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Abstract

Targeted cancer drugs that aim to perturb cancer-specific proteins and signaling networks promise enhanced
efficacy and less toxic side effects than conventional approaches. However, the high prevalence of low responses,
relapses and unwanted effects represents a major clinical obstacle. To obtain a better knowledge of the mode of
actions of targeted cancer drugs, renowned clinical agents and different cancer types were subjected to a global and

unbiased analysis by phosphoproteomics in this thesis.

The combination of radiation therapy with targeted agents could improve the limited therapeutic options for
pancreatic cancer. In this regard, the (phospho)proteomes of radioresistant pancreatic ductal adenocarcinoma cells
were analyzed to identify mechanisms of low response to radiation that may be overcome by targeted drugs. The
common reaction of the cells to radiation engaged over 700 phosphorylation sites on more than 400 proteins,
thereby uncovering novel members of the radiation-responsive signaling network. Among those, ten novel ATM
substrates were confirmed by in vitro kinase assays. The radioresistant cells displayed a complex regulation of
apoptotic processes that featured increased expression of NQO1. Moreover, comprehensive enrichment analysis
pinpointed elevated Actin dynamics and FAK activity in radioresistant cells. These adaptions in cellular protein
expression and signaling suggest pharmacological inhibition of NQO1 and FAK as putative new avenues towards

radiosensitization.

Small molecule kinase inhibitors often bind to more than one target protein resulting in uncertain activities in
patients. The combination of kinobeads affinity screening and phosphoproteomics enabled the study of the targets
and effects on cellular signaling of the clinical AKT inhibitors AZD5363, GSK2110183, GSK690693, Ipatasertib
and MK-2206 in HER2-overexpressing breast cancer cells. Between four and 29 nanomolar targets for each
inhibitor and 1700 regulated phosphorylation sites were revealed. Common drug-responsive phosphorylation sites
were based on AKT engagement and allowed an expanded view on the AKT signaling network. Within this
network, 15 novel AKT substrates were corroborated by a recombinant kinase assay. Based on this data, a targeted
PRM assay was established to reproducibly analyze further AKT inhibitors in higher throughput. Furthermore, a

secretome analysis identified STC2 as a putative response marker in the cell culture model.

Another class of targeted agents are monoclonal antibodies that engage surface antigens and exert multiple actions.
Here, the direct Fab-mediated effects of anti-HER2 pertuzumab and trastuzumab, in comparison to EGFR/HER2
inhibitor lapatinib, as well as anti-CD20 rituximab were analyzed by concentration- and time-dependent
phosphoproteomics. A panel of breast cancer cell lines and B-cell lymphoma and lymphoblastoid cell lines were
the basis to investigate both common effects and resistance mechanisms. Over 2000 responsive phosphorylation
sites were mainly regulated by lapatinib, while trastuzumab and pertuzumab had only modest direct effects. In
contrast, rituximab affected several thousands of phosphorylation events. Among these, phosphorylated MAPK1/3
can serve as s resistance and treatment marker. The role of MAPK1/3 for rituximab action was further confirmed
by the sensitization of resistant cells by pharmacological inhibition of MAPK signaling pathway members. In
addition, comprehensive pathway enrichment has uncovered the importance of an early activation of calcium-

dependent NFAT signaling and a subsequent cell cycle arrest for the action of rituximab.

In conclusion, this thesis revealed the mode of actions of selected clinical small molecule inhibitors and
monoclonal antibodies. It enabled a deep insight into the targets and effects of these agents on cancer signaling
and shed light onto resistance mechanisms. Furthermore, this study enhanced our understanding of major
signaling networks and may help to suggest novel targeted drugs for the application in patients. It can be

considered a valuable resource for researchers in the field of medicine and cell biology.






Zusammenfassung

Zielgerichtete Krebsmedikamente, die darauf abzielen, krebsspezifische Proteine und Signalnetzwerke zu
beeintrachtigen, versprechen eine verbesserte Wirksamkeit und weniger toxische Nebenwirkungen als
herkémmliche Ansétze. Die hohe Privalenz niedriger Ansprechraten, Rezidive und unerwiinschter Wirkungen
stellt jedoch ein grofles klinisches Problem dar. Um ein besseres Verstindnis der Wirkungsweise von
zielgerichteten Krebsmedikamenten zu erhalten, wurden in dieser Dissertation renommierte klinische Wirkstoffe
und verschiedene Krebsarten einer globalen und unvoreingenommenen Analyse durch die Phosphoproteomik

unter: Zogen.

Die Kombination von Strahlentherapie mit zielgerichteten Wirkstoffen konnte die begrenzten therapeutischen
Moglichkeiten bei Bauchspeicheldriisenkrebs verbessern. In diesem Zusammenhang wurden die
(Phospho)Proteome von strahlenresistenten duktalen Adenokarzinomzellen des Pankreas analysiert, um
Mechanismen des geringen Ansprechens auf Strahlung zu identifizieren, die durch gezielte Medikamente
iiberwunden werden konnten. Die gemeinsame Antwort der Zellen auf Strahlung umfasste iiber 700
Phosphorylierungsstellen an mehr als 400 Proteinen, wodurch neue Mitglieder des strahlenempfindlichen
Signalnetzwerks aufgedeckt wurden. Darunter wurden zehn neuartige ATM-Substrate durch in vitro-Kinase-
Assays bestitigt. Die strahlungsresistente Zellen zeigte eine komplexe Regulation apoptotischer Prozesse, die sich
durch eine erhohte Expression von NQO1 auszeichnet. Dariiber hinaus konnte durch eine umfassende
Anreicherungsanalyse eine erhohte Aktindynamik und FAK-Aktivitit in strahlenresistenten Zellen festgestellt
werden. Diese Anpassungen in der zelluliren Proteinexpression und Signaliibertragung legen eine

pharmakologische Hemmung von NQO1 und FAK als mutmafilich neue Wege zur Strahlensensibilisierung nahe.

Niedermolekulare Kinaseinhibitoren binden oft an mehr als ein Zielprotein, was zu ungewissen Aktivitdten in
Patienten beitrdgt. Die Kombination von Affinitatsscreening mit Kinobeads und Phosphoproteomik erméglichte
die Untersuchung der Targets und der Auswirkungen der klinischen AKT-Inhibitoren AZD5363, GSK2110183,
GSK690693, Ipatasertib und MK-2206 auf die zellulire Signaliibertragung in HER2-iiberexprimierenden
Brustkrebszellen. Es wurden zwischen vier und 29 nanomolare Targets fiir jeden Inhibitor und 1700 regulierte
Phosphorylierungsstellen gefunden. Héufige auf Medikamente ansprechende Phosphorylierungsstellen basierten
auf der Bindung an AKT und erlaubten einen erweiterten Blick auf das AKT-Signalnetzwerk. Innerhalb dieses
Netzwerks wurden 15 neuartige AKT-Substrate durch einen rekombinanten Kinase-Test bestitigt. Auf der
Grundlage dieser Daten wurde ein zielgerichteter PRM-Assay etabliert, um weitere AKT-Inhibitoren bei h6herem
Durchsatz reproduzierbar zu analysieren. Dariiber hinaus identifizierte die Sekretomanalyse STC2 als einen

mutmafllichen Behandlungsarker im Zellkulturmodell.

Eine weitere Klasse zielgerichteter Substanzen sind monoklonale Antikérper, die an Oberflichenantigenen
angreifen und vielfiltige Wirkungen ausiiben. Hier wurden die direkten Fab-vermittelten Effekte von anti-HER2-
Pertuzumab und Trastuzumab im Vergleich zum EGFR/HER2-Inhibitor Lapatinib sowie anti-CD20-Rituximab
mittels konzentrations- und zeitabhéngiger Phosphoproteomik analysiert. Ein Panel von Brustkrebs-Zelllinien
sowie B-Zell-Lymphom- und Lymphoblastoid-Zelllinien bildeten die Grundlage fiir die Untersuchung sowohl der
gemeinsamen Wirkungen als auch der Resistenzmechanismen. Uber 2000 ansprechende Phosphorylierungsstellen
wurden hauptsichlich durch Lapatinib reguliert, wihrend Trastuzumab und Pertuzumab nur méflige direkte
Wirkungen hatten. Im Gegensatz dazu beeinflusste Rituximab mehrere tausend Phosphorylierungsereignisse.
Unter diesen kann phosphoryliertes MAPK1/3 als Resistenz- und Behandlungsmarker dienen. Die Rolle von
MAPK1/3 fiir die Wirkung von Rituximab wurde durch die Sensibilisierung resistenter Zellen durch
pharmakologische Hemmung der Mitglieder des MAPK-Signalwegs weiter bestatigt. Schliellich wurde durch eine
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umfassende Anreicherung der Signalwege die Bedeutung einer frithen Aktivierung des kalziumabhéngigen NFAT-

Signalweges und eines anschlieffenden Zellzyklus-Stillstands fiir die Wirkung von Rituximab aufgedeckt.

Zusammenfassend enthiillte diese Arbeit die Wirkungsweise ausgewdhlter klinischer niedermolekularer
Inhibitoren und monoklonaler Antikdrper. Sie ermoglichte einen tiefen Einblick in die Ziele und Wirkungen
dieser Wirkstoffe auf die Krebssignaliibertragung und beleuchtete Resistenzmechanismen. Dariiber hinaus
verbesserte diese Studie unser Verstindnis wichtiger Signalnetzwerke und kénnte dazu beitragen, neue
zielgerichtete Medikamente fiir die Anwendung bei Patienten vorzuschlagen. Sie kann als eine wertvolle Ressource

fiir Forschende auf dem Gebiet der Medizin und Zellbiologie angesehen werden.
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1 Protein phosphorylation

1.1 Protein phosphorylation in cellular homeostasis

While the human genome was estimated to consist of > 20,000 genes [1], the human proteome is
expected to be far more complex containing > 1 million species [2]. In addition to the prominent
processes of genetic variations and alternative splicing of mRNA as a source of expanding protein
diversity, post-translational modifications (PTMs) of proteins further increase the number of so-called
‘proteoforms’, which describe all molecular forms in which protein products of a single gene can exist
[3]. By the covalent attachment of small chemical moieties or other proteins, PTMs can modulate

manifold processes such as metabolism, signal transduction, and protein stability [4].

A key PTM in the regulation of cellular functions is protein phosphorylation, which is fine-tuned by the
interplay of two enzyme groups: kinases and phosphatases. Protein kinases catalyze the process of
phosphorylation, which is the transfer of the y-phosphoryl group of adenosine triphosphate (ATP) to a
specific residue on a protein by the formation of a phosphate ester linkage through a nucleophilic
substitution reaction (Figure I-1). Dephosphorylation that is catalyzed by protein phosphatases reverses
protein phosphorylation by hydrolyzing the phosphate ester and releasing the phosphate group into
solution as a free ion. While protein phosphorylation itself was already discovered in 1906 [5], the role
of ATP and the enzymatic nature of the attachment of the phosphate group was uncovered later. This
happened in the 1950s when Fischer and Krebs as well as Burnett and Kennedy studied the conversion
of phosphorylase b to phosphorylase a and mitochondrial extracts [6, 7]. It was later shown that the
driving force behind phosphorylation is the energy released from the cleavage of the phosphoanhydride

bond between the - and y-phosphate of ATP under a high cellular ATP/ADP ratio [8].

ATP  ADP
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Figure I-1: The principle of reversible protein phosphorylation mediated by kinases and
phosphatases. The transfer of the y-phosphoryl group of ATP onto proteins is catalyzed by kinases.
By hydrolyzing the phosphate ester, phosphatases reverse phosphorylation.

The first kinase was subsequently discovered in 1968, when Krebs purified cAMP-dependent protein
kinase (PKA), which takes part in the activation cascade of phosphorylase a [9]. A study from 2002
reported that the human genome contains 518 genes that encode protein kinases, which can be further
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categorized into nine groups based on their sequence similarity [10]. A more current report re-evaluated
the annotation of kinases and found 555 members of the human kinome, from which 497 were allocated
to the main class of eukaryotic protein kinases and 58 to the class of atypical protein kinases including
lipid kinases [11]. Protein kinases share a conserved ensemble of secondary structures that include 12
subdomains folding into a bi-lobed catalytic core, which is connected by a flexible hinge region (Figure
I-2). The ATP binding site is localized in a deep cleft between the two lobes [12]. The ribose and
triphosphate groups of ATP bind in a hydrophilic channel, which further extends to the substrate
binding site. Kinase activity is regulated by particular structures of the kinase that can adopt manifold
conformations. The conserved DFG (aspartic acid, phenylalanine and glycine) sequence motif plays a
pivotal role in the process of kinase activation and engages in a regulatory hydrophobic spine (‘R-spine’).
The DFG motif rotates and flips between the active state (DFG-in conformation; aspartate points into
ATP pocket) and the inactive state of the kinase (DFG-out conformation) [13]. Phosphorylation of the
conserved activation loop, 20-30 residues C-terminal of the DFG motif, is required for the activation of
many kinases [14]. In addition, the largest fraction of phosphorylation in annotated pfam protein
domains has been found for protein kinase domains, spanning not only the activation loop but the whole
catalytic domain [15]. The activation of a kinase by an upstream kinase is the basis of cellular signaling
cascades that enable fine-tuning and amplification of signal transduction [16]. Complete activation by
interaction with binding partners is furthermore necessary for a few kinases such as cyclin-dependent

kinases (CDKs) that engage cyclins forming catalytically active cyclin/CDK complexes [17].
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Figure I-2: Common structural characteristics of protein kinases. Typical features of the secondary
structure of protein kinases, the ATP binding site and additional conserved elements, are shared
among the kinome (middle). Exemplary structures for a eukaryotic (EGFR; left) and atypical kinase

(mTOR; right) are displayed (adapted, with permission from [11]).

Despite the overall similar structural characteristics of kinases, large-scale studies in yeast have proven
vast differences between the size of substrate spectra among the kinome which have ranged between 1
and 256 substrates for a kinase [18]. In a hypothetical calculation with ~ 10,000 different proteins of an
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average length of ~ 400 amino acids kinases would need to specifically phosphorylate their substrates
in a background of ~ 700,000 potential phosphorylation sites (p-sites) (without considering the exposure
of these sites to the cytoplasm) [19, 20]. Mechanisms for kinase-substrate specificity are diverse and
include the depth of the catalytic cleft allowing for the discrimination between tyrosine and
serine/threonine residues, local interactions in proximity of the p-site, allosteric docking sites, distinct
cellular localizations of kinases that increase local kinase concentrations, scaffolds that direct the
interaction between kinases and substrates, competition between different putative p-sites and kinetic
proofreading after aberrant off-target phosphorylation (reviewed in [20]). The number of counteracting
phosphatases - ~ 200 - is far lower, which puts the question on how the reciprocity of phosphorylation
and dephosphorylation is regulated in terms of substrate specificity [21]. One major principle on how
the specificity of dephosphorylation is achieved appears to be driven by the interaction of the catalytic
subunits of the phosphatase with regulatory domains. The catalytic subunit of protein phosphatase 1
(PP1), for instance, can form complexes with > 50 bona fide or putative regulatory subunits contributing
to many different conformations of PP1, which have specific substrate specificities, restricted subcellular

locations and diverse regulation [22].

Protein phosphorylation in eukaryotes occurs mainly by O-phosphorylation of the amino acids serine,
threonine and tyrosine in the ratio of 90:10:0.05 [23]. It has been proposed that the lower stoichiometry
of tyrosine phosphorylation is based on the higher specificity of signaling via phospho-tyrosine [24]. N-
phosphorylation of arginine, histidine and lysine, as well as S-phosphorylation of cysteine and
acylphosphorylation of aspartic and glutamic acid has been furthermore detected in predominantly
prokaryotes but also eukaryotes. Most research has been accomplished on O-phosphorylation
potentially due to the higher abundance and increased stability compared to other forms of
phosphorylation [25]. The importance of phosphorylation in cellular regulation is highlighted by the
fact that at least three quarters of all proteins are known to be phosphorylated at some point of their
lifetime. Moreover, it has been proposed that more than 90 % of the human proteome would be covered

with increasing depth of phosphoproteomic identifications [23].

The large hydrated shell and the multiple negative charges of the phosphate group alters its modified
residues chemically in such a way that it is distinct from the appearance of all other naturally occurring
amino acids. This even holds true for aspartic and glutamic acid, whose carboxyl side chains only carry
a single negative charge and a smaller hydrated shell than the phosphate group [26]. Protein

phosphorylation therefore increases the chemical diversity of the surface of proteins in specific locations.



Chapter |

Due to its chemical properties, the phosphate group can promote either hydrogen bonds or salt bridges.
Especially the interaction with the guanidine group of arginine by the formation of an hydrogen bound
is likely, which can occur within the protein itself or between proteins [27]. As a consequence, protein
phosphorylation can regulate the interaction to another protein or, more frequently, provoke alterations
in the conformation of the protein monomer or composition of a protein multimer thereby tuning the
protein’s function (Figure I-3). Protein phosphorylation furthermore enables specific and inducible
recognition of the phosphorylated residues by binding domains of other proteins, thus promoting
transient protein—protein interactions. Renowned examples include Src-homology-2/3 (SH2, SH3) and
phosphotyrosine-binding (PTB) domain-containing proteins that bind to phosphorylated tyrosine
residues, forkhead-associated (FHA) domains that engage phosphorylated threonine and 14-3-3
domains that interact with phosphorylated serine and threonine [28, 29]. Protein interactions
established by phosphorylation are hence essential for inducing or inhibiting enzymatic activity and
transducing cellular signals. Phosphorylation can also lead to a regulated subcellular location of a protein
or create a phospho-degron that guides the protein towards ubiquitin-dependent degradation [30, 31].
Intra- & intermolecular K
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Figure 1-3: Consequences of phosphorylation on protein function. Phosphorylation can exert
multiple effects on proteins leading to the change of conformation, activation or inhibition of a protein
with enzymatic function, adjusted intracellular localization, degradation or stability of the protein.
Molecularly, phosphate groups can introduce intra- and intermolecular interactions, engage specific

binding domains of other proteins or establish a phospho-degron enabling proteasomal degradation.

In order to anecdotally illustrate the functionalities of phosphorylation on protein function, the
consequences of the activity of the serine/threonine kinase AKT will be discussed in more detail on the
example of two renowned AKT substrates. In concert with PI3K and mTOR (consolidated to the PI3K-

AKT-mTOR (PAM) pathway), AKT, is at one of the major hubs of cellular signaling that regulates
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manifold processes such as cell growth, differentiation, and survival (reviewed in [32]). Phosphorylation
of glycogen synthase kinase 3 (GSK3) on the N-terminus (Ser® and Ser*') by AKT leads to the formation
of an intramolecular pseudosubstrate that precludes binding of substrates to GSK3. The blockade of
catalytic activity of GSK3 by AKT-mediated phosphorylation is based on its substrate specificity, which
favors substrates that have been primed by phosphorylation in +4 position to the intended residue [33].
Some GSK3 substrates such as prosurvival BCL-2 family member MCL-1 and transcription factor c-
Myc are stabilized subsequent to GSK3 inhibition. Otherwise, phosphorylation would have created a
phospho-degron leading to proteasomal degradation [34, 35]. Another group of well-studied AKT
substrates are Forkhead Box O (FoxO) transcription factors, which are phosphorylated at the N-
terminus and within a nuclear localization sequence (NLS) (Thr* and Ser**® on FoxO1) leading to the
recognition by 14-3-3 domain-containing proteins [36]. The interaction enables the export and
retention of the transcription factors in the cytosol thereby inhibiting the expression of FoxO targets.
Consequently, AKT activity impedes the formation of relevant proteins for apoptosis activation, cell-

cycle arrest, catabolism and growth inhibition, whose expression would have been enabled by FoxO [37].
1.2 Perturbed protein phosphorylation in cancer

Given the importance of the catalytic activity of kinases on cellular functions, perturbations of the
formerly tightly controlled process of protein phosphorylation can cause human diseases such as cancer.
Cancer describes a group of disorders characterized by the occurrence of aberrant cells that are enabled
to divide in an unregulated manner and invade nearby tissues but also distant organs. The biological
basis of cancer is highly diverse. A framework to summarize underlying principles of tumor
pathogenesis was established that recognizes cancer development as a multistep progress [38]. Among
those characteristics are eight ‘hallmarks of cancer’, which include sustaining proliferative signaling,
evading growth suppressors, resisting cell death, enabling replicative immortality, inducing
angiogenesis, activating invasion and metastasis, reprogramming of energy metabolism and evading
immune destruction. Genome instability and inflammation are further understood to enable the advent
of the aforementioned hallmarks, which are fostered by non-malignant cells of the so-called tumor
microenvironment. Despite the complex interactions of these step-wise processes, the malignant
phenotype can be dependent on a single critical oncogene responsible for the malignant phenotype,
which describes the concept of ‘oncogene addiction” [39]. Oncogenes are therefore ideal targets of
pharmacological intervention for cancer therapy. The discovery of the Rous sarcoma virus transforming

factor (v-Src) as the first kinase oncogene [40] has since been followed by numerous additional cancer
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genes, which arose by different genetic mechanisms. More recently, also a ‘non-oncogene addiction’ of
cancer cells was proposed, which explains the perpetuation of the stress-phenotype of cancer cells [41,

42].

Mutations in kinase genes have been found to provoke several human diseases such as developmental
and metabolic disorders and cancer. In a study from 2010, 50 kinases, from which half were tyrosine
kinases, were prone to 915 mutations resulting in 67 single-gene diseases [43]. While the occurrence of
mutations in congenital disorders rather affected residues that are involved in regulation and substrate
binding of kinases, mutations in cancer commonly affected ATP binding and catalytic residues leading
to the activation of oncogenes or inhibition of tumor suppressors. Comprehensive genomic analysis of
multiple tumor entities has uncovered two to eight oncogenic driver mutations on average in a tumor.
[44]. Mutated residues in the catalytic subunit of phosphoinositide 3-kinase (PI3K), for instance,
hyperactivate the PI3K-AKT signaling cascade in different cancers [45]. Another prime example are
activating mutations of BRAF (including V600E-as the most common mutation) initiating constitutive
signaling of the mitogen-activated protein kinase (MAPK) pathway in ~ 40% of melanoma tumors [46].
Mutations in non-kinase proteins within kinase signaling cascades are also known to be frequently
occurring in cancer. For example, tumor suppressor Phosphatase and Tensin homologue (PTEN) is
highly affected by deletion or mutation in various human cancers, which again prompts aberrant AKT
activity [45]. Moreover, a comparison between pathogenic human single-nucleotide variants, insertions,
or deletions in the ClinVar database [47] and phosphorylated residues in the PhosphoSitePlus database
[48] uncovered 762 pathogenic mutations covering 383 diseases, including cancer [15]. Despite the fact
that impaired phosphorylation might not be the driver of pathogenesis for all p-sites, for some, it could
be a putative mechanism. Interestingly, in more than 75 % of these p-sites the upstream kinase was not
known, which could hint to completely new therapeutic lesions [15]. Another source of oncogenes can
be gene fusions, a phenomenon which was first discovered in 1960. Back then the so-called ‘Philadelphia
chromosome’ was detected in chronic myeloid leukemia (CML). This genomic arrangement creates
chimeric mRNA and protein of fused BCR-ABL leading to constitutive ABL activity (reviewed in [49]).
Further oncogenic gene fusions were for instance identified in acute leukemia [50], prostate cancer [51]
and in Ewing sarcoma [52]. Furthermore, gene amplification and subsequent overexpression can
provoke the emergence of oncogenes. In a comprehensive study from 2010 77 genes were discovered
that provide evidence for an amplification and overexpression in cancer leading to oncogenesis [53]. A
very prominent example is HER2, which is amplified and overexpressed in > 20 % of all breast cancer

tumors as well as in certain other solid tumors such as gastric cancer [54].
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2 Targeted drugs for cancer therapy

The majority of global deaths are nowadays provoked by non-communicable diseases such as cancer,
which is the second leading cause, after cardiovascular diseases, of worldwide deaths [55]. A steady aging
and growth of the population, and changes in the prevalence of the main risk factors for cancer play
pivotal roles in even further escalating cancer incidence and mortality rates world-wide [56]. 18.1 million
new cancer diagnoses and 9.6 million cancer deaths worldwide were estimated in 2018 [57]. Among all
cancer types, lung cancer was the most frequently diagnosed cancer and the leading cause of cancer
death (18.4 %). Incidents of female breast cancer (11.6 %), prostate cancer (7.1 %), and colorectal cancer
(6.1 %) followed. Colorectal cancer (9.2 %), stomach cancer (8.2 %), and liver cancer (8.2 %) were
subsequent for mortality. These numbers and the expected rise in cancer incidences and mortality

highlight the enormous need for suitable treatment options for cancer patients.

First-line therapy for many cancer types regularly includes surgery, chemotherapy and radiation
therapy. However, these conventional treatment options usually face highly limiting constraints.
Treatment options are, for instance, confined for solid tumors that suffer from dramatic low resectability
rates, such as pancreatic ductal adenocarcinoma (PDAC) [58]. Chemotherapy, on the other hand, likely
provokes undesired side-effects that arise from the non-specific effects of intracellular toxic compounds
like alkylating agents and platinants (e.g. cisplatin), cytotoxic antibiotics (e.g. anthracyclines), inhibitors
of topoisomerase (e.g. daunorubicin and doxorubicin), antimetabolites (e.g. gemcitabine) and anti-
microtubule agents (e.g. paclitaxel and docetaxel) (reviewed in [59]). The impairment of the essential
cellular functionalities that are targeted by chemotherapeutic agents in both cancer and healthy cells
regularly elicit acute and long-term toxicities affecting all organs and can even provoke leukemia [60].
Furthermore, a comprehensive study from 2004 has uncovered rather low therapeutic effects, as
represented by the benefit to the 5-year survival rate in > 200,000 patients with 22 major adult
malignancies that barely exceeded 2 % [61]. While there are chemotherapy-sensitive cancers, in
particular testicular cancer, Hodgkin’s and non-Hodgkin’s lymphoma, cervical cancer and ovarian
cancer, they account for less than 10 % of total cancer incidents [57]. Similarly, diminished responses
towards radiation cancer therapy are encountered on a regular basis with varying response rates among
different tissues [62]. As an example, high recurrence rates are faced in glioblastoma or non-small-cell

lung cancer (NSCLC) [63, 64].
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Consequently, the limitations and unsatisfactory therapeutic effects of conventional cancer therapy
approaches prompted the development of a novel way to treat cancer patients: targeted cancer drugs.
These agents hit molecular targets in a specific subpopulation of cancer patients. The underlying basis
for unraveling targets for novel agents was molecular and genetic research that uncovered perturbed
signaling networks initiating and sustaining tumor pathogenesis leading to the discovery of oncogenes
(see 1.2). Additional targets have derived from proteins that are differentially expressed by the cancer
cells and healthy cells or only expressed in a subset of the human cell types. Thereby, targeted cancer
drugs aim to introduce pharmacological specificity. Hormone therapeutics, signal transduction
inhibitors, gene expression modulators, apoptosis inducers, angiogenesis inhibitors and immune
therapeutics constitute the ever-growing list of targeted cancer drugs. While they derive from different
classes of pharmacological agents, targeted cancer drugs mostly target proteins. The two renowned

classes of kinase inhibitors and monoclonal antibodies are discussed in further detail.
2.1 Kinase inhibitors

The development of kinase inhibitors was, as elaborated earlier, driven by the findings that perturbed
kinase activity and protein phosphorylation play pivotal roles in the establishment and progression in
cancer. The early clinical success of imatinib in CML targeting BCR-ABL in 2001 was a breakthrough in
the development of targeted small molecule cancer drugs [65]. Further examples of renowned targeted
inhibition of oncogenes are EGFR-inhibitors erlotinib and gefitinib for the treatment of NSCLC with
sensitizing EGFR mutation [66, 67] and BRAF inhibitors dabrafenib and vemurafenib in cases of
BRAFY*®-mutation harboring melanoma [68, 69]. Until the end of 2019, 55 kinase inhibitors were
approved by the FDA, from which 48 agents are in use for targeted cancer therapy (provided by
https://www.icoa.fr/pkidb/; [70]). Over 100 additional kinase inhibitors are currently tested for multiple

indications in clinical trials.

The current classification system divides kinase inhibitors, based on their mode of binding to the kinase,
into the following groups: I (including I'2), IL, IIL, IV, V and VI [13] (Figure I-4). Most of the protein
kinase inhibitors developed to date mimic the binding of ATP to the hydrophilic channel in the hinge
region. These inhibitors are referred as to type I inhibitors, are ATP competitive and target the active
conformation of the kinase, which means that the DFG-aspartate is pointing into the ATP binding
pocket and the R spine is ordered and active. They typically contain a heterocyclic ring system that fits
the ATP binding site. Side chains of the inhibitors are then able to occupy the adjacent hydrophobic

regions. In case of type I% inhibitors, a subtype of the type I inhibitors, the DFG-aspartate is pointing

1
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into the pocket but the Ca is pointing out and the R spine is disordered [71]. Due to their binding to the
structurally conserved, active kinase conformation, type I kinase inhibitors often face selectivity
problems. A better selectivity towards the intended kinase is aimed to be addressed by considering the
size, shape and polarity of the gatekeeper residue at the rear part of the hinge region [72]. By contrast,
type Il inhibitors target the structurally less conserved inactive conformation of the kinase. The inactive
conformation of the kinase leads to the establishment of an additional hydrophobic binding site in the
hinge region, which is targeted by the inhibitor. It has been proposed that these inhibitors usually show
the same ATP competition as type I inhibitors [73], but offer increased selectivity [74]. However, more
recent and comprehensive research has found evidence that this assumption does not hold true [75].
Type III inhibitors bind to the phospho-acceptor site next to the ATP binding pocket, while type IV
inhibitors do not target the ATP-binding site but another distinct site of the kinase and are, as well as
type Il inhibitors, referred to as allosteric. While the approach of targeting allosteric sites within kinases
is a promising tool to increase selectivity, these structures remain rare among the kinome [76]. The low
incidence is well reflected by the modest number of approved allosteric inhibitors, which are comprised
by solely MEK inhibitors trametinib and cobimetinib [77]. Inhibitors of the type V are bivalent
inhibitors that target two different regions of the protein kinase domain. Type VI inhibitors bind
covalently to the kinase. The binding often occurs via Michael addition to a distinct cysteine residue
within the binding pocket of the kinase [78]. Consequently, the binding pocket is irreversibly blocked.
The development of irreversible kinase inhibitors is one attempt to prevent resistance of tumor cells to
already approved reversible inhibitors. As an example, irreversible inhibitors targeting EGFR were
shown to circumvent not only the T790M mutation but also altered receptor trafficking in gefitinib- and

erlotinib-resistant NSCLC [79].

