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Summary 1l

Summary

Melanoma is the most aggressive form of skin cancer, with a rapidly increasing incidence rate.
Malignant nelanoma is characterized by mutations in the mitegivated kinaséMAPK)
pathway which strongly correlate with poor prognosis of the disease.Kirtesse BRAF is
mutated in ~4% of melanoma cases, resulting predominantly in V600E substithtbheads

to constitutive activation othe BRAF kinase andownstream signaling pathways. Over the
last decade, several therapeutic treatments for melanaveabeen developed with improved
efficiency and overall survival ratefargeted inhibition of the mutated BRAF with selective
inhibitors such ayemurafenib or dabrafendnd immunotherapwith the immune checkpoint
antibodies targeting RID and CTLA4 receptorsresults in regression of the diseddewever,

only a minority of patientganbenefitfrom the current therapies and mosttloeém quickly
develop resistance tthe treatment.Prognostic biomarkers, resistance mechanisms and
mutational profile®f melanoma a mainly studiethy genomics and transcriptomiédthough

only about2% of the genome codes for proteimariantsin theseregion of the genomieave a

high potential to rewire signal transduction networksaddition the majority of targed
cancertherapies do not target the genome, but rather the pridseih Thus, it is highly
important toanalyzeproteinsand their patienaspecific alterations iwontextof personalized
medicine Mass spectrometiyased proteomicsanbe used to sty proteinspecificclinical
guestions andcan identify molecular mechanismef treatmentresistant melanomaBy
combhing personalizedjenomics and proteomiads, an approachkalled proteogenomict,is
possible to derive patiesspecific proteinsequence database that include patierspecific
amino acid variantsThesein turn can provideleeper and more comprehensive molecular
characterization of cellulgarocessethat underliedisease progressiofeveral mechanisms for
acquired resistancend even crossesistance in melanoma have been detected, but key
(phospho)proteins involved in resistanas well as mutationaltering protein modification
status are still largely elusiv&his thesis develops and applies personalized proteogenomics
workflows to study these mechanisms on the level of individual melanonssacellpatient

tissues.

In the first part of this thesis, a SILAased quantitative (phospho)proteomics profiling of
vemurafenibresistant andsensitiveA375 melanoma cells was perined togainnewinsights

into molecular pocesses that govern resistangceBRAF inhibitors Among downregulated
proteins in emurafenibresistant cell linesvere multiple cytoskeletaproteinsincluding the
intermediate filament nestiPrevious studie 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. CRISPRas9 knockout of the nestin gene showed ttheloss of nestin leads to
increased cellular proliferation and colony formation upon treatmentkivitcseinhibitors.
Moreover, nestin depletias associated with an invasive phenotype and acqressstance to

MEK and BRAF inhibitors. Finally, phosphoproteome analysis revealed that nestin depletion
affectsintegrin and PI3K/AKT/mTOR pathway signalisgnilar to resistant celln this part,
proteomic and phosphoproteonticangesiave beemetermired for BRAF inhibitor resistant

and sensitive cells.

In the second part of the thesis, an individualizedgngenomicapproach was applied to two
melanoma cell linesA375 and Sklel28, to analyze norsynonymous mutations and their
impact on signal transductiaretworks in context of acquired resistamoeinase inhibitors.
Integration of genomics and proteomitghlighted the distinct mutational landscape of both
cell lines and reveatl that cancer mutations are accumulating in MAPK B signaling
pathways in resistant cellSeveral alternate peptides interfering with the modification status
of proteirs with a potential to rewire signal transductipathwayswere confirmedby high
resolution mass spectrometrxmong them was transcription factdRUNX1, previously
connected withmyeloid leukemiaand breast canceilalidation of a loss of a known
phosphorylation site on RUNXsing SILAGbased proteiimteractionstudiessuggestdthat
this mutation haan impacton the interactome dhe proteinand may alteits transcriptional
activity. Taken togetherthis part of the thesis established thdividualized proteogenomic
workflow for analysis of mutational profiles of cancell éi@es and tissues

In the third part ofhe thesis, thisdividualized proteogenomics approach was appliddup
clinical melanoma samples response to immunotherapintegration of the matching
genomics and (phospho)proteomics datasets revaaleatensive number patientspecific
variants and disproportional number of shared varianit®mune checkpoint inhibitofiCi)-
treatedpatientsamplescompared to untreated (naive) sampldse proteogenomic signatures
of human tissues could be redafated in patientlerived xenograftsthus allowing
phosphoproteomics analysidéS-measurements confirmed mutatidnven modification
changes o$everalproteins specific to one sample, most of the@emnepreviouslynot reported

in melanoma. Statisticalnalysis revealedliffering mechanismsand associated netwaork
attacking mutationgn responsdo immunotherapy, such as PIRT signaling or GTPase
activation in ICi treated sampleBhe gain of a new phosphorylation site on the GEF protein
DOCK1 was furtler investigated by interactome studies and the results showed that this

mutation has an impact on the interactome of DOQK®E.obtained results have demonstrated
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that thedeveloped individalized proteogenomic workflow can be efficierdlyplied to human

melanoma tissue and patiedgrived xenografts in response to immunotherapy.

Taken togethetthis thesigpresentsa newpersonalized proteogenomia®rkflow that can be
routinely applied to numerous types of cancer and other diseasd#ging patientspecific
accumulation of mutations in protetoding genes. &tasetseported in this thesjgrovide new
insights into resistance mechanisms and associated mutattbrtbepiotential to rewire signal
transduction networksn malignant melanomarhis work canthereforeserve as dasisfor

further improvenentof therapeutidreatmenbf cancerpatients
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Zusammenfassung Vi

Zusammenfassung

Das Melanom ist die aggressivsE®rm 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 Kraeihegrgehen

Die Kinase BRAF ist in circa 48 da Melanomfalle mutiert, was vorwiegend zu einer
Substitution von V600E und zu einer konstitutiven Aktivieruey Kinase BRAF undler
nachgeschalteten Signalwege fuHr. den letzten Jahren wurden mehrere therapeutische
Behandlungen fiir Melanome mit vesserter Effizienz underhohter Uberlebensrate/on
betroffenen Patienteantwickelt. Eine gezielte Hemmung der mutierten Kinase BRAF mit
selektiven Inhibitoren wie/emurafenib oder Dabrafenib ureine Immuntherapie mit den
Antikorpern gegendie PD-1 und CTLIA-4 Rezeptoren fuhren zeinem Ruckgang des
Krankheisverlaufes. Merdings profitertnur eine Minderheit der Patientennvden derzeitigen
Therapien, wahrenddie meisten dieser Patienten schnell eine Resistenz gegea die
Behandlungn entwickeln Prognotische Biomarker, Resistenzmechanismen und
Mutationsprofilewurden vor allem itcenom undTranskriptomstudieanalysiert Obwohl nur

2% des Genomgir Proteinecodieren, haben Mutationen in diesem Bereich des Genoms ein
hohes Potential Signaltransduktioetzwerke zu verandern. Infolgedessen rictgh die
Mehrzahl der derzeitigen Therapien nigegen bestimme GensonderngegenProteine in
Krebszellen. Daher ist es sehr wichtig, Proteind ihre patientenspezifischen Veranderungen
im Kontext der pemnalisierten Medizinzu analysieren Massenspektrometrigasierte
Proteomik kann proteinspezifisché&linische Fragen beantworten, die weit aul3erhalb de
Reichweite der Genomik liegeand molekulare Mechanismen identifizieren, die dem
metastasierten und behandlunsgresistenten Melanom zugrunde Degamdie Kombination

von personalisierteGenomik und Proteomik, die als Proteogenomik bezeichnet kérthen
patientenspezifischéProkinsequenzdatenbangeneriert werden, die patientenspezifische
Aminosaurevarianten enthalten.ieBe konnen wiederum einetiefere und umfassendere
molekulare Charakterisierung deellularen kinktionen ermdglichen, die dem Fortschreiten
der Krankheit zugrute liegen.Verschiedene Mechanismen fur erworbene Resistenz
darunter segar Kreuzresisteren, wurdenim Melanom nachegwiesen, aber Schlisselproteine
die daranbeteiligt sind, sowie damit verbundene Mutationen, dk@ Modifikationsstatus
verandern und aher die Resistenzentwicklung beeinflussen kénnen, sind noch weitgehend
unerforschtDiese Arbeit entwickelt und wendet personalisierte Proteogenomikanséatze an, um
diese Mechanismen auf der Ebene einzelkkmlanomezllen und Patientengewebes zu

analysieren.

VI
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Im ersten Teil diesefrbeit wurde ein SILAGbasierteiquantitativerAnsatz zur Untersuchung
der Proteomveranderungeron Vemurafenikresistenten und sensitiven Melanomzllen
angewendetum neue Einblicke in molekulare Prozesse zu erhalten, die digdRaessseuern.
Unter den herunterregulierten Proteinen in Vemurafeedistenten Zelllinien befanden sich
mehrere ZytosHKettproteine, einschlie3lich das Intermediarfilament Negtniihere Studien
zeigten, dass Nestin in verschiedenen Arten von solidemofi@en exprimiert wird und seine
Abundanzmit einemmalignen Phanotyp transformierter Zellen korreliditerdings istdie
Rolle von Nestin in Krebszellen im Hinblick auf die erworbene Resistesth nicht
ausreichend bekannt. CRISRIRE9 generiert&nockous des NestinGens zeigte, dass der
Verlust von Nestin bei Behandlung mit Kinasdibitoren zu einer erhohten Zellproliferation
und Koloniebildug fihrt. Darlber hinaugorreliert die Expression von Nestmit einem
invasiven Phanotyp und einemarbenen Resistenz gegdrerMEK- und BRAFInhibitoren.
Schlielich ergab diePhosphoproteomanalyse, dass dkKnockout von Nestin die
Signaluibertrgung durch Integrin und PIBKAKT/mTOR-Signalweg@ &hnlich wie bei
resistenten Zellen beeinflusstn diesem Ti& der Arbeit wurden proteomische und
phosphoproteomische Veranderungen von BRathbitor-resistenten und sensitiven Zellen

bestimmt.

Im zweiten Teil der Arbeit wurde einmndividualisierter Proteogenonaksatz auf zwei
Melanomzelllinien(A375 und SkMel2B angewendet, um nicht synonyme Mutationen und
deren Auswirkungen auf Signaltransduktionsnetzwerke im Zusammenhang mit der erworbenen
Resistenz gegéiber Kinaseinhibitoren zu analysieren. Die Integration von Genemiid
Proteomiklatenhob die unterschieithen Mutationgrofile beider Zelllinien hervor und zeigte,
dassKrebsmutationen in MAPKund ErbBSignalwegen in resistenten Zellekkamulieren
MehreremutiertePeptide, die den Modifikationsstatus von Proteibeainflussefkkénnenund

somit ein hohes denzial haben Signaltransduktionswege zu beeinflussargen durch
hochauflosende Massenspektrometribestatigt Unter diesen befand sich der
Transkriptionsfaktor RUNX1, der zuvor mit myeloischer Leukédmie und Brustkrebs in
Verbindung gebracht wurde.Die Validierung des Verluses einer bekannten
Phosphorylierungsstelle von RUNX1 unter Verwendung von SiLA®asierten
Proteinnteraktionsstudiefegte nahgdass diese Mutation einen Einfluss auf das Interaktom
von RUNX1 hatund dessenTranskriptionsaktivitdtverdndernkann Zusammenfassend
etablierte dieser Teil der Arbeit einen individualisierten Proteogenomikansatz zur Analyse von

Mutationsprofilen von Krebszelllinien und Geweben.

Vil
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Im dritten Teil der Arbeit wurdeidserindividualisierte Proteogenomaksatzauf vier klinische
Melanomemproben unter Immuntherapie angewendet. Dietdgration der Genomikund
dazugehorigenPhospheProteomkdaten flhrte zur Identifizierung einer Vielzahl von
patienterspezifischen Mutationenund einer (berproportionalen Anzahtlerselben
Genariantenn Immun-Checkpointinhibitoren behandelten Probgageniber unbehandelten
Proben Die in menschlichem Gewebe identifiziertproteogenomischen Signaturkonnten

in vom Patienten stammendetXenotransplantatenrekonstruiert werden woduch
Phosmoproteomeanalysen erméglicht idan MS-Messungen bestéatigten mutationsbedingte
Modifikationsverdnderungeran mehreren f®teinen, von denen dimeistenbisher nicht im
Melanom bekannt sindDie statistische Analyse ergab unterschiedliche Mechemsund

damit verbundene netzwerkangreifende Mutationen als Reaktion auf eine Immuntherapie, wie
z.B. PISK/AKT-Signalisierug oder GTPasdéktivierung in Immuntherapidehandelten
Proben. Der Gewinn einer neuen Phosphorylierungsstelle amP@#&in DOCK1 wrde

durch Interaktomstudien weiter untersucht, und die Ergebnisse zeigten, dass diese Mutation
einen Einfluss auf das Interaktom von DOCK1 Baé erhaltenen Ergebnisgeigtendass der
entwickelte individualisied proteogenomische Ansataf menschliches Melanomgewebe und

von Patienten stammende Xenotransplantate im Zusammenhang mit Immuntherapie

angewendetverden kann

Zusammefassendprasentiertdiese Arbeit eine personalisierte Proteogenomitnsatz, der
routinemanig auf weitere Krebsartand andere Krankheiten angewendet werden kann, bei
denen patientenspezifische Mutationen in proteinkodierenden Genen akkumulieren. In dieser
Arbeit beschrieben®atensatzéietenneue Einblickein Resistenzmechanismen und damit
verbundene Mutationen mitlem Potenzial Signaltransduktionsnetzwerkbei malignen
Melanomen zu beeinflussen. Diese Arbekann daher alsGrundlagefir eine weitere

Verbesserung votherapeutischeBehandlungen von Krebspatienten sein
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Introduction 1

1 Introduction

1.1 Malignant nelanoma

Melanoma is the #9most common cancer worldwide, accounting for approximately 232,000
new casesn Germanyin 20121, Although malignant melanoma accounts for less fhan
percent of all skin canceases it is the most serious form of the disease, causing up to 75%
skin cancer related deathglelanomapredominantly affect€Caucasiarpopulation of both
genders, and once it becomes metastatic, the prognosis is vefyitr@violetradiation from
sunlight is one of the main risk factors for the development of melarmmas directly
associated witthe UV-B spectrum?. It is also related to sun patterns and timing in particular
intense and intermittent sun exposunelividuals with a history of sunburn in their childhood

or adolescence are l@ighestrisk of developingnelanoma. In addition, UMA exposure from
artificial sources have been associated in a number of studies to an increased risk of developing
melanom&-’. Besides environmental risk factors, host factors play aoriaqt role including
family history, genetic susceptibility and the number of acquired melanocytic nevi
Approximately 715% of melanoma cases occur in patients with a family history for melanoma
and around 25% arises from gegisting nevus$'%. Cutaneous melanonisithe most common
form of melanoma accounting for 90% of all incidences arigles from melanocytes.
Melanocytes the pigment producing cellsan be found in skin, eye, inner ear, and
leptomeninges?*3 In skin, melanocytes are tmted and consistently distributed in the basal
layer of epidermis and represents the second largdtpopulation within the skin“.
Epidermal melanocyte proliferation and pigment production is stimulated byadigtion
induced DNA damageni the neighboring keratinocytes,which secrete U-melanocyte
stimulating hormone(§MSH) *°. Binding of UMSH to the melanocdrt 1 recepto(MC1R)on
melanocytesnduces the synthesif the macromolecule melanin. Melanin is transferred to
adjacent keratinocytes, where it accumulates around the nuatelbuilding a phote
protective barrier against Ukadiation®1”. Melanin production is iiated and regulated by

the Wntsignaling pathwayc-KIT receptor tyrosine kinase, and downstream transcription
factors likemelanocye inducing transcription factoMITF) *81° Severalstudies havehown

that stimulation offie MC1R receptor dictates differentiatiand migratiorof melanocyte<’.
Melanoma is caused by uncontrolled growth of melanocytes formingnar which can
become malignant and spread to other orgsiedanoma progression begins from a localized
lesion undergoing radial growth, then reacHyrgph node by undergoinggertical growthand

finally metastasizing tdistantorgans via the lymphatic and circulatory systé€Rigurel). In
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2009, melanoma was classified by Baéthal.into four stages {IV) based on the thickness,
ulceration and metastatic stafisLocalized melanoma is divided into two stages: stage | and
stage Il melanoma. This includes patients with no evidencaditant metastases and low risk
for metastases and melanosgecific mortality (stage 1) or intermediate risk and melaroma
specific mortality (stage Il). Ae tenryear survival rate after surgical removal is 95% of stage |
and 39% of stage IIRegional metdsses, stage Il melanoma, showashigh intransit
metastasis, absence mesence of ulceration of the primary melanoma and metastatic lymph
nodes.The fiveyear survival rate for patients with stage Ill melanoma is 60% in absence of
ulceration and 36% ipresence of ulceratiof€ontrastingly, patients witdistant metastases
(stage 1V) have a poor prognosis with a median survival time of six to nine months and a one
year survival rate of only 25%. The aggessiveness of this cancer tygghlights the need for

improvemenbf existingtherapies®.

