nor in the mRNA level (Figure 

5.3 B, E). Additionally, the depletion of PA200 from proteasome complexes was confirmed in 

native gel analysis (Figure 5.3 C, F). PA200 was mainly associated with the 20S proteasome 

in both WT clones (Figure 5.3 C, F) but was also found with 26S complexes in the NCI-H1299 

WT clones (Figure 5.3 F). In the KO clones of both cell lines, PA200 was absent. The band 

volume of the PA200 also suggested that the NCI-H1299 WT clones had more PA200 

incorporated into the proteasome complexes compared to the A549 WT clones. The different 

band intensities might be directly related to the abundance levels of the PA200 in two 

immortalized cell lines. These results show that the editing in the PA200 genomic DNA 

resulted in the complete functional depletion of PA200 on protein and mRNA levels.  
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Figure 5.3: Validation of PA200 knock-out cancer cell lines by Western Blotting, RT-

qPCR, and native gel. PA200 protein-depleted cell lines were generated by CRISPR/Cas9 

technology. (A, D) PA200 protein expression levels, (B, E) mRNA expression levels and (C, 

F) proteasome distribution levels on the different complexes were validated in the selected 

colonies in (A-C) A549 cells and (D-F) NCI-H1299 cell lines, respectively (*p < 0.05, **p 

< 0.01, ***p < 0.001, two-tailed unpaired t-test, n=3). β-actin served as a housekeeping 

protein to ensure equal protein loading in Western blotting. RPL19 was used as housekeeping 

mRNA in the RT-qPCR, the KOs normalised to the WTs, and the ΔΔCt method was used. 
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Considering PA200 is described as a proteasome activator, we hypothesized that the 

proteasome activities might be altered upon its deletion. To confirm this hypothesis, 

proteasome activities and proteasome complex assemblies were determined using native gels. 

Active proteasome complexes can be separated using native gel electrophoresis. Using 

fluorogenic peptide, an in-gel activity assay was used to evaluate the CT-L activity of the 

various complexes (Yazgili et al., 2021). First, the proteins were isolated with OK lysis buffer 

to keep the integrity of the proteasome complexes. Later, the distribution of active proteasome 

complexes was measured by immunoblotting the native gel and using an anti-α1-7 antibody to 

detect 20S proteasomes. Finally, as the in-gel proteasome activity method is only optimised for 

the CT-L activity, substrate-based activity assays were used to check the activity changes of 

each catalytically active subunit using chemiluminescence substrates in total cell extracts. 

In A549 cell lines, the chymotrypsin-like (CT-L) activity of the 20S significantly increased 

upon PA200 knock-out (Figure 5.4 A). However, this increase in the CT-L activity was not 

observed in 26S or 30S complexes. Due to the high variations in the clones, the increase in the 

20S complex formation was not significant (Figure 5.4 A). According to the 

chemiluminescence proteasome activity method, the total CT-L and C-L activities decreased 

significantly in the KOs, whereas the T-L activity did not change (Figure 5.4 B).  

In the NCI-H1299 cell line, the CT-L activity of the 20S decreased, and 30S activity increased 

significantly in the absence of PA200 (Figure 5.4 C). The in-gel CT-L activity change 

corresponded to the proteasome distribution. However, only the increase in the 30S complex 

was observed to be significant (Figure 5.4 C). In contrast to what we observed in the A549 cell 

lines, the total CT-L and C-L activities significantly increased in the PA200 KOs (Figure 5.4 

D).  

In addition, we used commercially available purified c20S and i20S to be incubated with 

recombinantly purified PA200 to understand how PA200 binding affects the dynamics in vitro. 

PA200-proteasome complexes generated with different concentrations of PA200 (1:1, 1:2, 1:4, 

and 1:10). Our results showed no significant changes in the total activities of catalytically active 

subunits with the c20S (Figure 5.4 E). However, we observed a significant activation of the T-

L activity of i20S in complex with 10-fold excess in PA200 concentration (Figure 5.4 F).  

These results strongly suggest that the absence of the PA200 in the cells affects the proteasome 

complex activities and complex assemblies’ distributions. Of note, PA200 depletion does not 

result in reduced proteasome activity, as one could have expected from its function as an 

activator, but differentially activated proteasome complex formation and activities in the two 
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NSCLC cell lines. In our in vitro activity assays, we also did not observe activation of the 20S 

using chemiluminescent substrates except for the i20S when combined with 10x excess PA200.  
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Figure 5.4: Proteasome activity and recruitment response in the absence of PA200 KO 

are different in two NSCLC cell lines, and the activity of the in vitro complex is different 

in c20S and i20S. In-gel CT-L proteasome activity was first measured, and the gels were 

later blotted to observe the distribution of the proteasome complexes in the selected colonies 

of (A) A549 cells and (C) NCI-H1299 cells (n=3, different clones). The quantifications are 

shown below the respective image. Total changes in the proteasome activities were further 

analysed with chemiluminescence substrates in (B) A549 cells and (D) NCI-H1299 cells 

(n=3, different passages). The activity changes in response to the addition of purified PA200 

proteins to the purified (E) c20S and (F) i20S, also analysed with chemiluminescence 

substrates (n=3, different preparations of PA200 purification with the same protocol). (*p < 

0.05, **p < 0.01, ***p < 0.001, (A-D) ordinary two-way ANOVA with Šídák’s multiple 

comparisons tests (E-F) unpaired t-test, Holm-Šídák method) 
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5.2 PA200 is involved in the proliferation and metabolism of NSCLC  

5.2.1 The absence of PA200 affects the proliferation rate 

One of the hallmarks of cancer cells is the change in proliferation, and previously, a significant 

increase in cell proliferation upon silencing of PA200 in the myofibroblast cells was reported 

(Hanahan & Weinberg, 2000; Welk et al., 2019). Therefore, we hypothesized that PA200 might 

also be involved in the proliferation of cancer cells. To examine the proliferation rates, the 

clones were seeded in a 6-well plate in triplicates (day 0), harvested and counted on day 1 and 

day 4. The proliferation rates were then determined as described in the methods section and 

previously (Meul et al., 2020; Sullivan et al., 2015). A549 proliferation rate decreased upon 

PA200 depletion significantly (Figure 5.5 A). On the other hand, the proliferation rate of the 

NCI-H1299 PA200 KOs increased but not significantly due to the variety (Figure 5.5 B). These 

results suggest a potential role of PA200 in cell proliferation; however, its role might depend 

on the cellular context.  

 

Figure 5.5: Proliferation rate is altered in PA200 KOs. (A) A549 and (B) NCI-H1299 

pools consisting of 3 WT or 3 PA200 KO clones were seeded and counted on different days 

to track the doubling time and calculated as explained in the methods part. The data were 

normalised to the WT. (n=3, different passages, *p < 0.05, two- tailed unpaired t-test). 

5.2.2 PA200 is not essential for colony formation capacity 

An in vitro cell survival assay based on a single cell’s capacity to develop into a colony is 

known as a clonogenic assay or colony formation assay (Braselmann et al., 2015; Franken et 

al., 2006). The clonogenic assay is the preferred technique for determining colony-forming 

capacity following exposure to ionizing radiation, which can also be used to assess the efficacy 

of other cytotoxic agents. Here, a clonogenic assay protocol was optimised to assess whether 

the PA200 level changes colony-forming capacity. At the baseline, A549 and NCI-H1299 
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PA200-depleted cells produced a similar number of colonies as their respective WT controls 

when seeded with the same cell number (Figure 5.6). This data indicates that the clonal 

expansion capacity of the two lung cancer cell lines is not altered in the absence of PA200.  

  

Figure 5.6: Colony formation capacity did not change upon PA200 KO depletion. A 

clonogenic assay optimised for (A) A549 and (B) NCI-H1299 pools of clones. Visible 

colonies that had at least 50 cells were counted. (n=3, different passages, *p < 0.05, two- 

tailed unpaired t-test). 

5.2.3 Metabolic activity response to PA200 depletion is different in A549 

and NCI-H1299  

The MTT assay is a colourimetric assay used to assess cellular metabolic activity, which relies 

on the conversion of a yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide, or MTT) into purple formazan crystals in the metabolically active 

cells (Slater et al., 1963). Living cells convert MTT to formazan by the presence of NAD(P)H-

dependent oxidoreductase enzymes (Berridge & Tan, 1993). Previously, PA200 knockdown 

was associated with increased sensitivity to glutamine and adaptation to cellular growth 

conditions (Blickwedehl et al., 2012; Welk, 2018). Therefore, based on the previous findings, 

we hypothesized that PA200 might be involved in the metabolism changes, which is another 

hallmark of cancer. 

Here, we first tested the effect of serum on metabolic activity in the presence and absence of 

PA200. Surprisingly, the metabolic activity was differently regulated in A549 and NCI-H1299 

cell lines upon PA200 knock-out both under serum starvation (1% FBS) and normal conditions 

(10% FBS) with or without L-glutamine (Figure 5.7). In A549 cell lines, increased metabolic 
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activity was observed in all cases upon PA200 depletion. However, the increases were only 

significant under the following conditions: 1) 1% FBS with L-glutamine and 2) 10% FBS 

without L-glutamine (Figure 5.7 A). On the contrary, in NCI-H1299 cell lines, the metabolic 

activity was downregulated upon PA200 depletion (Figure 5.7 B). However, in this cell line, 

serum starvation was more relevant than the L-glutamine concentration (Figure 5.7 B, upper 

panel). In addition, under normal serum conditions, the NCI-H1299 KO cells increased their 

metabolic activity over time with or without L-glutamine. The increase was more pronounced 

in the medium without L-glutamine (Figure 5.7 B, lower panel) than in other conditions. These 

results add to the different responses observed between the two NSCLC cell lines upon PA200 

depletion. 
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Figure 5.7: Metabolic activity assay (MTT) shows differences between WT and PA200 

cells upon serum starvation and L-glutamine addition, but differently in two different 

NSCLC cell lines. MTT assay was used to determine the metabolic activity rates in (A) 

A549 and (B) NCI-H1299 pools of clones. (n=3, different passages, *p < 0.05, **p < 0.01, 

***p < 0.001, ordinary two-way ANOVA with Šídák’s multiple comparisons test). 
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5.3 PA200 regulates the invasion and migration capacity of lung 

cancer cells 

5.3.1 Invasiveness and migration are decreased in PA200 KO cell lines 

Another hallmark of cancer cells was analysed, i.e., the migration and invasion capacity of WT 

versus PA200 KOs cells. Initially, Boyden chamber assays were used for migration and 

invasion assays. Different initial cell numbers, membrane material and concentrations of FBS 

differences were used during the optimization. However, this method was unreliable for the 

A549 cells as the cells attached to both sides of the membrane made it impossible to 

differentiate the non-migrated from the migrated cells. On the other hand, non-migrated NCI-

H1299 cells detached easily from the membrane as their attachment strength was less compared 

to the A549 cells. Therefore, for A549 cell lines, a spheroid formation assay was optimised to 

track the migrative and invasive capacity (Figure 5.8 A). In this method, the cells were seeded 

into ultra-low attachment plates (0h) to generate spheroids. The spheroids were then embedded 

into a collagen G and Matrigel mixture and imaged at 72h and 144h in the gel (Figure 5.8 B). 

The initial projected area of the KO spheroids embedded in the mixture was bigger than the 

WTs (Figure 5.8 C, left panel). However, after 72h, the invasion percentage, which was 

calculated as the difference between the spheroid area at time points 72h and 144h, was higher 

in the WTs compared to the KOs. This date indicates a faster growth of WT spheroids into the 

extracellular matrix compared to the KOs (Figure 5.8 C, right panel). As mentioned above, the 

spheroid formation assay did not work with the NCI-H1299 cell lines as they generated fragile 

spheroids due to their loose attachments. Therefore, the migration level of NCI-H1299 cell 

lines was assessed with Boyden chambers as described in the methods. The results showed that 

the number of migrating cells was significantly reduced in the PA200 KOs (Figure 5.8 D, F). 

These results show that the migration and invasion capacity is reduced upon PA200 depletion 

in both lung cancer cell lines. 
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Figure 5.8: PA200 deletion decreases the invasion and migration potential of the 

NSCLC cell lines. (A) An alternative method of 3D invasion assay to the migration assay 

with the Boyden chamber was employed for A549 cells, and the PA200 knock-out cells’ 

invasive capacity was examined. (B) Representative photos of the spheroids after 72 hours 

of initial seeding and 72 hours after embedding in the Collagen G+Matrigel membrane. The 

spheroids’ area was calculated twice: once at 72 hours (0 hours after embedding) and once 

at 144 hours (72 hours after embedding). (C) The projected area and the invasion percentage 

were calculated based on the photos taken. Representative photos of the Boyden chamber 

migration assay of the NCI-H1299 cells are shown in (D) and (F) quantified (n=3, different 

passage, *p < 0.05, **p < 0.01, ***p < 0.001, two-tailed unpaired t-test for C and F). 
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5.3.2 NCI-H1299 PA200 KO cells have a reduced potential for wound 

healing 

Based on our results that the migration and invasion capacity is decreased in both cell lines 

upon PA200 KO, the wound healing assay was used further to study cell-cell interaction and 

migration in both cell lines. This assay used commercially available cell inserts to generate 

reproducible wound scratches in the confluent cell lawn. Initially, the cells were seeded on the 

two sides of the inserts, and after 24 hours, the insert was carefully removed. The pictures of 

the scratch were immediately captured at 0h after washing the detached cells and adding 

medium. The gap closure was monitored, and images were taken every 20 minutes for 48 hours 

in a live cell imaging microscope with an incubator. The results show that in A549 PA200 

KOs, the wound healing capacity is reduced but not significantly compared to the WT controls 

over time (Figure 5.9 A and B). However, in NCI-H1299 KOs, the wound healing capacity 

change was significant and reduced due to PA200 deletion. In addition, the wound was closed 

entirely in the NCI-H1299 WT cell lines after 48 hours, whereas KO cells could not close the 

gap after 48 hours (Figure 5.9 C and D). These results suggest that the absence of PA200 

interferes with wound healing capacity significantly in NCI-H1299, whereas in A549 cells, the 

difference is infinitesimal.  
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Figure 5.9: PA200 deletion decreases the wound healing potential of NCI-H1299 cells. 