As most kinase inhibitors target the well-conserved ATP-binding site, selectivities towards intended
kinases are mostly compromised. A recent chemoproteomic profiling of 243 clinical kinase inhibitors
revealed that only a small fraction exhibited high selectivity (for example capmatinib for MET, lapatinib
for EGFR, and rabusertib for CHEK1) [80]. Selective inhibition of a single kinase can be clinically
relevant when tumors carry the aforementioned ‘oncogene addiction’ causing the dependence on an
overly high activity of the targeted kinase. Thereby, undesired or toxic side effects by inhibiting off-target
kinases and non-kinase proteins can be reduced. In this regard, FECH is a common off-target of kinase
inhibitors and its inhibition is described to cause phototoxicity in patients [81, 82]. Apart from the
clinical perspective, the selectivity of kinase inhibitors is of utmost importance when used for basic

research. Here, kinase inhibitors are utilized as a tool to perturb kinase activity in order to decipher
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consequences on cellular signaling. However, cancer cells frequently bear complex perturbations of
cellular signaling including the aberrant activity of multiple kinases. Therefore, polypharmacology,
meaning the action on more than one target by promiscuous or multiple kinase inhibitors, might be
beneficial [83]. Evidence for the clinical success of the principle of polypharmacology can be seen in the
approval of highly unselective kinase inhibitors like dasatinib that binds to 67 proteins [80].
Furthermore, polypharmacology can enable the repurposing of kinase inhibitors. MET and ALK
inhibitor crizotinib, for instance, has been found to additionally target FAK, which leads to responses
in Neurofibromatosis Type 2 [84]. Moreover, BCR-ABL inhibitor imatinib has been successfully
repurposed for gastro-intestinal stromal tumors due to its inhibition of KIT [85]. These findings suggest
that the detailed knowledge of the targets as well as molecular consequences of the kinase inhibitors can

be beneficial for an intelligent use such as in drug repurposing.

Type | Type |l Type I Type IV Type V

\

15 \:)

" Inhibitor I DFG motif-aspartate

Figure I-4: Binding types of kinase inhibitors. While type | (including subtype 1%2), and Il inhibitors
bind to the ATP binding site, either of the active (I) or inactive (ll) conformation, type Illl and VI
inhibitors target allosteric sites. Bivalent inhibitors of type V target both the ATP pocket and an

allosteric binding site.

2.2 Therapeutic antibodies

As a key component of the adaptive immune system, antibodies or immunoglobulins (Igs) do not
depend on an enzymatic functionality to bind and inhibit the protein of interest, but instead reach
intended proteins on the cellular surface via protein-protein-interactions. Igs belong to the
immunoglobulin super-family (IgSF) and consist of each two heavy (H) and two light (L) chains [86]
(Figure I-5A). Each chain contains one N-terminal variable (V) IgSF domain and one (L chain), three
or four (H chain) C-terminal constant (C) IgSF domains. The proteolysis of Igs by papain led to the
further partition of antibodies into the Fab (fragment, antigen-binding) and the Fc moiety (fragment,
crystallizable). The three complementarity-determining regions (CDRs) on each IgSF domain are

characterized by a considerably high sequence variability and mediate antigen binding. Following the
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‘magic bullets’ concept as proposed by Paul Ehrlich, scientists have worked early on towards the
application of antibodies to treat human diseases such as cancer. The hybridoma technique, which was
introduced by Milstein and Kohler 1975, allowed for the first time the production of monoclonal
antibodies (mAbs) [87], which bind tumor cell-surface antigens at high specificities and are unable to
bind intracellular off-targets [88]. Nowadays, recombinant DNA technology using mammalian cell
expression systems are the methods of choice for the production of mAbs. Most of the clinically
successful antibodies are intact immunoglobulin G (IgG) molecules [89]. Yet, recent research has led to
the development of additional antibody constructs including single-chain antibody fragments and

bispecific antibodies provoking novel therapeutic actions.

The definition of cell surface antigens that are expressed on cancer cells or associated tissue has
uncovered a multitude of antibody targets that are overexpressed, mutated or significantly expressed
compared to healthy cells [90]. Ideally, those target antigens feature an abundant and homogeneous
expression, which is consistently and exclusively found on the surface of cancer cells and surrounding
tissue. In order to prevent antibody loss in the tumor interstitial space and blood circulation leading to
hindered efficacy, increased systemic clearance and side-effects, antigen shedding and secretion should
be minimal. Clinically successful cancer antigens, either for diagnostics or therapy, belong to different
classes of proteins that include haematopoietic differentiation antigens (cluster of differentiation (CD)
groupings; e.g. CD20, CD30, CD33 and CD52), glycoproteins on solid tumours (e.g. EpCAM, CEA,
mucins), glycolipids (e.g. gangliosides), carbohydrates (e.g. Le"), angiogenesis-regulating proteins (e.g.
VEGF, VEGFR), growth- and signaling-regulating proteins (e.g. EGFR, HER2, HER3, MET and IGF1R),
stromal and extracellular matrix antigens (e.g. FAP and tenascin) and immune checkpoints (e.g. PD-1,
PD-L1 and CTLA4) [89]. As of May 2020, 28 antibodies (excluding biosimilars) have received approval
from the FDA and EMA for the treatment of various solid tumors and haematological malignancies and

seven are currently under clinical review (as provided by https://www.antibodysociety.org).

Different factors enable the successful engagement of tumor antigens by antibodies. In particular, the
penetration of the tumor, catabolism of the antibody and specificity are critical parameters that are
greatly influenced by two related characteristics of antibodies: affinity and avidity. While affinity
explains the strength of binding between a single antigen and a single region of the mAb, avidity is the
accumulated strength of multiple affinities from multiple binding interactions [91]. For this reason,
functional affinity is dependent on the affinity of the antibody for the antigen, the valency of the antibody

and antigen and the geometric arrangement of the interacting components. Even though increased
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binding affinity and valence is generally proposed to improve targeting of the tumor [92], maximal
tumor engagement will be reached with intrinsic monovalent affinities in the low nanomolar range [93].
High-affinity antibodies that bind to internalizing tumor antigens, for instance, may be prone to a higher
degree of degradation [94]. The general principle of this so-called ‘binding-site barrier’ therefore

necessitates a tight balance between affinity and antigen/tumor engagement of the antibody [95].
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Figure I-5: Monoclonal antibodies as therapeutic agents in oncology. (A) Structural features of
antibodies of the IgG type. (B) Multiple putative mode of actions shape the therapeutic effect of
antibodies in patients. These can be mediated by the Fab terminus leading to the neutralization of
soluble antigens or direct actions on the cancer cell (1). Additionally, the Fc terminus of the antibody
might engage immune effector cells that themselves perturb the cancer cell (2). Furthermore,

antibody-drug conjugates are used to deliver drugs specifically to cancer cells (3).

The unique composition of therapeutic antibodies accounts for their multiple modes of action (Figure
I-5B). While the Fab moiety mediates the specific binding towards the cancer antigen, the Fc terminus
can elicit binding, and activation or inhibition of immune effector cells. By disrupting the interaction
with its binding partners, the binding of soluble ligands by antibodies can be regarded as the simplest
mode of action. Bevacizumab, for instance, binds anti-vascular endothelial growth factor (VEGF) and is
approved for multiple cancer types due to its anti-angiogenic effect [96]. Similarly (but not in the field
of oncology), renowned agents for the treatment of autoimmune diseases infliximab, adalimumab and
golimumab (among additional antibody constructs) target tumor necrosis factor alpha (TNFa) [97].
Due to their binding to a secreted cytokine, the limitations based on the ‘binding-site barrier’ principle
are negligible which is reflected by picomolar affinities towards TNFa [98]. Perturbation of the cancer
cell by direct binding of the antigen can be driven by single or multiple mechanisms including blocking
ligand binding or receptor dimerization, inhibiting cell-cycle progression or DNA repair [99], hindering

angiogenesis [100], increasing the internalization of receptors [101], reducing proteolytic cleavage of
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receptors [102] or inducing apoptosis [103]. Aside from direct actions on cancer cells, antibodies can
modulate the immune system by Fcy receptor (FcyR)-binding on immune-effector cells [104]. The
human FcyR family comprises six receptors in three subgroups, including FcyRI (CD64), FcyRIIa,b,c
(CD32a,b,c) and FcyRIIIa,b (CD16a,b). These receptors are expressed by several immune cells such as
neutrophils, macrophages, dendritic cells and natural killer (NK) cells. Especially NK cells are
elucidating antibody-dependent, cell-mediated cytotoxicity (ADCC) upon activation via FcyRIIla
engagement by the Fc terminus. The interaction enables the formation of an immunological synapse
that releases perforin and granzyme as well as initiates the Fas/FasL interaction, subsequently leading to
apoptosis of the tumor cells. Recruitment of the other cell types mainly provokes antibody-dependent
cellular phagocytosis (ADCP) [105]. Antibodies can additionally engage the complement system by
either interacting with complement component Clq, leading to the formation of pores in the targeted
cell membrane, or recruit effector cells by interaction with the C4b/C2b/C3b complement complex and
the receptor complement receptor (CR1). Both processes will ultimately lead to complement-dependent
cytotoxicity (CDC) [106]. The third putative mechanism of action is specific to antibody-drug
conjugates that can deliver toxins, radioisotopes or small molecule agents to tumor cells by engaging the
intended surface antigen [107]. Due to the guidance of the drugs directly to the tumor, toxic side effects
on healthy tissue are limited. In this regard, trastuzumab-emtansine (T-DM1), which contains anti-
HER2 antibody trastuzumab covalently linked to the highly potent anti-microtubule drug DM1 via a
stable thioether linker, has been approved for HER2-positive locally advanced and metastatic breast
cancer [108]. Most clinical mAbs feature activity of both Fab and Fc of the antibody resulting in complex
effects on the tumor cells. Consequently, the actual mode of action, including the share of action of the
putative mechanisms in the total action in patients is often not completely understood [109]. The first
clinically approved mAb anti-CD20 rituximab, for instance, depletes CD20-positive B-cells by ADCC
[110], CDC[111, 112], and caspase-dependent and -independent apoptosis [103, 113, 114]. Studies have
demonstrated the pivotal role of ADCC in the MOA of rituximab by showing that the efficacy of the
treatment is the highest in patients harboring the higher affinity form of FcyRIIIa (Val158) compared
to patients with the lower affinity form (Phel58) [115, 116]. However, rituximab still demonstrated
clinical efficacy in more than 50 % of the carriers with the lower affinity form. Furthermore, the
beneficial effect of the higher affinity form of FcyRIIIa was less clear when rituximab was combined with
chemotherapy [117]. This example highlights the interplay of different putative mechanisms shaping
the effects of antibodies and the need to decipher the detailed consequences of antibody engagement for

estimating the clinical impact on patients.
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2.3 Resistance towards targeted cancer drugs

The advent of targeted cancer drugs that rely on the existence of certain specific cancer antigens or
oncogenic drivers in tumors prompted the parallel development of companion diagnostics (CDx). CDx
are defined as an in vitro diagnostic tools, which predict and thereby support the safety and efficacy of a
corresponding targeted drug in patients [118]. This concept was introduced along with the approval of
trastuzumab, an anti-HER2 mAbD that was approved for HER2-positive breast cancer in 1998 [119] by

an immunohistochemical assay for HER2 overexpression (HercepTest, Dako) [120].

Still, targeted cancer therapy regularly faces primary and acquired resistance. Even if initial responses
towards targeted cancer drugs are striking, relapses often occur one to two years after treatment start.
For instance, the overall response rate to trastuzumab-containing therapies is ~ 26 % when used as a
single therapy and 40 - 60 % when used in combination with chemotherapy [121-123]. Genetic
alterations of receptor tyrosine kinases (RTKs) and their downstream signaling targets are pivotal
drivers of de novo resistances. In the case of trastuzumab, the resistance mechanisms frequently involve
constitutive activation of the PAM pathway via PTEN loss [124] or activating PIK3CA gene mutations
[125] and the presence of a truncated HER2 form (p95HER?2) that lacks an extracellular trastuzumab-
binding domain [126]. Since cancer is a dynamic disease indicated by a perpetual process of perturbed
cellular functions [38, 44], the tumor of a patient can also develop over the course of a treatment leading
to a cancer that is different from the diagnosed one. Distinct cancer subpopulations that harbor
molecular features with ranging sensitivities to cancer drugs can foster the adaption towards the therapy
and thereby provoke therapeutic failure [127]. The intratumoral heterogeneity may result from genetic,
epigenetic, transcriptomic, proteomic or other phenotypic changes evolving at different disease sites
(spatial heterogeneity) or over time (temporal heterogeneity). Acquired mutations, activation of bypass
signaling and cell lineage changes are among the manifold mechanisms [128-131] and could be featured
by distinct subpopulations leading to low responses during drug treatment. The overexpression of other
RTKs, such as EGFR, insulin-like growth factor-1 receptor (IGF-1R) or hepatocyte growth factor
receptor (MET) enables acquired resistance towards trastuzumab [132-134]. While these processes are
often thought of as ‘acquired’, underlying genetic vulnerabilities may be present in low allele frequencies

in treatment-naive tumors, as it has been proven for the EGFR*®™ mutation [135].

Consequently, defeating resistance to targeted cancer drugs became a major task in modern oncology
that necessitates a thorough understanding of the mode of actions of these agents. Given that cancers

generally become more heterogeneous and genomically complex during the course of a treatment,
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common treatment regimens need to be revisited. Upfront combination treatments with multiple or
promiscuous targeted agents might be more efficacious than subsequent lines of therapies. By a so-called
vertical approach the same signaling pathway is hit by several inhibitors thereby decreasing the chance
for the rise of resistance-conveying alterations. For example, the combined inhibition of BRAF and MEK
by dabrafenib and trametinib is recommended for the therapy of melanoma [136]. More pre-clinical
data is promising and further combinations are under clinical review. The combination of afatinib and
cetuximab that doubly hits EGFR, for instance, prolonged the response and delayed the emergence of
the EGFR™ mutation in lung cancer cells [137]. The horizontal approach aims to prevent the
emergence of a second pathway in response to the inhibition of the first one by targeting multiple
signaling pathways in parallel. Here, in vitro data rise hope to more efficacious treatments such as the
combination of an irreversible EGFR and a MAPK inhibitor that prevented multiple resistance
mechanisms to occur in NSCLC cells [138]. However, increased toxicity by applying multiple targeted
cancer drugs is a major limitation that needs to be tightly balanced with a gain in clinical response [139,
140]. Furthermore, cell populations with a low response towards the drug might ultimately still develop
and give rise to resistance. Consequently, combinations with more systemic and local therapies might
be key to sustainably combat resistance. In light of this, early clinical studies about combinations of
kinase inhibitors with immune checkpoint mAbs have confirmed beneficial outcomes, such as
lenvatinib and anti-PD1 pembrolizumab in endometrial and kidney cancer [141] as well as regorafenib

and anti-PD1 nivolumab in advanced gastric or colorectal cancers [142].
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3 Proteomics for studying drug targets and drug-perturbed cellular signaling

The comprehensive analysis of the action of targeted cancer drugs requires a global view on the cellular
signaling network that can be supplied by the scientific approach of systems biology. Systems biology is
a holistic framework to investigate the complex interactions of biological functions by applying key
‘omic’ techniques such as genomics, epigenomics, transcriptomics, proteomics and metabolomics [143].
Since the major drivers of cancer and effects of drugs are based on perturbed alterations of protein kinase
activities, proteomics might be an optimal tool to study the action of drugs. Thereby, not only the
composition but also the abundances and modification status of all proteins in complex biological
mixtures can be uncovered, including the subproteomes of all kinases (kinome) and phosphorylated
proteins (phosphoproteome) [144]. While low-throughput techniques such as Western Blotting are
frequently used to study protein changes, technical development in the field of mass spectrometry
allowed for the blossoming of proteomics [145, 146]. A milestone in this regard was the release of the
first draft of the human proteome in 2014 [147, 148]. Today, bottom-up proteomics is mostly used to
analyze protein mixtures by inferring from corresponding proteolytic peptides. In contrast, top-down

proteomics directly investigates intact proteins [149, 150].

3.1 Sample preparation for bottom-up proteomics
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Figure I-6: Steps of the sample preparation for bottom-up proteomics. Proteins are extracted from

cell culture or tissue samples and digested to peptides. Affinity enrichments of kinases or
phosphorylated peptides might be utilized if needed (transparent boxes). Resultant peptides undergo
two-dimensional peptide separation and ionization. Precursor and fragment m/z of peptide ions are
determined by tandem mass spectrometry (MS/MS). Finally, data analysis identifies and quantifies

peptides and proteins.
The preparation of complex biological samples for the analysis by bottom-up proteomics follows a few

basic principles but the technical details always need to fit the purpose of the research question [149]
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(Figure I-6). In this spirit, the method for the extraction of proteins from tissue or cell cultures needs to
be selected according to the type of samples, the subsequent processing steps and whether modifications
or the native structure of proteins need to be recovered [151]. Reduction of disulfide bridges and
alkylation of free cysteines are generally conducted right before protein digestion to enable the detection
of cysteine-containing peptides [152]. For the digestion of proteins, trypsin is mostly the protease of
choice because of the high sequence specificity and the generation of short peptides (bearing the basic
amino acids arginine or lysine at the C-terminus) [153]. Still, additional sequence-specific proteases such
as AspN, chymotrypsin, GlucC, LysC, and LysN could be used to enhance the sequence coverage.
However, this comes at the cost of decreased identification rates [154, 155]. The resultant thousands of
proteolytic peptides derived from a proteome prompt an additional step of peptide separation in order
to decrease the complexity and thus improve the depth of identification by mass spectrometry. A
multitude of chromatographic principles is at hand that exert the separation of peptides based on the
charge, polarity and hydrophobicity of the peptides. [156]. This first off-line fractionation approach
should ideally prove a high orthogonality to the second ion-pairing reversed-phase (RP)
chromatography that is typically performed on-line to the mass spectrometric analysis [157]. Strong
anion exchange chromatography (SAX) [158] or basic RP chromatography (bRP) [159] are frequently
applied in bottom-up proteomics. While high-performance liquid chromatography (HPLC) systems
[158] are often applied, stop-and-go-extraction (STAGE) tips offer beneficial characteristics such as

down-scaling capabilities [160].

The analysis of the kinome and phosphoproteome underlies technical obstacles that demand additional
sample processing steps. Shortcomings arise from the low abundance of kinases and the dynamic nature
and complexity of the phosphoproteome as well as the sub-stoichiometry of phosphorylated peptides.
Thus, kinases and phosphorylated peptides need to be enriched selectively from complex cell lysates and

peptide mixtures prior to the analysis with mass spectrometry [161, 162].

The kinome can be selectively enriched from complex lysates with immobilized promiscuous kinase
inhibitors that have been introduced as Kinobeads [161]. By applying Kinobeads in the form of a
competitive pulldown assay, proteins bound to kinase inhibitors can be deciphered on a kinome-wide
scale including additional purine-binding proteins. Incubation of lysates with the free kinase inhibitor
of interest prior to the addition of the affinity matrix results in the absence of the targets from the beads
(Figure I-7A). Comparative analysis of the captured kinases and non-kinase proteins by mass

spectrometry consequently enables the identification of the target space of the inhibitor, thereby
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uncovering so far unknown off-targets. Several generations of Kinobeads have been developed over the
time leading to the most recent version of Kinobeads € with seven immobilized probes [163, 164]. It has
been demonstrated that the combination of probes on Kinobeads € is able to cover more than 300

kinases, including lipid kinases, corresponding to more than half of the human kinome.
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Figure 1-7: Approaches for the enrichment of the kinome and proteome. (A) Immobilized
promiscuous kinase inhibitors (triangles) on Kinobeads selectively enrich protein kinases (rectangles)
from complex protein mixtures (left). By pre-incubating the proteins with free inhibitor, targets bound
by the inhibitor (violet rectangles) are enriched in lower abundance (right). (B) Metal ions such as Fe3*,
which are immobilized by IDA, are able to selectively coordinate phosphate groups present on

peptides (with permission from [165]).

The most common and successful techniques for the enrichment of phosphorylated peptides include
immunoaffinity purification with commercial antibodies, immobilized metal ion chromatography
(IMAC) and enrichment using metal oxides [166]. While a multitude of protocols is utilized for the
enrichment of phosphorylated peptides, Fe**-IMAC is one of the more commonly applied enrichment
strategies, in batch [167] as well as HPLC format [168]. The idea of using IMAC for the enrichment of
phosphorylated peptides was based on the observation that phosphorylated peptides and proteins can
bind ferric ions [169]. Today, polymeric matrices are mainly functionalized with iminodiacetate (IDA)
or nitrilotriacetic acid (NTA), which both can immobilize Fe** as well as other metal ions such as Ga**
and Zr** ions (Figure I-7B). These multivalent metal ions are used for the enrichment of phosphorylated
peptides as they provide a selective binding by coordinative bonds yet with different selectivities [170].
An optimized pH and acid concentration in the enrichment process have remarkably increased the
selectivity over non-phosphorylated peptides with multiple acidic residues [171]. Combined enrichment

strategies and extensive fractionation have enabled the coverage of up to 50,000 unique phosphorylated
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peptides in the phosphoproteome of a single cell line [23]. Recent development has led to enhanced
protocols that, for instance, require lower input amounts by exploiting automation systems [172] or
improved the enrichment of phosphorylated tyrosine peptides that are normally underrepresented by

recombinant SH2 domains [173].
3.2 Quantitative mass spectrometry

Enriched and fractionated peptides are subsequently subjected to mass spectrometric analysis. In
general, mass spectrometers enable the determination of the mass of charged molecules in gas phase by
applying electric and magnetic fields [174]. Consequently, mass-to-charge ratios (m/z ratio) of the
analyzed peptides are uncovered. Resultant mass spectra consist of increasing m/z-values plotted against
the intensity that has been determined for each analyte. The tandem mass spectrometry (MS/MS)
approach to identify peptides basically starts with the ionization of peptides, which are transferred to
mass analyzers enabling the acquisition of the peptide spectra (MS1 spectra). Afterwards, peptide ions
are isolated from the peptide ion mixture and subsequently fragmented. Mass analysis of the peptide
fragment ions results in peptide fragment spectra (MS2 spectra), which are the basis for deducing

peptide sequences leading to the inference of proteins.

In order to further reduce peptide complexity, proteomic samples are commonly fractionated by ion-
pair RP-HPLC at an acidic pH prior to ionization as the second dimension of chromatography [175].
This technique allows a direct coupling to the mass spectrometer due to solvent compatibility and
achieves a superior peak capacity for peptide separation [149]. The principle of separation by RP is based
on the interaction of peptides with the non-polar stationary phase (mostly octa-decyl alkane chains
(C18)-based material) directly via hydrophobic residues and indirectly through polar residues, which is
mediated by the amphiphilic ion-pairing reagent of the mobile phase [156]. Subsequent elution of bound
peptides by a gradually increasing the concentration of a non-polar solvent, such as acetonitrile, leads to

a separation of peptides according to their hydrophobicity.

While former rather harsh ionization techniques led to the physical destruction of biomolecules, the
introduction of electrospray ionization (ESI) was a breakthrough in the field of mass spectrometry. ESI
enables the generation of multiply charged species and transfer of, for instance, peptides into the gas
phase [176]. The outmost importance of this development was already recognized by awarding the
Nobel Prize in chemistry in 2002 to John Fenn. Directly coupled to the on-line HPLC system, a capillary
under voltage leads to the formation of the so-called “Taylor cone’ of the exiting mobile phase. After

leaving the capillary, the solvent evaporates from the droplets. This occurs until Coulomb forces exceed
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the surface tension (Raleigh limit) resulting in coulomb explosions that generate multiply charged
microdroplets carrying the peptides [176]. The final production of gas-phase ions is not completely
understood so far, but might be either explained by the ion evaporation model (IEM) or the charge
residue model (CRM) [177]. According to the IEM, as droplets reach a certain radius, the field strength
at the surface of the droplets is large enough to induce the field desorption of solvated ions. In contrast,
CRM suggests that electrospray droplets are subject to multiple evaporation and fission cycles, which
lead to progeny droplets that contain on average one analyte ion or less. Afterwards, the remaining
solvent evaporates and solely the analyte that carries all the charges of the droplet is left. Peptide ions are

subsequently transferred by the ion optics to the mass analyzers.

Different mass analyzers have been developed that separate peptide ions according to their m/z and are
embedded (also in combinations) in commercial mass spectrometers. The choice for utilizing a certain
mass analyzer is based on the specific sample and research question and is mostly guided by multiple
parameters such as the mass accuracy, mass resolution, m/z range, sensitivity, scan speed, and dynamic
range of the analyzer [178-180]. Time of flight (TOF) mass analyzers, for instance, make use of the fact
that ions with different m/z vary in flight times when accelerated from a source to a detector in a flight
tube. Reflectrons within TOFs improve resolution by compensating for the different kinetic energies of
peptides with the same m/z [181]. Quadrupole mass analyzers are built up of four rod electrodes that
feature an inner axial space for ion transmission [182]. Oscillation-based trajectories along the inner axis
of ions with a certain m/z are established when a radio frequency (RF) voltage is applied to the two
opposing rods generating an electric field. Depending on the applied RF voltage and the m/z, ions move
on stable trajectories or collide with the electrodes as well as exit the mass analyzer. In that way,
quadrupoles are rather regarded as mass filters that can allow peptides with a certain m/z to be
transferred to subsequent analysis. Similar to quadrupoles, ion traps maintain analyte ions on stable
trajectories in an electric field defined by the applied voltages and m/z [183]. The latest development of
a mass analyzer was the Orbitrap. This mass analyzer features a spindle-shaped central electrode, which
is surrounded by a barrel-like outer electrode. Analyte ions that got injected from an additional ion
storing unit (C-trap) rotate and oscillate along the central electrode with. The frequency of the
oscillations depend on the m/z ratios of the ions and an instrument constant that changes proportionally

with the voltage between the central and the outer electrodes [184].

While amino acid sequences of peptides and proteins were formerly only uncovered by Edman

degradation [185], tandem mass spectrometry is today the most common method to define a peptide
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according to its sequence. The approach is characterized by two separate acquisition modes that are
divided by time or space and switched in-between by the mass spectrometer: determination of the MS1
spectra of single peptide (precursor) ions and MS2 spectra of fragmented precursor ions. The acquisition
of tandem mass spectra is data-dependent when precursors are selected for fragmentation mostly based
on their intensity [186]. Hence, the number of acquired mass spectra is limited by the speed of the mass
spectrometer in data-dependent acquisition (DDA) experiments. The stochastic nature of precursor
selection, which results in incomplete peptide identification and a constrained reproducibility of peptide
identifications, therefore still constitutes a major disadvantage of the DDA approach [187]. Contrary,
data-independent acquisition (DIA) features a grouping of fragment ions into m/z-dependent sections
that are subsequently analyzed. This approach features a high reproducibility and quantification
accuracy. The acquired MS2 spectra are then matched to a spectral library for identification [188].
Because multiple peptides in an m/z window are fragmented together, the resulting MS/MS spectra are
highly complex, which requires advanced data processing. Another approach to overcome the issue of
irreproducibility is the targeted analysis of peptides such as parallel reaction monitoring (PRM). Here,
only precursors that were chosen prior to the measurement are fragmented according to their defined
m/z and retention time [189]. While targeted approaches are particularly superior to DDA in

reproducibility, they are not suitable for discovery-based research.

The basis for elucidating the peptide sequence by tandem mass spectrometry is the fragmentation of the
peptide leading to an ideal fragmentation pattern of the peptide ions that differs each step by exactly one
amino acid. In order to uniformly define the fragmentation of peptides, Roepstorff and Fohlman
proposed a nomenclature that is commonly accepted [190]. Hereby, N-terminal peptide fragments are
referred to as a, b or c-ions, while C-terminal fragments are called x, y or z-ions, depending on the
position of the bond break within the peptide. Several methods exist that are utilized to perform the
fragmentation of peptides. A widely used technique is collision-induced dissociation (CID), which lets
peptide ions collide with neutral gas molecules such as helium, argon or nitrogen, mostly within an ion
trap [191, 192]. Another approach is higher energy C-trap collisional dissociation (HCD). Here, ions are
accelerated by current offsets and then collide with nitrogen or other gases in an octopole collision cell
that is commonly referred to as HCD-cell. HCD generally generates higher kinetic energies than CID
and is able to retain smaller fragment ions. Since the MS2 spectra acquisition for HCD is often performed
in the Orbitrap, mass accuracy and resolution are improved compared to ion trap readout of CID, which
especially enhances the detection of peptide modifications [193]. The fragmentation of peptides by CID

and HCD mostly affects the peptide bond leading to the generation of mainly y- and b- ions. In contrast,
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electron transfer dissociation (ETD) predominantly generates c- and z- ions. Here, electrons are
transferred onto the peptides, which produces unstable positive radical ions leading to bond breakage
[194]. With regard to the analysis of phosphorylated peptides, the higher rate of neutral loss ions
produced by CID than HCD needs to be considered. Here, the loss of phosphoric acid (-HsPO,) from
phosphorylated serine and threonine often dominates the spectra and compromises the identification
of peptides [195]. The so-called multistage activation (MSA) approach can improve the spectra by
applying a second resonance excitation of the generated neutral loss ion in the ion trap leading to

increased identification rates for phosphorylated peptides [196].

