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Abstract 
 

Metastasis is the major cause of death in cancer patients. Especially, patients undergoing primary 

tumor resection are at a high risk of developing metastases. This is partly due to inflammatory stimuli 

priming the metastatic niche. The pro-inflammatory cytokine tumor necrosis factor α (TNFα) has 

been shown to promote lung metastases formation in a mouse model. Soluble TNFα is released by 

the protease a disintegrin and metalloprotease (ADAM) 17 in a process called ectodomain shedding. 

Albeit ADAM17 has been shown to be overexpressed in primary tumors, its role in metastasis and in 

particular for tumor cell extravasation and seeding remains elusive. 

 

Here we used mouse lines with genetic deficiency of ADAM17 in different tissues and injected either 

LLC or B16F1 cells intravenously to mimic hematogenic tumor cell metastasis. We demonstrate that 

endothelial ADAM17 is essential for tumor cell extravasation, seeding and metastases formation. We 

show that ADAM17 promotes extravasation through enabling death receptor-induced endothelial 

cell necroptosis. In this context, ADAM17 is essential for TNFα and TNF receptor signaling. We 

furthermore revealed that tumor cell-secreted CC-chemokine ligand 2 (CCL2) induces ADAM17 

activity via protein kinase C (PKC) β.  

 

 

In conclusion, we identified a central role for endothelial ADAM17 during metastases formation, 

therefore representing a novel, promising target for advanced cancer therapy. 
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Zusammenfassung 
 

Die Bildung von Metastasen ist die Haupttodesursache bei Krebspatienten. Besonders Patienten, die 

sich einer primären Tumorresektion unterziehen, haben ein hohes Risiko, Metastasen zu entwickeln. 

Dies ist zum Teil auf Entzündungsreaktionen zurückzuführen, die die metastatische Nische bereiten. 

Es wurde festgestellt, dass das proinflammatorische Zytokin TNFα die Bildung von 

Lungenmetastasen im Mausmodell begünstigt. Lösliches TNFα wird durch die Protease a disintegrin 

and metalloprotease ADAM17 freigesetzt. Dieser Prozess wird ectodomain-shedding genannt. Obwohl 

gezeigt wurde, dass ADAM17 in Primärtumoren überexprimiert ist, wurde seine Rolle in der 

Extravasierung von Tumorzellen und in der Ausbildung von Metastasen noch nicht erforscht. 

 

In dieser Arbeit verwendeten wir Mauslinien mit einem ADAM17 knock-out in verschiedenen 

Geweben und injizierten entweder LLC- oder B16F1-Zellen intravenös, um hämatogene 

Metastasierung nachzuahmen. Wir zeigen, dass ADAM17 in Endothelzellen für die Extravasierung 

und die Bildung von Metastasen essentiell ist. Dabei begünstigt ADAM17 die Tumorzellextra-

vasierung, indem es die durch Todesrezeptoren induzierte Nekroptose von Endothelzellen 

ermöglicht. In diesem Zusammenhang ist ADAM17 für den TNFα Signalweg unerlässlich. Wir haben 

außerdem gezeigt, dass der durch Tumorzellen sekretierte CC-Chemokin-Ligand 2 (CCL2) die 

ADAM17-Aktivität durch Proteinkinase C (PKC) β induziert. 

 

Zusammenfassend haben wir eine zentrale Rolle für ADAM17 in Endothelzellen während der 

Metastasierung identifiziert und zeigen somit ein neues, vielversprechendes Ziel für die 

Krebstherapie auf. 
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1 Introduction 

1.1 A disintegrin and metalloproteases (ADAMs) 

Proteolysis is an irreversible posttranslational process of protein regulation, which is mediated 

by proteases. Based on their catalytic residues proteases can be divided in seven groups.  

Among those, the metalloproteases are further grouped according to their complexed metal ion. 

The zinc protease superfamily is in need of a zinc ion to catalyze the proteolytic cleavage of 

substrates. A disintegrin and metalloproteases (ADAMs) are grouped with a disintegrin and 

metalloproteases with thrombospondin motifs (ADAMTS) and class III snake venoms (SVMP) as 

metzincins (Figure 1.1).  

ADAMs are the most abundant among these with 34 members described in many species [1]. 

ADAMs are either soluble or type I transmembrane proteins, that are capable of a limited form 

of proteolysis called ectodomain shedding, whereby other transmembrane proteins are cleaved 

near their transmembrane domain, leaving a soluble ectodomain and a C-terminal fragment 

(CTF). ADAMs are characterized by their unique domain structure and are involved in many 

important cell biological processes, like membrane fusion, cytokine and growth factor cleavage, 

cell migration, differentiation as well as cell fate determination [2].  

 

 

 

 

Figure 1.1: Classification of proteases according to their catalytic residues. ADAM proteases are members of 

the zinc protease superfamily and grouped with ADAMs with thrombospondin motif (ADAMTSs) and Snake 

venom metalloproteases (SVMPs) as metzincins. 
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1.1.1 Domain structure of ADAMs 

ADAM proteases are synthesized as zymogens in the endoplasmic reticulum, displaying a 

characteristic domain structure (Figure 1.2A).  

The N-terminal prodomain is thought to have chaperone as well as inhibitory functions by 

interfering with the Zn2+-ion in the catalytic center. It is generally cleaved off in the Golgi 

apparatus on the secretory pathway by protein convertases like furin [3]. For ADAM8 and 

ADAM28 however, autocatalytic prodomain cleavage was demonstrated [4, 5]. Interestingly, very 

recently Wong et al. succeeded in recombinantly producing the prodomain of ADAM17 and 

showed its specific inhibition of ADAM17 enzyme activity in vitro and in vivo (Chapter 1.1.4) [6]. 

In experiments with recombinant domains, the disintegrin domain of ADAMs was found to 

mediate interactions with integrins [7]. However, the binding seems to be selective, since e.g. 

ADAM17 was shown to exclusively bind α5β1-integrin, supporting adhesion and cell-cell 

interactions [8]. The function of the cysteine-rich and epidermal growth factor (EGF)-like domain 

remains inconclusive to date. However, there is strong evidence that this domain facilitates 

substrate binding, since an interaction of the cysteine-rich domain of ADAM12 with syndecans 

was found [9]. Structurally, ADAM17 as well as ADAM10 seem to differ from the other family 

members by lacking the cysteine-rich and EGF-like domain. Instead a membrane-proximal 

domain (MPD) was postulated (Figure 1.2) [10]. Similar to the cysteine-rich and EGF-like domain, 

the MPD is thought to facilitate substrate binding and thereby regulates shedding. The structure 

Figure 1.2: Domain structure of ADAM proteases. A: Schematic domain structure of a typical transmembrane 

ADAM family protease. B: Schematic domain structure of ADAM17. Different to other family members, ADAM17 

displays a membrane-proximal domain (MPD) and a conserved ADAM seventeen dynamic interaction sequence 

(CANDIS).  

A B 
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of ADAM17 additionally revealed a so-called conserved ADAM seventeen dynamic interaction 

sequence (CANDIS) region, which is able to interact with the cell membrane [11]. 

The cytoplasmic tails of transmembrane ADAMs vary in their sequence and length, but contain 

phosphorylation sites for several kinases, which led to the assumption that the cytoplasmic 

domain of ADAMs is essentially involved in the regulation of protease activity and downstream 

signaling (Chapter 1.1.4).  

1.1.2 Biological function of ADAMs 

In mammals ADAMs are expressed in a wide range of tissues. Given their numerous substrates, 

they have diverse functions in development, physiology and in disease. In homo sapiens 22 

ADAMs were identified of which 10 are considered proteolytically inactive and are thought to 

facilitate protein folding and protein-protein interactions [12]. Three of the residual catalytic 

active ADAMs are expressed in testis and two exclusively in hematopoietic cells [2], whereas the 

rest is ubiquitously present in all other tissues. Here, only a brief insight in ADAM-mediated 

pathways and processes can be given, since substrates of those active ADAMs are very diverse 

and the role of many family members has not been solved yet.  

Substrates of ADAMs include cytokines, receptors and cell-adhesion molecules (Figure 1.3). 

Additionally, there is evidence that ADAMs are able to degrade extracellular matrix components. 

It was shown, that ADAM10 cleaves type IV collagen in vitro and ADAM13 and ADAM9 might be 

capable of degrading fibronectin [13-15].  

Not only do ADAMs regulate the availability of signaling molecules by releasing them from the 

cell surface, but also essentially influence receptor signaling by shedding their ectodomains and 

thereby inhibit or terminate ligand signaling. Signal transduction based on substrate shedding 

by ADAMs can occur autocrine, paracrine and juxtacrine. Cleaved cytokines or growth factors 

can bind to their corresponding receptors on the same, neighboring or a distant cell (Figure 1.3). 

A special form of paracrine receptor signaling mediated by ADAM proteases is termed trans-

signaling. This process is best characterized for interleukin-6 receptor (IL-6R) and ADAM17. The 

binding of interleukin 6 (IL-6) to membrane-bound IL-6R leads to the dimerization of 

glycoprotein 130 (gp130) molecules and the signal transduction, which is referred to as classic 

IL-6 signaling. However, whereas IL-6R expression is restricted to certain cell populations, gp130 

is expressed on almost every cell type. IL-6 binding and subsequent shedding of the receptor by 

ADAM17 releases an IL-6/IL-6R complex, which is able to bind to gp130 on a neighboring or 

distant cell. This process is called IL-6 trans-signaling [16] (Figure 1.3). There is evidence that 
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this signaling concept also holds true for IL-11R and gp130 [17]. This mechanism plays a crucial 

role in infection, inflammation and tumorigenesis [18]. 

The intensively studied Notch receptor signaling is the most prominent example for the role of 

ADAMs in contact-dependent cellular signaling. Membrane-bound Notch ligands on sending 

cells bind to the receptor of neighboring cells and induce proteolytic cleavage of Notch. 

Endocytosis of the receptor-bound ligand leads to conformational change of Notch and exposure 

of its α-secretase cleavage site [19]. The α-secretase cleavage step by ADAM10 (and ADAM17) 

generates a CTF, which is subsequently processed by the intramembrane protease-complex γ-

secretase. The intracellular domain (ICD) is released, enters the nucleus and acts as transcription 

factor [20]. Therefore, ADAM10 plays an essential role in many developmental processes and it 

is hardly surprising that ADAM10-/- mice are embryonic lethal, mimicking Notch-/- mice [21]. The 

two subsequent cleavage events of α- and intramembrane secretase together are termed 

regulated intramembrane proteolysis (RIP) (Figure 1.3). Besides Notch receptor, amyloid 

precursor protein (APP) is processed via RIP. ADAM10 facilitates the α-secretase cleavage, which 

results in the production of a soluble APPα fragment [22]. The remaining CTF is further cleaved 

Figure 1.3: ADAM-mediated shedding events. Regulated intramembrane proteolysis (RIP) involves cleavage by 

an α-secretase (like ADAMs) of the receptor right after ligand binding, releasing the extracellular domain of 

the receptor. Subsequently an intramembrane protease, like the γ-secretase complex, liberates the intracellular 

domain (ICD), which induces gene expression by entering the nucleus and acting as transcription factor. 

Ectodomain shedding by ADAMs not only includes cytokines and growth factors, but also their receptors, 

whereby ADAMs regulate signal transduction. Moreover, soluble receptor ectodomains can function as decoy 

receptors for their soluble ligand. At least for the cytokine receptors IL-11R and IL-6R trans-signaling was 

shown, which is mediated by ADAMs. ADAMs cleave the receptors ectodomain, which binds the soluble ligand. 

The receptor/ligand-complex is then able to bind to its signal transducer. 
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by γ-secretase. This so-called non-amyloidogenic pathway is highly neuroprotective, whereas 

the generation of soluble APPβ by a β-secretase leads to the production of an Aβ peptide, which 

forms plaques in the brain. This amyloidogenic pathway is thought to be the major cause of 

Alzheimer’s disease [23]. These examples show the diversity of processes regulated by ADAM 

proteases. To date there are still new substrates to discover, as well as ADAM-mediated 

mechanisms to investigate. Especially signaling pathways regulated by ADAM17 gained 

attention over the last years as it was associated with several diseases and malignancies. 

1.1.3 A disintegrin and metalloprotease 17  

ADAM17 was first described 1997 and found to process the pro-inflammatory, membrane-bound 

cytokine tumor necrosis factor (TNF) α. TNFα is expressed as trimeric type II transmembrane 

protein, which is cleaved off from the cell surface by ADAM17. Therefore, ADAM17 was initially 

termed TNFα-converting enzyme (TACE) [24]. ADAM17 is ubiquitously expressed with high 

levels in small intestine, lung, liver and the adult heart [25].  

To date, there are more than 80 diverse substrates of ADAM17 known [26]. ADAM17-mediated 

substrate shedding was linked to development, regeneration, immunity, inflammation and 

tumorigenesis [27]. Due to intense research on ADAM17, only a selection can be discussed here. 

It was shown that ADAM17 expression is upregulated upon inflammatory responses, hence it is 

considered as important target in TNFα-dependent diseases [28, 29]. Additionally, ADAM17 is 

the major sheddase for both TNF receptor (TNF-R) 1 and TNF-R2 [30, 31], i.e. ADAM17 regulates 

both, ligand availability and signal transduction of TNFα (Chapter 1.3). ADAM17 does not only 

contribute to inflammatory processes by shedding of TNFα. It was found, that the protease is 

involved in the migration of lymphocytes and neutrophils by regulating the cell surface density 

of L-selectin, which is needed for cell adhesion [32]. 

EGF receptor (EGF-R) ligands, like transforming growth factor (TGF) α, amphiregulin and 

heparin binding (HB)-EGF are also ADAM17 substrates. HB-EGF was shown to play a pivotal role 

in neuronal survival and proliferation as well as in the repair of DNA-damage in the liver [33, 34], 

highlighting the diversity of mechanisms ADAM17 is involved in.  

The importance of ADAM17 is underlined by the fact, that ADAM17-/- mice are not viable. They 

die between embryonic day 17.5 and few days after birth. ADAM17-deficient mice mainly showed 

eye, skin and hair defects, which were attributed to impaired epithelial cell maturation [30]. A 

similar phenotype was observed in EGF-R-/- and TGFα-/- mice [35-37]. Moreover, impaired HB-

EGF shedding in those ADAM17-/- mice lead to late embryonic cardiomegaly, thickened 
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semilunar and atrioventricular valves [38]. More recently, Chalaris and colleagues succeeded in 

generating a hypomorphic ADAM17 mouse, called ADAM17ex/ex. They used the so-called exon 

induced translational stop strategy. They introduced an additional exon 11 (exon 11a) flanked by 

non-canonical donor and acceptor splicing sites into the Adam17 gene. 95 % of the produced 

mRNA contains exon 11a, which was designed with an in-frame stop codon (Figure 1.4).  

This results in a premature translational stop and thereby to strongly reduced ADAM17 protein 

levels in all tissues and cell types.  

ADAM17ex/ex mice are viable, but share most phenotypic features with ADAM17-/- and EGF-R-/- 

mice, like skin defects, blindness and wavy hair [39].  

These mice opened up a unique possibility to study ADAM17-mediated processes in vivo. Since 

their generation they were subjected to different mouse models of human disease. ADAM17ex/ex 

mice are more susceptible to dextran sulfate sodium-induced colitis, they show decreased kidney 

fibrosis in a model of ischemia reperfusion injury and they display enhanced levels of 

atherosclerosis [39-41]. Recently, it was additionally shown that tumor formation in ADAM17ex/ex 

mice in a genetic model of colorectal cancer is drastically reduced, which was attributed to 

impaired IL-6 trans-signaling and therefore decreased β-catenin-dependent tumorigenesis [42]. 

Along with increased expression levels of ADAM17 on tumor cells (TCs) in many cancer types, 

i.e. breast, kidney and prostate [43], this study identifies the protease as promising target for 

cancer therapy. In order to regulate ADAM17-activity specifically in cancer, inflammation and 

other pathologies, it is of great interest to find pharmacological inhibitors and investigate 

upstream effectors of the protease.  

  

Figure 1.4: Generation strategy for hypomorphic ADAM17ex/ex mice. The modified allele contains an artificial 

exon 11 (E11a), flanked by non-canonical donor and acceptor splicing sites (green arrow heads). Grey arrow 

indicates the in-frame translational stop codon. 95 % of the mature mRNA contains the artificial exon 11a. The 

in-frame stop codon in exon 11a leads to a premature translational stop (modified after [39]). 
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1.1.4 Regulators of ADAM17 

Under physiological conditions ADAM17 is highly regulated. Whereas constitutive substrate 

shedding was shown for ADAM10, ADAM17-mediated shedding is thought to depend on 

activation of the protease [44]. 

As mentioned earlier (Chapter 1.1.1), the cytoplasmic tail of ADAM17 contains several 

phosphorylation sites. Indeed, it was shown that the protease can be phosphorylated by several 

kinases, e.g. protein kinase C (PKC) [45], the mitogen-activated protein kinase (MAPK) p38 [46], 

c-Jun N-terminal kinases (JNK) [47] and extracellular signal-regulated kinase (ERK) [48]. In in 

vitro experiments ADAM17 shedding is often induced by stimulating cells with the non-

physiological stimulator of PKC phorbol-12-myristat-13-acetat. More physiological inducers of 

ADAM17 activity are histamine, thrombin and lysophosphatidic acid, which are ligands for G-

protein coupled receptors (GPCRs) [49-51]. GPCRs are seven-transmembrane proteins that are 

intracellularly coupled to heterotrimeric G proteins. A signal is mainly transduced by the Gα 

subunit. There are four classes of α subunits (Gs, Gi, Gq/11, G12/13), which induce different signaling 

pathways by dissociation from the receptor after ligand binding. The Gq/11-subunit activates 

phospholipase C, which subsequently catalyzes the cleavage of phosphatidylinositol 4,5-

bisphosphate to inositol 1,4,5-triphosphat und diacylglycerol. While 1,4,5-triphosphat induces 

Ca2+ release from the ER, diacylglycerol activates PKC which in turn can phosphorylate several 

other proteins. The Gs- and Gi-subunits induce signaling via cyclic adenosine monophosphate 

and the G12/13-subunit was reported to activate the small guanosine triphosphate hydrolase rho. 

Inoue et al. showed that GPCRs coupled to Gq/11α and G12/13 are able to activate ADAM17. Gq/11 

activate PKC, which in turn can phosphorylate ADAM17. The authors speculate that the 

activation of ADAM17 by G12/13 is facilitated by rho-associated, coiled-coil-containing protein 

kinase [52].  

Furthermore, increased catalytic activity of ADAM17 was found in response to infection, which 

was pinned down to toll-like receptor 4 stimulation by lipopolysaccharide (LPS) [53].  

Cell surface availability of ADAM17 is regulated by iRhom1 and iRhom2. Those are members of 

the rhomboid superfamily of multi-transmembrane proteases, which lost their catalytic activity 

during their evolution. Whereas expression of iRhom2 is restricted to hematopoietic cells, 

iRhom1 is more widely expressed [54]. An interaction of both iRhoms with ADAM17 was 

demonstrated. They both engage ADAM17 in the ER, promoting its maturation and trafficking 

to the cell membrane in vitro [55]. However, there are reports that iRhom1 and 2 only influence 
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the shedding of specific substrates [56]. Maney and colleagues reported that mutations in the 

cytoplasmic tails of iRhom1 and 2 enhanced ADAM17-mediated shedding of TNF-R1 [57]. Similar 

regulatory functions are attributed to tetraspanins, which are four-transmembrane proteins. 

They were shown to form both homo- and hetero-oligomers and can associate with several other 

proteins like ADAM proteases. Tetraspanin 15, for example, was reported to regulate cell surface 

expression and trafficking of ADAM10 [58]. ADAM17 was found to co-localize with cluster of 

differentiation (CD) 9 on the cell surface, which leads to negative regulation of substrate 

shedding [59]. 

Regulation of ADAM17 was also proposed for protein disulfide isomerase [60]. The authors show, 

that downregulation of protein disulfide isomerase enhanced ADAM17 activity. Albeit, the exact 

underlying mechanism remains unclear. 

Recently, Sommer et al. proposed a new activation mechanism for ADAM17. They found that 

exposure of phosphatidylserine (PS) on the outer leaflet of the plasma membrane leads to 

substrate shedding by ADAM17. The MPD of the protease can bind to PS which directs ADAM17 

to its substrates [61].  

Natural inhibitors of matrix metalloproteases (MMPs) and some selected ADAM proteases are 

the tissue inhibitor of metalloproteases (TIMPs). TIMP3, which binds to the extracellular matrix, 

was reported to interact with an ADAM17 homodimer [46, 62]. It binds with its N-terminal 

inhibitory domain to the active site of the metalloprotease domain of ADAM17, thereby 

regulating ADAM17 activity [12].  

Another inhibitor of ADAM17 activity is its own prodomain, which usually is cleaved off in the 

Golgi apparatus by furin (Chapter 1.1.1). Recently, Wong et al. succeeded in producing the 

ADAM17 prodomain (ADAM17-PD) recombinantly [6]. ADAM17-PD blocks the catalytic site of 

mature ADAM17 on the cell surface, thereby inhibiting its activity. The authors demonstrated 

selective inhibition of ADAM17 in vitro as well as in mouse models of inflammatory bowl disease, 

septic shock and rheumatoid arthritis. There have been several approaches in inhibiting ADAM17 

and its shedding, so far. Unfortunately, most synthetic small molecule inhibitors lack specificity. 

They often show inhibition of a broad range of metalloproteases. However, INCB7839, a low-

nanomolar hydroxamate-based dual inhibitor of ADAM17 and ADAM10 is in clinical trial for 

treatment of large B cell non-Hodgkin lymphoma [26]. Higher specificity was achieved by 

developing an inhibitory antibody against ADAM17, which showed promising results in genetic 

mouse models of pancreatic cancer [63].  

An advanced and selective inhibition of ADAM17 substrates is targeted with the so-called ligand 
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trap strategy. Modified ectodomains of receptors are used to bind their soluble ligands. Most 

prominent examples are Aflibercept and Etanercept. Aflibercept consists of the ligand binding 

domains of vascular endothelial growth factor receptor (VEGF-R) 1 and VEGF-R2 fused together 

with the immunoglobulin (Ig) G1 Fc region. It binds soluble vascular endothelial growth factor 

(VEGF)-A and is, among others, used for the treatment of retinopathies and colorectal cancer 

[64, 65]. Etanercept consists of two extracellular domains of human TNF-R2 fused together with 

the IgG1 Fc region. It binds soluble TNFα and is predominantly used in rheumatoid arthritis [66, 

67].  

