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Summary 

Melanoma is the most aggressive form of skin cancer, with a rapidly increasing incidence rate. 

Malignant melanoma is characterized by mutations in the mitogen-activated kinase (MAPK) 

pathway, which strongly correlate with poor prognosis of the disease. The kinase BRAF is 

mutated in ~48% of melanoma cases, resulting predominantly in V600E substitution that leads 

to constitutive activation of the BRAF kinase and downstream signaling pathways. Over the 

last decade, several therapeutic treatments for melanoma have been developed with improved 

efficiency and overall survival rates. Targeted inhibition of the mutated BRAF with selective 

inhibitors, such as vemurafenib or dabrafenib and immunotherapy with the immune checkpoint 

antibodies targeting PD-1 and CTLA-4 receptors, results in regression of the disease. However, 

only a minority of patients can benefit from the current therapies and most of them quickly 

develop resistance to the treatment. Prognostic biomarkers, resistance mechanisms and 

mutational profiles of melanoma are mainly studied by genomics and transcriptomics. Although 

only about 2% of the genome codes for proteins, variants in these region of the genome have a 

high potential to rewire signal transduction networks. In addition, the majority of targeted 

cancer therapies do not target the genome, but rather the protein itself. Thus, it is highly 

important to analyze proteins and their patient-specific alterations in context of personalized 

medicine. Mass spectrometry-based proteomics can be used to study protein-specific clinical 

questions and can identify molecular mechanisms of treatment-resistant melanoma. By 

combining personalized genomics and proteomics, in an approach called proteogenomics, it is 

possible to derive patient-specific protein sequence databases ï that include patient-specific 

amino acid variants. These in turn can provide deeper and more comprehensive molecular 

characterization of cellular processes that underlie disease progression. Several mechanisms for 

acquired resistance and even cross-resistance in melanoma have been detected, but key 

(phospho)proteins involved in resistance, as well as mutations altering protein modification 

status are still largely elusive. This thesis develops and applies personalized proteogenomics 

workflows to study these mechanisms on the level of individual melanoma cells and patient 

tissues.  

In the first part of this thesis, a SILAC-based quantitative (phospho)proteomics profiling of 

vemurafenib-resistant and -sensitive A375 melanoma cells was performed to gain new insights 

into molecular processes that govern resistance to BRAF inhibitors. Among down-regulated 

proteins in vemurafenib-resistant cell lines were multiple cytoskeletal proteins including the 

intermediate filament nestin. Previous studies showed that nestin is expressed in various types 

of solid tumors and its abundance correlates with malignant phenotype of transformed cells. 
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However, the role of nestin in cancer cells with regard to acquired resistance is still poorly 

understood. CRISPR/Cas9 knockout of the nestin gene showed that the loss of nestin leads to 

increased cellular proliferation and colony formation upon treatment with kinase inhibitors. 

Moreover, nestin depletion is associated with an invasive phenotype and acquired resistance to 

MEK and BRAF inhibitors. Finally, phosphoproteome analysis revealed that nestin depletion 

affects integrin and PI3K/AKT/mTOR pathway signaling similar to resistant cells. In this part, 

proteomic and phosphoproteomic changes have been determined for BRAF inhibitor resistant 

and sensitive cells.  

In the second part of the thesis, an individualized proteogenomics approach was applied to two 

melanoma cell lines, A375 and SkMel28, to analyze non-synonymous mutations and their 

impact on signal transduction networks in context of acquired resistance to kinase inhibitors. 

Integration of genomics and proteomics highlighted the distinct mutational landscape of both 

cell lines and revealed that cancer mutations are accumulating in MAPK and ErbB signaling 

pathways in resistant cells. Several alternate peptides interfering with the modification status 

of proteins with a potential to rewire signal transduction pathways were confirmed by high 

resolution mass spectrometry. Among them was transcription factor RUNX1, previously 

connected with myeloid leukemia and breast cancer. Validation of a loss of a known 

phosphorylation site on RUNX1 using SILAC-based protein interaction studies suggested that 

this mutation has an impact on the interactome of the protein and may alter its transcriptional 

activity. Taken together, this part of the thesis established the individualized proteogenomic 

workflow for analysis of mutational profiles of cancer cell lines and tissues.  

In the third part of the thesis, this individualized proteogenomics approach was applied to four 

clinical melanoma samples in response to immunotherapy. Integration of the matching 

genomics and (phospho)proteomics datasets revealed an extensive number of patient-specific 

variants and disproportional number of shared variants in immune checkpoint inhibitor (ICi)-

treated patient samples compared to untreated (naïve) samples. The proteogenomic signatures 

of human tissues could be recapitulated in patient-derived xenografts, thus allowing 

phosphoproteomics analysis. MS-measurements confirmed mutation-driven modification 

changes of several proteins specific to one sample, most of them were previously not reported 

in melanoma. Statistical analysis revealed differing mechanisms and associated network-

attacking mutations in response to immunotherapy, such as PI3K/AKT signaling or GTPase 

activation in ICi treated samples. The gain of a new phosphorylation site on the GEF protein 

DOCK1 was further investigated by interactome studies and the results showed that this 

mutation has an impact on the interactome of DOCK1. The obtained results have demonstrated 
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that the developed individualized proteogenomic workflow can be efficiently applied to human 

melanoma tissue and patient-derived xenografts in response to immunotherapy.  

Taken together, this thesis presents a new personalized proteogenomics workflow that can be 

routinely applied to numerous types of cancer and other diseases involving patient-specific 

accumulation of mutations in protein-coding genes. Datasets reported in this thesis provide new 

insights into resistance mechanisms and associated mutations with the potential to rewire signal 

transduction networks in malignant melanoma. This work can therefore serve as a basis for 

further improvement of therapeutic treatment of cancer patients.  
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Zusammenfassung 

Das Melanom ist die aggressivste Form von Hautkrebs mit einer schnell ansteigenden 

Inzidenzrate. Das maligne Melanom ist gekennzeichnet durch Mutationen im Mitogen-

aktivierten Kinaseweg (MAPK), die mit einer schlechten Prognose der Krankheit einhergehen. 

Die Kinase BRAF ist in circa 48% der Melanomfälle mutiert, was vorwiegend zu einer 

Substitution von V600E und zu einer konstitutiven Aktivierung der Kinase BRAF und der 

nachgeschalteten Signalwege führt. In den letzten Jahren wurden mehrere therapeutische 

Behandlungen für Melanome mit verbesserter Effizienz und erhöhter Überlebensrate von 

betroffenen Patienten entwickelt. Eine gezielte Hemmung der mutierten Kinase BRAF mit 

selektiven Inhibitoren wie Vemurafenib oder Dabrafenib und eine Immuntherapie mit den 

Antikörpern gegen die PD-1 und CTLA-4 Rezeptoren führen zu einem Rückgang des 

Krankheitsverlaufes. Allerdings profitiert nur eine Minderheit der Patienten von den derzeitigen 

Therapien, während die meisten dieser Patienten schnell eine Resistenz gegen diese 

Behandlungen entwickeln. Prognostische Biomarker, Resistenzmechanismen und 

Mutationsprofile wurden vor allem in Genom und- Transkriptomstudien analysiert. Obwohl nur 

2% des Genoms für Proteine codieren, haben Mutationen in diesem Bereich des Genoms ein 

hohes Potential Signaltransduktionsnetzwerke zu verändern. Infolgedessen richten sich die 

Mehrzahl der derzeitigen Therapien nicht gegen bestimme Gene, sondern gegen Proteine in 

Krebszellen. Daher ist es sehr wichtig, Proteine und ihre patientenspezifischen Veränderungen 

im Kontext der personalisierten Medizin zu analysieren. Massenspektrometrie-basierte 

Proteomik kann proteinspezifische klinische Fragen beantworten, die weit außerhalb der 

Reichweite der Genomik liegen und molekulare Mechanismen identifizieren, die dem 

metastasierten und behandlunsgresistenten Melanom zugrunde liegen. Durch die Kombination 

von personalisierter Genomik und Proteomik, die als Proteogenomik bezeichnet wird, können 

patientenspezifische Proteinsequenzdatenbank generiert werden, die patientenspezifische 

Aminosäurevarianten enthalten. Diese können wiederum eine tiefere und umfassendere 

molekulare Charakterisierung der zellulären Funktionen ermöglichen, die dem Fortschreiten 

der Krankheit zugrunde liegen. Verschiedene Mechanismen für erworbene Resistenzen, 

darunter sogar Kreuzresistenzen, wurden im Melanom nachgewiesen, aber Schlüsselproteine, 

die daran beteiligt sind, sowie damit verbundene Mutationen, die den Modifikationsstatus 

verändern und daher die Resistenzentwicklung beeinflussen können, sind noch weitgehend 

unerforscht. Diese Arbeit entwickelt und wendet personalisierte Proteogenomikansätze an, um 

diese Mechanismen auf der Ebene einzelner Melanomzellen und Patientengewebes zu 

analysieren. 
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Im ersten Teil dieser Arbeit wurde ein SILAC-basierter quantitativer Ansatz zur Untersuchung 

der Proteomveränderungen von Vemurafenib-resistenten und ïsensitiven Melanomzellen 

angewendet, um neue Einblicke in molekulare Prozesse zu erhalten, die die Resistenz steuern. 

Unter den herunterregulierten Proteinen in Vemurafenib-resistenten Zelllinien befanden sich 

mehrere Zytoskelettproteine, einschließlich das Intermediärfilament Nestin. Frühere Studien 

zeigten, dass Nestin in verschiedenen Arten von soliden Tumoren exprimiert wird und seine 

Abundanz mit einem malignen Phänotyp transformierter Zellen korreliert. Allerdings ist die 

Rolle von Nestin in Krebszellen im Hinblick auf die erworbene Resistenz noch nicht 

ausreichend bekannt. CRISPR/Cas9 generierte Knockouts des Nestin-Gens zeigten, dass der 

Verlust von Nestin bei Behandlung mit Kinase-Inhibitoren zu einer erhöhten Zellproliferation 

und Koloniebildung führt. Darüber hinaus korreliert die Expression von Nestin mit einem 

invasiven Phänotyp und einer erworbenen Resistenz gegenüber MEK- und BRAF-Inhibitoren. 

Schließlich ergab die Phosphoproteomanalyse, dass der Knockout von Nestin die 

Signalübertragung durch Integrin und PI3K/AKT/mTOR-Signalwege ähnlich wie bei 

resistenten Zellen beeinflusst. In diesem Teil der Arbeit wurden proteomische und 

phosphoproteomische Veränderungen von BRAF-Inhibitor-resistenten und sensitiven Zellen 

bestimmt.  

Im zweiten Teil der Arbeit wurde ein individualisierter Proteogenomikansatz auf zwei 

Melanomzelllinien (A375 und SkMel28) angewendet, um nicht synonyme Mutationen und 

deren Auswirkungen auf Signaltransduktionsnetzwerke im Zusammenhang mit der erworbenen 

Resistenz gegenüber Kinaseinhibitoren zu analysieren. Die Integration von Genomik- und 

Proteomikdaten hob die unterschiedlichen Mutationsprofile beider Zelllinien hervor und zeigte, 

dass Krebsmutationen in MAPK- und ErbB-Signalwegen in resistenten Zellen akkumulieren. 

Mehrere mutierte Peptide, die den Modifikationsstatus von Proteinen beeinflussen können und 

somit ein hohes Potenzial haben Signaltransduktionswege zu beeinflussen, wurden durch 

hochauflösende Massenspektrometrie bestätigt. Unter diesen befand sich der 

Transkriptionsfaktor RUNX1, der zuvor mit myeloischer Leukämie und Brustkrebs in 

Verbindung gebracht wurde. Die Validierung des Verlustes einer bekannten 

Phosphorylierungsstelle von RUNX1 unter Verwendung von SILAC-basierten 

Proteininteraktionsstudien legte nahe, dass diese Mutation einen Einfluss auf das Interaktom 

von RUNX1 hat und dessen Transkriptionsaktivität verändern kann. Zusammenfassend 

etablierte dieser Teil der Arbeit einen individualisierten Proteogenomikansatz zur Analyse von 

Mutationsprofilen von Krebszelllinien und Geweben.  
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Im dritten Teil der Arbeit wurde dieser individualisierte Proteogenomikansatz auf vier klinische 

Melanomenproben unter Immuntherapie angewendet. Die Integration der Genomik- und 

dazugehörigen Phospho-Proteomikdaten führte zur Identifizierung einer Vielzahl von 

patientenspezifischen Mutationen und einer überproportionalen Anzahl derselben 

Genvarianten in Immun-Checkpoint-Inhibitoren behandelten Proben gegenüber unbehandelten 

Proben. Die in menschlichem Gewebe identifizierten proteogenomischen Signaturen konnten 

in vom Patienten stammenden Xenotransplantaten rekonstruiert werden, wodurch 

Phosphoproteomeanalysen ermöglicht wurden. MS-Messungen bestätigten mutationsbedingte 

Modifikationsveränderungen an mehreren Proteinen, von denen die meisten bisher nicht im 

Melanom bekannt sind. Die statistische Analyse ergab unterschiedliche Mechanismen und 

damit verbundene netzwerkangreifende Mutationen als Reaktion auf eine Immuntherapie, wie 

z.B. PI3K/AKT-Signalisierung oder GTPase-Aktivierung in Immuntherapie-behandelten 

Proben. Der Gewinn einer neuen Phosphorylierungsstelle am GEF-Protein DOCK1 wurde 

durch Interaktomstudien weiter untersucht, und die Ergebnisse zeigten, dass diese Mutation 

einen Einfluss auf das Interaktom von DOCK1 hat. Die erhaltenen Ergebnisse zeigten, dass der 

entwickelte individualisierte proteogenomische Ansatz auf menschliches Melanomgewebe und 

von Patienten stammende Xenotransplantate im Zusammenhang mit Immuntherapie 

angewendet werden kann. 