Subsequently, the basic principles of the mass spectrometer mainly used in this work, the linear ion trap
quadrupole (LTQ) Orbitrap mass spectrometer Fusion™ Lumos™, is explained in more detail. In addition
to the ion trap and Orbitrap as mass analyzers, the Fusion™ Lumos™ features multiple fragmentation
options, such as CID and HCD (if the instrument is additionally equipped, ETD and ultraviolet
photodissociation (UVPD) as well), which allows versatile measurement setups (Figure I-8). The T-
configuration of the machine enables the combination of different acquisition methods by reducing the
distance between the ion source and each analyzer. MS1 spectra acquisition is generally performed in
the Orbitrap providing high resolution and high mass accuracy of the precursor, while MS2 fragment
spectra can be acquired either subsequently in the Orbitrap or simultaneously in the linear ion trap

[197]. Consequently, parallelization and the acquisition rate can be largely improved.
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Figure 1-8: Setup of the Fusion™ Lumos™ mass spectrometer. Peptide ions derived by ESI are
transferred via the ion optics (blue) to the rear part of the machine. The quadrupole (green) serves as
a mass filter. MS1 and MS2 analysis can be either performed in the dual-pressure linear ion-trap or in
the Orbitrap mass analyzer (yellow). Multiple fragmentation options, such as CID and HCD (orange
stars; performed in the ion trap and ion-routing multipole, respectively), are offered. This allows, in
conjunction with the two mass analyzers, multiple analysis approaches (adapted and with permission

from [197]).
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3.3 Proteomic data analysis

After tandem spectrum acquisition, peptide sequences need to be extracted from the fragment spectra
in conjunction with the calculated total mass of the peptide from the MS1 spectra. De novo sequencing
yields the amino acid sequence directly from the fragmentation pattern of the MS2 without any other
sources of sequence data [198]. However, due to imperfect recovery of peptide fragmentation data, de
novo sequencing is highly challenging and not suitable for most research questions.The most common
approaches for the identification of peptides make use of probability score-based search engines.
Andromeda, which is implemented in the MaxQuant software suite [199], and Mascot [200] are the
most frequently applied search engines for peptide identification. The basic principle behind these
engines is the matching of observed fragment masses from MS2 spectra to a database of theoretical
spectra that are generated by in silico digestion of known and putative protein sequences. In order to
estimate whether a peptide spectrum match (PSM) is a random event, probabilities scores are computed.
In addition to probability-based scoring, false discovery rates (FDRs) are often calculated to inspect the
data for overall quality regarding potential random hits to theoretical spectra [201]. In particular, a decoy
database that contains reversed or scrambled sequences is used for a second search of the experimental
MS2 spectra. By definition, every hit in this database is false and also referred to as a decoy hit.
Accordingly, a FDR can be estimated by taking the number of hits as well as of the decoys into account.
By assuming that random (and also false) hits in the actual database occur on the same level as the decoy
hits, a controllable number of false-positive identifications is allowed via a FDR cut-off. This arbitrary
FDR cut-off is often set to 1 % [149]. Special caution needs to be taken in case of phosphorylated
peptides, which often harbor several putative phosphorylated residues. While site determining ions that
are adjoining to the phosphorylation site are indicatory of the modified residue, they might be missing
or of very low abundance leading to an ambiguous localization. Different phosphorylation site
localization tools exist that aim to estimate the probability of the localization, such as the Mascot Delta
or PTM Score [202, 203]. Confidently localized phosphosites are frequently defined as class I sites that
harbor a localization probability of > 0.75 on the corresponding phosphorylated peptide [204].
Furthermore, the inclusion of variable PTMs like phosphorylation of serines, threonines and tyrosines,

vastly increases the search space, which may perturb the quality of peptide identification [205].

The quantification of identified peptides and proteins is the cornerstone to answer many research
questions and is conducted by different approaches in proteomics (reviewed in [206]). While label-free

quantification approaches derive peptide and protein abundance from spectral counting or peak
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intensities, multiple labeling techniques exist that enable the multiplexing of proteomic samples and
subsequent quantification. The most common metabolic labeling approach is stable isotope labeling by
amino acids in cell culture (SILAC) [207]. Since labeling and multiplexing are performed prior to
proteomic sample processing, experimental variation is covered by the labeling and accuracy is therefore
enhanced compared to other quantification approaches. However, the use of SILAC is especially limited

by the number of available isotopically labeled amino acids and a rather time-consuming labeling step.

1 0 o Putative 3C

N\‘JL /\)L N Putative *N
N o

0

Mass Mass NHS-ester
reporter normalizer (reactive
126-131 Da group)

Figure I-9: Structural features of TMT10plex™ labels. The NHS-ester reacts with the N-terminus and
-amino group of lysine residues forming a stable amide group. The mass reporter and the mass
normalizer are isotopically labeled with '*C (blue) and >N (green) on several positions. Due to the mass
normalizer, the labels feature isobaric properties of the same peptide on LC and MS1 level. However,
during HCD fragmentation on MS2/MS3 level, a unique mass reporter ion per label is released (126-

131 Da) and its intensity is used for relative quantification.

Chemical labeling constitutes another renowned quantification approach, which takes advantage of
small chemical tags such as N-hydroxysuccinimide (NHS) derivates targeting the peptidic N-terminus-
and lysine residues. The most commonly used chemical moieties are isotope tags for relative and
absolute quantification (iTRAQ) [208] and tandem mass tags (TMT) [209]. These tags contain, in
addition to the reactive group for peptide labeling, a mass normalizer and a cleavable mass reporter,
which both harbor different (but in total equal) numbers of *C and "N atoms among the tags (Figure
1-9). Multiplexed peptides possess identical properties in LC and on MS1 level but can be distinguished
on MS2 level by fragmentation into reporter ions and complementary ions. The intensities of the
reporter ions are a readout for the relative abundance of the underlying peptide in the multiplexed
samples. In the case of higher multiplexing tags such as the TMT10-plex set, the mass differences are
additionally neutron-encoded leading to the subtle difference of ~ 6.3 mDa between reporter ions [210].
Here, the analysis of reporter ions needs to take place in the Orbitrap at high resolution to resolve
neighboring reporter ions. Recent development of novel proline-based labels furthermore generated the
possibility to multiplex up to sixteen conditions (TMTpro 16plex) [211]. In particular, the benefits of
chemical labeling is the decreased MS measurement time, which does not come with the cost of

increased MS1 complexity. However, fragmentation of co-isolated interfering peptide ions
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quantification over isobaric chemical tags frequently causes ratio compression leading to drastically
decreased accuracy of quantification [212, 213]. By applying a second fragmentation step to MS2
fragment ions, co-isolation of fragment ions that were derived from interfering peptides is decreased
[214] and can be realized on a Fusion™ Lumos™ mass spectrometer. The MS3 scan is mostly performed
on peptide fragments that underwent HCD at high energies to enable an efficient release of the reporter
ions. The isolation of MS2 ions is furthermore executed by wave forms with multiple frequency notches
(synchronous precursor selection, SPS). This multi notch MS3 method fosters the co-isolation and co-
fragmentation of multiple MS2 fragment ions leading to a ten-fold increased number of reporter ions in

the MS3 spectrum over a standard MS3 approach without SPS [215].
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4 Objectives

Increasing counts of cancer diagnoses and deaths worldwide prompt efficacious therapy options to be
available. Especially targeted cancer drugs that aim to perturb cancer-specific proteins in a certain
subgroup of patients rise hope to battle the disease. Despite the overall clinical success of targeted cancer
drugs, the exact actions on cellular signal transduction by these agents are in many cases not completely
understood. This is well reflected by the frequently occurring low initial responses in groups of patients
that technically should benefit from the respective drugs as well as undesired side effects that may even
hamper clinical approval. Additionally, a better understanding of the effects on signaling networks could
help in defining better molecular indications potentially leading to proposed combinations of drugs to

overcome primary and acquired resistances.

Towards a better understanding of targeted cancer drugs, this thesis aimed to uncover the mode of
actions of selected renowned clinical agents, including small molecule inhibitors as well as therapeutic
antibodies, in different disease settings. As the analysis of drug action needs a global, and unbiased view
on cellular signaling that is dominantly driven by protein phosphorylation, phosphoproteomics was
chosen to serve as the ideal tool. In light of this, mass spectrometry-based phosphoproteomics has been
applied to (a) study mechanisms behind low responses of PDAC cells towards radiation leading to the
identification of small molecule inhibitors to putatively overcome the radioresistance (chapter II), (b) to
elucidate the targets of selected AKT inhibitors and their influence on cellular signaling in HER2-
overexpressing breast cancer cells also generating enhanced knowledge of AKT downstream signaling
(chapter IIT) and (c) to discover the direct Fab-mediated effects of anti-HER2 and anti-CD20 therapeutic
antibodies in appropriate cell line panels including the analysis of their potency and dynamic impact on

signal transduction (chapter IV).
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Summary

Pancreatic ductal adenocarcinoma is one of the most aggressive cancer types and is well-known for its
general low intrinsic radiosensitivity. In order to resolve mechanisms of how PDAC cells carry out
radioresistance, a combination of proteomics and phosphoproteomics of two radiosensitive as well as
radioresistant murine PDAC cell lines upon exposition to radiation was performed. A high depth of
(phospho)proteomic identifications with > 13,000 confidently identified phosphorylation sites and
> 7800 identified proteins was achieved. Measuring the response of the phosphoproteome upon
radiation revealed > 700 phosphorylation sites on > 400 proteins, which were regulated in all four cell
lines independently of the sensitivity status. This analysis validated already known radiomarkers, but
also uncovered novel members of the radiation-dependent signaling network in PDAC cells that were
shown to be exclusively based on protein phosphorylation but not protein expression level. Among those
radioresponsive phosphoproteins were ten novel ATM substrates, which were validated by in vitro
kinase assays. Comparison of radiosensitive and -resistant cells revealed a complex regulation of
apoptotic processes, while changes in expression of DNA repair proteins did not seem to play a pivotal
role for the mechanism of radioresistance. Especially increased expression of NQO1 was found to be a
potential mechanism enabling resistance by clearing harmful reactive oxygen species from the PDAC
cells. Further analysis of the radioresistance-associated-phosphoproteome, which was especially
enriched in phosphoproteins with cytoskeleton organizational function, revealed increased Actin
dynamics and FAK activity in radioresistant cells. Both likely lead to increased survival, migrational
capacity and perturbations in chromatin condensation, which could oppose radiation. Based on these
displayed adaptions in cellular protein expression and signaling in resistant PDAC cells,

pharmacological inhibition of NQO1 and FAK are putative new avenues towards radiosensitization.
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1 Introduction

Radiation therapy persists, along with chemotherapy, immunotherapy, hormonal therapy and surgery,
to be one of the major pillars of modern cancer treatment, whose ultimate intention is the uncomplicated
local tumor control without harming surrounding healthy cells. Approximately half of all cancer patients
worldwide currently receive radiation therapy as a treatment modality [1]. The underlying mode of
action of radiation therapy with e.g. gamma radiation by X-rays is based on the establishment of DNA
lesions by mainly double-strand breaks (DSB). Irradiated cells subsequently react to this perturbation
by initiating a defined molecular process known as DNA damage response (DDR), which is tightly
controlled by the activity of different kinases as well as downstream signaling cascades. This process
finally leads in a dose-dependent manner to survival or cell death such as apoptosis, from which the
latter will be the anticipated result of a radiation therapy (as reviewed in [2]). Common to other cancer
treatments as well, radiation therapy faces both intrinsic and acquired resistance. Mechanisms of how
tumors evade the lethal effect of radiation are manifold and include the presence of cancer stem cells
(CSC), increased DNA repair capacities, increased pro-survival pathway activation, infection by the

human papillomavirus (HPV), hypoxia (as reviewed in [3]) and immune-evasion [4].

In comparison to other cancer types, pancreatic ductal adenocarcinoma (PDAC) is considered to be a
rather radioresistant entity [5]. Along with an additional general resistance towards chemotherapy, low
resectability and late diagnosis, the low radioresponsiveness contributes to 5-year relative survival rates
of only 9 %. The low progress in diagnosis and efficient therapy options during the last decades is well
depicted by similar survival rates for PDAC patients of 4 % in 1975 [6]. Even with the current treatment
options in resectable PDAC, which consist of surgery, adjuvant chemotherapy and radiotherapy, local
failure rates are high and range between 47-63 % [7-9]. The molecular hallmarks of PDAC include
desmoplasia, which is characterized by a dense extracellular matrix and may contribute to both
radiation- and chemoresistance [10, 11]. Hypoxia is another feature of PDAC [12], which can cause its
general low response to radiation therapy [13]. PDAC establishment and progression are furthermore
driven by a large number of genetic mutations, which activate oncogenic pathways and inhibit tumor
suppressor pathways, including alterations in the KRAS, TP53, SMAD4, and CDKN2A genes [14].
Whereas the mutational landscape increases the heterogeneity in PDAC, these mutational adaptions of
individual tumors may generally enable targeted therapy and radiosensitization by engaging affected

pathways.
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While the low resection rate and currently limited treatment efficacy generate an urgent need for
radiosensitization in PDAC, targeted sensitizing treatment options towards the establishment of radio-
responsiveness have not been approved for clinical use yet. So far, clinical studies (mostly in phase I and
IT) concentrate on the pharmacological inhibition of DDR-responsive (PARP, cell cycle checkpoints)
and proliferation-inducing signaling pathways (EGFR) as well as more general immune checkpoints (as
reviewed in [15]). In order to reveal cellular processes of intrinsic radioresistance on a comprehensive
level and to propose novel targeted strategies to overcome radioresistance, a combined proteomic and
phosphoproteomic approach to compare protein expression and cellular signaling in radiosensitive and

radioresistant murine PDAC cell lines was performed.
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2 Material and methods

Sample preparation for the (phospho)proteomic experiment

F5461, 53704PPT, 53578PPT and 5748PPT cells were seeded and 24 h later irradiated with either 0 Gy
or 8 Gy. Each experiment was performed three times.1 h after irradiation, cells were washed twice with
PBS and lysed in 40 mM Tris(hydroxymethyl)aminomethane (Tris)-HCl pH 7.6, 8 M urea,
ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor (Roche) and phosphatase inhibitors
(Roche). Lysate was centrifuged for 1 h at 21,000 x g und the supernatant was subjected to sample
preparation (all steps performed by Sophie Dobiasch, Department of Radiation Oncology, Technical
University of Munich). The protein concentration in cell lysate was determined using the Coomassie
Plus Bradford assay (Thermo Fisher Scientific) and all steps were performed according to the protocol
of the manufacturer. Lysate of either 0 Gy (mix1) or 8 Gy (mix2) treated cells was in part pooled in a

1:1:1:1 ratio and processed along the individual lysates for each replicate.

200 pg protein of cell lysate was reduced with 10 mM dithiothreitol (DTT) for 40 min at 56 °C and
alkylated with 55 mM chloroacetamide (CAA) at room temperature in the dark for 20 min. After
dilution of the urea concentration from 6 M to 1.5 M with 40 mM Tris-HCI pH 7.6, the proteins were
digested in a 1:50 trypsin/substrate weight ratio overnight at 37 °C and 700 rpm. In brief, desalting of
the tryptic peptides was performed on Sep-Pak C18 50 mg columns (Waters) in 0.07 % trifluoroacetic
acid (TFA) in 50 % acetonitrile (ACN). Afterwards labeling of the desalted peptides was performed with
tandem mass tags 10 (TMT10)-plex (Thermo Fisher Scientific) at a final concentration of 6.67 mM TMT
according to instructions provided by the manufacturer except for a 1:2 TMT/peptide ratio. One TMT
channel was used for each cell line and treatment condition (126 = 53578PPT-0 Gy, 127N = 53578PPT-
8 Gy, 127C = 53704PPT-0 Gy, 128N = 53704PPT-8 Gy, 128C = F5461-0 Gy, 129N = F5461-8 Gy, 129C
= 5748PPT-0 Gy, 130N = 5748PPT-8 Gy, 130C = mix-0 Gy, 131 = mix-8 Gy). Pooled phosphopeptides
were enriched from the pooled samples using Fe- immobilized metal ion affinity chromatography
(IMAC) as previously described [10]. Subsequently, phosphopeptides were separated into six fractions
using basic reversed-phase (bRP) chromatography in a micro-column format (five discs, @ 1.5 mm, C18
material, 3M Empore per micro-column were used) in 25 mM NH,COOH (pH 10). Peptides were
fractionated with increasing ACN concentrations (5 %, 7.5 %, 10 %, 12.5 %, 15 %, 17.5 % and 50 %
ACN). The desalted flow-through was combined with the 17.5 % fraction and the 50 % fraction with the
5 % fraction to give a total of six fractions. Non-phosphorylated peptides (flow through of the Fe-IMAC)

were fractionated into 32 fractions by trimodal mixed mode chromatography, which uses reversed-
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phase, weak anion exchange, and strong cation exchange, as recently published [11]. After drying in a

centrifugal evaporator, the samples were stored at -20 °C until LC-MS" analysis.

In vitro kinase assay

Peptides were designed as 15-mers (if not stated otherwise) with Serine or Alanine in the central position
for wildtype or mutant, respectively. The synthesis was performed under an Fmoc-based solid-phase
synthesis strategy as described previously [16] by JPT Peptide Technologies GmbH (Germany). Peptide
pools were added individually to 50 mM HEPES-KOH pH 7.4, 150 mM NaCl, 6 mM MgCl,, 4 mM
MnCl,;, 1 mM DTT and 2 mM ATP to reach an end concentration of each peptide of 3 uM (pool 1) and
4.6 UM (pool 2) in the reaction mix. The reaction was started by supplementing 300 ng recombinant
active ATM (Sigma-Aldrich, #14-933-M) (ATM samples) or vehicle (control samples) and was
incubated at 30 °C for 1 h. Each reaction was performed in triplicate (if not stated otherwise). The
reaction was quenched by adding an equal volume of 1 % FA in ACN. After drying in a centrifugal

evaporator, the samples were stored at -20 °C until LC-MS/MS analysis.

LC-MS" analysis of the (phospho)proteome

Nano-flow liquid chromatography tandem mass spectrometry (LC-MS") measurement of TMT-labeled
non-phosphorylated and phosphorylated peptides was performed using a Dionex Ultimate3000 nano
high performance liquid chromatography (HPLC) (Thermo Fisher Scientific) coupled to an Orbitrap
Fusion Lumos mass spectrometer (Thermo Fisher Scientific). The fractions of phosphorylated peptides
were injected twice. Peptides were desalted on a trap column (100 um x 2 cm, packed in-house with
Reprosil-Pur C18-AQ 5 um resin; Dr. Maisch) in 0.1 % formic acid (FA) at 5 pl/min and separated on
an analytical column (75 pm x 40 cm, packed in-house with Reprosil-Pur C18-AQ, 3 um resin; Dr.
Maisch) using a 50 min linear gradient from 8-34 % (full proteome) or 80 min linear gradient from 4-
32 % (phosphoproteome) solvent B (0.1 % FA, 5 % dimethylsulfoxide (DMSO) in ACN) in solvent A (0.
1% FA, 5 % DMSO in water) at a flow rate of 300 nL/min. The Fusion Lumos was operated in data
dependent acquisition and positive ionization mode. Full scan MS1 spectra were acquired over a range
of 360-1300 m/z at a resolution of 60,000 (automatic gain control (AGC) target value 4e’, maximal
injection time 10 ms). For LC-MS? analysis of the full proteome, up to 20 peptide precursors were
selected for fragmentation by higher energy collision-induced dissociation (HCD; 1.2 m/z isolation
window, AGC value of 2¢°, maximum injection time of 50 ms) using 38 % normalized collision energy
(NCE) and analyzed at a resolution of 30,000 in the Orbitrap. For LC-MS® analysis of the

phosphoproteome, up to 10 peptide precursors were selected for MS2 fragmentation by collision-
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induced dissociation (CID; 0.7 m/z isolation window, AGC value of 5¢*, maximum injection time of
60 ms) using 35 % collision energy and analyzed at a resolution of 30,000 in the Orbitrap. An additional
MS3 spectrum was acquired in the orbitrap over an m/z range of 100-1000 at 50,000 resolution for each
peptide precursor. For this, fragment ions were selected by multi-notch isolation, allowing a maximum
of 10 notches and an ion trap isolation width of 2 Da, and subsequently fragmented by HCD at 55 %

NCE (AGC target value 1.2¢°, maximal injection time 120 ms).

LC-MS/MS analysis of the kinase assay

Nano-flow LC-MS/MS measurement of peptides deriving from the in vitro kinase assay was performed
using a Dionex Ultimate3000 nano HPLC (Thermo Fisher Scientific) coupled to an orbitrap Fusion
Lumos mass spectrometer (Thermo Fisher Scientific). Peptides were desalted on a trap column (100 pm
x 2 cm, packed in-house with Reprosil-Pur C18-AQ 5 um resin; Dr. Maisch) in 0.1 % FA and separated
on an analytical column (75 um x 40 cm, packed in-house with Reprosil-Pur C18-AQ, 3 pum resin; Dr.
Maisch) using a 51 min two-step gradient from 4-15-27 % B (0.1 % FA, 5 % DMSO in 100 % ACN) in
solution A (0.1 % FA, 5 % DMSO in water). The Fusion Lumos was operated in data dependent
acquisition and positive ionization mode. Full scan MS1 spectra were acquired over a range of 360-
1300 m/z at a resolution of 60,000 (AGC target value 4x10°, maximal injection time 50 ms).
Fragmentation was performed using HCD at 30 % NCE (AGC target value 5x10*, maximal injection

time 120 ms) in the orbitrap at 30,000 resolution.

Peptide and protein identification and quantification of the (phospho)proteome

Protein and peptide identification and quantification were performed using MaxQuant [12] (version
1.5.6.5) by searching the tandem MS data against all mouse canonical sequences as annotated in the
Swissprot reference database (16889 entries, downloaded 27.06.2017) using the embedded search engine
Andromeda [13]. Carbamidomethylated cysteine was set as fixed modification and oxidation of
methionine and N-terminal protein acetylation as variable modification. In addition, phosphorylation
of serine, threonine and tyrosine was set as variable modification for the phosphoproteome. Trypsin/P
was specified as the proteolytic enzyme and up to two missed cleavage sites were allowed. Precursor
tolerance was set to 4.5 ppm and fragment ion tolerance to 20 ppm. The minimum peptide length was
set to seven and all data were adjusted to 1 % peptide-spectrum match (PSM) and 1 % protein false
discovery rate (FDR). A minimum score for modified peptides was set to 40. MS2- (full proteome) and
MS3-based (phosphoproteome) TMT quantification was enabled, taking TMT correction factors as

supplied by the manufacturer into account. Subsequent data analysis was performed on identified and
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quantified protein groups (full proteome; as provided in the proteinGroups.txt) and phosphorylation

sites (phosphoproteome; as provided in the Phospho (STY)Sites.txt).

Peptide and protein identification and quantification of the kinase assay

Peptide identification and quantification were performed by searching the MS data using MaxQuant
[17] (version 1.6.0.1) against a database containing only sequences of the screened peptides.
Phosphorylation of serine and threonine, oxidation of methionine, and N-terminal protein acetylation
were set as variable modifications. Precursor and fragment ion tolerances were 4.5 ppm and 20 ppm,
respectively. Subsequent data analysis was performed on identified and quantified protein groups

phosphorylation sites (as provided in the Phospho (STY)Sites.txt).

Data analysis

The Perseus software suite [14] (version 1.5.5.3) was used for the (phospho)proteomic dataset to filter
out contaminants, reverse hits and protein groups (in case of the full proteome dataset), which were only
identified by site. Furthermore, only phosphorylation sites and protein groups that were detected in at
least two out of the three replicates were considered for further analysis. Multiplicities of
phosphorylation were added to the phosphorylation sites. Log2 fold changes for 8 Gy against 0 Gy
control and resistance against sensitivity samples were calculated per phosphorylation site and protein
group and tested for significance using a t-test (FDR =1 % or 5 %, sO = 0.1). Protein-protein interactions
were analyzed using the String database [15] (version 11.0) (combined score > 0.4) and visualized in
Cytoscape (version 3.4.0). The PANTHER Classification System was used for gene ontology (GO)
enrichment analysis [16]. Identified and quantified phosphorylation sites of the synthetic peptides
deriving from the in vitro kinase assay were only considered as ATM substrates in case of missing
identification and quantification of the phosphorylated peptide in the control samples and missing

identification and quantification of the respective phosphorylated mutant peptide.

Western Blotting

Protein lysates were generated by harvesting cells in 0.8 % NP40, 50 mM Tris-HCl pH 7.5, 5 % glycerol,
1.5 mM MgCl,, 150 mM NaCl, 1 mM Na;VOy,, 25 mM NaF, 1 mM DTT, protease inhibitors (SigmaFast,
Sigma) and phosphatase inhibitors. Proteins were separated by sodiumdodecylsulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and electro-transferred onto PVDF membranes. Blots were stored in
Tris-buffered saline (TBS), supplemented with 0.05 % Tween (TBS-T) and 2 % bovine serum albumin
(BSA) for 1 h at room temperature and then incubated with primary antibody (diluted in TBS-T, 5 %

BSA) overnight at 4 °C. The following primary antibodies were used: alpha-tubulin (1:1000, Santa Cruz
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Biotechnology, #sc-5286), Phospho-FAK (Tyr576/577) (1:500, Cell Signaling Technology, #3281), FAK
(1:1000, Cell Signaling Technology, #3285). Subsequently, blots were washed in TBS-T and probed with
the corresponding fluorophore-conjugated secondary antibody for 30 min at room temperature. The
immuno-reactive signals were detected directly by excitation of the respective fluorophore. Acquisition
and quantification of the band intensities were carried out with the Odyssey (Licor) imaging system and
respective software. Intensities of proteins were normalized to input housekeeping proteins and

phosphorylated proteins were normalized to the intensity of the respective total protein.
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3 Results and discussion

3.1 Phosphoproteomic analysis reveals common radiation-induced signaling changes

To identify the underlying mechanisms for intrinsic radioresistance in PDAC, a combined proteomic
and phosphoproteomic analysis of two murine radiosensitive (53548 and 5748) and two radioresistant
(F54561 and 53704) PDAC cell lines in response to radiation with X-rays (in triplicate; 8 Gy) was
performed. Sensitivity of the cell lines towards radiation was previously determined within a screen on
a total of 38 murine cell lines, from which the four cell lines indicated above were chosen as
representatives for each sensitivity status (data not shown; experiments performed by Sophie Dobiasch,
Department of Radiation Oncology, Technical University of Munich). Stable isotope labeling by TMT
was used [18] to enable the comparison of both the sensitivity status as well as the response to radiation

on the proteomes in parallel (Figure II-1).
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Figurell-1: (Phospho-)Proteomic workflow. Overview of the experimental design and the underlying

sample processing steps of the {(phospho-)proteomic workflow.

In order to be stringent, further analysis was restricted to those phosphorylation sites (p-sites) and
proteins, which were identified in at least two out of three replicates. The workflow led to a deep
phosphoproteome with 13,000 identified and quantified p-sites on > 3200 p-proteins, which was
supplemented with > 7800 proteins in the full proteome (Figure II-2). A high correlation between
replicates as exemplified by pooled control and treated samples (mix1 and mix2) (Figure II-3A) as well
as general low coefficient of correlation (CV) between replicates (here for mix1) of 0.12 indicated a high
data reproducibility (Figure II-3B). The even lower CV of 0.02 of the full proteome dataset might be
explained by a general lower variance on protein level due to more spectral events being utilized for
protein than for p-site quantification. Furthermore, quantification of the proteins on MS2-level might

have been more prone to ratio compression in comparison to MS3-quantified p-sites. The
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phosphoproteomic dataset drastically outperformed so far published phosphoproteomic studies
between 2010 and 2017 about the effects of radiation on cellular signaling (Figure II-3C) [19-23]

indicating a rich source for unwinding responses to radiation in general and resolving radioresistance

mechanisms.
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Figure l1-2: Depth of the (Phospho)proteome. (A) Number of identified and quantified p-sites (left)
and p-proteins (right). (B) Number of identified and quantified proteins. Data represent N = 2-3

biologically independent experiments.
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Figure II-3: Quality metrics of the datasets. (A) Matrices indicating the Pearson correlation of mix1
and mix2 samples between replicates R1-R3 for the phospho- (left) and full proteome (right). (B)
Histogram of the CV of mix1 between replicates on protein (black line) and p-site (grey line) level. The
median CV of both datasets is highlighted. (C) Comparison of identified and quantified as well as
regulated p-sites of this dataset to recent phosphoproteomic studies about effects of radiation on

cellular signaling.
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Figure 1l-4: The common radio-responsive phosphoproteome in both sensitivity states. (A)
Volcano plot of the regulation of p-site intensities upon radiation of all four cell lines. Significantly
regulated p-sites are marked in dark grey. Renowned DDR markers ATM-Ser'?®’, CHEK1-Ser®'’, CHEK2-
Ser?%> H2AFX-Ser™° HISTIH1E-Thr'® and MDC1-Ser’®® are highlighted in orange. (B) LC-MS3
quantification of DDR marker ATM-Ser'87, CHEK1-Ser3'’ (top, from left to right), CHEK2-Ser2¢>, H2AFX-
Ser™°(middle, from left to right), Hist1h1e-Thr'®and MDC1-Ser'¢® (bottom, left to right) p-site intensity

upon radiation in all four cell lines. Statistical analyses were performed by t-tests (FDR = 0.01, sO

IN

0.1). Error bars represent SD. Significance levels (Sig. level): ns P > 0.05, * P < 0.05, ** P < 0.01, *** P

0.001. Data represent N = 2-3 biologically independent experiments.
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In order to define the radiation-responsive phosphoproteome irrespective of the sensitivity state of the
cells, significantly regulated p-sites between untreated and treated cells were determined (FDR of 1 %,
Figure II-4A). This analysis led to a total of 747 p-sites, which reside on 409 proteins, including several
well-known DDR markers, from which a few were exemplified in the following. Increased
phosphorylation at ATM-Ser"* (an autophosphorylation event, which is under debate to increase ATM
activity in response to DNA DSB [24, 25]), at direct ATM substrate H2AFX-Ser'*® [26], indirect ATM
substrate CHEK-Ser**and ATR substrate CHEK1-Ser*'” [27] indicated the initiation of DDR in response
to DNA DSB by radiation in all cell lines (Figure II-4B). Further recruitment and subsequent
phosphorylation of H2AFX-Ser'“’-reader MDC1 [28] was proven by increased phosphorylation at
MDCI1-Ser'®. In addition, phosphorylation at Histlhle-Thr'%, a renowned ATM-dependent histone

marker [29], was significantly decreased upon radiation.
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Figure II-5: Protein expression levels of DDR markers. LC-MS? quantification of ATM, CHEK1 (top,
from left to right), CHEK2, H2AFX (middle, from left to right), HISTTH1E and MDC1 (bottom, left to right)
protein intensity upon radiation in all four cell lines. Statistical analyses were performed by t-tests
(FDR=0.01,s0=0.1). Error bars represent SD. Significance levels (Sig. level): ns P > 0.05, * P < 0.05, **
P <0.01, *** P < 0.001. Data represent N = 2-3 biologically independent experiments.