1.2 Tumor metastasis 

According to the world health organization, 9.6 million people died from cancer in 2018 

worldwide [68]. Over 90 % of the mortality of cancer is attributed to the development and 

incurability of metastatic disease [69]. Metastasis is the process, by which TCs of a primary tumor 

spread to other tissues of the body. Especially in early stages, metastases are hard to diagnose, 

surgical resection is often incomplete and in many cases they are resistant to chemotherapy, as 

well as radiation. Therefore, extensive research is carried out on the prevention and treatment 

of metastasis. 

1.2.1 Primary tumor 

Tumorigenesis is a complicated multistep process. However, there is agreement, that external as 

well as endogenous factors induce mutations in certain cells that drive the progression towards 

highly aggressive TCs. Although a primary tumor is made up of heterogeneous TC populations, 

TCs share six characteristic features [70]. (I) They can provide themselves with growth factors, 

e.g. by positive feedback loops and autocrine stimulation, like it was reported for platelet-derived 

growth factor and TGFα [70]. Moreover, TCs often overexpress receptor tyrosine kinases and are 

therefore hyper-responsive to growth signals.  

(II) TCs are insensitive to growth inhibiting signals. They achieve that e.g. by decreasing the 

expression of TGFβ receptor [71].  

Furthermore, (III) TCs show unlimited proliferative potential and (IV) can escape apoptosis. 

Additionally, (V) they release angiogenic factors to initiate vascularization of the tumor. Lastly, 

(VI) TCs are capable of invasion and metastasis. However, a tumor is not composed of TCs only, 

but is embedded in an environment of non-transformed host cells, collectively known as the 

tumor microenvironment [72]. 
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1.2.2 Tumor microenvironment 

TCs interact with a variety of non-malignant cells, namely immune cells, endothelial cells (ECs), 

lymphatic cells, fibroblasts and pericytes [73]. They can comprise 50 % of the mass of a primary 

tumor and regulate its growth and progression. Interestingly, the tumor microenvironment, 

especially its composition, has high prognostic value and consists of genetically stable cells, 

representing promising therapeutic targets [74, 75]. 

TCs secrete a great number of factors to recruit and mobilize host cells even from distant tissues, 

like the bone marrow. Here, tumor-associated macrophages play a critical role. Tumor-

associated macrophages are known to promote tumor initiation and progression, e.g. through 

the release of IL-6 and EGF, respectively [76, 77]. Moreover, they were shown to critically 

contribute to angiogenesis [78].  

The vascularization of the primary tumor is a prerequisite for its growth and is also partly 

facilitated by cells of the tumor microenvironment. Not only malignant cells secrete angiogenic 

factors, but also inflammatory cells release soluble signaling molecules, such as VEGF, fibroblast 

growth factor and platelet-derived growth factor that stimulate ECs. Additionally, hypoxic 

conditions within the tumor and its environment represent a trigger for neovascularization [79, 

80].  

The dominant cell type of the tumor microenvironment is mesenchymal or fibroblastic origin, 

collectively referred to as cancer associated fibroblasts (CAF). They were reported to drive tumor 

progression by modulating a variety of processes. Among many others, CAFs secrete IL-6, by 

which they influence vascularization and inflammation. Furthermore, they release MMPs and 

thereby change extracellular matrix composition [81].  

Besides paracrine signaling between TCs and cells of the tumor microenvironment, the release 

of microvesicles and exosomes was reported as intercellular signaling mechanism [82]. They 

carry nucleic acid, proteins as well as lipids, which upon fusion can influence the behavior of 

distant cells [75]. To date, exosome release and their impact on tumor growth and progression is 

still incompletely understood. However, in several studies it was demonstrated, that TC-derived 

microvesicles educate the tumor microenvironment as well as distant tissue to prime the so-

called pre-metastatic niche. Several circulating factors, derived from TCs or cells of the tumor 

microenvironment, were identified to increase the receptivity of a secondary organ to TCs. As an 

example, TC-derived CC-chemokine ligand 2 (CCL2) and versican were found to alter the lung 

microenvironment by recruitment and activation of myeloid cells [83, 84]. Beside preparing the 
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secondary organ for TC arrival, the tumor microenvironment is also crucial for the tumor 

invasiveness itself.  

1.2.3 Metastasis  

When a primary tumor breaks the basal membrane of its host tissue it is considered invasive. 

This invasiveness can stay local, but may spread to more distant organs through the vasculature 

(hematogenic metastasis) or the lymphatic system (lymphatic metastasis). The seeding of TCs to 

secondary organs is called metastasis. This complex process is divided in several distinct steps 

(Figure 1.5).  

Firstly, either single cells or cell clusters detach from the primary tumor and migrate towards 

microvessels [85, 86]. This involves the transition from a non-invasive phenotype of the TC to 

an invasive one. In TCs of epithelial origin, this process is called epithelial-to-mesenchymal 

transition (EMT). During EMT TCs loose intercellular contacts, upregulate MMP expression to 

degrade the basal membrane, polarize to a more stem cell-like, migratory phenotype and are 

often referred to as cancer stem cells (CSCs) [87, 88]. EMT is induced by intrinsic factors and 

Figure 1.5: Schematic of the metastatic cascade. A single TC detaches from the primary tumor (1), penetrates 

the epithelium, the basal membrane, the stromal cell layer and the endothelium to intravasate into the 

vasculature (2), where it is susceptible to attacks of immune cells (3). In small capillaries TCs adhere to ECs, 

extravasate (4) and proliferate to form a secondary tumor (5).  



1  Introduction 
 

12 
 

stimuli TCs receive from host cells and is not defined by one distinct signaling pathway but rather 

the consequence of serval signaling events [88]. Fundamental in this process is the 

reprogramming of gene expression patterns, which predominantly involves the SNAIL, TWIST 

and zinc finger E-box-binding homeobox transcription factor families. Their activation can be 

regulated by SMADs, which are activated by the TGF protein family of proteins [89]. 

Once disseminated, TCs migrate to microvessels within the primary tumor. This is promoted by 

blood vessel associated macrophages, releasing EGF [90]. They also help TCs during the next step 

in the metastatic cascade, the intravasation through the endothelial barrier into the circulation. 

Intravital microscopy revealed a crucial role for macrophages in supporting successful 

intravasation of TCs. Cluster of ECs, macrophages and TCs were termed tumor 

microenvironment of metastasis [91]. Although newly synthesized vasculature of the primary 

tumor is already more permeable, permeability even increases further at those sites of tumor 

microenvironment of metastasis [88, 92]. Originally, it was believed that intravasation of TCs 

occurs in late stages of disease. However, today there is agreement that metastatic dissemination 

and intravasation happens continuously and earlier than expected. In addition, little is know 

about this step as it occurs deep within the tumor and is therefore difficult to visualize. 

While approximately 106 TCs enter the circulation daily, only 0.01 % survive and are able to 

extravasate [91, 93]. However, extensive research has been carried out on the detection and 

clearance of metastasizing cells, as TCs are most vulnerable during this step of the metastatic 

cascade. They are confronted with massive shear stress and prone to undergo anoikis, a form of 

programmed cell death, induced by the loss of extracellular matrix contact [94]. Much more 

problematic is, that while there is immunosuppression within the primary tumor, TCs in the 

circulation are exposed to a functional immune system. Although metastasizing cells themselves 

can attenuate cytotoxicity of immune cells, their survival in the circulation is in part dependent 

on the interaction with CAFs, leukocytes, platelets and ECs [88, 95].  

Platelets form aggregates around TCs, helping them to evade immune cell recognition [96]. 

Additionally, activated platelets were reported to secrete TGFβ which stimulates protective 

nuclear factor кB (NF-кB) signaling in metastasizing cells, which enhances their chance of 

survival [97].  

Neutrophils were also reported to benefit survival of metastasizing cells. Stimulated by TC-

derived granulocyte-colony stimulating factor, neutrophils form neutrophil extracellular traps 

[98]. These extracellular DNA traps cluster TCs, which promotes their adhesion to the 

endothelium [99]. Moreover, stimulated neutrophils suppress the activity of anti-tumorigenic 
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natural killer cells and are able to inhibit cytotoxic CD8+ T cell responses [88]. The exact 

mechanisms by which neutrophils achieve these two pro-tumorigenic functions are still not 

known. 

After circulating for a short period of time, TCs have to extravasate to colonize the secondary 

organ. Extravasation of TCs is somewhat similar to leukocyte extravasation and usually occurs 

in small capillaries, where TCs slow down and arrest due to physical restriction. The firm 

adhesion to ECs is the first step of extravasation and followed by transendothelial migration. 

Rolling of TCs over the endothelium similar to leukocytes, was documented only in vitro so far 

[100]. The stable attachment to ECs is mediated by selectins, cadherins, CD44, integrins and Ig 

receptors [101]. Upregulation of those proteins on ECs can be directly triggered by TCs or 

associated cells. Increasing E-selectin levels on the surface of liver ECs 6-8 hours (h) after 

injection of either carcinoma or colorectal cancer cells in the portal vein for example, is an 

indirect effect of macrophage-secreted TNFα [102].  

Following the firm adhesion, TCs undergo transendothelial migration. Hereby, TCs can 

overcome the endothelial barrier as single cells or cluster. It is even reported that TCs start to 

proliferate in microvessels prior to transendothelial migration [103]. 

There are two routes of transendothelial migration defined. The migration through EC junctions 

is termed paracellular migration, whereas the migration trough the EC body is referred to as 

transcellular migration. Whereas the latter route is well described for leukocytes, it is still 

unclear whether TCs use this route. They seem to prefer paracellular transendothelial migration 

[101]. It involves the disruption of EC junctions and/or contraction of ECs, which is mediated by 

several factors secreted by TCs and blood cells.  

TCs promote their extravasation by releasing growth factors, pro-inflammatory cytokines and 

chemokines [104]. VEGF, for instance, is produced in large amounts by TCs and induces vascular 

permeability by binding to VEGF-R on ECs, thereby disrupting vascular endothelial (VE)-

cadherin/β-catenin interactions in EC junctions [105]. Another important mediator of 

permeability is CCL2. This chemokine activates C-C chemokine receptor (CCR) 2 on ECs, which 

is a Gq/11α-coupled receptor (Chapter 1.1.2). This binding was shown to lead via p38 activation 

and the janus kinase (JAK)-signal transducer and activator of transcription protein (STAT) 

pathway to hyper-permeability of the endothelium, although the exact molecular mechanism 

remains elusive [106]. Additionally, CCL2 recruits inflammatory monocytes, which in turn 

produce VEGF, contributing to permeability of the endothelium [107].  

In addition to monocytes, platelets play a crucial role in TC extravasation. Activated 
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thrombocytes secrete adenosine triphosphat (ATP), thereby activating P2Y2 purino receptor on 

ECs modulating endothelial junctions and the cytoskeleton [108].  

Contractility of the cytoskeleton is as important as disassembly or disruption of EC junctions for 

proper transendothelial migration. The activation of p38, for instance by TNFα or EGF-R ligands, 

stimulates the phosphorylation of myosin light chain, leading to stress fiber formation [109]. 

Stress fiber stability in ECs in turn is mediated by phosphorylated ERK [101].  

Very recently, Strilic et al. demonstrated a novel extravasation strategy. TCs induce programmed 

necrosis, termed necroptosis (Chapter 1.3), in ECs. TCs express membrane-bound APP, which 

binds to death receptor (DR) 6 on ECs, triggering necroptotic cell death. TCs can subsequently 

escape the circulation through the resulting gap. Additionally, perishing ECs release death-

associated molecular patterns (DAMPs), like ATP and nucleic acids, which in turn affect junction 

integrity of surrounding ECs and stimulate immune cells [110]. 

Once TCs have extravasated, the final and rate-limiting step in the metastatic cascade is the 

progression of micrometastases to macrometastases. Hereby, the switch from an invasive to a 

non-invasive phenotype is essential to proliferate. TCs of epithelial origin have been observed 

to reverse EMT and undergo mesenchymal-to-epithelial transition (MET) [111]. However, little 

is know about molecular mechanisms of MET. Induction of MET in breast cancer cells was shown 

to be dependent on the release of versican by myeloid progenitor cells [112]. Additionally, lung 

fibroblasts were reported to activate SMAD1/5 signaling in breast cancer cells leading to an 

epithelial phenotype and proliferation [113]. 

Failure to proliferate leads to dormancy of the disseminated TCs [114]. Interestingly, these 

dormant micrometastases can persist for years in the secondary tissue, clinically undetectable. 

To reverse this dormant state, TCs depend again on their microenvironment. For example, it was 

shown that tissue inflammation benefits the awakening of those dormant cell cluster [115]. 

Certainly, to grow beyond 1-2 mm, the micrometastases additionally have to induce 

angiogenesis [91].  

Most treatment strategies of cancer and metastatic disease aim at the TCs themselves, which is 

difficult as TCs are genetically instable and often develop resistance to chemotherapy and 

radiation. Manipulation of genetically stable host cells seems to be the more promising 

approach, but needs profound knowledge of pro-tumorigenic signaling pathways [116]. 
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1.3 Death receptor-induced necroptosis 

Two hallmarks of cancer, defined by Douglas Hanahan and Robert Weinberg in 2000, are the 

resistance of TCs to cell death and the unlimited proliferation capacity (Chapter 1.2.1) [70]. These 

characteristics highlight the importance of a precise balance between cell survival and death, as 

any disruption of this ratio leads to disease. The removal of damaged, infected and degenerated 

cells by cell death is therefore of great importance in tissue homeostasis as well as in 

embryogenesis [117]. Three distinct types of cell death have been described: cell death associated 

with autophagy, apoptosis and necrosis.  

Apoptosis can be induced intrinsically or extrinsically, is genetically regulated and involves 

phagocytosis of the dying cell. Morphological hallmarks of apoptotic cells, are the shrinkage of 

the nucleus and cytoplasm, chromatin condensation and nucleus fragmentation as well as the 

release of apoptotic bodies [118]. 

Necrosis is the result of irreversible cell damage, resembles cell lysis and was thought to be an 

accidental form of cell death. In contrast to apoptotic cells, necrotic cells swell, have intact nuclei 

and an early rupture of the cell membrane occurs. Whereas apoptosis is thought to be less 

immunogenic, necrosis leads to the release of DAMPs, resulting in inflammation of the affected 

tissue. Hence, it is hardly surprising that necrosis is mainly associated with pathophysiology 

[119]. 

In the last decade evidence for a genetic regulation of necrosis emerged. By now, five distinct 

regulated necrotic death modes are described, although poorly understood: Caspase-1 and 

gasdermin-dependent pyroptosis, poly(adenin diphosphate-ribose)-polymerase-dependent 

parthanatos, iron-dependent ferroptosis and nicotinamide adenine dinucleotide phosphate 

oxidase-mediated NETosis of neutrophils [120]. The best studied mode, however, is death 

receptor-induced necroptosis. Necroptosis can be triggered by TNFα, Fas ligand, tumor necrosis 

factor related apoptosis inducing ligand (TRAIL), interferon, LPS, double-stranded RNA, ER 

stress, DNA damage, viruses and some anti-cancer drugs [121]. Still, not every molecular 

mechanism initiated by these stimuli is conclusively investigated. However, only TNFα-induced 

necroptosis via the death receptor TNF-R1 will be discussed in the following. 

1.3.1 Pro-survival signaling by TNF-R 

Death receptor is a casual term referring to transmembrane cytokine receptors of the TNF-R 

superfamily that exhibit a death domain and are thereby capable of inducing cell death [122]. 
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Among others, this group includes Fas receptor, TRAIL receptor, DR6 and TNF-R1 [123]. TNF-R1 

signaling is by far the best characterized. Its closest relative TNF-R2, contains a cytoplasmic TNF 

receptor-associated factor (TRAF)-interacting motif instead of a death domain and is therefore 

unable to directly induce cell death [124]. Both TNF-R1 and TNF-R2 are activated by TNFα. 

Whereas TNF-R1 binds membrane-bound and soluble TNFα, the affinity of TNF-R2 to 

membrane-bound TNFα is considerable higher than to its soluble form [125, 126]. TNF-R1 is 

ubiquitously expressed, whereas TNF-R2 is found on oligodendrocytes, astrocytes, T cells, 

myocytes, thymocytes, ECs and mesenchymal stem cells [127]. Receptors of the TNF-R 

superfamily are thought to exist as oligomers at the cell surface prior to ligand binding [128].  

The biological response of TNF-R1 and TNF-R2 is dependent on adaptor proteins, as the 

receptors themselves are unable to transduce a signal [129]. Whereas direct TNF-R2 signaling 

exclusively leads to cell survival, TNF-R1 activation can, depended on cell type and stimuli, 

either lead to survival or death, induced by two, spatially and temporally separated complexes 

[130].  

Under physiological conditions, however, TNF-R1 signaling induces cell survival rather than cell 

death. Rapidly after ligand binding, receptor-interacting serine/threonine-protein kinase 1 

(RIPK1) and the adaptor protein TNF-R‐associated death domain protein (TRADD) are recruited 

to TNF-R1 (Figure 1.6A). TRADD binds the receptor with its intracellular death domain and in 

turn is able to recruit TRAF2, which subsequently binds cellular inhibitor of apoptosis protein 

(cIAP) 1 and 2 with its cIAP interaction motif and additionally activates MAPKs, like p38, ERK 

and JNK. cIAP1/2 are ubiquitin ligases, adding K63-linked polyubiquitin chains to RIPK1, which 

do not lead to proteasomal degradation of RIPK1 but rather function as scaffold for the linear 

ubiquitin chain assembly complex (LUBAC). LUBAC consists of haeme-oxidized IRP2 ubiquitin 

ligase 1 (HOIL1), HOIL1-interacting protein (HOIP) and SHANK-associated RH domain-

interacting protein (SHARPIN). It is an ubiquitin ligase complex and adds M1-linked 

polyubiquitin chains to RIPK1 as well as to TRADD and other proteins of complex I. K63-linked 

polyubiquitin chains function as scaffold for the recruitment of TGFβ-activated kinase 1 (TAK1)-

binding proteins (TAB) 1, 2 and TAK1. M1 ubiquitination, however, is essential for the 

recruitment of a complex, consisting of nuclear factor of к light polypeptide gene enhancer in B-

cells inhibitor alpha (IкBα) kinase (IKK) α, β and NF-кB essential modulator (NEMO). In the 

following, TAK1 activates MAPKs and IKKβ. IKKβ in turn phosphorylates IкBα, leading to its 

degradation. Since IкBα binds and thereby inhibits the NF-кB complex p50/p65, its degradation 

leads to translocation of the transcription factor complex to the nucleus, which drives the 
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expression of pro-survival and pro-inflammatory genes. This activation pathway of NF-кB is 

referred to as canonical pathway.  

By contrast, TNF-R2 signaling leads to NF-кB activation via the non-canonical pathway [131]. 

Upon stimulation of TNF-R2, the adaptor proteins TRAF2 and TRAF3 bind directly to the 

receptors intracellular domain (Figure 1.6B).  

 

TRAF2 recruits cIAP1 and 2, which subsequently add K48-linked polyubiquitin chains to TRAF3. 

This leads to the proteasomal degradation of TRAF3. Under unstimulated conditions, TRAF3 is 

bound to NF-кB inducing kinase (NIK), which leads to ubiquitination and proteasomal 

Figure 1.6: TNF-R1 and TNF-R2 induced signaling. A: Upon binding of either membrane-bound or soluble TNFα 

to TNF-R1 the adaptor protein TRADD and RIPK1 are recruited to the intracellular death domain of the 

receptor. TRADD subsequently binds TRAF2, which recruits cIAP1/2. cIAP1/2 add K63-linked ubiquitin to 

RIPK1, which serves as platform for the LUBAC complex (HOIP, HOIL-1, SHARPIN) and TAB1, TAB2 and TAK1. 

LUBAC adds M1-linked ubiquitin to RIPK1 to which NEMO, IKKβ and IKKα are recruited. IKKβ initiates the 

phosphorylation of IкBα, which is subsequently degraded, releasing NF-кB. This is the canonical NF-кB 

activating pathway. B: TNF-R2 is triggered by membrane-bound TNFα and requires cytoplasmic binding of 

TRAF2 and TRAF3 to transduce a signal. TRAF2 activates MAPKs and recruits cIAP1/2. cIAP1/2 add K48-linked 

polyubiquitin chains to TRAF3, leading to its proteasomal degradation. This subsequently leads to the release, 

activation and accumulation of NIK, which under unstimulated conditions is usually bound to TRAF3 and 

degraded. NIK phosphorylates IKKα leading to NF-кB activation. This is the non-canonical pathway activating 

NF-кB. 

A B 
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degradation of NIK [131]. Therefore, TRAF3 degradation upon TNF-R2 stimulation leads to NIK 

activation and accumulation. NIK in turn phosphorylates IKKα, finally leading to NF-кB 

activation [129]. Just as TNF-R1 signaling, TNF-R2 signaling additionally results in MAPKs 

activation by TRAF2.  

1.3.2 Induction of cell death by TNF-R 

In case complex I formation and NF-кB activation is inhibited, TNF-R1 activation leads to the 

formation of complex II in the cytoplasm, resulting in cell death (Figure 1.7).  

Complex IIa is independent of RIPK1, whereas complex IIb needs its kinase activity, i.e. 

deubiquitinated and autophosphorylated RIPK1 at Serine 166. The formation of complex IIa is a 

very slow process and starts by engagement of FAS-associated death domain protein (FADD) and 

receptor-dissociated TRADD in the cytosol. FADD in turn recruits and activates caspase-8. 

Caspase-8 is most probably activated via autocatalytic cleavage by oligomerization of 

procaspase-8 [133, 134]. In the absence of cIAPs or the LUBAC complex, RIPK1 can not be 

Figure 1.7: TNF-R1-induced signaling complex II. Receptor dissociation of RIPK1 leads to formation of cell 

death complexes. Complex IIa is independent of RIPK1 kinase activity. Active IKK complex still phosphorylates 

RIPK1, preventing its activity. Complex IIa consists of TRADD and FADD, leading to the cleavage and thereby 

activation of caspase-8. In consequence the cell undergoes apoptosis. Complex IIb formation is dependent on 

RIPK1 activity and the recruitment of FADD and caspase-8. Inhibition of caspase-8 in complex IIb leads to the 

recruitment and phosphorylation of RIPK3, which subsequently forms β-amyloid-like structures. In 

consequence MLKL is phosphorylated, integrates in the plasma membrane and executes necroptosis. Both 

apoptotic complexes and the necrosome are cytoplasmic and not associated with the receptor. 
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ubiquitinated and is thought to undergo autophosphorylation [132]. Activated RIPK1 engages 

FADD, which in turn recruits caspase-8. In this complex, as well as in complex IIa caspase-8 

activates caspase-3, -6 and -7 resulting in cleavage of many of their substrates and subsequently 

to cell death. Nevertheless, in the absence or upon inhibition of caspase-8 and cIAPs or the 

LUBAC complex, RIPK1 kinase activity promotes the assembly of the necrosome. RIPK1 

subsequently recruits RIPK3. It has yet to be resolved whether RIPK1 is needed for the 

autophosphorylation of RIPK3 or whether trans-phosphorylation of the kinase occurs [135]. 