Zusammenfassend präsentiert diese Arbeit einen personalisierten Proteogenomikansatz, der 

routinemäßig auf weitere Krebsarten und andere Krankheiten angewendet werden kann, bei 

denen patientenspezifische Mutationen in proteinkodierenden Genen akkumulieren. In dieser 

Arbeit beschriebene Datensätze bieten neue Einblicke in Resistenzmechanismen und damit 

verbundene Mutationen mit dem Potenzial Signaltransduktionsnetzwerke bei malignen 

Melanomen zu beeinflussen. Diese Arbeit kann daher als Grundlage für eine weitere 

Verbesserung von therapeutischen Behandlungen von Krebspatienten sein. 
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    Introduction 

1.1    Malignant melanoma 

Melanoma is the 19th most common cancer worldwide, accounting for approximately 232,000 

new cases in Germany in 2012 1. Although malignant melanoma accounts for less than five 

percent of all skin cancer cases it is the most serious form of the disease, causing up to 75% 

skin cancer related deaths. Melanoma predominantly affects Caucasian population of both 

genders, and once it becomes metastatic, the prognosis is very poor 2. Ultraviolet radiation from 

sunlight is one of the main risk factors for the development of melanoma and is directly 

associated with the UV-B spectrum 3,4. It is also related to sun patterns and timing in particular 

intense and intermittent sun exposure. Individuals with a history of sunburn in their childhood 

or adolescence are at highest risk of developing melanoma 5. In addition, UV-A exposure from 

artificial sources have been associated in a number of studies to an increased risk of developing 

melanoma 6,7. Besides environmental risk factors, host factors play an important role including 

family history, genetic susceptibility and the number of acquired melanocytic nevi 8. 

Approximately 7-15% of melanoma cases occur in patients with a family history for melanoma 

and around 25% arises from pre-existing nevus 9,10. Cutaneous melanoma is the most common 

form of melanoma accounting for 90% of all incidences and arises from melanocytes 11. 

Melanocytes, the pigment producing cells can be found in skin, eye, inner ear, and 

leptomeninges 12,13. In skin, melanocytes are located and consistently distributed in the basal 

layer of epidermis and represents the second largest cell population within the skin 14. 

Epidermal melanocyte proliferation and pigment production is stimulated by UV-radiation 

induced DNA damage in the neighboring keratinocytes, which secretes Ŭ-melanocyte 

stimulating hormone (ŬMSH) 15. Binding of ŬMSH to the melanocortin 1 receptor (MC1R) on 

melanocytes induces the synthesis of the macromolecule melanin. Melanin is transferred to 

adjacent keratinocytes, where it accumulates around the nucleus and building a photo-

protective barrier against UV-radiation 16,17. Melanin production is initiated and regulated by 

the Wnt signaling pathway, c-KIT receptor tyrosine kinase, and downstream transcription 

factors like melanocyte inducing transcription factor (MITF) 18,19. Several studies have shown 

that stimulation of the MC1R receptor dictates differentiation and migration of melanocytes 20. 

Melanoma is caused by uncontrolled growth of melanocytes forming a tumor which can 

become malignant and spread to other organs. Melanoma progression begins from a localized 

lesion undergoing radial growth, then reaching lymph node by undergoing vertical growth and 

finally metastasizing to distant organs via the lymphatic and circulatory systems (Figure 1). In 
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2009, melanoma was classified by Balch et al. into four stages (I-IV) based on the thickness, 

ulceration and metastatic status 21. Localized melanoma is divided into two stages: stage I and 

stage II melanoma. This includes patients with no evidence for distant metastases and low risk 

for metastases and melanoma-specific mortality (stage I) or intermediate risk and melanoma-

specific mortality (stage II). The ten-year survival rate after surgical removal is 95% of stage I 

and 39% of stage II. Regional metastases, stage III melanoma, shows a high in-transit 

metastasis, absence or presence of ulceration of the primary melanoma and metastatic lymph 

nodes. The five-year survival rate for patients with stage III melanoma is 60% in absence of 

ulceration and 36% in presence of ulceration. Contrastingly, patients with distant metastases 

(stage IV) have a poor prognosis with a median survival time of six to nine months and a one-

year survival rate of only 25% 22. The aggressiveness of this cancer type highlights the need for 

improvement of existing therapies 23. 

 

 

Figure 1: Pathological staging of melanoma progression based on Clark model. Progression can start 

from uncontrolled growth of normal melanocytes to form a benign nevus. The benign nevus can proliferate 

to a dysplastic nevus with irregular borders and variable pigmentation. In the radial growth phase, the 

melanocytes proliferate horizontally into the epidermis, followed by vertical proliferation and invasion of 

the basement membrane in the vertical growth phase. Malignant melanocytes spread to distinct areas of the 

body, most of the time first to lymph nodes, then skin, soft tissues, lung and brain. (adapted from Seuradge 

and Wong, 2006 24) 

 

1.1.1    Mutational landscape of melanoma 

Two main pathways are known to be deregulated in melanoma development, the mitogen-

activated protein kinase (MAPK) pathway and phosphatidylinositol-3-kinase (PI3K) pathway 

(Figure 2). In the MAPK pathway, receptor-tyrosine-kinases (RTKs) are activated by a variety 
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of growth factors, i.e. epidermal growth factor (EGF), platelet-derived growth factor (PDGF) 

and nerve growth factor (NGF), as well as G-protein-coupled receptors (GPCRs) and cytokines 

25. Binding of ligands to the receptors activate the tyrosine kinase activity of the cytoplasmic 

domains, which leads to autophosphorylation of several tyrosine residues 26. The 

phosphorylated tyrosine residues form binding sites for Src homology 2 (SH2), Src homology 

3 (SH3) or phosphotyrosine binding (PTB) domain-containing proteins like growth factor 

receptor-bound protein 2 (GRB2) 27. GRB2 binds the guanine nucleotide exchange factor SOS, 

which induces the exchange of guanosine diphosphate (GDP) to guanosine triphosphate (GTP) 

in the G-protein RAS. Activated RAS dissociates from the complex and initiates the 

phosphorylation of the serine/threonine protein kinase RAF 28. Phosphorylation-activated RAF 

kinase can induce downstream signaling by triggering phosphorylation of the 

serine/threonine/tyrosine kinase MEK and leads to the activation of the serine/threonine protein 

kinase ERK 29. ERK phosphorylation induces expression of genes to cell survival, 

differentiation and proliferation.  

 

 

Figure 2: MAPK and PI3K/AKT/mTOR pathway a nd common mutations and alterations in 

melanoma. (adapted from Amaral et al., 2017 30) 
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The MAPK pathway is frequently mutated in malignant melanoma and other cancer types and 

gained clinical importance due to the high occurrence of RAF- activating mutations 31. Around 

48% of metastatic melanoma patients harbor non-synonymous somatic missense mutations in 

the RAF kinase BRAF (v-raf murine sarcoma viral oncogene homolog B) 29. The predominant 

mutation, accounting for 90% of BRAF mutations, is within the kinase domain and results in 

the substitution of valine to glutamic acid at amino acid 600 (V600E) 31. This mutation can 

result in a 500-fold increased activation of BRAF, and thus leads to a constitutive activation of 

downstream signaling in cancer cells 32,33. In addition, the substitution of valine by lysine 

(V600K) at the same position is observed in 20% of melanoma patients. Another 6% of patients 

have other genotypes including alternative splicing or amplification of BRAF and mutations in 

ARAF 34. Besides RAF alterations, mutations in the upstream regulator RAS (rat sarcoma) 

occur in approximately 18% of melanoma patients including NRAS. The dominant mutations 

are Q61R and Q61K substitutions resulting in inability to hydrolyze GTP to GDP. Activating 

mutations in KRAS or HRAS occur at a very low frequency in melanoma compared to other 

cancer types. BRAF and NRAS alterations are, so far, the most common point mutations 

detected in proto-oncogenes in melanoma and mutations rarely overlap, likely due to redundant 

pathway reactivation 35. This supports the hypothesis that both kinase families are major 

signaling checkpoints in the MAPK pathways promoting malignant progression.  

Besides mutations in the MAPK pathway, oncogenic alterations in the PI3K/ protein kinase B 

(AKT)  pathway occur in approximately 50% of melanomas 36. Similar to the MAPK pathway, 

the PI3K/AKT pathway is activated by extracellular ligand binding to RTKs, which causes 

receptor dimerization and autophosphorylation of tyrosine residues in the intracellular domain 

37. P85, the regulatory subunit of PI3K, binds to the receptor via its SH2 domain and recruits 

p110, the catalytic subunit, to the membrane. Both subunits form the activated PI3K enzyme. 

Independently of the receptor, p85 and p110 can be recruited and activated by GRB2 and GTP-

bound RAS, respectively. Activated PI3K phosphorylates phosphatidylinositol to 

phosphatidylinositol (4,5)-biphosphate (PIP2) and subsequently to phosphatidylinositol-

(3,4,5)-triphosphate (PIP3). These phosphorylated lipids are anchored in the plasma membrane 

and activate the serine/threonine kinase AKT through binding of the pleckstrin homology (PH) 

domain. The interaction with PIP3 causes a conformational change of AKT and thus leads to 

the exposure of the phosphorylation sites in the kinase domain and the C-terminal region of the 

protein. Phosphorylated S473 in the C-terminal region of AKT by mechanistic target of 

rapamycin complex (mTORC) or phosphoinositide-dependent kinase 2 (PDK2) stimulates 

AKT activation. Fully activated AKT leads to substrate-specific phosphorylation events in the 
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cytoplasm and the nucleus, where it regulates transcription of genes involved in cell 

proliferation, cell cycle progression and apoptosis, through a variety of downstream proteins 

like glycogen synthase kinase 3-beta (GSK-3ɓ) 38. Phosphatase and tensin homologue (PTEN) 

negatively regulates PI3K/AKT signaling pathway by dephosphorylating phosphatidylinositol 

at the 3ôposition 39. A variety of alterations and copy number changes within significant 

components of this pathway have been identified and are now the focus of pharmacological 

development. Loss of expression or inactivating mutations of the tumor suppressor PTEN have 

been identified in approximately 20-30% of patients with malignant melanoma 40. PTEN loss 

commonly occur in the presence of BRAF mutations leading to a hyperactivation of 

(PKB)/AKT signaling and activation of MAPK pathway whereby induction of apoptosis is 

abolished 41,42. Other driver mutations are in the PD domain of AKT1 (at position E17), which 

were detected in 1-2% of melanoma cases 43. Interestingly, an analogous mutation on AKT3 

has been identified exclusively in melanoma and leads to increased expression and activation 

of AKT3 44,45. Apart from AKT mutations, 2-6% of melanoma contain a point mutations in 

PIK3CA encoding for the catalytic subunit p110 of PI3K 46,47. This may result in a constitutive 

activation of AKT/mTOR. Mutations in the kinase domain of mTOR occur in approximately 

10.5% of melanoma patients resulting in gain-of function and activation of a mTORC1-

mediated feedback loop within the PI3K pathway. The pathway is also activated by 

amplifications of RTKs like EGFR or c-KIT. Mutations in c-KIT have been identified in 2-8% 

of melanoma cases 48. Several studies have demonstrated a high prevalence of activating 

mutations in the PI3K/AKT pathway highlighting the critical role in melanoma progression.  

In addition to mutations occurring directly within the MAPK and PI3K pathway, other genes 

are mutated in melanoma including NF1 (neurofibromatose type 1) and CDKN2A (cyclin-

dependent kinase inhibitor 2A). NF1, a tumor suppressor gene, is mutated in approximately 10-

15% of patients and is the third most frequently mutated gene in melanoma 49,50. NF1 regulates 

RAS signaling by converting active RAS-guanosine triphosphate (RAS-GTP) to inactive RAS-

guanosine diphosphate (RAS-GDP) 51. Several studies showed that loss-of-function mutations 

diminished inhibition of RAS signaling and thus leads to increased MAPK and PI3K signaling 

49,50,52. Patients harboring NF1 mutations are often frequently mutated in various other genes 

including BRAF and NRAS 48,52. The G-protein signaling proteins GNAQ (guanine nucleotide-

binding protein G(q) alpha subunit) and GNA11 (guanine nucleotide-binding protein alpha 11) 

are altered in 9.5% of mucosal melanoma and up to 90% of uveal melanoma cases 53,54. The 

most common alterations are mutations, amplifications and deletions resulting in an oncogenic 

GTP signaling and hyper proliferation of melanoma cells. Several studies showed that 
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mutations in GNAQ and QNA11 have led to MAPK pathway activation through RAS activation 

and phosphorylation of MEK and ERK 55,56. In addition, the tumor suppressor gene CDKN2A 

is frequently mutated in melanoma patients with loss-of-function mutations or deletions. This 

gene encodes for several proteins including p16(INK4A) and p14(ARF) proteins, who induce 

cell growth and senescence 57. The three-year overall survival rate decreases from 55% in 

patients with wild-type CDKN2A to 24% for patients with mutations in CDKN2A 32. 

 

1.1.2    Standard treatment options for melanoma 

Malignant melanoma is treated by combinations of surgical resection, immunotherapy, 

chemotherapy or targeted therapy. These treatment options are selected depending on the 

features of the tumor including location, stage and genetic profiles. For patients with stage I 

melanoma, surgery is the primary treatment; while, for patients with metastatic melanoma, 

chemotherapy, targeted therapy and immunotherapy are recommended. There are two main 

limitations in melanoma therapy: 1) reduced drug efficiency due to development of resistance 

to immune-, chemo- and targeted therapy 58,59 and 2) numerous side effects, which can lead to 

skin toxicity, associated to immune reactions, and lack of specificity for tumor cells 60. In recent 

years, improved knowledge of the genetic profiles of melanocytes and a better understanding 

of the molecular factors involved in malignant transformation have led to the development and 

approval of several new therapeutic strategies. Chemotherapy using the standard medication 

dacarbazine (DTIC), an alkylating agent approved in 1974 by the U.S. Food and Drug 

Administration (FDA), achieved a complete response of <5% and a five-year survival in 2-6% 

of patients with metastatic melanoma 61. DTIC methylates nucleic acids, which results in DNA 

damage causing growth arrest and cell death. Unfortunately, DTIC shows several 

gastrointestinal side effects including nausea and vomiting, as well as suppression of blood cell 

production in the bone marrow leading to anemia and neutropenia 62. Development of 

chemoresistance and rapid metastasis are one of the main reasons for the low long-term survival 

rate of patients with metastatic melanoma. Chemoresistance is probably caused by resistance 

to drug-induced apoptosis or repair of drug-induced DNA damage 59. Several studies also 

showed that resistant melanoma cells showed a reduced drug uptake, increased drug efflux and 

an intracellular drug inactivation 63. Replacement with other chemotherapy reagents or 

combinations did not improve the overall survival of melanoma patients 61. Therefore, new 

therapeutic treatments have been explored with improved effectiveness against malignant 

melanoma and reduced side effects.  
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1.1.3    Targeted therapy using immune checkpoint and kinase inhibitors 

Over the last decades, the role of the immune system controlling tumor progression has been 

established and new immunotherapeutic targets showed remarkable clinical activity (Figure 3). 