All elaborated examples as well as the remaining radiation-dependent regulations are based on altered
protein phosphorylation but not protein expression (Figure II-5), which illustrates the need of
phosphoproteomics for the global analysis of the immediate cellular response towards radiation.
Enrichment analysis of GO terms of all regulated phosphoproteins (p-proteins) has highlighted an
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accumulation of proteins which regulate DNA stability and dynamics (Figure II-6) demonstrating again

the responsiveness of the p-proteome towards radiation by activating the DDR.
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Figure 11-6: Enrichment of GO terms in the radiationresponsive phosphoproteome. Fold
enrichment for all significantly enriched GO terms from the radioresponsive phosphoproteome. The

log10 FDR is depicted by the bubble size.
3.2 In vitro kinase assays validate novel ATM substrates

Initiation of DDR upon radiation in all four cell lines was additionally underscored by 136 p-sites on
105 proteins with pSer/pThr-Gln consensus sequence motif of DDR-initiating kinases ATM and ATR
[30] (likewise DNA-PK [31]) in the set of the 747 significantly regulated p-sites (18 %; Figure II-7A).
The well-established ATM autophosphorylation site ATM-Ser'® and substrate CHEK1-Ser*"” (Figure
I1-4B), for instance, were among these. The majority of the p-sites were significantly increased in
phosphorylation upon radiation (Figure II-7B), which is in line with increased ATM activity that was
assumed. An enrichment of the motif in the radio-responsive p-proteome was evident through the
comparison with the fraction of the motif in the complete p-proteome, which was substantially
decreased (3 %; not shown). Protein-protein interaction analysis revealed both various proteins of a high
interconnectivity and proteins without any known protein-protein interaction to the rest of the network
of the ATM-motif p-sites (Figure II-7B). The latter might indicate potential novel substrates that have

not been linked to ATM signaling or DDR in general so far.

In order to validate novel substrates biochemically, in vitro ATM assays were executed for all 136 ATM
motif-containing p-sites using synthetic peptides, recombinant ATM and LC-MS/MS for identification
and quantification. Motif-specificity was assessed by analyzing the ability of ATM to phosphorylate
Ser/Thr to Ala-mutants of the respective peptides and was the prerequisite to define a substrate. The five
reported targets BID-Ser”® [32], Mcm3-Ser”*? [33], RSF1-Ser*® [34], SF3B2-Ser*”” [35] and SMC3-Ser'*
[36] were determined to be specifically phosphorylated by ATM, demonstrating the general feasibility

of identifying candidate peptides as direct substrates of ATM by this assay (Figure II-7C). Among the
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ten novel ATM substrates was, for example, FAM175a-Ser*® (or ABRAXASI1-Ser*), which complements
the reported phosphorylation on Ser**® by ATM on yet another position and strengthens the protein’s
role in DNA damage resistance, DNA repair, and cell cycle checkpoint control [37]. ATF7IP (MCAF1),
on the other hand, has not been attributed to the function of ATM and its phosphorylation on Ser*”
might shed light on how its action as both transcription activator and repressor can be modulated [38].
Phosphorylation on NOL4L-Ser**by ATM could generally functionalize the protein, whose function is
so far not known, by putting it into the context of radiation-responsive DNA damage response. SCAF11-
Ser’®, SLTM-Ser'®, SRRM2-Ser'?®, TATDN2-Ser'?, UBXN7-Ser?*®, WBSCR22-Ser** and ZC3H11A-
Ser'® were moreover identified as novel ATM substrates, which is expanding the ever-growing number
of ATM substrates. Beyond the in vitro identification of the substrates, a similar magnitude of
phosphorylation by ATM could be deduced by fold changes upon radiation, which were in the same
ranges for both known and novel ATM substrates in the phosphoproteomic experiment in cells (Figure

II-7C, blue circles).

While the validation of the known and novel ATM substrates was performed by using recombinant
kinase and synthetic peptides ex cellulo, further experiments would be necessary to finally proof prove
direct kinase-substrate relationships on substrate protein-level as well as in a cellular environment. Still,
the linearity of the ATM substrate motif underscores the chance of using peptidic substrates in such an

assay.
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Figure 1I-7: Enrichment of the ATM/ATR motif in the radio-responsive phosphoproteome. (A)
Frequency sequence logos showing amino acid distribution around the 747 radio-responsive p-sitesin
the (left) and 136 p-sites bearing the ATM/ATR motif (right) + seven residues. (B) Protein-protein
interaction-based networks (available from www.string-db.org) of p-proteins, which were significantly
regulated upon radiation (small network in circle, left), and of p-proteins, whose regulated p-sites
harbored the ATM/ATR motif (right). Edges are confidence-weighted. The logz. FC in p-site intensity
was averaged on each p-protein and over all five inhibitors. Increased phosphorylation intensity is
visualized via a violet and decreased phosphorylation intensity by a green node. The thickness of the
node lines demonstrates the standard deviation of averaged log: FC per p-protein, with broader lines
indicating a higher standard deviation. (C) P-site intensity of identified known and novel substrates in
the in vitro ATM assay (top). The average log2 FC for each p-site upon radiation is additionally
highlighted via blue circles. P-site intensities of respective mutant peptides (middle) and wild type
peptides without ATM (control; bottom) are shown as well. Error bars represent SD. Data represent N

= 2-3 biologically independent experiments.
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3.3 Increased NQO1 expression is associated with radioresistance in PDAC

Responses to radiation have demonstrated that DDR, at least in its initial stages, is realized through the
same cellular signaling changes in both radiosensitivity states. However, other so far unknown signaling
events need to fine tune the balance between cell survival and apoptosis upon radiation, leading to a
divergence into radiosensitivity and radioresistance. In the interest of revealing radioresistance-
associated proteomic adaptations, proteins with significantly different intensity between radiosensitive
and radioresistant cell lines were detected by t-testing (FDR = 0.05, sO = 0.1). Their association with
major molecular events following the initiated DDR according to GO terms - non-homologous end
joining (NHE]) (GO:0006303), homologous recombination (HR) (GO:0000724) and apoptosis
(GO:0006915) - were furthermore determined (Figure II-8). While no association with NHE] was found
among the proteins, three proteins responsible or associated with DSB repair by HR were detected.
Interestingly, XRCC3, which is a major component of HR, is less expressed in radioresistant than in
radiosensitive cells. This observation stands in strong contrast to reports suggesting elevated XRCC3
expression to be associated with radioresistance leading to increased DNA repair and less cell death [39].
Decreased XRCC3 expression observed in this dataset therefore might not be a potential resistance
mechanism. This leads to the general assumption that dys-regulated DNA repair mechanisms may not

cause radioresistance in the cell lines analyzed.
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Figure 11-8: Radioresistance-associated proteins. Heatmap of Z-scored intensities of significantly
regulated proteins between radiosensitive and radioresistant cell lines that were categorized by the
following GO terms (if applicable): DSB repair via NHEJ (GO:0006303), DSB repair via HR (GO:0000724)
and apoptotic process (GO:0006915) (left). Statistical analyses were performed by t-tests (FDR = 0.05,

sO = 0.1). Data represent N = 2-3 biologically independent experiments.

Besides, 66 proteins were associated with the process of apoptosis, which implies a potential regulation
of the strength of this type of cell death in the radioresistant cells. Among these proteins, NAD(P)H
quinone oxidoreductase 1 (NQO1) harbored increased expression in the radioresistant cells and will be
discussed in greater detail (Figure II-9A). Downstream of NRF2, NQO1 both stabilizes proteins from
20S proteasomal degradation in a non-catalytic mechanism and clears reactive oxygen species (ROS)

from cells, particularly upon stress stimuli [40]. The latter is especially of interest since it has been
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reported that increased ROS scavenger activity results in low ROS levels and subsequently to
radioresistance [41]. Furthermore, decreased NRF2 expression has been shown to increase ROS levels
and decrease NQO1 expression in irradiated cells.[42]. Taken together, increased NQO1 expression in
the analyzed PDAC cell lines may contribute to their ability to overcome the radiation burden by
eliminating high ROS levels. A recent report has analyzed the correlation between gene expression
profiles and radioresistance of 533 tumor cell lines representing 26 cancer types, including PDAC and
confirmed NQO1 expression as a putative driver of resistance [5]. Despite transcriptome and proteome
levels of proteins are often difficult to compare, this highlighted the role for oxidative stress response in
radiation resistance, even as a general mechanism in many different cancer types. Analysis of the
correlation values found by Yard et al. for all the significantly expressed proteins of the proteomic dataset
moreover uncovered additional proteins with both positive (or negative) correlation and positive (or
negative) log2 FC, such as apoptosis-related proteins GSN, NOL3, CTSZ and FXN (Figure II-9B). This
lends support for the hypothesis that also several other significantly expressed proteins indeed could
contribute to the resistance mechanism. The finding that a high expression of NQOI1 seems to be
associated with PDAC progression and could serve as a prognostic biomarker in PDAC [43] further
stresses the point of NQO1 being relevant in patients. Several small molecule inhibitors of NQO1, such
as dicoumarol, were already reported [44] and have proven growth inhibitory effects in human
pancreatic cell lines [45]. Interestingly, dicoumarol has been used as an anticoagulant drug for decades
but has not been under review in clinical studies for cancer treatment so far. However, pharmacological

NQOL1 inhibition could be tested in future experiments to sensitize resistant cancer cells towards

radiation.
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Figure ll-9: NQO1 as radioresistance-associated protein in PDAC. (A) LC-MS? quantification of NQO1
in all four cell lines. (B) Spearman correlation of radioresistance-associated proteins of this dataset
according to Yard et al. [5] and their Log2 FCmean within this dataset. NQO1 and additional apoptosis-
related proteins are highlighted in orange. Statistical analyses were performed by t-tests (FDR = 0.05,
s0 = 0.1). Error bars represent SD. Significance levels (Sig. level): ns P > 0.05, * P < 0.05, ** P < 0.01, ***
P < 0.001. Data represent N = 2-3 biologically independent experiments.
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3.4 Radioresistant cells feature increased actin dynamics and FAK activity

To analyze potential resistance mechanisms on an additional subproteomic level, significantly increased
and decreased p-site intensities between both sensitivity states were determined, which resulted in a total
of 361 p-sites on 192 proteins (FDR = 5 %, sO = 0.1; Figure II-10). More significantly regulated p-sites
upon radiation compared to the basal state of the cell lines were detected highlighting potential
radiation-dependent resistance mechanisms in addition to radiation-independent processes. Further
GO term analysis on significantly regulated p-proteins revealed the enrichment of proteins with
cytoskeleton organizational functions especially in actin dynamics (Figure II-11A). As an example,
significant changes of phosphorylation intensity on proteins responsible for actin dynamics such as actin
filament bundler LIMA1 [46] on Ser*® and actin nucleation factor SPIRE1 [47] on Ser'”, which was in

both cases in line with increased protein expression, were detected (Figure II-11B).

Significantly increased phosphorylation of focal adhesion kinase (FAK) furthermore highlighted the
engagement of the cytoskeleton in radioresistant cells. FAK is a non-receptor tyrosine kinase that
controls various cellular signaling pathways such as cell invasion [48], epithelial-mesenchymal transition
[49] and cell survival [50, 51] by kinase-dependent and kinase-independent mechanisms. Elevated
phosphorylation on domain activation loop Tyr*”®, which indicates the formation of an activated FAK-
SRC complex [52], on another activating FAK-p-site Tyr*" [53] (Figure II-12A), as well as on FAK
substrate paxilin (PXN)-Tyr'*® (Figure II-12B) in the resistant cell lines illustrated increased FAK
activity. Elevated levels of phosphorylated FAK in the radioresistant cell lines were also demonstrated
by Western Blotting (Figure II-13A) resulting in a considerable correlation to the phosphoproteomic
experiment (Figure II-13B). The observed increased FAK activity can be speculated to increase cell
survival in radioresistant cells, shifting the outcome of activated DDR upon radiation away from
apoptosis to cell survival. Elevated expression of FAK has been already proposed to act as a driver of
radioresistance in head and neck cancer [54]. This observation can be extended to elevated FAK activity
presented by FAK phosphorylation as a radioresistance marker in PDAC, which does not have to be
based on an increased expression. The latter point is also stressed by the fact that in the aforementioned

study by Yard et al. [5] FAK expression has not shown any notable correlation with radioresistance.
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Figure 11-10: Radioresistance-associated phosphoproteome. Heatmap of Z-scored intensities of
significantly reqgulated p-sites between radiosensitive and radioresistant cell lines. Exemplary up-

regulated p-sites are highlighted. Data represent N = 2-3 biologically independent experiments.

Actin dynamics plays a pivotal role in cell movement and cell protrusion and is linked to FAK-associated
proteins, which directly bind to actin upon FAK activation by integrins [48, 55, 56]. Furthermore, a
plethora of research has provided evidence for FAK signaling to impact the distribution of the nuclear
scaffold protein lamin A/C, which further influences the chromatin organization and condensation as
well as the ratio of hetero- to euchromatin. Especially the latter has been reported to enable cancer cells
to establish radioresistance [57]. These observations suggest an additive or even synergistic effect on
cytoskeleton organization in the radioresistant cells by both increased FAK activity as well as increased

actin dynamics by a higher expression and activity of Actin-associated proteins.
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Figure 1lI-11: Enrichment of cytoskeleton-associated proteins. (A) Fold enrichment for all
significantly enriched GO terms from the radioresistance-associated phosphoproteome. (B) LC-MS"
quantification of total LIMA1 (left) and SPIRE1 (right) with each having a significantly regulated p-site
in all four cell lines. Statistical analyses were performed by t-tests (FDR = 0.01, sO = 0.1). Error bars
represent SD. Significance levels (Sig. level): ns P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001. Data

represent N = 2-3 biologically independent experiments.

Pharmacological inhibition of FAK by defactinib has sensitized the two resistant cell lines towards
radiation in subsequent experiments (data not shown; experiments performed by Sophie Dobiasch,
Department of Radiation Oncology, Technical University of Munich). This stands in line with previous
reports showing siRNA silenced FAK activity to radiosensitize human PDAC cell lines [58]. The high
selectivity of defactinib for FAK, as previously determined by Kinobead screening [59], excludes the
influence of off-target engagement and underlines the dependence of FAK activity for the
radioresistance. Current studies of defactinib in clinical trials of up to phase II, for example in PDAC
patients in combination with immune checkpoint inhibition, (as reviewed in [60]), furthermore indicate
the safe usage in humans and may pave the way to initiate the analysis of FAK inhibition as a

radiosensitizer in PDAC patients.

70



Chapter I

A B . PXN
o 4.0x108 FAég‘ level:ns g 5.0x108 Sig. level:ns
8 23.0x10° g £4.0x10°
o2 o g 3.0x10°
g £2.0x10 £ £ 2.0x10°
£ = 1.0x10° 5 1.0x10°
z 0 < 0 - o - o

00 Gy ey 8 8 8 8
=8 Gy B8CGY v v ¥ o
Res
" 118
= s FAK-Tyr™ 5 1.0x105 NG ever
£ 4.0x10 £ 5
5 2 s S 28.0x10
g 2 3.0x10 % £ 6.0x10°
S 8 2.0x10° £ £ 4.0x10°
E < 1.0x10° 5 2000°
© ooy o00) & 2§ §
E8 Gy B8CGY v w ¥
Res
- 61
g s0a0, W e
S Z4.0x10°
® £3.0x10°
£ £ 2.0x10°
5 1.0x10°
z 0
0o Gy

Figure I1-12: Increased level of activated FAK in radioresistant cell lines. LC-MS" quantification of
total FAK (top), FAK-Tyr®’¢ (middle) and FAK-Tyr®" (bottom) in all four cell lines. (B) LC-MS"
quantification of total PXN (top) and PXN-Tyr''® (bottom) in all four cell lines. Statistical analyses were
performed by t-tests (FDR = 0.01, sO = 0.1). Error bars represent SD. Significance levels (Sig. level): ns
P > 0.05 *P < 0.05 ** P < 0.01, *** P < 0.001. If Sig. levels differ between radiation status 0Gy/8Gy,
both levels will be indicated. Data represent N = 2-3 biologically independent experiments.

In summary, this study illustrates the high potential of not only proteomics but especially
phosphoproteomics to uncover putative radioresistance markers on a global level. In combination with
the knowledge about the mode of action of targeted drugs, novel specific radiosensitizers might be
revealed leading to clinical evaluation. In light of this, the discussed examples of radioresistance-

associated protein expression and phosphorylation levels do not claim completeness. The underlying

data can rather be regarded to serve as a resource for further exploitation.
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Figure Il-13: Validation of increased FAK phosphorylation levels via Western blot. A) Western blot
of FAK, FAK-Tyr>7¢/577 and alpha-tubulin in all four cell lines. Quantified band intensities are displayed

below. (B) Correlation of FAK-Tyr>7¢/>77 intensities derived from the phosphoproteomic experiment and
the Western blot.
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Summary

Several small molecule inhibitors of AGC kinase AKT are currently under clinical investigation due to
its pivotal role in cellular signaling in cancer. In order to elucidate how these potential drugs exert their
effects on cancer cells, a combination of chemical proteomics and phosphoproteomics was employed on
the five designated AKT inhibitors AZD5363, GSK2110183, GSK690693, Ipatasertib and MK-2206 in
BT-474 breast cancer cells. Target affinity screening in form of the kinobeads technology led to the
identification of between four and 29 nanomolar targets for each inhibitor. Subsequently,
phosphoproteomic perturbation analysis revealed 1700 regulated phosphorylation sites upon treatment
with the inhibitors. 276 phosphorylation sites were addressed by all five inhibitors, which could be traced
back to the overlapping target spectrum of the inhibitors of solely AKT1 and AKT2, indicating a
comprehensive view on the AKT signaling network. 41 regulated phosphorylation sites of this network
harbored the AKT motif and 15 of these were validated as novel AKT substrates by a recombinant kinase
assay. Hence, new roles of AKT as well as the AKT inhibitors in the regulation of these proteins can be
suggested. Furthermore, secretome analysis identified STC2 as a response marker in the cell culture

model, which could be translated to plasma samples of patients.
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1 Introduction

Downstream of activated receptor tyrosine kinases (RTKs) and lipid kinases (PI3Ks) [1-3], AGC kinase
AKT binds to PI3K lipid products PIP3 and PI3,4PS over its Pleckstrin homology (PH) domain [4] and
is subject to phosphorylation on its activation sites at Thr*® and Ser*” [5]. Fully activated AKT
subsequently phosphorylates proteins on serine and threonine residues, which provokes either
activation or inhibition of the substrates reasoning in altered cell metabolism, growth control,
proliferation and survival. More than 100 AKT substrates have been identified so far, which led to the
definition of the minimal consensus substrate recognition motif P/R-X-R-X-X-S/T- ¢ (in which X
denotes any amino acid and ¢ a large hydrophobic residue) [6]. Although all three AKT paralogs AKT1,
AKT2 and AKT3, highly share their substrate repertoire to a large degree, gene-specific substrate

engagement can occur on the basis of differential subcellular localization and activating mutations [7].

Due to its regulation of manifold signaling pathways, aberrations in AKT signaling can result in different
types of cellular dysregulation including overgrowth syndromes [8], atherosclerosis [9], insulin
resistance and diabetes [10], neurological diseases such as the tuberus sclerosis complex (TSC) disorder
[11] and cancer [12]. ATP competitive as well as allosteric inhibitors have been developed, which target
the ATP pocket of the kinase domain or the PH domain, preventing the kinase to anchor at the plasma
membrane. This is the cellular localization where activation through upstream kinases occurs. In this
way, AKT is locked in the inactive form. The most advanced compounds of these are currently in clinical
phase III for different cancer types including HER2-positive breast cancer and exert nanomolar affinity
towards AKT. Due to the highly similar ATP-binding pockets among kinases of the AGC kinase family
and others, the selectivity of ATP-competitive AKT inhibitors is, however, generally low [13]. Clinical
efficacy of the compounds as single agents is furthermore often limited. This might be the consequence
of suboptimal patient stratification [14], increased receptor tyrosine kinase activity upon AKT inhibition

[15] and on-target adverse effects (e.g. hyperglycaemia), which account for dose-limiting toxicities [16].

Although a few inhibitors of AKT are at the edge of approval for clinical use, a comprehensive mode of
action analysis including the analysis of targets as well as the molecular consequences of target inhibition
on cellular signaling has been not been executed so far. Hence, the knowledge of the many cellular
actions of AKT inhibitors seems to e.g. predict efficacy in patients with different molecular backgrounds
or to anticipate on-target and off-target effects as well as to reveal underlying mechanisms of low

response. Therefore, a combined chemical and phosphoproteomic approach to analyze the target
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spectrum and cellular mode of action of the five clinical AKT inhibitors GSK690693 (21) (phase I),
AZD5363 (22), GSK2110183 (23), MK-2206 (24) (all phase II), and Ipatasertib (25) (phase III) in HER2-

overexpressing BT-474 breast cancer cells was undertaken.
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2 Material and methods

AKT modulators

AKT modulators VIII (#14870) and SC79 (#14972) were purchased from Cayman Chemical. PHT-427
(#P3076) was obtained from LKT Laboratories. AZD5363 (#S8019), GSK2110183 (#S7521), GSK690693
(#S1113), Ipatasertib (#2808), MK-2206 (#S1078), Perifosine (#51037) and Miransertib (#S8339) were

bought from Selleckchem. Uprosertib (#A-1504) was purchased from Active Biochem.

Cell culture and kinase inhibitor treatment

BT-474 cells were cultured in Dulbecco's modified Eagle's medium (DMEM)/Hams F-12 (1:1) with 10 %
fetal bovine serum (FBS) and 1 % antibiotic and antimycotic solution (Biochrom) at 37 °C and 5 % CO;
according to standard cell culture methods. Cell line authentication was accomplished by short tandem
repeat (STR) profiling (Multiplexion, Heidelberg, Germany) [17]. For kinase inhibitor treatments, BT-
474 cells were grown until a 70 % confluency was reached. 1 h prior to the treatment, the medium was
exchanged. Subsequently, fresh medium supplemented with kinase inhibitor at the indicated

concentration was added to the cells, which were further incubated at 37 °C for the indicated times.

Cell viability assay with alamarBlue reagent

2x 10* cells of BT-474 cells were seeded into a 96-well microtiter plate in quadruplicate for each inhibitor
and incubated at 37 °C and 5 % CO,. After 24 h, dilutions of the kinase inhibitors (10 uM, 3 uM, 1 uM,
300 nM, 100 nM, 30 nM, 10 nM, 3 nM, 1 nM) in medium were added to the cells. After a 72 h treatment,
alamarBlue reagent (Thermo Fisher Scientific) was added 1:10 to each well. The fluorescence was
quantified at Aexcitation = 544 nm and Acmission = 584 nm on the microplate reader FluoStar Omega (BMG

Labtech).

Protein concentration assay
The protein concentration in cell lysate was determined using the Coomassie Plus Bradford (Thermo

Fisher Scientific) assay according to the protocol of the manufacturer.

Sample preparation for kinase selectivity profiling

For the analysis of kinase inhibitor targets in BT-474 cells, Kinobead y-pulldowns were performed as
previously described [18]. Briefly, cells were lysed in 0.8 % NP40, 50 mM Tris-HCI pH 7.5, 5 % glycerol,
1.5 mM MgClL, 150 mM NaCl, 1 mM Na;VO,, 25 mM NaF, 1 mM dithiothreitol (DTT), protease
inhibitors (SigmaFast, Sigma) and phosphatase inhibitors (Roche). Designated AKT inhibitors were

spiked into 1 mL of lysate, which was adjusted to 5 mg/mL protein, with increasing concentrations
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(dimethylsulfoxid (DMSO) control, 3 nM, 10 nM, 30 nM, 100nM, 300nM, 1 uM, 3 pM, 10 uM and
30 M) and incubated for 45 min at 4°C. Afterwards, incubation with 35 L settled kinobeads took place
for 30 min at 4 °C. In order to enable the determination of a correction factor for each protein and to
calculate apparent dissociation constants, a second kinobead pulldown (with fresh beads) was
performed on the unbound fraction of the DMSO control. Proteins bound to kinobeads were eluted
with LDS sample buffer (NuPAGE, Thermo Fisher Scientific) containing 50 mM DTT and alkylated
with 55 mM chloroacetamide (CAA). Kinobead pulldown eluates were purified by short
sodiumdodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) (ca. 1 cm; Thermo Fisher
Scientific) and were subsequently subjected to in-gel tryptic digestion according to standard procedures.

After drying in a centrifugal evaporator, the samples were stored at -20 °C until LC-MS/MS analysis.

Sample preparation for TMT-DDA phosphoproteomic analysis and PRM assay

After treatment with designated AKT inhibitors, BT-474 cells were washed twice with phosphate-
buffered saline (PBS) and lysed in 40 mM Tris-HCI pH 7.6, 8 M urea, ethylenediaminetetraacetic acid
(EDTA)-free protease inhibitor (Roche) and phosphatase inhibitors (Roche). Lysate was centrifuged for
1 h at 21,000 x g and the supernatant was subjected to further processing. 2 mg protein of BT-474 lysate
was reduced with 10 mM DTT for 40 min at 56 °C and alkylated with 25 mM CAA at room temperature
in the dark for 20 min. After dilution of the urea concentration from 6 M to 1.5 M with 40 mM
tris(hydroxymethyl)aminomethane (Tris)-HCl pH 7.6, the proteins were digested in a 1:100
trypsin/substrate weight ratio for 4 h at 37 °C and 700 rpm. The second digestion step was performed
overnight again in a 1:100 trypsin/substrate weight ratio in presence of 1 mM CaCl,. Desalting of tryptic
peptides was performed on Sep-Pak C18 50 mg columns (Waters) in 0.07 % trifluoroacetic acid (TFA)
in 50 % acetonitrile (ACN). P-peptides were enriched using Fe-immobilized metal affinity
chromatography (IMAC) as previously described [19]. P-peptides were further desalted by using 0.07 %
TFA in 50 % ACN in the micro-column format (three discs, @ 1.5 mm, C18 material, 3M Empore per
micro-column were used) as described [20]. After adding an equivalent of 500 fmol Pierce Retention
Time Calibration Mixture (Thermo Fisher Scientific) for each MS injection to each parallel reaction
monitoring (PRM) sample, sample preparation for label-free PRM assays was completed at this point.
P-peptides for TMT-data dependent acquisition (DDA) analysis were labeled using tandem mass tages
(TMT) 6-plex at a final concentration of 6.67 mM according to instructions provided by the
manufacturer. One TMT channel was used for each treatment condition (126 = control, 127 = AZD5363,
128 = GSK2110183, 129 = GSK690693, 130 = ipatasertib, 131 = MK-2206). Subsequently, peptides were

separated into six fractions using basic reversed-phase fractionation in micro-column format (five discs,
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@ 1.5 mm, C18 material, 3M Empore per micro-column were used) in 25 mM NH4COOH (pH 10).
Peptides were fractionated with increasing ACN concentrations (5 %, 7.5 %, 10 %, 12.5 %, 15 %, 17.5 %
and 50 % ACN). The desalted flow-through was combined with the 17.5 % fraction and the 50 % fraction
with the 5 % fraction to give a total of six fractions. After drying in a centrifugal evaporator, the samples

were stored at -20 °C until LC-MS’ analysis.

Peptide synthesis

Peptides were designed as 15-mers (11-mer for Crosstide) with Serine or Alanine in the central position
for wildtype or mutant, respectively, with a free N-terminal amino group and a C-terminal amide
group. The synthesis was performed by an automated peptide synthesizer (Intavis Bioanalytical
Instruments AG) in 2 pmol-scale by applying Fmoc chemistry. Purity was analyzed by MALDI-TOF-

MS on an UltrafleXtreme (Bruker).

In vitro AKT2 assay

Peptide pools were added to 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-
KOH pH 7.4, 5 mM MgCL, 1 mM DTT and 2 mM adenosine triphosphate (ATP) to reach an end
concentration of 6 uM. The reaction was started by supplementing 12.5 ng/pl recombinant active AKT2
(Jena Bioscience, #PR-333,) and was incubated at 30 °C for different times (0, 5, 10, 30, 60, 120, 180 min).
The reaction was quenched by adding an equal volume of 1 % FA in ACN. After drying in a centrifugal

evaporator, the samples were stored at -20 °C until LC-MS/MS analysis.