Benign Nevus  Dysplastic Nevus Balial Growt) Xetical Growin Metastatic Melanoma
Phase Phase

@ E-cadherin ®
.

loss

/‘\
J—M/ : %

CD]
BRAF increase

Epidermis

Basement
membrane

mutation

Distant
metastases

Dermis

Figure 1. Pathological staging of melanomaorogression based on Clark modeProgression can start

from uncontrolled growth of normahelanocytes to form a benign nevlibe 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 verticaf@ration 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, thkimssoft tissues, lung and bna{adapted fronseuradge

and Wong 200624

1.1.1 Mutational landscapeof melanoma

Two main pathwaysre knownto be deregulated in melanordavelopmentthe mitogen
activated protein kinase (MAPK) pathway gpitbsphatidyinositol3-kinase (PI3K) pathway
(Figure 2) In the MAPK pathwayreceptottyrosinekinasegRTKs) are activated by a variety
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of growth factors, i.e. epidermal growth factor (EGF), platééxived growth factor (PDGF)

and nerve growth factor (NGRs well as Groteincoupled reeptors (GPCRSs) araytokines

25 Binding of ligands tahe receptorsactivatethe tyrosine kinase activity of the cytoplasmic
domains, whichleads to autophosphorylation ofeveral tyrosine residue$®. The
phosphorylated tyrosine residues form binding sites for Src homology 2 (SH2), Src homology
3 (SH3) or phospotyrosine binding (PTBHomaincontaining proteins like growth factor
receptotbound protein 2 (GRBZ’. GRB2 binds thgyuanine nucleotide exchange factor SOS,
which induces thexchange of guanosine diphosphate (GDP) to guanosine triphosphate (GTP)
in the Gprotein RAS Activated RASdissociates from the complex anditiates the
phosphorylation ofhe serine/threonine protein kindBAF 28, Phosphorylatioractivated RAF
kinase can induce downstream signaling by triggering phosphorylation of the
serine/threonine/tgsine kinas®EK and leads to the activation of the serine/threopiogein

kinase ERK ?°. ERK phosphorylationinduces expression ofgenes tocell survival,
differentiation and proliferation

HGF stromal secretion
RTK signal alteration
Up-regulation
— mulanons '/ m

Alternative splicing —

Copy number ampllhcanow

Number gain

loss expression/activity

l

w -
L mTOR

Mutations in PI3K pathway genes
Alterations in PI3K/PTEN/AKT pathway

D1
dysregulation
dvsrcgulanon
A mitochondrial

synthesis -
| | A oxidative JAUC
el R EPR—

FOXD3 up-regulation

-~
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Figure 2: MAPK and PI3K/AKT/mTOR pathway a nd common mutations and alterations in
melanoma.(adaptedrom Amaraletal., 2017%9)
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The MAPK pathway is frequently mutatednmalignantmelanoma and other cancer types
gainedclinical importancedue tothe high occurrence of RARctivatingmutations®. Around

48% of metastatic melanoma patiehrbornon-synonymous somatic missense mutations in
the RAF kinaseBRAF (v-raf murinesarcoma viral oncogene homolog ) The predominant
mutation, accounting for 90%f BRAF mutationsis within the kinase doain and results in

the substitution of valine to glutamic acid at amino acid §@600E) L. This mutation can
result in a 508old increased activation of BRAF, and thus leads tonstitutive activation of
downstream signaling in cancer celfs®> In addition, the substitution of valine by lysine
(V600K) at the same position is obged in 20% of melanoma patients. Anotbééof patients

have d¢her genotypesicludingalternative plicing or amplification of BRAF and mutations in
ARAF 34 Besides RAF alterations, mutations in the upstream regulator (RASarcoma)
occur in pproximately 18% of melanoma patients includMigAS. The dominant mutations

are Q61R and Q61K substitutioresulting in inability tohydrolyzeGTP 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 prot@ncogenes in melanonaadmutations rarely overlapikely due to redundant
pathway reactivatiori®. This supports the hypothesis that both kinase familiesmajer
signaling checkpoistin the MAPK pathwaygromotingmalignant progression.

Besides mtations in the MAPK pathway, oncogenic alterations inRt8K/ protein kinase B
(AKT) pathwayoccur inapproximately 50% of melanom2s Similar tothe MAPK pathway,

the PIBK/AKT pathwg is activated by extracellular ligand binding to RTKehich causes
receptor dimerization and autophosphorylation of tyrosas@lies in the intracellular domain
37 P&, the regulatory subuniff PI3K, binds to the receptor vias SH2 domain and recruits
p110, the catalytic subunit, to the membrane. Both subtaritsthe activated®I3K enzyme.
Independently of the receptor, p85 and p110 earebruited and activated by GRBnd GTP
bound RAS, respectively. Activated PI3K phosphates phosphatidylinositol to
phosphatidylinositol (4,5piphosphate (PIP2) and subsequently to phosphatidylinositol
(3,4,5)triphosphate (PIP3). These phosphorylated lipids are anchored in the plasma membrane
and activate the serine/threonine kinaseTAKrough binding of the pleckstrin homology (PH)
domain. The interaction with PIP3 casseconformational change of AKdnd thus leads to
the exposure of thehosphorylation sites in the kinase domain and ther@inal region of the
protein. Phosphorylate®473 in the Gterminal region of AKT by mechanistic target of
rapamycin complex (mMTORC) or phosphoinosidipendent kinase 2 (PDK3jimulates

AKT activation Fully activated AKT leads to substradpecific fnosphorylation events in the
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cytoplasm and the nucleus, whererégulate transcription ofgenes involved incell
proliferation cell cycle progression andpoptosisthrough a variety of @vnstreanmproteins

like glycogen synthase kinaseb8ta GSK-3b) 8. Phosphatase and tensin homologue (RTE
negatively regulates PI3K/AK$ignalng pathway by dephosphorylating phosphatidylinositol
at t he ¥.0Apvariety of idterations and copy number changes within significant
components of this pathway rebeen identified and are now tfeeus of pharmacolagal
developmentlLoss of expression or inactivating mutations of the tumor suppressi Ra\Ee

been identified in approximateB0-30% of patients with malignant melanoffaPTEN 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**2 Other drivermutationsarein thePD domain ofAKT1 (at position E17, which
weredetectedn 1-2% of melanomacases®. Interestindy, an analogous mutation on ART

has beendentified exclusively in melanomandleadsto increased expression and activation

of AKT3 #445 Apart from AKT mutations, 26% of melanoma contain a pointutations in
PIK3CA enodingfor the catalytic subunit p110 of PI3R4’. This may result in a catitutive
activation of AKT/mTOR Mutations in the kinase domain of mTQiRcur inapproximately
10.5% of melanoma patients resulting in gafnfunction and activation ofa mTORCZ
mediated feedback loop within the PI3K pathwdayhe pathway is also acated by
amplifications ofRTKs like EGFR or «KIT. Mutations inc-KIT have been ideifted in 2-8%

of melanoma case¥. Several studies have demonstrated a high prevalence of activating

mutations in the PIBK/AKT pathwayighlightingthe critical role in melanoma progression

In addition tomutationsoccurringdirectly within the MAPK and PI3K pathway, other genes
are mutated in melanoma including-N(neurofiboromatose type Bnd CDKN2A (cyclin-
dependent kinase inhibitor 2AYF1, a tumor suppressor gene mutated in approximately 10
15% of patients anig the thirdmost frequently mutated geiremelanomd®>°. NF1 regulates

RAS signaling byonverting active RAguanosine triphosphate (RASTP) to inactive RAS
guanosine diphosphate (RASDP)®!. Several studies showed that lesfsfunction mutations
diminished inhibition of RAS signaling and thus leads to increased MAPK and PI3K signaling
49,5052 patientsharboringNF1 mutations are often frequently mutated in various other genes
including BRAF and NRAS252 The Gprotein signaling proteins GNA@uanine nucleotide
binding protein G(q) alpha subunéhd GNA11(guanine nucleotidéinding protein alpha 11)

are altered ir9.5% of mucosal melanomandup to 9% of uvealmelanomacases°>* The

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

GTP signaling and hypeproliferation of melanoma cells. Several studishowed that
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mutations in GNAQ and QNA11 have led to MAPK pathway activahoough RASactivation
and phosphorylation of MEK and ERK®®. In addition, theumor suppressagene CDKN2A
is frequently mutated in melanoma patients vatbsof-function mutations or deletion¥his
gene encodes for several proteins including(NK4A) and p14(ARF) proteinsvho induce
cell growth and senescengé The threeyear overall survival rate decreasé®m 55% in
patients with wildtype CDKN2A to 24% for patients witimutations in CDKN2A®2,

1.1.2 Standard treatment options for melanoma

Malignant melanoma is treated by combinations of surgical resection, immunotherapy,
chemotherapy or targeted theraphjhese treatment options are selectegeddingon the
features of the tumor including location, stage and genetic @ dfiée patients with stage |
melanoma, surgerysithe primary treatment; whjléor patients with metastatic melanoma,
chemotherapy, targeted therapy and immunotheaapyrecommended.here are two main
limitations in melanoma therapy: 1) reduaddg efficiencydue to deelopment of resistance

to immune, cheme and targeted therap§°°and2) numerousideeffects which can lead to

skin toxicity, associatetb immune reactionsind lack of specificity foiumor cells?°. In recent

years, improved knowledge of the genetic prefdé melanocytes and a better understanding
of the molecular factors involved in malignant transformation have led to the development and
approval of seval new therapeutic strategigShemotherapyisingthe standaranedication
dacarbazingDTIC), an alkylating agenapproved in 1974y the U.S. Food and Drug
Administration FDA), achieved a complete response of <&fd a fiveyear survival in 6%

of patients with metastatic melanoftaDTIC methylate nucleic acids, which results in DNA
damage causing grolwt arrest and cell death. Unfortunately, DTIC shows several
gastrointestinal side effects including nausea and vomésgell as suppression of blood cell
production in the bone marrow leading amemiaand neutropeni@?. Development of
chemoresistancend rapid metastasis are ai¢he main reasons for the low lotgym survival

rate of patients with metastatic melanoma. Chemoresistance is prohabbd by resistance

to druginducedapoptosisor repair of drugnduced DNA damagé®. Several studies also
showed that resistant melanoma cells showed a reduced drug uptake, increased drug efflux and
an intracellular drug inactivatio®. Replacement with other chemotherapy reagents or
combinations did not improve the overall sual of melanoma patient&. Therefore new
therapeutictreatments havéeen explored with improved effectiveness against malignant

melanoma and reduced side effects.
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1.1.3 Targetedtherapy 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 targjgbsvedremarkable clinical activityFigure 3)

Under normal physiological conditiongcell antigen receptors (TCRh lymphocytes respond

to antigenic peptides presented on the cell suréacenajor histocompbility complexes
(MHCs) type I The TCR is a disulfiddinked membrane@nchored heterodimeric protein
complexwith highly variable alpha and beta chains, whedds taadiverse repertoire of TCRs

on T cells®®. Due to infections or cancer, the TCR on T cells recognizes the myriad of possible
foreign antigens presented in the surface of cells. TR recognitiorof the antigen leads to

the activation of T cells, clonaklectionand a activation ofthe process of immunify. After
activation and proliferation of Gells, effector T cells (Teffs) releases cytokines like interferon
gamma (IFNo) which leads tahe destruction alumor cell by high cytotoxicityThis complex
process comprises constant interplay between inhibitory and stimulatory sigealding to

the amplification of antigespecific immune responset® cancer selintigens while
preventingautoimmunity Dysfunctional immune reactions against tumor cells areekents

in tumorigenesis and tumor progressan may be due tardinished antigen recogniticend

a highly immunorepressive tumor microenvironméht Several studies demonstrate that
impaired antigen recognition can dee to epigenetic and pesanscriptionalsilencirg or
alterations in the antiggmrocessing nehineries. The tumor microenvironment can be
influenced by a diverse variety fafctors including enrichment oégulatorycells such a¥regs

or the upregulation of emhibitory signals inymphocyte<’.

Immunotherapy has recently become a valuable option for melanoma treahmigcancer
immunotherapies could Haoadly categorized into two groups: (1) drugs targeting immune
tolerance via blockade of negative regulatory signals likenleibitory checkpoints and (2)
drugs enhancing endogenous antitumor immune response via stimulation of immunogenic
pathways. Thempeutic 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, andveosne
approvedby the FDA for use in various cancer types. Téegens nivolumabandipilimumab

are immune chégoint antibodies targeting RD (the programmed cell deatf) and CTIA-4
(cytotoxic T lymphocyteassociate@ntigen4) receptorsPD-1 and CTIA-4 are ceinhibitory

T cell receptoraind acts as negative regulatory receptuasblock Tcell activation and induce
immune tolerancel'he CTLA-4 antibody ipilimumab (approved in 2011 by the FDA) was the

first agent which showed improved overall survival of metaa patientsCTLA-4 is mainly
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expressed on T cellnd is a homolog of CD28, a costimulatory receptor on T &lldnder
normal conditions, CTA-4 is expressed at very loevel and is rapidly wpegulated upon
antigen binding®®"°. Both receptors bind the samigands,CD80 and CD86on antigen
presenting cellshowever the binding affinity is mudtigher for CTIA-4 than CD28. The
binding of CTLA-4 prevents theco-stimulation and activatiof T cells Several studies
showed that amCTLA-4 antibodies also promote depletion of Tregs in the tumor
microenvironmenby expressing high levels of 8RIV "2 Subsequentlyinhibition of CTLA-

4 receptors with therapeutic ai@iTLA4 antibodies demonstrated tumor rejection and
significant prolongation in patient survivalhe overall survival rate was improved to 9.1
months with higher thregear survival rate of 20.8% compared to placEbblowever, only a

minority of patients resportd ipilimumab and most patierdgsplayimmunerelated toxicities.
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Figure 3: Immunotherapies for cutaneous melanoma treatmentApproved immunotherapy reagents
are depicted in a white box, trials in a grey box. Ipilimumab, arGifltiA-4 antibody, induces antitumo
immune response thinding to the CTLA4 receptor, and increases clonaléll expansion and infiltration.
The antiPD-1 antibody nivolumab block the interaction between thelRBceptor and the ligands R
and PDL2. (adapedfrom Dominguest al.,20182).