The wound healing capacity of the stable PA200 knock-out cells was examined in a scratch 

assay. (A) Representative photos of the wound closures of A549 WT and KO cells taken 

every 12 hours up to 48 hours and (B) quantification of wound closure. (C) The wound 

healing capacity was also (D) quantified in NCI-H1299 cell lines. (Two-tailed unpaired t-

test, n=3, different passages). 
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5.3.3 Epithelial to Mesenchymal Transition (EMT) is affected by PA200 

deletion 

Previously, the regulation of PA200 was investigated in primary human lung fibroblasts (phLF) 

in response to TGF-β1, a major profibrotic cytokine (Welk et al., 2019). In this study, PA200 

increased mRNA and protein levels upon TGF-β1 stimulation in phLF cells, leading to 

myofibroblast differentiation. Based on this finding, the role of TGF-β in cancer cells which 

triggers EMT, and our findings on invasion, migration, and wound healing, we hypothesized 

that PA200 might play a role in this pathway. Therefore, we next studied whether PA200 might 

regulate the cell status (epithelial or mesenchymal) or its transition (from epithelial to 

mesenchymal) in response to transforming growth factor-β (TGF-β). For that, we selected well-

studied epithelial and mesenchymal markers.  

At baseline, depletion of PA200 in A549 cells resulted in upregulation of the epithelial marker 

genes E-cadherin (E-cad) and Claudin. In contrast, another epithelial marker Occludin was 

downregulated on the mRNA level (Figure 5.10 A). The mesenchymal marker Twist1 was 

decreased while Snail2 was increased significantly (Figure 5.10 B). The EMT-associated genes 

ZEB2 and Integrin-β3 (ITGB3) were significantly decreased (Figure 5.10 C). In contrast to 

A549 cells, depletion of PA200 in NCI-H1299 cells did not significantly regulate epithelial nor 

mesenchymal marker gene expression due to high variations in the cell clones (Figure 5.10 D, 

E). While EMT-associated ITGB3 mRNA levels were significantly decreased, ZEB2 and 

Col4A1 mRNA levels were increased in NCI-H1299 PA200 KO cells (Figure 5.10 F). These 

data suggest that the absence of PA200 affects the status of the cell (epithelial or mesenchymal) 

differently in the two NSCLC cell lines. 

To understand the role of PA200 in EMT, we treated the cells with TGF-β for 72 hours and 

analysed mRNA and protein expression of several EMT marker genes. To synchronize cells, 

they were cultured under reduced serum condition (1% FBS) for 24 hours before the medium 

was changed to 1% FBS or 1% FBS + TGF-β (5 ng/ml).  

Upon treatment with TGF-β (5ng/ml), the epithelial markers E-cad and Claudin were 

significantly downregulated in A549 WT cells. However, the downregulation of Claudin was 

negligibly small in the PA200 KO (Figure 5.10 A). As expected, mRNA levels of mesenchymal 

markers N-cadherin (N-cad), Vimentin, Snail1 and Snail2 increased in treated cells. The 

increase was high in the PA200 KOs for N-cad and Snails; however, it was not significant due 

to the large variance between the clones (Figure 5.10 B). The EMT-inducing effect of TGF-β 

was less pronounced in NCI-H1299 cells with no downregulation of epithelial markers but 
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upregulation of several mesenchymal marker genes (Figure 5.10 D, E). In PA200 KO NCI-

H1299 cells, the regulation of Claudin and Occludin mRNA levels was opposite to what we 

observed in A549 KOs (Figure 5.10 A-B, D-E). Interestingly, the ITGB3 mRNA level was re-

induced in the A549 PA200 KOs upon TGF-β treatment (Figure 5.10 C), while no change was 

observed in NCI-H1299 PA200 KOs. The opposite response was observed in ZEB2 mRNA 

levels.  
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Figure 5.10: PA200 depletion changes the mRNA levels of the genes involved in the 

EMT and TGF-β signalling. mRNA levels of epithelial and mesenchymal genes and the 

genes involved in the TGF-β signalling were quantified at baseline and after EMT induction 

by TGF-β treatment in both cell lines. Data are presented as fold changes of EMT gene 

expression ((A, D) epithelial (B, E) mesenchymal) and TGF-β-related signalling (C, F) after 

normalisation to a housekeeping gene (RPL19) and then to the corresponding WT cells 

according to the ΔΔCt method in (A-C) A549 cells and in (D-F) NCI-H1299 cells. (*p < 

0.05, **p < 0.01, ***p < 0.001, unpaired t-test, Holm-Šídák method, n=3, different passages 

unless stated otherwise). 
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Next, protein levels of several EMT markers were analysed by Western blotting (Figure 5.11). 

The decrease in E-cadherin levels and the increase in the N-cadherin levels in WT TGF-β 

treated cells indicate a successful epithelial-to-mesenchymal transition. At baseline, both cell 

lines expressed more E-cad, N-cad, and β-catenin (B-cat) but less ITGB3 protein in PA200 

absence. Nonetheless, the response to TGF-β was different in the two cell lines. The epithelial 

marker, E-cadherin, was hardly detected after the TGF-β treatment in A549 cells. Although 

decreased after the treatment, E-cad was still strongly expressed together with the 

mesenchymal marker N-cadherin in the NCI-H1299 KOs. Additionally, the decrease in E-

cadherin was only significant in NCI-H1299 WTs, yet the increase of the N-cad was higher in 

the PA200 KO cells (Figure 5.11 B). In both cell lines, the β-catenin protein was expressed 

more in the TGF-β treated PA200 KO cells compared to the WTs but reached significance only 

in the NCI-H1299. Similar to the mRNA response, the ITGB3 protein expression was induced 

in WT and KO cells of A549 after TGF-β treatment (Figure 5.11 A), while it was not induced 

in the NCI-H1299 KOs (Figure 5.11 B). 
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Figure 5.11: Protein levels of EMT and TGF-β signalling markers differ at baseline and 

upon treatment in A549 and NCI-H1299. Protein levels of epithelial and mesenchymal 

genes were quantified at baseline and after induction of EMT upon treatment with TGF-β in 

(A) A549 and (B) NCI-H1299 cell lines. (*p < 0.05, **p < 0.01, ***p < 0.001, **** p < 

0.0001 unpaired t-test, Holm-Šídák method, n=3, different passages). 

 

In conclusion, the regulation of mRNA and protein levels of epithelial, mesenchymal, and 

TGF-β signalling marker genes showed several differences in A549 and NCI-H1299 cells both 

at baseline and upon TGF-β treatment. On the mRNA level cells, TGF-β induced EMT more 

efficiently in the A549 WT cells compared to the NCI-H1299 WT cells. Additionally, the 

changes in the two transcription factors, Twist1 and ZEB2, were different in the two cell lines. 

On the protein level, the main difference was observed in the levels of ITGB3 between the cell 
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lines, similar to the mRNA levels. Interestingly, the increase of the mRNA levels of Claudin 

was not observed in the A549  PA200 KOs. Furthermore, the two most well-known epithelial 

(E-cadherin) and mesenchymal marker (N-cadherin) increase upon PA200 deletion, which 

might indicate induction of a partial EMT state rather than a complete transition. Overall, these 

data on mRNA and protein levels suggest that PA200 plays a role in EMT, but the level of its 

involvement might be related to the context of the cell, considering the different responses.  
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5.4 PA200 regulates the immunoproteasome 

Recently, Javitt et al. proposed that PA200 regulates the function of the immunoproteasome 

(Javitt et al., 2023). They found that the PA200 expression level correlates with the 

responsiveness of immune checkpoint inhibitors across a variety of cancer types. Furthermore, 

they elucidated a fostering role of PA200 in the immunosuppressive environment around the 

tumour, which eliminates anti-tumour immunity by preventing the presentation of MHC class 

I antigens and reducing tumour inflammation. The proposed mechanism depended on PA200-

capped proteasomes reducing the activity of the immunoproteasome. The diminished 

immunoproteasome activity, in turn, contributed to decreased antigenicity by limiting the 

diversity of the immunopeptidome, changing the surface HLA presentation, and decreasing 

cellular inflammation in an IL-6-dependent way. To understand how the immunoproteasome 

profile changes in the total absence of PA200, we first analyzed the baseline changes and then 

treated the cells with interferon-β (IFN-β) and interferon-γ (IFN-γ) to stimulate Type I and 

Type II interferon responses, respectively. Subsequently, we analysed immunoproteasome 

expression and activity in WT and PA200 KO A549 and NCI-H1299 cells using several 

biochemical methods. We also included the regulation of PA28αβ activators in our analysis, as 

this regulator plays a prominent role in antigen presentation and is usually co-regulated with 

the immunoproteasome (de Graaf et al., 2011)  

5.4.1 Depletion of PA200 differentially alters immunoproteasome and PA28 

regulator expression in A549 and NCI-H1299 cells 

We here investigated whether the depletion of PA200 in the lung cancer cell lines interferes 

with the expression and activity of the immunoproteasome. Initially, we analysed the overall 

expression of proteasomal subunits in the different cell lines by Western blotting. PA28β and 

PA28γ levels were checked to see additional changes in the ATP- and ubiquitin-independent 

proteasome activators.  

In the A549 cell lines, no significant change was observed in the constitutive proteasome 

(c20S) levels in the PA200 KOs as determined by the detection of α1-7 subunits (Figure 5.12 

A, B). However, the immunoproteasome (i20S) - specific subunit levels noticeably differed 

between the WT and KO cells. These changes were mainly observed in the LMP2 and MECL-

1 levels, with LMP2 protein levels being reduced and MECL-1 levels being increased in the 

KOs. On the other hand, the changes in the PA28β and PA28γ levels were not significant.  
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In the NCI-H1299 cell lines, we observed that the constitutive proteasome (c20S) and LMP7 

levels decreased upon PA200 depletion (Figure 5.12 C, D). Similar to A549 KOs, the LMP2 

protein levels significantly decreased in the NCI-H1299 KOs. Interestingly, while MECL-1 

upper band intensity was increased in the KOs, the intensity of the lower band was decreased 

significantly upon PA200 deletion. No significant change was observed in the protein levels of 

the immunoproteasome-associated proteasome caps, PA28β and PA28γ, in response to PA200 

depletion. 
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Figure 5.12: Alterations in the immunoproteasome subunits observed on the protein 

expression level upon PA200 KO. 20S proteasome subunit and immunoproteasome-

specific subunit expression levels were compared between the three different WT and KO 

cell lines of A549 and NCI-H1299 cells. (A, C) c20s and i20S protein expression levels were 

measured by Western Blot analysis of selected clones and (B, D) quantified (A-B) in A549 

and (C-D) in NCI-H1299 cell lines. β-actin served as a housekeeping protein to ensure equal 

protein loading in the Western blotting, and the KOs normalised against WTs (*p < 0.05, **p 

< 0.01, ***p < 0.001, ordinary two-way ANOVA with Šídák test, n=3, different passages). 

 

According to the protein expression levels, the subunits of c20S and i20S were differentially 

regulated in the two NSCLC cell lines in response to PA200 depletion. In the Western blot, the 

upper and lower bands represent the higher and lower molecular weight forms of the subunits, 

respectively. The upper band corresponds to the precursor form of the immunoproteasome 

subunits, which is not processed and thus not yet incorporated into the assembled proteasome 
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complex. In contrast, the lower band represents the mature form of these subunits assembled 

into active proteasome complexes (Chen & Hochstrasser, 1996; Frentzel et al., 1993; Frentzel 

et al., 1994; M. Groettrup et al., 1997; Schmidtke et al., 1996). Therefore, these results suggest 

that mature MECL-1 (PSMB10) protein levels are differentially regulated in A549 and NCI-

H1299 cell lines upon PA200 deletion, although the precursor levels were increased in both of 

them. 

5.4.2 PA200 depletion differentially affects immunoproteasome assembly in 

A549 and NCI-H1299 cells  

The aforementioned Nature Cancer paper showed that the immunoproteasome-specific 

activities involved in the production of the MHC class I antigenic peptide may be negatively 

regulated by the binding of PA200 to the immunoproteasome (Javitt et al., 2023). Therefore, 

we analysed the differences in the total protein expression levels in the immunoproteasome-

associated proteins. Hence, TSDG lysates were run on native gels to analyze the effect of 

PA200 on immunoproteasome assembly into mature and active complexes. Once again, an 

opposite response was observed in PA200 depleted A549 and NCI-H1299 cell lines for all 

immunoproteasome-specific subunits (Figure 5.13 A and B, respectively). However, the most 

distinct difference was observed for the MECL-1 subunit. In A549 cells, the MECL-1 

recruitment increased in each proteasome complex upon PA200 depletion, whereas in NCI-

H1299 cells, the number of immunoproteasome complexes containing MECL-1 decreased. 