Enrichment and subsequent processing of secreted proteins

Secreted proteins from AKT inhibitor-treated BT-474 cells were enriched, digested and further
processed as previously described [21]. In short, BT-474 cells were first incubated in depletion medium
(DMEM without methionine, 10 % dialyzed FBS, 0.2 mM L-cystine, 2.5 mM L-alanyl-L-glutamine,
0.5 mM sodium pyruvate) for 30 min and afterwards for 24 h in azidohomoalanine (AHA) labeling
medium (depletion medium supplemented with 0.1 mM azidohomoalanine). In parallel to the metabolic
labeling, kinase inhibitor treatment took place. Conditioned medium was supplemented with EDTA-
free protease inhibitors (Roche) and phosphatase inhibitors (Roche) and was concentrated via
centrifugal filters (3kDa cut-off, Amicon) at 4 °C. For the enrichment and digestion of AHA-labeled
proteins, the Click-iT® Protein Enrichment Kit (Thermo Fisher Scientific) was applied according to the
instructions of the supplier, despite that only half of the suggested volumes were used. Resulting peptides
were further desalted by using 0.1 % FA in 50 % ACN in the micro-column format (three discs, @

1.5 mm, C18 material, 3M Empore per micro-column were used) as described [20] and labeled using
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TMT 6-plex (Thermo Fisher Scientific) at a final concentration of 6.67 mM according to instructions
provided by the manufacturer. TMT6-labeled peptides were separated into four fractions using basic
reversed-phase fractionation in micro-column format (five discs, @ 1.5 mm, C18 material, 3M Empore
per micro-column were used) in 25 mM NH4COOH (pH 10). Peptides were fractionated with increasing
ACN concentrations (5 %, 10 %, 15 %, 17.5 % and 50 % ACN). The desalted flow-through was combined
with the 17.5 % fraction and the 50 % fraction with the 5 % fraction to give a total of four fractions. After

drying in a centrifugal evaporator, the samples were stored at -20 °C until LC-MS? analysis.

LC-MSn measurements

Kinome

Nano-flow LC-MS/MS measurement of peptides in Kinobead eluates was performed using a nanoLC-
Ultra 1D+ (Eksigent) coupled to a linear trap quadrupole (LTQ) Orbitrap Elite mass spectrometer
(Thermo Fisher Scientific). Peptides were desalted on a trap column (100 pm x 2 cm, packed in-house
with Reprosil-Pur C18-AQ 5 pm resin; Dr. Maisch) in 0.1 % FA at 5 pl/min and separated on an
analytical column (75 um x 40 cm, packed in-house with Reprosil-Pur C18-AQ, 3 um resin; Dr. Maisch)
using a 100 min linear gradient from 4-32 % solvent B (0.1 % formic acid (FA), 5 % DMSO in ACN) in
solvent A1 (0.1 % FA, 5% DMSO in water) at a flow rate of 300 nL/min. The mass spectrometer was
operated in data dependent acquisition and positive ionization mode. MS1 spectra were acquired over a
range of 360-1300 m/z at a resolution of 30,000 (at m/z 400) in the orbitrap and an automatic gain
control (AGC) target value of 1 x 10°. Up to 15 peptide precursors were selected for fragmentation by
higher energy collision-induced dissociation (HCD; isolation width of 2 Th, maximum injection time of
100 ms, AGC value of 2 x 10°) using 30 % normalized collision energy (NCE) and analyzed in the

orbitrap (7,500 resolution).

TMT6 phosphoproteome

Nano-flow LC-MS’ measurement of TMT-labeled p-peptides was performed using a Dionex
Ultimate3000 nano high performance liquid chromatography (HPLC) (Thermo Fisher Scientific)
coupled to an orbitrap Fusion mass spectrometer (Thermo Fisher Scientific). Peptides were desalted on
a trap column (Acclaim C18 PepMap100, 75 um i.d. X2 cm; Thermo Fisher Scientific) in 0.1 % FA and
separated on an analytical column (Acclaim C18 PepMap RSLC, 75 uM i.d. x15 cm; Thermo Fisher
Scientific) using a 120 min gradient from 3-25 % solvent B (0.1 % FA, 5 % DMSO in 100 % ACN) in
solution solvent A (0.1 % FA, 5 % DMSO in water). The Fusion was operated in data dependent

acquisition and positive ionization mode. Full scan MS1 spectra were acquired over a range of 300-
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1700 m/z at a resolution of 60,000 (AGC target value 4 x 10°, maximal injection time 50 ms).
Fragmentation was performed using collision-induced dissociation (CID) at 40 % NCE and MS2 spectra
acquisition (AGC target value 4 x 10*, maximal injection time 60 ms) took place in the ion trap. For
TMT quantification an additional MS3 spectrum was acquired in the orbitrap over an m/z range of 100-
500 at 60,000 resolution for each peptide precursor. For this, fragment ions were selected by multi-notch
isolation, allowing a maximum of 10 notches and an ion trap isolation width of 2 Da, and subsequently

fragmented by HCD at 55 % NCE (AGC target value 1 x 10°, maximal injection time 120 ms).

In vitro kinase assay

Nano-flow LC-MS/MS measurement of peptides deriving from the in vitro kinase assay was performed
using a Dionex Ultimate3000 nano HPLC (Thermo Fisher Scientific) coupled to an orbitrap Fusion
Lumos mass spectrometer (Thermo Fisher Scientific). Peptides were desalted on a trap column (100 pm
x 2 cm, packed in-house with Reprosil-Pur C18-AQ 5 pum resin; Dr. Maisch) in 0.1 % FA and separated
on an analytical column (75 um x 40 cm, packed in-house with Reprosil-Pur C18-AQ, 3 pum resin; Dr.
Maisch) using a 51 min two-step gradient from 4-15-27 % solvent B (0.1 % FA, 5 % DMSO in 100 %
ACN) in solution solvent A (0.1 % FA, 5 % DMSO in water). The Fusion Lumos was operated in data
dependent acquisition and positive ionization mode. Full scan MS1 spectra were acquired over a range
of 360-1300 m/z at a resolution of 60,000 (AGC target value 5 x 10*, maximal injection time 50 ms).
Fragmentation was performed using HCD at 30 % NCE (AGC target value 5 x 10*, maximal injection

time 120 ms) in the orbitrap at 30,000 resolution.

PRM assay

Nano-flow LC-MS/MS measurement of peptides for generating a spectral library and the PRM assay
was performed using a Dionex Ultimate3000 nano HPLC (Thermo Fisher Scientific) coupled to an
orbitrap Fusion Lumos mass spectrometer (Thermo Fisher Scientific). Peptides were desalted and
separated as described for in vitro kinase assay samples, except for a longer gradient of 110 min for the
spectral library generation. The Fusion Lumos was operated in data dependent acquisition and positive
ionization mode. For generating the spectral library, full scan MS1 spectra were acquired over a range
of 360-1300 m/z at a resolution of 60,000 (AGC target value 4 x 10°, maximal injection time 50 ms).
Targeted MS2 scans were acquired over a range of 120-2000 m/z and fragmentation was performed
using HCD at 30 % NCE (AGC target value 1 x 10°, maximal injection time 50 ms) in the orbitrap at
15,000 resolution by taking into account the mass list of p-peptides. For the PRM assay, full scan MS1

spectra were acquired over a range of 360-1300 m/z at a resolution of 15,000 (AGC target value 4 x 10°,
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maximal injection time 50 ms). Targeted MS2 scans were acquired over a range of 120-2000 m/z and
fragmentation was performed using HCD at 30 % NCE (AGC target value 2 x 10°, maximal injection

time 100 ms) in the Orbitrap at 15,000 resolution by taking into account the final mass list of p-peptides.

TMTG6 secretome

Nano-flow LC-MS® measurement of TMT-labeled peptides from enriched secretomes was performed
using a Dionex Ultimate3000 nano HPLC (Thermo Fisher Scientific) coupled to an orbitrap Fusion
Lumos mass spectrometer (Thermo Fisher Scientific). Peptides were desalted on a trap column (100 pm
x 2 cm, packed in-house with Reprosil-Pur C18-AQ 5 pum resin; Dr. Maisch) in 0.1 % FA and separated
on an analytical column (75 um x 40 cm, packed in-house with Reprosil-Pur C18-AQ, 3 pum resin; Dr.
Maisch) using a 80 min gradient from 6-34 % solvent B (0.1 % FA, 5% DMSO in 100 % ACN) in solution
solvent A (0.1 % FA, 5 % DMSO in water). The Fusion Lumos was operated in data dependent
acquisition and positive ionization mode. Full scan MS1 spectra were acquired over a range of 360-1300
m/z at a resolution of 60,000 (AGC target value 4 x 10°, maximal injection time 20 ms). Fragmentation
was performed using CID at 35 % NCE and MS2 spectra acquisition (AGC target value 2 x 10*, maximal
injection time 60 ms) took place in the ion trap. For TMT quantification an additional MS3 spectrum
was acquired in the orbitrap over an m/z range of 100-1000 at 15,000 resolution for each peptide
precursor. For this, fragment ions were selected by multi-notch isolation, allowing a maximum of 10
notches and subsequently fragmented by HCD at 55 % NCE (AGC target value 5 x 10, maximal

injection time 22 ms).

Database searching and data analysis

Protein and peptide identification and quantification was performed using MaxQuant (79) (version
1.5.6.5). If not stated otherwise, the MS data was searched against all human canonical and isoform
protein sequences as annotated in the Swissprot reference database (42,095 entries, downloaded

14.11.2016) using the embedded search engine Andromeda (80).

Kinome

Carbamidomethylated cysteine was set as fixed modification; and phosphorylation of serine, threonine,
and tyrosine, oxidation of methionine, and N-terminal protein acetylation were variable modifications.
Trypsin/P was specified as the proteolytic enzyme and up to two missed cleavage sites were allowed.
Precursor and fragment ion tolerances were 4.5 parts per million (ppm) and 20 ppm, respectively. Label-
free quantification [22] and match-between-runs were enabled within MaxQuant. Protein intensities

were normalized to the respective DMSO control. Half maximal inhibitory concentration (IC50) and
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half maximal effective concentration (EC50) values were calculated by a four-parameter log-logistic
regression using an internal pipeline that utilizes the ‘drc’ [23] package in R. A K¢*? was computed by
multiplying the estimated EC50 with a protein-dependent correction factor that was limited to a
maximum value of 1. The correction factor for a protein is defined as the ratio of the amount of protein
captured from two consecutive pulldowns of the same DMSO control lysate [18] and was set to the

average of correction factors across all experiments using the same lysate and beads.

TMT6 phosphoproteome

Carbamidomethylated cysteine was set as a fixed modification; and phosphorylation of serine,
threonine, and tyrosine, oxidation of methionine, and N-terminal protein acetylation were variable
modifications. Trypsin/P was specified as the proteolytic enzyme and up to two missed cleavage sites
were allowed. Precursor and fragment ion tolerances were 10 ppm and 4.5 ppm, respectively. MS3-based
TMT quantification was enabled, taking TMT correction factors as supplied by the manufacturer into
account. Within one replicate, the sum of p-site intensities per TMT channel were normalized to the
average sum of intensities of all TMT channels. Subsequently, the average intensities for each
phosphorylation site per replicate was normalized to the average intensity of the same phosphorylation
site across all replicates. Data was further analyzed by Perseus (version 1.5.5.3) [24]. Only p-sites that
were identified and quantified in at least three out of four replicates were considered for further analysis.
Log, fold-changes (FC) for each inhibitor against the vehicle control were calculated per
phosphorylation site and tested for significance using a t-test (false discovery rate (FDR) =5 %, s0 =0.1).
Protein-protein interactions were analyzed using the String database [25] (version 11.0) (combined
score > 0.4) and visualized in Cytoscape (version 3.4.0). Frequency sequence logos were generated using

WebLogo [26] (available from http://weblogo.berkeley.edu/).

In vitro kinase assay

Peptide identification and quantification was performed by searching the MS data against a database
containing only sequences of the screened peptides. Phosphorylation of serine and threonine, oxidation
of methionine, and N-terminal protein acetylation were set as variable modifications. Precursor and
fragment ion tolerances were 4.5 ppm and 20 ppm, respectively. Peptide-spectrum-match intensities for
each peptide were summed, with the prerequisite that the peptide was identified in at least two out of
three replicates. Only those PSMs of p-peptides with a higher localization probability of the intended p-
site than another p-site were considered for summing up peptide intensity. The intensity of each peptide

across experiments was further normalized to the total peptide intensity in each experiment.
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PRM assay

In order to obtain the spectral library, respective raw files were searched in MaxQuant with
carbamidomethylated cysteine as a fixed modification; and phosphorylation of serine, threonine, and
tyrosine, oxidation of methionine, and N-terminal protein acetylation as variable modifications.
Trypsin/P was specified as the proteolytic enzyme and up to two missed cleavage sites were allowed.
Precursor and fragment ion tolerances were 10 ppm and 4.5 ppm, respectively. The PRM raw data files
were imported into the Skyline software package (version 4.1.0.11714) [27]. Confident p-peptide
identification was carried out based on iRT information using spiked-in retention time peptides,
matching relative transition intensities between the PRM peak and the library MS2 spectrum (if
available) and requiring site determining ions for each phosphorylation site. For accurate p-peptide
quantification, low-quality or interfered transitions were discarded manually. Peaks were integrated
using the automatic peak finding function followed by the manual curation of all peak boundaries. By
calculating the sums of all transition areas associated with the p-peptide, quantification of each p-peptide
was accomplished. Peak areas were normalized based on the total MS1 intensity across the experiments.
Log, FC values for each inhibitor against the vehicle control were calculated per p-peptide. The median
log, FC of the 13 quantified p-peptides for each inhibitor was computed to obtain a simple AKT

perturbation score.

TMT6 secretome

Carbamidomethylated cysteine was set as a fixed modification; oxidation of methionine, N-terminal
protein acetylation and AHA instead of methionine were variable modifications. Trypsin/P was
specified as the proteolytic enzyme and up to two missed cleavage sites were allowed. Precursor and
fragment ion tolerances were 10 ppm and 4.5 ppm, respectively. MS3-based TMT quantification was
enabled, taking TMT correction factors as supplied by the manufacturer into account. Within one
replicate, the sum protein intensities per TMT channel were normalized to the average sum of intensities
of all TMT channels. Subsequently, the average intensities for each protein per replicate was normalized
to the average intensity of the same protein across all replicates. Data was further analyzed by Perseus
(version 1.5.5.3) [24]. Only proteins that have been identified and quantified in at least two out of three
replicates were considered for further analysis. Log, FC for each inhibitor against the vehicle control
were calculated per protein and tested for significance using a t-test (FDR =5 %, sO = 0.09). Prediction
of secretion of identified proteins was performed by using the Human Protein Atlas [28] (available from

www.proteinatlas.org) and Uniprot [29] (available from www.uniprot.org).
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Western Blots

Protein lysates were generated by either harvesting cells in urea (40 mM Tris-HCI pH 7.6, 8 M urea) or
RIPA lysis buffer (150 mM NaCl, 1 % IGEPAL CA-630, 0.5 % Sodium deoxycholate, 0.1 % SDS in 50 mM
Tris (pH 8.0)), supplemented with protease inhibitor (Merck Millipore or Sigma) and phosphatase
inhibitor cocktail (Roche). Proteins were separated by SDS-PAGE and electro-transferred onto PVDF
membranes. Blots were stored in Tris-buffered saline, supplemented with 0.05 % Tween (TBS-T) and 5
% non-fat milk or 2 % BSA for 1 h at room temperature and then incubated with primary antibody
(diluted in TBS/0.05 % Tween, 5 % non-fat milk or BSA) overnight at 4 °C. The following primary
antibodies were used: B-Actin (1:1000, Santa Cruz Biotechnology, #sc-47778), GAPDH (1:1000, Cell
Signaling Technology, #5174), Phospho-AKT (Thr308) (1:1000, Cell Signaling Technology, #13038),
Phospho-AKT (Ser473) (1:1000, Cell Signaling Technology, #4060), AKT (1:1000, Cell Signaling
Technology, #9272). Subsequently, blots were washed in TBS-T and probed with the corresponding
fluorophore-conjugated secondary antibody for 30 min at room temperature. The immuno-reactive
signals were detected directly by excitation of the respective fluorophore. Acquisition and quantification
of the band intensities were carried out with the Odyssey (Licor) imaging system and respective software.
Intensities of proteins were normalized to input ACTB and phosphorylated proteins were normalized

to the intensity of the respective total protein.
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3 Results and Discussion

3.1 Kinobeads reveales the target spectrum of five clinical AKT inhibitors

Kinase affinity profiling was performed on the four ATP-competitive ATK inhibitors (AZD5363,
GSK2110183, GSK690693 and Ipatasertib) and one allosteric AKT inhibitor (MK-2206) using the
kinobead approach [18, 30] in order to determine the targets including apparent affinity constants
(Kp*P). BT-474 cells were chosen as a breast cancer model because of their elevated AKT activity due to
HER2-overexpression. The constraint of these cells is that AKT3 expression is low compared to AKT1
and AKT?2, which has been determined by the kinobead assay as well as a deep proteome profile [31].
Since the substrate specificity is mostly similar among all three AKT isoforms, the reduced AKT3
expression should play a minor role for determining molecular actions of the inhibitors. Cellular
sensitivity in the nanomolar range towards the five AKT inhibitors investigated here was ascertained by

metabolic Alamar Blue assays (Figure III-1).
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Figure IlI-1: Cellular metabolic assays of AKT inhibitors in BT-474 cells. Inhibition curves for AKT
inhibitors AZD5363, GSK2110183, GSK690693, Ipatasertib and MK-2206 on BT-474 breast cancer cells.
The relative 1C50 is highlighted. Error bars represent standard deviation (SD). Data represent N = 3

biologically independent experiments.
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Figure I11-2: Chemical proteomic kinobead assay for target profiling of AZD5363, GSK2110183,
GSK690693, Ipatasertib and MK-2206. (A) Overview of the number of targeted kinases as well as non-
kinase proteins and corresponding apparent binding affinities of each inhibitor. AKT1 and AKT2 are
highlighted in orange. (B) Overlap of the target space between AKT inhibitors. AKT1 and AKT2 are the
targets shared by all five inhibitors. (C) Binding curves of all inhibitors to AKT1 (left) and AKT2 (right).
(D) Binding curves of GSK690693 and MK-2206 to FECH (left) and DCTPP (right). Data represent N = 10

concentration-based, independent experiments.

Allosteric MK-2206, which only targeted a total of five proteins in the kinobead assay, was the most
selective inhibitor in the screen. The ATP-competitive compounds AZD5363, GSK2110183, GSK690693
and Ipatasertib possessed a wider target spectrum ranging from 11 to 37 targets with K¢ values from
low nM to mid uM (Figure III-2A), covering notably other kinases from the AGC family. Drug-specific
off-targets were observed especially for GSK690693, which may help explaining the dose-limiting
toxicities (hyperglycemia, skin rashes) that caused the clinical development of this compound to end
[16, 32]. AKT1 and AKT2 were the only kinases bound by all five inhibitors (Figure III-2B). Clear

differences in affinity between both AKT isoforms AKT1 and AKT2 were determined for AZD5363
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(Kg®? AKT1=92 nM, K¢** AKT2=457 nM), GSK2110183 (Ks** AKT1=4 nM, Ks** AKT2=328 nM) and
Ipatasertib (K4*® AKT1=2 nM, Ks*® AKT2=246 nM). Contrarily, GSK690693 (K AKT1=2 nM, K4*?
AKT2=6 nM) and MK-2206 (K& AKT1=7 nM, K#® AKT2=19 nM) showed similar affinities for both
AKT1 and AKT2 (Figure III-2C). Similar affinities for AKT1 and AKT2 were determined by
recombinant kinase assays for GSK690693 and MK-2206 [33, 34], while lower IC50’s for AKT2 in the
case of AZD5363, GSK2110183 and Ipatasertib were declared [35-37]. Disagreement between different
types of binding assays are reported and can arise from accessibilities to molecular factors such as

interaction partners or metabolites that interfere with cellular kinase action [38, 39].

Kinase inhibitors might also bind to proteins other than kinases as it has been shown before in different
cell lines [40]. Here, ferrochelatase (FECH) and dCTP pyrophosphatase 1 (DCTPP1) were identified as
sub-micromolar non-kinase targets of GSK-690693 and MK-2206 (Figure III-2D). This finding
confirms recent data, which has shown FECH- and DCTPP1-binding by GSK690693 and MK-2206 in
different cell lines [38]. FECH inhibition is described to cause phototoxicity in patients [40, 41] and
could be an actual potential adverse effect with intracellular and plasma concentrations of MK-2206 in
the high nM to low uM range [42]. Oppositely, inhibition of DCTPP1 might be advantageous in breast
cancer patients since it has been reported that high DCTPP1 activity bears strong association with tumor
progression and poor prognosis [43]. Although the affinity matrix used in the kinobead approach limits
the proteins that can be specifically enriched and in spite of affinity constants determined in cell lysates,
which may differ from the situation in cellulo [38], this data (again) encourages kinome- or proteome-
wide affinity profiling of small molecules at an early stage of development in order to identify and

manage potential adverse off-target effects.

3.2 Phosphoproteomics illuminates broad common cellular perturbation by AKT inhibitors

In order to identify the consequences of AKT inhibitor action onto cellular signaling, a
phosphoproteomic analysis was performed on BT-474 cells in response to the five AKT inhibitors. Stable
isotope labeling by TMT [44] enabled the direct side-by-side comparison of the effects of the five drugs
(including a DMSO control) (Figure III 3A). In total, 19,330 p-sites on 5069 proteins were identified and
quantified in total (Figure III 3B). Further analysis was restricted to only those 10,900 p-sites, which
were identified and quantified in at least three out of four replicates. The median coefficient of variation
over all p-site intensities between the control replicates was 10%, which indicated a high reproducibility

of the biochemical workflow and LC-MS? analysis.
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Figure Il1-3: Phosphoproteomic workflow and the number of identifications. (A) The schematic
setup of the phosphoproteomic workflow is presented. (B) The number of identified and quantified p-
proteins (left) and p-sites (right) depending on the occurrence in at least one (total), two (2/4), three

(3/4) or four (4/4) biological replicates.

Drug engagement of AKT in BT-474 cells was demonstrated using Western blotting (Figure II1I-4A),

% and Ser*”” phosphorylation upon allosteric compound

which indicated complete abrogation of Thr
MK-2206 treatment. MK-2206 stabilizes the PH-in conformation and thereby prevents localization of
AKT to the plasma membrane and subsequent phosphorylation by PDK1/mTOR. In contrast, the ATP-
competitive inhibitors increased phosphorylation at these p-sites by induced translocation of AKT to
the plasma membrane shifting the balance between cytosolic and membrane-tethered AKT. The
phosphoproteomic data furthermore revealed Ser*® phosphorylation on AKT2 to be significantly
decreased by MK-2206 but not by the other compounds (Figure III-4B). Phosphorylation on the nearby
Thr*' was not regulated by any of the inhibitors. Phosphorylation of AKT2-Ser*®* has not been
functionally annotated and, in addition, structural information on this part of the protein has not been
reported so far. However, one may speculate that phosphorylation of Ser**® could be used as a molecular

marker for the PH-in conformation of AKT2, which is favored when engaged by allosteric inhibitors

(44, 45].
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Figure I11-4: Engagement of AKT by the AKT inhibitors. (A) Immunoblots showing phosphorylated
AKT-Thr3°® and AKT-Ser*”3, AKT, ACTB and GAPDH intensity in response to AKT inhibitor treatment. (B)
LC-MS? quantification of AKT2-Ser*®8 (top) and AKT2-Thr*! (bottom) p-site intensity upon AKT inhibitor
treatment. Data represent N = 1 (A) and N = 4 (B) biologically independent experiments. Statistical
analyses were performed by t-tests (FDR = 0.05, sO = 0.1). Error bars represent SD. * P < 0.05, ** P <
0.01, *** P < 0.001.

P-site intensities between untreated and treated cells were compared in order to reveal the part of the
phosphoproteome that was significantly regulated by the compounds (log, fold change (log, FC), false
discovery rate (FDR) of 5 %; as exemplified for AZD5363 in Figure III-5A). This analysis led to a total
of 1730 drug-perturbed p-sites. As expected, the number of regulated p-sites mostly followed the
number of targets of the drugs (Figure III-5B). Even the most selective drug (MK-2206) regulated > 500
p-sites showing that AKT activity impacts a large number of proteins. The finding in the kinobeads assay
that the five drugs only have the two targets AKT1 and AKT2 in common provided an opportunity to
specifically attribute the many drug-induced changes in protein phosphorylation to AKT inhibition.
Therefore, the following analysis was confined to those 276 p-sites (on 185 proteins) that were
significantly regulated by all five compounds. This strict focus on common regulated p-sites may
eliminate substantial effects, which are inhibitor-specific. However, this granted the chance to more
comprehensively study the consequences of AKT pathway inhibition. AKT inhibition, in addition to the
AKT engagement found by Western Blotting, was shown by decreased phosphorylation intensity of
direct substrates of AKT (e.g. GSK3B-Ser’, log, FC.= -0.7; FOXO3-Ser*?, log, FCo= -0.5 and AKT1S1-
Thr**, log, FCa= -2.2), and indirect downstream targets (e. g. RICTOR-Thr'"*, log, FCy= -1.5; IRSI-
Ser”, log, FC,= -1.4; Figure I1I-5C).
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Figure ll1-5: Deep AKT-inhibitor-perturbed phosphoproteome of BT-474 cells. (A) Volcano plot of
the regulation of p-site intensities by AZD5363. Significantly regulated p-sites are marked in orange.
Known phosphorylated AKT pathway members GSK3B-Ser®, FOX03-Ser?*3, AKT1S1-Thr?*¢, RICTOR-
Thr''3% and IRS1-Ser?’? are highlighted in blue. (B) Venn diagram of overlapping significantly regulated
phosphosites between the AKT inhibitors. Data represent N = 3-4 biologically independent
experiments. (C) LC-MS® quantification of known AKT pathway member GSK3B-Ser®, FOX03-Ser?°3,
AKT1S1-Thr?%¢ (top, from left to right), RICTOR-Thr''*> and IRS1-Ser?’° (bottom, left to right) p-site
intensity upon AKT inhibitor treatment. Statistical analyses were performed by t-tests (FDR = 0.05, sO
= 0.1). Error bars represent SD. * P < 0.05, ** P < 0.01, *** P < 0.001.

The 185 proteins commonly regulated by all five AKT inhibitors may be part of a common AKT
signaling network. Surveying the scientific literature (Pubmed) as well as the STRING protein
interaction database [25] (www.string-db.org) classified 67 of these phosphoproteins as known AKT
network members (Figure I1I-6). The phosphoproteomic analysis also assigned 118 proteins to potential
novel functions or regulatory networks as exemplified by centrosomal protein CEP170, FAM83H and
C60RF132. CEP170 plays a pivotal role in the organization of microtubules [46] and showed significant
regulation of p-site intensity on several residues. FAM83H is part of the keratin cytoskeleton formation
[47] and its p-site intensity on Ser'”* was significantly decreased by all drugs. Providing such functional

contexts is particularly useful for proteins that have no ascribed function so far. This is illustrated by the
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protein product of the C6ORF32 gene, for which several p-sites were significantly regulated by AKT

inhibitors.
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Figure Il11-6: Extended AKT signaling network. Protein-protein interaction-based network (available
from www.string-db.org) of p-proteins, which were significantly regulated by all five AKT inhibitors
and represent the extended AKT pathway. Edges are confidence-weighted. The log2 FC in p-site
intensity was averaged on each p-protein and over all five inhibitors. The averaged log2 FC is color-
coded such that an increased phosphorylation is indicated by a violet and decreased phosphorylation
intensity by a green node. Differential p-site intensity regulation on one phosphoprotein is indicated
by a dotted node line. Its standard deviation is indicated by the thickness of the node line with broader
lines indicating a higher standard deviation. Known AKT substrates and p-proteins bearing an AKT
motif are highlighted. P-proteins were further divided into known and novel AKT pathway members
according to literature research via PubMed (available from www.ncbi.nlm.nih.gov/pubmed). Data

represent N = 3-4 biologically independent experiments.
3.3 PRM assay confirms AKT network regulation
Due to the lack of antibodies for most of the p-sites identified in the phosphoproteome, a quantitative

mass spectrometry-based assay called PRM was used in order to validate several p-sites as novel AKT
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network members. In addition to the validation of the findings above, the panel of screened drugs was
expanded to include the ATP competitor Uprosertib [48], the allosteric AKT inhibitors VIII [49],
Miransertib [50], Perifosine [51] and PHT-427 [52] as well as the AKT activator SC-79 [53] to further
demonstrate that the regulation of p-site intensities of the novel AKT network members is AKT-specific.
In parallel, Western blot analysis was performed for AKT Thr*® and Ser*”? phosphorylation (Figure
I11-7) to analyze AKT engagement. While the ATP competitor Uprosertib showed an increase in AKT
phosphorylation similar to the other ATP competitive drugs analyzed above, the results of the allosteric
inhibitors were heterogeneous. PHT-427 and AKT inhibitor VIII showed complete abrogation of AKT
Thr’® and Ser*” phosphorylation, which was in line with preventing the translocation of AKT to the
plasma membrane. However, the increase in phosphorylation following Miransertib and Perifosine
treatment was inconsistent with expected effects of allosteric inhibitors. AKT activator SC-79, on the

other hand, did not show any appreciable effect on the phosphorylation status of AKT.
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Figure 111-7: Engagement of AKT by additional AKT inhibitors. Immunoblots showing
phosphorylated AKT-Ser3°® and AKT-Ser%’®, AKT, ACTB and GAPDH intensity in response to AKT

modulator treatment. Data represent N = 1 (D) biologically independent experiments.