Clinical trials usinganother checkpoint recep, ant-PD-1 antibodies reported higher response
rates and fewer immme side effects compared to CAi4. PD-1 is expressed on several
immune cells inluding activated T cells, B lyphocytes and natural killer (NK) cell&">
Expression of PEL is induced by binding of its ligads PDL1 and PDBL2 and bycytokines
such asinterleukin2. Nivolumab "® was approved in 2014 by the FDA and blocks the
interaction between RD and its ligandswhich results in antitumor activity and reduces tumor
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progression. Monotherapy with nivolumab showed a median progressesurvival (PSF)

of 6.9 monthsand a improved overall survival compared withonotheapies of ipilimumab
(median PSF of 2.2 morghin metastatic melanoma patients that are naive to both redgents
Combined therapies have been studied and achieved a median PSF of 11.5 months, especially
in patients with PEL1 negative tumor€<Combnations of chemotherapy with immunotherapy
alsoshowedncreasedesponse rates and an improved median PSF compared to monotherapies
8 However, no increase in the overall survieélpatients could be observed and it was
associated with severe toxicify, Checkpoint inhibitor immunotherapy shedan increased
progression free survival fanelanoma patigs, however only a small percentage of patients
respondedto these inhibitorsThe complexity and multiplicity of involved mechanisms,
heterogeneity in the immune response across turtftiesumor microenvironment and the
varying tumor immunogenicityaffect the response and resistance to immune checkpoint
blockade. Rsistancean be divided into two groups accanglito the timing of occurrence that

Is primaryresistancefor patients neveresponding to the treatments)d acquired resistance
developing followinga period of response to the drufjscan 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 dotivdihe clinical response

to immune checkpoint inhibitors and acquired resistanceften associated with a high
mutational load and expression of tumor neoantigeading to antitumor immunit§®8L
Several studieshowedthat norsynonymous mutations were identified to generate tumor
neoantigens that drive cytotaxiesponse againstincer cell$”828 A high mutational and
neoantigen load was also found to be associated with responses@d bAt4 treatment in
patients with metastatic melanorffa The loss of neoantigen exprass may lead tqoor
immunogenicity and acquired resistance to checkpoint inhibitor blocKaderecent study
demonstrated a loss of seven to 18 putative neoantigens in resistant NSCLC tumors after
treatment with the checkpoint inhibitors PADand CTIA-4 &. Severalother studies showed

that deficieries in antigempresentation and dowregulation of MHC class | (MH4) play a

role in immune checkpoint resistant&®. Lossof-function mutations in b2-microtubulin
leading toloss of expression of MHG thus allowing immune evasion of tumor céelfs®
Besides mutation ib2-microtubulin, loss of JAK/STAT pathway results in acquired resistance
due to downregulation of MHQ 192 Additionally, classicmncogeit 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 VE@&saular

endothelial growth factorand other inhibitory cytdnes, thus mediatingnmuneevasion of
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tumor cells®*%% Treatment of resistant cells witbmbination ofMAPK inhibitors in mouse
modelsresulted in the overcoming ehmune checkpoint blockade resistafiteCorstitutive
activation of PI3K pathway due to loss of PTEN was associated with resistance tth&apy
and decreased overall survival of patients with leiomyosarédfR&Combined therapy against
PD-1 and PI3K in a mouse model withdteand neck squamous carcinoma demonstiated
decrease imhibitory cytokine production ana modification of the tumor microenvironment,
which ultimately leadto tumor regressior?”® The combinationof different immune
checkpointand targeted therapy may improvesponse tdreatmentsand better patient

outcomes.

Melanoma is characterized byutations in genes of key sigimad) pathwayghat result in cell
proliferation and malignant phenotypeppgroximately70% of matientsdisplay one or more of
these mutationsin the past few yearsnmll molecules inhibitors or antibodies targeting
mutated proteingocusing on BRAF and MEkhave been developed and showedapid
antitumor responsand regression of this shaseTargeted inhibition of the mutated BRAF
protein with the seletive inhibitor vemurafenib wasapproved by theFDA in 2011.
Vemurafenib reversibly bind to the kinase domain of BRAF competing with adenosine
triphosphate (ATP) ultimately inhibitingRAF-induced MEK activatior?®. Melanoma patients
positive for BRAF®%%E mutations showed an improved clinical response rate, overall survival
and progressiofree period after treatment with waurafenib compared to chemotherapy.
2013, the FDA aproved a second BRAiRhibitor (BRAFi) dabrafenib, which also results in a
reduction of MAPK pathway signalint. These drugs have a responsegafeapproximatty

50% and result in an averaffee survival benefit of four month¥%1%* However, almost all
patients rapidly develop resistance RAF inhibitors after a period of approximately five
months 100102103 Resjstance mechanisnte BRAF inhibition is often associated with
intercellular reactivationfdhe MAPK pathway including expression oétkinase CRAF and
COT1 or activating mutations in NRAS, MEK1 or AKTEigure 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 resistatte Several studies showed that
targeting signaling effectors downstream of driver oncogenes are valuable strategy to overcome
resistance. Trametinib a smatlolecule inhibitor of MEK1/2, a downstream target of BRAF,
was approved by the FDA in 2013 for treatment of BRA#ated malignant elanoma
patients'®®. Monotherapies with trametinib showed an inseshoverall survival of six months
compared with chemotheraf?. Trametinib showed activity ingtients with NRAS mutations

in contrast to the BRAF inhibitor vaurafenib. However, patients receiving trametinib suffered
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from severe side effects including heart toxici®y. Cobimetinib, an oral selective MEK
inhibitor, is another targeted drug for metastatic melanoma andeis v$ed ircombination
with vemurafenib®1% PSFand response rates were prolonged in patients auithbined
therapy compared to weurafenib alone.However, averse effects were observed in
approximately71% of all patients anthelanoma patients ptecated withBRAFi were less

responsive to the combined targeted thefapy

Alterations in RTK sigaling play an important role in primary resistance to BRAF treatment
(Figure 4) Overexpression or activation of RTK may resultheactivaton of severaparallel
signaling pathways and thus lead to resistaBegeral studies showed that RTK like[HGare
overexpressed in patientesistant to BRAF and MEK theraply. PDGFR and IGAR are also
frequently mutated in melanoma cells treated with both inhibikeasling to the activation of
PI3K pathway*?. The PI3K pathway was also found to be activated by mutations or deletions
of PTEN. When teated with BRAFi, ptients with mutated PTENshowed a shorter
progressiokree survival compared to patients with wiighe PTEN!'2113 Alterations in NF1
were identified in BRAF mutated cells resulting in RAS activation and increased RAS
phosphorylation, thus meding resistance to BRARhibitor but not MEK inhibitortherapy

48 Hepatwyte growth factor (HGF) secreted by stromal cells activates HGF receptor (MET)
leading to MAPK and PI3K activation, which translates into primary resisttm@BRAF
inhibition 14 Patients with primary resistance may not benefit from targeted therapy,
highlighting the need of identifying these patients before starting therapyeaetiping new
therapeutic strategie®@ne of the most studied mutations related to acquired reed@BRAF
treatment are alterations in RAS. RAS mutant melanoma cells showed ad@ir&€&d MEK

and ERK expression after BRAF inhibitionating to BRAF/CRAF interaction followed by
activated MAPK signaling'>11¢ Activating mutations in NRAS also lead to significant MAPK
pathway reactivation after BRAF inhibitidt!'’ Secondary resistance to BRAF inhibition is
also characterized by BRA®E alternative splicing and copwumber amplificationsSeveral
studies demonstrated that approximately 16% of patients with acquired resistance showed
BRAF splice variants lacking exor8} thus enhancing BRAF dimerization and ERK activation
118119 |1n approximatelyl2% of these patients BRAF amplifications were detected and could
be linked to associated resistancg’. Besides BRAF dimerization, BRAF and CRAF
heteraimerization ancctopic expression of CRAF were also assediatith ERKactivating
BRAFi resistancé?’. The svitching between RAF isoforms as adaptors for MAPK pathway
can counteract and overcome BRAF inhibition in melanomaZéli€onsequently, inbition

of all three isoforms may bequired to prevent ERK activation for melanoma patients with
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acquired resistanc®ownstream of the driver oncogenes BRakd NRAS, activating MEK
mutation (Q56P and E203K) were identified in patients with BRAFi resistance, resalang
shorterPSF angoorer response (33%) compared to patients with MEK-type (72%):23124

In another studypatientsacquired resistanagas associated with the presence of NRAS and
MEK mutations, sugesting that mutated cells hageproliferation benefit under selective
pressure to BRAFI?L SeveralRTK proteins specifically PDGR, IGFR and EGFR are
upstream of the driver oncogersex their upregulation araverexpressionesult in activation
of signaling pathwaysther tha MAPK 1>118 PDGFR and EGFR can be activated\byF,

a melanocytespecific modulatorLoss of MITF inversely correlated witRTKs gain of
expression irpatients with secondary resistan€é?. Levels of MITF could help to predict
early resistance to targeted theralpglependently from MAPK and PI3K pathway signaling,
Notch1 signaling was identified to be highly-tggulatedn cell cultureharboringBRAFY60E

mutation and acquired resistariég
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Figure 4: Mechanismsto targeted therapyresistancein melanoma Resistance mechanisms are divided
into primary resistance in green, secondary resistance in orange and adaptive resistance irfatiaftest.
from Amaralet al, 2017%)



Introduction 13

In order to overcome mechanisms of resistance, combined therapies have been established for
melanoma treatment. The combined BRAF KK inhibition with dabrafenib and trametinib

was approved by the FDA in 201#’. Combined therapy showed an improve&S of 9.4
months compared to monotherapies with dabrafenib (5.8 mottthSeveral other studies
confirmed the advantages of combinin@AF and MEK inhibitors using veurafenib and
cobimetinib and also demonstrated prolonged overall surakgatients with metastatic
melanoma'?®. Despte the great advantages including delay of acquired monotherapy
resistance, the combined treatment often leads to serve adverse events and a longer
hospitalization is needeld®. As in monotherapiesacquired resistancd oombined therapies
havebeen identified in patientsith metastatic melanomé#n a recent study, ERK mutations
were identified in resistant melanoma cells treated with BRAFi and MEKIi, mediating a
reactivation of the MAPK pathwal?’. Interestingly, patiestresistant to BRAFi and MEKi

were not resistant towards ERKi and vice verBhis suggesa new therapeutic strategy
whereby switching inhibitors may delay resistancedevelopment Heterodimerization of
BRAFV69E with either CRAF or MEK were alsoobserved in cells with combinedrug
resistance, leading to MAPK pathway activatibh. Combined targeted therapy of key
molecules of the MAPK pathway may be insufficientatleoid development ofesistance.
Severalgroups are currently investigating targeting the oncogenic PI3K pathway with the
combination of PI3KAKT inhibitors togetherwith BRAFi and MEKi 132133 |n summary,
targeted therapgnd immunotherapy offegreat advantages over conventional chemotherapy
for melanoma treatment. However, drug resistance hampered the prolongation of progression
free survival and response rat@esistanceanechanismand even crosgesistance between

combined targeted therapgy still not fully understood and need further investigation

1.1.4 Personalized medicineén melanoma

Over the last decade, several therapeutic treatments foroneddmave been developed with
improved efficiency and overall survival rat€3nly a minority & patients benefits from the
current treatment therapies and most oséymtients develop resiice® 82134 Malignant
melanoma iknown to be highly heterogeneous afthracterizedy its high frequency of
somatiomutations compared to other cancer tyjfdsSome moleculavents 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 targetdeerapiesfor each individual are needed.
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Personalizednedicinewill hopefully lead to an improvement of preventive measures, early
diagnosis and the identifications of drug targets and biomarkeespast decade has seen a
revolution in the field of nuclgtide sequencing, which now allows for routine nucleehidsed
investigations of tumor sampleBifferent next generation sequencing (NG®ategiesare

used in precision medicira@lowing for sequencing of just a few hotspots, sequencing of large
genepanels or evewhole genome sequencing (WGS). Smaller panels like haisgaencing
pands or actionable sequencing panatle a collection of frequently mutated genes that are
either clinically actionable or have diagnostic significaftteLarger panels focus either one
the entire region of a target gene or diseess@ted regions to screen fasks of inherited
diseaseggermline 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 wellasintronic and other noitoding DNA regions (WGE Only 1-

2% of the genomeodes foproteirs. In addition, the majority of targeted therapies do not target
the genome, but rather the protein in cancer cells. Thus, it is highly importargritfygand
identify proteinghrough al areasof personalized medicinencluding biomarker detection and
response predictionMassspectrometry based proteomics allows the identification and
guantification of thousandsf proteins in complex sampleS§everal proteomic studies
identified proteins that were mrggulated inmelanoma cell lines and patier#ted some of
them showed a positive correlation with tumor progression and patient survivalFHates.
example, Welindeet al. reported 288 proteindat showed a positive correlation between
protein expression and disease outcome for six patients with stage Ill metastatic méfanoma
Four of these are currently used as melanomarkers including melanor@ssociated antigen

D2 (MAGD2) and melanoma cell adhesion molecule (MUC18)addition, gh levels of
lactate dehydrogenase and S100 caleinding protein B (A100B) were found to be
correlated with melanoma stage and progjeest®. Several bbmarkers were identified in
serum samples of patients with melanoma and were associated with melanoma progression,
recurrence and survivai®. Diagnostic biomarkeidentifiablyin blood of patients would make
them clinical relevant for the prediction of responses to mthunotherapy and targeted
therapy.Personalized mediciniacorporates the molecular and the biological aspects of each
p at i diseasd thus allowing the selection of optimal treatment on the basmproived

efficiency, overall survival anteduced aderse 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 ifiedtin neuroepithelial stem cells and other
progenitor cells during migration and proliferation phases in early embryonic development
139,149 |n adult tissust is involved in regeneration processemodelingthe cytoskeletal actin
network!#., The humarNESgene is located on chromosorheat position 23 and consists of

four exons, separated by three introns. The protein comprises 1621 amino acids (aa) with a
highly conserved -helical rod domain (306 aa) flanked by a smatielkiminal head (7 aa) and

a long Gterminal tail domain (1308 3&* (Figure5). The rod domain is composed of fdur

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

Nestin monomer

M-ter a-helix C-ter

head central rod domain tail

Nestin - vimentin dimer

Nter [ 1A 1B | 2a §{ 2B |  Cder
| |

L1 linker elements L12

head central rod coiled domain tail

Figure 5: Nestin protein structure with functional domains and heterodmer formation with
vimentin. The nestin protein (1621 Aa) is composed of-teninal (Nter) head domain,rd+-helical rod
domain and a @erminal (Gter) tail domainHeterodimer formation ofestin and its interaction partner
vimentin through the central rod coiled domain. (adapted from Betrad] 201849

Nestin forms heteropolymers with other filaments, mostly vimentin and keratin, mediated by
the rod domairt**14°(Figure 5. The formation of heteropolymers plays an important role in
the organization of the cytoskeletal network and is regulated by PTMs mbetphorylation

143 Phosphorylated nestin triggers the disassembly of other bound cytoskeletal filaments like
vimentin, keratins and nuclear lamin through the disruption of diss 4 The dynamic

regulations of the cytoskeletal network mediated by nestin and fbido@ent proteins are
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importantin many cellular processes suchcadl survival, proliferation and cell motility**.
Several studies described the role of nestin in a variety of tumors like pancreatic cancer, prostate
cancer, glioblastomas, breast cancer and especially in malignant meldfiditfaRiraset al.
showed that nestin was highexpressed in cancer stem cells, which are involved in
tumorigenesis and malignang&y. In addition, the expression of nestin correlated with a poor
prognosis for patients with malignant melanoma. This was also observed with increased
metastasis, invasioand migration in pancreatic cancer and neurogenic and mesenchymal
tumorst*2145150 T counteacttheses effects, several studies used sShRNA and siRNA to inhibit
nestin expression in melanoma and liver cancer mouse models and lung adenocaréitdma