However, activated RIPK3 was shown to form amyloid fibrils, which might function as platform 

for RIPK1 stabilization as well as for recruitment of mixed lineage kinase domain like 

pseudokinase (MLKL) [136]. MLKL is considered the key element of necroptosis. It is 

phosphorylated by RIPK3, which leads to exposure of its N-terminal four-helical bundle domain, 

oligomerization and translocation to the plasma membrane. It is still under debate, how MLKL 

oligomers exactly execute cell death. However, it is generally agreed, that its phosphorylation is 

followed by ion influx and disruption of membrane integrity [121].  

Regulation of TNF-R1-induced cell death is insufficiently understood. Though several distinct 

checkpoints involving the central protein RIPK1 have been identified. In TNF-R1 complex I 

RIPK1 is not only highly ubiquitinated by the LUBAC complex and cIAPs, it is also 

phosphorylated at several sites. Independent of IкBα activation, IKKα and IKKβ phosphorylate 

RIPK1, inhibiting its FADD-binding capacity [137]. Furthermore, it was shown that the p38-

downstream target MAPK-activated protein kinase 2 phosphorylates RIPK1 at Serine 321 in 

complex I to prevent complex II formation and cell death [138]. Very recently a third checkpoint 

for RIPK1 was identified. The group of H. Walczak discovered a mechanism by which the 

IKKα/IKKβ homologous kinases TANK-binding kinase 1 and IKKԑ are shuttled to TNF-R1 

complex I by TRAF family member-associated NF-кB activator and nucleosome assembly 

protein, phosphorylating RIPK1 at several sites [139].  

Fine-tuning of the ubiquitination status of RIPK1 is an additional control mechanism in TNF-R1 

signaling. Main regulators in this process are three deubiquitinases, namely OTULIN, CYLD and 

A20. Whereas the first two cleave M1-linked ubiquitin, A20 is thought to rather stabilize linear 

ubiquitination [140].  

Besides keeping RIPK1 in check, activation of NF-кB also directly suppresses cell death execution 

by upregulating FLICE-like inhibitory protein (FLIP) expression [141]. FLIP is a potent inhibitor 

of caspase-8, as it resembles its structure while lacking enzyme activity. Additionally, cIAP 

expression is regulated by NF-кB [142]. Interestingly, recently two independent groups showed 
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that even initialized necroptotic cell death can be prevented when there is limited MLKL 

activation [143, 144]. The authors show, that during necroptosis the endosomal sorting 

complexes required for transport (ESCRT)-III machinery is activated, leading to exosome 

formation. MLKL oligomers are removed in those vesicles, which prevents TNF-R1 induced 

necroptosis.  

1.3.3 Death receptor 6 signaling 

DR6 is less characterized than the other TNF-R superfamily members. Nevertheless, DR6 is 

known to be expressed ubiquitously and even showed elevated expression in some cancer types 

on TCs. In vitro studies revealed its expression being regulated by NF-кB activation [145]. The 

same authors showed, that overexpression of DR6 leads to activation of NF-кB, activation of JNK 

and apoptosis. Unfortunately, the exact signaling cascade remains elusive. 

The physiological role of DR6 was discovered in studies with DR6-/- mice and seems to lie in 

regulating the adaptive immune system, hence it is discussed as target in inflammatory and 

autoimmune disease [146]. On ECs, DR6 can induce necroptosis after binding membrane-bound 

APP on TCs (Chapter 1.2.3) [110]. So far membrane-bound APP is the only described ligand for 

DR6. 
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1.4 Aim 

Metastasis is a multistep process in which many aspects still remain elusive. It is obvious that 

only profound knowledge of this complex mechanism enables to control and prevent tumor 

metastasis as well as to improve survival of cancer patients.  

Changes in ADAM17 expression and activity were associated with various pathologies. 

Particularly, its contribution to tissue inflammation was thoroughly investigated. Nevertheless, 

only little is known about the role of ADAM17 in cancer. In fact, its function in metastasis has 

not been addressed so far.  

Therefore, we want to study the impact of ADAM17 on host cells in metastasis. To this aim, we 

inject TCs i.v. in hypomorphic ADAM17 mice or in mice with cell type-specific deletion of 

ADAM17. To assess early and late events in the metastatic process we will examine lungs of these 

mice at two different time points histologically and biochemically.  

Using TCs expressing β-galactosidase, we will be able to trace them within the tissue by X-Gal 

staining, shortly after injection. This will provide further information on TC extravasation and 

outgrowth.  

Taken together, we aim to find out whether ADAM17 is a promising target for metastasis and 

cancer therapy.  
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2 Material & Methods 

2.1 Material 

2.1.1 Chemicals and recombinant proteins 

Anti-FLAG M2 agarose beads       Sigma-Aldrich, Steinheim, Germany 

CFSE               Thermo Scientific, Darmstadt, Germany 

cOmplete™ Protease inhibitor cocktail    Roche, Mannheim, Germany  

Dako Protein block serum-free      Agilent, Waldbronn, Germany  

Dulbecco's modified Eagle's medium    Sigma-Aldrich, Steinheim, Germany 

Endothelial cell growth medium 2     Promocell, Heidelberg, Germany 

Endothelial cell growth medium MV2    Promocell, Heidelberg, Germany 

Enzastaurin             Biomol, Hamburg, Germany 

Enbrel® (Etanercept)          Pfizer, Berlin, Germany 

Ethidium homodimer III         Biotium, Fremont, CA, USA 

FCS               PAN Biotech, Aidenbach, Germany 

FITC-Dextran FD-40S         Sigma-Aldrich, Steinheim, Germany 

GW280264             Iris Biotech, Marktredwitz, Germany 

Histokitt II             Carl Roth, Karlsruhe, Germany 

Hoechst33342            Sigma-Aldrich, Steinheim, Germany 

Lipofectamine RNAiMAX  Thermo Scientific, Darmstadt, Germany 

Nuclear fast red           Sigma-Aldrich, Steinheim, Germany 

NucleoZOL             Macherey-Nagel, Düren, Germany 

OCT TissueTek compound        Plano GmbH, Wetzler, Germany 

PageRuler™ Prestained protein ladder    Thermo Scientific, Darmstadt, Germany 

PBS without CaCl2/MgCl2        Sigma-Aldrich, Steinheim, Germany 

Penicillin-Streptomycin solution      Sigma-Aldrich, Steinheim, Germany 

PhosSTOP™            Roche, Mannheim, Germany  

PEI               Polysciences, Eppelheim, Germany 

Precision Plus Protein™ Dual color    Bio-Rad, Munich Germany  

Protein G Sepharose® beads    Sigma-Aldrich, Steinheim, Germany 

Tamoxifen             Sigma-Aldrich, Steinheim, Germany 
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TAPI-1              Enzo Life Sciences, Lörrach, Germany 

TPCA-1              Biomol, Hamburg, Germany 

Trypsin-EDTA solution 0.25 %       Sigma-Aldrich, Steinheim, Germany 

zVAD               Bachem, Bubendorf, Germany 

X-Gal               AppliChem, Darmstadt, Germany 

All other chemicals were purchased from Carl Roth (Karlsruhe, Germany), Sigma-Aldrich 

(Steinheim, Germany) or AppliChem (Darmstadt, Germany). 

  



2  Material & Methods 
 

24 
 

Table 2.1: Recombinant proteins. 

Name Supplier Product # 

recombinant human TNFα  
Immunotools, Friesoythe, 

Germany 
11343013 

recombinant human moTAP-TNFα  

generous gift from Henning 

Walczak (UCL Cancer 

Institute, London) 

 

recombinant murine TNFα  
Immunotools, Friesoythe, 

Germany 
12343010 

recombinant murine ADAM17  

generous gift from Christoph 

Becker-Pauly (CAU, Kiel, 

Germany) 

 

recombinant human jagged-1-Fc chimera protein R&D, Wiesbaden, Germany 1277-JG 

recombinant human APP-Fc chimera protein  Biozol, Eching, Germany  SIN-10703-H02H 

recombinant human IgG1  R&D, Wiesbaden, Germany 110-HG 

PEPDAB005 Biozyme, Apex, USA PEPDAB005m001 

 

2.1.2 Primer 

All oligonucleotides were purchased from and synthesized by Sigma-Aldrich. 

Table 2.2: Primers for genomic DNA. 

Target Forward Primer (5’-3’) Reverse Primer (5’-3’) 
Expected 

bandsize 

Adam17 CTTCGTATAATGTATGCTATACG TCTCTGGACCCCTTCTTCCT 
250 bp (wt) 

150 bp (flox) 

 TGGGGAAGCAAAGTTGTAGG   

ADAM17ex/ex TATGTGATAGGTGTAATG CTTATTATTCTCGTGGTCACC 
500 bp (wt) 

250 bp (tg) 

Cre CGAGTGATGAGGTTCGCAAG TGAGTAAACGAACCTGGTCG 390 bp 

Prckb CAGGGTCGAATTGCCATCCTCCA AGCCACTCTCGGTGCTGTG 
1300 bp (tg) 

391 (wt) 

 CTTGGGTGGAGAGGCTATTC   
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Table 2.3: Primers for quantitative Real-Time PCR. 

Target Forward Primer (5’-3’) Reverse Primer (5’-3’) UPL 
Sequence 

reference 

Adam17 TGTGGTTATTTAAATGCAGATAGTGA TCACTCGACGAACAAACTCTTC 38 NM_009615.6 

Axl CGCTGTGAAGACCATGAAAA TGCAGACAGCTTCACTCAGG 78 NM_009465.4 

Col6a1 GACATCCAGGGCTCCAAA AGGTGTCGAGCACGAAGAAT 97 NM_009933.4 

Hes-1 TGCCAGCTGATATAATGGAGAA CCATGATAGGCTTTGATGACTTT 20 NM_008235.2 

Twist1 AGCTACGCCTTCTCCGTCT TCCTTCTCTGGAAACAATGACA 58 NM_011658.2 

Vimentin CCAACCTTTTCTTCCCTGAAC TTGAGTGGGTGTCAACCAGA 109 NM_011701.4 

Gapdh AAGAGGGATGCTGCCCTTAC CCATTTTGTCTACGGGACGA 33 NM_001289726.1 

2.1.3 siRNA 

Table 2.4: siRNA 

Target Target Sequence Distributor (Product #) 

Adam17 (mouse) 

GGACGUAAUUGAGCGAUUU 

Dharmacon (L-040408-00-0010) 
GGUAGCAGAUCAUCGAUUU 

UAUGGGAACUCUUGGAUUA 

UGACCGAGUUGAUGACAUA 

Adam17 (human) 

GGAAGCUGACCUGGUUACAACUCAU Thermo Scientific (HSS110434) 

CCAGGGAGGGAAAUAUGUCAUGUAU Thermo Scientific (HSS110435) 

CAGAAUCGUGUUGACAGCAAAGAAA Thermo Scientific (HSS186181) 

Prckb (human) 

GGUCAUGCUUUCAGAACGA 

Dharmacon (L-003758-00-0005) 
CCUGUCAGAUCCCUACGUA 

GAUUUGGGAUUGGGAUUUG 

UCAUUGUCCUCGUAAGAGA 

Tnfrsf1a (human) 

CAAAGGAACCUACUUGUAC 

Dharmacon (L-005197-00-0005) 
GAGCUUGAAGGAACUACUA 

AAGCUCUACUCCAUUGUUU 

CCGUUGCGCUGGAAGGAAU 

Control (human and mouse) not known Dharmacon (D-001810-10-05) 
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2.1.4 Antibodies 

Table 2.5: Primary antibodies. 

Target Host Dilution Application Distributor (Product #) 

ADAM17 (human) rabbit 1:2 000 Immunoblot Abcam (ab39162) 

ADAM17 (mouse) rabbit 1:1 000 Immunoblot Kerafast (EHS008) 

P-Axl rabbit 1:1 000 Immunoblot Abcam (77773) 

Axl rabbit 1:1 000 Immunoblot Cell Signaling (4977S) 

β-actin mouse 1:10 000 Immunoblot Sigma-Aldrich (A1978) 

β-galactosidase rabbit 1:5 000 Immunohistochemistry Cell Signaling (27198) 

cleaved caspase-8 rabbit 1:1 000 IP/Immunoblot Cell Signaling (9429) 

caspase-8 (mouse) mouse 1:1 000 IP/Immunoblot Enzo Life Sciences (1G12) 

CD31 rat 1:500 Immunohistochemistry BD Bioscience (550274)  

cIAP1 rabbit 1:1 000 IP/Immunoblot 
generous gift from 

H.Walczak/J.Silke 

ERK1/2 rabbit 1:1 000 Immunoblot Cell Signaling (4695) 

F4/80 rat 1:200 Immunohistochemistry Bio-Rad (MCA497R) 

FADD mouse 1:1 000 IP/Immunoblot Enzo Life Sciences (1F7) 

FADD goat 1:14 IP Santa Cruz (sc-6036) 

FLAG mouse 1:1 000 IP/Immunoblot Sigma-Aldrich (F1804) 

HOIP mouse 1:1 000 IP/immunoblot 
Thermo Scientific (costume 

made) 

IgG (human) rabbit 1:20 000 in vitro assay Thermo Scientific (31142) 

P-IκBα rabbit 1:1 000 Immunoblot Cell Signaling (9246) 

IκBα mouse 1:1 000 Immunoblot Cell Signaling (4814) 

P-IKKα/β rabbit 1:1 000 Immunoblot Cell Signaling (2078) 

IKKα rabbit 1:1 000 Immunoblot Cell Signaling (2682) 

P-JNK mouse 1:1 000 Immunoblot Santa Cruz (sc-6254) 

Ly6G rat 1:400 Immunohistochemistry eBioscience (14-5931) 

P-MLKL (mouse) rabbit 1:1 000 Immunoblot Abcam (ab196436) 

MLKL rabbit 1:1 000 Immunoblot Abcam (ab184718) 

cleaved Notch1 rabbit 1:1 000 Immunoblot Cell Signaling (4147) 

Notch1 rabbit 1:1 000 Immunoblot Cell Signaling (3439) 
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Target Host Dilution Application Distributor (Product #) 

P-p38 rabbit 1:1 000 Immunoblot Cell Signaling (9215) 

PCNA mouse 1:400 Immunohistochemistry Santa Cruz (sc-56) 

RIPK3 rabbit 1:1 000 IP/Immunoblot 
Enzo Life Sciences (ADI-905-

242-100) 

P-RIPK1 (S166) rabbit 1:1 000 Immunoblot Cell Signaling (31122) 

RIPK1 mouse 1:1 000 IP/Immunoblot BD Bioscience (610459) 

TRADD mouse 1:1 000 IP/immunoblot Santa Cruz (sc-6254) 

TRAF2 rabbit 1:1 000 IP/Immunoblot 
Enzo Life Sciences (ADI-APP-

422) 

 

Table 2.6: Secondary antibodies. 

Target Tag Dilution Distributor (Product #) 

rat Alexa Flour® 488 1:200 Life Technologies (A21208) 

rabbit Alexa Flour® 647 1:200 Life Technologies (A31573) 

mouse Horseradish peroxidase 1:10 000 Thermo Scientific (31432) 

rabbit Horseradish peroxidase 1:10 000 Dianova (111-035-144) 

rat Biotin 1:200 Dako (E0468) 
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2.1.5 Cell lines 

Table 2.7: Cell lines. 

Cell line Source of cells Culture medium Source 

LLC 
murine lung 

carcinoma 
DMEM + 10 % FCS 

Cell lines service, 

Eppelheim, Germany 

B16F1 murine melanoma DMEM + 10 % FCS 
Cell lines service, 

Eppelheim, Germany 

LLC-LacZ 
murine lung 

carcinoma 
DMEM + 10 % FCS 

generous gift from by Achim 

Krüger (Technische 

Universität München, 

Germany) 

B16F1-LacZ murine melanoma  DMEM + 10 % FCS 

generous gift from Achim 

Krüger (Technische 

Universität München, 

Germany) 

MEF ADAM17ex/ex  
murine embryonic  

fibroblasts 

DMEM + 10 % FCS  

+ 1 % Penicillin/Streptomycin 

generous gift from Athena 

Chalaris (CAU, Kiel, 

Germany) 

MEF ADAM17wt/wt 
murine embryonic  

fibroblasts 

DMEM + 10 % FCS  

+ 1 % Penicillin/Streptomycin 

generous gift from Athena 

Chalaris (CAU, Kiel, 

Germany) 

MEF PSEN1+/-/2-/- murine embryonic  

fibroblasts 

DMEM + 10 % FCS  

+ 1 % Penicillin/Streptomycin 

generous gift from Paul 

Saftig (CAU, Kiel, Germany) 

HUVEC human umbilical vein 
Endothelial Cell Growth 

Medium 2 

Promocell, Heidelberg, 

Germany 

HMVEC-L human lung 
Endothelial Cell Growth 

Medium MV2 

generous gift from Boris 

Strilic (MPI Bad Nauheim, 

Germany) 

HEK ADAM17-/- human kidney DMEM + 10 % FCS 
generous gift from Björn 

Rabe (CAU, Kiel, Germany) 

HEK 293T human kidney DMEM + 10 % FCS 
DSMZ, Braunschweig, 

Germany 

MDA-MB231 human breast cancer 
DMEM + 10 % FCS  

+ 1 % Penicillin/Streptomycin 

generous gift from Nina 

Hedemann (UKSH, Kiel, 

Germany) 

  



2  Material & Methods 
 

29 
 

2.1.6 Mice 

Table 2.8: Mice used for experiments. 

Mouse line Term (in this study) Source Reference 

Adam17ex/ex ADAM17ex/ex Athena Chalaris (CAU, Kiel, Germany) [39] 

Adam17tm1.2Bbl/J ADAM17fl/fl Jackson Laboratory (Bar Habor, USA)  [147] 

B6.Tg(Cdh5-cre/ERT2)1Rha VE-Cdh5ERT2-Cre Ralf Adams (MPI, Münster, Germany) [148] 

B6.129P2-Lyz2tm1(cre)Ifo/J LysM-Cre Jackson Laboratory (Bar Habor, USA) [149] 

B6.Tg(Cd4-cre)1Cwi/BfluJ; 

Adam17tm1.2Bbl/J 

CD4-Cre;ADAM17fl/fl 

(ADAM17ΔT/ΔT) 

Hans-Willi Mittrücker (UKE, Hamburg, 

Germany) 
[150] 

B6.Ripk3-/- RIPK3-/- 
Dieter Adam, Stefan Krautwald (UKSH, 

Kiel, Germany) 
[151] 

B6.Prkcb-/- PKCβ-/- Michael Leitges (Biotek, Oslo, Norway) [152] 

C57BL/6N WT Charles River (Sulzfeld, Germany)  
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2.2 Methods 

2.2.1 Animal experimentation 

2.2.1.1 Housing 

Mice were housed at a 12 h light cycle under specific pathogen free conditions and fed a standard 

laboratory chow (Sniff V1534-000, Soest, Germany) ad libitum. Room temperature (RT) was kept 

stable at 22°C. Animals were treated according to German and European animal regulations.  

2.2.1.2 Breeding 

Mice were used for breeding at an age of at least 8 weeks. For the duration of breeding they 

received a special chow (Sniff V1124-000, Soest, Germany). Pups were weened 3 weeks after 

birth. All mice used in this study were crossed to a C57BL/6N background.  

For breeding of hypomorphic ADAM17ex/ex mice heterozygous female mice were mated with 

homozygous male mice due to infertility of homozygous ADAM17ex/ex female mice [39]. 

Experiments were conducted only on homozygous ADAM17ex/ex mice of both sexes.  

PKCβ-/- mice were bred homozygously. Homozygous PKCβ-/- mice of both sexes were used for 

experiments. 

Tissue-specific knock-out of ADAM17 was achieved by using the Cre/loxP system [153]. Mice 

with loxP-sites flanking exon 2 of the Adam17 gene (ADAM17fl/fl) were bred to mice 

heterozygously expressing Cre recombinase under the control of the Cdh5- (VE-Cdh5ERT2-Cre) 

or LysM-promotor (LysM-Cre). LysM-Cre+/-;ADAM17fl/fl (ADAM17ΔMC/ΔMC) mice exhibit ADAM17 

deficiency only on myeloid cell. Knock-out of ADAM17 on ECs in 9 week old                                              

VE-Cdh5ERT2-Cre+/-;ADAM17fl/fl (ADAM17iΔEC/iΔEC) mice was induced by injection of 25 mg/kg 

bodyweight Tamoxifen (TAM) in ethanol/oil intraperitoneal (i.p.) 4 consecutive days. Mice were 

then used for experiments within 1 week. RIPK3-/- were kindly provided by Dieter Adam and 

Stefan Krautwald for the indicated experiments. CD4-Cre+/-;ADAM17fl/fl mice (ADAM17ΔT/ΔT) were 

kindly provided by Hans-Willi Mittrücker for the indicated experiments. Names, sources and 

references for the mouse strains used in this study are listed in Table 2.8. 

2.2.1.3 Genotyping 

To analyze the genotype, a short tail biopsy of 3 to 5 week old mice was taken. Hot scissors were 

used in order to avoid inflammation, bleeding and cross-contamination. Tails were digested in 

0.5 mL DNA digestion buffer at 55°C and 1000 rpm overnight (ON). Digested material was 

pelleted at 13 000 rpm for 5 min. The supernatant (SN) was transferred to a fresh tube and mixed 
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with 170 µL saturated NaCl solution. After centrifugation for 20 min at 13 000 rpm to pellet 

proteins, SN was transferred to a new reaction tube and mixed with 1 mL 100 % ethanol to 

precipitate the DNA. Samples were centrifuged at 13 000 rpm for 5 min. SN was discarded and 

the pellet washed with 0.5 mL 70 % ethanol for 5 min at 13 000 rpm. After removing the SN, the 

pellet was allowed to dry for 15 min and then resuspended in 50-100 µL TE-buffer. Better 

solubility of the DNA was achieved by heating up the solution to 50°C for 5-20 min. Genomic 

DNA from 10-20 mg tissue was isolated according to this protocol, too. DNA was stored at -20°C 

or directly used for genotyping PCRs. 

 

DNA digestion buffer   100 mM   Tris-HCl pH 8.5 

         200 mM   NaCl 

         5 mM    EDTA 

         0.2 %    SDS 

         0.3 mg/mL   Proteinase K (added right before use) 

 

TE-buffer      100 mM   Tris-HCl pH 7.5 

         0.1 mM   ETDA 

 

PCR mix ADAM17ex/ex  1.0 µL DNA 

         2.0 µL 10x DreamTaq™ buffer 

         2.0 µL dNTPs (2 mM) 

         1.5 µL 5’Primer (10 µM) 

         1.5 µL 3’Primer (10 µM) 

         0.2 µL DreamTaq™ Polymerase 

         ad 20 µL ddH2O 
 

Table 2.9: ADAM17ex/ex PCR conditions. 