The PRM assay covered three known direct substrates (AKT1S1, TSC2, FOXO3), one feedback loop
pathway member (RICTOR), as well as seven novel network members (CEP170, CEP170B, FAM63A,
FAMS83H, MLPH, ZBTB21, ZCCHC6) (Figure III-8A). The intensities of all PRM signals for a given p-
site were summed into a total intensity for each phosphopeptide (p-peptide) (as exemplified for
FAMS3H in Figure III-8B). Subsequently, a simple AKT perturbation score was calculated for each
inhibitor by computing the median log, FC of the intensities of the 13 p-peptides (Figure III-8C). The
PRM assay confirmed the results of the initial phosphoproteomic experiment (TMT-DDA) for
AZD5363, GSK2110183, GSK690693, Ipatasertib and MK-2206 (Figure I1I-8D).
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Figure I11-8: Phospho-PRM assay to validate action of AKT modulators. (A) Covered 13 p-peptides
representing known and novel AKT pathway members are presented in a schematic overview. (B)
Summed intensities of selected precursor ions, exemplified here for FAM83H-Ser'°2>, upon treatment
with AKT modulators AZD5363, GSK2110183, GSK690693, Ipatasertib, MK-2206, Uprosertib, VIII,
Miransertib, Perifosine, PHT-427 and SC-79. (C) AKT perturbation score for each AKT modulator. (D)
Scatter plot of log2 FC of the 13 p-peptides, which were covered both in the TMT-DDA and PRM dataset,
upon AKT inhibitor treatment. The nodes are colored according to the AKT inhibitor. Linear regression
is indicated by a solid line and the Pearson correlation coefficient is highlighted. The identity line is

shown with a dotted line. Data represent N = 3-4 biologically independent experiments.

The discrepancy between the PRM and DDA-TMT phosphorylation intensity can be explained by the
potential influence of ratio compression on the quantification of p-peptide intensity in the DDA-TMT
experiment, which may be hinted by overall higher log, FCs in the PRM assay. Uprosertib, VIII and
Miransertib showed comparable perturbation scores of -1, akin to the first five compounds, or below
but PHT-427, Perifosine and SC-79 had no perceptible effect on the phosphorylation status on the p-
peptides in this assay. The missing effect of Perifosine on target engagement as well as action on
downstream signaling is contradicting earlier reports [54] and may be only explained by so far not
known differences in the molecular setup of the compound used in this experiment. SC-79, on the other
hand, might not have shown effects due to an already complete activation of AKT signaling through

HER2 overexpression in BT-474 cells. Surprisingly, allosteric Miransertib and PHT-427 have shown
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controversial results by demonstrating either action on AKT in the Western Blot but not on AKT
pathway members in the PRM assay or vice versa. This might be explained by a different mode of AKT
binding by the compounds, which influences the AKT phosphorylation status. Especially the latter result
stresses the point to employ an assay, which not only covers markers for target engagement but takes
(several) downstream signaling events into account to comprehensively understand the action of a
certain compound on a biological system. While Western Blotting is limited by the sheer number of
markers to include as well as the availability of notably phospho-antibodies to fulfill this task, a PRM

assay as presented here may be the superior technique.

3.4 Novel AKT substrates are among AKT network members
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Figure I11-9: In-vitro kinase assay to confirm novel AKT2 substrates. (A) Frequency sequence logos
showing amino acid distribution around the 276 AKT pathway p-sites (left) and 40 potential novel AKT
substrates harboring the AKT motif (right) £ seven residues. (B) Frequency sequence logos showing
amino acid distribution around all quantified Ser and Thr p-sites (left) and Ser and Thr p-sites harboring
the AKT motif (right) + seven residues. (C) Histogram of averaged log. FC among all 276 AKT pathway
p-sites. Known AKT substrates (black) and potential novel AKT substrates (orange) are highlighted.
Median averaged log, FCs are indicated. (D) Normalized peptide intensities of non-phosphorylated and
phosphorylated Crosstide (left) and NDRG1-Ser®3° (right) after 0, 5, 10, 30, 60, 120 or 180 min
incubation in the AKT2 kinase assay. Data represent N = 3-4 (A-C) and N = 3 (D) independent

experiments. Error bars represent SD.

50 of the 276 commonly regulated p-sites in the AKT network harbored the AKT substrate motif (18%),
from which nine were reported and 40 potentially novel AKT substrates (Figure III-9A). Compared to
the complete phosphoproteomic dataset, in which 472 of the 10,831 total Ser and Thr p-sites harbored

the AKT motif (4 %; Figure III-9B), the AKT network revealed an enrichment for the AKT substrate
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motif. Treatment with the five AKT inhibitors led to reduced phosphorylation intensity of all known
and novel but one novel AKT substrate p-sites (Figure III-9C), which highlights the potential to find

novel substrates in the dataset.

In order to validate novel substrates biochemically, a kinetic in vitro AKT assay was executed for all 40
potential novel AKT substrate p-sites using synthetic peptides (15-mers) containing the candidate p-site
and using LC-MS/MS for quantification. Since the substrate specificity among the 3 AKT isoforms is
similar, AKT2 was chosen to be used in the assay to represent all AKT isoforms. Crosstide, which
resembles GSK3B-Ser’, and metastasis suppressor and autophagy inhibitor NDRG1-Ser* [55, 56] were
used as positive controls and were robustly phosphorylated in this assay (Figure III-9D). The rather slow
kinetics of the phosphorylation could be explained by the pool of peptides, in which the peptides

competed each other for phosphorylation by AKT2.

15 peptide candidates were verified to be phosphorylated by AKT2, uncovering regulatory functions for
AKT in novel cellular contexts. Motif-specificity was assessed by analyzing the ability of AKT2 to
phosphorylate Ser/Thr to Ala-mutants of the respective peptides. None of these mutants were
phosphorylated by AKT2 on another Ser or Thr residue within the novel substrate candidates. For
example, CEP170-Ser"'*®® and FAM83H-Ser'"* were among the 15 novel AKT substrates (Figure III-10),
which could display a direct regulatory role of AKT in centrosomal and cytoskeletal organization,
respectively. CEP170 is a fundamental part of the centrosome during mitosis and perturbed mitosis by
altered CEP170 function could be fatal for cancerous as well as healthy cells [57]. The potential kinase-
substrate relationship between AKT and CEP170 could complement earlier literature showing that AKT
is localized to centrosomes during mitosis and is involved in the regulation of centrosome migration
and spindle orientation [58, 59]. AKT-regulated FAM83H activity, on the other hand, may interfere with
the organization of the keratin cytoskeleton, which is necessary for cell migration [47]. Both CEP170
and FAM83H have been reported to be negative prognostic markers in several cancer types [60, 61]
(Human Protein Atlas available from www.proteinatlas.org). Further experiments would be necessary
to explore the consequences of phosphorylation by AKT on these proteins. However, one could
speculate that this finding, in case of an activation of the proteins by AKT phosphorylation, may provide

a rational for AKT inhibition in patients with elevated CEP170 and FAM83H expression levels.

Due to the fact that the validation of the novel AKT substrates was performed by using a recombinant
kinase and synthetic peptides ex cellulo, further experiments would be necessary to finally proof direct

kinase-substrate relationships on substrate protein-level as well as in a cellular environment. Still, the
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linearity of the AKT substrate motif underscores the chance of using peptidic substrates in an AKT assay.
In general, the strong enrichment for the AKT motif and the validation of novel AKT substrates by
AKT?2 assays reinforced the definition of an extended AKT pathway. Moreover, the general potential of
deciphering kinase-substrate relationships from drug-perturbed phosphoproteomes treated with

inhibitors harboring a common target spectrum has been underlined.
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Figure 111-10: Confirmed novel AKT2 substrates by in vitro kinase assays. Normalized peptide
intensities of non-phosphorylated and phosphorylated AFF4-Ser®3¢, AIRD5B-Ser2%4, FRYL-Thr'°%° (first
IRS1-Ser?7%, LATS1-Ser*%4, PLEC-Ser*?72 (second row, left to right), POF1B-Ser®¢,
TDRD3-Ser*8?, ZBTB1-Ser*'" (third row, ZCCHC6-Ser'?, ZFC3H1-Ser'%4¢, ZNF106-Ser8s!
(fourth row, left to right) and ZNF185-Ser®* (last row) peptides after 0, 5, 10, 30, 60, 120 or 180 min

row, left to right),

left to right),
incubation in the AKT2 kinase assay. Data represent N =

independent experiments. Error bars

represent SD.
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3.5 Secreted STC2 is a potential treatment marker for AKT inhibition

The phosphoproteomic data indicated the regulation of autophagy by AKT inhibition, which has been
already reported to be based on both direct and indirect mechanisms [62]. Phosphorylation of initiator
of autophagosome biogenesis ULK1 [63, 64] was regulated by AKT inhibition on several residues. Ser®”,
Ser®*® (phosphorylated by AMPK and mTOR) and Thr*® have shown a decrease in phosphorylation
upon treatment with most AKT inhibitors. Ser**" (log, FCy= 0.5) and Ser** (log, FCy= -1.0) were
regulated by all drugs but neither of these p-sites have been functionally annotated, yet (Figure III-11A).

° were not

On the contrary, phosphorylation of Ser*®, Ser® (phosphorylated by AMPK) and Ser*
changed upon AKT inhibition. Indeed, experiments which have been carried out by Nils Gassen
(University of Bonn) have demonstrated an increased autophagic flux upon treating BT-474 cells with
MK-2206 (data not shown) proving an increase in ULKI activity, which may be reflected by its
phosphorylation status. Furthermore, ULK1 and 46 further (out of the 185 known and novel) AKT
pathway members with perturbed p-sites upon AKT inhibition, are associated with autophagy according
to the current literature. This indicated a more comprehensive direct and indirect regulation of the
autophagy machinery by AKT activity than anticipated so far [62]. Reports are conflicting about whether
ULKT1 activity is a favorable [65] or an unfavorable prognostic marker in cancer [66]. This raises the

question whether a substantial increase of functional autophagy in response to AKT inhibition as

observed in this study would represent a benefit for patients or an on-target treatment liability.
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Figure I11-11: Influence of the AKT inhibitors on autophagy and the secretome. (A) LC-MS?
quantification of ULK1-Ser®*' (top) and ULK1-Ser*° (bottom) p-site intensity upon AKT inhibitor
treatment. (F) LC-MS?® quantification of UBAT intensity. Venn diagram of identified proteins in the
secretome dataset and predicted secreted proteins thereof. (F) LC-MS? quantification of STC1 intensity
upon AKT inhibitor treatment. Data represent N = 3 (A, D-F) and N = 4 (C) biologically independent
experiments. Statistical analyses were performed by t-tests (FDR = 0.05, s = 0.1 or s = 0.09). Error bars

represent SD. * P < 0.05, ** P < 0.01, *** P < 0.001.
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Reports have been suggesting that AKT influences lysosomal activity, especially during autophagy (67,
68] and that lysosomal damage shifts disruptive autophagy to secretion [69]. In order to study the
potential influence of AKT inhibition on secreted proteins, deriving from autophagy or conventional
mechanism, a mass spectrometry-based secretome analysis was carried out. Instead of facilitating the
secretome analysis by serum starvation, a metabolic labeling strategy using AHA in a click chemistry-
based approach to enrich secreted proteins from conditioned medium [21] in the presence or absence
of the five AKT drugs was employed to avoid any further perturbation of cell signaling. 394 proteins
were identified and quantified, of which 41 % were predicted to be secreted (according to the Human
Protein Atlas [70], www.proteinatlas.org) or annotated to be secreted in Uniprot [29] (Figure III-11B).
19 proteins of the latter have been reported to be secreted by an autophagy-mediated process [71]. Here,
however, only UBA1 showed significantly increased secretion in response to MK-2206 (log, FCqy = 0.57)
but no other AKT inhibitor (Figure III-11C top). A significant decrease in protein secretion upon drug
treatment (four compounds) was found for one single protein, Stanniocalcin-2 STC2 [72-74] (log, FC.=
-0.83) (Figure I1I-11C bottom). These results suggest that AKT inhibition drugs do not generally lead to
altered protein secretion. However, the decrease in STC2 level after AKT inhibitor treatment might be
of interest since the protein has been suggested to serve as an unfavorable prognostic marker for several
cancers including hepatocellular and ovarian carcinomas [75, 76]. Furthermore, STC2 has been already
detected in the plasma of breast cancer patients [74]. STC2 therefore could putatively serve as a plasma-

accessible treatment response marker in patients undergoing AKT inhibitory therapy.
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Summary

The general lack of a comprehensive understanding of the direct mode of action of many approved
therapeutic antibodies as well as high prevalence of low responses and relapses motivated to perform
phosphoproteomic analyses of two selected classes of therapeutic antibodies - anti-HER2 antibodies
pertuzumab and trastuzumab as well as anti-CD20 antibody rituximab. Cell line panels consisted of
breast cancer cell lines BT-474, SK-BR-3 and MDA-MB-175, and B-cell lymphoma and lymphoblastoid
cell lines SU-DHL-4, Ramos and ARH-77. These enabled a diverse platform to robustly study both
common effects and resistance mechanisms of the drugs. In addition, concentration- and time-
dependent drug application facilitated the characterization of responding phosphorylation events by
their potency and temporal dynamics. A phosphoproteomic TMT10-based multiplexing sample
preparation and data analysis workflow resulted in deep drug-perturbed phosphoproteomes of more
than 12,000 p-sites for a multiplexed set. Phosphoproteomic changes of anti-HER2 drugs were mainly
driven by lapatinib, which highlighted by > 2000 regulated p-sites. In contrast, the breast cancer
phosphoproteomes have been only sparsely responsive towards anti-HER2 therapeutic antibodies.
MAPK and MTOR signaling pathways were enriched in the drug-regulated phosphoproteomes and
have validated responsiveness towards lapatinib but neither trastuzumab nor pertuzumab. Contrarily,
sensitive B-cell lymphoma cells were comprehensively and increasingly perturbed over time in their
phosphoproteomes by anti-CD20 mAb rituximab reaching several thousands of regulated p-sites. The
observation that phosphorylated MAPK1/3 can serve as both rituximab-resistance and -treatment
markers was additionally stressed by the sensitization of resistant cells towards rituximab by
pharmacological inhibition of MAPK signaling pathway members. Further analyses highlighted the
importance of MAPK1/3 activity for rituximab action by the localization of phosphorylated MAPK1/3
to the cell membrane. In addition, comprehensive pathway enrichment analysis has uncovered the
importance of an early activation of calcium-dependent NFAT signaling. A cell cycle arrest by the
phosphorylation-based regulation of the RB1/CDK/WEEI axis among many other cell cycle proteins
has been found to robustly take effect after several hours of treatment. In summary, the
phosphoproteomic analysis revealed remarkably opposing capabilities of the therapeutic antibodies to

exert direct actions on cancer cells and hint to novel response and resistance markers.
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1 Introduction

Monoclonal antibodies (mAb’s) are heavily used in the therapy of many human diseases including
hematological malignancies and solid cancer. They possess multiple mode of actions due to their
multiple binding moieties. The recognition of the cancer cell is enabled by binding of the designated
surface antigen by the Fab region. This commonly establishes a direct action on cellular signaling that
drives the perturbation of cancer growth and survival. Engagement of effector cells and the complement
system over the Fc terminus can further induce complement-dependent cytotoxicity (CDC), antibody-

dependent cellular cytotoxicity (ADCC) and antibody-dependent cellular phagocytosis (ADCP) [1].

A renowned target of therapeutic mAbs is human epidermal growth factor receptor 2 (HER2), which
promotes the progress of further signaling pathways (e.g. PI3K-AKT-MTOR and MAPK signaling)
upon activation by dimerization. HER2 gene amplification and protein overexpression strongly
correlate with tumor aggressiveness and decreased patient survival and is characteristic for~22 % of
breast cancer tumors [2, 3]. The clinically approved antibodies pertuzumab and trastuzumab target
different epitopes of HER?2 [4, 5] and bear differing modes of actions. These include, apart from effector
functions, distinct direct actions on the cancer cells [6, 7]. Trastuzumab inhibits mainly ligand-
independent receptor dimerization and subsequent signaling by binding to the juxtamembrane region
of the extracellular domain (ECD) of HER2 (subdomain IV). Contrarily, pertuzumab binds to HER2
domain II, the dimerization moiety, thereby mainly inhibiting ligand-dependent dimerization. While
the therapy with trastuzumab demands HER2 overexpression, pertuzumab can be applied against
tumors with a lower HER2 level. Due to its disruption of ligand-driven signaling, it shows efficacy in
tumors that are driven by heregulin-stimulated HER2/HER3 dimerization. Trastuzumab is since its
approval in 1998 standard-of-care first-line therapy for HER2-positive breast cancer tumors in an
adjuvant as well as metastatic setting. A combination with chemotherapy (such as taxane agents) is often
favored in the clinic [8]. Trastuzumab has also been showing efficacy in other HER2-positive cancer
types such as gastric cancer [9]. The addition of pertuzumab to the combination of trastuzumab and
docetaxel has furthermore improved clinical outcomes and is approved since 2012 as first-line treatment
in HER2-positive metastatic breast cancer [10]. Still, an overall response rate of merely 40 % has been
described for this treatment regimen [11]. The portfolio of anti-HER2 drugs furthermore comprises
antibody conjugate trastuzumab emtansine and the two small molecule dual EGFR/HER2 inhibitor

lapatinib and triple EGFR/HER2/HER3 inhibitor neratinib, which are all approved for breast cancer
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therapy as well [12-14]. In addition, novel antibody-drug conjugates and bispecific antibodies targeting

HER?2 are also under investigation in clinical trials.

Another clinically successful class of therapeutic antibodies are anti-cluster of differentiation 20 (CD20)
mAbs. CD20 is a non-glycosylated surface protein with four transmembrane domains assembling into
homo-tetramers on the cell surface of, almost exclusively, B-cells [15]. CD20 is expressed in high levels
during the B-cell development. However, it is not expressed in B-cell progenitors and no longer present
in mature plasma cells [16]. The depletion of CD20 positive B-cells is less likely to cause permanent side
effects since B-cells can be repopulated from immature naive B-cells [17]. Furthermore, the humoral
response against encountered pathogens remains functional [18]. Despite the fact that CD20 is involved
in B cell receptor activation-dependent calcium intake, it is unclear whether CD20 itself is a calcium ion
channel [19, 20]. Chimaric rituximab, which targets and depletes B-cells by binding CD20, was the first
monoclonal antibody to receive clinical approval in 1997. It has since been used to treat various B-cell
malignancies such as non-Hodgkin lymphoma (NHL) [21, 22] either as monotherapy or, more
frequently, together with cyclophosphamide, doxorubicin, vincristine, and prednisone (R-CHOP) or
kinase inhibitor ibrutinib [21, 23]. After its approval for rheumatoid arthritis in 2006, rituximab has
been applied to lower the adaptive immune response in even further autoimmune diseases like multiple
sclerosis and chronic graft-versus-host disease [24]. The described effects of rituximab include ADCC
[25] and CDC [26, 27] alongside direct effects leading to compartmentalization of CD20 into lipid rafts
and finally caspase-dependent and -independent apoptosis [28-30]. While R-CHOP is the standard-of-
care therapy in NHL, low response rates are a difficulty seen in up to 20 % (primary) and 30 % (acquired
resistance) of the patients [31]. Several novel anti-CD20 mAbs, which try to overcome some of
rituximab ’s shortcomings, are either already approved (ofatumumab, obinutuzumab and ocrelizumab)
or are in development and possess alternative features such as an alternate binding epitope,

humanization or altered glycosylation [32-34].

Albeit the clinical relevance of mAbs is undoubtedly immense, the detailed mode of actions are in many
cases unknown. Particularly, the parallel actions of the Fab and the Fc terminus of the mAbs cause a
complex impact on tumors in vivo, which complicates the study of their actions. Furthermore, the share
of individual effects in the total mode of action is difficult to decipher. For instance, this is demonstrated
by contradictory studies about the importance of ADCC in the actions of rituximab [35-37]. In order to
contribute to an enhanced knowledge about the actions of mAbs, the hereinafter discussed experiments

aimed to uncover molecular consequences of direct antigen engagement on a global scale. The ultimate
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goal would be to suggest response markers that could be relevant in vivo and to understand underlying
resistance mechanisms that are driven by the tumor itself. Therefore, a concentration- and time-
dependent phosphoproteomic workflow was applied to gain insights into the action of two classes of
therapeutic mAbs of pivotal importance in the treatment of solid and hematopoietic cancers,

respectively: anti-HER2 pertuzumab and trastuzumab as well as anti-CD20 rituximab.
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2 Material and methods

Therapeutic antibodies and small molecule inhibitors

Therapeutic antibodies trastuzumab (Herceptin, Roche) and rituximab (mabThera, Roche and
Rixathon, Sandoz) were provided by the group of Tumorimmunology and Translational Immuntherapy
of the Technical University of Munich. Pertuzumab (A2008), lapatinib (#S1028), dabrafenib (#2807),
ibrutinib (#S2680), BMS-387032 (#S1145), rabusertib (#52626), R-406 (#52194), fostamatinib (#S2625),
ulixertinib (#57854), PH-797804 (#S2726) and trametinib (#S2673) were purchased from Selleckchem.
ONO4059 (#HY-15771A) was obtained from MedChemExpress and MK-1775 (#A-1117) from Active

Biochem.

Cell culture

BT-474, MDA-MB-175 and SK-BR-3 cells were cultured in Dulbecco's modified Eagle's medium
(DMEM)/Hams F-12 (1:1) with 10 % fetal bovine serum (FBS), while SU-DHL-4, Ramos and ARH-77
cells were kept in RPMI 1640 with 10 % FBS. All cell lines were incubated at 37 °C and 5 % CO, and
handled according to standard cell culture methods. Cell line authentication was accomplished by short
tandem repeat (STR) profiling (Multiplexion, Heidelberg, Germany) [38]. For kinase inhibitor and mAb
treatments, breast cancer cells were grown until a 70 % confluency was reached and the suspensions of
the B cells were adjusted to 2.25 x 10° cells/mL. Subsequently, fresh medium supplemented with kinase
inhibitor or mAD at the indicated concentration was added to the cells which were further incubated at

37 °C for the indicated times. Suspension cells were harvested by centrifuging for 1 min at 75x g.

Metabolic cell assay with AlamarBlue

2 x 10* cells of the breast cancer cell lines and 5 x 10° cells of the B cell lines were seeded into a 96-well
microtiter plate in triplicate or quadruplicate and incubated at 37 °C and 5 % CO.,. Directly afterwards
(B cell lines) or after 24 h (breast cancer cell lines), dilutions of the kinase inhibitors or mAbs or
combinations thereof in the indicated concentrations in medium were added to the cells. After a 72 h
treatment, alamarBlue reagent (Thermo Fisher Scientific) was added 1:10 to each well. The fluorescence
was quantified at Aex = 544 nm and Aen = 584 nm on the microplate reader FluoStar Omega (BMG
Labtech). Curve fitting was performed by using the non-linear least squares fit within GraphPad Prism

(version 5.01).
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Cytotoxic assay

2 x 10* BT-474 cells were seeded into a 96-well microtiter plate, distinct for this experiment in F-12K
medium supplemented with 10% FBS, in quadruplicate and incubated at 37 °C and 5 % CO,. After 24 h,
IncuCyte Cytotox Green reagent (Essen Bioscience, #4633) was added to the medium in 1:5000 dilution.
Live cell imaging was performed by capturing images every 2 hours with 10x magnification in the
IncuCyte S3 System (EssenBioscience). Analysis of green fluorescence and confluency of cells was
performed by using the integrated software (version 2018A). Curve fitting was performed by using the

non-linear least squares fit within GraphPad Prism (version 5.01).

Protein concentration assay

The protein concentration in cell lysate was determined using the Coomassie Plus Bradford assay

(Thermo Fisher Scientific) according to the protocol of the manufacturer.

Sample preparation for the (phospho)proteomic experiment

Immediately after the treatment, cells were lysed in 40 mM Tris(hydroxymethyl)aminomethane (Tris)-
HCI pH 7.6, 8 M urea, ethylenediaminetetraacetic acid (EDTA)-free protease inhibitor (Roche) and
phosphatase inhibitors (Roche). Lysate was centrifuged for 1 h at 21,000 x g und the supernatant was
subjected to sample preparation. If not stated otherwise, 200 pg protein of cell lysate was reduced with
10 mM dithiothreitol (DTT) for 40 min at 56 °C and alkylated with 55 mM chloroacetamide (CAA) at
room temperature in the dark for 20 min. After dilution of the urea concentration from 6 M to 1.5 M
with 40 mM Tris-HCI pH 7.6, the proteins were digested in a 1:50 trypsin/substrate weight ratio
overnight at 37 °C and 700 rpm. Desalting of the tryptic peptides was performed on Sep-Pak C18 50 mg
columns or Sep-Pak tC18 100 mg plates (Waters) as described elsewhere in 0.07 % trifluoroacetic acid
(TFA) in 50 % acetonitrile (ACN). If not stated otherwise, labeling of the desalted peptides was
performed afterwards with tandem mass tags 10 (TMT10)-plex (Thermo Fisher Scientific) at a final
concentration of 6.67 mM TMT according to instructions provided by the manufacturer except fora 1:2
TMT/peptide ratio. One TMT channel was used for each drug concentration (126 = vehicle control;
from 127N = lowest drug concentration to 131 = highest drug concentration). Pooled phosphopeptides
were enriched using Fe- immobilized metal ion affinity chromatography (IMAC) as previously
described [39]. If applied, enriched phosphopeptides were subjected to phosphotyrosine
immunoprecipitation enrichment by utilizing the PTMScan Phospho-Tyrosine Rabbit mAb (P-Tyr-
1000) Kit (Cell Signaling Technology, #8803) according to the manufacturer’s protocol. Further

purifying of phosphotyrosine peptides was performed in micro-column format (three discs, @ 1.5 mm,
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C18 material, 3M Empore per micro-column were used) either with C18 alone or biphasic as IMAC/C18
columns by addition of PHOS-Select Iron Affinity Gel-(Fe*-IMAC; Sigma Aldrich, #P9740) as
described earlier [40]. Subsequently, phosphopeptides were separated into six fractions using basic
reversed-phase (bRP) chromatography in micro-column format (five discs, @ 1.5 mm, C18 material, 3M
Empore per micro-column were used) in 25 mM NH,COOH (pH 10). Peptides were fractionated with
increasing ACN concentrations (5%, 7.5%, 10%, 12.5%, 15%, 17.5% and 50% ACN). The desalted flow-
through was combined with the 17.5 % fraction and the 50 % fraction with the 5 % fraction to give a
total of six fractions. If undertaken, non-phosphorylated peptides (flow through of the Fe-IMAC) were
fractionated into 32 fractions by hydrophilic strong anionic exchange chromatography (hSAX) as
described elsewhere [41] or measured as a single shot to enable total sum normalization of the
phosphoproteome data. After drying in a centrifugal evaporator, the samples were stored at -20 °C until

LC-MS" analysis.

LC-MS? analysis of the (phospho)proteome

Nano-flow liquid chromatography tandem mass spectrometry (LC-MS?’) measurement of TMT-labeled
non-phosphorylated and phosphorylated peptides was performed using a Dionex Ultimate3000 nano
high performance liquid chromatography (HPLC) (Thermo Fisher Scientific) coupled to an Orbitrap
Fusion Lumos mass spectrometer (Thermo Fisher Scientific). The fractions of phosphorylated peptides
were injected twice. Peptides were desalted on a trap column (100 um x 2 cm, packed in-house with
Reprosil-Pur C18-AQ 5 um resin; Dr. Maisch) in 0.1 % formic acid (FA) at 5 pyl/min and separated on
an analytical column (75 pm x 40 cm, packed in-house with Reprosil-Pur C18-AQ, 3 um resin; Dr.
Maisch) using a 50 min linear gradient from 8-34 % (full proteome) or 80 min linear gradient from 4-
32 % (phosphoproteome) solvent B (0.1 % FA, 5 % dimethylsulfoxide (DMSO) in ACN) in solvent A
(0. 1% FA, 5 % DMSO in water) at a flow rate of 300 nL/min. The Fusion Lumos was operated in data
dependent acquisition and positive ionization mode. An overview of utilized parameters used for MS’

analysis can be found in Table IV-1.
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Table IV-1: Parameters used for MS3 analysis on the Fusion Lumos of both phosphoproteome and

full proteome samples.

MS Phosphoproteome | Phosphoproteome
Parameter Full proteome
n HER2 mAbs CD20 mAbs

1 | Detector type Orbitrap Orbitrap Orbitrap
Resolution 60K 60K 60K
Scan range [m/z] 360-1300 360-1300 360-1500
Maximum injection time 50 50 50
(maxIT) [ms]
Automatic gain control (AGC) 400K 400K 400K
target

2 | Charge state 2-6 2-6 2-6
Dynamic exclusion [s] 90 90 90
Isolation window [m/z] 0.7 0.7 0.7
First mass [m/z] 100 100 120
Activation type CID CID CID
Activation Q 0.25 0.25 0.25
Activation time [ms] 10 10 10
Collision energy [%] 35 35 35
Multistage activation true true false
Neutral loss 97.9763 97.9763 -
Detector type Orbitrap Orbitrap Ion trap (scan rate =

rapid)

Resolution 15K 15K -
maxIT [ms] 60 22 60
AGC target 20K 50K 20K

3 | Precursor selection mass range 400-2000 400-2000 400-2000
[m/z]
Isobaric tag exclusion TMT TMT TMT
Isolation window [m/z] 1.3;1.0;0.8;0.7 1.2;0.9;0.7;0.6 1.2;0.9;0.7;0.6
MS?2 isolation window [m/z] 3 3 2
Multinotch activation true true true
Number of notches 10 10 10
Activation type HCD HCD HCD
Collision energy [%] 55 55 55
Detector type Orbitrap Orbitrap Orbitrap
Resolution 50K 50K 50K
Scan range [m/z] 100-1000 100-1000 100-1000
maxIT [ms] 120 120 120
AGC target 120K 120K 120K

Peptide and protein identification and quantification

Protein and peptide identification and quantification was performed using MaxQuant [42] (version

1.6.0.16 or 1.6.3.3) by searching the tandem MS data against all human canonical and isoform sequences
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as annotated in the Swissprot reference database (42355 entries, downloaded 06.06.2018) using the
embedded search engine Andromeda [43]. Carbamidomethylated cysteine was set as a fixed
modification and oxidation of methionine and N-terminal protein acetylation as variable modification.
In addition, phosphorylation of serine, threonine and tyrosine was set as variable modification for the
phosphoproteome. Trypsin/P was specified as the proteolytic enzyme and up to two missed cleavage
sites were allowed. Precursor tolerance was set to 4.5 ppm and fragment ion tolerance to 20 ppm. The
minimum peptide length was set to seven and all data were adjusted to 1 % peptide-spectrum match
(PSM) and 1 % protein false discovery rate (FDR). A minimum score for modified peptides was set to
40. MS3-based TMT quantification was enabled, taking TMT correction factors as supplied by the
manufacturer into account. Subsequent data analysis was performed on identified and quantified
protein groups (full proteome; as provided in the proteinGroups.txt) and phosphorylation sites

(phosphoproteome; as provided in the Phospho (STY)Sites.txt).