The inhibition of nestin resultein 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 angiogenest&’. In endothelial cells of blood vessels, high expression of
nestin was observed and inhibition of negtositive mouse blood vessels led to a decrease in
blood vessels close to the tumor and consequently to tumor regré¥siQuendroet al.
identified in a proteomic screen an increased expression of nestin in late stages Il and IV of
metastatic melanoma and a correlation with the aggressivenelss stilitypes, suggesting
nestin as marker of melanoma stagtfig In cutaneous melanomas of the nodular type, nestin
expression was observed in 92% of cases and associated with increased tumor thickness,
ulceration and increased proliferatitfl In addition, nestin expression was aleported to be
up-regulated in melanoma cell lines and depletion of nestin lexvea activation of matrix
metalloproteinases suggesting a stronger invasive phenotype of the canégt teiammary,

nestin expression indicates a poor prognosis and a lowablrate in many different types of
cancert®1152 Nestin overexpression in malignant melanoma could be a potential prognostic

biomarker for the aggressivenessl invasiveness of tiemor4147,

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, senesaedce
apoptosis®®. All members of the family share an evolutionary conserved runt domain of 128
aa at the Nerminus mediating DNA bindin&’. The three RUNX proteins are encoded on
different genes and show distinct tisspeecific expression pattefff. 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) aedatopoiesis
(RUNX1) 1418 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 likebTGANT or NOTCH
signaling **°. Binding to the cre-binding factor subunit beta @BFB) enhances the
transcriptional activity and DNA binding of RUNX£%. DNA binding is mediated by theimt

domain and leads to a conformational change and a specific spatial reorganization of the amino
acids that are involved in DNA recoghnitio
YGYGGT-36 i n t he DWNRUNXEasaomatiates<BFB independent functions

by binding to other transcriptional cofactors and chromatin modifiers like histone deactelylase
HDAC1 or acetyltransferase p308”. Binding to transcriptionactivators and suppressors
regulates the transcription of hematopoietic genes edlyetiaiing 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 heohagical system like platelet disorder,
myelomonocytic leukemia (MLL), lymphocytic leukemia (ALL), or acute myeloid leukemia
(AML) 163164 RUNX1 was found to be mutated in around 2.04% of all cancer types and so far
43 mutations are described in the literattifeln around 20% of adult AML patients therapy
related myeloid neoplasms and fusion genes through chromosomal aberration were identified
mayinfluence the protein stability and functi&. 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 conigx enhances the interaction with transcriptional regulators
leading to serenewal of hematopoietic stem cells (HSCs) and leukaemogéffeR&NX1
expression and mutation was not only reported in leukemia, but also in various solid tumors,
like breast cancer, oesophageal adenocarcimmmapithelial cancers including skin squamous

cell carcinomas®®’®. 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 BRAE inhibition in malignant melanomad’™. In this study,
RUNX1 mediated wpegulation of the receptor tyrosine protein kinase CSF1R was identified
leading to growth and invasionavactivation 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 1L34, which were shown to correlate with tumor progression,
invasion and acquire@sistance to BRAF inhibitors. Thereby, ERK pathway activity stimulates
RUNX1 to activate transcription of CSF1R and its ligand IL34-e@pression of both the
receptor and the ligand causes high oncogenic potential by enablingapdrautocrine
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activaton. RUNX1 is regulated by several regulatory mechanisms including splice variants,
transcriptional control by two different promoters and sicmtslational modificatios 172
Methylation, acetylation and phosphorylation regulate RUNX1 transcriptional activity,
whereas the interplay between phosphoiytaand ubiquiglation regulatethe stability of the
protein. During cell cycle progression, RUNX1 gets gptworylated by the cyclin dependent
kinases (CDKs) on S276293,T300 andS303 in the M phase of the cycle, which leads to the
anaphas@romoting complex mediated degradation of RUNX%®!’4 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 Phosphorylationof RUNX1 can also disrupt the interaction with the transcriptional
suppressor SIN3A le#mty to carcinogenic processes in some types of caffc@he interaction

with SIN3A can be also abolished by PRMirediated arginine methylation resulting in a
higher activity of RUNX1'’". In leukemia phosphorylation by the homeodomsiteracting
protein kinase 2 (HIPK2) was reporté@. Triple-phosphorylation of RUNX1 by HIPK2 on
S249, T276 and S273 mediates the binding and activation of the histone acegykissnsB800,
which results in ugegulation of target gene expression. In turn, p300 acetylates RUNX1 on
K24 and K43, which enhances its DNA binding capacity dhereby influence the
transcriptional activity!’®. P300mediated acetylation of RUNX1 can be also stimulated by
TGFb signaling. Deregulation of PTMs or mutations may disrupt RUMXdiated

differentiation and direct cells towds cancer fate.

1.2.3 Guanine nucleotide exchange factobOCK1

The guanine nucleotide exchange factor (GEF) DOCK1 belongs &ethenmember family
DOCK mediating direct GDP/GTP exchange to promojtoskeletal reorganization in cell
proliferation, differentiation and migration'®®*®1 DOCK1 contains two evolutionarily
conserved domains, the DOCK hongjoregionl (DHR-1) and the DHR-2 domain 82
DOCK1 interacts with specific members of Rho fansilch as RA®r Cdc42 but not with the
Rho protein RhoAThe DHR1 domain mediates the recruitment of DOCK1 to the membrane
by direct binding to PIP3 after RiBnase activation. Recent investigations suggest that DOCK1
binds the signaling lipid phosphatidic acid (PA) instead of Pi¥3%. Sanematswand
colleagues showed that PDGF treatment in fibroblasts promotes thelRldpendent and
PIP3dependent recruitment of DOCK1 and DOCKbthe membrane, resulting in RAC
dependent peripheral membrane ruffle formatieh The binding of DOCK1 to PA via the
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DHR-1 domain is important for the localization of DOCK1 a thembrane, resulting the
activation of RAQ to form dorsal ruffles. &h RAGdependent membrane ruffles are involved

in specific biological processes such as cell migration for peripheral ruffles and cell invasion
linked to drsal ruffles.DOCK1-mediatd cytoskeletal remodeling is also regulated by the
formation of the complex between DOCK1 and ELMeEaffoldingproteins (ELMO1 and
ELMO2), binding to the Nerminal SH3 domain of the protefi#f. The ELMO scaffolds directs
DOCK1 to distinct areas of the cell including the cell membrane to allow activation of RAC1
and their downseam signaling pathways. In the basal state, both prodees the closed
confirmationandextracellular stimulatiorelease ELMO autoinhibition followed by activation

of DOCK1 and optimal RAC activatio¥”8. The Gterminus of the DOCK1 GEF protein,
including a PBR domain and a OPXXPO& r-egi on
containing adaptor proteins, such as CRK and GRB2. DOCK1 activity is regulated by several
posttransldional modifications including phosphorylatiomcetylationand ubiquitylation
Phosphorylation on Y722, Y1811 or S12503RC and PKAinases increases its GEF activity
towards RAC activation, whilabiquitylation of DOCK1was enhanced after EGF stimudati

and binding to CRK®%1°1 Binding of ELMO1 inhibited the ubiquitylation of DOCK1 and thus
stabilizing the proteif®. This regulation of GEF activity by PTMs and binding of interaction
partners might contribute to thigstinct activation of RAC athe plasma membran&everal
studies described the reslef DOCKL1 in avariety of tumorssuch as glioblastomahyroid
cancerpreast cancer a@malignant melanom&?°4 In glioblastoma, DOCK1 ands complex
partner ELMO1 were observed to be highly expregséae invasive areas of the cancer tissue
sections and could be linked to the PDGKRIuced downstream signaling in glioblastoma cell
lines 192193 |n addition, theycould showthat 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 é&8M1lthrough SRC kinase,
which leadsto theinteraction with CRK and BCAR1 followed by activation of RAC and
downstreantargets like AKT and ERK1/2% Phosphorylation of DOCK1 at Y722 by SRC
kinase and S1250 by PKA kinase can also be induced after activabooagfenicEGFRvIII

to increase its affinity to RAC and promote GTP |d&H%. Mutations of these diffent
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 decreaseth tumors with DOCKI'8F and PDGFRA mutation$® In breast
cancer, high levels of DOCK1 mRNA expression was associated with gopmprosis for

patients with either HERBositive or basal breast cancer, suggesting that DOCK1 is an
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important downstream effector of HERZ. Inhibition or knockout of DOCKin vivoin breast
cancer cells showed that DOCK1 express®messential for the activation of RAC though
HER2-dependent activation of DOCK1 and thegulates cancer metastaaigl migraion %4

In human melanoma cells, DOCK1 expression was linked to invasion thmrghblex
formation with the focal adhesion kinase FAK and CRX This complex formation leads to
RAC activation and induced JNK activity directly regulating actin cytoskeletal reorganization
and formation and secretion of matmetalloproteases MMPs. In additiompmino et al.
showed thaDOCK1 promotes the GDIBTP exchange of oncogenic RAES resulting in
increased invasion and metastasis in melanoma and breast cancéf’cdllis somatic
mutationon RAC1was reported in 9% of seexposed malignant melanomas éeals to self
activation due tancreased inherent GDP/GTP exchaiydn anotler study, they reported a
DOCKI1-mediated RAC activation in RA8riven cancer cells promoting cellular invasion and
macropinocytosis®®. Similar as in RAC mutated cells, inhibitiafi DOCK1 suppresses cell
growth and metastasis of RABnsformed cancer celis vivo. The RAC?*> 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 meldddtfainhibition of DOCK1
suppressethe RAC1°?°Sinduced invasion in cancer cells and mighta potential treatment

optionin melanoma patients associated with RAC mutattdhs®

1.3 CRISPR/Cas9 systeina 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 associategefteasyvas
identified in 40% of bacterial and 90% archaeal gendife¥he CRISPR immunity is based

on small fragments of foreign DNA of previous infections (so called spacers) integrated in the
host cells CRISPR arr&y>2%3 The spacers are of 224 base pairs (bp) long and separated by
short repetitive sequences efl8 bp. The CRISPR system has been classified into three classes
based on the core element ait and sequences. Type | and Il systems require large
multisubunit ribonucleoprotein complexes for the silencing of foreign nucleic acids in
subsequent rounds of infections. In contrast, in the type Il system the DNA cleavage of foreign
viruses and plasias is mediated by only a single Cas protein bound to a dual RNA molecule.
The CRISPR/Cas9 system frddtreptococcus pyogenés. pyogengss the most commonly

used system for genome editing using the well characterized Cas9 endont{¢f€ageigure
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6). The CRISPR associated (Cagenes areadjacent 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 reggrtcer locus as spacers between CRISPR RNA
(crRNA) repeat£®2%7 |n the second stage, the CRISPR array containing acquired sigacer
transcribed into precursor crRNA and enzymatically processed and cleaved into mature crRNA.
The c¢cr RNA consists a spacer sequence at the
foreign genomic element, as well as the part of the crRNA regmptence allowing the
recognition by the Cas protein. In the type Il CRISPR/Cas9 system, hybridization between the
crRNA repeat sequence and a noncoding teantivating CRISPR RNA (tracrRNA) is critical

for the processing of the crRNA and the tangetdiated cleavage by Cas¥. In the third stage

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

the Cas9 mtein mediates the cleavage of the invading genome upon a second irfféction
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Figure 6: Different phases of CRISPR/Casdnediated immunity in type Il system in bacteria.In the

CRISPR spacer acquisition phase (1), invading foreign DNA is cleaved by the Cas complex into short
sequences (spacerlored 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 (precrRNA), and Cas9 proteins are transcribed and subsequently mocése foreign

DNA sequence is recognized, in phase 3, by the criRId89 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 A1; red). (adapted from Bhayet al, 20112%)
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The action of CRISPR/Cas9 depends on the asseofilbhe crRNA and the Cas9 protein to

interrogate DNA targets. The complex recognizes a seqispemafic PAM motif located in

close proximity of the crRNA target site in the invading gend#erhis motif is absent in the

host genome, which protects it from seléavage. In the class Il CRISPR/Cas9 system, the

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

This domain cleaves the complementary target strand to the gRNA and thdilRunGclease

domain of the Cas9 protein cleaves the-tamget strand'®?'% Cas9 is guided to the DNA by

the crRNAtracrRNA duplex, which is unique for the class Il system. The nuclease Cas9 from

S. pyogenesecognizes he PAM moti f 50NGG (N r efpreigpsent s a
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 tfalSThe specificity of genome editing is based

on Oprogrammabl ed nucl eases producing speci f
repaired by endogenous cellular repair mechanisms.-fifiger nucleases (ZFNs) and
transcription activatelike (TAL) effector nucleases (TALENsS) were the first engineered
systems?12214. The DNAbinding domains of transcription factors have been fused with the
nuclease domain of the restriction enzyme FOKI 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 througipiéin interactions

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

is a powerful RNA guided DNA platform, which can be used for filgbughput applications
(Figure 3. The crRNAtracrRNA complex can be fused into a chimeric single guide RNA
(sgRNA), the basi®f the flexible genomic engineering toolkft®?1>21® The sgRNACas9
complex induces theleavage 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 joing (NHEJ) or homologgirected repair (HDR) pathway®2°(Figure 7.

The NHEJ pathway causes random insertions or deletions of nucleotides at the DSB site, s
called InDel mutations. These may lead to gene knockouts by caushiftjin 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 screeningome rearrangements and
NHEJmediated homology independent knockin of geff€$? HDR can be exploited to

generate prese 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 sequenespecific gene editing including gene knockout, gene knockin,
mutagenesiand gene correctiorf€? In addition, it is also often used to introduce a tag or a

reporter gene to study protein localization or prof®iotein interaction$®.
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Figure 7: CRISPR/Cas9 based gene modification by commonly used delivering methoaisd 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 complemertseydairing 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) pathwaguéts in random insertions or deletions (InDels) of nucleotides.