Similarly, LMP2 and LMP7 integration to the immunoproteasome was increased in the PA200 

KOs of A549 but decreased in the NCI-H1299 PA200 KOs compared to their WT controls.  
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Figure 5.13: i20S is differentially regulated upon PA200 KO in two different NSCLC 

cell lines. The distribution of the immunoproteasome complexes was compared between the 

selected WTs and KO cell lines. The gels were blotted after the in-gel proteasome activity 

of native gels to determine the distribution of the i20s-specific subunits in proteasome 

complexes of (A) A549 cells and (B) NCI-H1299 cells. The quantification is shown below 

the respective image. (*p < 0.05, **p < 0.01, ***p < 0.001, ordinary two-way ANOVA with 

Šídák test, n=3, different passages). 
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Considering the differences in the assembly of the immunoproteasome-specific subunits, we 

next analysed the ATP- and ubiquitin-independent proteasome activators associated mainly 

with the immunoproteasome. In the A549 cells, more PA28α and PA28β regulators were 

recruited to the 20S in the absence of PA200 (Figure 5.14 A). However, PA28α recruitment to 

the 20S was similar in NCI-H1299 WT and KO clones, while PA28β was less recruited to the 

20S upon PA200 depletion in NCI-H1299 clones (Figure 5.14 B). In both cell lines, we 

observed the activators mainly associated with the core unit of the proteasome (the 20S). 

 

 

Figure 5.14: PA28α/β are differentially associated with the 20S upon PA200 KO in two 

different NSCLC cell lines. ATP and ubiquitin-independent proteasome activators PA28α/β 

compared between the selected WT and KO cell lines. The native gels were blotted after in-

gel proteasome activity to observe the distribution in the selected cell lines (A) in A549 cells 

and (B) in NCI-H1299 cells. The quantification is shown below the respective image. 

(Ordinary two-way ANOVA with Šídák test, n=3, different passages). 

 

These results suggest that the immunoproteasome profile in the two different NSCLC cell lines 

is differentially regulated upon PA200 depletion. Furthermore, PA200 ablation alters the 

distribution of the proteasome complexes and i20S-specific activators at baseline.  

5.4.3 PA200 differentially regulates the expression of interferon-inducible 

proteasome subunits and activators in lung cancer cell lines  

Next, we examined how PA200 depletion might affect immunoproteasomes and activators 

when the cells were treated with interferons. As explained in the introduction, the expression 
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of the i20S-specific subunits is upregulated by interferons, and immunoproteasome subunits 

then assemble into mature and active i20S complexes. First, the mRNA expression levels of 

the immunoproteasome subunits were analysed in both cell lines upon Type I and Type II 

interferon treatment.  

At baseline, the mRNA levels were similar in WT and PA200 KO A549 cells without 

significant changes (Figure 5.15 A, B). Upon treatment with Type I or Type II interferons for 

24h, all immunoproteasome subunits and the PA28α/PA28β encoding genes PSME1/2 were 

strongly upregulated in both cells. However, in PA200-depleted cells, PSMB8, PSMB10 and 

PSME1 mRNA levels were further upregulated by IFN-β and IFN-γ compared to the WT cells. 

Similarly, an induction was observed on the PSME2 mRNA levels in IFN-β-treated PA200 KO 

cells (Figure 5.15 B).  

In NCI-H1299 cells, immunoproteasome and PA28α and PA28β expression were similar in 

WT and PA200 KO cells (Figure 5.15 C, D). IFN-β or IFN-γ treatment strongly upregulated 

these genes in the WT and PA200-depleted cells to a similar extent. Only PSME3 induction by 

IFN-β was significantly higher upon PA200 KO. 
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Figure 5.15: Immunoproteasome-specific subunits and proteasome activators are 

differentially regulated on their mRNA levels upon Type I and Type II interferon 

treatment in response to PA200 depletion. mRNA levels of (A, C) immunoproteasome-

specific genes and (B, D) proteasome activators were quantified at baseline and after the 

treatment of IFN-β and IFN-γ in the (A, B) A549 cell line and (C, D) in the NCI-H1299 cell 

lines. RPL19 was used as a housekeeping gene; all samples were normalised to the untreated 

WTs. (*p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001 unpaired t-test, Holm-Šídák 

method, n=3 unless stated otherwise, different passages). 

 

Next, the protein expression levels of proteasome subunits were analysed at baseline and under 

interferon treatment conditions to see if any changes in the mRNA levels translated into the 

protein expression levels after 24h. The baseline protein expression levels of the α-subunits 

and the immunoproteasome subunits were similar between the WT and KOs according to the 

Western blot analysis (Figure 5.16 A, B). MECL-1 and LMP2 were detected with two bands 

(lower: precursor, upper: mature), whereas, for LMP7, the two bands were not consistent. The 

induction of the immunoproteasome-specific subunits was more pronounced in the IFN-γ 

treated cells compared to the IFN-β treated cells, but PA200 depletion did not affect it. No 

significant changes were observed in the PA200 levels between the WTs upon IFN treatments.  
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Additionally, we again observed differences between the A549 and NCI-H1299 cell lines upon 

PA200 KOs. At the baseline, only the upper (mature) MECL-1 and LMP7s protein levels were 

increased in the KOs, while lower (precursor) MECL-1 and LMP2 levels stayed similar (Figure 

5.16 B). Yet, the induction of immunoproteasome-specific subunits showed no significant 

difference between WT and KO cells under the treatment conditions. However, the increase in 

the lower band of MECL-1 was less pronounced in KOs following IFN-β treatment. 

Furthermore, PA200 protein levels were elevated in WT cells under both treatment conditions. 

Similar to A549 cells, the IFN-γ treated cells exhibited a higher induction of 

immunoproteasome-specific subunits. 

The interferon treatments induced baseline mRNA and protein levels of immunoproteasome-

specific subunits in both wild-type (WT) and knockout (KO) cells, as expected. However, the 

induction levels of certain i20S-specific genes varied depending on the presence of PA200 and 

the type of treatment, while protein levels were similar between WT and KO cells. Notably, 

these changes were observed at different magnitudes in the two NSCLC cell lines, both at the 

mRNA and protein levels. This suggests a context-dependent function of PA200 in different 

NSCLC cell lines. It is worth mentioning that the differences in induction levels between the 

experiment and the effect on gene expression hindered the statistical test results. 
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Figure 5.16: Immunoproteasome-specific subunits’ and proteasome activators’ protein 

levels are altered differently upon PA200 deletion upon IFN-β and IFN-γ treatments. 

Protein levels of immunoproteasome-specific subunits, α1-7 and PA200, were quantified 

after 24h treatment of IFN-β and IFN-γ with the respective antibodies in the (A) A549 and 

the (B) NCI-H1299 cell lines (unpaired t-test, Holm-Šídák method, n=3 unless stated 

otherwise, different passages). 
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5.4.4 Depletion of PA200 differentially affected immunoproteasome 

assembly upon interferon treatment in NSCLC cell lines 

 

We further analysed the effect of PA200 depletion on the assembly and activity of 

immunoproteasome complexes upon interferon treatment using in-gel proteasome activity 

assay and activity-based probes (ABPs). 

In A549 cell lines, the in-gel proteasome activity assay with CT-L substrate showed an increase 

in the 20S+activators in all interferon-treated cells. The overall activity in the 20S+activators 

was higher in the KOs compared to the WTs; however, no significant change was observed 

upon interferon treatments (Figure 5.17 A). No changes were observed for 26S and 30S 

complexes which were less affected by interferon treatment. Next, active proteasome 

complexes were labelled with activity-based probes (ABPs), which shows how much of the 

i20S subunits are incorporated into the proteasome complexes. At baseline, the activity of the 

proteasome complexes with immunoproteasome-specific subunits MECL-1 and LMP7 was 

significantly higher in the PA200 KOs. In the IFN-β treated PA200 KOs, MECL-1 was again 

incorporated into the proteasomes, while in the IFN-γ treated PA200 KOs, the incorporation 

was similar to the corresponding WT cells (Figure 5.17 B). 

In NCI-H1299 cell lines, the 20S+activators’ CT-L activity was increased in all interferon-

treated cells except for IFN-β-treated PA200 KOs. In addition, the increase in CT-L activity of 

IFN-γ-treated PA200 KOs was less for the 20S+activators (Figure 5.17 C). The activity-based 

results showed no significant activity changes at the baseline with immunoproteasome-specific 

subunits (Figure 5.17 D). However, MECL-1 incorporation was less in the IFN-γ treated 

PA200 KOs compared to its control, IFN-γ treated WTs (Figure 5.17 D). 
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Figure 5.17: Proteasome activities and immunoproteasome-specific subunit integration 

change with PA200 deletion and IFN-β and IFN-γ treatments. Chymotrypsin-like 

activity of proteasome subunits was (A, C) measured, and the activity of the 

immunoproteasome-specific subunit proteasomes was monitored with (B, D) ABPs in the 

(A-B) A549 cell line and (C-D) in the NCI-H1299 cell lines (Two-way ANOVA test, Sídák 

method, at least n=3, different passages). 
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Finally, the overall distribution of proteasome complexes and integration of 

immunoproteasome-specific subunits was studied upon interferon treatments. The proteasome 

complexes were mainly distributed as 20S+activators and 26S, with only a small portion 

composed of the 30S (Figure 5.18). The interferon treatments did not change the amount of 

these complexes but instead induced an increase in the incorporation of immunoproteasome-

specific subunits. MECL-1 was incorporated into the proteasomes in both cell lines more upon 

IFN treatments than the other subunits and was the only subunit within 30S complexes. In the 

A549 cell line, MECL-1 was observed on the 30S with both interferon treatments (Figure 5.18 

A), while it was only observed with IFN-γ treatment in NCI-H1299 cells (Figure 5.18 B). 

LMP7 (in NCI-H1299, Figure 5.18 B) and LMP2 (in A549, Figure 5.18 A) showed increased 

integration into the 26S complexes, particularly in WT cells treated with IFN-γ. Due to low 

baseline levels in the proteasome complexes, no statistical analysis was conducted. 

 

 

Figure 5.18: The immunoproteasome-specific subunit integration to the proteasome 

complexes changes with PA200 deletion and IFN-β and IFN-γ treatments. After 

measuring the activities, the gels were blotted and incubated with different proteasome 

subunit antibodies. (A) A549 cell lines and (B) NCI-H1299 cell lines (n=3). 
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We also analysed whether PA200 is recruited to the proteasome upon interferon treatment and 

performed native gels and immunoblots for PA200 in WT A549 and NCI-H1299 cells (Figure 

5.19). In the A549 cells, the binding of PA200 to the proteasomes increased upon IFN-β and 

IFN-γ treatments, while in the NCI-H1299 cells, it decreased (Figure 5.19 A, B). Changes were 

more prominent upon IFN-γ treatment compared to IFN-β treatment. 

 

 

Figure 5.19: Differential incorporation of PA200 to the proteasome complexes upon 

interferon treatments after 24 hours. Native gels were blotted and incubated with different 

PA200 antibodies. (A) A549 cell lines and (B) NCI-H1299 cell lines (n=3). 

 

These results show that the immunoproteasome-specific subunits are induced upon Type I and 

Type II interferons, and the PA200 status of the cell can alter the response. 
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5.5 PA200 regulates tumour cell growth in vivo 

We observed changes in the proliferation, migration, invasion, and epithelial-mesenchymal 

transition between the WT and PA200 KO cells in vitro. Based on our data, we hypothesized 

that these changes could translate to reduced metastatic activities of PA200 KO cells in vivo. 

Therefore, each corresponding WT and KO cell line pool was injected subcutaneously into the 

flank of immunodeficient mice to determine tumour growth and metastasis. 

The mice injected with A549 cells produced larger primary tumours in WT-injected mice 

compared to the KO-injected ones (Figure 5.20 A), which was confirmed further by the tumour 

volume tracked over time (Figure 5.20 B). Accordingly, the primary tumour mass, calculated 

after the harvesting, was lower in the PA200 KOs (Figure 5.20 C). The body weights of the 

mice were not altered (Figure 5.20 D). Interestingly, while 80% of the mice formed a primary 

tumour with the WT cell injection, only 60% of the mice formed a primary tumour with the 

PA200 KO cell injection (Figure 5.20 E). We determined proliferation in the primary tumour 

and the lungs using Ki67 staining, but no significant changes were observed between the WT 

and KO-injected mice (Figure 5.20 F).  

Similar to A549 cells injected mice, the mice with NCI-H1299 WT cell injection also produced 

larger primary tumours than the KOs (Figure 5.20 G, H). The body mass remained similar 

between the two groups (Figure 5.20 I). In contrast to the A549 results, all mice produced 

primary tumours with a comparable mass between the WT and KO cells (Figure 5.20 J). We 

also observed a higher degree of necrosis in the tumours by visual inspection, mainly in those 

generated by PA200 KO cell injection (60%), while only 20% of the primary tumours formed 

by WT injection developed necrosis (Figure 5.20 K). Similar to the A549 group, no significant 

changes in proliferation were observed between the NCI-H1299 WT and KO-injected mice 

(Figure 5.20 L). In conclusion, PA200 KO cell lines generated smaller primary tumours than 

those formed from WT cell lines, indicating a difference in proliferation and tumour-forming 

capacity upon PA200 depletion.  

We also investigated the development of metastases into the lung upon harvesting of the 

animals. However, due to the restrictions imposed by the legal regulations on the maximal 

tumour burden and the well-being of the mice,  we had to sacrifice the mice earlier. The mice 

were sacrificed, and the samples were collected when the tumour reached the size of 150 mm3 

or had necrosis before macrometastases developed. We also performed histological analyses 

of the lungs for micrometastases but detected only one animal with NCI-H1299 WT-injected 

cells having micrometastasis in the lungs. Due to the above-mentioned limitations, we were 
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thus unable to obtain meaningful data on how the presence of PA200 affects tumour invasion 

and metastasis. 
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Figure 5.20: Tumour volume decreased upon PA200 depletion in vivo. A549 and NCI-

H1299 WT and PA200 KO cell lines were injected subcutaneously into SCID mice. 