Under normal physiological conditions, T cell antigen receptors (TCR) on lymphocytes respond 

to antigenic peptides presented on the cell surface on major histocompatibility complexes 

(MHCs) type I. The TCR is a disulfide-linked membrane-anchored heterodimeric protein 

complex with highly variable alpha and beta chains, which leads to a diverse repertoire of TCRs 

on T cells 64. Due to infections or cancer, the TCR on T cells recognizes the myriad of possible 

foreign antigens presented in the surface of cells. The TCR recognition of the antigen leads to 

the activation of T cells, clonal selection and an activation of the process of immunity 65. After 

activation and proliferation of T cells, effector T cells (Teffs) releases cytokines like interferon 

gamma (IFN-ɔ) which leads to the destruction of tumor cell by high cytotoxicity. This complex 

process comprises a constant interplay between inhibitory and stimulatory signals leading to 

the amplification of antigen-specific immune responses to cancer self-antigens while 

preventing autoimmunity. Dysfunctional immune reactions against tumor cells are key events 

in tumorigenesis and tumor progression and may be due to diminished antigen recognition and 

a highly immunorepressive tumor microenvironment 66. Several studies demonstrate that 

impaired antigen recognition can be due to epigenetic and post-transcriptional silencing or 

alterations in the antigen-processing machineries. The tumor microenvironment can be 

influenced by a diverse variety of factors including enrichment of regulatory cells such as Tregs 

or the upregulation of co-inhibitory signals in lymphocytes 67. 

Immunotherapy has recently become a valuable option for melanoma treatment. Anticancer 

immunotherapies could be broadly categorized into two groups: (1) drugs targeting immune 

tolerance via blockade of negative regulatory signals like co-inhibitory checkpoints and (2) 

drugs enhancing endogenous antitumor immune response via stimulation of immunogenic 

pathways. Therapeutic cancer vaccines, exogenous recombinant cytokines and oncolytic 

viruses are also used as immunostimulatory strategies to enhance antitumor immune response. 

Several drugs targeting immune tolerance are now in clinical development, and some were 

approved by the FDA for use in various cancer types. The reagents nivolumab and ipilimumab 

are immune checkpoint antibodies targeting PD-1 (the programmed cell death-1) and CTLA-4 

(cytotoxic T lymphocyte-associated antigen-4) receptors. PD-1 and CTLA-4 are co-inhibitory 

T cell receptors and acts as negative regulatory receptors that block T cell activation and induce 

immune tolerance. The CTLA-4 antibody ipilimumab (approved in 2011 by the FDA) was the 

first agent which showed improved overall survival of melanoma patients. CTLA-4 is mainly 
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expressed on T cells and is a homolog of CD28, a costimulatory receptor on T cells 68. Under 

normal conditions, CTLA-4 is expressed at very low level and is rapidly up-regulated upon 

antigen binding 69,70. Both receptors bind the same ligands, CD80 and CD86 on antigen-

presenting cells, however the binding affinity is much higher for CTLA-4 than CD28 71. The 

binding of CTLA-4 prevents the co-stimulation and activation of T cells. Several studies 

showed that anti-CTLA-4 antibodies also promote depletion of Tregs in the tumor 

microenvironment by expressing high levels of FcɔRIV 72. Subsequently, inhibition of CTLA-

4 receptors with therapeutic anti-CTLA4 antibodies demonstrated tumor rejection and 

significant prolongation in patient survival. The overall survival rate was improved to 9.1 

months with higher three-year survival rate of 20.8% compared to placebo 73. However, only a 

minority of patients respond to ipilimumab and most patients display immune-related toxicities.  

 

 

Figure 3: Immunotherapies for cutaneous melanoma treatment. Approved immunotherapy reagents 

are depicted in a white box, trials in a grey box. Ipilimumab, an anti-CTLA-4 antibody, induces antitumor 

immune response by binding to the CTLA-4 receptor, and increases clonal T cell expansion and infiltration. 

The anti-PD-1 antibody nivolumab block the interaction between the PD-1 receptor and the ligands PD-L1 

and PD-L2. (adapted from Domingues et al., 2018 2).  

 

Clinical trials using another checkpoint receptor, anti-PD-1 antibodies reported higher response 

rates and fewer immune side effects compared to CTLA-4. PD-1 is expressed on several 

immune cells including activated T cells, B lymphocytes and natural killer (NK) cells 74,75. 

Expression of PD-1 is induced by binding of its ligands PD-L1 and PD-L2 and by cytokines 

such as interleukin-2. Nivolumab 76 was approved in 2014 by the FDA and blocks the 

interaction between PD-1 and its ligands, which results in antitumor activity and reduces tumor 



Introduction   9 

 

 

progression. Monotherapy with nivolumab showed a median progression-free survival (PSF) 

of 6.9 months and an improved overall survival compared with monotherapies of ipilimumab 

(median PSF of 2.2 months) in metastatic melanoma patients that are naïve to both reagents 77. 

Combined therapies have been studied and achieved a median PSF of 11.5 months, especially 

in patients with PD-L1 negative tumors. Combinations of chemotherapy with immunotherapy 

also showed increased response rates and an improved median PSF compared to monotherapies 

78. However, no increase in the overall survival of patients could be observed and it was 

associated with severe toxicity 79. Checkpoint inhibitor immunotherapy showed an increased 

progression free survival for melanoma patients, however only a small percentage of patients 

responded to these inhibitors. The complexity and multiplicity of involved mechanisms, 

heterogeneity in the immune response across tumors, the tumor microenvironment and the 

varying tumor immunogenicity affect the response and resistance to immune checkpoint 

blockade. Resistance can be divided into two groups according to the timing of occurrence that 

is primary resistance, for patients never-responding to the treatments, and acquired resistance 

developing following a period of response to the drugs. It can be also classified into intrinsic, 

altered processes due to gene expression, signal transduction, DNA damage and immune 

recognition in cancer cells, and extrinsic due to external T cell activation. The clinical response 

to immune checkpoint inhibitors and acquired resistance is often associated with a high 

mutational load and expression of tumor neoantigens leading to antitumor immunity 80,81. 

Several studies showed that non-synonymous mutations were identified to generate tumor 

neoantigens that drive cytotoxic response against cancer cells 67,82,83. A high mutational and 

neoantigen load was also found to be associated with responses to anti-CTLA-4 treatment in 

patients with metastatic melanoma 84. The loss of neoantigen expression may lead to poor 

immunogenicity and acquired resistance to checkpoint inhibitor blockade 67. A recent study 

demonstrated a loss of seven to 18 putative neoantigens in resistant NSCLC tumors after 

treatment with the checkpoint inhibitors PD-1 and CTLA-4 85. Several other studies showed 

that deficiencies in antigen presentation and down-regulation of MHC class I (MHC-I) play a 

role in immune checkpoint resistance 86-88. Loss-of-function mutations in ɓ2-microtubulin 

leading to loss of expression of MHC-I, thus allowing immune evasion of tumor cells 89,90. 

Besides mutation in ɓ2-microtubulin, loss of JAK/STAT pathway results in acquired resistance 

due to downregulation of MHC-1 91,92. Additionally, classic oncogenic pathways like MAPK 

or PI3K pathways can regulate immune response by influencing the tumor microenvironment. 

Alterations in the MAPK pathway may lead to increased expression of VEGF, a vascular 

endothelial growth factor, and other inhibitory cytokines, thus mediating immune evasion of 
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tumor cells 93,94. Treatment of resistant cells with combination of MAPK inhibitors in mouse 

models resulted in the overcoming of immune checkpoint blockade resistance 94. Constitutive 

activation of PI3K pathway due to loss of PTEN was associated with resistance to PD-1 therapy 

and decreased overall survival of patients with leiomyosarcoma 95,96. Combined therapy against 

PD-1 and PI3K in a mouse model with head and neck squamous carcinoma demonstrated a 

decrease in inhibitory cytokine production and a modification of the tumor microenvironment, 

which ultimately lead to tumor regression 97,98. The combination of different immune 

checkpoint and targeted therapy may improve response to treatments and better patient 

outcomes.  

Melanoma is characterized by mutations in genes of key signaling pathways that result in cell 

proliferation and malignant phenotype. Approximately 70% of patients display one or more of 

these mutations. In the past few years, small molecules inhibitors or antibodies targeting 

mutated proteins focusing on BRAF and MEK have been developed and showed a rapid 

antitumor response and regression of this disease. Targeted inhibition of the mutated BRAF 

protein with the selective inhibitor vemurafenib was approved by the FDA in 2011. 

Vemurafenib reversibly bind to the kinase domain of BRAF competing with adenosine-

triphosphate (ATP) ultimately inhibiting BRAF-induced MEK activation 99. Melanoma patients 

positive for BRAFV600E mutations showed an improved clinical response rate, overall survival 

and progression-free period after treatment with vemurafenib compared to chemotherapy. In 

2013, the FDA approved a second BRAF inhibitor (BRAFi) dabrafenib, which also results in a 

reduction of MAPK pathway signaling 33. These drugs have a response rates of approximately 

50% and result in an average free survival benefit of four months 100,101. However, almost all 

patients rapidly develop resistance to RAF inhibitors after a period of approximately five 

months 100,102,103. Resistance mechanisms to BRAF inhibition is often associated with 

intercellular reactivation of the MAPK pathway including expression of the kinases CRAF and 

COT1 or activating mutations in NRAS, MEK1 or AKT1 (Figure 3). In addition, aberrant 

splicing of BRAF, activation of PI3K via the loss of PTEN and activation of tyrosine kinases 

have been identified in patients with acquired resistance 104. Several studies showed that 

targeting signaling effectors downstream of driver oncogenes are valuable strategy to overcome 

resistance. Trametinib a small-molecule inhibitor of MEK1/2, a downstream target of BRAF, 

was approved by the FDA in 2013 for treatment of BRAF-mutated malignant melanoma 

patients 105. Monotherapies with trametinib showed an increased overall survival of six months 

compared with chemotherapy 106. Trametinib showed activity in patients with NRAS mutations 

in contrast to the BRAF inhibitor vemurafenib. However, patients receiving trametinib suffered 
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from severe side effects including heart toxicity 107. Cobimetinib, an oral selective MEK 

inhibitor, is another targeted drug for metastatic melanoma and is often used in combination 

with vemurafenib 108,109. PSF and response rates were prolonged in patients with combined 

therapy compared to vemurafenib alone. However, adverse effects were observed in 

approximately 71% of all patients and melanoma patients pre-treated with BRAFi were less 

responsive to the combined targeted therapy 110.  

Alterations in RTK signaling play an important role in primary resistance to BRAF treatment 

(Figure 4). Overexpression or activation of RTK may results in the activation of several parallel 

signaling pathways and thus lead to resistance. Several studies showed that RTK like EGFR are 

overexpressed in patients resistant to BRAF and MEK therapy 111. PDGFR and IGF-1R are also 

frequently mutated in melanoma cells treated with both inhibitors, leading to the activation of 

PI3K pathway 42. The PI3K pathway was also found to be activated by mutations or deletions 

of PTEN. When treated with BRAFi, patients with mutated PTEN showed a shorter 

progression-free survival compared to patients with wild-type PTEN 112,113. Alterations in NF1 

were identified in BRAF mutated cells resulting in RAS activation and increased RAS 

phosphorylation, thus mediating resistance to BRAF inhibitor but not MEK inhibitor therapy 

48. Hepatocyte growth factor (HGF) secreted by stromal cells activates HGF receptor (MET) 

leading to MAPK and PI3K activation, which translates into primary resistance to BRAF 

inhibition 114. Patients with primary resistance may not benefit from targeted therapy, 

highlighting the need of identifying these patients before starting therapy and developing new 

therapeutic strategies. One of the most studied mutations related to acquired resistance to BRAF 

treatment are alterations in RAS. RAS mutant melanoma cells showed activated CRAF, MEK 

and ERK expression after BRAF inhibition, leading to BRAF/CRAF interaction followed by 

activated MAPK signaling 115,116. Activating mutations in NRAS also lead to significant MAPK 

pathway reactivation after BRAF inhibition 115,117. Secondary resistance to BRAF inhibition is 

also characterized by BRAFV600E alternative splicing and copy number amplifications. Several 

studies demonstrated that approximately 16% of patients with acquired resistance showed 

BRAF splice variants lacking exon 4-8, thus enhancing BRAF dimerization and ERK activation 

118,119. In approximately 12% of these patients BRAF amplifications were detected and could 

be linked to associated resistance 120. Besides BRAF dimerization, BRAF and CRAF 

heterodimerization and ectopic expression of CRAF were also associated with ERK activating 

BRAFi resistance 121. The switching between RAF isoforms as adaptors for MAPK pathway, 

can counteract and overcome BRAF inhibition in melanoma cells 122. Consequently, inhibition 

of all three isoforms may be required to prevent ERK activation for melanoma patients with 
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acquired resistance. Downstream of the driver oncogenes BRAF and NRAS, activating MEK 

mutation (Q56P and E203K) were identified in patients with BRAFi resistance, resulting in a 

shorter PSF and poorer response (33%) compared to patients with MEK wild-type (72%) 123,124. 