Step Temperature Time Cycles 

Initial denaturation 95°C 5’ 1 

Denaturation 95°C 1’ 

29 Annealing 58°C 1’ 

Elongation 72°C 1’ 

Final elongation 72°C 5’ 1 

Storage 4°C ∞ 1 

 

 

 



2  Material & Methods 
 

32 
 

PCR mix ADAM17fl/fl   2.0 µL DNA 

         1.0 µL dNTPs (20 mM) 

         1.0 µL MgCl2 (25 mM) 

         2.0 µL 5’ Primer 1 (10 µM) 

         2.0 µL 3’ Primer (10 µM) 

         0.1 µL DreamTaq™ Polymerase 

         ad 20 µL ddH2O 

 

The same PCR is performed with 5’ Primer 2. 

 

Table 2.10: ADAM17fl/fl
 PCR conditions. 

Step Temperature Time Cycles 

Initial denaturation 94°C 3’ 1 

Denaturation 94°C 30’’ 

35 Annealing 58°C 30’’ 

Elongation 72°C 30’’ 

Final elongation 72°C 10’ 1 

Storage 4°C ∞ 1 

 

PCR mix Cre     2.0 µL DNA 

         3.0 µL 10x DreamTaq™ buffer 

         3.0 µL dNTPs (2 mM) 

         1.5 µL 5’ Primer (10 µM) 

         1.5 µL 3’ Primer (10 µM) 

         0.2 µL DreamTaq™ Polymerase 

         ad 30 µL ddH2O 
 

Table 2.11: Cre PCR conditions. 

Step Temperature Time Cycles 

Initial denaturation 95°C 2’ 1 

Denaturation 95°C 30’’ 

30 Annealing 56°C 30’’ 

Elongation 72°C 30’’ 

Final elongation 72°C 10’ 1 

Storage 4°C ∞ 1 
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PCR mix PKCβ-/-    1.0 µL DNA 

2.0 µL 10x DreamTaq™ buffer 

         2.0 µL dNTPs (20 mM) 

         1.0 µL 5’ Primer 1 (10 µM) 

         1.0 µL 5’ Primer 2 (10 µM) 

         1.0 µL 3’ Primer (10 µM) 

         0.2 µL DreamTaq™ Polymerase 

         ad 20 µL ddH2O  
 

Table 2.12: PKCβ-/- PCR conditions. 

Step Temperature Time Cycles 

Initial denaturation 94°C 5’ 1 

Denaturation 94°C 30’’ 

40 Annealing 58°C 30’’ 

Elongation 72°C 1’ 

Final elongation 72°C 10’ 1 

Storage 4°C ∞ 1 

Primer sequences for all genotyping PCRs are listed in Table 2.2. PCRs were separated by agarose 

gel electrophoresis.  

2.2.1.4 Experimental metastasis model 

At the age of 9-12 weeks, mice were injected with 5×105 LLC or B16F1 cells in 250 µL sterile PBS 

intravenously (i.v.) into the tail vein. Mice were sacrificed 6 h, 24 h, 1 week, 2 weeks and 3 weeks 

after TC injection. For inhibitory experiments 12 mg/kg bodyweight TAPI-1 or 1 mg/kg 

bodyweight ADAM17-PD (generous gift from I. Sagi, Weizmann Institute of Science, Israel) were 

injected i.v. 5 min prior to TC injection. To assess endothelial permeability, mice were injected 

with 200 µL 2.5 mg/mL FITC-labeled 40 kDa dextran 10 min prior sacrificing. For the 

identification of necroptotic ECs, ethidium homodimer III (EthDIII) was injected i.v. at a 

concentration of 300 µM in 50 µL sterile PBS 5 min before sacrificing the mice. Experiments were 

approved by the German and European governments with the reference numbers V242-

74639/2016(75-6/15), V243-65407/2015(75-6/11) and V242-70603/2017(53-5/16). 

2.2.1.5 Organ harvesting and blood sampling 

Mice were killed by cervical dislocation. The thorax was opened immediately and blood was taken 

directly from the heart. It was transferred to micro tubes with lithium-heparin (25 I.U. 
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heparin/mL blood). Samples were centrifuged at RT for 10 min at 2 000 ×g. Plasma was 

transferred to fresh tubes and stored at -80°C. The lung was dissected and tumors counted. The 

organ was weighed and processed for further use. 

 

2.2.1.6 Immunohistochemistry 

Lung tissue was fixed in 4 % formaldehyde in PBS (v/v) ON and stored in 1 % formaldehyde in 

PBS (v/v) at 4°C. Samples were washed several times in ddH2O and incubated ON in 50 % ethanol. 

Next day the tissue samples were dehydrated.  

 

Dehydration    60 min  70 % ethanol 

        30 min  96 % ethanol I 

        60 min  96 % ethanol II 

        90 min  100 % ethanol I 

        120 min  100 % ethanol II 

        90 min  xylol I 

        90 min  xylol II 

        30 min  paraffin I 

        ON   paraffin II 

        30 min  paraffin III 

The tissue was embedded in paraffin and cut into 8 µm-thick sections. Sections were stained with 

hematoxylin-eosin (HE) according to standard procedures. Additionally, sections were stained 

with primary antibodies (Table 2.5) and secondary, biotinylated antibodies (Table 2.6). 

Subsequently, the secondary antibody was detected using a peroxidase DAB kit according to 

manufacture’s instructions (Dako, Hamburg, Germany). 

2.2.1.7 Immunofluorescence 

Lung tissue was snap frozen in OCT TissueTek compound and cut into 8 µm-thick sections. 

Sections were fixed in acetone-methanol (v/v) for 2 min and stained with primary antibodies 

(Table 2.5), which were detected by fluorescent-coupled secondary antibodies (Table 2.6). 

2.2.1.8 β-galactosidase staining 

Lung tissue was snap frozen in OCT TissueTek compound and cut into 8 µm-thick sections. 

Sections were fixed in 0.2 % glutaraldehyde for 10 min at 4°C. Slides were then washed 3 times 

in LacZ washing buffer at RT. Subsequently, sections were circled with a pap pen (DAKO, 

Hamburg, Germany) and incubated at 37°C ON with 90 µL staining solution per section in a 
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humidified chamber. The next day, slides were washed for 5 min in PBS and ddH2O, respectively. 

Sections were counterstained with nuclear fast red for 5 min and subsequently washed with H2O. 

Finally, sections were dehydrated and mounted with Histokitt II (Carl Roth, Karlsruhe, Germany).  

 

LacZ washing buffer   2 mM   MgCl2  

         0.01 %   Sodium deoxycholate         

0.02 %   NP-40              

         ad    PBS               

 

Staining solution    5 mM   K3Fe(CN)6 

5 mM      K4Fe(CN)6 

0.5 mg/mL  X-Gal 

ad    washing buffer 

 

Nuclear fast red solution 25 g    Al2(SO4)3 

         0.5 g   Nuclear fast red 

         ad    500 mL ddH2O 

         filter before use 
 

2.2.1.9 RNA isolation 

Total RNA was isolated from 25 mg lung tissue samples using TRIzol according to manufacturers’ 

protocol. RNA was precipitated ON at -20°C. 

2.2.1.10 cDNA synthesis 

Isolated RNA was transcribed to cDNA using RevertAid™ Reverse transcriptase (Thermo 

Scientific, Darmstadt, Germany). 

 

cDNA PCR mix   1.0 µg  RNA 

       2.0 µL  oligo(dT)18 primer 

       3.0 µL  10x reaction buffer 

       2.0 µL  dNTPs (10 mM) 

       1.0 µL  RevertAid™ Reverse transcriptase 

       ad 20 µL  Diethyl pyrocarbonate-treated H2O 

 

The mix was incubated for 60 min at 42°C. Reaction was terminated for 10 min at 70°C. cDNA 

was used for quantitative real-time PCR (qRT-PCR) immediately or stored at -20°C. 

2.2.1.11 Quantitative real-time PCR 

cDNA samples were analyzed on a Roche Light Cycler 480 II with primers and corresponding UPL 



2  Material & Methods 
 

36 
 

probes listed in Table 2.3. Cp values were corrected for the reference gene and the primer 

efficiency (E) according to the following term: E-(Cp-Cp(reference gene)).  

2.2.2 Cell culture 

2.2.2.1 Culture conditions 

Cell lines (Table 2.7) were cultured in incubators at 37°C, 5 % CO2 and 95 % humidity. Work with 

the cells was performed under sterile conditions. 

2.2.2.2 Passaging 

Cells were expanded and passaged upon confluency. Cells were washed once with PBS and 

detached using EDTA/Trypsin. After incubation, detached cells were resuspended in cell culture 

medium and centrifuged at 200 ×g for 5 min. SN was removed, cells were resuspended in fresh 

medium and seeded in new cell culture flasks or dishes. HUVECs and HMVECs were passaged 3 

times maximum.  

2.2.2.3 Freezing and thawing 

Cells were detached from cell culture flaks, centrifuged and resuspended in freezing medium. 

The suspension was cooled down slowly in a freezing container to -80°C. Frozen cell stocks were 

stored at -150°C long-term.  

Freezing medium   10 % DMSO 

        ad FCS 
 

Cells were thawed rapidly at 37°C and resuspended in pre-heated cell culture medium. The cell 

suspension was centrifuged at 200 ×g for 5 min. SN was removed, the cells resuspended in fresh 

medium and seeded in a cell culture flask or dish. 

2.2.2.4 Cell count 

Determination of cell concentration was achieved using a neubauer hemocytometer. Therefore, 

20 µL of a cell suspension was used. All cells in the counting grid squares were counted, the 

average calculated and multiplied by 104 to determine the cell concentration in 1 mL suspension. 

2.2.2.5 Transient transfection of cells 

5×104 HEK 293 and HEK A17-/- were seeded in 6-wells. The cells were transfected with either 

hDR6-EGFP-pCMV3 (generous gift from B. Strilic, MPI Bad Nauheim, Germany) or hTNF-R1-

pEYFP plasmid (generous gift from W. Schneider-Brachert, Institute for Clinical Microbiology 

and Hygiene, University Hospital Regensburg, Germany) in order to overexpress DR6 or TNF-R1, 
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respectively. Transfection was performed at a ratio of 1:3 with polyethylenimine (PEI) and 

transfection efficiency was controlled by fluorescence microscopy. On the next day cells were 

either analyzed for cell death (for protocol see 2.2.2.10) or subjected to immunoblot analysis (for 

protocol see 2.2.3) to analyze shedding of DR6 and TNF-R by ADAM17. 

2.2.2.6 Cell transfection with siRNA 

Gene expression in HUVECs and HMVECs was down regulated using small interfering RNA 

(siRNA). 2 pmol siRNA for 104 cells and 40 pmol for 2×105 cells was used. Transfection was 

performed using Lipofectamine RNAiMAX (Thermo Scientific, Darmstadt, Germany), according 

to manufacturers’ protocol on two consecutive days. 

2.2.2.7  Cell staining with CFSE 

For transmigration and co-culture experiments MDA-MB231 cells were detached with 

EDTA/trypsin and centrifuged for 5 min at 200 ×g. SN was removed and the cell pellet was 

resuspended in 300 µL PBS. CFSE was added to the cell suspension with a final concentration of 

8 µM. The cells were incubated in the dark for 10 min at RT and for 5 min at 4°C. The staining 

reaction was stopped by adding 1.7 mL cell culture medium to the suspension. Subsequently cells 

were spun down by centrifugation and counted (for protocol see 2.2.2.4). 

2.2.2.8 Transmigration assay 

HUVECs and HMVECs were cultured for two days and subsequently seeded at 5×104 into collagen 

I-coated 24-well inserts with a pore diameter of 8 µm (Sarstedt, Rommelsdorf, Germany). On the 

next day, ECs were transfected with siRNA on two consecutive days (for protocol see 2.2.2.6). For 

the transmigration experiments 5×104 MDA-MB123 cells were stained with 8 µM CFSE (for 

protocol see 2.2.2.7) and seeded on top of the ECs. Inhibitors were added in both the insert and 

the well 10 min before adding the TCs. After incubation for 6 h at 37°C, 5 % CO2 and 95 % 

humidity, all remaining cells on top of the membrane were removed with a cotton bud. 

Transmigrated cells that passed the membrane were then imaged on a Leica DMi8 fluorescence 

microscope (Leica, Wetzlar, Germany) and quantified using ImageJ (Version 1.51j8, NIH, USA). 

2.2.2.9 Co-culture and necroptosis experiments 

To assess cell death in vitro 104 HUVECs were seeded in collagen I-coated lumox 96-well plates 

(Sarstedt, Rommelsdorf, Germany) and transfected with siRNA (for protocol see 2.2.2.6). 1.5×103 

CFSE-stained MDA-MB231 cells (for protocol see 2.2.2.7) were seeded on top of the HUVECs in 

endothelial growth medium. Cells were incubated for 6 h and analyzed for cell death (for protocol 
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see 2.2.2.10). To trigger cell death independent of TCs, HUVECs or MEF cells were either treated 

with 100 µM of the pan-caspase inhibitor zVAD alone or together with 5 µM of the IKKβ inhibitor 

TPCA-1 in 6-well plates. After incubation for 10 min, the cells were stimulated with 50 ng/mL 

TNFα. The cells were then incubated for 6 h and cell death was analyzed (for protocol see 

2.2.2.10).  

2.2.2.10 Cell death analysis 

Cells were stimulated or co-cultured (for protocol see 2.2.2.9). After incubation the cells were 

stained with 2 µM Hoechst33342 and 1.6 µM EthDIII and subsequently imaged on an Olympus 

Fluoview 1000 confocal laser scanning microscope (Olympus, Hamburg, Germany) in a climate 

chamber (37°C, 5 % CO2, 55 % humidity). EthDIII+ cells were quantified with ImageJ and 

expressed as percentage of all cells. 

2.2.2.11 APP/jagged-1 assay 

A 96-well plate was coated with 6.48 ng/mL IgG1 antibody diluted in PBS for 30 min at 37°C, 5 % 

CO2 and 95 % humidity. The wells were washed once with PBS and subsequently blocked for 1 h 

with cell culture medium in the incubator. Medium was removed and 18 nM IgG1-Fc or APP-Fc 

diluted in PBS was added and incubated for 1 h in the incubator. Wells were washed once with 

PBS. 5×104 HUVECs or MEFs were seeded in 200 µL in the wells. The cells were stimulated for 6 h 

at 37°C, 5 % CO2 and 95 % humidity. Afterwards cell death was analyzed (for protocol see 

2.2.2.10). 

The same protocol was used for the stimulation of cells with jagged-1. This experiment was 

performed in 6-well plates and recombinant jagged-1-Fc was used. 3.5×105 LLC or B16F1 cells 

were stimulated ON. Cells were used for protein or RNA isolation (for protocol see. and 2.2.1.9) 

2.2.2.12 TNF-R1 stimulation 

500 µL WT and ADAM17ex/ex MEFs were seeded in a 12-well plate at a concentration of 2×105/mL 

and stimulated with 200 ng/mL modified tandem affinity purification (moTAP)-TNFα for 15 min, 

30 min, 60 min and 120 min in FCS-free DMEM. moTAP-TNFα was designed to perform TNF-R 

complex I purification. The moTAP-Tag consists of 3 FLAG epitopes, a PreScission cleavage site 

and 2 Strep epitopes [154]. Subsequently, cells were lysed and subjected to immunoblot analysis 

(for protocol see 2.2.3.1-2.2.3.4). 

2.2.2.13 Isolation of TNF-R1 complex I and complex II 

4×106 WT or ADAM17ex/ex MEFs were seeded in 15 cm plates and for isolation of TNF-R1 
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complex II pre-incubated with 20 µM zVAD for 30 min in FCS-free DMEM. Subsequently, cells 

were stimulated with 1 µg/mL moTAP-TNFα for 1 h, 2 h and 4 h. In order to isolate TNF-R1 

complex I, cells were stimulated with 1 µg/mL moTAP-TNFα for 15 min, 30 min, 60 min, 120 min. 

Cells were scratched in 1 mL IP lysis buffer and incubated for 30 min at 4°C. Subsequently, cell 

debris was spun down at full speed for 20 min at 4°C and 800 µL of the SN was used for the 

immunoprecipitation of either complex I or complex II.  

For precipitation of TNF-R1 complex I 400 µL anti-FLAG M2 agarose beads (Sigma Aldrich, 

Steinheim, Germany) were washed in IP lysis buffer twice and resuspended in 1 mL IP lysis buffer. 

Cell lysates were incubated with 100 µL beads in each case ON at 4°C rotating. The next day beads 

were washed 3 times in IP lysis buffer (3 000 rpm, 4°C, 1 min). Remaining buffer was aspirated 

with a needle and the beads were resuspended in 60 µL 2x Laemmli. Samples were incubated at 

95°C for 5 min and subsequently subjected to SDS-PAGE and immunoblotting. 

TNF-R1 complex II was precipitated via FADD. 800 µL Protein G Sepharose beads (Sigma Aldrich, 

Steinheim, Germany) were washed and resuspended in 1 mL 1 % BSA in IP lysis buffer. A final 

concentration of 11 µg/mL FADD antibody was added and bound to the beads for 1 h at RT 

rotating. After that, the beads were washed 3 times in IP lysis buffer and resuspended in 800 µL 

IP lysis buffer, of which 100 µL was added to each sample. Samples with beads were incubated 

ON at 4°C rotating. The next day beads were washed 3 times in IP lysis buffer (3 000 rpm, 4°C, 1 

min). Remaining buffer was aspirated with a needle and the beads were resuspended in 60 µL 2x 

Laemmli. Samples were incubated at 95°C for 5 min and subsequently subjected to SDS-PAGE 

and immunoblotting (for protocol see 2.2.3.3-2.2.3.4). 

 

IP lysis buffer   30mM  Tris-HCl (pH 7.4)   ad fresh:   1 x cOmplete™ protease  

       120 mM  NaCl           inhibitor and phosSTOP (Roche, 

       2 mM  EDTA           Mannheim, Germany) 

       2 mM  KCl 

       1 %  Triton-X-100 

 

 

2x Laemmli buffer 100 mM  Tris-HCl pH6.8 

       4.0 %   SDS 

       20 %   Glycerine 

       2 %   β-Mercapthoethanol 

       0.5 %   Bromphenol blue 
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2.2.3 Proteinbiochemistry 

2.2.3.1 Protein lysates 

Cultured cells were washed once with cold PBS and incubated for 30 min in RIPA buffer with 

protease and phosphatase inhibitors on ice. Cells were scratched in the buffer afterwards. Murine 

lung samples were mechanically disrupted with ceramic beads in 10 µL RIPA buffer per 20 µg 

tissue in a tissue homogenizer at 5500 rpm for 3 min at 4°C (Precellys with Cryolys cooling unit, 

Peqlab, Erlangen, Germany). Cell debris was spun down at full speed for 20 min at 4°C and SN, 

containing proteins was transferred to a fresh reaction tube. Protein lysates were stored short-

term at -20°C and long-term at -80°C. Lysates subjected to SDS-PAGE (for protocol see 2.2.3.3) 

were mixed with 5x Laemmli buffer and heated up to 95°C for 10 min. Cooled down samples were 

shortly centrifuged. 

 

RIPA buffer     50 mM   HEPES pH7.4  ad fresh:  1 mM   PMSF 

        150 mM  NaCl         1 mM   NaV 

        1 mM   EDTA         1.46 µM  Pepstatin A 

        2 mM   EGTA         1.54 µM  Aprotinin 

        0.5 %   NP-40        2.1 µM  Leupeptin 

        50 mM  NaF 

 

5x Laemmli buffer  250 mM  Tris-HCl pH6.8 

        10 %   SDS 

        50 %   Glycerine 

        5 %   β-Mercapthoethanol 

        0.5 %   Bromphenol blue 
 

2.2.3.2 Determination of protein concentration 

Protein concentration in protein lysates from cultured cells or murine tissue was determined 

using BCA Assay Kit (Thermo Scientific, Darmstadt, Germany) according to manufacturers’ 

protocol. 

2.2.3.3 SDS-PAGE 

Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) according to their molecular weight. A reducing 10 % bis-Tris separating gel was prepared 

and after polymerization overlaid with a stacking gel containing a comb with 10 or 15 pockets. 

The gel was inserted in an electrophoresis chamber, which was filled with running buffer. The 

comb was removed, denaturated samples and 5 µL PageRuler™ Prestained Plus protein marker 
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were loaded in the pockets. The gel was run at 100 V until the tracking dye reached the end.  

Seperating gel (10 %) 10 %    Acrylamide     Stacking gel: 4 %   Acrylamide 

        350 mM  bis-Tris pH6.5         350 mM  bis-Tris pH6.5 

        0.1 %   SDS            0.1 %  SDS 

        0.1 %   APS            0.1 %  APS 

        0.06 %  TEMED           0.1 %  TEMED 

 

Running buffer    250 mM  MOPS       

        250 mM  Tris 

        5 mM   EDTA 

        0.5 %   SDS 

        5 mM   Sodium bisulfite 

 

Samples from TNF-R1 complex I and II IP were analyzed with Criterion™ TGX™ Precast Gels 

and (Bio-Rad, Munich, Germany). SDS-PAGE was performed according to manufacturers’ 

protocol.  

2.2.3.4 Immunoblot 

Separated proteins by SDS-PAGE were transferred to a polyvinylidende fluoride (PVDF)-

membrane. The stacking gel was removed and placed on a sponge and 3 layers of Whatmann 

Paper. The PVDF-membrane was covered with methanol for activation for approximately 2 min. 

The activated membrane was then placed on top of the gel followed by 3 layers of Whatmann 

Paper and a sponge. The composition was assembled in transfer buffer. Air bubbles were removed 

and the blotting apparatus along with an ice pack put in a blotting chamber which was filled with 

transfer buffer. For a transfer of negative loaded proteins, the membrane had to be placed 

between gel and anode. The transfer was achieved by applying 100 V for 90 min.  

After the transfer the membrane was covered with 5 % BSA in PBS-T (w/v) for at least 1 h at RT 

to block unspecific binding sites. The membrane was incubated with primary antibody (Table 

2.5), diluted in 5 % BSA in PBS-T (w/v) at 4°C ON, subsequently. Excessive primary antibody was 

removed by washing the membrane 3 times in PBS-T at RT. The secondary horseredish 

peroxidase (HRP)-coupled antibody (Table 2.6) diluted in PBS-T was applied for at least 30 min 

at RT. After washing the membrane again 3 times with PBS-T and once with ddH2O, the 

membrane was developed with either SuperSignal™ West Femto Maximum Sensitivity Substrate 

or SuperSignal™ West Pico Maximum Sensitivity Substrate (Thermo Scientific, Darmstadt, 

Germany) according to manufacturers’ protocol. ECL Chemocam imager (Intas, Hamburg, 



2  Material & Methods 
 

42 
 

Germany) was used for imaging. Exposure time was determined individually.  