The homologydirected repair (HDR) pathway requires a donor template with homologous sites. Thus,
precise genome editing is enabled by a specific donor sequence. (adapted fretral,i2@18 21

Despite the great potential of CRISPR/Cas9, several limitations and challenges exist and can
still be improved concerning specificity, efficiency andizol. 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 @et sites in the human genorté For example, xCas9
recogni zes sever al PAM s equ e neAsotherchallengesi n g
are possible oftarget effects as the A targeting sequence of the crRNA and tHgp3PAM
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sequence may exist elsewhere is the genome. To reduizegdt effects several Cas9 variants
have been generated to improve Cas9 sensititityShenet al. (2014) engineered a Cas9
protein with an inactive nuclease domain, which functions as a nickase, cleaving only one DNA
strand 22/, This strategy was applied to cancer dieles and mouse embryos and showed
reduced offtarget effects and improved specificity. In addition, a catalytically deactivated Cas9
variant (dCas9) was developed and can be used for segsgenific gene regulatiof?®,
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 agdidéd DNAbinding
platform. This technique is termed CRISPR interference (CRISPRI) and webytal repress

or activate DNA transcription by blocking RNA polymerase binding, elongation or the binding
of transcription factoré®®. Multiple targeting isalsopossible 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 oiveeptinent<>’,

1.3.1 CRISPR/Cas9mediated 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 gplications?3%2%2 The CRISPR/Cas9 system has been used in several studies to
investigate rearrangements of the genome in cancers and other diseases. For example,
chromeomal translocations could be precisely reproduced by joining two chromosomes via
the NHEJ pathway in lung cancer and acute mydi#emiacell 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 genesesgdial 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 identifed as a diagnostic marker indicating abnormal cell division in breast cancer cells
233 |n another study, the HER2 gene was targeted by CRISPR/Cas9, revealing a correlation
between HER2 expression and inhibition of cell growth and attenuated tumorigé&Hidigr
leukemiamodels, lentiviruglelivered Cas$gRNA systerain primary hematopoietic cells has

been developed and was used to target inactivated genes including TET2 and RUNX1 to study
development ofmyeloid malignancy?3. The targeted studies enhance the development of

precision cancer medicine and provide a powerfal to study functional cancer genomics.
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Acquired resistance to drugs is one of the major challenges in cancer therapy. Resistance in
leukemiais often mediated by synergistic gene target interactions, which can be identified by
sgRNA library screenings faombinatorial genes in CRISPR/Cas9 based knockout cell lines
236 The depletion of these combinatorial genes showed great prortds&émiacells and may

allow the development of personalized genotigpsed therapies. In precision cancer medicine
also screens for cancer metastaslated genes using CRISPR/Cas9 loss of function libraries
are often used to identify new therapeutic targetgpatehtial biomarkers”23°, Gene therapy

by the CRISPR/Cas9 system could be consequently a powerful tool to treat genetic disorders
in the future For example,n mice, researchers corrected @f€TRlocus which is responsible

for cystic fibrosis in intestinal stem cells and the nmautdtgldbin locus in sickle cells disease

in hematopoietic stem cells by genome editifbe CRISPR/Casbased diagnosis panels
SHERLOCK and DETECTR rely on the Casl3a or Casl2a dgdided RNase which
mediates a nespecific single strand cleavagé®?*2. For SHERLOCK; a reporter signal
released after RNA cleage is used to detect common driver mutations in cancer like
BRAFV9E or EGFR8%8Rin highly sensitive diagnostic approa Recombinase polymerase
amplifications (RPA) are used in the DETECTR system to amplify micro samples and detect
infections in cancer like HPV typ@s 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 basembpeomicsand proteogenomics

1.4.1 Proteomeand posttranslational modifications

Biological processes are often carried out by proteind their characterization is of
fundamental interest in cedlhd cancebiology. The proteome comprises all expressed proteins
within a cell, tissue or organisata given time under defined conditioffiie human genome
consists of approximateB0,000 proteircoding genes, however complexity increases from the
transcriptioral to the translational level due to alternative variants and-tparsslational
modifications (PTMs)?**24® (Figure §. Not only the compleity of the proteome also the
abundance, dynamic range and tbealizationof protins plag alsoan important role in

biological functiong#6:247
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Figure 8: The increase in complexity from genome to proteomelhe 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, amdnglasional
modifications of protis exponentially increases the complexity of the protedatapted from Viag et

al., 201949

Proteomics, the large scale study of proteisswidely used for the analysis of cellular
compositions under changing conditioMassspectrometry (MSpased proteomics enables

the global analysis of the protein composition, protein abundance, PTMs state of proteins and
their dynamic processes in thell 248 Posttranslational 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 moigtiels asacetylation or
phosphoryltion to more complex structures like glycosylation wiquitylation 24%25%,
Phosphorylation of proteins is the mpsbominent PTM and can influence signal transduction
networks protein activity, proteiprotein interaction and stdellular localizatior?® Protein
phosphorylation, mediated by protein kinases, ie\&ensible 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 spediir phosphorylating oneesidues. Several amino acids

can be phosphorylated and divided into four groups: {ph@sphorylation at serine, threonine

and tyrosine, (b) Nbhosphorylation at arginine, histidine and lysine, (gh8sphorylation at
cysteineand (d) acyiphosphorylatiorat aspartic acid and glutamic acidpBosphorylation is

the best studied type of phosphorylation due the chemical stability and compatibility with
proteomic workflows. The stoichiometry of phbspylation is generally relatihe low at a

given time point and usually not all copies of a protein are phosphorylated or multipleagites m

be variablyregulatedduringdifferent processefecent phosphorylation studies have revealed
that the majority of proteins in a mammalian ce# phosporylatedat one or moreesidues

253 Many other typesf PTM having becomeoreprominentand are now extensively studied
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by proteomicslike acetylation and methylation of ndrstone proteing®®. Acetylation on
lysine residues has been associate@flong time with the regulation of chromatin structures
andwasdescribed in the 1964 for tHiest time 2°°2% |n the recent years, several proteomic
studies identified over,800 acetylation sites on ovefR0 proteins localized in the cytoplasm,
mitochondria and plasma membraf®@?>8 In addition to acetylation ubiquitylation and
SUMOylation are also lysine modificaties and play an important role in protein degradation
as well as other cellular regulatory functiosisch asapoptosis and DNA repaff®. Many
proteins aresequentidy modified at multiple residues as one@TM can serve aa positive or
negative signal for the addition or removal of a sécBiM or for the recognition adther
binding partners thahay modify the protein furthéf®. Bioinformatictools and datbases can

be used to predict hotspdty different types of PTMs on the same protein and revealed that
these modifications are often in close proximity to each other, about 15 amino acid§'apart
Several proteomic studies obtained evidence athmucrosstalk of PTM# eukaryotic and
prokaryotic cells including phosphorylation and ubiglaition during theprocess of protein
degradation or SUMOylation and phosphorylation for the activation of kinases like CDKII
262263 pTMs and even the crosstakktiween PTMs expand the landscape of the proteome and
functions as a finreuning mechanism regulating the functidocalizationand interaction of

proteins.

1.4.2 LC-MS/MS instrumentation

The field of mass spectrometry based proteomics is rising sintasthiiecades 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 ééments
Both scientists were awarded witie Nobel prize in 1906 ark®22 for their pioneering work

in the field of physics and chemistmgspectivelyDevelopments in instrumentation including

soft ionization techniques, increased sensitivity and resolving power moved mass spectrometry
from chemistry into the field of blogy, where it becomes a powerful tool to study and
characterize thousands of proteins. Mass spectrometry is the measurement of tftee mass
charge /2 ratio of an ionized moleculé®. Mass spectrometer consist of an ion source that
converts the analyte of interest from liquid to gaaggh a mass analyzer that separates charged
ions based on thein/zratio anda detector that records the numbers of ions at edehalue

266 Two soft ionization techniques, called mataissociated laser desorption ionization

(MALDI) and electrospray ionization (ESI) are used for many proteomic configurations and
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the efficieny of ionization can differ by order of magnitudes for different peptfdésFor

MALDI, the analyte is embedded in a crystallized matrix and will be vaporized aizedbby

laser impulss which initiates an energy transfer from the matrix to the mole€difé® ESI

takes place at atmospheric pressure and the analyte molecules are ionized and transferred from
liquid to gas phas#® (Figure 9. The analyte is transported through a needle atdiagttrical

potential (26 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 evaponatéhe charged analyte enters

the gas phagé&igure 9. Most of the ions introduced by ESI will be multiply charged in contrast

to MALDI.
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Figure 9: Electrospray ionization for biomolecules.An electric field between the end thfe 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 gasaulagdedrom Steen and

Mann, 2004%7Y

The charged ions are separated by the mass analyzer in the MS instrument basedndn their
ratio. In addition, ions can be also temporarily trapped and even detected in some types of
analyzerg’?. Mass analyzers varying their resolving power, mass accuracy and sensitivity
based on their ability to separate ion with similar or sié@nticalm/zvalues’”®. The resolution

(R) refers to thebility to separate two narrow mass spectral peaks and the mass yaedswac
depends on the signt-noise ratio for each mass spectral pakA quadrupole mass analyzer
consist of four parallel round metal rods, connected as opposite?{f&fs 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 windomi/afvill have stable trajectories
through the quadrupole. In contrast, ions witlzvalues outside of the/zwindow will have

an unstable path and will collide with the rods. By varying the voltages applied to the
quadrupole, differentn/zions can beseleted 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 dete€foiThe sequential ejectn of trapped ions using
ramped voltages allows the recordingwfratio for a wide mass range. THeis limited by

the number of ions trapped in the device, which results in poor resolution and mass accuracy.
Linear quadrupole ion traps have an inceghgrapping space and consist of two end cap
electrode€’®. 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 iondlgguaugh the sides of

the trap and then/zratio will be recordedin 1999, a new type of mass analyzer, the Orbitrap
was invented by Makarov and was used for the first time in proteomics in 2005¢4yaltY’.

A Orbitrap consist of a central inner axial eledgpand outer electrode and two end cap
electrodeg’® lons are trapped in an electric field, orbit around the central axial electrode and
oscillate harmonically along its axis with a frequency characteristic forre&mstalue?’®. This
introduces an image current in the eutlectrodes, which is transformed by Fourier
transformationinto a frequency spectrum and then converted into a mass spectrum. The
Orbitrap is coupled to a nitrogdiied C-trap (curved RFonly quadrupole), where ions are
trapped and pulsed into the Orbitrap by high voltages. The Orbitrap shows a very high mass
accuracy and higresolution capabilitie§”. Different type®f mass analyzercan be combined

within an instrument, called hybrid mass spectrométérit combines the robustness and
sensitivity of one mass analyzer with the high mass acgwad resolution of another mass

analyzer.

Tandem mass spectrometry (MS/MS) is a key technique to adhieaenino acid sequense
from peptidegFigure 10) A MS1 spectrum showstact peptide iongluting ata given time

with a specifion/zvalueand tte heights of the signal reflects the numbers of detecteddbns
For MS/MS, a precursor peptide with a specifitzis selected and fragmented to generate
product ons for detections. The precursor peptides break at the weakest bond, usually the
peptide bond between amino acfdeming band y ions by colliding with an inert g&8. The
resulting fragment ions are analyzed in a MS2 or MS/MS spectfnSeveral different
fragmenation methods are utilized in mass spectrometry including collisfmuced
dissociation (CID), higherenergy collisional dissociation (HCD) and electron transfer
dissociation (ETD)?®%. CID and HCD causes fragmentation primarily at amide bonds by
collision of the precursorgptide with inert gas moleculeSID is performed in a linear ion trap
filled with helium, whereas HCD takes placearseparate collisionetl. The fragment ions
produced by HCD are recorded by an Orbitrap. Due to-bleating, internal fragmentation and
neutratlosses of HO, NHs; and labile PTMS are commdfiL. ETD uses radical anions to

rapidly transfer electrons with low electron affinity to multiply protonated peptides resumlting
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a backbone fragmentation wittand zions?82 The electron transfer is highly efficient and fast
and is therefore suited for peptides with higher charge state and labile PTMs like
phosphorylation. Fragment iomsentaining the Nerminus of the peptide are referred as a,b,c,

and the fragments containingt€minus are described as x,y,z i¢Rgjure 1 267271
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Figure 10: Peptide fragmentation with shotgun proteomicsProteinsextracted from different types of
sampleare digestednto peptides usingypsin, which cleaves peptide bonds at the C terminus of lysine
(K) and arginingR) residues. To reduce complexity, the peptides are separated by liquid chromatography
(LC), whichshows the most abundasignal at each retention tinaed injected into the mass spectrometer.

At any given time, multiple peptides -@ute at the samgme and can be distinguish by their mass to
charge ratio fi/2. The mass spectrum of the intact peggids 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. Tin@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
20192

A mass spectrometer can be operated in different acquisition modes includhaig joetaent
acquisition (DDA) and datandependent acquisition (DIA). In DDA, the most intensive
precursor ions are seted for fragmentation and analyzed in the mass spectrofiétdihe
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 fratien. 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 edzlivalue.
However, current instruments are not fast enough soidtion windows are selected to reduce

the number of MS/MS spectra for eatlizvalue by still covering the entin@/zrange. The
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resulting MS/MS spectra typically contain fragment ions of multiple precursor ions and thus
the data is more complex compatedDDA data. The obtained mass from the MS1 and the
MS/MS spectra are matched against theoretical spectra generated from a predefined database
283 (Figure 1). The databasemre specific for each organisand are usually protein databases
translated from genomic data, altigh databases from spectiéraries or mRNA data were
successfully applied. The databases are generat@dsbizo protein digestion for the specific
protease using search engines, such as M&c8equest® or Andromeda implemented into
MaxQuant®>28¢ The best matches to a known amino acid sequence are scored and reported as
a peptide identificatiorEach genetically encoded amino acid except for leucine and isoleucine
has a differenmolecularweight, which allows the ideffication of the amino acid sequence by
comparing the differences in th@'zvalues. 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 peptideesiuencs together with the protein database is ug&wf®’ (Figure 11)
Identifications generated from the decoy database can be considered as true negative hits and
can be used to calculate the false discovery (RDR)?8 The FDR threshold is typically 1%

at the peptide and 5% at the protein level.
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Figure 11: Data analysis of proteomic data and false discovery rate estimatioThe datadependent
acquisition (DDA) data is analyzed by matching each acquired spectrum individually against a protein
sequence database. A decoy database is used to estimatksdhgofdtive hits. Only the best scoring
hit/spectrum is reported as peptide identification. (adapted Gilet et al, 20162%)

1.4.3 Discovery proteomics

Bottomup or shotgun proteomics is the most widely used approachbdd&d proteomics to
identify and characterize proteins across a broad dynamic range. This approach involves the
proteolytic digestion of proteinprior analysis by liquid chromatograptgoupled to mass
spectrometryLC-MS) (Figure 13. In a typical workflow, proteins are extracted frorffetient
biological samples such asiltured cell or cancer tissues. Proteins are digested into peptides
using specifiqroteases like trypsin, which cleaves the peptide bond at the catboxyhus

of arginine(R) andlysine (K) 2%. 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 irelectrospray ionizatiorESI) 2°°. For specific applications or to incredhe
sequence coverage, several othergases like chymotrypsin, AspN or GluC can be @dede

or in combinationg®’. Proteomic samples often contain a number of buffer comp®ieat

may interfere with the MS/MS analysitherefore peptides are usually concentrated and
desalted on revergghase C18 column¥he human genome consists of around 20,000 proteins,
resulting in approximately 10@illion possible tryptic peptide’d’. To reduce the complexity

of the analyte entering the mass spectrometer, high pressure liquid chromatography (HPLC) or
ultra-high liquid chromatography (UHPL@an be coupletb a mass spectrometer (IMS).
Reverse phase (RP) chromataghy is widely preferretbr chromatographiseparatiorf®22%3

The separation is based on the hydrophobicity of peptigésrmined by themino acid
composition. The peptides form hydrophobic interacttoradkyl 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 pedésfrom the columnrallows alsothe detection of low abundant
peptides and the separation of peptides diffierent hydrophobic propertiegluting peptides

are ionized by nar&SI and thereby positively chargeékhe reproducibility of retention time
between different runs is improved wishstabilized column temperaturel he extensiveco-

elution of peptides ia stilla majorproblem for orline coupled LEMS/MS analysig®. A pre-
fractionation at the protein level or peptide level can be duoitedto further reduce sample
complexityand several techniques haxeen developet?™ 2% Proteins can be separated by 1D

gel electrophoreselsased on the molecular weight of the prowiaifferent chromatography
methods including offine RP chromatography, size exclusion chromatogra@tC( or

strong anion or cation exchange chromatographAX, SCX) 29%2%7 For 1D gel
electrophoreses, proteins are denatured in SDS aadated 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 LEGMS analyss 2°%2°° Using SEC, proteins are separated according to their
size andhis techniques often used in togown proteomics, the analys$intact proteins by

mass spectrometrySAX and SCX are based on the interaction of positively (SCX) or
negatively (SAX) charged peptides with opposite charged groups of the stationar§?pffise

The proteins are separated according to their electric charge using a salt or pH gradient. Most

tryptic peptides carry two positive alges, due to @erminal R or K residueand Nterminal
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amines, which is preferred in proteomics analysisaddition, proteins can be resolved into

fractions using organelle separation to reduce sample complexity.
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Figure 12 General workflow of mass spectrometry based proteomic3.he proteins are extracted from

cells or tissues and then enzymatically digested by proteases (trypsin) into peptides. The proteins can be
multiply modified including phosphorylatiai?), methylatio (Me) or Wiquitylation (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-bagbi@natel

by cation exchangeeverse phase chromatography, and isoelectric focuBhmasphorylated peptides, can

be enriched bymmobilized metal affinity chromatographyMAC), titanium dioxide (TiQ) or immune

affinity enrichmentEach fraction is analyzed biquid diromatography coupled ®mass pectrometer
(LC-MS/MS). For fragmentation of precursor ion collisiimduced dissociation (CID), highenergy
collisional dissociation (HCD) or electremansfer dissociation (ETD) can be usétlapted from Dolet

al., 20153

Proteins or peptides carrying a PTM are generally difficult to analyze by mass spectrometry
and seeral strategies for the analysis of PTMs have been develéfe(Figure 12)
Phosphorylation introduces a negative charge to the peptides, whereas ESI is generally
performed in the positive mode. Peptide separationrsample preparation prior MS analysis
may be insufficient due to the hydrophilic properties of phosphopeptides. The low
stoichiometry of phosphopeptides compared to-ploosphorylated peptides often results in
ionic suppression and can be observed in loakg&? To overcome these limitations several
modificationspecificenrichment techniquesombined with advanced MS/MS methoslsre
successfully applied®®3*4 The main goal of these approaches is the separation of modified
peptides fromunmodifiedproteolytic peptides due to the low stoichiometry of the modified
peptides in aall. The sensitivity of the technique 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 syster®®. Antibody-based enrichment of modified peptides is widely used method
for a wide range of modificatienincluding lysine acetylation, arginine methylation and
tyrosine phosphorylatiornt is based on the isolation of modified peptides by immunoaffinity
purification using a PTM specific antibod$°. In addition, to sitespecific antibodies,
antibodies recognizing a motif like kinase motifs are availaldaic interactiorbased
enrichment strategies are mostly used for the enrichment of phosphopeptides from complex
peptides mitures. lon metal affinity chromatography (IMAC) is based on the interaction of
negatively charged phosphopeptides with positively chargesi(inainly FE*) coupled to a
matrix or beadsPeptides are eluted with increasing pH, which change the chargefdtiate
peptide.SCX and SAX can be also applied to phosphopeptide enrichment. In the recent years,
titanium dioxide (TiQ)- based matrix enrichment has been prevalently used to enrich
phosphopeptide¥”2% The high affinity of TiQ to negatively charged phospho groups makes
this method highly efficient and specific for the enrichment of phosphorylated peptides. To
enrich for mone and polyphosphorylated peptides, serval methods were combined in a wide
range of studieand showed ged results in sensitivity®>. In addition, modified peptides can

be also enriched by taggiy Ms by chemical derivatiomcludingin vitro chemical &belling

andin vivometabolic labellingBesides the sample preparation also the data analysis including

the precisdocalizationof PTMsto a specific site can be challenging.