Data analysis

The Perseus software suite [44] (version 1.5.5.3) was used to filter out contaminants, reverse hits and
protein groups, which were only identified by site (the latter in case of full proteome datasets).
Multiplicities of phosphorylation sites were considered for further analysis. Protein and
phosphorylation site intensities were normalized by a total sum normalization. Intensities were further
normalized to the respective vehicle control. A four-parameter log-logistic regression using an internal
pipeline that utilizes the ‘drc’ [45] package in R was applied to fit curves to the concentration-dependent
phosphorylation site intensities in each TMT experiment. Phosphorylation sites were considered to be
regulated for the a) the HER2 mAD dataset if i) the effect size (log2 fold change (FC), which considered
the first and last two data points of the concentration series) was > 0.3 and ii) the R2 was > 0.75 and for
b) the CD20 mAD dataset if i) the effect size was > 0.5, ii) the R2 was > 0.75 and iii) the EC50 was
< 10 pg/ml. Enriched pathways among phosphorylated proteins were analyzed by using the Reactome

knowledge base (available at https://reactome.org) [46] and by setting a maximum FDR of 0.1 for

enriched pathways. Proteins of interest were mapped to signaling pathways by applying the KEGG

database resource (release 91.0) [47].

Dot blotting and Western blotting
Protein lysates were generated by harvesting cells in 0.8 % NP40, 50 mM Tris-HCI pH 7.5, 5 % glycerol,
1.5 mM MgCl,, 150 mM NaCl, 1 mM Na;VO,, 25 mM NaF, 1 mM DTT, protease inhibitors (SigmaFast,

Sigma) and phosphatase inhibitors and heating the lysate for 10 min at 90 °C in 2 x NuPAGE LDS sample
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buffer (Invitrogen, #NP0007), 100 mM DTT. For dot blotting, protein suspensions were carefully
spotted onto PVDF membranes and dried for 15 min at room temperature. Samples for Western
Blotting were separated by sodiumdodecylsulfate polyacrylamide gel electrophoresis (SDS) and electro-
transferred onto PVDF membranes. Blots were stored in Tris-buffered saline (TBS), supplemented with
0.05 % Tween (TBS-T) and 2 % bovine serum albumin (BSA) for 1 h at room temperature and then
incubated with primary antibody (diluted in TBS-T, 5 % BSA or 5 % non-fat dry milk) overnight at 4 °C.
The following primary antibodies were used: 3-Actin (1:1000, Santa Cruz Biotechnology, #sc-47778),
AKT (1:1000, Cell Signaling Technology, #9272), CD20 (1:500, Abcam, #ab9475), GAPDH (1:1000,
Santa Cruz Biotechnology, #SC-365062), Phospho-HER2 (Tyr1221/1222) (1:1000, Cell Signaling
Technology, #2243), HER2 (1:1000, Cell Signaling Technology, #2165), Phospho-p44/42 MAPK
(Erk1/2)(Thr202/Tyr204) (Cell Signaling Technology, #4370), p44/42 MAPK (Erk1/2) (Cell Signaling
Technology, #4695), Phospho-p90RSK (Thr359/Ser363) (1:750, Cell Signaling Technology, #9344),
RSK1/RSK2/RSK3 (1:500, Cell Signaling Technology, #9355), a-tubulin (1:200, Santa Cruz
Biotechnology, #SC-12462-R). Subsequently, blots were washed in TBS-T and probed with the
corresponding fluorophore-conjugated secondary antibody for 30 min at room temperature. The
immuno-reactive signals were detected directly by excitation of the respective fluorophore. Acquisition
and quantification of the band intensities were carried out with the Odyssey (Licor) imaging system and
respective software. Intensities of proteins were normalized to input housekeeping proteins and

phosphorylated proteins were normalized to the intensity of the respective total protein.

Immunofluorescence labeling and confocal laser scanning microscopy (CLSM)

The channels on the microscopy slide (p-slides VI0.4, ibiTreat; Ibidi, #80606) were filled each with 30 pL
of poly-L-lysine (0.1 mg/mL; Biochrom, #L7240) and incubated for one hour at room temperature for
coating. After washing the channels five times with 30 uL PBS*, 2.5 x 10° cells in 50 uL suspension were
seeded per channel for Ramos and SU-DHL 4, while 5x10° cells were used for ARH-77. 100 uL. medium
was added to each channel after one hour of settlement. 16 hours post-seeding, the cells were washed
twice with PBS* and subjected to the treatments as indicated. Thereafter, cells were washed twice with
PBS* and fixated for 15 min at room temperature using 100 pl 4 % formaldehyde in PBS*. After three
subsequent washing steps, slides were incubated at room temperature for 60 min with 5 % BSA,
0.3 % Triton X-100 in PBS* for permeabilization and blocking. Slides were washed twice with 100 pL
PBS* and incubated with the primary antibodies in 1 % BSA, 0.3 % Triton X-100 in PBS* overnight at
4 °Cin a humid box: CD20 (Abcam, #ab9475), Phospho-p44/42 MAPK (Erk1/2)(Thr202/ Tyr204) (Cell

Signaling Technology, #4370) and p44/42 MAPK (Erk1/2) (Cell Signaling Technology, #4695).
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Following three washing steps (100 pL PBS* each), the secondary antibodies were applied which were
incubated 30 min in the dark: donkey anti-Rabbit IgG H&L (Alexa Fluor 488) (Abcam, #ab150073) and
goat anti-Mouse IgG H&L (Alexa Fluor 647) (Abcam, #ab150115). Cells were washed with 100 uL PBS*
and 25 uL 0.1 pg/mL DAPI was applied. After four minutes incubation, cells were washed three times
with 100 pL PBS*. Finally, 30 uL mounting medium (Ibidi, #500001) was applied. Until readout, slides
were kept in the dark at 4 °C in a humid box. Cells were imaged on an Olympus FLUOVIEW FV3000
confocal scanning microscope with an IX83 scanning unit using a UPLSAPOG60XW lens
(60x/NA1.2/WD 0.28, water immersion) and the laser wavelengths Ao=405/ Aen=461 (DAPI), Ax=488/
Aem=520 (Alexa Fluor 488) and Aex=633/ Aem=647 (Alexa Fluor 647). Images were further processed with

Image] (version 2.0.0-rc-69/1.52p) [48].
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3 Results and discussion

3.1 Cell line panels for the study of therapeutic antibodies

In order to study the action of anti-HER2 trastuzumab and pertuzumab, and anti-CD20 rituximab by
phosphoproteomics, suitable cell lines were chosen. Due to their high relevance for the treatment of
breast cancer tumors and lymphomas, respectively, HER2-positive breast cancer and CD20-positive B-
cell lymphoma cell lines were the basis for further experiments. Lapatinib, a dual HER2/EGFR small
molecule inhibitor, was added to the panel of anti-HER2 mAbs. Thus, the comparison of the effects of
both the intracellular HER2 engagement and the blocking of extracellular HER2 dimerization was
enabled. In order to study the action of the drugs comprehensively, perturbations of the
phosphoproteomes were performed in a concentration-dependent manner. An additional advantage of
this approach was that information about the potency of drug action could be obtained. Consequently,
also appropriate ranges of drug concentrations had to be defined that cover drug-induced changes in

protein phosphorylation.

Appertain to the luminal B and HER?2 breast cancer subtype [49], both BT-474 and SK-BR-3 cell lines
are heavily utilized in research due to their elevated HER?2 activity. Increased levels of HER2 expression
and phosphorylation in comparison to triple negative breast cancer cell line MDA-MB-231 [50] were
demonstrated by Western Blotting (Figure IV-1A). Metabolic activity assays with Alamar Blue have
highlighted sensitivity towards lapatinib in both cell lines with similar sub-micromolar half-maximum
inhibitory concentrations (IC50s) but lower effect size in SK-BR-3 cells (Figure IV-1B, top). In contrast,
trastuzumab realized diminished effects of 25 % or less on the metabolic activity of both cell lines (Figure
IV-1B, bottom). Pertuzumab has been reported to exert even lower effects than trastuzumab on the
proliferation of BT-474 and SK-BR-3 cells [51, 52], but could be more efficacious by supplementing
heregulin HRG, which drives ligand-dependent HER2 heterodimerization [53]. A similar trend of lower
effects by trastuzumab compared to lapatinib was observed for the phosphorylation level of the two
major autophosphorylation sites HER2-Tyr!'**/'22 by dot blot analysis (Figure IV-1C). These results are
in agreement with reports that have illustrated rather low effect sizes of trastuzumab on the cellular
proliferation and HER2 phosphorylation levels in breast cancer cell line panels. Still, BT-474 and SK-
BR-3 cells were specified as trastuzumab-sensitive [50]. Cytotoxicity assays with the IncuCyte green
cytotoxicity reagent have furthermore demonstrated a cytotoxic effect of lapatinib on BT-474 cells,

which is missing during trastuzumab treatment (Figure IV-2). This led to the assumption that the direct
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action of trastuzumab on breast cancer cells is cytostatic, which is again in line with previous reports
[54, 55]. These initial results already point out a differential action of the anti-HER2 drugs on breast

cancer cells.
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Figure IV-1: Breast cancer cell lines to study anti-HER2 drug action. (A) Immunoblots showing HER2,
AKT and ACTB intensity in BT-474, SK-BR-3 and MDA-MB-231 breast cancer cells. (B) Metabolic activity
of BT-474 (left) and SK-BR-3 (right) cells upon treatment with lapatinib (top) and trastuzumab (bottom)
in an Alamar Blue assay. (C) Phosphorylation intensity on HER2-Tyr'22'/1222 jn BT-474 cells upon
treatment with lapatinib (top) and trastuzumab (bottom) as determined in a dot blot assay. The relative
IC50 is highlighted by a dashed line and the bottom of the curve by a pointed line. Error bars represent
standard deviation (SD). Data represent N = 1 (A and C) and N = 3 (B) biologically independent

experiments.

BT-474
Lapatinib

— 20 |

>15 i

g t—H—H’I/H_}

510 a

2 05 i

S s

) EC50= 0.3 uM

00.00100101 1 10
Concentration [uM]

Trastuzumab
. 20
= 15
Q
g 10 {IIIIIII}
205
O

. OC%1ngé:1trat?on [pg;ml; @
Figure IV-2: Cytotoxicity analysis of lapatinib and trastuzumab with an IncuCyte green
cytotoxicity assay. (A) Example phase microscope pictures of lapatinib- (top) and trastuzumab-
treated (bottom) BT-474 cells (10 pM / 100 pg/ml, 72 h) stained with the IncuCyte green cytotoxicity
reagent. Bar length is 400 um. (B) Analysis of the cytotoxicity of lapatinib (top) and trastuzumab
(bottom) in BT-474 cells in an IncuCyte green cytotoxicity assay (readout after 72 h treatment). The
relative half-maximum effective concentration (EC50) is highlighted by a dashed line, if applicable.

Error bars represent the SD. Data represent N = 3 biologically independent experiments.
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With regard to cover a broad range of breast cancer subtypes, the MDA-MB-175 cell line was
furthermore added to the cell line panel to study HER2 inhibitor action. MDA-MB-175 cells belong to
the luminal A breast cancer subtype, are trastuzumab-sensitive and bear enhanced levels of activated

HER3, a dimerization partner of HER2 [50, 56].
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Figure IV-3: B cell lines to study the action of rituximab. (A) Metabolic activity of SU-DHL-4, Ramos,
Raji and ARH-77 cells upon treatment with rituximab (from left to right) in an Alamar Blue assay. The
relative IC50 is highlighted by a dashed line and the bottom of the curve by a pointed line. Error bars
represent standard deviation (SD). (B) Immunoblots showing a-Tubulin and CD20 intensity in SU-DHL-
4, Ramos and ARH-77 cells with or without Th treatment with 30 pg/ml rituximab (RTX). (C)
Immunoblots showing a-Tubulin and CD20 intensity in SU-DHL-4, Ramos and ARH-77 cells with or
without 1h treatment with 30 pg/ml rituximab (RTX) after lysis with 1 % or 3 % digitonin (Dig). Data
represent N =3 (A) and N =1 (B & C) biologically independent experiments.

Due to their clinical relevance, especially CD20* lymphoma cell lines are a prime model system to study
the actions of rituximab. Sensitivity of SU-DHL-4 and Ramos cells towards rituximab treatment with
IC50s < 100 ng/ml were displayed by metabolic assays. Contrarily, Raji and ARH-77 cells indicated
partial and total intrinsic resistance (Figure IV-3A). The final cell line panel contained diffuse large cell
B-cell lymphoma SU-DHL-4 [57], Burkitt lymphoma Ramos [58] and B-lymphoblastoid, formerly
labeled as plasma cell leukemia [59], ARH-77 cells. Hence, different lymphoma types and sensitivities
towards the drug were included, which offered the chance to study both common actions of rituximab
and resistance mechanisms in ARH-77 cells. So far, reported mechanisms of low response in ARH-77
cells were attributed to a diminished rituximab-mediated CDC effect [60]. The phosphoproteomic study
of this thesis therefore could reveal resistance mechanisms that are based on Fab-mediated actions of

the drug.

Moreover, immunoblot analysis of the B-cell lines demonstrated basal CD20 expression, which was

decreased upon 1h 30 pg/ml rituximab treatment in all three cell lines (Figure IV-3B). This indicated a
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shift of CD20 molecules into lipid rafts by rituximab as it has been reported by literature [29].
Supplementing the NP-40-containing lysis buffer with 1 and 3 % digitonin, a renowned lipid raft-
disrupting detergent [61], has enabled the solubilization of lipid rafts-standing CD20 in ARH-77 cells
(Figure IV-3C). With these data one can exclude a down-regulation of CD20 expression as resistance
mechanism in ARH-77 cells and conclude a different lipid raft compositions of the three cell lines. In
line of this, reports showed that the level of ganglioside GM 1, a major constituent of lipid rafts, correlates
with the response of lymphomas to rituximab, which was independent of the CD20 expression level [62].
The analysis of the GM1 level in the cell line panel has not been executed so far. However, obtaining this

data could give further insight into the involvement of lipid rafts and molecular actions of rituximab.
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Figure IV-4: Final cell line panels for the phosphoproteomic analysis of anti-HER2 (top) and anti-

CD20 mAbs (bottom). Experimental conditions regarding included drugs and treatment times are

displayed as well. * ARH-77 is classified as B-lymphoblastoid cell line. sen = sensitive, res = resistant.

In summary, the final two cell line panels comprised each three cell lines, which were subjected to the
drugs in ten different concentration (Figure IV-4). The concentration ranges used in the metabolic
assays (lapatinib: 1 nM - 10 pM; trastuzumab: 10 ng/ml - 100 pg/ml; rituximab: 0 - 30 pg/ml) covered
the IC50s and EC50s, which should allow to encompass effects in further phosphoproteomic analyses.
Moreover, the concentration ranges comprised average plasma concentrations of the drugs in patients
[63-65]. In addition to the treatment of the three B cell lines with ten concentrations of rituximab, a time
component was introduced, which spanned a duration from short-term (1, 2, 5, 10 min), middle-term
(1,2, 6 h) and long-term (24 h) exposure of the cells to rituximab. Consequently, dynamics of signaling

events following rituximab engagement might be revealed leading to the functional ranking of
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phosphorylation events. This is especially of interest since most of the reports so far studied the effects

of rituximab upon prolonged treatment of 24 h or longer [66, 67].

3.2 Optimization of the phosphoproteomic sample processing workflow

In prospect of a high number of samples to process, different sample preparation strategies were
evaluated. The aim was to define a phosphoproteomic workflow that both enables comprehensive
identifications and is suitable to process rather a large number of samples. In the regard of optimizing
the sample processing workflow on a sample that recapitulates the intended phosphoproteomic
experiments, BT-474 cells were treated for 1 h with ten concentrations of lapatinib. In this way, ten
samples were processed and measured with a standard LC-MS® method. Four different sample
preparation strategies were employed, which differed in i) the total protein input (equally distributed
over the ten different samples), ii) the IMAC phosphopeptide enrichment step (performed either before
or after TMT labeling and pooling of the ten samples), and iii) inclusion of phosphotyrosine peptide-
immunoprecipitation (pY-IP) (Figure IV-5A). Strategy I and II differed by desalting pY-IP eluates either
by standard C18 solid phase extraction (SPE) (I) or by using a two-step enrichment strategy by including
Fe**-IMAC in addition to C18-SPE (II) as described earlier [40]. The highest number of identified and
quantified phosphorylation sites (p-sites) was reached with strategy III, leading to > 10,700 p-sites. This
number decreased when pY-IPs were added to the workflow (> 9800 p-sites; Figure IV-5B). The
underlying reason might be that the additional processing steps of the pY-IP caused peptides to get lost
for subsequent analysis. More additional steps in strategy II resulted in even lower number of
identifications (> 8900 p-sites), which are similar to those of strategy IV. As expected, the addition of
the pY-IP to the workflow raised the number of pY sites, resulting in 419/381 pY sites compared to
262 pY-sites. The number dropped again when only one tenth of total protein input was processed (IV,
155 pY-sites). In the interest of reducing sample processing steps and combining the ten samples as early
as possible to cover the maximal amount of technical variance, strategy IV was chosen to be used for
further experiments (Figure IV-6). Despite the fact that the number of p-site identifications has not been

the highest, they were still in an acceptable order of magnitude.
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Figure IV-5: Evaluation of different phosphoproteomic sample preparation strategies. (A)
Overview of the four analyzed sample preparation strategies. (B) Number of identified and quantified
p-sites for each strategy. The ratios of pSer, pThr and pTyr sites are furthermore noted. (C) Number of
PSM’s (left) and raw intensity (right) of the first and fifth wash step after plate-based desalting. (D)
Number of p-sites after three consecutive re-uses of the same plate-based desalting moiety. (E)
Number of p-sites (left) and overlap of p-sites (right) of cartridge- and plate-desalted samples. Error
bars represent SD. Data represent N =1 (A-C), N =3 (D) and N =1 or 2 (E) biologically independent

experiments.

In order to increase the throughput in the sample processing pipeline, desalting of tryptic digests on 96-
well plate-based C18 SPE was furthermore evaluated to replace C18 SPE (single-well) cartridges. Plate-
based desalting of 200 ug BT-474 tryptic digest has demonstrated that five wash steps with 0.1 % FA and
50 % ACN were sufficient to reduce the number of remaining peptide-spectrum matches (PSMs) and
peptide intensity in the washing fractions, which allows for multiple use of wells without the risk of
sample carry-over (Figure IV-5C). In this regard, it has been illustrated that three subsequent usages of
the same well to desalt 200 ug BT-474 tryptic digest did not diminish p-site identifications (Figure
IV-5D). In addition, a direct comparison between plate- and cartridge-based desalting of ten 200 ug BT-
474 tryptic digests, which was followed by the aforementioned strategy IV, resulted in a comparable

number of identified p-sites with sufficient overlap between both desalting platforms. These results
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prompted to include plate-based C18 SPE for the desalting of tryptic digests into the sample processing

workflow.
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Figure IV-6: Final sample preparation workflow for the phosphoproteomic analysis.

3.3 Depth of drug-perturbed phosphoproteomes

The depth of the HER drug-perturbed phosphoproteomes was characterized by 8800 to 10,000 p-sites
on average per breast cancer cell line (Figure IV-7A). As expected, the overlap between all three cell lines
with > 6400 p-sites on > 2200 proteins overlap (Figure IV-7B) was moderate due to stochastic sampling
of precursor ions for MS2 analysis and the different signaling network states in the cell lines. This was
furthermore demonstrated by the finding that only 16 % of all p-sites (3098 p-sites) were identified in

all nine datasets (Figure IV-7C).
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Figure IV-7: Phosphoproteomic identifications in HER2-inhibited breast cancer cell lines. (A)
Number of identified and quantified p-sites in BT-474, MDA-MB-175 and SK-BR-3 cells after lapatinib
(Lap), pertuzumab (Per) and trastuzumab (Tra) treatment and total number of all identified p-sites in
each cell line. (B) Overlap of p-sites (top) and p-proteins (bottom) between the three cell lines. (C)

Number of reproducible p-site identification in the total of 9 or less datasets.
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Figure IV-8: Phosphoproteomic identifications in rituximab-treated B-cell lines. (A) Number of
identified and quantified p-sites over all eight time points and the total number in SU-DHL-4 (top),
Ramos (middle) and ARH-77 cells (bottom). The average number of p-sites in each cell line is
highlighted by a dashed line. (B) Number of reproducible p-site identifications in the total of 8 or less
datasets in SU-DHL-4 (top), Ramos (middle) and ARH-77 cells (bottom). The percentage of p-sites,
which were identified in all 8 datasets, is indicated. (C) Overlap of identified p-proteins between SU-
DHL-4, Ramos and ARH-77 cells.

Similary, deep phosphoproteomes from > 9400 to > 12,600 identified and quantified p-sites on average
for each of the three rituximab-treated B cell lines were captured (Figure IV-8A). The reproducible
identification of p-sites over the eight datasets followed the same trend in the three cell lines and was

characterized by on average 30 % of all p-sites that have been identified in all eight time-points in a cell

line (Figure IV-8B). The number of p-proteins and its overlap of ~ 3800 identified p-proteins between
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the three B-cell lines was considerably higher than for the three breast cancer cell lines due to overall
higher p-site identifications (Figure IV-8C). The numbers of identifications greatly exceeded recently
published rituximab-perturbed phosphoproteomes [66] and, therefore, highlighted the depth of the

phosphoproteomic datasets in this thesis.
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Figure IV-9: Correlation analysis of cell culture-based replicates of rituximab-treated cell lines.
(A) Overlap of identified and quantified p-sites in the 1 h treatment replicate 1 (R1) and 2 (R2) in SU-
DHL-4 (left), Ramos (middle) and ARH-77 cells (right). (B) Scatter plot of p-site intensities in R1 and R2
of the control (PBS). (C) Pearson correlation coefficient r between R1 and R2 in all ten concentrations.
(D) Pearson correlation coefficient r between 1 min and 2 min treatment in all ten concentrations. Error

bars represent standard deviation (SD).

The analysis of two cell culture-based replicates of a 1 h rituximab treatment has demonstrated a
reasonable overlap of identified and quantified p-sites (Figure IV-9A) and correlation over all ten
concentrations (Figure IV-9B+C). The lowest reproducibility of the Ramos replicates might have been
caused by a several months long gap between sample preparation including LC-MS/MS analysis of the
two replicates, in contrast to several weeks (SU-DHL-4) and days (ARH-77) of the other replicates. This
hypothesis led to the assumption that cell line-specific data, which have been prepared and acquired
subsequently, should harbor higher reproducibility. This is suggested by increased correlation
coefficients of > 0.88 between the 1 and 2 min treatment phosphoproteomes indicating overall good data

quality of the drug-perturbed phosphoproteomes (Figure IV-9D).

3.4 Drug-responsive phosphoproteomes

In order to define drug-responsive p-sites among the ten concentration-dependent phosphoproteomes,
a data filtering workflow was established that was based on a four-parameter logistic curve fitting of the
data (Figure IV-10A). After a two-step filtering, which took the effect size of the original data (log2 fold

change (FC) that considered the first and last two data points of the concentration series) and the
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coefficient of determination R2 of the curve fitting into account. The remaining p-sites were defined to

be regulated by the applied drug treatment.

The number of regulated p-sites varied heavily among the different breast cancer phosphoproteomes.
Lapatinib-treated cells demonstrated the highest responsiveness resulting in > 2000 regulated p-sites in
BT-474 cells (Figure IV-10B). In contrast to lapatinib, the p-sites that were regulated by pertuzumab and
trastuzumab were diminished and topped out at 578 and 175, respectively, in BT-474 cells. Median effect
sizes revealed the highest degree of regulation indeed again to be caused by lapatinib, especially in BT-
474 and MDA-MB-175 cells (> 0.8) (Figure IV-10C). Antibody-perturbed p-sites were characterized by
median effect sizes of 0.4-0.5, with the exception for MDA-MB-175 cells treated with pertuzumab.
Despite different time frames of the treatment, the median EC50 of p-site regulation in lapatinib-treated
BT-474 cells was furthermore comparable —here 223 nM - with the IC50 and EC50 determined in the
metabolic and cytotoxic assays, respectively (Figure IV-10D). A similar median effect size was
determined for MDA-MB-175 cells, while regulated p-sites in SK-BR-3 cells showed a median effect size
of > 20 uM. This might have been caused by the lower number of regulated p-sites and a subsequent
higher chance of dealing with suboptimal curves. Due to the applied effect size filter of > 0.3 to define
regulated p-sites, small effects on the phosphoproteomes of antibody-treated cells might have been
filtered out rigorously, leading to the apparent diminished regulation of the phosphoproteomes.
However, the analysis still prompted the assumption that the general perturbation of the
phosphoproteomes, in terms of quantity and quality, is generally lower for the therapeutic antibodies
than for lapatinib. This is in line with the aforementioned data obtained from the applied metabolic and

cytototoxic assays.
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Figure IV-10: HER2 inhibitor-responsive phosphoproteomes. (A) Workflow for the filtering of the
concentration-dependent phosphoproteomes to find regulated p-sites according to a four-parameter
logistic curve fitting. (B) Number of p-sites, which have been regulated by lapatinib (Lap), pertuzumab
(Per) and trastuzumab (Tra) in all three breast cancer cell lines. (C) Median effect sizes of regulated p-
sites in all nine datasets. (D) Median EC50 of p-sites, which were found to be regulated by lapatinib in

all three breast cancer cell lines.

In order to reduce the number of p-sites to perform the four-parameter logistic curve fitting on, the
rituximab-treated phosphoproteome datasets were subjected to effect size filtering first (Figure IV-11A).
After R2 filtering, an additional filtering of an EC50 > 10 pg/ml was executed to remove p-sites, which

were regulated with low potency by rituximab.

In the two rituximab-sensitive cell lines SU-DHL-4 and Ramos the numbers of regulated p-sites have
increased over treatment time starting with a few dozens and reaching up to > 2600 and > 5400 p-sites,
respectively (Figure IV-11B). These numbers highlighted a comprehensive time-dependent
perturbation by rituximab, whose early beginnings could be recapitulated by analyzing the regulations
in the minute time points. The majority of regulated p-sites were found to be regulated in one to two
time points, while a few dozens of them were regulated in up to six and seven time points. A reproducible
regulation especially in adjacent time points strengthened the evidence for these regulations. Median
effect sizes are in line with time-dependent regulation of the phosphoproteomes by increasing over time
and peaking at 6 and 2 h in SU-DHL-4 and Ramos cells (Figure IV-11C). The decrease of effect sizes
after 24 hours in both cell lines indicate potential feedback loops and/or beginning cell death, which

could counteract the engagement of cellular signaling by rituximab. Overall higher effect sizes in SU-
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DHL-4 cells might have been provoked by an actual increased effect due to rituximab treatment.
However, this observation could be easily introduced by a technical bias such as a decreased ratio
compression in the SU-DHL-4 datasets. The normalization for ratio compression is not trivial and could
only be performed indirectly over standardized samples which are additionally multiplexed over TMT.
Similar to the median effect sizes, the potency of rituximab on the phosphoproteome was increasing

over time, which is indicated by lower median EC50 values in the hours than in the minute time points.

In contrast to SU-DHL-4 and Ramos cells, rituximab-resistant ARH-77 cells have been regulated only
sparsely and without a time-dependence. A resistance mechanism, which drives cells to counteract

actively against CD20 engagement by rituximab, might therefore be excluded.
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Figure IV-11: Rituximab-responsive phosphoproteomes. (A) Workflow for filtering regulated p-sites
from rituximab-treated phosphoproteomes. (B) Number of regulated p-sites in each treatment time
point in SU-DHL-4 (left), Ramos (middle) and ARH-77 cells (right). A blue pie chart indicates how many
regulated p-sites were identified reproducibly in several time-datasets. (C) Heatmap of median effect
sizes (left) and EC50 values (right) for each time point of all three cell lines.

3.5 Drug-induced phosphoproteomic changes differ greatly between lapatinib and anti-
HER2 therapeutic antibodies

As for exploring the action of the three anti-HER2 drugs in more detail, further analysis concentrated

on the regulated p-sites in BT-474 cells, which have been prone to the highest number of

phosphoproteomic perturbations. The overlap of regulated p-sites was slight and highlighted again a
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drug-specific action of lapatinib on BT-474 cells (Figure IV-12A). Reactome pathway enrichment of
lapatinib-regulated p-proteins revealed a comprehensive engagement of cellular operations such as
mRNA splicing, cell cycle, TP53 activity, apoptosis and signal transduction as exemplified by MTOR

and MAPK signaling (Figure IV-12B).
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Figure IV-12: Comprehensive perturbation of MAPK and MTOR signaling by lapatinib but neither
by trastuzumab nor pertuzumab in BT-474 cells. (A) Overlap of regulated p-sites between lapatinib-
, pertuzumab- and trastuzumab-treated BT-474 cells. (B) Reactome pathway enrichment analysis of p-
sites, which were regulated by lapatinib in BT-474 cells according to the FDR of Reactome pathways.
Several pathways are highlighted in blue. (C) (D) Heatmap of KEGG-mapped p-proteins, whose p-sites
were regulated by lapatinib (Lap), pertuzumab (Per) and trastuzumab (Tra) in BT-474, belonging to the
MAPK signaling (C) or MTOR signaling pathway (D). The effect size of each p-site is indicated by a

green-violet color code. Positive curve filtering for a p-site is indicated by a ‘c’.
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The latter two signaling pathways were comprehensively regulated by lapatinib distributed over a
multitude of proteins. Contrarily, pertuzumab and trastuzumab have regulated only a few p-sites with

generally lower effect sizes in these pathways (Figure IV-12C+D).