Transfer buffer   25 mM  Tris      PBS-T  136 mM  NaCl 

       200 mM  Glycine         2.68 mM  KCl 

       20 %   Methanol        10 mM  Na2HPO 

       ad    ddH2O         1.76 mM  KH2PO4 

                      adjust to pH 7.4 

                      add 0.05 %  Tween-20 

 

Separated proteins of TNF-R1 complex I and II IP were transferred to a nitrocellulose membrane 

with the Trans-Blot® Turbo™ Midi/Mini Nitrocellulose transfer system (Bio-Rad, Munich, 

Germany) according to manufactures’ instructions. After the transfer the membrane was covered 

with 2.5 % milk powder in PBS-T (w/v) for at least 1 h at RT to block unspecific binding sites. The 

membrane was incubated with primary antibody (Table 2.5), diluted in 2.5 % BSA in PBS-T (w/v) 

at RT for 1 h or at 4°C ON, subsequently. Excessive primary antibody was removed by washing 

the membrane 3 times in PBS-T at RT. The secondary HRP-coupled antibody (Table 2.6) diluted 

in 2.5 % milk powder in PBS-T was applied for at least 1 h at RT. After washing the membrane 

again 3 times with PBS-T, the membrane was developed with ECL solution on X-ray film. 

Exposure time was determined individually.  

2.2.3.5 Stripping of immunoblot 

Membranes were covered with mild stripping buffer and incubated for 15 min at RT shaking. This 

step was repeated with fresh buffer once. Membranes were washed two times with PBS for 10 min 

at RT shaking and two times with PBS-T for 5 min at RT. Membranes were blocked with 5 % BSA 

in PBS-T (w/v) for 1 h at RT and were then ready for incubation with primary antibody (Table 

2.5). Membranes from TNF-R1 complex I and II IP were stripped incubating it for 10 min at RT 

in stripping buffer. Afterwards they were blocked again for at least 20 min in 2.5 % milk powder 

in PBS-T. 

Mild stripping buffer  200 mM  Glycine     Stripping buffer  50 mM Glycine 

        3.47 mM  SDS             adjust pH to 2.3 

        1 %   Tween-20 

        adjust pH to 2.2  
 

2.2.3.6 Enzyme-linked immunosorbent assay 

The detection of soluble TNF-R1, VE-cadherin and junction adhesion molecule (JAM)-A in cell 

culture SN or mouse plasma was performed with corresponding enzyme-linked immunosorbent 
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assays (ELISAs) according to manufacturers’ protocol. All used ELISAs are listed in Table 2.13. 
 

Table 2.13: ELISA Kits. 

Target Supplier Product # 

Mouse TNF-R1 R&D Systems, Wiesbaden-Nordenstadt, Germany DY425 

Mouse VE-cadherin Boster Biological Technology, Pleasanton, USA EK1318 

Mouse JAM-A R&D Systems, Wiesbaden-Nordenstadt, Germany DY1077 
 

2.2.3.7 Activity assay 

The inhibitory effect of ADAM17-PD on ADAM17 activity was determined by a peptide based 

activity assay. 50 nM recombinant ADAM17 was mixed with increasing concentrations of either 

the metalloprotease inhibitor TAPI-1, the ADAM17 and ADAM10 inhibitor GW or recombinant 

ADAM17-PD. After incubation for 10 min at 37°C 5 µM PEPDAB005 ADAM17 substrate peptide 

was added. Subsequently the change in fluorescence intensity was recorded every 30 s for 18 min. 

The initial linear slope was determined by linear regression and plotted against the inhibitor 

concentrations. IC50 values were calculated by four parameter non-linear curve using GraphPad 

PRISM (GraphPad Software, Inc., CA, USA). 

2.2.4 Statistics 

Data in all graphs are shown as mean ± standard error of the mean (SEM). Comparison of two 

groups with normal distribution were performed by applying the Student’s t-Test. Not normally 

distributed values of two groups were compared with the Mann-Whitney-U test. More than two 

groups were compared applying an ANOVA test with a subsequent post-hoc test. Analysis was 

conducted using SigmaPlot 12.0 Software (Systat Software, Erkrath, Germany) or GraphPad 

PRISM (GraphPad Software, Inc., CA, USA) A p-value ≤ 0.05 was considered statistically 

significant (p ≤ 0.05 *, p ≤ 0.01 **, p ≤ 0.001 ***).  
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3 Results 

3.1 ADAM17 mediates tumor cell extravasation 

A complete knock-out of ADAM17 is lethal. In order to investigate the role of ADAM17 in 

metastasis in vivo we therefore used hypomorphic ADAM17ex/ex mice, that were described before 

[39]. Previous work of our lab revealed that these mice show a strong reduction in tumor burden 

3 weeks after i.v. injection of LLC or B16F1 cells [155]. Here, we went on to decipher the pro-

metastatic role of ADAM17.  

It was described, that TCs, once in the circulation are either cleared by the immune system or 

extravasated within the first 24 h [156]. Therefore, we injected TCs i.v. in ADAM17ex/ex and WT 

mice and examined the lungs 6 h and 20 h later (Figure 3.1A).  

Figure 3.1: Impaired extravasation of TCs in the absence of ADAM17. A: Immunoblot analysis of whole lung 

lysates of WT and ADAM17ex/ex mice. B: Representative microscopic images of β-galactosidase and nuclear fast 

red staining of WT and ADAM17ex/ex lungs 6 h after LLC-LacZ or B16F1-LacZ cell injection. Lungs of mice 

injected with LLC-LacZ cells were additionally examined 20 h after injection. Scale bar indicates 100 µm. 

Quantification shows mean ± SEM (n = 4 WT, 3 ADAM17ex/ex). Statistical significance was determined by Mann-

Whitney U. p.i. = post injection. 

A 

B 
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To detect TCs in the lung tissue at that early time point, we used LLC-LacZ and B16F1-LacZ cells, 

which stably express β-galactosidase. By substrate administration we were able to visualize the 

TCs in the lung tissue. We detected significantly less TCs in lungs of ADAM17ex/ex mice 

irrespective of the injected TC entity (Figure 3.1B).  

In case of LLC cells, TC numbers were even further reduced in ADAM17ex/ex animals 20 h after 

injection, while TC numbers were increased in WT animals. Interestingly, number of TC clusters 

in WT animals were elevated compared to ADAM17ex/ex mice. 

As TCs have to pass the endothelial barrier during extravasation, we set up a transmigration 

assay to investigate the dependence of TC extravasation on endothelial ADAM17 independent of 

other cell types in vitro (Figure 3.2A). We therefore used two human primary endothelial cell 

lines. Human umbilical vein endothelial cells (HUVECs) and human microvessel endothelial cells 

of the lung (HMVEC-L). 

The transmigration of human CFSE-labeled MDA-MB231 breast cancer cells through a HUVEC 

or HMVEC-L monolayer with siRNA mediated knock-down of ADAM17 was significantly less 

compared to control conditions (Figure 3.2B,C).  

These findings suggest a decisive role of ADAM17 on ECs for the extravasation of TCs.  

A 

B 

C 

Figure 3.2: Less TC-transmigration in the absence of ADAM17 on ECs in vitro. A: Schematic of the experimental 

procedure. Experiments were conducted in 24-well plates. B: Quantification and representative microscopic 

images of the transmigration of CFSE-labeled MDA-MB231 cells through a HUVEC or HMVEC-L monolayer 

treated with control siRNA or siRNA against ADAM17. Scale bar indicates 100 µm. Quantification shows mean 

± SEM. (n = 3). Statistical significance was determined by unpaired, one-tailed Student’s t-Test. C: 

Representative images of insert membrane with transmigrated MDA-MB231 TCs. 
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3.2 Endothelial permeability upon tumor cell contact is regulated by ADAM17  

Breaking the endothelial barrier is a critical prerequisite for the extravasation of TCs. We 

therefore tested whether ADAM17 deficiency alters the permeability of the endothelium. To this 

end we injected FITC-labeled dextran i.v. in LLC injected or untreated mice shortly before 

sacrificing the mice. The amount of tissue-penetrated dextran was expressed by area as measure 

for the permeability of the endothelium. Interestingly, the endothelium of ADAM17ex/ex mice was 

per se slightly more permeable (Figure 3.3).  

Injection of LLC cells caused an increase in endothelial permeability after 6 h in both WT and 

ADAM17ex/ex mice. However, while the FITC+ area in WT mice increased almost six fold, it was 

only tripled in ADAM17ex/ex mice. 24 h after LLC injection EC permeability was reduced to normal 

in both mouse strains. We concluded that the endothelial barrier in ADAM17ex/ex mice stays intact 

in the presence of TCs. These data further emphasize an essential role of ADAM17 in the 

regulation of EC permeability during metastasis. 

As a consequence, we generated mice with an inducible ADAM17 deficiency only on ECs 

(ADAM17iΔEC/iΔEC). Recombination was induced by tamoxifen (TAM)-injection (Chapter 2.2.1.2). 

We injected either LLC-LacZ or B16F1-LacZ cells into ADAM17iΔEC/iΔEC mice and examined the 

lungs 6 h later (Figure 3.4A). β-galactosidase activity staining showed significant reduction in TC 

numbers in the lung tissue of mice with endothelial-specific ADAM17 deficiency compared to 

Figure 3.3: Endothelium in ADAM17ex/ex mice is less permeable upon tumor cell injection. Representative 

microscopic images of immunofluorescence staining of CD31 in FITC-Dextran injected untreated or LLC 

injected WT and ADAM17ex/ex mice. Lungs were examined 6 h or 24 h after TC injection. Scale bar indicates 

50 µm. For the quantification a minimum of 6 non-overlapping pictures per mouse were analyzed. 

Quantification shows mean ± SEM (n = 2 WT, 4 ADAM17ex/ex). Statistical significance was determined by ANOVA 

on ranks and Dunn’s post-hoc test. p.i. = post injection. 
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controls, irrespective of the TC entity (Figure 3.4B).  

Similar to previous experiments in WT mice (Figure 3.1), we again noticed more clusters of TCs 

in control animals than in ADAM17-deficient mice.  

Consequently, tumor numbers of LLC and B16F1 cells were strongly reduced in TAM-injected 

mice compared to control animals 3 weeks after TC injection (Figure 3.5A,B), confirming that 

ADAM17 deficiency only on ECs is sufficient to inhibit extravasation of TCs and subsequent 

metastases formation.  

Figure 3.4: ADAM17 deficiency on ECs leads to impaired TC extravasation. A: Timeline for the in vivo 

experiment. B: Representative microscopic images of β-galactosidase activity and nuclear fast red stained lung 

sections of ADAM17iΔEC/iΔEC mice. Mice were either injected with tamoxifen (+TAM) or vehicle (-TAM) i.p. on 4 

consecutive days prior to LLC-LacZ or B16F1-LacZ injection. Mice were sacrificed 6 h after TC injection. Scale 

bar indicates 100 µm. Quantification shows mean ± SEM (n(LLC-LacZ) = 5 -TAM, 6 +TAM; n(B16F1) = 2 -TAM, 

3 +TAM). Statistical significance was determined by unpaired, one-tailed Student’s t-Test. p.i. = post injection. 

Black arrows point to β-Gal+ cells. 

A 

B 
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3.3 PKCβ is a potent activator of ADAM17 in metastasis 

Signal transduction via GPCRs and the subsequent activation of PKC family members was shown 

to activate ADAM17 [157]. The PKC family is divided in three subfamilies based on their required 

activator. So far it is not fully understood which PKC isotype regulates ADAM17 activity under 

certain conditions. However, the development of new cancer therapies requires not only a 

sufficient understanding of underlying signaling mechanisms but also depends on the 

availability of highly specific inhibitors to interrupt these signaling pathways. We therefore 

aimed to investigate the role of PKC-dependent activation of ADAM17 in our metastatic mouse 

model and define the PKC isoform responsible. Previous data of our lab suggested the classical 

isoform PKCβ to activate ADAM17 in vitro (data not shown) (Chapter 4.1). We assessed 

A 

Figure 3.5: ADAM17 deficiency on ECs strongly decreases tumor burden. A: Timeline for the in vivo experiment. 

B: Representative macroscopic lung images of ADAM17iΔEC/iΔEC mice. Mice were either injected with tamoxifen 

(+TAM) or vehicle (-TAM) i.p. on 4 consecutive days prior to TC injection. Mice were injected with LLC or B16F1 

cells and sacrificed 3 weeks later. Tumor number was quantified and is shown as mean ± SEM (n(LLC) = 4 -

TAM, 4 +TAM; n(B16F1) = 4 -TAM, 5 +TAM). Statistical significance was determined by unpaired, one-tailed 

Student’s t-Test. p.i. = post injection, wk = weeks. 

B 

 
B16F1 
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phosphorylation of PKCβ in untreated and LLC-LacZ-injected WT mice by immunofluorescence 

co-staining with the endothelial marker CD31 (Figure 3.6). Mice with a PKCβ deficiency          

(PKCβ-/-) served as control. 

There was almost no phosphorylation of PKCβ detectable in untreated WT mice. The injection 

of LLC-LacZ cells increased the amount of phosphorylated PKCβ massively, indicating an 

activation of this specific isoform in the presence of TCs. P-PKCβ co-stained with CD31, 

suggesting a role of PKCβ in ECs. 

We used PKCβ-/- mice to address, whether the absence of PKCβ has a similar effect on the 

extravasation and metastasis of TCs as ADAM17 deficiency (Figure 3.7A). In lungs of PKCβ-/- mice 

we found significantly less TCs 6 h after TC injection compared to WT mice (Figure 3.7B). 

Furthermore, TC cluster formation was significantly enhanced. 3 weeks after TC injection tumor 

numbers were strongly reduced in PKCβ-/- mice compared to WT animals, irrespective of the 

injected TC entity (Figure 3.7C). 

Figure 3.6: PKCβ is activated upon tumor cell injection. Representative microscopic images of lung tissue of 

either non treated WT mice or LLC-LacZ injected WT and PKCβ-/- mice. Tissue sections were stained for CD31 

and P-PKCβ. Scale bar indicates 100 µm. p.i. = post injection. 
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We concluded that PKCβ is critically involved in our metastasis mouse model and its absence 

reduces metastases formation in the same extend as an ADAM17 deficiency. 

A 

Figure 3.7: PKCβ deficiency leads to impaired TC extravasation and reduced tumor burden in the lung.                    

A: Timeline for the in vivo experiments. B: Representative microscopic images of β-galactosidase activity and 

nuclear fast red stained lung sections of PKCβ-/- mice 6 h after LLC-LacZ cell injection. Scale bar indicates 

100 µm. Quantification shows mean ± SEM (n = 4 WT, 3 PKCβ-/-). Statistical significance was determined by 

unpaired, one-tailed Student’s t-Test. p.i. = post injection. Black arrows point to β-Gal+ cells. C: Representative 

macroscopic lung images of PKCβ-/- mice 3 weeks after LLC or B16F1 cell injection. Tumor number was 

quantified and is shown as mean ± SEM (n = 4 per group). Statistical significance was determined by unpaired, 

one-tailed Student’s t-Test. p.i. = post injection, wk = weeks. 

B 
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3.4 Tumor cells induce ADAM17-mediated cell death in endothelial cells 

Next we aimed to understand the molecular mechanism downstream of ADAM17 that leads to 

TC extravasation. The favored route of TCs in in vitro experiments is the paracellular 

transendothelial migration, involving the opening of EC junctions [101]. Interestingly, the tight 

junction proteins JAM-A as well as VE-cadherin were found to be substrates of ADAM proteases 

[158, 159]. We therefore determined plasma levels of soluble JAM-A and VE-cadherin of 

ADAM17ex/ex and ADAM17iΔEC/iΔEC mice by ELISA (Figure 3.8).  

The injection of TCs resulted in elevated soluble JAM-A and VE-cadherin levels in ADAM17ex/ex 

and ADAM17iΔEC/iΔEC mice compared to controls 6 h post TC injection (Figure 3.8A,B). This 

difference was even significant for soluble JAM-A levels in LLC-injected ADAM17ex/ex (Figure 

3.8A).  

Recently, Strilic and colleagues [110] showed that TCs induce necroptosis in ECs during 

metastasis. We therefore co-cultured HUVECs with MDA-MB231 breast cancer cells in the 

presence or absence of endothelial ADAM17. To identify dead ECs, we added EthDIII after 6 h 

co-incubation. Its incorporation is a sign for necrotic and late apoptotic cells. The co-culture of 

ECs with siRNA-mediated knock-down of ADAM17 with TCs lead to significantly less EthDIII+ 

ECs compared to control conditions (Figure 3.9).  

Figure 3.8: Impaired extravasation of TCs in the absence of ADAM17 can not be linked to reduced shedding of 

tight junction proteins. A: Quantification of murine JAM-A and VE-cadherin ELISA from plasma of LLC-LacZ or 

B16F1-LacZ injected WT and ADAM17ex/ex mice. Bar graphs show mean ± SEM (n = 2). Statistical significance 

was determined by unpaired, one-tailed Student’s t-Test. B: Quantification of murine JAM-A and VE-cadherin 

ELISA from plasma of LLC-LacZ or B16F1-LacZ injected ADAM17iΔEC/iΔEC mice. The mice were either injected 

with tamoxifen (+TAM) or ethanol/oil (-TAM) on 4 consecutive days prior to TC injection. Bar graphs show 

mean ± SEM (n = 2).  

A B 
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Interestingly, EC death was also markedly reduced in the absence of PKCβ. 

In order to examine TC-induced EC death in vivo we injected EthDIII i.v. in TC-injected mice 

5 min prior to sacrifice and analyzed co-localization of the endothelial marker CD31 and EthDIII 

by immunofluorescence staining of lung tissue sections (Figure 3.10). Indeed, we detected CD31+ 

ECs in the lung of WT mice, that were EthDIII+ and in close proximity to β-galactosidase+ TCs. 

We therefore analyzed TC-induced necroptosis in WT, ADAM17ex/ex and, as a control, RIPK3-/- 

mice (Figure 3.11A;B).  

Figure 3.9: TC-induced EC death is reduced in the absence of ADAM17 in vitro. Representative images of co-

culture of HUVECs with siRNA-mediated knock-down of ADAM17 or PKCβ and MDA-MB231 cells. MDA-MB231 

cells were stained with CFSE and co-cultured for 6 h. All cells were stained with Hoechst33342 and EthDIII 

before imaging. Scale bar indicates 200 µm. For the quantification a minimum of 4 non-overlapping pictures 

per condition were analyzed. Quantification shows mean ± SEM (n = 3). Statistical significance was determined 

by ANOVA on ranks and Dunn’s post-hoc test. 

Figure 3.10: TCs induce cell death in ECs of the lung. Representative image of lung tissue sections stained for 

CD31. WT mice were i.v. injected with LLC-LacZ cells and sacrificed after 6 h. EthDIII was injected i.v. 5 min 

prior to sacrifice. Scale bar indicates 50 µm. p.i. = post injection. 
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RIPK3 is an essential component of the necrosome and therefore necroptosis is impossible in 

RIPK3-/- mice. In line with our in vitro experiments, we observed significantly less EthDIII+ ECs in 

ADAM17ex/ex compared to WT mice (Figure 3.11A). We detected 3.5 % EthDIII+ ECs in WT mice 

6 h after LLC injection, but only 0.2 % in ADAM17ex/ex mice. We did not observe any ECs that 

incorporated EthDIII in RIPK3-/- mice. Therefore, ADAM17 seems to be crucial for the induction 

of programmed cell death. 

We reasoned that endothelial ADAM17 mediates EC necroptosis upon TC contact. Thus, we 

injected TCs i.v. in ADAM17iΔEC/iΔEC mice and examined TC–induced EC death after 6 h (Figure 

3.12A). Irrespective of the TC entity, ADAM17iΔEC/iΔEC mice displayed significantly less necroptotic 

ECs in the lung tissue 6 h after TC injection as determined by EthDIII and CD31 staining (Figure 

3.12B). 

Figure 3.11: TC-induced EC death is decreased in the absence of ADAM17 in vivo. A: Timeline for the in vivo 

experiment. B: Representative images of lung tissue sections stained for CD31. WT, ADAM17ex/ex and RIPK3-/- 

mice were i.v. injected with LLC-LacZ cells and sacrificed after 6 h. EthDIII was injected i.v. 5 min prior to 

sacrifice. Scale bar indicates 100 µm. A minimum of 5 non-overlapping images per animal were analyzed. 

Quantification shows mean ± SEM (n = 3 per group). Statistical significance was determined by Mann-Whitney 

U. p.i. = post injection. White arrows point to EthDIII+ cells. 

B 
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Furthermore, PKCβ-/- mice also show significantly less EthDIII+ ECs as assessed by CD31 co-

staining (Figure 3.13A,B), being in accordance with the assumption that PKCβ confers ADAM17 

activity in ECs.  

  

Figure 3.12: In the absence of endothelial ADAM17 TC-induced EC death is reduced in vivo. A: Timeline for the 

in vivo experiments. B: Representative images of lung tissue sections stained for CD31. ADAM17iΔEC/iΔEC mice 

were i.v. injected with LLC-LacZ or B16F1-LacZ cells and sacrificed 6 h later. EthDIII was injected i.v. 5 min 

prior to sacrifice. Mice were either injected with tamoxifen (+TAM) or vehicle (-TAM). on 4 consecutive days 

prior to TC injection. Scale bar indicates 100 µm. A minimum of 5 non-overlapping images per animal were 

analyzed. Quantification shows mean ± SEM (n(LLC-LacZ) = 2 –TAM, 3 +TAM; n(B16F1-LacZ-LacZ) = 2 –TAM, 

3 +TAM). Statistical significance was determined by Mann-Whitney U. p.i. = post injection. White arrows point 

to EthDIII+ cells. 
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The bisindolylmaleimide Enzastaurin is an PKCβ-selective inhibitor. It competes with ATP for 

the ATP-binding site of the enzyme. PKCβ is 6 times more sensitive to inhibition by Enzastaurin 

than other PKC isoforms (IC50 = 6 nM) [160].  

In order to substantiate the importance of PKCβ activity for the activation of ADAM17, EC 

necroptosis and metastasis, wild type animals were injected i.v. with a dose of Enzastaurin 5 min 

prior to LLC-LacZ injection. TC mediated EC necroptosis was assessed after 6 h by EthDIII 

injection and CD31-staining (Figure 3.14A). Mice pre-treated with Enzastaurin displayed almost 

50 % less EthDIII+ ECs than mice pre-treated with the vehicle only (Figure 3.14B).  