1.4.4 Quantitative proteomics

Quantification ofthousand®f proteins by mass spectrometry bapeateomicss often used

to study biological processes. Different techniques can be usadatgze proteifprotein
interactions, protein abundance or pwanhslational modifications between two or more
physiologichstates’®®3'L These approaches can be mainly divided into relative quantification,
the relative amount of a high number of proteins @oalie quantification to determine the
absolute amount of distinct proteiftd For both, quantifiation is either performed without the
introduction of stable isotopes (laede) or with chemical or metabolic stable isotope labelling
(labelbased)Figure 13. The most widely used form of quantitative proteomics is léleel
and is based on the quiication of MS1 signals of peptidé$®. Two strategies can be applied:
(1) spectral counting or (2) spectrometric signal intensity to measure the prsqisssonin
spectral countinghe number of measured spectraéterminedas a proxy of the abundance

peptide concentration in a sampté A high sequenceoverage enables the comparison over
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multiple data sampledMS2 spectra are not used for the quantificgtiout required for the
identification of the peptide sequence. Lafiek quantification can be used for hundreds or
thousands of samples and avoatiditional costs and sample preparation for labelling or
tagging of proteins angeptides Each samples needs to be measured separately and the
multiple runs results in a reduced throughput. Another limitation is the poor reproducibility
between samples,hich comes from each sample runs separataty variations in the MS1

and MS2 spectracquisition.Another problenaremissingvalues as a significant fraction of
peptides will not be detected in each samples. Imputation of missing values due to better da
anaysis techniquédrelp toovercomehis problen?®'®. The softwaremputes values byatching
retention time andm/z values between samplesmprovement of massspedrometry
technologies may help tovercome these limitationd.abeltbased approaches allow the
multiplexing of samples, which results in high accuracy and precision. Stable isotope labelling
in cell culture present a ptearvest labelling methods and is based on the incorpoaitstable
isotopes into proteins during their synthesiadtive cells$16317 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*t&di a typical SILAC
experiment, cells are either grown in medium withlabeledarginine/lysine (light) or in
medium with labelled amino ats (heavy). After incorporation of theagmino acids into newly
synthesied proteins, cells are mixed, proteins are extracted and digested using trypsin protease
prior LC-MS/MS analysisThe combination of samples in early step of the workflow minimizes
variances between replicates and results in high reproducibility and accuracy compared to label
free approached' The tryptic digestion with trypsin results in peptides witiie@ninal
arginine and lysine and ensures a labelling of nearly all peplitiesheavylabelled peptides
produce a distinct mass shift in the MS1 spectra compared to itddiggited counterart.
However, the chemical properties of the peptides are nearly identical results in the same
chromatographicalljpehaviorand ionization efficiency*®. The m/z difference between the
heavy andight peptide will be resolved and thatio can be calculated, whishows the relative
changes in protein abundarmmween the different sampl&LAC has been successfully used

for mammalian cell @lture, yeast, mouse and bactéfizi?.
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Figure 13: Overview of labelling techniques used in proteomics approacheQuantification is either
performed without the introduction of stable isotopes (Hitead) or with chemical or metabolic stable
isotope labelling (labdbased) at¢he 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.gddaptedrom Bantschefet al, 2012329

Postharvest labelling techniques like isotomded affinity tag(ICAT), isobaric tags for
relative and absolute quantification (iTRAQ) or tandem mass tag (TMT) introduce labels at the
protein or peptle level after cells have been harvest&d?® The mass of the isobaric tags is

all the same and can be distinguished after fragmentation of the precur$6Aidrhave been
developed and often used for clinisamplessuch adissues 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 biotii®. 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 purificationtafjged peptides and reduces theplexity

of peptides mixtures from biological sampl€mne 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 taggingagent iTRAQ has been
developed and can be used to label up to fowureight different biological samples
simultaneously®°. The reactive group 6TRAQ targets primary amines at thetdrminusand

side chain amino groups péptidesiTRAQ can also be applied to absolute quantification using
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synthetic peptides with a knowsequence and mask recent years, isobaric labelling
techniques were further developed and TMT allows multiplexihgp to eleven samples.
Similar to iITRAQ, the tag contains a site that fragments in the MS2 spectrum and the mass of
the reporter ion came used to distinguish the peptide originated from different samples.
Isobaric labellingtechniques can be only applied to Hming samples and the labelling is
applied at the peptide level, which does not control for variances introduced in theegadiy s

the workflow.In addition, ceelution of multiple peptides is one of the major limitations as all
peptides carrying the same reporter idnother chemical labelling technique at the peptide
level is dimethydlabelling®3L. Primary amines of lysine residues andeXmini of peptides are
modified and the comparison is based on the mass difference of the label. Three different
samples can be studied simultaneou§yantitative proteomicsis a powerful tool study
dynamic changes of proteins and PTMs between different types of samples and allows insights

into a vaiety of biological processes.

1.4.5 Proteogenomican cancer biology

Proteogenomics, the combination of genomics and proteomics is a new research field and is
often use to identify peptides containing mutations, novel prat@iing loci or alternative
splicing forms®3#335, The term proteogenomics was used for the first time in 2004 by Church
group, performing a genomic reannotatiomyfcoplasma pneumoniging proteomic dati®.

Since then, the field of proteogenomics is emergiaged ortechnical investigations enabling

high throughput genomics and deB-based proteomics®¥:3% |n addition to the data
integration for genome reannotation, proteogenomics was widely used to study multilevel gene
expression, signaling networks, disease sul
339340 Most of the proteogenomic workfl@ninvolve several main steps (Figure)14&irst,
nucleotide dat@an be used to encode the sequence gbribieirs expressed in a sample and

this data can be retrieved from the genome, exome, transcriptome orntdaraedevel32 The

genome contains sequence informatafrproteincoding and nostoding regions butlso the
backbone of all proteisequences. Exome sequencing of enriched exonic sequences through
hybridization capture covers only 1% of the genome that dodgsoteins®*%. Transcriptome
represents the output of the gene transcription and translatome comprises the portions of
transcriptome bound to ¢hribosome. These differentptys of sequence data can be used
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®®2 The NGS data needs haalyzed before by eithele novoassembly or alignment

of genomic sequences to a {andsting databasesuch as EnsemBf? RefSec?*® or UniProt

344 De novoassembly is used to build a reference genome from one or mskigplencesf

these genome¥®. The newlysynthesized and assembled genomes, the prooeing regions

and other functional elementsthin an assembled genome must be identiff&dA majority

of proteogenomic databases were created by six frame translation of the genome of an
organism. This includes the prediction of all possible preteting sequences expressed in a
sample under analysis. For the alignment (reads mapping)}$leguenced organism is mapped

to a preexisting reference genome amdsilico translated variants are incorporated into a
protein databas¥’. This enables the identification of a variety of genomic variants, which are
absent in the reference genome. These sagpaeific variants are of fundamental bidkag

interest including novel or unannotated proteins, variants specific for an individual, mutations
underlying a disease. Similt proteomics, MS/MS spectra anatched to peptide sequesce
known as peptide spectrum matcesM) 346348 peptide sequences obtained from PSM are
then matched against a customized protein sequence database. By incorporating sample specific
sequences like SAVs, InBelalternative 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®®. To identify high confidence PSMs, a quality spectra and fragmentation
will be required. In adtion, the computational timencreases with larger databases and the
FDR must be controlled at the protein and peptide leSgparate FDR estimation should be
applied to known and novel peptid&8. For proteogenomic approaches it will always be a

compromise between completeness of the database, sizevatiecantrolled FDR.

A number of bioinformatical tools have been developed for proteogenomic approaches. For
instance, costumProDB?, GalaxyP 2, PPline*>3or PGA®*software can be used to generate
customized protein databaseom 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®® or SpliceDB**’ software). Not only sampispecific NGS data can

be incorporated, sevenailiblic SNV repositories like COSMIE or doSNP*8 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 efficientand easy

to use tool forlie bioinformatic analysis and visualization of proteogenomicdata
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Figure 14: Sequencecentric proteogenomics workflow.Nucleotide data that can be retrieved from the
genome (whole genome sequencing (WGS)), exome (whole egsemencing (WXS)), transcriptome
(RNAseq) level by next generation sequencing (NGS). The sequences need to be assembled into the DNA or
RNA sequence by eithele hovoassembly or alignment of genomic sequences to -&xisting reference
databaseSample pecific alterations are determined and incorporated into customized sequence databases.
Peptide identifications from correspondingMS/MS runs of the same sample are used to identify sample
specific sequences and alterations by matching the acquired $/§ibttra 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 tamecific variants on the proteome level as well as

novel protein splice variants; and detect spedpscific peptides in microbial communitieadéptedrom
Ruggleset al, 2015%%59)

Cancer and especially melanoma is characterized by an accumulation of mutations such as
SNVSs, InDels, frameshifts or copy number variants (CNVSs) rewiring cellular netw&rks8

The identifications of cancer specific mutations in cancer proteomicsferred as oneo
proteogenomics and has been studied intensively in the last d&adeproteogenomics
approach and caner-specific database allows the detection of variants on the proteome level,
which has the potential to yield novel insight®icancer biology>®. The proteomic detection

of mutated proteins can help to identify clinical biomarkers or actionable drug t2/gets$®®

Two consortium namely The Clinical Tumor Analysis Consortium (CPTAC) and the Cancer
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Genome Atlas (TCGA) were launched simultaneouslystioadvedgreat contribution and effort

for the field of onceproteogenomicsColorectal, 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 mutatedproteins and PTMs anassociated signaling pathwa3f$3%2 The

TCGA created a large database containing novel, capesific peptides including splice
junctions, InDels and substitutions. Using this TCGA database, 524 novel variant peptides in a
single ovarian cancer sample were ideedifin 2014 by Woet al.*®3 In a large scale study of

49 NCI60 cancer cell lines, 7.3 million novel peptides a4 mutations were reported by
combining dbSNP, COSMIC, UniprotKB and sampfeecific genomic and transcriptomic data

364 In addition to the identification of novel variant peptides, Sun and colleagues identified
several uniqueusion peptides in nesmall cell lung cancer (NSCLEG. These studies provide
valuable insights into cancer biology and how the proteome is regulated by genetic effects. The
repertore of reported somatic mutations and thButa responses within a ceNill help to

identify driver and cancespecific mutations and disturbed signaling networks in precision
oncology. The altered signaling networks in cancer cells can be studied integrative
proteogenomics analysis of genetic variants and PTMs, which can identify consequences of
genetic variants on the molecular le¥® 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 he human mteome are serine (Shreonine (T), tyrosine (Y) and lysine (K¥. These

four amino acids are predominantly modified by phosphorylation at S/T/Y or acetydettb
ubiquitylation at K. Several studies have been reported that these four amino acids are
disproportionally affected by missense mutatidi¥s®® In addition, not only the amino acid

itself can be affected also the recognition motif in a flanking regiohefrutation site for
corresponding transferase like protein kinases or ligases might be dffet€dyanget al.
showed that 64 phosphorylation sites potentially change the phenotype compared to
nonptosphorylated amino acid by using SwissProt and dbSNPs annotated in the NCBI sbSNP
databasé’. In a CPTAC breast cancer study, Mertins and colleagues performed at integrative
analysis of proteomic and phosphoproteomic study of 105 genomécaitytated sample§?.

This allowed the classification of the breast cancer subtypes on the genome eoicheletel

and the characterization of the somatic cancer genome including the chromosomal loss of 5q.
In addition, the phosphoproteomic dataset revealed a ngnotéin receptor cluster and
activated kinases specific for breast cancer subtypes, whicmetaslentified by mRNA

analysisalone As for the breast cancer study, Zhat@l.identified specific acetylation sites



Introduction 41

that could be associated with homologous recombination in ovarian cahAcEnese newly
identified modification sites may help 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 alsecently 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 s#%olwed a
addition, acquired resistance and driver mechanisms of resistance against tyrosine kinase
inhibitors were also studied in gastrointestinal stromal tumors using a proteogenomic

phosphoproteomic approagi.