In another study, patients acquired resistance was associated with the presence of NRAS and 

MEK mutations, suggesting that mutated cells have a proliferation benefit under selective 

pressure to BRAFi 101. Several RTK proteins, specifically PDGFR, IGFR and EGFR, are 

upstream of the driver oncogenes and their upregulation and overexpression result in activation 

of signaling pathways other than MAPK 115,118. PDGFR and EGFR can be activated by MITF, 

a melanocyte-specific modulator. Loss of MITF inversely correlated with RTKs gain of 

expression in patients with secondary resistance 30,125. Levels of MITF could help to predict 

early resistance to targeted therapy. Independently from MAPK and PI3K pathway signaling, 

Notch1 signaling was identified to be highly up-regulated in cell culture harboring BRAFV600E 

mutation and acquired resistance 126.  

 

 

Figure 4: Mechanisms to targeted therapy resistance in melanoma. Resistance mechanisms are divided 

into primary resistance in green, secondary resistance in orange and adaptive resistance in dark red. (adapted 

from Amaral et al., 2017 30) 
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In order to overcome mechanisms of resistance, combined therapies have been established for 

melanoma treatment. The combined BRAF and MEK inhibition with dabrafenib and trametinib 

was approved by the FDA in 2014 127. Combined therapy showed an improved PFS of 9.4 

months compared to monotherapies with dabrafenib (5.8 months) 128. Several other studies 

confirmed the advantages of combining BRAF and MEK inhibitors using vemurafenib and 

cobimetinib and also demonstrated prolonged overall survival of patients with metastatic 

melanoma 128. Despite the great advantages including delay of acquired monotherapy 

resistance, the combined treatment often leads to serve adverse events and a longer 

hospitalization is needed 129. As in monotherapies, acquired resistance of combined therapies 

have been identified in patients with metastatic melanoma. In a recent study, ERK mutations 

were identified in resistant melanoma cells treated with BRAFi and MEKi, mediating a 

reactivation of the MAPK pathway 130. Interestingly, patients resistant to BRAFi and MEKi 

were not resistant towards ERKi and vice versa. This suggest a new therapeutic strategy, 

whereby switching inhibitors may delay resistance development. Heterodimerization of 

BRAFV600E with either CRAF or MEK were also observed in cells with combined drug 

resistance, leading to MAPK pathway activation 131. Combined targeted therapy of key 

molecules of the MAPK pathway may be insufficient to avoid development of resistance. 

Several groups are currently investigating targeting the oncogenic PI3K pathway with the 

combination of PI3K/AKT inhibitors together with BRAFi and MEKi 132,133. In summary, 

targeted therapy and immunotherapy offer great advantages over conventional chemotherapy 

for melanoma treatment. However, drug resistance hampered the prolongation of progression-

free survival and response rates. Resistance mechanisms and even cross-resistance between 

combined targeted therapy is still not fully understood and need further investigation.  

 

1.1.4    Personalized medicine in melanoma 

Over the last decade, several therapeutic treatments for melanoma have been developed with 

improved efficiency and overall survival rates. Only a minority of patients benefits from the 

current treatment therapies and most of these patients develop resistance 59,82,134. Malignant 

melanoma is known to be highly heterogeneous and characterized by its high frequency of 

somatic mutations compared to other cancer types 135. Some molecular events are more frequent 

in some patients and provide an opportunity to adjust the treatment for individual patients. 

Classical systems are limited by the prediction and prognosis of treatment response and thus 

the development of more effective targeted therapies for each individual are needed. 
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Personalized medicine will hopefully lead to an improvement of preventive measures, early 

diagnosis and the identifications of drug targets and biomarkers. The past decade has seen a 

revolution in the field of nucleotide sequencing, which now allows for routine nucleotide-based 

investigations of tumor samples. Different next generation sequencing (NGS) strategies are 

used in precision medicine allowing for sequencing of just a few hotspots, sequencing of large 

gene panels or even whole genome sequencing (WGS). Smaller panels like hotspot sequencing 

panels or actionable sequencing panels are a collection of frequently mutated genes that are 

either clinically actionable or have diagnostic significance 136. Larger panels focus either one 

the entire region of a target gene or disease-associated regions to screen for risks of inherited 

diseases (germline mutations) as well as to identify tumor driver mutations (somatic mutations). 

Whole exome sequencing (WES) or WGS provide comprehensive tools to study the complete 

coding region (WES), as well as intronic and other non-coding DNA regions (WGS). Only 1-

2% of the genome codes for proteins. In addition, the majority of targeted therapies do not target 

the genome, but rather the protein in cancer cells. Thus, it is highly important to quantify and 

identify proteins through all areas of personalized medicine, including biomarker detection and 

response prediction. Mass-spectrometry based proteomics allows the identification and 

quantification of thousands of proteins in complex samples. Several proteomic studies 

identified proteins that were mis-regulated in melanoma cell lines and patients and some of 

them showed a positive correlation with tumor progression and patient survival rates. For 

example, Welinder et al. reported 288 proteins that showed a positive correlation between 

protein expression and disease outcome for six patients with stage III metastatic melanoma 137. 

Four of these are currently used as melanoma markers including melanoma-associated antigen 

D2 (MAGD2) and melanoma cell adhesion molecule (MUC18). In addition, high levels of 

lactate dehydrogenase and S100 calcium-binding protein B (A100B) were found to be 

correlated with melanoma stage and progression 138. Several biomarkers were identified in 

serum samples of patients with melanoma and were associated with melanoma progression, 

recurrence and survival 138. Diagnostic biomarker identifiably in blood of patients would make 

them clinical relevant for the prediction of responses to both immunotherapy and targeted 

therapy. Personalized medicine incorporates the molecular and the biological aspects of each 

patientôs disease, thus allowing the selection of optimal treatment on the basis of improved 

efficiency, overall survival and reduced adverse events. 
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1.2    Key proteins relevant in this study and their link to melanoma 

1.2.1    Intermediate filament nestin  

Nestin is an intermediate filament VI, a component of the cytoskeleton and was originally 

described as a stem cell marker. It was first identified in neuroepithelial stem cells and other 

progenitor cells during migration and proliferation phases in early embryonic development 

139,140. In adult tissue it is involved in regeneration processes remodeling the cytoskeletal actin 

network 141. The human NES gene is located on chromosome 1 at position 23 and consists of 

four exons, separated by three introns. The protein comprises 1621 amino acids (aa) with a 

highly conserved h-helical rod domain (306 aa) flanked by a small N-terminal head (7 aa) and 

a long C-terminal tail domain (1308 aa) 142 (Figure 5). The rod domain is composed of four -h

helical coils (1A, 1B, 2A and 2B) and is essential for dimerization.  

 

 

 

 

 

Figure 5: Nestin protein structure with functional domains and heterodimer formation with 

vimentin. The nestin protein (1621 Aa) is composed of a N-terminal (N-ter) head domain, an Ŭ-helical rod 

domain and a C-terminal (C-ter) tail domain. Heterodimer formation of nestin and its interaction partner 

vimentin through the central rod coiled domain. (adapted from Bernal et al., 2018 143) 

 

Nestin forms heteropolymers with other filaments, mostly vimentin and keratin, mediated by 

the rod domain 144,145 (Figure 5). The formation of heteropolymers plays an important role in 

the organization of the cytoskeletal network and is regulated by PTMs mostly phosphorylation 

143. Phosphorylated nestin triggers the disassembly of other bound cytoskeletal filaments like 

vimentin, keratins and nuclear lamin through the disruption of cross-links 143. The dynamic 

regulations of the cytoskeletal network mediated by nestin and other filament proteins are 
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important in many cellular processes such as cell survival, proliferation and cell motility 144. 

Several studies described the role of nestin in a variety of tumors like pancreatic cancer, prostate 

cancer, glioblastomas, breast cancer and especially in malignant melanomas 146-150. Piras et al. 

showed that nestin was highly expressed in cancer stem cells, which are involved in 

tumorigenesis and malignancy 151. In addition, the expression of nestin correlated with a poor 

prognosis for patients with malignant melanoma. This was also observed with increased 

metastasis, invasion and migration in pancreatic cancer and neurogenic and mesenchymal 

tumors 142,145,150. To counteract theses effects, several studies used shRNA and siRNA to inhibit 

nestin expression in melanoma and liver cancer mouse models and lung adenocarcinoma 152,153. 

The inhibition of nestin resulted in less metastases in the mouse models and showed reduced 

cell proliferation, migration and invasion of cancer cells. In addition, nestin was also described 

to be involved in angiogenesis 154. In endothelial cells of blood vessels, high expression of 

nestin was observed and inhibition of nestin-positive mouse blood vessels led to a decrease in 

blood vessels close to the tumor and consequently to tumor regression 154. Quendro et al. 

identified in a proteomic screen an increased expression of nestin in late stages III and IV of 

metastatic melanoma and a correlation with the aggressiveness of the subtypes, suggesting 

nestin as marker of melanoma staging 141. In cutaneous melanomas of the nodular type, nestin 

expression was observed in 92% of cases and associated with increased tumor thickness, 

ulceration and increased proliferation 149. In addition, nestin expression was also reported to be 

up-regulated in melanoma cell lines and depletion of nestin revealed an activation of matrix 

metalloproteinases suggesting a stronger invasive phenotype of the cancer cells 155. In summary, 

nestin expression indicates a poor prognosis and a low survival rate in many different types of 

cancer 151,152. Nestin over-expression in malignant melanoma could be a potential prognostic 

biomarker for the aggressiveness and invasiveness of the tumor 141,147. 

 

1.2.2    Transcription factor RUNX1  

The transcription factor RUNX1 belongs to the family of the runt related transcription factors 

(RUNX), consisting of the members RUNX1, RUNX2, RUNX3. The RUNX family was 

reported in several key processes like cell proliferation, differentiation, senescence and 

apoptosis 156. All members of the family share an evolutionary conserved runt domain of 128 

aa at the N-terminus mediating DNA binding 157. The three RUNX proteins are encoded on 

different genes and show distinct tissue-specific expression pattern 156. The structures of the 

three RUNX proteins are similar, however, the function differs including roles in neurogenesis, 
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gastric epithelial cell proliferation (RUNX3), osteogenesis (RUNX2) and hematopoiesis 

(RUNX1) 14,158. RUNX1 was originally described in chromosome aberrations related to human 

acute myeloid leukemia. Alternative splicing of the RUNX1 gene leads to eleven isoforms 

expressed in different cell types and development pathways like TGFɓ, WNT or NOTCH 

signaling 159. Binding to the core-binding factor subunit beta (CBFB) enhances the 

transcriptional activity and DNA binding of RUNX1 160. DNA binding is mediated by the runt 

domain and leads to a conformational change and a specific spatial reorganization of the amino 

acids that are involved in DNA recognition. RUNX1 recognizes the core sequence 5ô-

YGYGGT-3ô in the DNA sequences 161. RUNX1 also mediates CBFB independent functions 

by binding to other transcriptional cofactors and chromatin modifiers like histone deactelylase 

HDAC1 or acetyltransferase p300 162. Binding to transcriptional activators and suppressors 

regulates the transcription of hematopoietic genes especially during differentiation of B cells, 

T cells and myeloid cells. Several studies suggest that disrupted or mutated RUNX1 gene can 

lead to various malignancies of the hematological system like platelet disorder, 

myelomonocytic leukemia (MLL), lymphocytic leukemia (ALL), or acute myeloid leukemia 

(AML) 163,164. RUNX1 was found to be mutated in around 2.04% of all cancer types and so far 

43 mutations are described in the literature 165. In around 20% of adult AML patients therapy-

related myeloid neoplasms and fusion genes through chromosomal aberration were identified 

may influence the protein stability and function 166. The most prominent gene fusion is RUNX1-

ETO resulting from the runt domain of RUNX1 and the four nervy homology regions of 

(NHR1-4) of ETO. The fusion complex enhances the interaction with transcriptional regulators 

leading to self-renewal of hematopoietic stem cells (HSCs) and leukaemogenesis 167. RUNX1 

expression and mutation was not only reported in leukemia, but also in various solid tumors, 

like breast cancer, oesophageal adenocarcinoma and epithelial cancers including skin squamous 

cell carcinomas 168-170. In some cancer types activity of RUNX1 was associated with a strong 

tumor suppression, but oncogenic in others. Recently, RUNX1 was found to be involved in 

resistance mechanisms to BRAFV600E inhibition in malignant melanoma 171. In this study, 

RUNX1 mediated up-regulation of the receptor tyrosine protein kinase CSF1R was identified 

leading to growth and invasion via activation of the ERK and PI3K/AKT pathways. In resistant 

melanoma cell lines, increased expression of CSF1R was observed with concomitant up-

regulation of the CSF1R ligand IL34, which were shown to correlate with tumor progression, 

invasion and acquired resistance to BRAF inhibitors. Thereby, ERK pathway activity stimulates 

RUNX1 to activate transcription of CSF1R and its ligand IL34. Co-expression of both the 

receptor and the ligand causes high oncogenic potential by enabling para- and autocrine 
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activation. RUNX1 is regulated by several regulatory mechanisms including splice variants, 

transcriptional control by two different promoters and post-translational modifications 172. 

Methylation, acetylation and phosphorylation regulate RUNX1 transcriptional activity, 

whereas the interplay between phosphorylation and ubiquitylation regulate the stability of the 

protein. During cell cycle progression, RUNX1 gets phosphorylated by the cyclin dependent 

kinases (CDKs) on S276, S293, T300 and S303 in the M phase of the cycle, which leads to the 

anaphase-promoting complex mediated degradation of RUNX1 173,174. Upon cytokine 

stimulation, RUNX1 can be also activated through phosphorylation by ERK1/2 kinases at 

positions S249, S266 and S276 enhancing the interaction with p300 and transcriptional activity 

175. Phosphorylation of RUNX1 can also disrupt the interaction with the transcriptional 

suppressor SIN3A leading to carcinogenic processes in some types of cancer 176. The interaction 

with SIN3A can be also abolished by PRMT1-mediated arginine methylation resulting in a 

higher activity of RUNX1 177. In leukemia, phosphorylation by the homeodomain-interacting 

protein kinase 2 (HIPK2) was reported 178. Triple-phosphorylation of RUNX1 by HIPK2 on 

S249, T276 and S273 mediates the binding and activation of the histone acetyltransferase p300, 

which results in up-regulation of target gene expression. In turn, p300 acetylates RUNX1 on 

K24 and K43, which enhances its DNA binding capacity and thereby influence the 

transcriptional activity 179. P300-mediated acetylation of RUNX1 can be also stimulated by 

TGFɓ signaling. Deregulation of PTMs or mutations may disrupt RUNX1-mediated 

differentiation and direct cells towards cancer fate. 