Figure 3.13: TC-induced EC death is reduced in the absence of ADAM17-activating PKCβ. A: Timeline for the 

in vivo experiment. B: Representative images of lung tissue sections stained for CD31. PKCβ-/- mice were i.v. 

injected with LLC-LacZ cells and sacrificed after 6 h. EthDIII was injected i.v. 5 min prior to sacrifice. Scale bar 

indicates 100 µm. Quantification shows mean ± SEM (n = 3 WT; 3 PKCβ-/’). Statistical significance was 

determined by unpaired, one-tailed Student’s t-Test. p.i. = post injection. White arrows point to EthDIII+ cells. 
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These data demonstrate a pivotal role for PKCβ and ADAM17 in TC-induced EC necroptosis, 

efficient extravasation and successful metastasis.  
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Figure 3.14: TC-induced EC death is decreased after pre-treatment with PKCβ inhibitor Enzastaurin. A: Timeline 

for the in vivo experiment. B: Representative images of lung tissue sections stained for CD31. WT mice were 

i.v. injected with 0.5 µg/g body weight Enzastaurin 5 min prior to injection of LLC-LacZ cells and sacrificed 

after 6 h. EthDIII was injected i.v. 5 min prior to sacrifice. Scale bar indicates 100 µm. A minimum of 4 non-

overlapping images per animal were analyzed. Quantification shows mean ± SEM (n = 3 PBS/DMSO injected, 

5 Enzastaurin injected). Statistical significance was determined by Mann-Whitney U. p.i. = post injection. White 

arrows point to EthDIII+ cells. 
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3.5 ADAM17 is essential for death receptor-induced necroptosis 

Necroptosis is a programmed cell death that can be triggered by death receptors. The work of 

Strilic et al. already suggested a role of DR6 and APP in TC-induced EC necroptosis [95]. We 

therefore assumed, that ADAM17 regulates necroptosis via death receptor cleavage and 

investigated whether DR6 is processed by ADAM17. We transiently overexpressed DR6-GFP 

either in HEK293 or ADAM17-deficient HEK cells (HEK A17-/-) (Figure 3.15A). 

In both HEK293 and HEK A17-/- cells we detected full length DR6 (Figure 3.15A). However, 

whereas we observed bands representing the CTF of DR6 (25 kDa) in HEK293 cells, they appeared 

weaker in the absence of ADAM17, pointing to ADAM17-dependent shedding of DR6. 

We next overexpressed DR6 in ADAM17-deficient HEK cells and monitored cell death by EthDIII 

staining (Figure 3.16B). In HEK293 the overexpression of DR6 lead to a strong increase in the 

percentage of dead cells, whereas no difference was detectable in the HEK A17-/- cells. In the 

absence of ADAM17 cell death due to DR6 overexpression was three times less than in the 

presence of ADAM17. 

Signaling via DR6 is activated by binding of membrane-bound APP [110]. We therefore 

established an assay simulating this situation. Human IgG1 antibody was bound to the bottom 

of a culture dish. Subsequently, human APP-Fc was bound to the antibody, thereby clustering 

A B 

Figure 3.15: Cell death triggered by DR6 overexpression is impaired in the absence of ADAM17. A: Immunoblot 

of DR6-GFP transfected HEK293 and HEK A17-/- cells using the indicated antibodies. Whole cell lysates were 

used for SDS-PAGE. CTF = C-terminal fragment, ICD = intracellular domain, p = proform, m = mature form.          

B: Quantification of EthDIII+/GFP+ cells after DR6-GFP overexpression in HEK293 or HEK A17-/- cells. Bar graphs 

show mean ± SEM (n = 3). Statistical significance was determined by ANOVA on ranks and Dunn’s post-hoc 

test. 
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and immobilizing it. We next seeded HUVECs with siRNA mediated knock-down of ADAM17 or 

TNF-R1 on top of this enriched, immobilized APP (Figure 3.16A). We first analyzed the siRNA 

efficiency via immunoblot and confirmed reduced protein levels of ADAM17 and TNF-R1 in 

siRNA-treated HUVECs (Figure 3.16B). 

The stimulation with immobilized APP lead to a significant, 2-fold increase in necroptotic ECs 

treated with control siRNA (Figure 3.16C). APP-induced increase in necroptosis was absent in 

ADAM17-depleted HUVEC cells. Furthermore, siRNA-mediated suppression of TNF-R1 reduced 

APP-induced necroptosis, further emphasizing a crucial role for TNF-R1 in TC-induced EC 

necroptosis. We assumed that ADAM17 might regulate necroptosis via death receptor cleavage 

in general. Cleavage of TNF-R1 by ADAM17 was described previously [30]. Indeed we detected a 

signal for the C-terminal fragment (30 kDa) of TNF-R1 in HEK293 cells overexpressing TNF-R1-

EYFP (Figure 3.17A), which was strongly reduced in the absence of ADAM17. Notably, we 

additionally observed a signal at 25 kDa in transfected HEK239 cells, which was reduced in HEK 

Figure 3.16: In ADAM17-deficient HUVECs APP induced necroptosis via DR6 is disabled. A: Schematic of the 

experimental procedure. B: Immunoblot analysis of whole cell lysates. HUVECs were transfected with the 

indicated siRNAs. C: Representative images of control siRNA, ADAM17 siRNA and TNF-R1 siRNA treated 

HUVECs. Cells were stimulated for 6 h with immobilized APP and stained with Hoechst33342 and EthDIII. Scale 

bar indicates 400 µm. For the quantification a minimum of 4 non-overlapping pictures per condition were 

analyzed. Quantification shows mean ± SEM (n = 3). Statistical significance was determined by one-way ANOVA 

and Turkey’s post-hoc test. 
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A17-/- cells. This signal most likely represented the ICD of TNF-R1, liberated by another protease 

after cleavage by ADAM17. We next determined levels of soluble TNF-R1 in vivo and in vitro 

(Figure 3.17B,C). 

We detected significantly less soluble TNF-R1 levels in the SN of HUVECs with siRNA-mediated 

suppression of ADAM17 compared to SN of control cells. In co-culture with MDA-MB231 TCs 

soluble TNF-R1 levels were still reduced in the absence of ADAM17. Interestingly, we observed 

a slight increase in soluble TNF-R1 levels in both control and ADAM17-depleted HUVECs in the 

presence of TCs.  

Measuring soluble TNR-R1 levels in plasma of either WT or ADAM17ex/ex mice revealed the same 

tendency. Under untreated conditions we detected 1.5 ng/mL soluble TNF-R1 in WT and only 

half as much in ADAM17ex/ex mice. 6 h after injection of either LLC or B16F1 cells soluble TNF-R1 

levels slightly increased in WT mice, while soluble TNF-R1 levels in ADAM17ex/ex were still 

reduced.  

B 

Figure 3.17: TNF-R1 shedding is impaired in the absence of ADAM17 in vitro and in vivo. A: Immunoblot 

analysis of TNF-R1-EYFP transfected HEK239 and HEK A17-/- cells using the indicated antibodies. Whole cell 

lysates were used for the SDS-PAGE. CTF = C-terminal fragment, ICD = intracellular domain, p = proform,               

m = mature form. B: Quantification of soluble human TNF-R1 in the SN of co-culture experiments with HUVECs 

and MDA-MB231 (TC) cells via ELISA. Bar graphs show mean ± SEM (n = 3). Statistical significance was 

determined by one-way ANOVA and Dunn’s post-hoc test. C: Quantification of soluble murine TNF-R1 in 

plasma of WT and ADAM17ex/ex mice via ELISA. Mice were either untreated or injected with LLC or B16F1 cells 

and sacrificed 6 h later. Bar graphs show mean ± SEM (n = 3 mice per group). Statistical significance was 

determined by one-way ANOVA and Dunn’s post-hoc test.  
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In conclusion, TNF-R1 shedding is impaired in the absence of ADAM17 in vitro and in vivo in the 

absence as well as in the presence of TCs. 

TNFα stimulation of TNF-R1 rather leads to complex I assembly and cell survival than cell death. 

However, it is known that long stimulation with TNFα triggers TNF-R1 complex IIa formation 

and consequently apoptosis, whereas the simultaneous inhibition of caspase activity with the 

pan-caspase inhibitor zVAD leads to complex IIb and necrosome formation [161]. To investigate 

the role of ADAM17 for necroptosis triggered by TNFα-TNF-R1, we therefore stimulated HUVECs 

with siRNA-mediated suppression of ADAM17 with TNFα in the absence or presence of zVAD 

(Figure 3.18) for 6 h.  

Stimulation with TNFα alone resulted in up to 9 % EthDIII+ control siRNA-treated HUVECs, 

whereas an ADAM17 knock-down only lead to 4 % cell death. Nevertheless, this difference was 

not statistically significant.  

In the presence of zVAD, only 4 % ECs died upon TNFα stimulation. Cell death was reduced to 

1 % in the absence of ADAM17. Interestingly, upon simultaneous inhibition of IKKβ with TPCA-

1 cell death increased in control siRNA-treated as well as in ADAM17-depleted HUVECs up to 

8 %. This result clearly shows a pivotal role of ADAM17 for TNFα-TNF-R1-induced necroptosis 

and suggests that the balance between complex I and II is shifted to complex I assembly with 

subsequent NF-кB activation in the absence of ADAM17. 

Figure 3.18: EC necroptosis via TNF-R1 is impaired in the absence of ADAM17. Representative images of 

control siRNA- or ADAM17 siRNA-treated HUVECs. Cells were stimulated with TNFα alone for 6 h or treated 

with zVAD and TPCA-1 prior to stimulation. Cells were stained with Hoechst33342 and EthDIII before imaging. 

Scale bar indicates 400 µm. For the quantification a minimum of 4 non-overlapping pictures per condition 

were analyzed. Quantification shows mean ± SEM (n = 4). Statistical significance was determined by one-way 

ANOVA and Dunn’s post-hoc test. 



3  Results 
 

61 
 

We next aimed at deciphering the underlying molecular mechanism. Chhibber-Goel and 

colleagues claimed, that RIP of TNF-R1 is a prerequisite for TNFα-induced apoptosis [162]. They 

showed initial cleavage of the receptor by ADAM17 and ICD release by Presenilin (PSEN) 1 and 2 

containing γ-secretase complex. We investigated, whether this mechanism is also true for TNFα-

induced necroptosis and therefore used MEFs isolated from WT, ADAM17ex/ex or PSEN1+/-/2-/- mice 

(Figure 3.19).  

Upon treatment with TNFα, cell death was induced in WT MEFs. Inhibition of caspases further 

increased cell death. By contrast TNFα stimulation of ADADMex/ex MEFs did not result in cell 

death induction neither in the presence nor the absence of zVAD. In PSEN1+/-/2-/- MEFs cell death 

increased upon TNFα stimulation and was further enhanced in the presence of zVAD, but 

remained significantly lower than in WT MEFs. 

These results suggest a general role of ADAM17 in TNFα-induced apoptosis and necroptosis. 

Furthermore, γ-secretase seems to play role in both apoptotic and necroptotic signaling 

pathways. 

Figure 3.19: TNF-R1-triggered necroptosis is impeded in the absence of γ-secretase and ADAM17. 

Representative images of TNFα stimulated WT, ADAM17 or PSEN1+/-/2-/- MEFs. Cells were stimulated with TNFα 

alone for 6 h or treated with zVAD beforehand. Cells were stained with Hoechst33342 and EthDIII before 

imaging. Scale bar indicates 400 µm. For the quantification a minimum of 4 non-overlapping pictures per 

condition were analyzed. Quantification shows mean ± SEM (n = 3). Statistical significance was determined by 

one-way ANOVA and Dunn’s post-hoc test. 
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In order to determine the balance between TNF-R1 complex assembly and composition in the 

absence of ADAM17, WT and ADAM17ex/ex MEFs were treated with moTAP-TNFα for different 

time points. The kinetic was subsequently used for immunoblot analysis of NF-кB and MAPK 

activation (Figure 3.20).  

We detected a time dependent phosphorylation of IкBα and corresponding degradation in WT 

MEFs. In ADAM17ex/ex MEFs P-IкBα was already detectable without exogenous TNFα stimulation, 

suggesting constitutive activation of IкBα in the absence of ADAM17. Phosphorylation of IкBα 

leads to its degradation, further releasing NF-кB. Interestingly, we did not detect degradation of 

this protein in ADAM17ex/ex MEFs, as detected levels of IкBα remained equal over time. MAPK 

activation was assessed by phosphorylation of p38, JNK and the presence of ERK1/2. Whereas 

there was an increase in phosphorylated p38 and JNK as well as levels of ERK1/2 in WT MEFs 

over time, ADAM17ex/ex MEFs showed a different pattern. Unstimulated, 15 min and 30 min 

stimulation with TNFα lead to higher protein levels of ERK1/2 in ADAM17ex/ex MEFs. 

Phosphorylation of JNK was less after 15 min and 30 min stimulation in those cells compared to 

WT MEFs. Furthermore, P-p38 levels were lower 15 min after stimulation with TNFα compared 

to 15 min stimulated WT MEFs. Of note, P-p38, P-JNK and ERK1/2 were present in both 

unstimulated cell types. These results emphasize an oscillating MAPK activation in the absence 

of ADAM17, whereas MAPK activation seems to be stabilized in WT MEFs. The same kinetic with 

an increased TNFα concentration was used for isolation of the TNF-R1 complex I. After 

Figure 3.20: Constant phosphorylation of IкBα ADAM17ex/ex MEFs. Immunoblot analysis of whole cell lysates. 

WT and ADAM17ex/ex MEFs were treated with moTAP-TNFα for the indicated time periods in FCS-free medium. 

Membrane was stained with the indicated antibodies. 
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stimulation with moTAP-TNFα, the receptor-ligand-complex was immune-precipitated from 

whole cell lysates. Detection of proteins being involved in formation of TNF-R1 complex I was 

assessed by immunoblot analysis (Figure 3.21).  

In WT MEFs assembly of TNF-R1 complex I peaked after 60 min of stimulation with TNFα. 

Association of TRADD, RIPK1, TRAF2, cIAP1 and HOIP were detected. Ubiquitination of RIPK1, 

Figure 3.21: TNF-R1 complex I formation is less in the absence of ADAM17. Immunoblot analysis of TNFα-

FLAG IP. WT and ADAM17ex/ex MEFs were stimulated with moTAP-TNFα for the indicated time periods in FCS-

free medium. Membrane was stained with the indicated antibodies. 
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detected as high molecular weight species of RIPK1, occurred over time and was visualized by 

long exposure. In contrast, TRADD association in ADAM17ex/ex MEFs was almost not detectable. 

RIPK1 recruitment peaked after 120 min stimulation, yet protein levels were considerably less 

than in WT MEFs. More importantly, a longer exposure revealed strikingly decreased 

ubiquitination of associated RIPK1 than in WT MEFs. TRAF2, cIAP1 and HOIP protein levels 

peaked after 120 min stimulation with TNFα in ADAM17ex/ex MEFs but were still lower than 

60 min after stimulation in WT MEFs. 

The analysis of TNF-R1 complex I isolation suggests reduced and delayed TNF-R1 complex I 

assembly upon stimulation in the absence of ADAM17. We additionally isolated TNF-R1 

complex II by FADD immunoprecipitation, after stimulation with TNFα and pre-incubation with 

zVAD, to pin down molecular mechanism responsible for decreased necroptotic cell death in the 

absence of ADAM17 (Figure 3.22). 

We additionally isolated TNF-R1 complex II by FADD immunoprecipitation, after stimulation 

with TNFα and pre-incubation with zVAD, to pin down molecular mechanism responsible for 

decreased necroptotic cell death in the absence of ADAM17 (Figure 3.22). 
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Figure 3.22: RIPK3 and caspase-8 are not recruited to TNF-R1 complex II in the absence of ADAM17. 

Immunoblot analysis of FADD IP. WT and ADAM17ex/ex MEFs were stimulated with moTAP-TNFα for the 

indicated time periods after 30 min pre-incubation with zVAD. Membrane was stained with the indicated 

antibodies. * indicates unspecific binding. 
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The longer the stimulation with TNFα, the more RIPK1 associated with FADD in zVAD pre-

treated WT MEFs. We also detected increasing RIPK3 and caspase-8 associating protein levels. 

Cleaved caspase-8 was only detected after 4 h of stimulation. Interestingly, FADD-associated 

RIPK1 exhibited increasing ubiquitination, as visualized by a long exposure, as well as 

phosphorylation at serine 166, which indicates autophosphorylation of RIPK1. 

Surprisingly, we detected less RIPK1 protein levels associated to FADD in the TNF αstimulated 

and zVAD pre-treated ADAM17ex/ex MEFs. Even after long exposure no ubiquitination was visible 

and only a slight phosphorylation after 4 h was detectable. Moreover, RIPK3 was neither 

associated to FADD nor found in the corresponding cell lysates of ADAM17ex/ex MEFs. The same 

was true for cleaved caspase-8. Nevertheless, inactive caspase-8 was found in both WT and 

ADAM17ex/ex MEF cell lysates in equal amounts on every examined time point. 

The end point of necroptosis is thought to be phosphorylation of MLKL. To assess whether loss 

of RIPK3 expression in ADAM17ex/ex MEFs simultaneously implies the absence of phosphorylated 

MLKL, we stimulated zVAD pre-treated WT and ADAM17ex/ex MEFs with TNFα and subjected the 

cell lysates to immunoblot analysis (Figure 3.23). 

While in WT MEFs MLKL phosphorylation occurs 4 h after induction of necroptosis by TNFα and 

zVAD, ADAM17ex/ex MEFs showed no phosphorylation of MLKL. 

Taken together, isolation of TNF-R1 complex II clearly revealed differences in the assembly in 

the absence and presence of ADAM17. There is no expression and recruitment of RIPK3 as well 

as cleavage of caspase-8. We show, that loss of RIPK3 expression inhibits downstream machinery 

of necroptosis. MLKL is not phosphorylated, thus there is no execution of necroptosis in the 

absence of ADAM17. 

Figure 3.23: Loss of ADAM17 hinders MLKL phosphorylation upon stimulation with TNFα and zVAD treatment. 

Immunoblot analysis of WT and ADAM17ex/ex. MEFs were pre-treated with 100 µM zVAD for 30 min and 

stimulated with 50 ng/mL TNFα for 4 h. Membrane was stained with the indicated antibodies.  
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TNF-R1 complex I and II formation is strongly impaired in the absence of ADAM17 (Figure 3.21, 

Figure 3.22). Whether reduced cleavage of the receptor is accountable for that is left undecided 

so far. We rather reasoned that impaired TNF-R1 signaling would resemble ADAM17 deficiency 

in the in vivo metastasis model. Therefore, either WT or TNF-R1-/- mice were injected with LLC-

lacZ cells and sacrificed after 6 h. The lungs were analyzed for number of TCs in the tissue (Figure 

3.24).  

In lung tissue of TNF-R1-/- mice we found significantly less TCs after 6 h. Additionally, cluster 

formation was drastically reduced in those mice compared to WT mice.  

We concluded that TNF-R1 signaling is essentially involved in TC extravasation, presumably by 

cell death induction triggered by its ligand TNFα, which itself is a substrate of ADAM17. TNFα 

can be blocked by Etanercept, a fusion protein of TNF-R2’s extracellular portion and a Fc part. 

We injected it prior to TC injection in WT mice and analyzed EC cell death with EthDIII after 6 h 

(Figure 3.25). A single treatment 5 min before TC injection was sufficient to decrease EC 

necroptosis by almost 50 %. Both results (Figure 3.24, Figure 3.25) indicate that, apart from DR6-

APP, TNF-R1-TNFα-induced EC death is also partly involved in TC extravasation.  

 

 

Figure 3.24: TC extravasation in the lung is decreased in the absence of TNF-R1. A: Timeline for the in vivo 

experiment. B: Representative microscopic images of β-galactosidase and nuclear fast red stained lung sections 

of WT and TNF-R1-/- mice 6 h after LLC-LacZ cell injection. Scale bar indicates 100 µm. Quantification shows 

mean ± SEM (n = 3 mice per group). Statistical significance was determined by unpaired, one-tailed Student’s 

t-Test. p.i. = post injection. Black arrows point to β-Gal+ cells. 
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Figure 3.25: TC-induced EC death is decreased in Etanercept-treated WT mice. A: Timeline for the in vivo 

experiment. B: Representative images of lung tissue sections stained for CD31. WT mice were i.v. injected with 

4 µg/g Etanercept 5 min prior to injection of LLC-LacZ cells and sacrificed 6 h later. EthDIII was injected i.v. 

5 min prior to sacrifice. Scale bar indicates 100 µm. A minimum of 3 non-overlapping images per animal were 

analyzed. Quantification shows mean ± SEM (n = 6 mice per group). Statistical significance was determined by 

Mann-Whitney U. p.i. = post injection. White arrows point to EthDIII+ cells. 
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3.6 Myeloid ADAM17 has no impact on metastasis of tumor cells to the lung 

We observed reduced LLC and B16F1 extravasation in the absence of ADAM17 6 h after TC 

injection (Figure 3.1). Interestingly, we noticed that 20 h after LLC injection the number of TC 

cluster further increased in WT mice, while TC cluster in ADAM17ex/ex mice rather decreased, 

suggesting TC proliferation in WT but not in ADAM17ex/ex mice. This further emphasizes that 

ADAM17 in the metastatic niche regulates more than just TC extravasation. 

We therefore injected ADAM17ex/ex or WT mice i.v. with LLC cells and sacrificed them 7, 14 or 

21 days later.  

Figure 3.26: Less associated tissue inflammation in TC injected ADAM17ex/ex mice. A: Representative 

microscopic images of HE-stained lung tissue of WT and ADAM17ex/ex mice injected i.v. with LLC cells. Mice 

were sacrificed at the indicated time points. Scale bar indicates 50 µm. For each animal 5 images and 10 

alveolar walls were measured. Quantification shows mean ± SEM (n = 3 per group). Statistical significance was 

determined by one-way ANOVA and Bonferroni post-hoc test. d = days. B: F4/80 and Gr1 stained lungs of WT 

and ADAM17ex/ex mice injected with LLC cells and sacrificed 3 weeks later. Scale bar indicates 100 µm. 8 non-

overlapping images per animal were analyzed. Quantification shows mean ± SEM (n = 3 per group). Statistical 

significance was determined by Student’s t-Test. p.i. = post injection, wk = weeks. 
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We observed increased thickening of the alveolar walls over time in WT but not ADAM17ex/ex 

mice, indicating reduced inflammation of the lung in the absence of ADAM17 (Figure 3.26A). The 

difference is most distinct 21 days after LLC cell injection.  

Supportive to the HE-staining, we observed slightly reduced infiltration of Gr1+ granulocytes and 

50 % reduction in F4/80+ macrophages in TC-injected ADAM17ex/ex mice compared to WT animals 

(Figure 3.26B).  

These observations indicate a reduction in TC-induced inflammation in ADAM17ex/ex mice. 

During inflammation, TNFα is predominantly cleaved from the surface of macrophages by 

ADAM17 [163]. Interestingly, Kim and colleagues showed that the pro-inflammatory cytokine 

TNFα promotes metastasis [83]. Therefore, we hypothesized that ADAM17 on immune cells 

promotes inflammation, extravasation of TCs and metastasis by the release of TNFα.  