In summary, the application of peatgenomics in clinical researchaipowerful tool study the
mode of action of diseasessociated mutations on the genome, proteome and PTM level. The
mutation can dectly or indirectly chang®TM sites and several studied showed that this may
change therotein stability, proteiprotein interattons and signal networks.dtso highlights

the value of state of the art M#ased proteomics in the era of precision medicine. In addition,
proteogenomics will may improve the treatment of patients in persedatianner and may be
implemented as a routine clinical lab test in the future.
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2 Aims and objectives

Malignant melanoma is characterized by a high frequensgroftic mutations ikey signaling
pathways andevelopment of resistance mecharssmainst treatment¥heoverreachingim
of this thesis was to characterize proteomic changethandutational landscape melanoma
cells in response to kinase inhibitors and immunotherapyachieve thisl first compare
drugsensitive andlirugresistant melanoma cells orderto gain new insights into thgeneral
molecular mechanisms underlying resistance to kinase itioinib | next appied a
proteogenomic approach thugsensitive andresistant melanoma cell lin@s response to
kinase inhibitordo assess the influence of Aasypnonymous mutations on signal transduction
networks Finally, | applied groteogenomics ggoachto melanomaatienttumormaterial to
investigate the molecular mechanisms uhdlegy immunotherapy respons@ individual
patient samples

Specificaims andbjectives were

1. Comprehensive(phospho)proteomics analysisf vemurafenibsensitive andresistant

melanoma cells

a. Comparison of drugensitive and drugesistant A375 melanoma cells using
quantitative(phosphoproteomics

b. ldentification of significantly regulated proteineand phosphsites betweenboth
phenotypes

c. CRISPR/Cas9nediated knockout ofthe interesting candidatesdentified at the
proteome level

d. Functonal validation of candidates usirggll proliferation, migration and invasion

assaysas well aproteomic analyses

2. Individualized poteogenomic characterization of melarcell linesA375 and SkMel28
in response to weurafenib resistance
a. ldentification ofmutationsatthe genome and (phospho)proteome level
b. Investigatiorof overrepresented pathwagsie to the accumulation afternate proteins
betweerphenotypes and cell lines
c. ldentification of phosphoproteirtsarboringmutations with a potential to rewire signal
transduction

d. Define significantly regulated proteins and phosphosites between phenotypes
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e. Validation of mutategbrotein isoformgy interactome studies

3. Individualized poteogenomic characterization of human melanoma cells in response to

immunotherapy

a. Optimization of the protein extraction protocols patienttissuesamples

b. ldentification ofpatientspecificvariantsatthe genome, proteome and phosphoproteome
levelin the context of immunotherapy

c. Investigationof pathway overepresentatiomlue to accumulation ahutated proteins
between naive and immune checkpoint inhibitor treated samples

d. Comparison ofproteogenomic profiles of humaratient materiabnd patientlerived
xenografts generated in NSC mouse

e. Prioritization of patientspecific mutationswith a high impact to rewire signal
transduction

f. Validation of mutategbrotein isoformgy interactome studies
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In Brief invasion
The proteome and phosphopro-
teome have been determined for
BRAF inhibitor resistant and sen-
sitive cells by applying quantita-
tive MS-based proteomics. We
identified the intermediate fila-
ment protein nestin as one of
the highest downregulated pro-
teins in melanoma cells and tu-
mors. The results reported reveal
a link between loss of nestin and
an invasive phenotype and pro-
vide a quantitative view of PI3K/
Akt and integrin pathways in-
volved in resistant and nestin
knockout cells.
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cytoskeletal
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Highlights
+ Quantitative phosphoproteome of BRAF drug-resistance in melanoma cells.
« Cytoskeletal proteins are downregulated in resistant vs. sensitive cells.
« Nestin is associated with an invasive phenotype and resistance to MEK and BRAF inhibitors.

+ Nestin depletion affects PI3K/AKT and integrin signaling similar to resistant cells.

Schmitt et al., 2019, Molecular & Cellular Proteomics 18, 1096-1109
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Quantitative Proteomics Links the Intermediate
Filament Nestin to Resistance to Targeted
BRAF Inhibition in Melanoma Cells* ®

Marisa Schmitt+,

Birgit Schittek§, and Boris Macek#9

Targeted inhibition of mutated kinases using selective
MAP kinase inhibitors in malignant melanoma often re-
sults in temporary improvement of clinical symptoms fol-
lowed by rapid development of resistance. To gain in-
sights in molecular processes that govern resistance, we
performed SILAC-based quantitative proteomics profiling
of vemurafenib-resistant and -sensitive melanoma cells.
Among downregulated proteins in vemurafenib-resistant
cell lines we detected multiple proteins involved in cyto-
skeletal organization and signaling, including the interme-
diate filament nestin, which was one of the most down-
regulated proteins. Previous studies showed that nestin
is expressed in various types of solid tumors and its
abundance correlates with malignant phenotype of
transformed cells. However, the role of nestin in cancer
cells regarding acquired resistance is still poorly under-
stood. We performed CRISPR/Cas9 knockout of the
nestin gene ( NES ) in vemurafenib-sensitive cells and
showed that loss of nestin leads to increased cellular
proliferation and colony formation upon treatment with

BRAF V°%°E and MEK inhibitors. Moreover, nestin deple -

tion led to increased invasiveness and metalloprotei-
nase activity like the phenotype of melanoma cells with
acquired resistance to the BRAF inhibitor. Finally, phos-
phoproteome analysis revealed that nestin depletion in-
fluenced signaling through integrin and PI3K/AKT/
mTOR pathways and led to increased focal adhesion
kinase abundance and phosphorylation. Taken together,
our results reveal that nestin is associated with acquired
vemurafenib resistance in melanoma cells. Molecular
& Cellular Proteomics 18: 1096-1109, 2019. DOI: 10.1074/
mcp.RA119.001302.

Malignant melanoma is the 19 ™ most common cancer
worldwide, accounting for
Although melanoma accounts for less than one percent of
skin cancer cases, it is responsible for 79% of skin cancer-
related deaths ( 2). Therapies for advanced melanoma have
changed greatly in recent years with the US Food and Drug

~232,000 new cases in 2012 ( 1).

Tobias Sinnberg§, Nicolas C. Nalpast, Annika Maasst,

Administration approval of several immunotherapy and tar-
geted drugs, including cobimetinib, an inhibitor of MEK ki-
nases (3), and vemurafenib, a BRAF inhibitor, for patients
carrying the BRAF V9°°F mutation (4). These drugs have a
response rate of ~50% as monotherapies and result in an
average survival benefit offour to six months ( 5-7). However,
almost all patients ultimately develop resistance to drug treat-
ment (5, 8). Therefore, an understanding of the acquired re -
sistance is essential for the development of effective therapies
for malignant melanema. Multiple cellular pathways have
been postulated to explain drug resistance, ranging from sig-
nal transduction networks to transcriptional pathways ( 9). The
majority of kinase inhibitor resistance development is caused
by molecular or genetic alterations that lead to MAPK path-
way reactivation. A variety of genetic causes, including  NRAS
(10, 11), KRAS (12) and MEK mutations (13), alternative splic -
ing or amplification of BRAF and loss of NF1 (9, 11, 12), have
been identified in tumors with acquired resistance. In addition,
activation of the PI3K/AKT pathway can be responsible for
BRAF inhibitor resistance— because of downregulation of
PTEN through loss or mutational inactivation, or somatic mu-
tations in AKT1/3 and PIK3CA (11, 12).

Nestin, a member of the type VI intermediate filament pro-
tein family, was originally described as a stem cell/progenitor
cell marker, especially during migration and proliferation
phases in early embryonic development ( 14). Expression of
nestin is also associated with the regulation of cell death in
neural progenitor cells, podocytes of kidneys and neuromus-
cular junction development in a CDK5-dependent manner
(15). In adult tissue, it plays an important role in regeneration
processes where it is localized to tissue/organ-specific sites
(16). Previous studies have reported that nestin is expressed
in various human malignancies, including pancreatic cancer
(17, 18), prostate cancer (19), breast cancer (20), glioblasto -
mas (21), gastrointestinal stromal tumors (22), trichoblastoma
(23), angiosarcoma (22) and malignant melanoma (24, 25). In
some tumor types, nestin expression correlates with aggres-

From the $Proteome Center Tuebingen, Interfaculty Institute for Cell Biology, University of Tuebingen, Tuebingen, Germany; §Center for
Dermatooncology, Department of Dermatology, University of Tuebingen, Tuebingen, Germany
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sive growth, metastasis, migration and poor prognosis (  18);
however, the roles of nestin in cancer cells have not been
characterized at a molecular level. In advanced stages of
melanoma, nestin- and CD133-positive melanoma cells were
detected in the peripheral blood of patients, at the invading
front and at sites of melanoma metastases ( 26-28). These
studies indicate that nestin could be significantly involved in
the invasion and distant metastasis of melanomas. In a large-
scale proteomic approach, nestin was found to be a useful
diagnostic and prognostic biomarker that can potentially dis-
tinguish melanoma subtypes and can help to predict mela-
noma aggressiveness in these different subgroups (  29). Inter-
estingly, depletion of nestin in melanoma was shown to
increase expression of matrix metalloproteinases (MMP) ' and
enhance melanoma invasion ( 30). Recent evidence indicates
that nestin downregulation in prostate cancer cell lines trig-
gers an expression pattern of phosphorylated focal adhesion
kinase (FAK). Phosphorylated FAK (pFAK) localizes at the cell
membrane and promotes integrin clustering. This results in
pFAK- and integrin-dependent matrix degradation and an
invasive phenotype ( 31). In the context of targeted BRAF  V69%F
and MEK inhibitor therapy in melanoma, a loss of nestin
expression in tumor cells was identified immediately after
treatment therapy ( 32). All these findings suggest that nestin is
associated with tumorigenesis, however, little is known about
the role of nestin in melanoma and the relationship of nestin
and acquired resistance.

In this study, we use quantitative proteomics to identify
proteome and phosphoproteome alterations in A375 mela-
noma cells resistant to BRAF  Y°°%F inhibitor vemurafenib. Our
analysis identified nestin as one of the most downregulated
proteins in resistant cells. Extensive biological follow-up re-
vealed its connection with invasiveness and cell survival of
resistant melanoma cells. Finally, phosphoproteome analysis
revealed that nestin depletion influenced signaling through
integrin and PI3K/AKT/mTOR pathways.

EXPERIMENTAL PROCEDURES

Experimental Design and Statistical Rationale— The (phospho)pro-
teomics data is derived from three sets of samples prepared and
analyzed by LC-MS/MS. A total of 143 runs analyses were performed
with 230 min gradient for proteome, 42 min gradient for fractionated
proteome and 90 min gradient for phosphoproteome measurements
on a Q Exactive HF mass spectrometer. In part 1, SILAC labeled A375

" The abbreviations used are: MMP, matrix metalloproteinase;
BRAFi, BRAF inhibitor; CRISPR, clustered regularly interspaced short
palindromic repeats; DSB, double strand break; DTT, dithiothreitol;
ECM, extracellular matrix; FDR, false discovery rate; FBS, fetal bovine
serum; FFPE, formaldehyde fixed paraffin embedded; 1AA, iodoacet-
amide; LC-MS/MS, liquid chromatography combined with tandem
mass spectrometry; NOG, N-ocetylglucosamine; NonSil, nonsilenc-
ing siRNA; PAM, protospacer adjacent motif; SDS, sodium deoxy-
cholate; SILAC, stable isotope labeling in cell culture; sgRNA, single
guided RNA; NonTar, nontargeting control RNA; siRNA, small inter-
fering RNA.

S and A375 R cells (“light,” “medium,” and vice versa) were used in
two different screens (123 samples); screen 1, proteome and phos-
phoproteome measurements (33 samples, three biological replicates
(11 per replicate), ten rounds of phosphopeptide enrichment for each
replicate), whereas in screen 2, the proteome was fractionated into 30
fractions (90 samples, three biological replicates (30 per replicate)). In
part 2, SILAC labeled Nes-KO, A375 S and A375 R cells were used
(“light,” “medium,” “heavy”) (22 samples, two biological replicates
(eleven per replicate), ten rounds of phosphopeptide enrichment per
replicate). Raw data was processed by MaxQuant software as de-
scribed below. Statistical analysis was performed with Perseus ( t test,
FDR < 0.01,s0 = 1) (version 1.5.0.31), STRING: functional protein
association networks analysis (STRING Consortium 2018) and Graph-
Pad Prism (version 7.04). For detailed description of statistical anal-
ysis of each experiment see MS data analysis and statistical analysis
in the section methods.

All biological assays were performed in three biological and tech-
nical replicates, so that appropriate statistical analysis could be per-
formed. Statistical analysis was performed with two-tailed unpaired t
test in GraphPad Prism. p values < 0.05 were considered statistically
significant, with * for p < 0.05, ** for p < 0.01, *** for p < 0.001 and
% for p < 0.0001. In each experiment, separate controls were
included. Images of experiments and Western blotting were quanti-
fied using Image) software.

Chemicals— Stock solutions of the BRAF  Y*°°F inhibitor PLX4720
(vemurafenib analog, Selleckchem, Houston, TX) and the MEK inhib-
itor cobimetinib (Hycultec, Beutelsbach, Germany) were prepared in
dimethyl sulfoxide (DMSO).

Cell Culture and SILAC Labeling—
internal biobank was approved by the local ethical committee (781/
2018B02) and experiments were performed in accordance with the
declaration of Helsinki Principles. The human metastatic BRAF ~ V60F -
mutated melanoma cell lines A375, Mel1617, 451lu, SKMel28 and
SKMel 19 were used in this study ( 33, 34). The generation of the cell
lines with acquired resistance to vemurafenib analogue PLX4720 (for
simplicity referred to as "vemurafenib” in the Results section) was
conducted as described previously ( 33) (List of used cell lines in
supplementary Information S1 ). Cells were either grown in RPMI 1640
(Sigma-Aldrich, Darmstadt, Germany) containing penicillin/strepto-
mycin (100 U/ml, PAN) and FBS (10%, PAN) or RPMI 1640 SILAC
(Sigma-Aldrich) lacking arginine, lysine and leucine. Leucine (12.5
mg/ml, Sigma-Aldrich), penicillin/streptomycin (100 U/ml, PAN, Aid-
enbach, Germany), dialyzed FBS (10%, PAN) and stable isotope-
encoded arginine and lysine were added to the SILAC medium. The
“light” SILAC media was further supplemented with  L-['2Cg,'"N,]
lysine (Lys0) and L-['2C¢,"*N,] arginine (Arg0) (Cambridge Isotope
Laboratories, Tewksbury, MA), whereas L-[*H,] lysine (Lys4) and
L-["3C (] arginine (Arg6) were added to the “medium” SILAC media and
L["Cq,""N,] lysine (Lys8) and L-["*C,,'*N,] arginine (Argl10) to
"heavy” SILAC media. Cells were grown in a humidified atmosphere,
5% CO , at 37 °Cin either RPMI 1640 or “light,” “medium,” or “heavy”
RPMI 1640 SILAC media.

Protein Extraction of Cultured Cells— Cell lysis was performed in
lysis buffer (6 m urea, 2 m thiourea, 10 m m Tris pH 8.0) supplemented
with protease inhibitor (complete Mini EDTA-free tablets, Roche, Ba-
sel, Switzerland), phosphatase inhibitor buffers (5 m m glycerol-2-
phosphate, 5 m m sodium fluoride, and 1 m M sodium orthovanadate)
and 1% N-Octylglucoside (NOG) on ice for 10 min. DNA and RNA in
the lysate was removed using benzonase (Merck, Darmstadt, Ger-
many) for 10 min on room temperature (RT) followed by centrifugation
at 2800 X g (10 °C, 20 min). Remaining NOG detergent was removed
by acetone precipitation. Briefly, four volumes of acetone ( —20 °C),
one volume of methanol were added, and the proteins were precip-
itated overnight at —20°C. After centrifugation (2800 X g, 4°C,

The use of human tissue from an
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20 min), the detergent-containing supernatant was removed, and the
protein pellet was washed with 80% acetone (  —20 °C). Protein pellets
were then resolved in lysis buffer without NOG and protein concen-
tration was measured using Bradford assay.

Sample Preparation for MS Analysis—  Extracted proteins from each
cell line were mixed 1:1 (“light” to “medium”) or 1:1:1 (“light” to
“medium” to “heavy”) and reduced with 10 m m DTT for 1 h, alkylated
with 55 mm iodoacetamide for an additional hour and digested with
Lys-C (Lysyl Endopeptidase, Wako Chemicals, Neuss, Germany) for
3 h at RT. After adding offour volumes of 50 m m of ammonium
bicarbonate, trypsin (Promega Corporation, Madison, Wisconsin) was
added and tryptic digestion was carried out overnight. To stop the
digestion, 1% TFA was added, peptides were purified on Sep-Pak
C18 Cartridge (Waters, Milford, MA) and either eluted in 80% aceto-
nitrile (ACN) for high pH reverse phase chromatography or desalted
on C18 StageTips (as described previously [ 36)).

High pH Reverse Phase Chromatography— 1-2 mg of peptides
were fractionated on an off-line Ultimate 3000 high-pressure liquid
chromatography (HPLC) system (Dionex, Thermo Fischer Scientific,
Waltham, MA) equipped with xBridge BEH130 C 5 130A, 3.5 um,
4.6 % 250 mm column (Waters), as described previously (  37). The
system was operated under high pH conditions using buffer A (5m  m
NH 4,OH) and buffer B (5 m s NH,OH in 90% ACN) at pH 10. Peptides
were eluted using an 80 min gradient at a flow rate of 1 ml/min. The
gradient consisted of 5% to 25% B over 45 min, followed by 40% B
during 10 min and finally 70% B for 5 min. The gradient was held at
70% B for 5 min, reduced to 5% B within 5 min and the column
equilibrated for 10 min. One-minute fractions were collected from 0 to
60 min. The 60 fractions were concatenated into 30 pools and dried
by vacuum centrifugation. Peptide pools were reconstituted in 1 ml of
80% ACN, 10 pg of the pool were concentrated and desalted on
StageTips prior LC-MS/MS measurements for proteome analysis.