 

1.2.3    Guanine nucleotide exchange factor DOCK1 

The guanine nucleotide exchange factor (GEF) DOCK1 belongs to the eleven-member family 

DOCK mediating direct GDP/GTP exchange to promote cytoskeletal reorganization in cell 

proliferation, differentiation and migration 180,181. DOCK1 contains two evolutionarily 

conserved domains, the DOCK homology region-1 (DHR-1) and the DHR-2 domain 182. 

DOCK1 interacts with specific members of Rho family such as RAC or Cdc42 but not with the 

Rho protein RhoA. The DHR-1 domain mediates the recruitment of DOCK1 to the membrane 

by direct binding to PIP3 after PI3-kinase activation. Recent investigations suggest that DOCK1 

binds the signaling lipid phosphatidic acid (PA) instead of PIP3 183-185. Sanematsu and 

colleagues showed that PDGF treatment in fibroblasts promotes the DHR-1-dependent and 

PIP3-dependent recruitment of DOCK1 and DOCK5 to the membrane, resulting in RAC1-

dependent peripheral membrane ruffle formation 185. The binding of DOCK1 to PA via the 
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DHR-1 domain is important for the localization of DOCK1 at the membrane, resulting in the 

activation of RAC1 to form dorsal ruffles. Both RAC-dependent membrane ruffles are involved 

in specific biological processes such as cell migration for peripheral ruffles and cell invasion 

linked to dorsal ruffles. DOCK1-mediated cytoskeletal remodeling is also regulated by the 

formation of the complex between DOCK1 and ELMO scaffolding proteins (ELMO1 and 

ELMO2), binding to the N-terminal SH3 domain of the protein 186. The ELMO scaffolds directs 

DOCK1 to distinct areas of the cell including the cell membrane to allow activation of RAC1 

and their downstream signaling pathways. In the basal state, both proteins are in the closed 

confirmation and extracellular stimulation release ELMO autoinhibition followed by activation 

of DOCK1 and optimal RAC activation 187-189. The C-terminus of the DOCK1 GEF protein, 

including a PBR domain and a óPXXPô region, second mediates the interaction with SH3-

containing adaptor proteins, such as CRK and GRB2. DOCK1 activity is regulated by several 

post-translational modifications including phosphorylation, acetylation and ubiquitylation. 

Phosphorylation on Y722, Y1811 or S1250 by SRC and PKA kinases increases its GEF activity 

towards RAC activation, while ubiquitylation of DOCK1 was enhanced after EGF stimulation 

and binding to CRK 190,191. Binding of ELMO1 inhibited the ubiquitylation of DOCK1 and thus 

stabilizing the protein 190. This regulation of GEF activity by PTMs and binding of interaction 

partners might contribute to the distinct activation of RAC at the plasma membrane. Several 

studies described the roles of DOCK1 in a variety of tumors such as glioblastoma, thyroid 

cancer, breast cancer and malignant melanoma 192-194. In glioblastoma, DOCK1 and its complex 

partner ELMO1 were observed to be highly expressed in the invasive areas of the cancer tissue 

sections and could be linked to the PDGFR- induced downstream signaling in glioblastoma cell 

lines 192,193. In addition, they could show that suppression of DOCK1 expression prevents the 

cell migration and activation of downstream targets such as RAC, ERK1/2 and AKT1. 

Activation of PDGFR promotes the phosphorylation of DOCK1 at Y1811 through SRC kinase, 

which leads to the interaction with CRK and BCAR1 followed by activation of RAC and 

downstream targets like AKT and ERK1/2 193. Phosphorylation of DOCK1 at Y722 by SRC 

kinase and S1250 by PKA kinase can also be induced after activation of oncogenic EGFRvIII 

to increase its affinity to RAC and promote GTP load 191,195. Mutations of these different 

phosphorylation sites of DOCK1 prevents growth and invasion of oncogenic RTK 

overexpression in cancer cells. Notably, the overall survival of patients with glioblastoma was 

significantly decreased in tumors with DOCK1Y1811F and PDGFRA mutations 193. In breast 

cancer, high levels of DOCK1 mRNA expression was associated with a poor prognosis for 

patients with either HER2-positive or basal breast cancer, suggesting that DOCK1 is an 
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important downstream effector of HER2 194. Inhibition or knockout of DOCK1 in vivo in breast 

cancer cells showed that DOCK1 expression is essential for the activation of RAC though 

HER2-dependent activation of DOCK1 and thus regulates cancer metastasis and migration 194. 

In human melanoma cells, DOCK1 expression was linked to invasion through complex 

formation with the focal adhesion kinase FAK and CRK 196. This complex formation leads to 

RAC activation and induced JNK activity directly regulating actin cytoskeletal reorganization 

and formation and secretion of matrix-metalloproteases MMPs. In addition, Tomino et al. 

showed that DOCK1 promotes the GDP/GTP exchange of oncogenic RACP29S resulting in 

increased invasion and metastasis in melanoma and breast cancer cells 197. This somatic 

mutation on RAC1 was reported in 9% of sun-exposed malignant melanomas and leads to self-

activation due to increased inherent GDP/GTP exchange 29. In another study, they reported a 

DOCK1-mediated RAC activation in RAS-driven cancer cells promoting cellular invasion and 

macropinocytosis 198. Similar as in RAC mutated cells, inhibition of DOCK1 suppresses cell 

growth and metastasis of RAS-transformed cancer cells in vivo. The RACP29S mutation was 

also reported to be associated with resistance to kinase inhibitors and immunotherapy and could 

serve as a predictive biomarker for therapy resistance in melanoma 199,200. Inhibition of DOCK1 

suppressed the RAC1P29S-induced invasion in cancer cells and might be a potential treatment 

option in melanoma patients associated with RAC mutations 197,198. 

 

1.3    CRISPR/Cas9 system ï a new tool for genome editing 

Prokaryotes have developed innate and adaptive immune systems to cope with the constant 

threats of phage infections and plasmid transfer. The adaptive immune system clustered 

regularly interspaced short palindromic repeats (CRISPR)/CRISPR associated (Cas) genes was 

identified in 40% of bacterial and 90% archaeal genomes 201. The CRISPR immunity is based 

on small fragments of foreign DNA of previous infections (so called spacers) integrated in the 

host cells CRISPR array 202,203. The spacers are of 26-47 base pairs (bp) long and separated by 

short repetitive sequences of 2-48 bp. The CRISPR system has been classified into three classes 

based on the core element content and sequences. Type I and III systems require large 

multisubunit ribonucleoprotein complexes for the silencing of foreign nucleic acids in 

subsequent rounds of infections. In contrast, in the type II system the DNA cleavage of foreign 

viruses and plasmids is mediated by only a single Cas protein bound to a dual RNA molecule. 

The CRISPR/Cas9 system from Streptococcus pyogenes (S. pyogenes) is the most commonly 

used system for genome editing using the well characterized Cas9 endonuclease 204,205 (Figure 
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6). The CRISPR associated (Cas) genes are adjacent to the CRISPR locus. During the 

immunization process, the foreign DNA is cleaved by the Cas complex and the short fragments 

are integrated into the host CRISPR repeat-spacer locus as spacers between CRISPR RNA 

(crRNA) repeats 206,207. In the second stage, the CRISPR array containing acquired spacers is 

transcribed into precursor crRNA and enzymatically processed and cleaved into mature crRNA. 

The crRNA consists a spacer sequence at the 5ôend, which is responsible for targeting it to the 

foreign genomic element, as well as the part of the crRNA repeat sequence allowing the 

recognition by the Cas protein. In the type II CRISPR/Cas9 system, hybridization between the 

crRNA repeat sequence and a noncoding trans-activating CRISPR RNA (tracrRNA) is critical 

for the processing of the crRNA and the target-mediated cleavage by Cas9 208. In the third stage 

of the immune response, the crRNA spacer hybridizes with complementary foreign DNA and 

the Cas9 protein mediates the cleavage of the invading genome upon a second infection 206.  

 

 

Figure 6: Different phases of CRISPR/Cas9-mediated immunity in type II system in bacteria. In the 

CRISPR spacer acquisition phase (1), invading foreign DNA is cleaved by the Cas complex into short 

sequences (spacers, colored boxes). These spacers are inserted into the CRISPR locus between short 

palindromic repeat sequences (repeats, black diamonds). In CRISPR expression phase (2), the precursor 

CRISPR RNA (pre-crRNA), and Cas9 proteins are transcribed and subsequently processed. The foreign 

DNA sequence is recognized, in phase 3, by the crRNA-Cas9 complex via complementary base pairing and 

subsequently cleaved by the Cas9 protein. It is essential that the target sequence is in close proximity to a 

protospacer adjacent motif (PAM; red). (adapted from Bhaya et al., 2011 206)  
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The action of CRISPR/Cas9 depends on the assembly of the crRNA and the Cas9 protein to 

interrogate DNA targets. The complex recognizes a sequence-specific PAM motif located in 

close proximity of the crRNA target site in the invading genome 209. This motif is absent in the 

host genome, which protects it from self-cleavage. In the class II CRISPR/Cas9 system, the 

cleavage of the DNA is mediated by the nuclease domain of the Cas9 protein, a HNH domain. 

This domain cleaves the complementary target strand to the gRNA and the RuvC-like nuclease 

domain of the Cas9 protein cleaves the non-target strand 210,211. Cas9 is guided to the DNA by 

the crRNA-tracrRNA duplex, which is unique for the class II system. The nuclease Cas9 from 

S. pyogenes recognizes the PAM motif 5ôNGG (N represents any nucleotide) in the foreign 

DNA.  

Recent achievements in genome editing techniques allow the precise manipulation of any gene 

at its genomic locus in a variety of experimental models including cell lines, laboratory animals, 

plants and was even tested human clinical trials 211. The specificity of genome editing is based 

on óprogrammableô nucleases producing specific double strand breaks (DSBs), which are 

repaired by endogenous cellular repair mechanisms. Zinc-finger nucleases (ZFNs) and 

transcription activator-like (TAL) effector nucleases (TALENs) were the first engineered 

systems 212-214. The DNA-binding domains of transcription factors have been fused with the 

nuclease domain of the restriction enzyme FOKI 211. When targeted to specific site in the 

genome, the nuclease domain of FOKI forms a dimer that activates the nuclease activity 

mediating a DSB near the target site. These systems function through DNA-protein interactions 

and require engineering and cloning of proteins for each target site. The CRISPR/Cas9 system 

is a powerful RNA guided DNA platform, which can be used for high-throughput applications 

(Figure 7). The crRNA-tracrRNA complex can be fused into a chimeric single guide RNA 

(sgRNA), the basis of the flexible genomic engineering toolkit 209,215,216. The sgRNA-Cas9 

complex induces the cleavage of a specific target site adjacent to a PAM sequence. Essentially 

any genomic locus containing a PAM motif can be targeted with a customized sgRNA. 

The DSB created by Cas9 triggers endogenous DNA repair mechanisms, such as non-

homologous end joining (NHEJ) or homology-directed repair (HDR) pathway 218,219 (Figure 7). 

The NHEJ pathway causes random insertions or deletions of nucleotides at the DSB site, so 

called InDel mutations. These may lead to gene knockouts by causing a shift in the target gene 

reading frame, premature stop codons or mutations of a critical region in the encoded protein. 

Error-prone NHEJ is also used for loss of function screening, genomic rearrangements and 

NHEJ-mediated homology independent knockin of genes 220,221. HDR can be exploited to 

generate precise modifications in a defined locus at the DSB site through homologous 
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recombination guided by exogenous donor repair templates. The HDR pathways provides a 

powerful tool for sequence-specific gene editing including gene knockout, gene knockin, 

mutagenesis and gene corrections 222. In addition, it is also often used to introduce a tag or a 

reporter gene to study protein localization or protein-protein interactions 223.  

 

 

Figure 7: CRISPR/Cas9 based gene modification by commonly used delivering methods and DNA 

repair mechanisms. Plasmid containing the mRNA sequence of the Cas9 protein as well as the sgRNA, 

Cas9 mRNA in complex with sgRNA or a ribonucleoprotein (RNP) complex methods can be used. The 

sgRNA (pink) bind to the target site (green) of the genomic DNA via complementary base pairing and the 

Cas9 protein induces a double strand break (DSB) three base pairs upstream of the PAM sequence (red). 

The double strand break can be repaired by two endogenous cellular repair mechanisms. The non-

homologous end joining (NHEJ) pathway results in random insertions or deletions (InDels) of nucleotides. 

The homology-directed repair (HDR) pathway requires a donor template with homologous sites. Thus, 

precise genome editing is enabled by a specific donor sequence. (adapted from Tian et al., 2018 217) 

 

Despite the great potential of CRISPR/Cas9, several limitations and challenges exist and can 

still be improved concerning specificity, efficiency and control. The PAM sequence motif of 

Cas9 limits the availability of genomic targets to an average of one target site per eight bp. 

Several Cas9 protein variants with altered PAM sequences have been developed to improve 

Cas9 specificity and availability of target sites in the human genome 224. For example, xCas9 

recognizes several PAM sequences including 5ôNG, 5ôGAA and 5ôGAT 225. Another challenges 

are possible off-target effects as the 20-bp targeting sequence of the crRNA and the 3-bp PAM 
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sequence may exist elsewhere is the genome. To reduce off-target effects several Cas9 variants 

have been generated to improve Cas9 sensitivity 226. Shen et al. (2014) engineered a Cas9 

protein with an inactive nuclease domain, which functions as a nickase, cleaving only one DNA 

strand 227. This strategy was applied to cancer cell lines and mouse embryos and showed 

reduced off-target effects and improved specificity. In addition, a catalytically deactivated Cas9 

variant (dCas9) was developed and can be used for sequence-specific gene regulation 228. 