Primary tumours were monitored over time and (A, G) photographed after dissection. (B, 

H) Tumour volume, (C, I) primary tumour mass and (D, J) body mass were measured in 

WT or PA200 KO–injected (A-F) A549 and (F-L) NCI-H1299 mice. The primary tumour 

incidence is shown in (E) A549. (J) The necrosis incidence on primary tumours in the NCI-

H1299 cells-injected mice was calculated by visual inspection. (*p < 0.05, **p < 0.01, ***p 

< 0.001, (B-C, H-I) ordinary two-way ANOVA (D, J) unpaired t-test, Holm-Šídák method, 

WT n=10, PA200 KO n=15 for each cell line) 
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5.6 Differential transcriptomic changes upon PA200 depletion in the 

two NSCLC cell lines 

5.6.1 RNA-sequencing analysis reveals a differential response of the two 

lung cancer cell lines to the deletion of PA200  

As we observed several differences (metabolism, proteasome regulation, and EMT) and 

similarities (migration, invasion, and in vivo) between our two cancer cell lines, we studied 

their RNA signature to identify transcriptomic regulation in selected WT and PA200 KO cell 

lines in an unbiased way. 

In the A549 PA200 KO cell line, 419 genes were upregulated, and 345 genes were 

downregulated compared to the WTs (Figure 5.21 A) as shown in a volcano plot (Figure 5.21 

B, |FC| ≥ 2, p ≤ 0.05, FDR ≤ 0.05, upregulated in orange, downregulated in blue). To confirm 

the specificity of the RNA-seq, six of the highly regulated genes were selected, and their 

mRNA expression level was analyzed by qRT-PCR. The mRNA expression of Prickle1, 

BMP4, and LGR6 increased in PA200 KOs, while ADAM23, PA200, and ITGB3 decreased 

in the PA200 KOs, respectively corresponding to the RNA-seq results (Figure 5.21 B). 

The number of dysregulated genes was lower in the NCI-H1299 PA200 KO cell lines when 

compared to the A549 PA200 KOs. In this cell lines, 196 genes were upregulated, and 288 

genes were downregulated compared to the WTs (Figure 5.21 C) as seen in the volcano plot 

(Figure 5.21 D, |FC| ≥ 2, p ≤ 0.05, FDR ≤ 0.05, upregulated in orange, downregulated in blue). 

Similarly, six of the highly regulated genes were chosen, and the level of mRNA expression 

was assessed with qRT-PCR to confirm the specificity of the RNA-seq. From the selected 

target genes, the mRNA expression of LINC01127 increased in PA200 KOs, while EPAS1, 

NPAS2, TGFA, and PA200 mRNA expressions decreased in PA200 KOs, corresponding to 

the RNA-seq results (Figure 5.21 D). 

When the two PA200 KO cell line RNA-seq datasets were compared, only a small part of the 

genes was regulated in a similar way (Figure 5.21 E). Upon PA200 deletion, 12 genes were 

downregulated (FIBCD1, KCNIP3, BICDL1, PREX1, GPC1, PSME4, AC016738.1, HES2, 

ANKRD33B, ITGB3, AC106760.1, ADGRB1) and only 4 genes were upregulated in both 

NSCLC cell lines (ADAMTS16, EFHC2, GLRB, FAM160A1). Of note, 23 genes were 

counter-regulated: 13 genes were upregulated in A549 but downregulated in the NCI-H1299 

KOs (TGFA, TSPAN1, TBC1D2, GRAMD2B, RAET1E, LIPG, THBS1, ANK1, CORO2A, 
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SYTL5, ADRB2, SHROOM3, COL13A1) and 10 genes were upregulated in NCI-H1299 but 

downregulated in the A549 KOs (ADAM23, SIX3, STON1, TRIM9, GPR63, PIANP, FNDC4, 

F2RL2, AC022506.2, GEM). 

In conclusion, the transcriptomic analysis revealed more differences than similarities. These 

data suggest that PA200 depletion in the two NSCLC cell lines results in rather cell-specific 

effects on the transcriptome level. This might also explain the observed differences in 

proliferation, invasion and EMT that we observed before.  
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Figure 5.21: RNA-sequencing analysis of PA200 KO in NSCLC cell lines indicates 

differential regulation of the transcriptome upon PA200 depletion. NSCLC KOs of 

PA200 were examined for gene regulation by RNA sequencing. The results were filtered, 

and the (A, C) regulated genes (|FC| ≥ 2, p ≤ 0.05, FDR ≤ 0.05) were plotted in volcano 

plots for (B) A549 and (D) NCI-H1299 cell lines. (E) A Venn diagram was used to show the 

co-regulated and counter-regulated genes. RNA sequencing was performed in the Genomics 

Core Facility, HMGU. (n=3, selected cell lines, WT and KO) 
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To understand the roles of the dysregulated genes in the dataset, additional analysis was 

performed. Molecular signature database (MsigDB), GO Biological Process (GO BP) and GO 

Molecular Function (GO MF) functions of the Enrichr web tool were used for the analysis. The 

Reactome database (version 81) was used to analyse the pathways involved. The signatures 

were analysed separately for the upregulated and downregulated genes for two cell lines 

(Figure 5.22 and Figure 5.23). The top 10 of each category are shown in the tables unless the 

category has less. 

In A549 PA200 KOs, the upregulated genes mainly contributed to the molecular signatures of 

epithelial-mesenchymal transition (EMT), KRAS Signalling (up), interferon (α and γ) 

response, inflammatory response, and IL-6/JAK/STAT3 signalling (Figure 5.22 A, left panel). 

Downregulated genes were associated with EMT and glycolysis (Figure 5.22 A, right panel). 

The molecular signatures affected in the NCI-H1299 PA200 KOs differed from the A549 

PA200 KOs. The upregulated genes contributed to the molecular signatures of estrogen 

response (early and late), IL-2/STAT5 signalling, and hedgehog signalling (Figure 5.23 A, left 

panel). Like the A549 PA200 KO cells, the downregulated genes were enriched in the EMT 

molecular signature. In addition, inflammatory response, apical junction, and KRAS signalling 

(down) signatures were also observed in the downregulated gene dataset (Figure 5.23 A, right 

panel).  

Gene ontology analysis for biological processes of upregulated genes was assigned to the 

glucuronidation processes, positive regulation of cell proliferation, and extracellular structure 

organization (Figure 5.22 B, left panel). In contrast, downregulated genes were involved in 

different biological processes such as extracellular structure organization, ion transport, Wnt 

signalling pathway and extracellular matrix organization (Figure 5.22 B, right panel). In NCI-

H1299 PA200 KOs, the upregulated genes were involved mainly in the endodermal cell fate 

and development, fatty acid oxidation, regulation of the natural killer cell activation, and 

interferon-gamma production (Figure 5.23 B, left panel), while the downregulated genes 

grouped under extracellular matrix/structure organization, chemotaxis, cell proliferation and 

differentiation (Figure 5.23 B, right panel).  

Go Molecular Function (GO MF) was analysed for both cell lines to better understand the 

dysregulated genes’ molecular functions. In the A549 PA200 KOs, the upregulated genes 

allocated to various molecular functions, including retinoic acid, retinoid, and epidermal 

growth factor receptor binding, whereas the downregulated genes distributed to channel 

activities, phospholipase C activities, and phosphatase activities (Figure 5.22 C, left and right 

panel, respectively). In the NCI-H1299 PA200 KOs, the upregulated genes were involved in 
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DNA and alpha-actinin binding. Contrary to A549, the phospholipase C and phosphatase 

activities were associated with the upregulated genes in the NCI-H1299 PA200 KOs (Figure 

5.23 C, left panel). The downregulated genes in the NCI-H1299 were primarily associated with 

the platelet-derived growth receptor, protease, growth factor, and receptor binding (Figure 5.23 

C, right panel). 

The Reactome pathway analysis shared a few common pathways for upregulated and 

downregulated genes. For instance, the upregulated genes found in the beta-cell regulations 

and extracellular matrix degradation pathways and the downregulated genes associated with 

the integrin cell surface interactions and non-integrin membrane-ECM interactions (Figure 

5.22 D and Figure 5.23 D). However, most of the top 10 hits differed in both cell lines. 

Although the commonly up- and downregulated genes are a small portion in the A549 and 

NCI-H1299 PA200 KOs, these results suggest that PA200 depletion results in similar 

dysregulation of biological processes, molecular functions, and pathways. It is important to 

note that even though there are shared pathways, in one cell line, it comprised upregulated 

genes, while in the other cell line, it comprised downregulated genes. 
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Figure 5.22: PA200 depletion affected multiple biological processes, molecular 

functions, and pathways in A549 cells. Transcriptome regulation was determined by RNA 

sequencing of PA200 KO A549 cells. Significantly up- or down-regulated genes were used 

for further analysis, and only the top 10 results are shown in the graphs (FC ≥ 2, p ≤ 0.05, 

FDR ≤ 0.05). The left panel shows how the upregulated genes affected (yellow) (A) 

molecular signature, the gene ontology (GO) of (B) biological process (BP), (C) molecular 

function (MF), and (D) Reactome pathways, while the right panel shows the terms associated 

with downregulated genes (purple). 
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Figure 5.23: PA200 depletion affected multiple biological processes, molecular 

functions, and pathways in NCI-H1299 cells. Transcriptome regulation was determined 

by RNA sequencing of PA200 KO NCI-H1299 cells. Significantly up- or down-regulated 

genes were used for further analysis, and only the top 10 results are shown in the graphs (FC 

≥ 2, p ≤ 0.05, FDR ≤ 0.05). The left panel shows how the upregulated genes affected (yellow) 

(A) molecular signature, the gene ontology (GO) of (B) biological process (BP), (C) 

molecular function (MF), and (D) Reactome pathways, while the right panel shows the terms 

associated with downregulated genes (purple). 
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5.6.2 Non-coding RNAs are a significant part of the regulated RNAs in 

PA200-depleted cells 

In the volcano plot, which shows the most significantly regulated genes, we detected several 

non-coding RNAs dysregulated in both cell lines upon PA200 depletion (Figure 5.21 B, D). 

Therefore, the results were further analysed to determine whether there is a comprehensive 

alteration in the expression of non-coding RNAs. Interestingly, the non-coding RNAs 

contributed to 32% of the altered transcriptome in A549 PA200 KOs with 124 upregulated and 

120 downregulated non-coding RNA genes (Figure 5.24 A, B). Similarly, in NCI-H1299 

PA200 KOs, 27% of the RNA dysregulation was related to non-coding RNAs with 57 

upregulated and 75 downregulated genes (Figure 5.24 D, E). To visualize the non-coding 

RNAs in the overall transcriptomic changes, we coloured them in green in the volcano plots 

(Figure 5.24 C, F). This figure thus demonstrates that the deletion of PA200 results in a 

concerted and prominent dysregulation of PA200 in both NSCLC cell lines. It is important to 

note that these genes are also included in the downstream analysis. However, due to less 

knowledge in this area, they are not found in GO BP, GO MF, Reactome pathways, and 

molecular signature database.   
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Figure 5.24: The non-coding RNA genes are affected by PA200 depletion. (A, D) The 

pie chart shows the percentage changes in coding (orange) and non-coding (blue) 

dysregulated genes. (B, E) Bar graphs show how many non-coding RNA genes are up- or 

down-regulated in the PA200 KOs. (C, F) Volcano plots show all the significantly changed 

non-coding RNA genes (green) (|FC| ≥ 2, p ≤ 0.05, FDR ≤ 0.05, (A-C) A549 and (D-F) NCI-

H1299). 
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5.7 Differential Interactome of PA200 in the two NSCLC cell lines 

5.7.1  Mass Spectrometry reveals proteasome-independent PA200 

interactors 

The common denominator of PA200 depletion in the two NSCLC cancer cell lines was that 

the two cell lines responded differently to the genetic deletion of PA200. These cell-specific 

effects lead us to the assumption that PA200 has differential roles in the two cell lines, which 

might be revealed by its interactome. To determine the PA200 interactors, PA200 was 

immunoprecipitated from both WT cell lines and analysed by mass spectrometry. As a control 

for specific interactions, we used protein lysates from the respective PA200 KO cells. PA200 

was specifically precipitated at high intensity, as shown in the volcano plot (Figure 5.25 A, B). 

Surprisingly, when taking into account all significantly interacting proteins of the three 

technical replicates of two different NSCLC lines, the interactome lacked proteasome subunits. 
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Figure 5.25: PA200 interactors are different in NSCLC cell lines. Interactors of PA200 

were captured by PA200 immunoprecipitation and analysed by mass spectrometry. PA200 

KO cell lines were used as the control lysates. All significantly enriched interacting proteins 

of PA200 compared to control lysates for (A) A549 and (B) NCI-H1299 cells showed light 

pink circles (FC ≥ 1.5, p ≤ 0.05). (C) Venn diagram shows the significantly enriched proteins 

in immunoprecipitation of PA200 (PSME4) in two NSCLC cell lines. LC-MS/MS was 

performed by Dr J. Merl-Pham, Research Unit Protein Science and Metabolomics and 

Proteomics Core Facility (HMGU). (n=3, different passages) 

 

The interacting proteins were analysed with Enrichr and Reactome databases to understand the 

functions and pathways of the PA200 interactors. In the A549 w/o pre-cleared lysates, the 

interactors of PA200 were mainly related to the E2F and Myc targets (Figure 5.26 A). In 

addition, reactive oxygen species, ultraviolet (UV) response, glycolysis, and G2-M checkpoint 

were also found to be enriched (Figure 5.26 A). The Reactome pathway analysis showed that 

the PA200 interactors were mainly involved in the DNA process (Figure 5.26 B). In accordance 

with that, the gene ontology (GO) molecular functions (MF) of these interactors were related 

to the DNA binding processes (Figure 5.26 C) and multiple DNA-related GO biological 

processes (BP) (Figure 5.26 D).  
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The PA200 interactors proteins in the NCI-H1299 w/o pre-cleared lysates, however, were 

related to the molecular signatures of the mitotic spindle, UV response, mTORC1 and 

PI3K/AKT/mTOR signalling (Figure 5.26 E). Unlike A549 cells, PA200-interactors in NCI-

H1299 were found in Reactome pathways such as Rho GTPase signalling and regulation of 

transcription pathways (Figure 5.26 F). The interacting proteins showed characteristics of DNA 

binding and methyltransferases, amongst others (Figure 5.26 G). The biological processes of 

these interactors were related to nucleation, regulation of lamellipodium organization, and 

canonical Wnt signalling (Figure 5.26 H). 
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Figure 5.26: Different sets of proteins interact with PA200 in the two NSCLC cell lines. 