Phosphopeptide Enrichment— Phosphopeptides were enriched
using TiO , beads. TiO , beads (Titansphere, 10 um, GL Sciences,
Tokyo, Japan) were resuspended in DHB solution (80% ACN, 1%
TFA, 3% 2,5-dihydroxybenzoic acid (DHB)) and incubated for 20 min.
Purified peptides were added to the TiO , beads in DHB solution and
incubated for 10 min for each enrichment round. This step was
repeated nine to ten times. Phosphopeptide-bound TiO  , beads were
sequentially washed with 30% ACN in 1% TFA, 50% ACN in 1% TFA
followed by 80% ACN in 1% TFA. Peptides were eluted with 5%
NH,OH in 60% ACN into 20% TFA followed by 80% ACN in 1% FA.

The eluate was reduced by vacuum centrifugation, pH was adjusted
to < 2.7 with TFA and peptides were desalted on C18 StageTips prior
LC-M5/MS measurements.

Formalin Fixed Paraffin Embedded Tissue Preparation for MS Anal-
ysis— FFPE tissue of pre-and posttreated patients with the kinase
inhibitor vemurafenib (2 serial sections, 5 um thick; List of FFPE
specimens used in this study in  supplementary Information 53 ) were
first deparaffinized by two washes in xylene (5 min, 50 °C) followed by
three serial washes in ethanol (100%, 95% to 70%) for 10 min each.
Ethanol was removed completely, and sections air-dried. Lysis was
carried out in 4% SDS, 50 m  m DTT, 100 m m HEPES pH 7.5 supple-
mented with protease inhibitor at 95 °C for 60 min and by sonication
for 15 min. 10 g of proteins were purified by acetone precipitation
and protein pellet was resolved in lysis buffer (6  m urea, 2 m thiourea,
10 mm Tris pH 8.0). Proteins in the cleared lysate (13,000 % g, 10 min)
were reduced with 10 m m DTT for 60 min, alkylated with 55 m m
iodoacetamide for an additional 60 min and LysC digestion was
carried with 1 pg of LysC fo r 3 h at RT. After adding four volumes of
50 mm ammonium bicarbonate, 1 g of trypsin was added for tryptic
digestion overnight. Digestion was stopped by adding 1% TFA and
peptides were loaded onto C18 StageTips for desalting and subse-
quent dimethylation labeling ( 35). Briefly, peptides were labeled with

either 4% CH ,0, 06 m NaBH ,CN (“light”) or 4% '*CD,0, 06 m
NaBD ,CN ("heavy”) in phosphate buffer (50 m wm NaH ,PO,, 50 mm
Na ,HPO ,). After washing with solvent A, peptides were eluted with
solvent B and analyzed by LC-MS/MS.

Liquid Chromatography-MS Analysis—  All samples were analyzed
on an Easy-nLC 1200 UHPLC (Thermo Fischer Scientific) coupled to
an Q Exactive HF mass spectrometer (Thermo Fischer Scientific)
equipped with a nanoelectrospray source. Peptides were separated
on a 20 cm analytical column (75 pm ID PicoTip fused silica emitter
(New Objective, Woburn, MA)) in-house packed with ReproSil-Pur
C18-AQ 1.9 pm resin (Dr Maisch GmbH (Ltd.), Ammerbuch, Ger-
many). Peptides were eluted using a 90 min gradient for phospho-
proteome, 230 min gradient for proteome analysis and 42 min gradi-
ents for fractionated peptide pools. Gradient was generated by
solvent A (0.1% FA) and solvent B (80% ACN in 0.1% acetic acid) at
40 °C and 200 nl/min flow rate. The mass spectrometer was operated
in data dependent mode. Full MS scans were acquired with a reso-
lution of 120,000 and within a mass range of m/z 300 to 1650. For
higher-energy collisional dissociation (HCD), the 12 most intensive
peptides were selected, and MS/MS spectra were recorded with a
resolution of 60,000. For 45 min gradients, fast scanning top20
method was used with a resolution of 15,000 for HCD scans and
maximum fill time of 30 ms. For the analysis of TIO , enriched phos -
phopeptides, full MS were acquired in the range of 300-
1500 m/z at a resolution of 120,000, Seven most abundant precursor
jons from a survey scan were selected for HCD fragmentation (isola-
tion width of 1.20 m/z; 27% normalized collision energy and activation
time of 0.1 ms were allowed) and MS/MS spectra were acquired at a
resolution of 60,000 on the Orbitrap analyzer.

MS Data Analysis and Statistical Analysis—  The raw data files were
processed with the MaxQuant software suite (version 1.5.2.8) (  38).
The Andromeda search engine ( 39) searched MS/MS data against
Uniprot Homo sapiens (release 2015_10_23; 91,646 entries) database
containing commonly observed contaminants. Carbamidomethyla-
tion of cysteine (C) was set as fixed modification and oxidation of
methionine, phosphorylation at serine (S), threonine (T) or tyrosine (Y)
were defined as variable modifications. Trypsin/P was selected as a
protease. For quantification, the amino acids (Lys4)/(Arg6) and (Lys8)/
(Arg10) were defined as “medium” and "heavy” labels for the com-
parison of cell lines. Dimethylation on peptide N termini and lysine
residues was defined as “light” ( +28.03 Da) and "heavy” ( +36.08 Da)
labels for the comparison of pre-and posttreated tumors (FFPE spec-
imens). No more than two missed cleavages were allowed. The MS
tolerance was set at 4.5 ppm and MS/MS tolerance at 20 ppm for the
analysis using HCD fragmentation method. The false discovery rate
(FDR) for peptides and proteins was set to 1%. For all other param-
eters, the default settings were used. Only protein groups with at least
two peptides were included in the final data sets and all contaminants
were removed. Protein groups were kept for further statistical analysis
only if quantified in 3 out of 3 replicates (for the first experiment) and
2 out of 2 replicates (for the second experiment). To find significant
differences between sensitive and resistant A375 cells, log  ,-trans -
formed SILAC ratios were subjected to  t test in Perseus, with a
permutation-based FDR threshold of 0.01 and s  value of 1. The
SILAC ratio ofidentified phosphorylation sites were normalized to the
ratios of corresponding protein groups. All term enrichment analyses
were performed using Perseus, by mapping reference lists or subsets
of proteins with annotation terms. The resources used for annotation
of proteins were Gene Ontology (GO), Biological Processes (GOBP),
GO Cellular Compartment (GOCC), GO Molecular Functions (GOMF)
and Kyoto Encyclopedia of Genes and Genomes (KEGG). In addition,
significantly changing proteins determined by t test analysis (FDR
0.1, s , value of 1) were mapped to pathways and network associa -
tions using STRING ( 40) against the whole genome as the statistical
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background. The top 20 significant pathways were selected. The
median of the t test difference of assigned significantly changing
proteins was calculated for each pathway. A list of all peptide se-
quences is provided in the supplementary Peptide Table and a list of
all protein identifications and phosphorylation site identifications are
provided in supplementary Table S1

Analysis of Microarray Data from Pre- and Posttreated Patient
Tumors— To confirm the relevance of our findings regarding nestin
protein abundance profile in A375, we reanalyzed NES gene expres-
sion profile in human patients with melanoma pre- and posttreatment.
The publically available microarray data with accession number
GSE50509 and GSE61992 were retrieved from the NCBI GEO data-
base. These data were acquired on lllumina Sentrix HumanHT12 v.4.0
Expression BeadChip as described in the original publications (41,
42). We reanalyzed the microarray datasets within the R environment
(43). Each probe was annotated using the illuminaHumanv4.db pack -
age (44). Quality control analysis (probe intensity density plot} was
performed on all microarrays to check for normalization bias between
samples or batches. The normalized data were filtered based on
probe quality using illuminaHumanv4.db package. Differentially ex-
pressed genes were identified from the filtered normalized data using
the LIMMA package ( 45). Briefly, this was performed by blocking
samples on a per-patient basis, fitting a linear model and generating
Empirical Bayes statistics to compare pre- and posttreatment sam-
ples. The Benjamini-Hochberg multiple testing correction method
was applied to all differentially expressed genes (  supplementary Ta-
ble S2).

Immunchistochemistry— Immunohistochemistry staining of clinical
FFPE specimens (List of FFPE specimens used in this study in sup-
plementary Information 53 ) was performed with a nestin specific
polyclonal rabbit antibody (N5413, Sigma-Aldrich) diluted 1:50 in PBS
containing 0.3% Triton-X100 and 1% BSA. Briefly, 5 wm FFPE tissue
sections were de-paraffinized and antigen retrieval was performed in
citrate buffer pH 6 in a pressure cooker for 2 min under pressure
before a slow cocling down of the samples. Afterward tissue sections
were stained according to the manufacturer’s protocol (Thermo Sci-
entific, UltraVision LP Detection System: AP Polymer) using FastRed
(Thermo Scientific, Liquid Fast-Red Substrate System) as substrate.

Generation of Genome Edited Melanoma Cell Lines—NES
knockout was carried out by CRISPR/Cas9-mediated genome editing
according to the published protocol ( 46). The SpCas9 plasmid PX459
(Plasmid 62988) was obtained from a nonprofit plasmid share repos-
itory (Addgene, Watertown, MA). Suitable CRISPR target sites within
NES Exon 1 positive strand were identified using the “CRISPR Design
Tool” (http:/crispr.mitedu/ ). The respective oligonucleotide inserts
(Biomers, Ulm, Germany) (5 '-cctcgacggegegeeggttg-3 ' (forward), 5 /-
caaccggegegeegtcgagg-3  * (reverse)) were designed with overhangs
compatible for ligation into PX459 linearized by digestion with Bbsl
(New England BiolLabs, Frankfurt, Germany). Oligonucleotides were
phosphorylated with polynucleotide kinase T4 PNK (New England
BioLabs), annealed and inserted into the plasmid using T4 DNA ligase
(New England BioLabs) and transformed into chemocompetent DH5  «
E. coli cells (New England Biolabs). Oligonucleotide inserts (ITD) {  5'-
gtattactgatattggtggg-3 ' (forward), 5'-cccaccaatatcagtaatac-3 ' (re-
verse)) were designed as CRISPR/Cas9 nontargeting (NonTar) control
sgRNA and cloned into the SpCas9 plasmid PX459. Melanoma cells
were seeded with low density (100,000 cells per ml), grown for 24 h in
RPMI- 1640 medium without FBS. Transfection of the SpCas9/sgRNA
plasmid or SpCas9/MonTar plasmid was carried out with Lipo-
fectamine 2000 (Thermo Fischer Scientific) according to the manufa-
cturer's instructions, On the next day, cells were selected using
puromycin (2 pg/ml, Invivogen, Toulouse, France) and incubated for 2
days. Once individual colonies formed, single colonies were picked,
cultured in separate wells and expanded in 6-well plates until cell

gene

number was enough for further analysis. Genomic DNA was isolated
using GeneElute Mammalian Genomic DNA MiniPrep Kit (Sigma-
Aldrich) and PCR amplification was performed using primers (5 '-
agatgtggggagctcaatcgg -3 (forward) and 5 '-tccaacctctgttccaacge -3
(reverse)) and sequenced by Sanger sequencing. Off-target effects of
the guide sequence were predicted using Cas-OFFinder online tool
(47). A mismatch of three bases were allowed. (List of predicted
off-target sites in supplementary Information 54 ).

siRNA  Knockdown— Nestin knockdown was carried out by trans-
fecting A375 S cells with a pool offour FlexiTube siRNA oligos (100
nw, Qiagen, Hilden, Germany) against human nestin. NonSilencing
siRNA (NonSil, Dharmacon) was used as control. siRNA transfections
were performed using Lipofectamine RNAIMAX (Invitrogen) according
to manufacturer’s protocol. The medium was changed the following
day. All assays were performed at 48-72 h posttransfection.

Western Blotting— Cells were harvested in lysis buffer and proteins
were precipitated overnight with acetone/methanol ( —20 °C). Cell
lysates from SkMel28 S/R, SkMel19 S/R, 451lu S/R and Mel1617 S/R
were used for immunoblotting analysis. Protein extracts were sepa-
rated on 4-12% NuPAGE Bis-Tris gels (Novex, Life Technologies,
Carlsbad, CA), transferred to PVDF membranes (0.2 um, Sigma-
Aldrich). The blot membranes were blocked in 1% Tween-20 and
probed with primary antibedy followed by horseradish peroxidase-
conjugated secondary antibodies. Primary antibodies used were anti-
Nestin (N5413, Sigma-Aldrich; sc-23927, Santa-Cruz Technologies),
anti-EGFR (#2232, Cell Signaling Technologies, Danvers, MA), anti-
Integrin B1 (E11) (sc-374430, Santa-Cruz Technolgies), anti-Integrin
B4 (B4) (sc377523, Santa-Cruz Technologies), anti-GAPDH (MAS5-
15738, Thermo Fischer Scientific), anti-AKT (SAB4500797, Sigma
Aldrich), anti-AKT (phospho-5124) (SAB4301497, Sigma Aldrich), an-
ti-ERK1/2 (SAB1305560, Sigma Aldrich), anti-ERK1/2 (phospho-
T202/Y204) (SAB1306604, Sigma Aldrich), anti-FAK (D1) (sc-271126,
Santa-Cruz Technologies) and anti-Histone H3 antibody (D1H2)
(#4499, Cell Signaling Technologies). Secondary antibodies used
were anti-rabbit 1gG, HRP-conjugated (#7074, Cell Signaling Tech-
nologies) and anti-mouse IgG, HRP-conjugated (#7075, Cell Signaling
Technologies). ECL was detected by exposure with the Fusion SL
instrument (Vilber Lourmat, Eberhardzell, Germany). For quantifica-
tion, ImageJ software was used.

Clonogenic Assay— Cells were seeded in low density with 200
cells/cavity in 12-well plates and treated with BRAF  Y°°°F and MEK
inhibitors (1 pm PLX4720, 0,1 pum cobimetinib). After 7-10 days, cells
were fixed with 4% formaldehyde and stained with 0.05% Coomassie
Brilliant Blue solution (Bio-Rad Laboratories, Hercules, CA) containing
80% methanol and 10% acetic acid. Stained colonies were washed
twice with DPBS and counted under the microscope.

Proliferation/Cell Viability Assay— A MTS assay was used to ana-
lyze the proliferation and survival of melanoma cells. Cells were
seeded (2 X 10%) into 96-well plates. On the next day, media was
changed, and cells were incubated for 96 h with increasing concen-
trations of respective inhibitors (0.1 um to 20 um of PLX4720 or
cobimetinib) or with DMSO. After washing with DPBS, cell viability
was assessed by CellTiter 96 ~ Aqueous One Solution Cell Prolifera -
tion Assay (Promega Corporation), according to the manufacturer’s
instructions. The IC ., values were determined from the dose-re -
sponse curves using log inhibitor versus response (three-parameter)
test in GraphPad Prism.

Gelatin  Zymography— For gelatin zymography, melanoma cells
were cultivated to 70-80% confluence, washed twice with DPBS and
grown for 24 h in FBS-free RPMI 1640 medium in presence or
absence ofinhibitors (1 um PLX4720, 0.1 um cobimetinib). Condi-
tioned media was collected, concentrated using SpeedVac and
nonreducing sample buffer was added (4% SDS, 20% glycerol,
0.01% bromphenol blue, 125 m m Tris-HCL pH 6.8). Samples were
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