We therefore generated LysM-Cre;ADAM17fl/fl (ADAM17ΔMC/ΔMC) mice, which display ADAM17 

deficiency on all myeloid cells and subjected them to our metastatic mouse model (Figure 3.27A). 

Figure 3.27: The absence of ADAM17 on myeloid cells is not protective against metastasis to the lung.                 

A: Timeline for the in vivo experiment. B: Representative macroscopic lung images of ADAM17ΔMC/ΔMC mice 3 

weeks after LLC or B16F1 cell injection. Tumor number was quantified and is shown as mean ± SEM (n = 3 

ADAM17fl/fl, 4 ADAM17ΔMC/ΔMC). Statistical significance was determined by unpaired, one-tailed Student’s t-Test. 

p.i. = post injection, wk = weeks. 
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Contrary to our assumption, we did not detect any difference in tumor number between 

ADAM17ΔMC/ΔMC and ADAM17fl/fl mice 3 weeks after LLC or B16F1 injection (Figure 3.27B). Thus 

ADAM17 on myeloid cells does not contribute to metastasis of TCs. 

In order to target the adaptive immune system rather than the myeloid compartment, we next 

used CD4-Cre;ADAM17fl/fl (ADAM17ΔT/ΔT) mice. Those mice with an ADAM17 deficiency only on 

CD4+ T cells were i.v. injected with LLC cells. 3 weeks later lungs were examined for macroscopic 

metastases (Figure 3.28A).  

Interestingly, T cell-specific deletion of ADAM17 reduced tumor number in the lung to a third 

compared to control mice (Figure 3.28B). 

Taken together, these data imply a more important role of ADAM17 in the adaptive than the 

innate immune system in the context of metastasis.  

  

Figure 3.28: T cell-specific deletion of ADAM17 protects against tumor formation in the lung. A: Timeline for 

the in vivo experiment. B: Representative macroscopic lung images of ADAM17ΔT/ΔT mice 3 weeks after LLC cell 

injection. Tumor number was quantified and is shown as mean ± SEM (n = 3 per group). Statistical significance 

was determined by unpaired, one-tailed Student’s t-Test. p.i. = post injection, wk = weeks. 
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3.7 Activated Notch1 signaling leads to tumor cell stemness and proliferation 

We investigated the proliferation in tumorous tissue of WT and ADAM17ex/ex mice. We stained 

paraffin embedded lung sections for proliferating cell nuclear antigen (PCNA) using DAB-

staining (Figure 3.29). The staining revealed less PCNA+ cells in ADAM17ex/ex lung tumors, 

compared to WT tumors 3 weeks after LLC injection, suggesting an important role of 

microenvironmental ADAM17 in TC proliferation.  

In order to simulate the paracrine activation, we immobilized the Notch1 ligand jagged-1-Fc with 

a IgG1 antibody on a tissue culture dish and seeded either LLC or B16F1 cells on top (Figure 

3.30A). Notch1 activation was assessed by immunoblot analysis (Figure 3.30B). 

Upon stimulation with jagged-1, LLC cells displayed increased amounts of cleaved Notch1 and 

phosphorylated receptor tyrosine kinase Axl, which is also involved in cell proliferation, 

migration and EMT. Moreover, Axl expression was shown to be regulated by TGFβ signaling, 

which in turn was shown to cross-talk with Notch1 signaling [164, 165]. On mRNA-level, we 

noted a strong increase in fold induction of the Notch1-target gene hairy and enhancer of split 

(Hes)-1 after jagged-1 stimulation. Furthermore, Axl was upregulated as well as Vimentin, Twist1 

and Col6a1, indicators for EMT. In B16F1 we did not see a jagged-1-dependent effect on Notch1 

activation (Figure 3.30C). In fact, we detected cleaved Notch1 even in IgG1 stimulated B16F1 

cells in equal amounts as in jagged-1 stimulated cells. Additionally, there was no difference in 

the amount of phosphorylated Axl. Consequently, we did not detect differences in the expression 

of Hes-1 and Axl, as assessed by qRT-PCR (Figure 3.30D). 

 

 

Figure 3.29: LLC tumors in ADAM17ex/ex mice display less proliferating cells compared to tumors in WT mice. 

Representative images of DAB-stained tumorous tissue in WT and ADAM17ex/ex lungs 3 weeks after LLC cell 

injection. Scale bar indicates 100 µm. p.i. = post injection. 
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These results suggest the activation of Notch1 signaling in LLC cells in WT, but not ADAM17-

deficient mice, leading to reduced proliferation, migration and survival of the TC. In contrast, 

Notch1 signaling in B16F1 cells seems to be independent of ADAM17. 

 

  

Figure 3.30: Notch1 activation in LLCs but not B16F1 cells leads to CSC phenotype. A: Schematic of the 

experimental procedure. B: Immunoblot analysis of LLC cell lysates. Cells were stimulated with immobilized 

jagged-1-Fc or IgG1-Fc for 72 h (n = 4). C: Immunoblot analysis of B16F1 cell lysates. Cells were stimulated 

with immobilized jagged-1-Fc or IgG1-Fc for 72 h. n = 4. D: qRT-PCR quantification of Notch target gene 

expression in LLC and B16F1 cells. Cells were stimulated with immobilized jagged-1-Fc or IgG1-Fc for 72 h (n 

= 3). Statistical significance was determined by unpaired, one-tailed Student’s t-Test. 
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3.8 Specific inhibition of ADAM17 prevents tumor cell metastasis 

Our results show a high relevance of ADAM17 for metastasis and tumor growth, identifying it as 

a promising target for anti-cancer therapies. Therefore, it is necessary to develop a highly 

specific inhibitor that does not interfere with the activity of other ADAMs, like ADAM10.  

Very recently, Irit Sagi and colleagues were able to generate the recombinantADAM17-PD. So 

far, it was used as inhibitor for ADAM17 activity in LPS-induced sepsis, collagen-induced 

arthritis, TNBS-induced colitis in mice, Kras-driven lung adenocarcinoma and kidney fibrosis [6, 

26, 166]. In all four investigated pathologies, inhibition of ADAM17 showed beneficial effects. 

Here we aimed to test the ADAM17-PD in our metastatic mouse model. To begin with, we 

confirmed the identity and purity of the ADAM17-PD by coomassie stained SDS-PAGE (Figure 

3.31A). To ensure the proper inhibitory effect of ADAM17-PD, we performed an activity assay 

with the recombinant catalytic domain of ADAM17 (Figure 3.31B). Not only the metalloprotease 

inhibitor TAPI-1, but also ADAM17-PD inhibited the cleavage of a fluorogenic TNFα-based 

substrate. The IC50 of TAPI-1 and ADAM17-PD in those activity assays was 128.0 ± 0.9 nM and 

110.8 ± 1.6 nM, respectively (Figure 3.31C).  

We next investigated the inhibitory effect of ADAM17-PD in vivo. Therefore, WT mice were 

injected i.v. with either ADAM17-PD or TAPI-1 5 min before TC injection. The mice were 

sacrificed 6 h later and the lung tissue was analyzed for TC number and EC death (Figure 3.32). 

A β-galactosidase staining revealed significantly less TCs in lungs of mice treated with TAPI-1 

and ADAM17-PD. We detected a reduction of extravasated TCs by half in ADAM17-PD treated 

mice and by almost 75 % in TAPI-1 treated mice. To investigate whether this is due to impaired 

necroptosis of ECs, we injected EthDIII 5 min before sacrificing the mice. Co-staining of lung 

sections with CD31 displayed indeed a strong reduction in necroptotic ECs in TAPI-1 and 

ADAM17-PD treated mice, reflecting the reduction in extravasation (Figure 3.32C). 
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Figure 3.31: ADAM17-PD is a potent inhibitor of ADAM17 activity. A: Identification and purity of the ADAM17-

PD analyzed with reducing SDS-PAGE and coomassie staining. 400 ng were loaded on the gel. B: Activity of 

recombinant catalytic domain of ADAM17 towards a fluorogenic TNFα –based peptide in the presents of the 

indicated ADAM17-PD or TAPI-1 concentrations (n = 3). C: Half maximal inhibitory concentrations (IC50) of 

ADAM17-PD and TAPI-1. IC50 values were calculated using four parameter logistic curve fitting (n = 3). 
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We reasoned that a single dose of ADAM17-PD is sufficient to decrease tumor formation due to 

impaired extravasation. Therefore, WT mice were injected with ADAM17-PD 5 min before TC 

injection and the mice were sacrificed 3 weeks later (Figure 3.33A,B). A single dose of ADAM17-

PD prior to TC injection lead to a reduction in tumor burden by 90 %. 

We here show, that i.v. injection of a specific ADAM17 inhibitor leads to reduction in metastasis 

which is due to impaired TC-induced EC necroptosis. Hereby a single dose of ADAM17-PD is 

sufficient to decrease extravasation and tumor formation significantly. 

Figure 3.32: Single ADAM17-PD dose inhibits TC-induced EC necroptosis and extravasation. A: Timeline for 

the in vivo experiments. B: Representative microscopic images of β-galactosidase and nuclear fast red stained 

lung sections of WT mice 6 h after LLC-LacZ cell injection. 5 min prior to TC injection, PBS, ADAM17-PD or 

TAPI-1 was injected i.v. Scale bar indicates 100 µm. Quantification shows mean ± SEM (n = 4 PBS, 3 TAPI-1, 6 

ADAM17-PD). Statistical significance was determined by ANOVA on ranks and Turkey’s post-hoc test. p.i. = post 

injection. Black arrows indicate β-Gal+ cells. C: Representative images of lung tissue sections stained for CD31. 

WT mice were i.v. injected with LLC-LacZ cells and sacrificed 6 h later. EthDIII was injected i.v. 5 min prior to 

sacrifice. Scale bar indicates 100 µm. A minimum of 5 non-overlapping images per animal were analyzed. 

Quantification shows mean ± SEM (n = 4 PBS, 3 TAPI-1, 6 ADAM17-PD). Statistical significance was determined 

by ANOVA on ranks and Turkey’s post-hoc test. p.i. = post injection. White arrows indicate EthDIII+ cell. 
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These results identify ADAM17 as promising target to reduce the risk of metastasis without the 

need to directly interfere with the TC itself but rather manipulating extravasation efficiency of 

TCs. 

 

  

Figure 3.33: ADAM17-PD prevents tumor formation in the lung. A: Timeline for the in vivo experiment.                      

B: Representative macroscopic images of lungs of WT mice injected i.v. with either PBS or ADAM17-PD 5 min 

prior to LLC injection. Quantification shows mean ± SEM (n = 3). Statistical significance was determined by 

unpaired, one-tailed Student’s t-Test. p.i. = post injection, wk = weeks. 

A 
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4 Discussion 

Metastatic disease is the major cause of death in cancer patients. A novel concept of therapy is 

highly warranted, but yet many steps in the complex metastatic cascade still remain elusive. 

While in the last decade cancer research predominantly focused on targeting TCs themselves, it 

became apparent that more advanced approaches, e.g. simultaneous targeting of the tumor 

microenvironment, are more beneficial for the patient. 

Since several substrates of ADAM17 have been implicated in tumor development and 

progression, we aimed to identify ADAM17 as a regulator in metastasis.  

4.1 ADAM17 activity in the microenvironment for tumor cell extravasation 

TC extravasation, in particular breaching the endothelial barrier is considered as a limiting step 

in the metastatic process, which is thought to involve collaboration of many different cell types. 

Soluble factors released by ECs, immune cells and TCs themselves are just as important as direct 

interaction between these cell types to facilitate TC transmigration. Several substrates of ADAM 

proteases have been implicated in the process of metastasis and tumor growth [26]. ADAM17s’ 

most prominent substrate TNFα e.g. was shown by Kim et al. to play a crucial role in metastasis 

[83]. TNFα-/- mice were partially protected from metastases formation in the lung after i.v. LLC 

injection. Consequently, previous work in our lab showed a strong reduction in tumor burden in 

hypomorphic ADAM17ex/ex mice when subjected to the same metastasis model using either LLC 

or B16F1 cells.  

Extravasation is a quite fast process as it is thought to be completed within 24 h after TCs 

entering the circulation [167]. We observed enhanced permeability of the endothelium of WT 

mice 6 h after TC injection (Figure 3.3). However, 20 h after TC injection endothelial barrier 

function was restored in WT mice, supporting the notion that TC-induced endothelial 

permeability is a transient process. Interestingly, endothelial permeability was significantly 

decreased in ADAM17ex/ex mice 6 h after TC injection compared to WT mice, pointing to an 

essential role of ADAM17 in TC transendothelial migration.  

Increase in endothelial permeability during TC extravasation is facilitated by many different 

molecular mechanisms. It was shown that macrophages release EGF to attract TCs to the 

endothelium and TCs in turn recruit macrophages to the endothelium by release of CCL2 [90, 

107]. Macrophages subsequently release VEGF-A, which enhances endothelial permeability by 

activation of focal adhesion tyrosine kinase, which in turn disrupts VE-cadherin/β-catenin 
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binding leading to EC junction opening [107, 168]. Additionally, these recruited macrophages 

were shown to release TNFα, which (most probably) indirectly stimulates EC retraction by 

cytoskeleton modulation [169]. While these observations suggest a role for macrophages in 

transendothelial migration, we showed that transmigration of human MDA-MB231 TCs through 

a monolayer of HUVECs or HMVECs-L in vitro is impaired in the absence of ADAM17 in ECs 

(Figure 3.2), indicating an endothelial cell-intrinsic role of ADAM17. In line with this notion, TC 

extravasation was reduced not only in ADAM17ex/ex mice, but also in mice with EC-specific 

ADAM17 deficiency (Figure 3.1). In conclusion, we revealed a central role for endothelial 

ADAM17 in TC extravasation by enhancing endothelial barrier permeability and therefore 

facilitating transendothelial migration. 

EC retraction as well as disruption of tight junctions are critical for TC transendothelial 

migration. Many ADAMs have been associated with cleavage of junction proteins [170]. We 

assessed shedding of two tight junction proteins 6 h after TC injection in ADAM17ex/ex mice and 

mice with EC-specific ADAM17 deficiency, but did not detect any reduction in soluble JAM-A or 

VE-cadherin levels (Figure 3.8). Considering this result, it becomes evident, that other proteases 

might mediate tight junction opening rather than ADAM17. Therefore, modulation of 

endothelial barrier function by ADAM17 is not dependent on the shedding of tight junction 

proteins by ADAM17 itself. 

Wolf and colleagues demonstrated that CCL2 directly enhances vascular permeability [106]. It 

was reported that LLC cells and macrophages release CCL2 in the circulation [107]. CCL2 binds 

to the GPCR CCR2, which via G protein q/11α induces an increase in intracellular Ca2+ 

concentration and activation of PKCβ (see Chapter 1.1.4). The classical isoform PKCβ is 

overexpressed in several cancers, which correlates with reduced survival of patients [171]. In cell 

culture experiments PKCβ can be activated upon VEGF stimulation of bovine aortic endothelial 

cells [172]. Moreover, Wallace et al. showed that stromal PKCβ promotes tumorigenesis in a 

genetic breast cancer mouse model [173]. Additionally, it was shown that stromal PKCβ is 

indispensable for the progression of chronic lymphocytic leukemia [174]. Since it was reported 

that ADAM17 can be activated by PKCs [39], we assessed PKCβ activation upon CCL2 binding to 

ECs in our metastasis model. Previous work in our lab demonstrated phosphorylation of PKCβ 

and not PKCα upon stimulation of murine brain endothelial cells with CCL2. Moreover, CCL2 

stimulation of those cells enhanced surface-bound ADAM17 activity, which could be decreased 

by specific inhibition of PKCβ with Enzastaurin (bachelor theses of C. Borowski and L. Neukirch). 

We observed phosphorylation of PKCβ in WT mice upon TC injection (Figure 3.6), further 
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indicating an activation of ADAM17 by PKCβ upon CCL2-release by TCs. Consequently, PKCβ-/- 

mice showed reduced TC numbers in the lung 6 h after TC injection and were protected from 

metastases formation 3 weeks after TC injection (Figure 3.7). We therefore conclude that CCL2 

enhances EC permeability via a CCR2/PKCβ/ADAM17 axis. However, we can not rule out that 

other mechanisms activate ADAM17 in ECs during TC extravasation. The study by Wolf and 

colleagues additionally observed phosphorylation of p38 and activation of JAK2-STAT5 pathway 

upon CCR2 stimulation on ECs. Since p38 is also able to activate ADAM17 by phosphorylation, 

this further suggests that besides PKCβ there are other regulators of ADAM17 activity involved 

in metastasis. Taken together, we showed an essential role for PKCβ and ADAM17 in ECs in TC 

transendothelial migration. TC- and macrophage-derived CCL2 binds to CCR2 on ECs, which via 

Gq/11α activates PKCβ. Subsequently, PKCβ phosphorylates ADAM17, which leads to enhanced 

endothelial permeability and successful TC extravasation (Figure 4.1). 

 

  

Figure 4.1: Activation of ADAM17 by PKCβ on ECs in response to TC-derived CCL2. TCs and macrophages 

release CCL2, which binds to CCR2, a GPCR. This leads via Gq/11α and phospholipase C to activation of PKCβ, 

which in turn phosphorylates and thereby activates ADAM17. Activated ADAM17 on ECs subsequently cleaves 

its substrates, leading to impaired extravasation of the TC. TC = Tumor cell, MC = Macrophage, EC = Endothelial 

cell. 
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4.2 Regulation of cell death by ADAM17 

Cell death gained more and more attention in cancer research over the last years. However, 

studies mainly focused on how to restore cell death susceptibility of TCs. Recently, Strilic et al. 

revealed an important role of necroptosis in the microenvironment for TC extravasation. They 

demonstrated that TCs actively induce necroptosis in ECs, which leads to disruption of the 

endothelial barrier (Chapter 1.2.3) [110].  

We therefore hypothesized that the loss of ADAM17 in ECs protects from TC-induced 

necroptosis and thereby from induction of endothelial permeability and extravasation. Indeed, 

we observed reduced necroptosis in ADAM17-deficient ECs in the presence of TCs in vitro (Figure 

3.9). In accordance with the observations of Strilic et al. we also detected necroptotic ECs in WT 

mice 6 h after TC injection (Figure 3.11). The number of necroptotic ECs was drastically reduced 

in ADAM17ex/ex mice and mice with EC-specific ADAM17 deficiency (Figure 3.12). These results 

clearly link endothelial ADAM17 to TC-induced EC necroptosis in TC extravasation. 

Strilic and colleagues reported that necroptosis is induced by membrane-bound APP of TCs 

binding to DR6 on ECs [110]. We demonstrated that cell death induction by membrane-bound 

APP is dependent on ADAM17 (Figure 3.15, Figure 3.16). Moreover we identified DR6 as novel 

substrate for ADAM17 (Figure 3.15), indicating a general role of ADAM17 in DR6-induced 

necroptosis.  

In our experiments, complete induction of APP-DR6 induced necroptosis was dependent on 

TNF-R1, since we detected reduced necroptosis in HUVECs with TNF-R1 suppression that were 

stimulated with membrane-bound APP (Figure 3.16). It is conceivable that upon APP-induced 

necroptosis TNFα is released from dying cells, which in turn amplifies cell death by stimulating 

TNF-R1. We investigated the importance of TNFα-TNF-R1 induced EC necroptosis in vivo by 

treatment of WT mice with Etanercept and showed that blocking of TNFα significantly reduced 

EC necroptosis (Figure 3.25). Consequently, TC extravasation was also impaired in the absence 

of TNF-R1 in mice (Figure 3.24). In conclusion, we here report TNFα-TNF-R1 induced EC 

necroptosis to be crucial for TC extravasation. 

Since both, TNFα and TNF-R1 can be processed by ADAM17, we reasoned that TNF-R1-induced 

necroptosis is also dependent on ADAM17. We observed reduced EC apoptosis as well as 

necroptosis induced by TNFα or TNFα and zVAD, respectively in the absence of endothelial 

ADAM17 (Figure 3.18). We thereby confirmed that ADAM17 is a general regulator of cell death 

induced by APP-DR6 and TNFα-TNF-R1 in ECs.  
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Under physiological conditions TNFα stimulation usually leads to fast formation of complex I, 

NF-кB activation and cell survival (Chapter 1.3.1). However, prolonged TNFα stimulation as well 

as additional stimuli may lead to assembly of cytosolic complex II and cell death via apoptosis or 

necroptosis (Chapter 1.3.2). We investigated TNF-R1 complex formation in the absence of 

ADAM17 and demonstrated that TNF-R1 complex II formation is strongly impaired in 

ADAM17ex/ex MEFs. While we observed formation of both, complex IIa, as indicated by 

ubiquitinated RIPK1 and cleaved caspase-8, and complex IIb, as indicated by 

autophosphorylated RIPK1 and recruitment of RIPK3 in WT MEFs, TNF-R1 complex II assembly 

is absent in ADAM17ex/ex MEFs. Since we did not observe recruitment of RIPK3 to complex IIb, we 

consequently did not detect any phosphorylation of MLKL in ADAM17ex/ex MEFs (Figure 3.23), 

which is needed for execution of necroptosis [121]. These results further confirm our hypothesis 

that ADAM17 is necessary for TNFα-TNF-R1-induced cell death. In the absence of ADAM17 

neither TNF-R1 complex IIa, nor IIb is formed which confers resistance to cell death.  

Interestingly, we neither detected RIPK3 in complex II nor in whole cell lysates of ADAM17ex/ex 

MEFs, emphasizing a regulation of Ripk3 expression in the absence of ADAM17. Whether Ripk3 

expression is regulated in an ADAM17-dependent manner is so far unclear. It was shown that 

transcription of Ripk3 can be controlled by DNA hypermethylation of its promoter [175]. In TCs 

expression of Ripk3 was linked to the activation of the transcription factor Sp1 [176]. 

Interestingly, Benjamin and colleagues reported that activation of NF-кB leads to Sp3-dependent 

suppression of Sp1 activation [177]. This suggests that NF-кB activation decreases Ripk3 

transcription. We reasoned that in the absence of ADAM17 NF-кB activation by enhanced TNF-

R1 complex I formation is increased. Interestingly, we indeed observed constitutive 

phosphorylation of IкBα in ADAM17ex/ex MEFs in the absence of exogenous TNFα (Figure 3.20). 

Phosphorylation of IкBα by IKKβ leads to its degradation, whereby NF-кB is released (Chapter 

1.3.1). Inhibition of IKKβ by TPCA-1 in HUVECs with siRNA-mediated suppression of ADAM17 

sensitized the cells to TNFα-induced necroptosis (Figure 3.18), indicating constitutive activation 

of NF-кB in the absence of ADAM17. These results further emphasize that in the absence of 

ADAM17, formation of TNF-R1 complex I, which leads to cell survival by NF-кB activation, is 

enhanced. We therefore investigated composition of TNF-R1 complex I in ADAM17ex/ex MEFs. 