The PA200 interactors in the w7o pre-cleared lysates were analysed with EnrichR and 

Reactome database (FC ≥ 2, p ≤ 0.05, FDR ≤ 0.05). (A, E) The molecular signature 

(MsigDB), (B, F) Reactome pathways, gene ontology (GO), (C, G) molecular functions 

(MF), and (D, H) biological processes (BP) of the PA200 interactors were analysed in (A-

D) w/o pre-cleared A549 lysates and (E-H) NCI-H1299 cell lysates. 
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5.7.2 Pre-cleared lysates have different proteasome-independent PA200 

interactors than w/o Pre-cleared lysates 

We were surprised by the lack of proteasome-binding proteins in our immunoprecipitation 

analysis and hypothesized that some of the interactions with PA200 might be due to unspecific 

bindings. Therefore, to enhance the specificity of our immunoprecipitation analysis and 

investigate potential unspecific bindings, we performed pre-clearing of lysates by incubating 

them with protein A-coupled beads at room temperature for 20 minutes. The pre-cleared lysates 

were then separated from the beads using a magnetic rack and subsequently incubated with the 

protein A-antibody complex. Following washing with TSDG buffer + 0.2% IPEGAL, the bead-

antibody-PA200-interactor complexes were washed with TSDG alone to reduce detergent 

levels. Elution of interacting proteins was achieved by denaturing the fractions with Laemmli 

buffer for 10 minutes at 95°C using a magnetic bead rack. The resulting fractions containing 

PA200 and its interactors were then subjected to mass spectrometry analysis in both cell lines. 

The PA200 KO cell lysates did not have PA200 peptides, while the WT lysates had enriched 

LFQ intensity ratios of PA200 compared to w/o pre-cleared lysates (approximately 15-fold in 

A549 and 3.5-fold in NCI-H1299) confirming the specificity of immunoprecipitation of PA200 

proteins.  However, we were surprised to find that the interactome of PA200, even after pre-

clearing, did not include peptides from the core 20S proteasome subunits, similar to the non-

precleared lysates (Figure 5.27 A, B).  
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Figure 5.27: PA200 interactors are different in pre-cleared NSCLC cell lysates. 

Interactors of PA200 were captured by PA200 immunoprecipitation of pre-cleared protein 

lysates and analysed by mass spectrometry. PA200 KO cell lines were used as the control 

lysates. All significantly enriched interacting proteins of PA200 compared to control lysates 

for (A) A549 and (B) NCI-H1299 cells (FC ≥ 1.5, p ≤ 0.05) showed in light pink circles. (C) 

Venn diagram shows the significantly enriched proteins in immunoprecipitation of PA200 

(PSME4) in A549 and NCI-H1299. LC-MS/MS was performed by Dr J. Merl-Pham, 

Research Unit Protein Science and Metabolomics and Proteomics Core Facility (HMGU). 

(n=3, different passages) 

 

We performed a similar GO and pathway analysis for the PA200 interacting proteins in the two 

cell lines as above. In the A549 pre-cleared lysates, the interactors of PA200 were mainly 

related to the molecular signatures of Myc targets, hypoxia, G2-M checkpoint, and 

adipogenesis (Figure 5.28 A). The Reactome pathway analysis showed that the PA200 

interactors were involved in the translation initiation processes, the 40S/60S ribosomal subunits 

formations, and the nonsense-mediated decay (NMD) process (Figure 5.28 B). The molecular 

functions of these interactors are related to the RNA binding process and multiple RNA-related 

biological processes (Figure 5.28 B). In contrast, the PA200 interactors proteins in the NCI-

H1299 pre-cleared lysates were enriched in molecular signatures of the mitotic spindle, heme 
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metabolism, and mTORC1 and hedgehog signalling (Figure 5.28 E). The only common 

signature between A549 and NCI-H1299 PA200-interactome was the G2-M checkpoint. The 

Reactome pathway analysis revealed that PA200-interactors in NCI-H1299 were involved in 

pathways related to Rho GTPase signalling, cellular responses, and mRNA stability (Figure 

5.28 F). On the other hand, similar to A549, the interactors were involved in NMD processes. 

In addition to RNA binding, the interactors also participate in the binding of the microtubule, 

tubulin, protein kinase C, cadherin, and phosphatase (Figure 5.28 G). The biological processes 

of these interactors were related to depolymerization, assemblies, and signal transduction 

(Figure 5.28 H). 
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Figure 5.28: The PA200 interactors from the pre-cleared lysates of NSCLC cell lines 

exhibited distinct molecular signatures. EnrichR and the Reactome database were 

employed to identify the functions of these interactors. (FC ≥ 2, p ≤ 0.05, FDR ≤ 0.05). (A, 

E) The molecular signature (MsigDB), (B, F) Reactome pathways, gene ontology (GO), (C, 

G) molecular functions (MF), and (D, H) biological processes (BP) of the PA200 interactors 

were analysed in (A-D) w/o pre-cleared A549 lysates and (E-H) NCI-H1299 cell lysates. 
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5.7.3 Pre-clearing of the protein lysates alters the interactome of PA200 

The interactome data analysis showed apparent differences between the PA200 interactors of 

A549 and NCI-H1299 cell lysates that depended on the pre-clearing of the lysates, as shown 

by a Venn diagram (Figure 5.29 A). A549 lysates shared only 7 interactors, while NCI-H1299 

lysates shared five interactors (excluding PA200). While no proteins were common to each 

group (except PA200 or PSME4), UBASH3B protein co-immunoprecipitated with three 

groups of protein (Figure 5.29 A). To understand the lack of proteasome subunits as PA200 

interacting proteins, we blotted the eluted proteins from our different conditions for α1-7 to 

detect proteasome subunits (Figure 5.29 B). We noted strong and similar enrichment of PA200 

in our immunoprecipitation experiments using the WT A549 and NCI-H1299 cells which were 

absent in the respective KO cells, confirming the specificity of the pulldown. Of note, we 

detected alpha subunits of the proteasome in both WT and KO pulldowns, indicating that the 

anti-PA200 antibody non-specifically binds to the proteasome under our experimental 

conditions. In pre-cleared lysates, this interaction was clearly reduced (Figure 5.29 B). These 

data indicate that our rather non-stringent conditions of PA200 pulldown, which were designed 

to stabilize the interaction with the proteasome, resulted in unspecific binding to the antibody 

in PA200-depleted cells. As we compared the enrichment of interacting proteins compared to 

KO controls, we sort of “lost” our proteasome subunits as interacting proteins. Our data thus 

reveal two main points: 1. The interaction of PA200 with the proteasome is not very strong in 

the NSCLC cancer cell lines, and 2. The detected interacting proteins bind PA200 in a 

proteasome-independent manner. Overall, these results indicate a possible presence and 

function of proteasome-free PA200 in the cells, which might interact with various proteins 

depending on the cellular context. 
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Figure 5.29: Immunoprecipitation of PA200 from pre-cleared or w/o pre-cleared cell 

lysates reveals distinct interactors. (A) A Venn diagram was generated with the list of 

PA200 interactors in A549 and NCI-H1299 cells generated from the pre-cleared or w/o pre-

cleared lysate. (B) Western blot analysis of the PA200 immunoprecipitation with A549 and 

NCI-H1299 cell lysates, with α1-7 and PA200 antibodies. (n=1, different cell lines) 
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5.8 Proteasome-independent PA200 in the cell 

To test the hypothesis of free non-proteasome bound PA200 in the cell, we ran our non-pre-

cleared lysates on a native gel, cut it into six horizontal stripes for each sample and analysed 

the fractions by mass spectrometry (Figure 1.30 A). The results showed that the first three 

fractions contain most of the proteasome subunits, while most of the subunits are not present 

in fractions 4-6. Furthermore, PA200 (PSME4) was detected in all fractions in WT cells, 

whereas no PA200 peptide was found in the KO cells, confirming the specificity of the 

experiment. According to the LC-MS/MS results, PA200 is mainly found in fractions 2 and 3, 

which roughly corresponds to the 26S and 20S complexes. Interestingly, PA200 was also found 

in the fractions where no other core proteasome was present (Figure 5.30 B). Next, we tested 

if PA200 is also present in insoluble cellular compartments. Therefore, cells were lysed under 

mild native lysis conditions with TSDG buffer, and the insoluble pellet was further lysed under 

strong denaturing conditions using urea. Upon Western blotting, we observed that most of the 

cellular PA200 could be detected in the soluble fraction of the cell but that a small proportion 

of PA200 was found in the insoluble fraction (Figure 5.30 B). These results thus strongly 

suggest the presence of a subfraction of PA200, which can interact with DNA and RNA-

binding proteins and become insoluble. 
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Figure 5.30: PA200 is found without complexing to catalytically active proteasomes in 

both NSCLC cell lines. The TSDG of the w/o pre-cleared lysates were run on a native gel 

cut into six different fractions and analysed with LC-MS/MS (performed by Dr J. Merl-

Pham, Research Unit Protein Science and Metabolomics and Proteomics Core Facility, 

HMGU). (A) The figure illustrates the fractions of each sample. (B) Fractions analysed for 

proteasome subunit peptides. The numbers indicate the unique peptides found in each 

fraction. (C) Western blot of TSDG (S, soluble) and urea lysates (I, insoluble) of TSDG 

lysed pellets. 
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6 Discussion 

 

Since PA200 has been identified as a proteasome activator, the focus was to understand its 

function (Ustrell et al., 2002). Recent advances in genomics, proteomics and structural biology 

have paved the way to identify new roles of PA200, as discussed in the recent review (Yazgili 

et al., 2022). In this study, the function of PA200 in NSCLC was studied in vitro and in vivo. 

PA200 was found to have different functional roles in two distinct NSCLC cell lines. These 

include metabolic adaptation, invasion and migration, immunoproteasome regulation, and 

tumour cell growth. Additionally, a significant amount of non-coding RNAs (ncRNAs) were 

detected to be dysregulated upon PA200 knock-out. Interestingly, interactome analysis 

revealed novel PA200 interactors in NSCLC and suggested a potential proteasome-free PA200 

fraction in the cell. The data of this thesis indicate that PA200 plays a distinct oncogenic role 

in tumour cell growth, differentiation, migration and in the regulation of interferon responses 

which strongly depends on the cellular context. We were, however, unable to mechanistically 

delineate the activity of PA200 in NSCLC cell lines.  

6.1 PA200 regulates NSCLC in a cell context-dependent manner 

The regulation of PA200 in a disease context was initially discovered in a previous study 

conducted by our group (Welk, 2018; Welk et al., 2019). Notably, elevated PA200 protein 

levels were observed in the fibrotic lungs of patients with idiopathic pulmonary fibrosis (Welk 

et al., 2019). Further investigations revealed that PA200 functions as a negative regulator of 

myofibroblast development in human cells but not in mouse cells, as demonstrated through 

transient silencing and overexpression experiments. Subsequently, increased levels of PA200 

protein were detected in the tumour tissues of lung cancer patients compared to their healthy 

lung tissues (Welk, 2018). However, the role of PA200 was not analysed in detail. 

To elucidate the functional role of PA200 in non-small cell lung cancer (NSCLC), PA200 

knock-out cell lines were generated using CRISPR/Cas9 technology. A549 and NCI-H1299 

cell lines were selected as numerous studies have used these cell lines successfully before to 

study hallmarks of cancer. With the use of two distinct NSCLC cell lines as biological 

replicates, we aimed to elucidate a conserved function of PA200 in NSCLC (Lu et al., 2018; 

Prasad et al., 2022; Sun et al., 2018). 
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Although the two cell lines are commonly used as biological replicates to study NSCLC, 

several studies also reported differential responses with regard to other proteins (Li et al., 2017; 

Shankar et al., 2015; Ugrinova & Pasheva, 2017; Xu et al., 2014). One of the key differences 

between the two NSCLC cell lines is that A549 has a K-Ras (oncogene) mutation, while NCI-

H1299 contains p53 (tumour suppressor) deletion. Downstream Ras proteins target mainly cell-

cycle progression, survival, and transcription, while p53 targets senescence, apoptosis and 

DNA repair (Downward, 2003; Vousden & Prives, 2009). Furthermore, while A549 was 

isolated from the primary site of the tumour, the NCI-H1299 cell line is derived from a 

metastatic site. Primary tumour cells and metastatic tumour cells may have various genetic and 

epigenetic changes, which might affect their behaviour and response to treatment (Vanharanta 

& Massagué, 2013). Metastatic cells, for example, may have additional alterations that improve 

their propensity to invade and migrate to other organs and escape from immunosurveillance. 

Therefore, it is important to keep the key differences (Table 6.1) between the two cell lines in 

mind for further discussion.  