Transcriptional activators and repressors can be fused to the dCas9 and this complex can be 

directed to any genomic locus by specific sgRNAs and serve as a RNA-guided DNA-binding 

platform. This technique is termed CRISPR interference (CRISPRi) and widely used to repress 

or activate DNA transcription by blocking RNA polymerase binding, elongation or the binding 

of transcription factors 229. Multiple targeting is also possible and the effects of dCas9 binding 

are reversible. In addition, by tagging dCas9 with an enhanced green fluorescent protein, it can 

be also used as an imaging tool for example for specific sequences or repetitive elements 230. 

 

1.3.1    CRISPR/Cas9-mediated genome engineering in cancer biology 

In the recent years, CRISPR/Cas9 has revolutionized the field of genomic engineering and 

helped to understand and manipulate biology in a variety of studies ranging from basic research 

to clinical applications 231,232. The CRISPR/Cas9 system has been used in several studies to 

investigate rearrangements of the genome in cancers and other diseases. For example, 

chromosomal translocations could be precisely reproduced by joining two chromosomes via 

the NHEJ pathway in lung cancer and acute myeloid leukemia cell lines. This has been even 

further developed to generate cancer mice models by CRISPR/Cas9 to study cancer progression 

and malignancy. In addition, the CRISPR/Cas9 system was also successfully applied to high-

throughput screenings to identify genes essential for cell viability in cancers, which enables the 

identification of potential drug targets. In a breast cancer study, CRISPR/Cas9 was used for the 

diagnosis, treatment and drug resistance research. Using the dCas9 system, the CDKN2A gene 

was identified as a diagnostic marker indicating abnormal cell division in breast cancer cells 

233. In another study, the HER2 gene was targeted by CRISPR/Cas9, revealing a correlation 

between HER2 expression and inhibition of cell growth and attenuated tumorigenicity 234. For 

leukemia models, lentivirus-delivered Cas9-sgRNA systems in primary hematopoietic cells has 

been developed and was used to target inactivated genes including TET2 and RUNX1 to study 

development of myeloid malignancy 235. The targeted studies enhance the development of 

precision cancer medicine and provide a powerful tool to study functional cancer genomics. 
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Acquired resistance to drugs is one of the major challenges in cancer therapy. Resistance in 

leukemia is often mediated by synergistic gene target interactions, which can be identified by 

sgRNA library screenings for combinatorial genes in CRISPR/Cas9 based knockout cell lines 

236. The depletion of these combinatorial genes showed great promise in leukemia cells and may 

allow the development of personalized genotype-based therapies. In precision cancer medicine 

also screens for cancer metastasis-related genes using CRISPR/Cas9 loss of function libraries 

are often used to identify new therapeutic targets and potential biomarkers 237-239. Gene therapy 

by the CRISPR/Cas9 system could be consequently a powerful tool to treat genetic disorders 

in the future. For example, in mice, researchers corrected the CFTR locus which is responsible 

for cystic fibrosis in intestinal stem cells and the mutated ɓ-globin locus in sickle cells disease 

in hematopoietic stem cells by genome editing. The CRISPR/Cas9-based diagnosis panels 

SHERLOCK and DETECTR rely on the Cas13a or Cas12a RNA-guided RNase which 

mediates a non-specific single strand cleavage 240-242. For SHERLOCK; a reporter signal 

released after RNA cleavage is used to detect common driver mutations in cancer like 

BRAFV600E or EGFRL858R in highly sensitive diagnostic approach 242. Recombinase polymerase 

amplifications (RPA) are used in the DETECTR system to amplify micro samples and detect 

infections in cancer like HPV types in lung carcinomas. Promising results from CRISPR/Cas9 

studies have been achieved, however more work is needed to develop a safe and effective tool 

for diagnosing and treating cancers. 

 

1.4    Mass spectrometry based proteomics and proteogenomics 

1.4.1    Proteome and post-translational modifications 

Biological processes are often carried out by proteins and their characterization is of 

fundamental interest in cell and cancer biology. The proteome comprises all expressed proteins 

within a cell, tissue or organism at a given time under defined conditions. The human genome 

consists of approximately 20,000 protein-coding genes, however complexity increases from the 

transcriptional to the translational level due to alternative variants and post-translational 

modifications (PTMs) 243-245 (Figure 8). Not only the complexity of the proteome also the 

abundance, dynamic range and the localization of proteins plays also an important role in 

biological functions 246,247. 
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Figure 8: The increase in complexity from genome to proteome. The genome comprises 20,000 to 

25,000 genes, the proteome is estimated to encompass over 1 million proteins. Transcriptional and mRNA 

level changes increase the size of the transcriptome relative to the genome, and post-translational 

modifications of proteins exponentially increases the complexity of the proteome. (adapted from Virag et 

al., 2019 245)  

 

Proteomics, the large scale study of proteins, is widely used for the analysis of cellular 

compositions under changing conditions. Mass spectrometry (MS)-based proteomics enables 

the global analysis of the protein composition, protein abundance, PTMs state of proteins and 

their dynamic processes in the cell 248. Post-translational modifications of proteins regulate a 

broad variety of biological processes including cell growth, proliferation and apoptosis. Over 

300 PTMs have been identified ranging from small chemical moieties such as acetylation or 

phosphorylation to more complex structures like glycosylation or ubiquitylation 249-251. 

Phosphorylation of proteins is the most prominent PTM and can influence signal transduction 

networks, protein activity, protein-protein interaction and sub-cellular localization 252. Protein 

phosphorylation, mediated by protein kinases, is a reversible process and the removal of 

phosphorylation is performed by protein phosphatases. The human proteome encodes for more 

than 500 protein kinases and roughly 150 protein phosphatases accounting for up to 3.5% of 

the proteome. Most kinases are specific for phosphorylating one residues. Several amino acids 

can be phosphorylated and divided into four groups: (a) O-phosphorylation at serine, threonine 

and tyrosine, (b) N-phosphorylation at arginine, histidine and lysine, (c) S-phosphorylation at 

cysteine and (d) acyl-phosphorylation at aspartic acid and glutamic acid. O-phosphorylation is 

the best studied type of phosphorylation due the chemical stability and compatibility with 

proteomic workflows. The stoichiometry of phosphorylation is generally relatively low at a 

given time point and usually not all copies of a protein are phosphorylated or multiple sites may 

be variably regulated during different processes. Recent phosphorylation studies have revealed 

that the majority of proteins in a mammalian cell are phosphorylated at one or more residues 

253. Many other types of PTM having become more prominent and are now extensively studied 
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by proteomics like acetylation and methylation of non-histone proteins 254. Acetylation on 

lysine residues has been associated for a long time with the regulation of chromatin structures 

and was described in the 1964 for the first time 255,256. In the recent years, several proteomic 

studies identified over 5,000 acetylation sites on over 2,000 proteins localized in the cytoplasm, 

mitochondria and plasma membrane 257,258. In addition to acetylation, ubiquitylation and 

SUMOylation are also lysine modifications and play an important role in protein degradation 

as well as other cellular regulatory functions such as apoptosis and DNA repair 259. Many 

proteins are sequentially modified at multiple residues as one PTM can serve as a positive or 

negative signal for the addition or removal of a second PTM or for the recognition of other 

binding partners that may modify the protein further 260. Bioinformatic tools and databases can 

be used to predict hotspots for different types of PTMs on the same protein and revealed that 

these modifications are often in close proximity to each other, about 15 amino acids apart 261. 

Several proteomic studies obtained evidence about the crosstalk of PTMs in eukaryotic and 

prokaryotic cells including phosphorylation and ubiquitylation during the process of protein 

degradation or SUMOylation and phosphorylation for the activation of kinases like CDKII 

262,263. PTMs and even the crosstalk between PTMs expand the landscape of the proteome and 

functions as a fine-tuning mechanism regulating the function, localization and interaction of 

proteins. 

 

1.4.2    LC-MS/MS instrumentation 

The field of mass spectrometry based proteomics is rising since the last decades due to technical 

investigations. The work of Thomson in 1912 and his student Aston in the next few years led 

to the development of the first mass spectrometer and the detection of isotopes of elements 264. 

Both scientists were awarded with the Nobel prize in 1906 and 1922 for their pioneering work 

in the field of physics and chemistry, respectively. Developments in instrumentation including 

soft ionization techniques, increased sensitivity and resolving power moved mass spectrometry 

from chemistry into the field of biology, where it becomes a powerful tool to study and 

characterize thousands of proteins. Mass spectrometry is the measurement of the mass-to-

charge (m/z) ratio of an ionized molecules 265. Mass spectrometer consist of an ion source that 

converts the analyte of interest from liquid to gas phase, a mass analyzer that separates charged 

ions based on their m/z ratio and a detector that records the numbers of ions at each m/z value 

266. Two soft ionization techniques, called matrix-associated laser desorption ionization 

(MALDI) and electrospray ionization (ESI) are used for many proteomic configurations and 
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the efficiency of ionization can differ by order of magnitudes for different peptides 267. For 

MALDI, the analyte is embedded in a crystallized matrix and will be vaporized and ionized by 

laser impulses, which initiates an energy transfer from the matrix to the molecule 268,269. ESI 

takes place at atmospheric pressure and the analyte molecules are ionized and transferred from 

liquid to gas phase 270 (Figure 9). The analyte is transported through a needle at high electrical 

potential (2-6 kV). An electric field between the end of the needle and the entry capillary of the 

mass spectrometer is applied and the charged analyte will form a Tylor cone and droplets will 

be released. The solvent of the formed droplets will evaporate and the charged analyte enters 

the gas phase (Figure 9). Most of the ions introduced by ESI will be multiply charged in contrast 

to MALDI.  

 

 

Figure 9: Electrospray ionization for biomolecules. An electric field between the end of the needle and 

the entry capillary of the mass spectrometer is applied and the charged droplets will be released. The solvent 

of the formed droplets will evaporate and the charged analyte enters the gas phase. (adapted from Steen and 

Mann, 2004 271) 

 

The charged ions are separated by the mass analyzer in the MS instrument based on their m/z 

ratio. In addition, ions can be also temporarily trapped and even detected in some types of 

analyzers 272. Mass analyzers varying in their resolving power, mass accuracy and sensitivity 

based on their ability to separate ion with similar or near-identical m/z values 273. The resolution 

(R) refers to the ability to separate two narrow mass spectral peaks and the mass accuracy also 

depends on the signal-to-noise ratio for each mass spectral peak 265. A quadrupole mass analyzer 

consist of four parallel round metal rods, connected as opposite pairs 274,275. A direct current 

voltage and a radio frequency are applied to the rods. Under a fixed electric field, ions will 

oscillate between the rods and ions with a narrow window of m/z will have stable trajectories 

through the quadrupole. In contrast, ions with m/z values outside of the m/z window will have 

an unstable path and will collide with the rods. By varying the voltages applied to the 

quadrupole, different m/z ions can be selected and reach the detector. A quadrupole ion trap 

(IT) is also composed of four linear rods in which the ions are trapped in the center of the device 
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and then scanned from the trap to a detector 276. The sequential ejection of trapped ions using 

ramped voltages allows the recording of m/z ratio for a wide mass range. The IT is limited by 

the number of ions trapped in the device, which results in poor resolution and mass accuracy. 

Linear quadrupole ion traps have an increased trapping space and consist of two end cap 

electrodes 276. The end cap electrodes have small holes in their centers that allows ions to either 

enter or exit the trap. Different voltages will trap and eject the ions equally through the sides of 

the trap and the m/z ratio will be recorded. In 1999, a new type of mass analyzer, the Orbitrap 

was invented by Makarov and was used for the first time in proteomics in 2005 by Hu et al.277. 

A Orbitrap consist of a central inner axial electrode, and outer electrode and two end cap 

electrodes 278. Ions are trapped in an electric field, orbit around the central axial electrode and 

oscillate harmonically along its axis with a frequency characteristic for each m/z value 279. This 

introduces an image current in the outer electrodes, which is transformed by Fourier-

transformation into a frequency spectrum and then converted into a mass spectrum. The 

Orbitrap is coupled to a nitrogen-filled C-trap (curved RF-only quadrupole), where ions are 

trapped and pulsed into the Orbitrap by high voltages. The Orbitrap shows a very high mass 

accuracy and high resolution capabilities 273. Different types of mass analyzers can be combined 

within an instrument, called hybrid mass spectrometer 274. It combines the robustness and 

sensitivity of one mass analyzer with the high mass accuracy and resolution of another mass 

analyzer. 

Tandem mass spectrometry (MS/MS) is a key technique to achieve the amino acid sequences 

from peptides (Figure 10). A MS1 spectrum shows intact peptide ions eluting at a given time 

with a specific m/z value and the heights of the signal reflects the numbers of detected ions 267. 

For MS/MS, a precursor peptide with a specific m/z is selected and fragmented to generate 

product ions for detections. The precursor peptides break at the weakest bond, usually the 

peptide bond between amino acids forming b and y ions by colliding with an inert gas 271. The 

resulting fragment ions are analyzed in a MS2 or MS/MS spectrum 267. Several different 

fragmentation methods are utilized in mass spectrometry including collision induced 

dissociation (CID), higher energy collisional dissociation (HCD) and electron transfer 

dissociation (ETD) 280. CID and HCD causes fragmentation primarily at amide bonds by 

collision of the precursor peptide with inert gas molecules. CID is performed in a linear ion trap 

filled with helium, whereas HCD takes place in a separate collision cell. The fragment ions 

produced by HCD are recorded by an Orbitrap. Due to slow-heating, internal fragmentation and 

neutral-losses of H2O, NH3 and labile PTMS are common 281. ETD uses radical anions to 

rapidly transfer electrons with low electron affinity to multiply protonated peptides resulting in 
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a backbone fragmentation with c and z ions 282. The electron transfer is highly efficient and fast 

and is therefore suited for peptides with higher charge state and labile PTMs like 

phosphorylation. Fragment ions containing the N-terminus of the peptide are referred as a,b,c, 

and the fragments containing C-terminus are described as x,y,z ions (Figure 10) 267,271. 