Surprisingly, we neither detected receptor proximal proteins, like the adaptor protein TRADD, 

nor recruitment of cIAPs and HOIP, the central catalytic protein of the LUBAC complex. 

Consequently, RIPK1 ubiquitination, usually facilitated by the LUBAC complex, was strongly 

decreased in ADAM17ex/ex MEFs compared to WT MEFs (Figure 3.21). In conclusion, TNF-R1 
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complex I formation upon stimulation with exogenous TNFα was impaired although we detected 

constitutive NF-кB activation.  

Since we showed that in the absence of ADAM17 neither TNF-R1 complex I nor complex II is 

formed, i.e. TNF-R1 signaling per se is impaired, we investigated whether cleavage of cell innate 

TNFα or TNF-R1 by ADAM17 is a prerequisite for TNF-R1 signaling. 

On the one hand, Chhibber-Goel and colleagues proposed a model, in which TNF-R1 ectodomain 

cleavage by ADAM17, internalization and intramembrane proteolysis by γ-secretase is a 

prerequisite for TNFα-induced apoptosis via TNF-R1 complex I formation [162]. Therefore, we 

hypothesized that in the absence of ADAM17 lack of TNF-R1 cleavage impairs TNF-R1 complex 

IIa and b formation. The protease activity of the γ-secretase complex is facilitated by the subunits 

PSEN1 and 2, which is why we used PSEN1+/-/2-/- MEFs to prove our hypothesis. We observed that 

MEFs of PSEN1+/-/2-/-  mice (Chapter 3.5) are partially protected from TNFα-induced apoptosis as 

well as necroptosis (Figure 3.19), which further suggests that cleavage of TNF-R1 by ADAM17 is 

a prerequisite for TNF-R1 internalization, γ-secretase cleavage, complex I dissociation and TNF-

R1 complex II formation. We also found reduced soluble TNF-R1 levels in the absence ADAM17 

in vitro and in vivo in the presence of TCs (Figure 3.17), supporting this hypothesis. However, a 

direct proof that ADAM17-mediated cleavage of TNF-R1 is a prerequisite for TNFα-induced cell 

death is still lacking. To this end, we will generate cleavage resistant mutants of TNF-R1 that 

were previously described elsewhere [178] and measure TNFα-induced cell death as well as 

investigate TNF-R1 complex formation.  

On the other hand, it was shown that apart from TNF-R1, TNF-R2 signaling upon TNFα binding 

leads to activation of IKKβ, subsequent phosphorylation of IкBα and NF-кB activation via the 

non-canonical pathway. Additionally, upon NF-кB activation, anti-apoptotic genes are 

upregulated [129]. These include cIAP1/2, which stabilize TNF-R1 complex I and cFLIP, which 

counteracts cleavage of caspase-8 in TNF-R1 complex II [179]. It is known, that NF-кB also 

upregulates TNFα expression, in a positive feedback loop [180]. TNF-R2 has a higher affinity to 

membrane-bound TNFα than to its soluble form. Preliminary data of our group indicate slightly 

increased levels of membrane-bound TNFα on the cell surface of ADAM17ex/ex MEFs (data not 

shown). This suggests that in the absence of ADAM17 increased expression of membrane-bound 

TNFα activates TNF-R2 in cis, leading to TNF-R1-independent activation of NF-кB. Interestingly, 

it was shown that stimulation of TNF-R2 by membrane-bound TNFα attenuates the cytotoxicity 

of soluble TNFα on two breast cancer cell lines [181, 182]. Moreover, Nicolaou and colleagues 

reported increased membrane-bound TNFα and TNF-R2 levels in plasma and on bone-marrow 
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derived macrophages of ADAM17ex/ex mice in a genetic mouse model of atherosclerosis [41]. This 

led to constitutive TNF-R2 signaling and reduced apoptosis. Since we detected IкBα phos-

phorylation even in the absence of exogenous, soluble TNFα in ADAM17ex/ex MEFs, we propose 

that in the absence of ADAM17, binding of membrane-bound TNFα to TNF-R2 leads to cell 

preconditioning, which counteracts soluble TNFα-induced cell death via TNF-R1 (Figure 4.2).  

Since we suggested that PKCβ activates ADAM17 upon TC-derived CCL2 activation of ECs, we 

reasoned that PKCβ is important for TC-induced necroptosis as well. In line with our finding that 

PKCβ activates ADAM17 in ECs during TC extravasation, we also detected reduced EC 

necroptosis in vitro and in vivo in the absence of PKCβ (Figure 3.9, Figure 3.13), further 

emphasizing a role for PKCβ in activating ADAM17 during TC-induced EC necroptosis. 

In a recent study, Cai and colleagues suggested a role of ADAMs for the execution of necroptosis. 

They report activation of ADAM proteases by phosphorylated MLKL leading to substrate 

shedding and subsequent cell death [183]. Moreover, while PS-exposure is considered a hallmark 

of apoptotic cell death, leading to phagocytosis of dying cells, Gong et al. recently also observed 

PS-exposure of necroptotic cells [143]. Since PS-exposure to the cell surface activates ADAM17 

(Chapter 1.1.4), this indicates that apoptosis as well as necroptosis enhance ADAM17 activity. 

Considering both publications, we cannot rule out, that ADAM17 activity is further enhanced in 

A B 

Figure 4.2: Regulation of cell death by ADAM17. A: In the presence of activated ADAM17, membrane-bound 

TNFα is cleaved. Soluble TNFα activates TNF-R1, leading to formation of TNF-R1 complex IIa and complex IIb. 

Subsequently, cell death is initiated. B: In the absence of ADAM17 or when its activity is inhibited, TNFα 

remains membrane-bound and activates TNF-R2, predominantly. TNF-R2 signaling leads to NF-кB activation 

and upregulation of several anti-apoptotic genes, SP3 as well as TNFα itself. SP3 induces SP1-dependent 

downregulation of RIPK3. The cell survives, as TNF-R1 cytotoxic signaling is inhibited. Red halo indicates 

activity. Red, dashed line indicates shedding by ADAM17. 
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the final steps of cell death, which might execute cell death or represent a feedback loop by 

extensive TNFα shedding. 

4.3 Function of ADAM17 during tumor cell seeding 

4.3.1 ADAM17 on immune cells in tumor growth 

Inflammation is strongly associated with tumor development and progression. Infiltrating 

immune cells release cytokines, chemokines and growth factors that contribute to TC migration, 

survival and proliferation. We detected a time dependent increase in inflammation of lung tissue 

in WT mice after TC injection, but not in ADAM17ex/ex mice (Figure 3.26A). In line, we observed 

less infiltrated myeloid cells, i.e. macrophages and granulocytes in tumor tissue of ADAM17ex/ex 

mice 3 weeks after TC injection (Figure 3.26B). Since the release of inflammatory cytokines, like 

TNFα, from the surface of immune cells is mediated by ADAM17, we reasoned that ADAM17 on 

immune cells promotes tumor progression by shaping an inflammatory microenvironment. 

However, ADAM17 deficiency on myeloid cells did not protect the mice from tumor formation in 

the lung 3 weeks after TC injection (Figure 3.27). In conclusion, ADAM17 on macrophages and 

granulocytes is dispensable for TC metastasis. Whether ADAM17 on myeloid cells has an impact 

on inflammation in response to TC injection as well as in TC extravasation has yet to be proven.  

Moreover, there is controversial discussion about the specificity and efficiency of the LysM-Cre- 

driver that we used for targeting myeloid cells. It was shown that apart from granulocytes, 

monocytes and macrophages, lung alveolar cells are LysM+ [184]. Additionally, it remains 

unclear, whether both, peripheral blood and tissue resident myeloid cells are targeted. In a 

comparative study of different Cre-driver, Abram et al. demonstrated that while spleen, alveolar 

and peritoneal macrophages are targeted by LysM-Cre, peripheral blood macrophages are not 

[185]. Therefore, we would have to demonstrate ADAM17-depletion on peripheral blood 

macrophages and granulocytes in ADAM17ΔMC/ΔMC mice. 

The adaptive immune system is as important as the innate immune system for the intensity and 

duration of an immune response. T cells are part of the adaptive immune system and are divided 

in several subsets, including T helper 1, T helper 2, T helper 17, Tregs and natural killer T cells. 

Differentiation of naive CD4+ cells is mainly dependent on cytokine composition of the 

microenvironment. CD4+ T cells have critical roles in the immune system, ranging from B cell 

and innate immune cell activation to suppression of immune reactions [186]. It was shown that 

tumor-associated CD4+ Tregs suppress activation of cytotoxic T cells, thereby exhibit 
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immunosuppressive functions [187]. Depletion of Tregs resulted in anti-tumor activity of CD8+ 

T cells. In a mouse model of breast cancer, T helper 17 cells were demonstrated to promote tumor 

growth by mediating angiogenesis [188]. These studies suggest a pro-tumorigenic function of 

CD4+ T cells. ADAM17 deficiency on CD4+ T cells was already investigated in a model of Listeria 

monocytogenes infection. While the authors detected less shedding of ADAM17 substrates, like 

TNF-R1, TNF-R2, TNFα and IL-6R, they did not find changes in T cell subsets. Mice with ADAM17 

deficiency on CD4+ T cells were still able to clear primary and secondary Listeria monocytogenes 

infections [150]. ADAM17 on T cells in the context of metastasis has not been investigated yet. 

Here, we showed that mice with ADAM17 deficiency on CD4+ T cells are strongly protected from 

tumor formation 3 weeks after TCs injection (Figure 3.28). We therefore conclude that ADAM17 

on CD4+ T cells promotes TC seeding. The detailed molecular mechanism behind this observation 

remains elusive and has to be investigated further.  

4.3.2 Tumor cell proliferation mediated by ADAM17 

Mice deficient for TIMP3, a physiological inhibitor of ADAM17 (Chapter 1.1.4), show increased 

tumor growth and angiogenesis in a subcutaneous melanoma model [189]. This proposes that 

ADAM17 in the microenvironment might promote TC seeding.  

While we noticed that the number of LLC cell cluster in lungs of WT mice increased from 6 h to 

20 h after injection, the number of TC cluster did not change in ADAM17ex/ex mice (Figure 3.1). 

This suggests that whereas TCs in WT mice already started to proliferate 20 h after LLC cell 

injection, they do not in ADAM17ex/ex mice. In line with these findings, we detected less 

proliferating cells in tumor tissue in ADAM17ex/ex mice 3 weeks after LLC injection (Figure 3.29). 

These results suggest that microenvironmental ADAM17 not only promotes TC extravasation, 

but also mediates LLC cell outgrowth and proliferation. Interestingly, Lu and colleagues showed 

the release of soluble jagged-1 by ADAM17 from the surface of ECs, which leads to activation of 

Notch1 in a paracrine manner on colorectal cancer cells. Notch1 ICD functions as transcription 

factor and changes gene expression patterns that promote a CSC phenotype [190]. CSCs are 

believed to initiate and sustain tumor growth. Moreover, jagged-1-dependent activation of 

Notch1 is associated with metastasis, proliferation and inhibition of apoptosis of TCs [26]. 

Interestingly, Notch1 signaling was also described to crosstalk with other signaling pathways, 

like MAPK/AKT and NF-кB pathway [191, 192]. The exact mechanism by which these pathways 

interact is cell and stimulus dependent.  

We therefore investigated Notch activation in LLC and B16F1 cells. While we observed Notch1 
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activation by membrane-bound jagged-1 in LLC cells, B16F1 cells showed ligand-independent 

Notch1 activation, which was not further increased upon jagged-1 stimulation (Figure 3.30B,C). 

Consequently, we detected an increase of mRNA levels of the Notch1 target gene Hes-1 in jagged-

1 stimulated LLC cells, but no changes in mRNA levels in B16F1 cells (Figure 3.30D). Auto-

activation of Notch receptors has been noticed before and is mainly triggered by trafficking of 

the receptor [193]. We concluded that while LLC cells are responsive to Notch1 ligands, B16F1 

cells are not.  

The aggressive phenotype of Notch-activated TCs is attributed to EMT. A marker for EMT is the 

upregulation of several proteins like Vimentin, TWIST1 and collagen VI, which are associated 

with a mesenchymal phenotype. Furthermore, receptor tyrosine kinase Axl was shown to be 

upregulated upon Notch1-induced EMT [194-196]. We investigated EMT in jagged-1 stimulated 

LLC and B16F1 cells by mRNA levels of Vim, Twist1, Col6a1 and Axl. Indeed, we observed an 

increase in mRNA levels of these proteins in LLC cells stimulated with jagged-1. We did not 

detect changes in B16F1 cells, further proving that B16F1 cells exhibit constitutive Notch 

signaling and EMT. In conclusion, ADAM17 might participate in LLC tumor progression by 

liberating the Notch1 ligand jagged-1 from the cell surface of ECs. Notch1 signaling in LLC cells 

leads to EMT, which promotes migration, survival and progression. B16F1 cells are independent 

of Notch1 ligands for undergoing EMT. A direct link between ADAM17 deficiency and TC EMT in 

vivo has yet to be demonstrated.  

4.4 ADAM17 as clinical target in cancer therapy 

ADAM-mediated shedding has been associated with several pathologies. Especially ADAM17-

mediated release of TNFα was shown to play a crucial role in inflammatory disease, like sepsis, 

rheumatoid arthritis and inflammatory bowl disease [26]. Therefore, specific inhibition of 

ADAM17 seems to be a promising treatment option. Unfortunately, due to low specificity and 

side effects many of the so far developed inhibitors did not reach the clinics.  

Recently, Wong et al. succeeded in producing an inhibitor of ADAM17 [6]. ADAM17 is 

synthesized as zymogen, i.e. with an inhibitory prodomain, that blocks the catalytic domain. 

Usually the prodomain is cleaved off on the secretory pathway by protein convertases, like furin. 

In their study Wong and colleagues recombinantly produced this ADAM17-PD and showed 

specific inhibition of cell surface ADAM17 with an IC50 of 145 nM by binding to the catalytic 

domain. Considering that ADAM17 deficiency in our mouse model protected from TC 

extravasation, we hypothesized that treatment with the ADAM17-PD would reduce metastases 
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formation in WT mice. Single dose i.v. injection of ADAM17-PD or TAPI-1, a broad 

metalloprotease inhibitor, reduced TC extravasation and TC-induced EC necroptosis by 50 % in 

WT mice (Figure 3.32). Moreover, ADAM17-PD inhibited tumor formation after 3 weeks by 90 % 

(Figure 3.33). Both results clearly resemble the impact of ADAM17 deficiency on ECs on TC 

extravasation and metastasis. We therefore conclude that the in vivo inhibition of ADAM17 by 

single administration of ADAM17-PD is highly protective against metastases formation in the 

lung. Furthermore, these experiments suggest that catalytic activity of ADAM17 is important for 

TC-induced EC necroptosis. Whether administration of ADAM17-PD has any side effects has to 

be tested in further experiments. Moreover, further characterization of bioavailability and 

efficiency in other metastasis models is needed.  

Since we showed that ADAM17 is activated by PKCβ upon TC-mediated CCL2 release, we 

reasoned that selective inhibition of PKCβ might also reduce TC extravasation and metastasis. 

Treatment of WT mice with the selective PKCβ inhibitor Enzastaurin reduced EC cell death by 

40 %, thereby TC extravasation (Figure 3.14). Clinical studies on the treatment of solid tumors 

with Enzastaurin unfortunately failed, since it did not show the expected effects [197]. However, 

we identified Enzastaurin as promising inhibitor of TC metastasis by indirectly inhibiting 

ADAM17 activity. ADAM17-PD and Enzastaurin seem to be promising inhibitors of metastasis 

and might be used as adjuvant therapy in clinics before/while primary tumor resection, which is 

known to be a risk of metastasis in patients [198]. 
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4.5 Conclusion 

Our study shows for the first time an indispensable role of ADAM17 in metastasis. We 

demonstrate that ADAM17 enhances EC permeability and TC extravasation by mediating TC-

induced necroptosis in ECs. Moreover, we identify ADAM17 as major regulator of TNF-R1 

induced cell death in general. Additionally, we demonstrate activation of ADAM17 by TC-derived 

CCL2 via PKCβ in ECs and present Enzastaurin and ADAM17-PD as potent inhibitors for TC 

extravasation and metastasis (Figure 4.3). We are confident that we identified ADAM17 as key 

player of metastasis and as promising therapeutic target.  

  

Figure 4.3: Endothelial ADAM17 in the metastatic niche. Upon binding of APP of TCs to DR6 on the EC, 

necroptosis is initiated, which probably activates ADAM17. Additionally, TC-derived CCL2 activates ADAM17 

by CCR2-dependent phosphorylation of PKCβ via Gq/11α. ADAM17 liberates membrane-bound TNFα. Thereby 

shifting the balance between TNF-R1 and TNF-R2 signaling towards TNF-R1, which amplifies DR6-induced 

necroptosis. ADAM17-mediated cleavage of TNF-R1 is a prerequisite for cell death downstream of TNF-R1. 

Necroptosis of the EC leads to the release of DAMPs and enhanced permeability of the endothelial barrier, 

finally leading to TC transendothelial migration. Red outlines indicate activity. Red, dashed lines indicate 

shedding by ADAM17. EC = Endothelial cell, TC = Tumor cell, TEM = transendothelial migration. 
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6 Appendix  

6.1 Abbreviations 

°C              Degree Celsius 

ADAM            A disintegrin and metalloprotease 

ADAM17-PD          ADAM17 prodomain  

ADAMTS           ADAM with thrombospondin motifs 

APP            Amyloid precursor protein 

APS            Ammonium persulfate 

ATP            Adenosine triphosphate 

bp             Basepair 

BSA            Bovine serum albumin 

CAF            Cancer associated fibroblast 

CANDIS           Conserved ADAM seventeen dynamic interaction sequence 

CCL2            Chemokine (C-C motif) ligand 2 

CCR2            C-C chemokine receptor 2 

CD             Cluster of differentiation 

cDNA            Complementary deoxyribonucleic acid 

CFSE            Carboxyfluorescein succinimidyl ester 

cIAP            Cellular inhibitor of apoptosis protein 

CSC            Cancer stem cell 

CTF            C-terminal fragment 

DAMP            Damage associated molecular pattern 

DMEM            Dulbecco’s modified eagle medium 

DMSO            Dimethylsulfoxide 

DNA            Deoxyribonucleic acid 

dNTP            Deoxy nucleoside triphosphate 

DR             Death receptor 

EC             Endothelial cell 

EDTA            Ethylenediaminetetraacetic acid 

EGF            Epidermal growth factor 

EGF-R            Epidermal growth factor receptor 

ELISA            Enzyme-linked immunoabsorbent assay 

EMT            Epithelial-to-mesenchymal transition 

ER             Endoplasmic reticulum 
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ERK            Extracellular-signal-regulated protein 

ESCRT            Endosomal sorting complexes required for transport 

EthDIII           Ethidiumhomodimer III 

FADD            Fas-associated protein with death domain 

FCS            Fetal calf serum 

FITC            Fluorescein isothiocyanate 

FLIP            FLICE-inhibitory protein 

g             gram 

GAPDH           Glyceraldehyde 3-phosphate dehydrogenase 

Gp130            Glycoprotein 130 

GPCR            G-Protein coupled receptor 

h             hours 

HB-EGF           Heparin-binding epidermal growth factor 

HE             Hematoxylin and Eosin 

HES            Hairy and enhancer of split  

HMVEC-L           Human lung microvascular endothelial cells 

HOIL            Heme-oxidized iron regulatory protein 2 ubiquitin ligase 

HOIP            HOIL interacting protein 

HRP            Horseradish peroxidase 

HUVEC           Human umbilical vein endothelial cells 

ICD            Intracellular domain 

Ig             Immunoglobulin 

IKK            Inhibitor of nuclear factor кB kinase  

IL-6            Interleukin-6  

IL-6R            Interleukin-6 receptor 

IP             Immunoprecipitation 

i.p.             intraperitoneal 

i.v.             intravenous 

IкBα            Inhibitor of кB α 

JAK            Janus kinase 

JAM            Junction adhesion molecule  

JNK            c-Jun N-terminal kinases 

kDa            kilo Dalton 

kg             kilogram 

L             Liter 

LLC            Lewis lung carcinoma 
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LPS            Lipopolysaccharide 

LUBAC           Linear ubiquitination chain assembly complex 

M             molar 

MAPK            Mitogen-activated protein kinase 

MEF            Mouse embryonic fibroblasts 

MET            Mesenchymal-to-epithelial transition 

mg             milligram 

min            minutes 

mL             milliliter 

MLKL            Mixed lineage kinase domain like pseudokinase 

mM            millimolar 

mm            millimeter 

MMP            Matrix metalloprotease 

moTAP           Modified tandem affinity purification 

MPD            Membrane proximal domain 

NEMO            Nuclear factor кB essential modulator 

NF-кB            Nuclear factor кB 

NIK            Nuclear factor кB inducing kinase 

mRNA            messenger ribonucleic acid 

ON             Over night 

PBS            Phosphate buffer saline 

PCNA            Proliferating cell nuclear antigen 

PCR            Polymerase chain reaction 

PEI             Polyethylenimine 

PKC            Protein kinase C 

PS             Phosphatidylserine 

PSEN            Presenilin 

PVDF            Polyvinylidende fluoride 

qRT-PCR           quantitative real-time polymerase chain reaction 

RIP            Regulated intramembrane proteolysis 

RIPK            Receptor-interacting serine/threonine-protein kinase 

RNA            Ribonucleic acid 

rpm            Revolutions per minute 

RT             Room temperature 

SDS-PAGE          Sodium dodecyl sulfate polyacrylamide gel 

SEM            Standard error of mean 
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SHARPIN           SHANK associated RH domain interactor 

siRNA            small interfering RNA 

SN             Supernatant 

STAT            Signal transducer and activator of transcription protein 

TACE            TNFα converting enzyme  

TAK            Tat associated kinase 

TAM            Tamoxifen 

TC             Tumor cell 

TEMED           Tetramethylethylenediamine 

TGF            Transforming growth factor  

TIMP            Tissue inhibitor of metalloprotease 

TNF            Tumor necrosis factor  

TNF-R            Tumor necrosis factor receptor 

TPCA-1           5-(p-Fluorophenyl)-2-ureido thiophene-3-carboxamide-1 

TRADD           TNF-R-associated death domain protein 

TRAF            TNF-R associated factor 

TRAIL            TNF related apoptosis inducing ligand 

UPL            Universal probe library 

V             Volt 

VE-cadherin          Vascular endothelial cadherin 

VEGF            Vascular endothelial growth factor 

VEGF-R           Vascular endothelial growth factor receptor 

v/v             Volume per volume 

w/v            weight per volume 

WT             Wild type 

µg             microgram 

µL             microliter 

µm             micrometer 

µM             micromolar 
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