Table 6.1: Key differences between the two NSCLC cell lines 

 A549 (Cellosaurus, 2012a) NCI-H1299 (Cellosaurus, 2012b) 

Disease Lung adenocarcinoma Lung large cell carcinoma 

Derived from Primary site Metastatic site (Lymph node) 

Variations KRAS and STK11 mutation TP53 deletion, NRAS mutation 

Characteristics 

(Li et al., 2017) 
Non-invasive  Invasive 

Phenotype 
Epithelial (Sundararajan et al., 

2014) 

Mesenchymal (Tripathi et al., 

2016) 

 

To our surprise, these two NSCLC cell lines responded very differently to PA200 depletion on 

their transcriptome level and functionally, as determined in multiple biological assays. As our 

Western blots revealed higher baseline expression of PA200 in NCI-H1299 WT cells, its 

deletion might have a greater impact on the cellular processes in this cell line. Our data thus 

suggest a cell context-dependent effect of PA200.  
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6.1.1 PA200 depletion differentially regulates proteasome activity and 

composition in two NSCLC cell lines 

Knowing that PA200 is a proteasome activator, we first analysed whether PA200 depletion 

results in the inhibition of the catalytical activities of the proteasome. Surprisingly, total CT-L 

and C-L activities decreased in A549 but increased in NCI-H1299 cell lines upon PA200 

knock-out. When the CT-L activities for each proteasome complex were analysed 

(20S+activators, 26S, and 30S) using native gel analysis, the results showed an increase in the 

activities of 20S+activators in A549 KOs while the activity of these complexes was decreased 

in NCI-H1299 KOs. The difference between the two results might result from the two different 

methods applied: The first method identifies the changes in the total proteasome activity in cell 

extracts, whereas the latter identifies the changes in the different proteasome complexes in a 

native gel analysis. The total proteasome activity assay does not show the activity levels of 

each proteasome complex but rather shows overall activity change. Therefore, these results 

might indicate that the activity of the 30S contributes to a larger extent to the overall CT-L 

activity in the extracts compared to the 20S+activators.  

Additionally, when we analysed the in vitro effects of recombinant PA200 added to purified 

constitutive 20S proteasomes, we did not observe any significant change in the activities of all 

three active sites using a chemiluminescence activity assay. These data are thus in contrast to 

the original description of PA200 as a proteasome activator. The first report on PA200 showed 

an increase primarily in the C-L activity of PA200-20S complexes isolated from bovine testes 

(Ustrell et al., 2002). A later study reported an increased C-L activity that related to cellular 

PA200 expression (Blickwedehl et al., 2008). In contrast to these earlier results, Toste Rego et 

al. showed that the T-L active site was activated in an in vitro reconstituted PA200/20S 

complex while the C-L and CT-L activities decreased (Toste Rego & da Fonseca, 2019). 

Another recent paper from Guan et al. found 3-4-fold increased CT-L activity using purified 

human 20S and recombinant human PA200 (Guan et al., 2020). The recent study revealed 

activation of the C-L and suppression of the T-L activities when recombinant human PA200 

was added to cell extracts (Javitt et al., 2023). Lastly, Zivkovic et al. found increased CT-L, T-

L and C-L activities when recombinant human PA200 was added to bovine proteasomes, 50% 

of them spermatoproteasome (Zivkovic et al., 2022). Our activity assay results with purified 

proteasomes have added further diversity to the published activity results, suggesting that the 

differences in proteasome activation capacity of PA200 may stem from experimental 

variations. Factors such as the origin of PA200 or c20S/i20S, different substrates and detection 



6 Discussion 

 

127 

methods employed, as well as differences in incubation time and temperature could contribute 

to these discrepancies. For instance, in a comparative analysis of human c20S activity with 

recombinant human PA200, we observed that the use of chemiluminescent substrates failed to 

detect early kinetic activity changes induced by PA200 addition. It is important to note that 

these differences were reported across multiple independent labs, highlighting the diverse 

actions of PA200 under various cellular conditions. 

A recent study also proposed that PA200 regulated the function of the immunoproteasome by 

reducing its activity in lung cancer (Javitt et al., 2023). Therefore, we further extended our 

analysis of PA200-depleted cells to the composition of the active site of proteasome complexes. 

Both precursor and mature LMP2 levels were decreased in both KO cell lines at baseline, while 

the mature MECL-1 protein levels were decreased significantly only in NCI-H1299 PA200 

KOs. The incorporation of immunoproteasome subunits revealed an elevated assembly of 

immunoproteasomes in A549 KOs but diminished assembly in NCI-H1299 at baseline. 

Interestingly, when treated with IFN-β or IFN-γ for 24 hours, no major changes were observed 

with regard to induced immunoproteasome expression and activity in both cell lines. Yet, 

MECL-1 incorporation was higher in IFN-β treated A549 PA200 KOs, according to the ABP 

results. Interestingly, our native gel results showed that only MECL-1 was found within the 

30S complexes after interferon treatments but mainly in the WT cells.  

Cells that express both the immunoproteasome and constitutive proteasome subunit genes may 

create a hybrid proteasome that combines the two as intermediate proteasomes (Cascio et al., 

2002; Kopp et al., 2001; Wang et al., 2020). An intermediate proteasome was discovered to be 

made up of only one (LMP7) subunit or two (LMP7 and LMP2) subunits added in place of the 

constitutive subunits. However, our data suggest that in NSCLC cell lines, MECL-1 can be 

present in the 30S proteasome complexes without the presence of LMP7 and LMP2. Our A549 

cell line results are in line with Javitt et al., showing that when PA200 is low, then the 

immunoproteasomes are active. However, in NCI-H1299 cell lines, our results show the 

opposite. This might indicate that the absence of PA200 affects the cells depending on their 

cellular context. This difference might come from the different epithelial/mesenchymal status 

of the two cell lines. Furthermore, as NCI-H1299 cell lines are isolated from the metastatic site, 

whereas A549 was isolated from the primary cell line, the basal immune regulation might differ 

between the two cells. This notion is supported by our finding that PA200 recruitment to 20S 

complexes increased with IFN-γ in A549 WT cells while it was decreased in NCI-H1299 WT 

cells, indicating a differential response to type II interferon between the two cell lines.  
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6.1.2 PA200 regulates several hallmarks of cancer 

Owing to increased PA200 protein levels in the cancerous tissues of NSCLC patients, we 

hypothesized a potential regulatory function of PA200 as an oncogenic regulator and 

investigated its activity in the regulation of several hallmarks of cancer. Based on previous 

studies both on PA200 and other proteasome activators, we hypothesized PA200 might be 

involved in metabolism, invasion, EMT, tumour growth and immunosurveillance and thus 

focused our analysis on these hallmarks of cancer (Blickwedehl et al., 2008; Blickwedehl et 

al., 2012; Javitt et al., 2021; Javitt et al., 2023; Tong et al., 2020) 

6.1.2.1 PA200 differentially regulates NSCLC cell metabolism  

Firstly, proliferation and metabolism were studied. Although the MTT assay is frequently used 

as a proliferation assay, it rather assays mitochondrial activity. Therefore, MTT assays should 

not be regarded as a direct indicator of cell proliferation. For this reason, we measured the 

doubling time of the cells as a proliferation rate indicator and used an MTT assay to assess 

metabolic activity. Our results showed that PA200 differentially regulates proliferation and 

metabolism depending on the cellular context. While the proliferation rate was decreased in 

A549 PA200 KOs, their metabolic activity was higher under several conditions. Of note, the 

opposite was observed for NCI-H1299 cells. 

In a previous study conducted on the HeLa cell line, it was observed that the knockdown of 

PA200 led to heightened sensitivity to glutamine (Blickwedehl et al., 2012). Glutamine plays 

a crucial role as a precursor for the synthesis of various amino acids, proteins, nucleotides, and 

other biologically important molecules. Additionally, glutamine is involved in the generation 

of NADPH (nicotinamide adenine dinucleotide phosphate) and GSH (glutathione), which are 

essential components for maintaining a balanced redox environment (Mohamed et al., 2014). 

Therefore, glutamine plays an important role in cell development, proliferation and metabolic 

homeostasis (Lian Chen & Hengmin Cui, 2015). Accordingly, limiting glutamine supply and 

inhibiting its metabolism has been shown to reduce the proliferation of cancer cells, whereas 

depending on the type of cell, glutamine supplementation can either stimulate or inhibit cell 

death (Fuchs & Bode, 2006). Numerous pathways, including Ras and p53, play a significant 

role in the regulation of glutamine metabolism in malignancies. This modulation contributes to 

carcinogenesis and maintains the growth of cancer. When Ras is activated, glutamine has been 

found to be the main carbon source for the TCA cycle (Ying et al., 2012). When K-Ras and 

Akt pathways are activated in transformed cells, it results in the synthesis of around 60% of 



6 Discussion 

 

129 

the total FADH2 and NADH2 molecules from glutamine, whereas only about 30% of these 

molecules are generated from glucose. (Fan et al., 2013). Similarly, in cells with K-Ras 

mutations, there is an increase in the rate of oxygen consumption and ATP generation when 

exposed to glutamine. This enhanced utilization of glutamine contributes to the development 

of tumours (Weinberg et al., 2010). K-Ras renders cells more sensitive to glutamine 

deprivation. When K-Ras expression is reduced, cells are rescued from apoptosis triggered by 

low levels of glutamine (Gwinn et al., 2018). In addition, glutamine deprivation can cause K-

Ras-transformed cells to stop proliferating (Gaglio et al., 2009). On the other hand, glutamine 

metabolism is regulated by p53 in a number of ways. For instance, p53 inhibits carcinogenesis 

by increasing GSH levels upon upregulation of GLS2 and decreasing ROS levels (Hu et al., 

2010; Suzuki et al., 2010). A crucial part of the cysteine/glutamate antiporter, which mediates 

the conversion of extracellular cysteine to intracellular glutamate and is overexpressed in a 

number of human malignancies, has been reported to be suppressed by p53 (Jiang et al., 2015; 

Lo et al., 2008). Additionally, p53 can block the PI3K-AKT-mTOR and GLUT1-GLUT4 and 

suppress the GLUT1 and GLUT4 glucose transporter genes. These p53-related activities 

suppress cell proliferation, which in turn reverses the cancer phenotype  (Levine & Puzio-

Kuter, 2010).  

We here observed that PA200 regulated the L-glutamine sensitivity of NSCLC cancer cells 

depending on the cellular context. Under normal supply conditions (10% FBS, +L-glutamine), 

A549 PA200 KOs showed higher metabolic activity compared to their respective WT controls, 

while in NCI-H1299 PA200 KOs, it was reduced. When either the L-glutamine or FBS supply 

was reduced, PA200-depleted A549 cells showed less sensitivity. Interestingly, according to 

our transcriptome data, several glycolysis-related genes were downregulated upon PA200 

depletion in A549 cells according to the MsigDB. Speculatively, a decrease in the glycolysis 

pathway but an increase in the NADPH-driven metabolic activity assay might indicate that 

oxidative phosphorylation is favoured upon PA200 deletion in A549. NCI-H1299 PA200 KO 

cells, however, were sensitised to L-glutamine or FBS deficiency. Again, these differences 

might be coming from the different p53 and Kras mutational status of these cells as well as 

from their origins and to identify the mechanisms behind them, further studies are needed. 

6.1.2.2 PA200 regulates tumour cell invasion in vitro and in vivo 

The invasion and epithelial-to-mesenchymal transition (EMT) capacity were studied as they 

are critical in cancer biology and reflect the metastatic properties (Mittal, 2018). Here, the 
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absence of PA200 decreased the invasiveness of both A549 and NCI-H1299 cells, yet this 

effect was observed mainly in the more invasive NCI-H1299 cells (Li et al., 2017). Because of 

the changes in the invasiveness, we analysed if PA200 regulates the epithelial/mesenchymal 

differentiation state of the cells, e.g., epithelial or mesenchymal. On the protein level, both E-

cadherin and N-cadherin levels were increased, while ITGB3 levels decreased upon PA200 

knockout in both cell lines at baseline. Considering the role of E-cadherin and N-cadherin as 

EMT regulator, we hypothesised that in the absence of PA200 EMT could be altered. 

Therefore, we treated cells with TGFβ which induces EMT in the cancer cells (Hao et al., 

2019). However, our results did not show major differences in EMT marker gene expression 

upon TGFβ treatment. Yet, while TGFβ increased ITGB3 protein levels both in A549 WT and 

KOs, it failed to increase it in the NCI-H1299PA200 KOs. Of note, while ZEB2 transcription 

increased in the A549 it was decreased in NCI-H1299 KOs. 

ITGB3, a prognostic marker associated with poor survival, is observed to be upregulated in 

various cancers, including non-small cell lung cancer (Cosset et al., 2017; Gruber et al., 2005; 

Hosotani et al., 2002; Kong et al., 2017; Noh et al., 2018; Taherian et al., 2011). Its expression 

increases during EMT, promoting metastasis in breast cancer cells, while its silencing prevents 

metastasis and EMT (Galliher & Schiemann, 2006; Mamuya & Duncan, 2012; Parvani et al., 

2015). Moreover, increased ITGB3 expression in tumour cells correlates with tumour-initiating 

cell characteristics and confers resistance against EGFR inhibition by forming a complex with 

KRAS and RalB, leading to the activation of TBK1 and NF-κB (Lo et al., 2012; Seguin et al., 

2014). The transcriptional level elevation of αvβ3 integrin expression is promoted by TGFβ1 

and subsequently causes auto-stimulation of the type II TGF- receptor via SRC and the 

stimulation of MAPK, thereby influencing the progression of EMT (Galliher & Schiemann, 

2006; Pechkovsky et al., 2008; Scaffidi et al., 2004). Furthermore, ITGB3 knockdown 

enhances sensitivity to the DNA-targeting agent temozolomide by impairing DNA repair 

(Christmann et al., 2017). All of this data points to ITGB3 as a promising marker and modulator 

that keeps tumours stem-like  (Zhu et al., 2019).  In our RNA-seq result, we again observed 

ITGB3 downregulation and integrin cell surface interactions and non-integrin membrane 

interactions were downregulated. However, our MS-based PA200 interactome analysis did not 

show ITGB3 as a direct PA200 interactor which indicates that the dysregulation of ITGB3 

might be indirect. In order to identify such regulator, we checked the RNA-seq and MS data 

rigorously. None of the co- or counter-regulated genes were found to function as regulators of 

ITGB3 and no regulator was found to interact with  PA200. It is worth highlighting that such 
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ITGB3 regulator might be a PA200 target rather than a direct interactor which our MS data 

might not uncover. While it is speculative, there is a possibility that such regulator might be 

differentially involved in the p53 or Ras pathways as ITGB3 was only recovered in A549 cells 

with TGFβ treatment but not in NCI-H1299.  