 

 

Figure 10: Peptide fragmentation with shotgun proteomics. Proteins extracted from different types of 

sample are digested into peptides using trypsin, which cleaves peptide bonds at the C terminus of lysine 

(K) and arginine (R) residues. To reduce complexity, the peptides are separated by liquid chromatography 

(LC), which shows the most abundant signal at each retention time and injected into the mass spectrometer. 

At any given time, multiple peptides co-elute at the same time and can be distinguish by their mass to 

charge ratio (m/z). The mass spectrum of the intact peptides is called the MS1 spectrum. The signal 

corresponding to the peptide EIQTAVR is highlighted in blue. The top intensive precursor ions are isolated 

and fragmented by collision with an inert gas. The m/z values of the fragment ions, derived from the blue 

peptide, are recorded in the MS2 spectrum. By convention, peptide fragments containing the N terminus 

are called b ions, whereas fragments with the C terminus are called y ions. (adapted from Pappireddi et al., 

2019 267) 

 

A mass spectrometer can be operated in different acquisition modes including data-dependent 

acquisition (DDA) and data-independent acquisition (DIA). In DDA, the most intensive 

precursor ions are selected for fragmentation and analyzed in the mass spectrometer 267. The 

selected precursors are excluded for a certain time and the MS/MS spectra which are acquired 

will differ from run to run. However, dependent on the sample complexity, more signals are 

available than the instrument chooses for the isolation for fragmentation. The DIA approach 

could help to overcome this problem, MS2 spectra are continuously collected over the entire 

MS1 spectrum, resulting theoretically in a MS and MS/MS spectra for each m/z value. 

However, current instruments are not fast enough and isolation windows are selected to reduce 

the number of MS/MS spectra for each m/z value by still covering the entire m/z range. The 
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resulting MS/MS spectra typically contain fragment ions of multiple precursor ions and thus 

the data is more complex compared to DDA data. The obtained mass from the MS1 and the 

MS/MS spectra are matched against theoretical spectra generated from a predefined database 

283 (Figure 11). The databases are specific for each organism and are usually protein databases 

translated from genomic data, although databases from spectral libraries or mRNA data were 

successfully applied. The databases are generated by in silico protein digestion for the specific 

protease using search engines, such as Mascot 283, Sequest 284 or Andromeda implemented into 

MaxQuant 285,286. The best matches to a known amino acid sequence are scored and reported as 

a peptide identification. Each genetically encoded amino acid except for leucine and isoleucine 

has a different molecular weight, which allows the identification of the amino acid sequence by 

comparing the differences in the m/z values. A final step is the assembly of identified peptides 

into proteins. In order to control the extent of false and positive hits, a decoy database containing 

reverse peptide sequences together with the protein database is used 285,287 (Figure 11). 

Identifications generated from the decoy database can be considered as true negative hits and 

can be used to calculate the false discovery rate (FDR) 288. The FDR threshold is typically 1% 

at the peptide and 5% at the protein level.  

 

 

Figure 11: Data analysis of proteomic data and false discovery rate estimation. The data-dependent 

acquisition (DDA) data is analyzed by matching each acquired spectrum individually against a protein 

sequence database. A decoy database is used to estimate the false positive hits. Only the best scoring 

hit/spectrum is reported as peptide identification. (adapted from Gillet et al., 2016 288) 

 

1.4.3    Discovery proteomics 

Bottom-up or shotgun proteomics is the most widely used approach in MS-based proteomics to 

identify and characterize proteins across a broad dynamic range. This approach involves the 

proteolytic digestion of proteins prior analysis by liquid chromatography coupled to mass 

spectrometry (LC-MS) (Figure 12). In a typical workflow, proteins are extracted from different 

biological samples such as cultured cell or cancer tissues. Proteins are digested into peptides 

using specific proteases like trypsin, which cleaves the peptide bond at the carboxyl terminus 

of arginine (R) and lysine (K) 289. The resulting oligopeptides are of optimal mass range for 
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chromatographic separation and due to the basic amino acid content these peptides can be 

ionized properly in electrospray ionization (ESI) 290. For specific applications or to increase the 

sequence coverage, several other proteases like chymotrypsin, AspN or GluC can be used alone 

or in combinations 291. Proteomic samples often contain a number of buffer components that 

may interfere with the MS/MS analysis, therefore peptides are usually concentrated and 

desalted on reverse-phase C18 columns. The human genome consists of around 20,000 proteins, 

resulting in approximately 106 million possible tryptic peptides 247. To reduce the complexity 

of the analyte entering the mass spectrometer, high pressure liquid chromatography (HPLC) or 

ultra-high liquid chromatography (UHPLC) can be coupled to a mass spectrometer (LC-MS). 

Reverse phase (RP) chromatography is widely preferred for chromatographic separation 292,293. 

The separation is based on the hydrophobicity of peptides determined by the amino acid 

composition. The peptides form hydrophobic interactions to alkyl chains coupled to silica beads 

and are eluted with increasing organic solvent over time. At the beginning of the gradient, 

hydrophilic peptides will elute, whereas hydrophobic peptides will stay longer on the column. 

The stepwise elution of peptides from the column allows also the detection of low abundant 

peptides and the separation of peptides with different hydrophobic properties. Eluting peptides 

are ionized by nano-ESI and thereby positively charged. The reproducibility of retention time 

between different runs is improved with a stabilized column temperature. The extensive co-

elution of peptides is a still a major problem for on-line coupled LC-MS/MS analysis 294. A pre-

fractionation at the protein level or peptide level can be introduced to further reduce sample 

complexity and several techniques have been developed 295,296. Proteins can be separated by 1D 

gel electrophoreses based on the molecular weight of the protein or different chromatography 

methods including off-line RP chromatography, size exclusion chromatography (SEC) or 

strong anion or cation exchange chromatography (SAX, SCX) 293,297. For 1D gel 

electrophoreses, proteins are denatured in SDS and separated in a polyacrylamide matrix based 

on the molecular weight of the protein. Separated proteins can be digested with proteases 

directly in the gel and peptide extraction will be carried out with organic solvents such as 

acetonitrile prior LC-MS analysis 298,299. Using SEC, proteins are separated according to their 

size and this technique is often used in top-down proteomics, the analysis of intact proteins by 

mass spectrometry. SAX and SCX are based on the interaction of positively (SCX) or 

negatively (SAX) charged peptides with opposite charged groups of the stationary phase 295,300. 

The proteins are separated according to their electric charge using a salt or pH gradient. Most 

tryptic peptides carry two positive charges, due to C-terminal R or K residues and N-terminal 
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amines, which is preferred in proteomics analysis. In addition, proteins can be resolved into 

fractions using organelle separation to reduce sample complexity.  

 

 

Figure 12: General workflow of mass spectrometry based proteomics. The proteins are extracted from 

cells or tissues and then enzymatically digested by proteases (trypsin) into peptides. The proteins can be 

multiply modified including phosphorylation (P), methylation (Me) or ubiquitylation (Ub). The complexity 

of the sample can be reduced at the protein and at the peptide level. Proteins can be fractionated by their 

molecular weight, liquid chromatography or immune affinity enrichment. Peptides can be pre-fractionated 

by cation exchange, reverse phase chromatography, and isoelectric focusing. Phosphorylated peptides, can 

be enriched by immobilized metal affinity chromatography (IMAC), titanium dioxide (TiO2) or immune 

affinity enrichment. Each fraction is analyzed by liquid chromatography coupled to a mass spectrometer 

(LC-MS/MS). For fragmentation of precursor ion collision-induced dissociation (CID), higher-energy 

collisional dissociation (HCD) or electron-transfer dissociation (ETD) can be used. (adapted from Doll et 

al., 2015 301) 

 

Proteins or peptides carrying a PTM are generally difficult to analyze by mass spectrometry 

and several strategies for the analysis of PTMs have been developed 297 (Figure 12). 

Phosphorylation introduces a negative charge to the peptides, whereas ESI is generally 

performed in the positive mode. Peptide separation and sample preparation prior MS analysis 

may be insufficient due to the hydrophilic properties of phosphopeptides. The low 

stoichiometry of phosphopeptides compared to non-phosphorylated peptides often results in 

ionic suppression and can be observed in low peaks 302. To overcome these limitations several 

modification-specific enrichment techniques combined with advanced MS/MS methods were 

successfully applied 303,304. The main goal of these approaches is the separation of modified 

peptides from unmodified proteolytic peptides due to the low stoichiometry of the modified 

peptides in a cell. The sensitivity of the technique is based on the yield of the enriched peptides, 
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extent of unmodified peptides contamination, complexity of the sample and the sensitivity of 

the MS/MS system 305. Antibody-based enrichment of modified peptides is widely used method 

for a wide range of modifications including lysine acetylation, arginine methylation and 

tyrosine phosphorylation. It is based on the isolation of modified peptides by immunoaffinity 

purification using a PTM specific antibody 306. In addition, to site-specific antibodies, 

antibodies recognizing a motif like kinase motifs are available. Ionic interaction-based 

enrichment strategies are mostly used for the enrichment of phosphopeptides from complex 

peptides mixtures. Ion metal affinity chromatography (IMAC) is based on the interaction of 

negatively charged phosphopeptides with positively charged ions (mainly Fe3+) coupled to a 

matrix or beads. Peptides are eluted with increasing pH, which change the charge state of the 

peptide. SCX and SAX can be also applied to phosphopeptide enrichment. In the recent years, 

titanium dioxide (TiO2)- based matrix enrichment has been prevalently used to enrich 

phosphopeptides 307,308. The high affinity of TiO2 to negatively charged phospho groups makes 

this method highly efficient and specific for the enrichment of phosphorylated peptides. To 

enrich for mono- and polyphosphorylated peptides, serval methods were combined in a wide 

range of studies and showed great results in sensitivity 293. In addition, modified peptides can 

be also enriched by tagging PTMs by chemical derivation including in vitro chemical labelling 

and in vivo metabolic labelling. Besides the sample preparation also the data analysis including 

the precise localization of PTMs to a specific site can be challenging. 

 

1.4.4    Quantitative proteomics 

Quantification of thousands of proteins by mass spectrometry based proteomics is often used 

to study biological processes. Different techniques can be used to analyze protein-protein 

interactions, protein abundance or post-translational modifications between two or more 

physiological states 309-311. These approaches can be mainly divided into relative quantification, 

the relative amount of a high number of proteins or absolute quantification to determine the 

absolute amount of distinct proteins 312. For both, quantification is either performed without the 

introduction of stable isotopes (label-free) or with chemical or metabolic stable isotope labelling 

(label-based) (Figure 13). The most widely used form of quantitative proteomics is label-free 

and is based on the quantification of MS1 signals of peptides 313. Two strategies can be applied: 

(1) spectral counting or (2) spectrometric signal intensity to measure the protein expression. In 

spectral counting, the number of measured spectra is determined as a proxy of the abundance 

peptide concentration in a sample 314. A high sequence coverage enables the comparison over 
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multiple data samples. MS2 spectra are not used for the quantification, but required for the 

identification of the peptide sequence. Label-free quantification can be used for hundreds or 

thousands of samples and avoids additional costs and sample preparation for labelling or 

tagging of proteins and peptides. Each samples needs to be measured separately and the 

multiple runs results in a reduced throughput. Another limitation is the poor reproducibility 

between samples, which comes from each sample runs separately and variations in the MS1 

and MS2 spectra acquisition. Another problem are missing values, as a significant fraction of 

peptides will not be detected in each samples. Imputation of missing values due to better data 

analysis technique help to overcome this problem 315. The software imputes values by matching 

retention time and m/z values between samples. Improvement of mass spectrometry 

technologies may help to overcome these limitations. Label-based approaches allow the 

multiplexing of samples, which results in high accuracy and precision. Stable isotope labelling 

in cell culture present a pre-harvest labelling methods and is based on the incorporation of stable 

isotopes into proteins during their synthesis in active cells 316,317. Metabolic labelling of proteins 

is often carried out by using arginine and lysine with stable isotopes of 2H, 13C and 15N. 

Methionine, histidine and leucine can also be used for SILAC as well 312. In a typical SILAC 

experiment, cells are either grown in medium with unlabeled arginine/lysine (light) or in 

medium with labelled amino acids (heavy). After incorporation of these amino acids into newly 

synthesized proteins, cells are mixed, proteins are extracted and digested using trypsin protease 

prior LC-MS/MS analysis. The combination of samples in early step of the workflow minimizes 

variances between replicates and results in high reproducibility and accuracy compared to label-

free approaches 318. The tryptic digestion with trypsin results in peptides with C-terminal 

arginine and lysine and ensures a labelling of nearly all peptides. The heavy-labelled peptides 

produce a distinct mass shift in the MS1 spectra compared to its light-labelled counterpart. 

However, the chemical properties of the peptides are nearly identical results in the same 

chromatographically behavior and ionization efficiency 319. The m/z difference between the 

heavy and light peptide will be resolved and the ratio can be calculated, which shows the relative 

changes in protein abundance between the different samples. SILAC has been successfully used 

for mammalian cell culture, yeast, mouse and bacteria 320-324.  
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Figure 13: Overview of labelling techniques used in proteomics approaches. Quantification is either 

performed without the introduction of stable isotopes (label-free) or with chemical or metabolic stable 

isotope labelling (label-based) ate the protein or peptide level. Labels can be also introduced as spiked in 

as synthesized peptides. After labelling, samples can be combined for further sample preparation and 

processing. (adapted from Bantscheff et al., 2012 325) 

 

Post-harvest labelling techniques like isotope-coded affinity tag (ICAT), isobaric tags for 

relative and absolute quantification (iTRAQ) or tandem mass tag (TMT) introduce labels at the 

protein or peptide level after cells have been harvested 326-328. The mass of the isobaric tags is 

all the same and can be distinguished after fragmentation of the precursor ion. ICAT have been 

developed and often used for clinical samples such as tissues of cancer patients, which cannot 

be labelled with SILAC. The ICAT reagents consist of a reactive group (i.e. thiol), a linker 

group and an affinity handle like biotin 329. The reactive group targets cysteine residues of 

peptides, which are labelled with linker consisting of light and heavy labelled stable isotopes. 