The decrease in invasion and the regulation of EMT upon PA200 depletion in vitro provoked 

thought on the possible decrease in tumour growth upon PA200 depletion in vivo. Therefore, 

we injected WT and PA200 KOs cells into the flanks of immune-deficient mice and monitored 

tumour growth. PA200-depleted cells developed smaller primary tumours compared to their 

respective WT cells. Notably, tumours developed from NCI-H1299 cell lines were larger 

compared to the A549 cell lines regardless of PA200 status, which adds to the differences 

between the two NSCLC lines. Due to the early termination of the experiments related to ethical 

reasons, we only observed lung metastasis in one mouse (NCI-H1299 WT injected). 

Importantly, primary tumour incidence was higher in A549 WT cells, while all NCI-H1299 

injected mice developed tumours. This result is in line with our in vitro data on the highly 

invasive nature of NCI-H1299 cells and A549 WT cells compared to their PA200-depleted 

cells.  

Altogether, our results indicate a relation between the PA200 and integrin pathway and tumour 

growth regulation in vivo. Notably, the downregulation of ITGB3 was observed as a common 

factor in both A549 and NCI-H1299 cell lines at baseline. Given the established association 

between integrin signalling and tumour growth in cancer, it is plausible that the interplay 

between ITGB3 and PA200 might contribute to the effects on invasion and tumour growth 

(Desgrosellier & Cheresh, 2010). However, the underlying mechanism remains to be 

elucidated. Understanding this relationship could potentially identify a promising targeted 

treatment, as demonstrated by Seguin et al., who showed that a combination of bortezomib (a 

proteasome inhibitor) and erlotinib (an EGFR tyrosine kinase inhibitor) overcame therapeutic 

resistance mediated by the αvβ3 pathway in cancer cells both in vitro and in vivo (Seguin et 

al., 2014).  

6.1.2.3 Immunoproteasome regulation is affected by PA200 depletion and is 

different in epithelial and mesenchymal NSCLC cells 

The immunoproteasome is an integral part of the MHC class I antigen presentation machinery 

as it produces peptides of 13–25 residues and hydrophobic C-termini that fit well into the MHC 

class I peptide binding cleft (Aki et al., 1994; Boes et al., 1994; Gaczynska et al., 1993; 
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Goldberg et al., 2002; Rock & Goldberg, 1999). Immunoproteasomes, characterized by 

significantly different catalytic activities, including higher trypsin- and chymotrypsin-like 

activity and lower caspase-like activity, are involved in the degradation of protein substrates in 

the MHC class I restricted antigen processing pathway (Goldberg et al., 2002; Rock & 

Goldberg, 1999; Tanaka, 2009).  Hypotheses from various labs suggest that the altered catalytic 

activity of the immunoproteasome plays important roles in inflammation, autoimmune 

diseases, cancer, cell-mediated immunity, protein homeostasis, cell differentiation, cytokine 

release, and cell signalling (Cui et al., 2014; Gutcher & Becher, 2007; K. W. Kalim et al., 2012; 

Tripathi et al., 2021). Tumours dynamically express immunoproteasome subunits, which may 

be associated with disease prognosis and survival (Dytfeld et al., 2016; Kiuchi et al., 2021; Lee 

et al., 2019; Lou et al., 2016; Q. Wang et al., 2019).  

Recent research has revealed strong correlations between higher levels of immunoproteasome 

subunits, local production of IFN-, increased tumour-infiltrating lymphocyte abundance, and 

longer survival in melanoma patients (Hugo et al., 2016; Kalaora et al., 2020; Leister et al., 

2022; Leister et al., 2021). These discoveries have enabled the classification of the tumour 

microenvironment (TME) based on the production of proinflammatory cytokines and the 

infiltration of T cells, resulting in the distinction between cold tumours (non-T cell inflamed) 

and hot tumours (T cell inflamed) (Gajewski, 2015). Hot tumours, characterized by the 

presence of T cell infiltration and indications of immunological activity, have demonstrated a 

more positive response to immunotherapy, including treatments targeting programmed death 

ligand 1 (PD-L1) and programmed cell death protein 1 (PD-1) (Zemek et al., 2019). As a result, 

strategies have focused on the "heat up" of noninflamed cold tumours aiming to improve their 

response to immunotherapy (Gajewski, 2015; Liu et al., 2020). Notably, the expression of 

immunoproteasomes in tumour cells has been found to impact the responsiveness to 

immunotherapy in non-small cell lung cancer (NSCLC) patients (Tripathi et al., 2016). The 

presence of a more diverse tumour antigen pool is thought to be efficiently recognized by 

cytotoxic CD8 T lymphocytes (CTLs), leading to a better prognosis of the disease due to 

increased immunoproteasome activity in tumour cells. Consequently, a lack of 

immunoproteasome expression has been linked to poor outcomes in NSCLC patients. Overall, 

solid tumours with high immunoproteasome levels, such as melanoma and NSCLC, are 

associated with a wider variety of tumour antigens, improved responsiveness to immune-

checkpoint therapy, and most crucially, improved patient survival. 

In this study, we investigated the impact of PA200 knockout on immunoproteasome expression 

and assembly in A549 and NCI-H1299 cell lines. Interestingly, we observed distinct regulatory 
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patterns for immunoproteasome subunits and active complexes in these cell lines. Specifically, 

MECL-1 protein levels were significantly reduced in NCI-H1299 PA200 KOs while showing 

an increase in A549 cells. Both precursor and mature LMP2 levels were decreased in both KOs. 

The integration of LMP2 is crucial for incorporating the MECL-1 subunit, and the presence of 

LMP7 aids in the development of immunoproteasomes by cleaving pro-peptides from LMP2 

and MECL-1 (Marcus Groettrup et al., 1997; Kingsbury et al., 2000; Marques et al., 2009). 

The differences in LMP7 incorporation in NCI-H1299 PA200 KO cells might explain the lower 

level of integrated MECL-1 in the same cell line, while the opposite trend was observed in the 

A549 cell line. Overall, our findings suggest that PA200 depletion leads to an increase in 

immunoproteasome complexes in A549 cells but a decrease in NCI-H1299 cells.  

A recently published study made a significant discovery regarding the role of PA200 in relation 

to the immunoproteasome (Javitt et al., 2023). It was found that PA200 binds to the 

immunoproteasome and exerts inhibitory effects on all functions associated with it. 

Intriguingly, the study also unveiled that PA200-restricted proteasome activity leads to a 

reduction in the variety of MHC I-presented antigens and enhanced PSME4 degradation and 

presentation influence nuclear antigens. Furthermore, the study identified a link between 

PA200 expression and cold tumours, which are known to exhibit resistance to immunotherapy, 

as described above. The presence of PA200 appears to decrease the susceptibility of these 

tumours to immunotherapy. Importantly, unlike other markers that indicate responsiveness to 

immune checkpoint inhibitors (ICI), PA200 was identified as one of the rare indicators of 

resistance to ICI treatment.  

Compared to Javitt et al., we here observe differential effects of PA200 on the 

immunoproteasome, perhaps due to different experimental settings. Javitt et al. used short 

hairpin RNAs (shRNAs) to repress the expression of PA200 mRNA in A549 cells. However, 

even with highly effective shRNAs, some residual expression of the target gene remains as also 

seen in their data sets. This is because shRNAs act at the post-transcriptional level by targeting 

mRNA for degradation, and cellular processes like RNA turnover and translation can 

contribute to residual gene expression (Mittal, 2004). On the other hand, the CRISPR/Cas9 

technology we have used results in a permanent and full loss of gene expression compared to 

shRNA-mediated knockdown. These differences between the shRNA targeted PA200 

knockdown (0.5-fold) and PA200 total knock-out (no mRNA detected) might explain the 

differences observed in the RNA-seq data sets generated by Javitt et al. and us with only a few 

mRNAs regulated similarly. This indicates that even a small amount of PA200 expression can 

have quite a different effect on the mRNA regulation compared to the total PA200 ablation. 
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Furthermore, the animal models used between the two studies have some differences. While 

Javitt et al. used KP1.9 cells (isolated from a male C57BL/6 KrasLSL-

G12D/WT;p53Flox/Flox mouse), we injected human cells with different mutational status as 

outlined in Table 6.1. As we injected human cells into mice, we used NOD SCID mice, which 

have impaired T and B cell lymphocyte development and are deficient in natural killer (NK) 

cell function to avoid rejection of human cells in a mouse host. Similarly, to avoid rejection, 

Javitt et al. used only male C57Bl/6J mice, as the KP1.9 cells isolated from male mice are 

rejected when injected into female mice. Yet, they observed the effect of PA200 status with an 

orthotopic mouse model. They saw an increase in the tumour lesion number and lesion area in 

the lungs of mice that had been injected with PA200 overexpressing KP1.9 cells, while tumour 

size was lower in cells with shRNA-mediated knockdown of PA200. PA200 OE-injected mice 

had decreased tumour inflammation and exhibited reduced inflammation and T-cell activation. 

To confirm the PA200 and its relevance to immunity, they also used RAG1−/− mice which 

lack mature B and T lymphocytes, and they did not observe aberrant changes related to PA200 

expression. However, we observed decreased tumour volume of the primary tumour when 

PA200 KO cells were injected into the flank of mice. Additionally, during the course of our 

mouse experiments, we noticed an unexpected development of necrosis at the primary tumour 

site, especially in the NCI-H1299 cell line and notably in KO-injected mice. The reason behind 

this phenomenon is unknown and requires further in-depth analysis and investigation.  

In conclusion, our study sheds light on the differential regulation of immunoproteasome 

complexes upon PA200 knockout in A549 and NCI-H1299 cell lines. The contrasting effects 

on immunoproteasome assembly in these cell lines provide valuable insights into the role of 

PA200 in modulating immunoproteasome activity and potentially impacting tumour biology. 

However, the observation of necrosis in the NCI-H1299 cell line warrants further exploration 

to fully understand its underlying mechanisms and implications. Together with the study by 

Javitt et al., our research provides additional evidence regarding the intricate role of PA200 in 

regulating proteasome function and antigen presentation. Importantly, our results indicate that 

the absence of PA200 has varying effects on the immunoproteasomes, depending on the 

specific cellular context. Understanding these complex mechanisms is of utmost significance 

to advance our comprehension of tumour immunogenicity and resistance to immunotherapy. 

Moreover, it opens possibilities for the identification of potential therapeutic targets for future 

interventions. Our study contributes to the growing body of knowledge concerning the role of 

PA200 in the immune response and cancer biology. By shedding light on the modulation of 
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immunoproteasome activity, our findings may pave the way for the development of novel 

approaches to enhance immunotherapy responses and improve cancer treatment outcomes. 

6.1.3 Transcriptomic differences are observed in PA200 KO NSCLC lines  

To obtain an overall idea of the transcriptomic changes in the cell in the absence of PA200, 

both cell lines (WT and KOs) were subjected to RNA-seq. Strikingly, the transcriptomes were 

quite different between the two cell lines upon PA200 depletion. A549 cells showed 

significantly more genes to be regulated upon PA200 depletion. When analysed in detail, we 

observed only 16 of the genes to be regulated in a similar pattern (up- or down-regulated), 

while 23 genes were counter-regulated (upregulated in one and downregulated in the other, and 

vice versa). Although different genes were regulated by PA200 KO in the two cell lines, some 

of the regulated pathways overlapped, e.g., degradation of ECM, regulation of beta-cell 

development and gene expression in beta cells were enriched in both KOs, while integrin cell 

surface interactions and non-integrin membrane interactions were downregulated. 

Interestingly, genes related to glycolysis (such as ISG20, CHPF, GPC1, MXI1, ANGPTL4, 

MERTK, SLC16A3, and PPFIA4) decreased in the A549 KOs while inflammatory responses 

genes were counter-regulated in the two cell lines, i.e., upregulated in A549 (RNF144B, 

PTPRE, IL6, TNFSF15, CYBB, NMI, F3, RASGRP1, TLR3) and downregulated in NCI-

H1299 KOs (LYN, BST2, GNA15, CD82, ITGB3, PCDH7, NLRP3, TNFRSF1B, ICOSLG, 

KCNJ2). 

There is limited knowledge of the shared upregulated genes in both KO cell lines 

(ADAMTS16, EFHC2, GLRB, and FAM160A1). The ADAMTS family of metalloproteinases, 

which consists of 19 members, is involved in a wide range of biological processes, including 

spermatogenesis and fertilization, neurogenesis, inflammatory reactions, and cancer (Reiss & 

Saftig, 2009; Sun et al., 2015). It has been demonstrated that ADAMTS16 plays a role in the 

control of blood pressure, cardiac fibrosis, premature ovarian failure, and male genitourinary 

system dysfunction (Abdul-Majeed et al., 2014; Gopalakrishnan et al., 2012; Gunes et al., 

2016; Joe et al., 2009; Pyun et al., 2014; Sakamoto et al., 2010; Yao et al., 2019). Our current 

knowledge of EFHC2, GLRB, and FAM160A1 indicates that they are involved in cognitive 

abilities, neurological processes, and Natural-killer/T-cell lymphoma (NKTL), respectively 

(Chan et al., 2018; Schaefer et al., 2018; Startin et al., 2015). Similarly, the co-downregulated 

genes are not well studied. However, some of these genes include the regulation of tumour 

growth, vascularization, tumour progression and tumour microenvironments such as GPC1, 
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PREX1, and ITGB3 (Lund et al., 2020; Ye, 2020; Zhu et al., 2019). From the counter-regulated 

genes, SIX3, which is downregulated in A549 and upregulated in NCI-H1299, was found to 

play a role in NSCLC by inhibiting the Wnt pathway (Ma et al., 2022). The downregulated 

SIX3 gene might translate into low levels of the protein, which leads to less inhibition of WNT. 

Indeed, in the A549 cells, we saw upregulation of WNT-related genes such as PRICKLE1, 

BMP4, and LGR6 but not in NCI-H1299. 

Of note, in NCI-H1299 KOs, we observed downregulation of genes involved in B-cell receptor 

and development (CD22, PIK3AP1) and costimulatory genes of T-cell proliferation and T-cell 

adhesion genes (CD200, ICOSLG, CYFIP2), a tyrosine-protein kinase (LYN) which might 

involve in the regulation of innate and adaptive immune responses and finally an upregulation 

of a negative regulator of T-cell receptor (PTPN22) (Aiba et al., 2008; Brian & Freedman, 

2021; Iwata et al., 2020; Mayne et al., 2004; Nitschke et al., 1997; Vathiotis et al., 2021; Zhang 

et al., 2020). All these genes indicate a decreased capability of B-cell and T-cell regulation in 

NCI-H1299 PA200 KO cells. However, in A549 KOs, we observed an increase in IL6 gene 

expression (required for Th17 generation), DPP4 (positive regulator of T-cell activation), and 

TOX, which is involved in T-cell development (Korn & Hiltensperger, 2021; Ohnuma et al., 

2006; X. Wang et al., 2019). The changes in A549 KO, therefore, suggest an increased capacity 

for T-cell activation. As previously discussed, Javitt et al. showed differences in the hot and 

cold tumours where the abundance of PA200 affected antigen representation. When they 

injected PA200 silenced mice cells into mice, they observed that cytotoxic T cell and regulatory 

T cell (Treg) populations were higher in these mice compared to controls (Javitt et al., 2023). 

While these results accord with the RNA signature of A549 KOs, they do not fit our NCI-

H1299 PA200 KO RNA signatures, which might strengthen the context-dependent regulation 

of PA200, as discussed previously. Furthermore, the differences might also be related to the 

differences in immunoproteasome regulation in the absence of PA200 in the two NSCLC cell 

lines.      

Additionally, we observed that almost 27-32% of the regulated RNAs were identified as non-

coding RNA in both lines. These include a variety of subsets such as long-intergenic non-

coding RNA (lincRNA), long non-coding RNA (lncRNA), and microRNA (miRNA). 

However, due to a lack of knowledge on the non-coding RNAs that we detected, we currently 

do not know how this dysregulation affects the cells or why PA200 depletion affects the 

expression of these ncRNAs. Yet, the dysregulation might be related to the changes in the 

protein levels of RNA regulatory proteins, as PA200's absence might alter the degradation 

levels of some of these proteins. 
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6.1.4 PA200 has a diverse interactome 

To investigate whether the observed differences in gene regulation between the two cell lines 

were due to a differential interactome of PA200, we performed immunoprecipitation (IP) 

experiments using a PA200 antibody. We employed a previously optimized IP method used in 

our laboratory, which had been successfully applied in primary human lung fibroblasts (Welk, 

2018). The pulldown of PA200 in PA200-depleted cells served as a control, while Welk used 

an IgG-negative control. Surprisingly, in the cancer cell lines, we did not identify a significant 

number of proteasome subunits as PA200 interactors. In NCI-H1299 cells, only PSMB3 

showed interaction with a fold change ≥ 1.5, and several subunits were identified as minor 

interactors (1.5 ≥ fold change ≥ 1; A549: PSMA7, PSMB3, PSMB5, PSMA4, PSMB1, and 

PSMA6; NCI-H1299: PSMA6, PSMB2). This might be due to the use of PA200-depleted cells 

as a control where proteasome subunits might unspecifically bind to the PA200 antibody.   

Upon further analysis of the interactors, we observed that the majority of these interactors were 

DNA-binding proteins, particularly in A549 cells, but also in NCI-H1299. Notably, only two 

proteins, UBASH3B and ARPC2, were consistently identified as PA200 interactors in both 

cell lines. Interestingly, several genes (PREX1, OPLAH, PLCG2, HS1BP3) were found to be 

downregulated in A549 knockout cells on the RNA level, yet they were identified as PA200 

interactors. Similarly, the gene PLOD2 was downregulated in NCI-H1299 knockout cells and 

identified as a PA200 interactor. One may speculate that the respective gene products may not 

only interact with PA200 but serve as substrates of PA200-capped proteasome complexes 

leading to their degradation. In the absence of PA200 in the cells, protein turnover rates might 

decrease, potentially resulting in decreased/increased gene expression of these proteins 

depending on the requirement of the cells. However, this hypothesis requires further analysis 

for validation. These findings highlight the intricate interplay between PA200, proteasome 

subunits, and DNA-binding proteins, suggesting potential regulatory mechanisms that warrant 

further investigation. 

One possible explanation for the lack of enrichment of proteasome subunits as PA200 

interactors could be attributed to the non-specific binding of proteins to the beads or antibody 

used in the immunoprecipitation (IP) assay. To address this, we performed a pre-clearing step 

by incubating the lysates with beads without antibodies prior to the IP with the PA200-bead 

complex. Surprisingly, even the pre-cleared lysates did not reveal a significant number of 

PA200-proteasome subunit interactions. In A549 cells, we identified PSMA5 and PSMD14 as 

PA200 interactors, while PSMG4 was identified in NCI-H1299 cells, with fold changes ≥ 1.5. 
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Only PSMB3, PSMC4, and PSMC3 showed interactions with a fold change ranging from 1.5 

to 1 in A549 cells. Interestingly, the pre-cleared lysates of both A549 and NCI-H1299 cells did 

not exhibit any similar interactors using a cut-off of 1.5-fold enrichment. In A549 cells, the 

pre-cleared lysates revealed CAVIN2, FBXO2, HPCAL1, and GATA6 as PA200 interactors. 

Notably, the gene expression of the first three proteins was found to be decreased, while that 

of GATA6 was increased in A549 knockout cells based on RNA-seq results. In the pre-cleared 

lysates of NCI-H1299 cells, we only identified PPL as a PA200 interactor, which showed 

altered RNA regulation (downregulated). To further check the non-specific binding interactors, 

we used the Contaminant Repository for Affinity Purification (CRAPome) database, which 

was developed to identify unspecific binders (contaminants) in mass spectrometry data 

(Mellacheruvu et al., 2013). When screening all PA200 protein interactors (with or without 

pre-clearing) for potential contaminants, only 19 proteins were identified in more than 50% of 

the 716 experimental entries used for the database. This corresponds to approximately 6% of 

the total PA200 interactors. Interestingly, 41 of the PA200 interactors have never been 

identified as unspecific binders in the CRAPome database Table 6.2. These proteins, therefore, 

are potential unique PA200 interactors. 

Table 6.2: Potential unique PA200 interactors that are not found in any of the experiment 

entries uploaded to the CRAPome database 

 w/o Pre-cleared Pre-cleared 

A549 RECK, NBEAL1, TEX30, PARVB, 

H1-10, PDE1C, ABHD4, SEPTIN10, 

TUT7, IRS1, RHPN2, OPLAH, 

AVL9, TARS3, TKTL1 

AGAP1, NEIL2, HPCAL1, ANKRD9, 

DARS1, CZIB, OTUD6B, ERRFI1, 

FGD6 

NCI-H1299 BLOC1S1, MAGEA12, HOXB4, 

UBE2H, DLC1 

PSMG4, FAM216A, TBC1D17, EPDR1, 

DCLK2, ATOH1, H3-3A, SEPTIN8, 

TRPC4AP, MEAK7, SCNM1, ZNF511 

 

These findings suggest that the specific interactions between PA200 and proteasome subunits 

may be influenced by cell type-specific factors or other regulatory mechanisms. Further 

investigation is needed to elucidate the functional implications of these interactions and their 

potential role in cellular processes. 
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6.2 PA200 exists independent from proteasome in the NSCLC cell lines 

In our IP results, we observed that the interactors of PA200 were predominantly DNA and 

RNA binding proteins across different experimental settings rather than proteasome subunits. 

These results raise the intriguing possibility of proteasome-independent PA200 existence in 

cancer cells. To explore this further, we analysed whether there are PA200 complexes that are 

not associated with active proteasomes. Our mass spectrometry (MS) results from native gel 

analysis revealed the presence of PA200 protein in fractions where active proteasome 

complexes were absent.  

To maintain the integrity of PA200-bound proteasome complexes during our 

immunoprecipitation protocol, we employed a mild protein isolation method using a TSDG 

buffer. However, we hypothesized that there might be residual insoluble PA200 present upon 

TSDG cell lysis, specifically associated with DNA, as suggested by Blickwedehl et al. 

(Blickwedehl et al., 2008). To investigate this further, we introduced a stronger protein 

denaturant, urea, which is known to disrupt hydrogen bonds and other non-covalent 

interactions in proteins, leading to the loss of their structural integrity (Zangi et al., 2009). 

While urea is commonly utilized for cell lysis and protein extraction, it is important to note that 

it has the potential to degrade RNA, DNA, and other biomolecules (Raghunathan et al., 2020). 

This property of urea leads to the dissociation of protein complexes from nucleic acids. By 

subjecting the TSDG-lysed cell pellets to urea lysis, we confirmed our hypothesis that PA200 

is present in the insoluble fractions of TSDG-lysed cells. Importantly, this was observed only 

in wild-type cells upon urea lysis of the previously TSDG-lysed pellets. These results provide 

further support for the existence of proteasome-independent PA200, which might be associated 

with DNA and RNA binding proteins tightly bound to insoluble cellular components. Our data 

are in line with a previous report from Welk et al., who demonstrated that upon bortezomib 

treatment, PA200 was rapidly recruited to proteasomes in the absence of transcriptional 

activation, indicating the existence of non-proteasome bound PA200 in the cell ready for 

recruitment to the proteasome (Welk et al., 2016). However, the specific function of such 

proteasome-independent PA200 has not been investigated to date. The functional implications 

of these interactions in the cell remain unclear and require further investigation for a 

comprehensive understanding of the function of PA200 in NSCLC.
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7 Limitations and Outlook 

Throughout the course of this PhD thesis, I encountered several limitations while investigating 

the role of PA200 in lung cancer. Initially, I attempted to overexpress the PA200 protein in 

HEK-293 and A549 cell lines using standard transfection reagents like Lipofectamine or PEI. 

However, the high molecular weight of the PA200 plasmid (approximately 11 kb) with the 

pcDNA3.1 backbone posed a significant obstacle to successful transfection. As a result, 

achieving efficient transfection with this large plasmid became a limiting factor in these 

experiments. Subsequently, we explored viral transfection methods, utilizing the CRISPR 

knock-out cell lines that I generated. Unfortunately, our collaborators also failed to generate 

PA200 overexpressing cell lines. It appears that the large PA200 containing plasmid size in 

both the standard and the lentiviral transfer plasmid hindered successful overexpression in my 

experiments. It is worth noting that even in up-to-date results from different laboratories, 

overexpression of PA200 was achieved only up to moderate levels of around 2-3-fold (Javitt 

et al., 2023; Fu Wang et al., 2017; Welk et al., 2019). It seems that surpassing this limit in 

overexpression studies may continue to be challenging due to the constraints imposed by the 

vector size.  

We acknowledge that using an immunodeficient animal model had certain limitations, 

especially when investigating the tumour microenvironment. Despite these limitations, we 

chose this model based on our in vitro observations and its relevance to studying the role of 

PA200 in metastasis. However, the rapid growth of the primary tumour after subcutaneous 

injection necessitated the early sacrifice of mice due to ethical concerns. Unfortunately, this 

early termination may have limited metastasis development. To address this concern in future 

studies, alternative injection methods like orthotopic transplantation or tail vein injection could 

be explored, as they may offer a more comprehensive representation of the metastatic process. 

Another limitation we encountered was finding a suitable working PA200 antibody. This issue 

has been previously raised (Welk et al., 2019; Yazgili et al., 2022). While the main antibody 

we used worked well for Western blots, it failed to do so with immunofluorescence in our 

experiments. Despite using the same antibody previously used for immunofluorescence, we 

still obtained an unspecific background signal when testing our PA200 knockout cell lines 

(Aladdin et al., 2020). Considering that we observed no PA200 at the RNA or protein level 

with any of the methods we employed, we believe this antibody is unsuitable for 

immunofluorescence purposes, at least in human lung cancer cell lines. To overcome this 
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problem, we attempted to generate monoclonal antibodies; however, the completion of this 

task remains pending as none of the generated antibodies worked with immunofluorescence so 

far. 

In light of these limitations, we recognize the importance of addressing these issues in future 

research to enhance the validity and accuracy of our findings. Addressing the limitations of the 

animal model and finding appropriate and reliable antibodies for PA200 detection are critical 

steps to further advance our understanding of the role of PA200 in cancer progression and 

metastasis. We believe that by addressing these challenges, future studies will make significant 

contributions to the field of cancer research and aid in the development of potential therapeutic 

strategies targeting PA200 and its associated pathways. 
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