The affinity handle is used for the purification of tagged peptides and reduces the complexity 

of peptides mixtures from biological samples. One of the major limitations of ICAT is the 

labelling of only one amino acid, which will come in line with the loss of peptide analysis 

lacking cysteine. Therefore, the isobaric multiplexing tagging reagent iTRAQ has been 

developed and can be used to label up to four or eight different biological samples 

simultaneously 330. The reactive group of iTRAQ targets primary amines at the N-terminus and 

side chain amino groups of peptides. iTRAQ can also be applied to absolute quantification using 



Introduction   37 

 

 

synthetic peptides with a known sequence and mass. In recent years, isobaric labelling 

techniques were further developed and TMT allows multiplexing of up to eleven samples. 

Similar to iTRAQ, the tag contains a site that fragments in the MS2 spectrum and the mass of 

the reporter ion can be used to distinguish the peptide originated from different samples. 

Isobaric labelling techniques can be only applied to non-living samples and the labelling is 

applied at the peptide level, which does not control for variances introduced in the early step of 

the workflow. In addition, co-elution of multiple peptides is one of the major limitations as all 

peptides carrying the same reporter ion. Another chemical labelling technique at the peptide 

level is dimethyl-labelling 331. Primary amines of lysine residues and N-termini of peptides are 

modified and the comparison is based on the mass difference of the label. Three different 

samples can be studied simultaneously. Quantitative proteomics is a powerful tool study 

dynamic changes of proteins and PTMs between different types of samples and allows insights 

into a variety of biological processes. 

 

1.4.5    Proteogenomics in cancer biology 

Proteogenomics, the combination of genomics and proteomics is a new research field and is 

often use to identify peptides containing mutations, novel protein-coding loci or alternative 

splicing forms 332-335. The term proteogenomics was used for the first time in 2004 by Church 

group, performing a genomic reannotation of mycoplasma pneumonia using proteomic data 336. 

Since then, the field of proteogenomics is emerging based on technical investigations enabling 

high throughput genomics and deep MS-based  proteomics 337,338. In addition to the data 

integration for genome reannotation, proteogenomics was widely used to study multilevel gene 

expression, signaling networks, disease subtypes and clinical prediction of patientôs outcome 

339,340. Most of the proteogenomic workflows involve several main steps (Figure 14). First, 

nucleotide data can be used to encode the sequence of the proteins expressed in a sample and 

this data can be retrieved from the genome, exome, transcriptome or translatome level 332. The 

genome contains sequence information of protein-coding and non-coding regions but also the 

backbone of all protein sequences. Exome sequencing of enriched exonic sequences through 

hybridization capture covers only 1% of the genome that codes for proteins 341. Transcriptome 

represents the output of the gene transcription and translatome comprises the portions of 

transcriptome bound to the ribosome. These different types of sequence data can be used to 

generate a proteogenomic database, which ultimately include possible single amino acid 

variants (SAVs), insertions and deletions (InDels) and splice junctions for each individual 
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sample 332. The NGS data needs be analyzed before by either de novo assembly or alignment 

of genomic sequences to a pre-existing database- such as Ensembl 342, RefSeq 343 or UniProt 

344. De novo assembly is used to build a reference genome from one or multiple sequences of 

these genomes 345. The newly-synthesized and assembled genomes, the protein-coding regions 

and other functional elements within an assembled genome must be identified 346. A majority 

of proteogenomic databases were created by six frame translation of the genome of an 

organism. This includes the prediction of all possible protein-coding sequences expressed in a 

sample under analysis. For the alignment (reads mapping) the re-sequenced organism is mapped 

to a pre-existing reference genome and in silico translated variants are incorporated into a 

protein database 347. This enables the identification of a variety of genomic variants, which are 

absent in the reference genome. These sample-specific variants are of fundamental biological 

interest including novel or unannotated proteins, variants specific for an individual, mutations 

underlying a disease. Similar to proteomics, MS/MS spectra are matched to peptide sequences, 

known as peptide spectrum matches (PSM) 346,348. Peptide sequences obtained from PSM are 

then matched against a customized protein sequence database. By incorporating sample specific 

sequences like SAVs, InDels, alternative splice junctions and novel gene fusions the size of the 

database increases. However, the likelihood of experimentally observing a peptide decreases 

and the matching of more theoretical candidates against experimental MS/MS spectrum will be 

likelihood incorrect 349. To identify high confidence PSMs, a quality spectra and fragmentation 

will be required. In addition, the computational time increases with larger databases and the 

FDR must be controlled at the protein and peptide level. Separate FDR estimation should be 

applied to known and novel peptides 350. For proteogenomic approaches it will always be a 

compromise between completeness of the database, size and a well-controlled FDR. 

A number of bioinformatical tools have been developed for proteogenomic approaches. For 

instance, costumProDB 351, Galaxy-P 352, PPline 353 or PGA 354 software can be used to generate 

customized protein databases from NGS data, including SNVs, InDels ad novel splice junctions 

355. In addition, also specific software are available with a special focus for example on novel 

splice isoforms (QUILTS 356 or SpliceDB 357 software). Not only sample-specific NGS data can 

be incorporated, several public SNV repositories like COSMIC 53 or dbSNP 358 database can be 

used. Besides the database construction tools, visualization of peptides on the genome and 

proteome level have been developed. However, there is a processing need for efficient and easy-

to use tool for the bioinformatic analysis and visualization of proteogenomic data 332. 
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Figure 14: Sequence-centric proteogenomics workflow. Nucleotide data that can be retrieved from the 

genome (whole genome sequencing (WGS)), exome (whole exome sequencing (WXS)), transcriptome 

(RNAseq) level by next generation sequencing (NGS). The sequences need to be assembled into the DNA or 

RNA sequence by either de novo assembly or alignment of genomic sequences to a pre-existing reference 

database. Sample specific alterations are determined and incorporated into customized sequence databases. 

Peptide identifications from corresponding LC-MS/MS runs of the same sample are used to identify sample 

specific sequences and alterations by matching the acquired MS/MS spectra against the spectra derived from 

the customized database. Proteogenomic approaches can be used for genome annotation by mapping of 

peptides to unannotated genome regions; to identify tumor-specific variants on the proteome level as well as 

novel protein splice variants; and detect species-specific peptides in microbial communities. (adapted from 

Ruggles et al., 2015 355) 

 

Cancer and especially melanoma is characterized by an accumulation of mutations such as 

SNVs, InDels, frameshifts or copy number variants (CNVs) rewiring cellular networks 332,340. 

The identifications of cancer specific mutations in cancer proteomics is referred as onco-

proteogenomics and has been studied intensively in the last decade 359. A proteogenomics 

approach and a cancer-specific database allows the detection of variants on the proteome level, 

which has the potential to yield novel insights into cancer biology 355. The proteomic detection 

of mutated proteins can help to identify clinical biomarkers or actionable drug targets 357,359,360. 

Two consortium namely The Clinical Tumor Analysis Consortium (CPTAC) and the Cancer 
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Genome Atlas (TCGA) were launched simultaneously and showed great contribution and effort 

for the field of onco-proteogenomics. Colorectal, breast and ovarian cancer types has been 

studied by CPTAC so far and several proteogenomic studies described the classification of 

cancer subtypes, correlation of copy number alterations with protein expression and the 

identification of mutated proteins and PTMs and associated signaling pathways 360-362. The 

TCGA created a large database containing novel, cancer-specific peptides including splice 

junctions, InDels and substitutions. Using this TCGA database, 524 novel variant peptides in a 

single ovarian cancer sample were identified in 2014 by Woo et al. 363. In a large scale study of 

49 NCI60 cancer cell lines, 7.3 million novel peptides and 4,771 mutations were reported by 

combining dbSNP, COSMIC, UniprotKB and sample-specific genomic and transcriptomic data 

364. In addition to the identification of novel variant peptides, Sun and colleagues identified 

several unique fusion peptides in non-small cell lung cancer (NSCLC) 365. These studies provide 

valuable insights into cancer biology and how the proteome is regulated by genetic effects. The 

repertoire of reported somatic mutations and the cellular responses within a cell will help to 

identify driver and cancer-specific mutations and disturbed signaling networks in precision 

oncology. The altered signaling networks in cancer cells can be studied by an integrative 

proteogenomics analysis of genetic variants and PTMs, which can identify consequences of 

genetic variants on the molecular level 366. It is very likelihood that a change of an amino acid 

residue in a PTM target directly rewiring cellular networks. Approximately 22.2% of all amino 

acids in the human proteome are serine (S), threonine (T), tyrosine (Y) and lysine (K) 344. These 

four amino acids are predominantly modified by phosphorylation at S/T/Y or acetylation and 

ubiquitylation at K. Several studies have been reported that these four amino acids are 

disproportionally affected by missense mutations 366-368. In addition, not only the amino acid 

itself can be affected also the recognition motif in a flanking region of the mutation site for 

corresponding transferase like protein kinases or ligases might be altered 369,370. Yang et al. 

showed that 64 phosphorylation sites potentially change the phenotype compared to 

nonphosphorylated amino acid by using SwissProt and dbSNPs annotated in the NCBI sbSNP 

database 371. In a CPTAC breast cancer study, Mertins and colleagues performed at integrative 

analysis of proteomic and phosphoproteomic study of 105 genomically annotated samples 362. 

This allowed the classification of the breast cancer subtypes on the genome and proteome level 

and the characterization of the somatic cancer genome including the chromosomal loss of 5q. 

In addition, the phosphoproteomic dataset revealed a new G-protein receptor cluster and 

activated kinases specific for breast cancer subtypes, which was not identified by mRNA 

analysis alone. As for the breast cancer study, Zhang et al. identified specific acetylation sites 
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that could be associated with homologous recombination in ovarian cancer 372. These newly 

identified modification sites may help to find the best treatment strategy for each individual 

patient. Proteogenomics is often used to classify cancer subtypes and to identify actionable 

mutated proteins for the best course of treatment for each individual. However, onco-

proteogenomics was also recently applied to study acquired resistance to treatments and drug 

toxicity. In a lung cancer study, several mutations were reported to be linked to the efficiency 

of tyrosine kinase inhibitors and showed a potential to predict patientôs survival rates 373. In 

addition, acquired resistance and driver mechanisms of resistance against tyrosine kinase 

inhibitors were also studied in gastrointestinal stromal tumors using a proteogenomic 

phosphoproteomic approach 374.  

In summary, the application of proteogenomics in clinical research is a powerful tool study the 

mode of action of disease-associated mutations on the genome, proteome and PTM level. The 

mutation can directly or indirectly change PTM sites and several studied showed that this may 

change the protein stability, protein-protein interactions and signal networks. It also highlights 

the value of state of the art MS-based proteomics in the era of precision medicine. In addition, 

proteogenomics will may improve the treatment of patients in personalized manner and may be 

implemented as a routine clinical lab test in the future.  
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    Aims and objectives 

Malignant melanoma is characterized by a high frequency of somatic mutations in key signaling 

pathways and development of resistance mechanisms against treatments. The overreaching aim 

of this thesis was to characterize proteomic changes and the mutational landscape of melanoma 

cells in response to kinase inhibitors and immunotherapy. To achieve this, I first compared 

drug-sensitive and drug-resistant melanoma cells in order to gain new insights into the general 

molecular mechanisms underlying resistance to kinase inhibition. I next applied a 

proteogenomic approach to drug-sensitive and -resistant melanoma cell lines in response to 

kinase inhibitors to assess the influence of non-synonymous mutations on signal transduction 

networks. Finally, I applied a proteogenomics approach to melanoma patient tumor material to 

investigate the molecular mechanisms underlying immunotherapy response in individual 

patient samples.  

Specific aims and objectives were: 

1. Comprehensive (phospho)proteomics analysis of vemurafenib-sensitive and resistant 

melanoma cells 

a. Comparison of drug-sensitive and drug-resistant A375 melanoma cells using 

quantitative (phospho)proteomics 

b. Identification of significantly regulated proteins and phosphosites between both 

phenotypes 

c. CRISPR/Cas9-mediated knockout of the interesting candidates identified at the 

proteome level 

d. Functional validation of candidates using cell proliferation, migration and invasion 

assays, as well as proteomic analyses 

 

2. Individualized proteogenomic characterization of melanoma cell lines A375 and SkMel28 

in response to vemurafenib resistance  

a. Identification of mutations at the genome and (phospho)proteome level 

b. Investigation of over-represented pathways due to the accumulation of alternate proteins 

between phenotypes and cell lines 

c. Identification of phosphoproteins harboring mutations with a potential to rewire signal 

transduction 

d. Define significantly regulated proteins and phosphosites between phenotypes 
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e. Validation of mutated protein isoforms by interactome studies 

 

3. Individualized proteogenomic characterization of human melanoma cells in response to 

immunotherapy 

a. Optimization of the protein extraction protocols for patient tissue samples 

b. Identification of patient-specific variants at the genome, proteome and phosphoproteome 

level in the context of immunotherapy 

c. Investigation of pathway over-representation due to accumulation of mutated proteins 

between naïve and immune checkpoint inhibitor treated samples 

d. Comparison of proteogenomic profiles of human patient material and patient-derived 

xenografts generated in NSC mouse 

e. Prioritization of patient-specific mutations with a high impact to rewire signal 

transduction 

f. Validation of mutated protein isoforms by interactome studies 
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    Results 

3.1    Manuscript I 

Schmitt, M., Sinnberg, T., Nalpas, N. C., Maass, A., Schittek, B., Macek, B. 

Quantitative proteomics links the intermediate filament nestin to resistance to targeted BRAF 

inhibition in melanoma cells  

Molecular & Cellular proteomics 18, 1096-1109 

doi.org/10.1074/mcp.RA119.001302 
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