The phosphorylation of several renowned signaling members downstream of HER2 was differentially
regulated, including SHC1, AKT1S1 and RAFI1 [68]. As an example, phosphorylation of SHC-Tyr*”’
induces interaction with GRB2 leading to further activation of downstream signaling [69] and was
reduced by lapatinib in all cell lines, but increased in SK-BR-3 cells by pertuzumab and trastuzumab
(Figure IV-13). This observation indicates a blockade of signal transduction from membrane-spanning
RTKSs such as HER2 to cytosolic downstream partners by lapatinib, and, surprisingly, an activation by
the therapeutic antibodies in SK-BR-3 cells. Phosphorylation of AKT1S1 Thr**, a direct AKT substrate
inhibiting its activity [70], was again comprehensively decreased by lapatinib and regulated neglectably
with comparably high EC50 values by pertuzumab in BT-474 and MDA-MB-175 cells. In line with
decreased signaling activation downstream of SHC1/GRB2, the data pinpoints decreased AKT activity
by lapatinib but no or neglectable action of pertuzumab and trastuzumab. Phosphorylation on RAF1-
Ser*”, which inhibits Rafl s activity [71], was solely decreased by lapatinib in BT-474 cells illustrating
not only a drug-specific action, but also a cell line-dependent regulation of the MAPK signaling pathway

by lapatinib.
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Figure IV-13: Drug-induced regulation of the phosphorylation of SHC1-Tyr*?7 (top), AKT1S1-Thr24¢
(middle), and RAF1-Ser*® (bottom) in all three breast cancer cell lines. The curve fit of each
condition is displayed. If curve filtering was positive, the EC50 of the curve is additionally highlighted.

A missing plot indicates the missing identification of the p-site in the respective phosphoproteome.
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A closer look at the action of lapatinib on the classical MAPK signaling pathway in BT474 cells
highlighted the ability to prioritize the effects of the drug on p-proteins and their p-sites not only by

their effect sizes but also by their potencies as quantified by the EC50 (Figure IV-14).
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Figure IV-14: Phosphoproteomic perturbations of the classical MAP kinase pathway by lapatinib
in BT-474 cells. Regulated p-sites of pathway members are highlighted and characterized by their
effect size and EC50, which are color-coded. Arrows indicate a kinase-substrate relationship and
blocked arrows a negative regulation such as a phosphatase-substrate relationship. Grey proteins are
essential for the signaling pathway but have not been regulated or identified by corresponding p-
sites.

As an example, the intended target of lapatinib HER2, was regulated on several p-sites, from which only
Thr™" is functionally annotated as an ERK substrate [76] - its decreased phosphorylation indicated an
inhibition of ERK activity. However, the reduction of phosphorylation of non-annotated p-sites Thr'',
Ser®® and Ser''”* harbored higher potencies, which suggests a higher priority in the lapatinib-response
and therefore a need for functional annotation. Further downstream, all three regulated p-sites on

STMNI1 are activity-inhibiting for the protein [77], but especially phosphorylation on Ser*® is potently

decreased by lapatinib. The reason for the differential potencies of regulation even on the same protein
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may be the complexity of the signaling network itself, where several kinases and phosphatases can act
on the same substrate. The analysis of concentration-dependent drug perturbations therefore enables to
order the effects on the phosphoproteome by their potency. In general, one has to note that the effect
size of phosphoproteomic perturbations is a necessity for mode of action analyses but the potency will

add valuable information. This will especially be helpful if effect sizes are equal, but potencies still vary.

The response of cellular signaling in HER2-overexpressing cells towards HER2 inhibition is highly
dependent on their 3D microenvironment [72], which could explain the conflicting results. However,
studies with the same cell lines and treatment conditions have highlighted divergent effects of
trastuzumab. These reports described suppressed AKT and increased ERK phosphorylation upon
trastuzumab treatment [73, 74]. Based on the data of this thesis, however, therapeutic antibodies seem
to exert only minor direct effects on the selected breast cancer cell lines in contrast to lapatinib. With
the cytostatic action of trastuzumab in mind, long-term exposure, which have not been analyzed in this
thesis, might be needed to potently inhibit HER2 downstream signaling by the antibodies. Still, effector
functions might contribute more, if not the most, to the efficacy of the antibodies in patients. This could
be demonstrated by a considerably complementary action of lapatinib and trastuzumab in patients,
which is suggested by better clinical outcomes when a dual HER2 blockade through the small molecule

and antibody is applied [75].

3.6 Rituximab-resistant ARH-77 cells are sensitized by inhibiting MAPK pathway members
In contrast to the anti-HER2 mAbs, several thousands of p-sites were responsive towards rituximab

suggesting a pivotal share of direct action on the therapeutic effect of the anti-CD20 mAb.

The drivers of phosphorylation-based signaling, protein and lipid kinases, can be regulated in their
activity by phosphorylation on their own. Therefore, direct action on signaling pathways could be
deduced from responsive kinases. Regulated kinases, which were defined by a regulation of at least one
p-site in any time point, were compared between the cell lines (Figure IV-15A). In agreement with the
general aforementioned findings, the sensitive cell lines harbored the highest number of regulated
kinases, with an overlap of 76 kinases. The regulated kinases were consistently distributed over protein
and lipid kinase families (Figure IV-15B) indicating again a comprehensive regulation of the

phosphorylation-based signaling network by rituximab in SU-DHL-4 and Ramos cells.
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Figure IV-15: Phosphoproteomic regulation of protein and lipid kinases by rituximab. (A) Overlap
of kinases, whose phosphorylation status has been regulated by rituximab. (B) Kinome tree of all
human protein and lipid kinases. Kinase families are colored separately. Regulated kinases are

highlighted by violet rectangles (SU-DHL-4), blue triangles (Ramos) and green triangles (ARH-77).

Particularly those regulated p-sites that were solely regulated in the sensitive cell lines and were
annotated to control kinase activity could be used to infer direct engagement of signaling pathways by
rituximab. For example, phosphorylation of MAPK1/3-Tyr'®?* and MAPK14-Tyr'® indicates an
induction of each kinase’s activity [78][79] and was increased after middle- and long-term treatment
with rituximab. This has also been found for SYK-Ser*”, illustrating increased SYK degradation [80]
(Figure IV-16). Phosphorylation of BTK-Tyr** is activity-inducing [81] and was reduced in the sensitive
cell lines to a greater extent than in the resistant cell line. Decreased phosphorylation of MAP2K2-Ser*®
and BRAF-Ser™" in the sensitive cell lines furthermore described a diminished MAP2K2 activity [82]

and increased BRAF-RAS interaction[83].
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Figure IV-16: Heatmap of regulated kinase p-sites. The average effect size (based on 1, 2, 6 and 24
hours treatment) of each p-site is indicated by a green-violet color code. Additional bar charts

highlight the effect sizes in each time point and cell line of selected kinase p-sites.
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Table IV-2: Results of the sensitization experiments in ARH-77 cells with selected kinase

inhibitors and rituximab. n.d. = not determined.

Kinase . IC50 [nM] Effect [-] L.
oy Target kinase Sensitization
inhibitor Single Combi | Single Combi

Dabrafenib  BRAF 157 n.d. 0.18 0.24 No
ONO4059  BTK nd.  nd| 029 033 (noeffect)
Ibrutinib BTK n.d. n.d. 0.53 0.69
BMS-387032 CDK 191 147 0.98 0.99 No
Rabusertib ~ CHEK1 306 277 0.98 0.99 (single
R-406 SYK (active agent) 553 756| 0.60  0.51| treatment-
Fostamatinib SYK (pro-drug) 1090 1010| 072  0.62| sensitive)
MK-1775 WEE1 238 223 0.98 0.98

Ulixertinib

(BVD-523) MAPK1/3 n.d. n.d. 0.40 0.69

PH-797804 MAPK14 nd.  nd| 032 058 Yes
Trametinib MAP2K2 3464 n.d. 0.15 0.41

Based on the presumed rituximab-induced kinase activity changes, 11 highly selective clinical inhibitors
(as determined earlier [84]) of respective kinases were applied alone and in combination with 30 pug/ml
rituximab on resistant ARH-77 cells (Table IV-2). Thereby, the aim was to identify sensitizing drugs and
validate the importance of the respective kinase activity for rituximab-engaged signaling. While ARH-
77 cells were resistant towards dabrafenib and ONO4059 as single as well as combination treatment
(Figure IV-17A), ibrutinib, BMS-387032, rabusertib, R-406, fostamatinib, and MK-1775 have elucidated
the same inhibitory effects alone and in combination with rituximab (Figure IV-17B). Ulixertinib (BVD-
523), PH-797804, and trametinib, all MAPK signaling inhibitors, were the only screened drugs to

sensitize ARH-77 cells towards rituximab treatment (Figure IV-17C).

Whilst the IC50 of trametinib in combination with rituximab is in sub-nanomolar range, picomolar
concentrations of ulixertinib and PH-797804 in combination with 30 pg/ml rituximab executed
inhibitory effects of up to 20 % (Figure IV-18). These effects highlighted a potent sensitization towards

rituximab by MAPK inhibition.
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Figure IV-17: Sensitization of ARH-77 cells with selected kinase inhibitors. Metabolic activity of

ARH-77 cells upon treatment with (A) dabrafenib, ONO4059, (B) ibrutinib, BMS-387032, rabusertib, R-
406, fostamatinib, MK-1775, (C) ulixertinib, PH-797804 and tramitinib alone (Single) or with 30 ug/m

rituximab (Combi) in an Alamar Blue assay. Error bars represent standard deviation (SD). Data represent

N =3 (A, B&C) biologically independent experiments.
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Figure 1V-18: Sensitization of ARH-77 cells with MAPK signaling
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concentrations. Metabolic activity of ARH-77 cells upon treatment with ulixertinib, PH-797804 and

trametinib with 30 pg/m rituximab (Combi) in an Alamar Blue assay. Error bars represent standard

deviation (SD). Data represent N = 3 biologically independent experiments.

In contrast to the inhibition of MAPK1/3, MAPK14 and MAP2K2 in SU-DHL-4 cells, which has not

changed rituximab sensitivity, pharmacological MAPK signaling inhibition has induced resistance in
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former sensitive Ramos cells (Figure IV-19). This validated the significance of MAPK13 activity for the

action of Rituximab, which was however cell-dependent.

A
_ Ulixertinib _ PH-797804 _ Trametinib
=1.50 =1.50 =1.50
$1.25 ;‘5‘1.251 ;‘§1.251
©1.00= G100 .3 ;i3 1 B1oo o
0075 0075 T ©0.75 ﬁm
'30.50 « 5050 N '30.50 -
$£0.25] -e-Singe + $0.25 \ $0.:25
——Combi  “~_a % 0 ————, % 0
0.0010.01 01 1 10 0.0010.01 01 1 10 0001001 01 1 10
Concentration [uM] Concentration [uM] Concentration [uM]
Concentration x 3 [pug/mi] Concentration x 3 [pg/ml] Concentration x 3 [pug/ml]
B
Ulixertinib PH-797804 Trametinib

2155] 2155] R
=1 s, 21401 S

§1.00= =1 8100-e2a ¥ * &% ., D100F —-2

£0.75 2075 £0.75 T,
8050 8050 8050

§0.25{ —=-gnge $0.25 £0.25

= b .2 b 5 b

0.0010.01 01 1 10 0.0010.01 0.1 1 10 0.0010.01 01 1 10
Concentration [UM] Concentration [uM] Concentration [UM]

Concentration x 3 [ug/mi] Concentration x 3 [ug/ml] Concentration x 3 [ug/ml]

Figure IV-19: Differential effect of rituximab in combination with MAPK signaling inhibitors in
SU-DHL-4 and Ramos cells. Metabolic activity of (A) SU-DHL-4 and (B) Ramos cells upon treatment
with rituximab (RTX), ulixertinib, PH-797804 and trametinib alone (Single) or with 30 pg/ml rituximab
(Combi) in an Alamar Blue assay. The concentration of RTX is x 3 [ug/ml]. Error bars represent standard
deviation (SD). Data represent N = 3 biologically independent experiments.

3.7 Phosphorylated MAPK1/3 can serve as both rituximab-resistance and -treatment
markers

Phosphoproteomic data indicated a regulation of MAPK signaling by rituximab. In particular, increased
MAPK1/3 and MAPK14 as well as decreased MAP2K2 activity has been detected. Furthermore,
chemical inhibition of MAPK signaling sensitized ARH-77 cells towards rituximab. Hence, further
analysis focused on the function of MAPK1/3 for rituximab activity. Phosphorylation of MAPK1/3-
Tyr'®"%was increased upon engagement of rituximab points in the sensitive cell lines, starting as early
as after 1 min rituximab treatment and increasing further in a time-dependent manner (Figure IV-20A).
Contrarily, ARH-77 cells have not shown a concentration-dependent modulation of MAPK1/3-Tyr!'®%
phosphorylation in any time point. In addition, the phosphorylation level of MAPK1/3-Tyr'¥”?** in the
basal state of the three cell lines varied drastically — from highest levels in ARH-77 cells, medium levels
in SU-DHL-4 and diminished levels in Ramos cells (Figure IV-20B). Western Blotting demonstrated

increased MAPK1/3 activity after rituximab treatment as evident from increased phosphorylation of

direct substrate RSK1/2/3-Thr'**/Ser*® in SU-DHL-4 and Ramos cells (Figure IV-20C). A missing
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response of RSK1/2/3-Thr'*/Ser*® phosphorylation in ARH-77 to rituximab could be an artefact of the

already increased MAPK1/3 activity in the basal state of the cells.
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Figure IV-20: Increased intensity of phosphorylated MAPK1/3 upon rituximab treatment in
sensitive cell lines. (A) Concentration-dependent normalized intensity ratios of phosphorylated
MAPK1-Tyr'®” (top) and MAPK3-Tyr2°* (bottom) derived from the phosphoproteomic experiment in all
three cell lines. (B) Basal normalized intensity of MAPK1/MAPK3-pTyr'®’/pTyr2°4, MAPK1/MAPK3,
RSK1/2/3-pThr'*°/pSer®¢3, RSK1/2/3, GAPDH and beta-actin in all three cell lines derived from the
phosphoproteomic experiment. (C) Immunoblots showing in SU-DHL-4, Ramos and ARH-77 cells as
control or after Th single or combination treatment with 30 pg/ml rituximab (RTX) and 10 uM ulixertinib
(Uli). Error bars represent standard deviation (SD). Data represent N = 1 (A & C) and N = 8 (B)
biologically independent experiments.

Elevated MAPK1/3 activity after rituximab treatment in sensitive cells seems to be counterintuitive at
first glance. Normally, it is regarded to cause increased cell proliferation. Reports about MAPK signaling
upon rituximab engagement are conflicting suggesting either an activation [85] or inactivation of
MAPKI1/3 activity [86] and might not be in line with this data due to different cell lines, additional cross-
linking of rituximab or generally dissimilar treatment parameters. While MAPK1/3 phosphorylation

was only increased after combination treatment with ulixertinib in the sensitive cell lines, ARH-77 cells

were showing increased phosphorylation upon both single and combination ulixertinib application. An
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increase in MAPK1/3 phosphorylation by ulixertinib despite blocked downstream signaling, as seen here
by completely abrogated RSK1/2/3 phosphorylation, has been already described in other cell lines [87].
Yet the lack of this behavior in the sensitive cell lines clearly demonstrates another aspect of differential

MAPK signaling between the sensitive and resistant cell lines in this study.

MAPK1/3 is reported to be shuttled between nucleus and cytoplasm, whose balance tightly regulates the
activity of the kinase [88]. A consistent coverage of both cellular compartments was confirmed in the
basal state of the three cell lines (Figure IV-21, Figure IV-22, Figure IV-23). Upon rituximab application,
in single and in combination treatment with ulixertinib, all the cell lines underwent a localization of
phosphorylated MAPK1/3 to the cell membrane (overlapping with CD20 localization). A potential
aftermath of the membrane localization might be a change in substrate availability of MAPK1/3. Still,
since this observation was made for all three cell lines, a direct link to sensitivity or resistance cannot be
drawn. So far, reports about this behavior are scarce but suggested a general increase of MAPK1/3
phosphorylation as well as a localization into lipid rafts upon rituximab treatment [85]. The data of this
thesis can complement these reports by the remark that membrane localization of phosphorylated

MAPK]1/3 is independent of the cellular activity of rituximab. Nevertheless, the exact mechanism of de-

localization and the cellular aftermath leading to the response to rituximab are still unknown.

Control RTX+Uli

pThr22pTyr2

Figure IV-21: Membrane localization of phosphorylated MAPK1/3 upon rituximab treatment in
SU-DHL-4 cells. Immunofluorescence pictures of SU-DHL-4 cells stained for the nuclei (DAPI),
MAPK1/MAPK3-pTyr'®’/pTyr2°* and CD20 with or without 1h single or combination treatment with
30 pg/ml rituximab (RTX) and 10 uM ulixertinib (Uli). A merged picture of all stainings is added. Bar =
10 pm.
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Control RTX

3
.

MAPK1/3-
pThr22/pTyr2o

Figure IV-22: Membrane localization of phosphorylated MAPK1/3 upon rituximab treatment in
Ramos cells. Immunofluorescence pictures of Ramos cells stained for the nuclei (DAPI),

MAPK1/MAPK3-pTyr'®’/pTyr2°* and CD20 with or without 1h single or combination treatment with
30 pg/ml rituximab (RTX) and 10 puM ulixertinib (Uli). A merged picture of all stainings is added. Bar =

10 pm.
‘f.':

Control RTX RTX+Uli

MAPK1/3-
pThrao2/pTyr2

Figure IV-23: Membrane localization of phosphorylated MAPK1/3 upon rituximab treatment in
ARH-77 cells. Immunofluorescence pictures of SU-DHL-4 cells stained for the nuclei (DAPI),
MAPK1/MAPK3-pTyr'®/pTyr2°* and CD20 with or without 1h single or combination treatment with

30 pg/ml rituximab (RTX) and 10 uM ulixertinib (Uli). A merged picture of all stainings is added. Bar =

10 pm.
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In summary, the data indicate elevated levels of phosphorylated MAPK1/MAPK3-Tyr'¥/Tyr** to serve
both as a resistance marker in the basal state and as a treatment marker upon rituximab application.
However, the exact mechanism of how MAPK activity/phosphorylation can shape the response towards
rituximab treatment is still not clear. Although the localization of phosphorylated MAPK1/3 to the cell
membrane was sensitivity-independent, the (assumed) differential lipid raft composition of the cell lines
might imply lipid-based factors to additionally contribute to MAPK-dependent rituximab resistance
and sensitivity. The sensitizing effect of MAPK signaling inhibitors ulixertinib, PH-797804 and
trametinib in rituximab-resistant cells could suggest clinical potential to fight rituximab resistance,
especially since the drugs are already in later stages of clinical studies (ulixertinib and PH-797804: Phase
II) or are even already approved (trametinib). However, the introduction of resistance by applying the
three inhibitors in one of the two sensitive cells prompts high caution when inhibiting MAPK signaling

in rituximab-sensitive cells.

3.8 Rituximab activates NFAT early and arrests the cell cycle later on

To comprehensively analyze cellular functions that are engaged by rituximab, a Reactome enrichment
was performed on regulated p-proteins, here exemplified in Ramos cells. Enriched pathways were
observed as early as after 1 min and, as expected, were found in increased numbers over time leading to
> 180 pathways upon 24 h rituximab application (Figure IV-24A). The high number of enriched
pathways reflect the immense number of regulated p-sites, which restricted the following analysis on
selected cases. Examples for a very early response starting from 1 min rituximab treatment were two
Reactome entities, which deal with NFAT activation (R-HSA-2025928: Calcineurin activates NFAT; R-
HSA-5607763: CLEC7A (Dectin-1) induces NFAT activation). Contrary to NFAT activation, cell cycle-
annotated pathway members (R-HSA-69278 Cell Cycle, Mitotic; R-HSA-1640170: Cell cycle) were
enriched in later time points of up to 24 h. A reproducible enrichment of pathways in up to 6 time points
was observed, which strengthened the consistency of the action of rituximab on these functionalities,

such as the cell cycle-associated pathways (Figure [V-24B).
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|Figure IV-24: Enrichment of regulated pathways by rituximab in Ramos cells. (A) Time-resolved
enrichment of Reactome pathways. Enriched pathways were filtered according to a FDR of 0.1. Enriched
NFAT activation entities (R-HSA-2025928, R-HSA-5607763) are highlighted by light blue circles and cell
cycle entities (R-HSA-69278, R-HSA-1640170) by dark blue circles. (B) Reactome pathways according to

the number of time points, in which they are enriched. The median -log10 FDR is indicated.

NFATCI1-4 (NFAT1-4) are renowned transcription factors, which are activated by a calcium influx-
dependent dephosphorylation by calcineurin [89, 90]. Decreased phosphorylation upon rituximab
treatment was observed for the majority of NFATC1-4 p-sites in Ramos cells (Figure IV-25A). Reported
NFATC2 pSer-sites that are dephosphorylated by calcineurin upon ionomycin stimulation [91]
harbored decreased intensity in this dataset. Consequently, a dephosphorylation by calcineurin and
therefore an activation of NFATC2 can be deduced. The potencies of dephosphorylation of these p-sites
by rituximab, ranging from 0.4 to 2.1 pg/ml, were in the same order of magnitude and therefore could
highlight the same source of dephosphorylation. With this regard, the additionally identified p-sites on
NFATC2 as well as on NFATC1, NFATC3, and NFATC4 that have been decreased in their
phosphorylation intensity might be potential direct targets of calcineurin. A similar response on NFAT
activation is observed in SU-DHL-4 cells. This is exemplified by an early decrease in phosphorylation of
calcineurin target NFATC2-Ser*® and NFATC2-Ser''?, which is part of the SPRIEIT motif guiding
calcineurin binding [92] (Figure IV-25B). Interestingly, phosphorylation intensity of NFATC2-Ser''?
was decreased in ARH-77 cells, although to a lesser extent than in the two sensitive cell lines. In contrast,
phosphorylation of NFATC2-Ser**® has not been regulated by rituximab in the resistant cells. The lack
of NFAT activation by missing dephosphorylation through calcineurin in the resistant cell line might be
additionally augmented by a generally low expression of all four NFATCs in ARH-77 cells as compared
to the sensitive cell lines (Figure IV-25C). Expression of calcineurin subunits have not shown a general

trend between sensitive and resistant cells.
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Figure IV-25: Rituximab prompts early NFATC dephosphorylation. (A) Heatmap of all identified and
quantified p-sites of NFATC1-4. The effect size of each p-site is indicated by a green-violet color code
for each time point. A ‘c’ highlights those p-sites, which were regulated by rituximab in the respective
time point. Asterisks are marking p-sites, which are reported to be dephosphorylated upon ionomycin
treatment [91]. Additional bar charts illustrate the EC50 of the respective p-site after the 2 h rituximab
treatment. (B) Concentration-dependent normalized intensity ratios of phosphorylated NFATC2-Ser110
(left) and NFATC2-Ser268 (right) derived from the phosphoproteomic experiment in all three cell lines.
(C) Normalized intensities of calcineurin subunits (PPP3CA, PPP3CB, PPP3CC and PPP3R1) and NFATC
proteins (NFATC1, NFATC2, NFATC3 andNFATC4). Error bars represent standard deviation (SD). Data

represent N = 10 concentration-dependent biologically independent experiments.

The regulation of NFATC1-4 p-sites was observed starting as early as 1 min after rituximab application
and was missing in resistant cells and indicates a pivotal role of NFAT activation in the mode of action
of the antibody. This observation can complement literature that have provided evidence for a calcium
influx and cell death induced by the shift of CD20 into lipid rafts by rituximab [29, 93]. Furthermore,
Syk engagement, as found in SU-DHL-4 and Ramos cells and discussed above, is in line with the known

activation cascade of calcineurin [94, 95]. Several reports pointed towards a distinct role of NFAT
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signaling in cancer cells. NFATC2 and NFATC3 seem to have a pro-apoptotic activity, whereas NFATC1
executes anti-apoptotic effects prompting the study of calcineurin inhibitors for certain cancers types
[96, 97]. Consequently, increased expression levels of NFATC2, in comparison to NFATC1, NFATC3
and NFATC4, suggest a pro-apoptotic action that could complement rituximab-dependent NFAT

signaling activation as a very early part of the mode of action of the antibody.

Contrary to NFAT activation, engagement of cell cycle proteins was enriched after prolonged rituximab
treatment. Over 200 regulated p-proteins were mapped to the cell cycle by the Reactome pathway
enrichment. Among those proteins, Retinoblastoma protein RB1, a well-studied tumor suppressor and
one of the key regulators of cell cycle progression [98], has been regulated on several p-sites. The
regulation has mostly started after 1 hour with increasing effect size until 6 hours of treatment suggesting
a rather late response compared to e.g. NFAT activation (Figure IV-26A). As discussed earlier, the
decrease in the effect size after an even longer treatment of 24 hours could hint to a counteracting activity
of cellular signaling and beginning of cell death. The majority of identified RB1 p-sites have been
dephosphorylated upon rituximab treatment. This indicates a blocked cell cycle progression from G1 to
S phase, leading to modulated apoptosis, differentiation, and cell growth [99]. As an example, RB1-Ser**
is a known cyclin-dependent kinase (CDK) phosphorylation site [100] and its phosphorylation has
decreased upon rituximab action (Figure IV-26B). Upstream kinases of RB1, CDK1/2/3 and WEEL, have
been dephosphorylated on e.g. Tyr'”> and Ser'®, respectively. Decreased phosphorylation intensity of
CDK1/2/3-Tyr", a WEE] p-site, suggests decreased enzymatic activity [101], which is in agreement with
decreased RB1-Ser** phosphorylation. The resistant cell line missed an effect on these signaling cascades

as exemplified with a steady phosphorylation of RB1-Ser**® (Figure IV-26C).
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Figure IV-26: RB-1 dephosphorylation by rituximab leads to cell cycle arrest. (A) Heatmap of all
identified and quantified p-sites of RB1 in Ramos cells. The effect size of each p-site is indicated by a
green-violet color code for each time point. A “c” highlights those p-sites, which were regulated by
rituximab in the respective time point. Additional bar charts illustrate the EC50 of the respective p-
site after the 6 h rituximab treatment. (B) Selected p-sites of cell cycle members WEE1, CDK1/2/3 and
RB1 are highlighted and characterized by their effect size in each time point in Ramos cells. Arrows
indicate a kinase-substrate relationship. (C) Concentration-dependent normalized intensity ratios of
phosphorylated RB1-Ser?*° derived from the phosphoproteomic experiment in all three cell lines. Error
bars represent standard deviation (SD). Data represent N = 10 concentration-dependent biologically

independent experiments.

A cell cycle arrest at G1 phase upon anti-CD20 mAb application has already been reported [102]. The
data of this thesis, however, illustrates in detail how a comprehensive protein phosphorylation-based
engagement of the cell cycle machinery leads to cell cycle arrest in the sensitive cell lines. Due to its

occurrence in the hours range, the cell cycle arrest can be regarded as a late response of rituximab
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engagement. It displays a pivotal part of the mode of action of rituximab, which is additionally

highlighted by the sheer amount of regulated affiliated proteins.

The fact that both examples of integral parts of the mode of action of rituximab could have been missed
with a phosphoproteomic analysis of solely extended treatment times strengthens the importance of a
time-dependent analysis of drug action. Especially short-term (minute range) treatments enable to
uncover very early responses to a studied drug, which further activate perturbations of cellular signaling
leading to the final fate of treated cells and could be counteracted by feedback actions after longer times.
Still, time-dependent regulations of the phosphoproteome analyzed in this thesis should be validated by
an additional dataset that makes use of a time-multiplexed sample processing, instead of the
concentration-multiplexed samples analyzed in this thesis. In this regard, high correlations between the
fold changes of p-site intensities in both datasets can prove the apparent temporal regulations between

the separate datasets discussed here.

In summary, this study demonstrates that the systematic analysis of the direct action of therapeutic
antibodies on cancer cells by phosphoproteomic is feasible and critical to understand signaling
networks. The presented data suggests that the therapeutic action of anti-HER2 mAbs is rather driven
by effector functions than by a direct perturbation of cancer cell signaling. In contrast, the share of the
direct effects by anti-CD20 rituximab on the total drug action seems to be considerably high. These
examples portray the complexity of antibody action and could motivate further studies. The established
sample processing and data analysis workflow might be easily applied for future analyses of the mode of
action in additional cell line panels and patient-derived cells as well as for other therapeutic mAbs and

antibody constructs.
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Chapter V

General discussion

Several dozens of targeted drugs are approved for the treatment of cancer. Despite their apparent success
in the clinic, the detailed mode of actions are yet not fully understood. Mass spectrometry-based
phosphoproteomics enables a global view on kinase activity and therefore, holds promise to elucidate
molecular actions of these agents. In this thesis, phosphoproteomics was applied to reveal the mode of
actions of selected targeted cancer drugs, including small molecule kinase inhibitors and monoclonal
antibodies (mAbs) in various disease settings. Thereby, a greater understanding of putative
radioresistance mechanisms and radiosensitizers (chapter II), and the action of AKT inhibitors (chapter
IIT) and of anti-HER2 and anti-CD20 mAbs (chapter IV) was created. However, the application of
phosphoproteomics harbors general obstacles such as low reproducibility (section 1), missing functional
annotations (section 2), and biological fidelity (section 3) that need to be overcome for successful mode
of action studies. These issues will be discussed in more detail on the basis of both the results of this
thesis and literature. Finally, the potential of phosphoproteomics for the application in drug discovery

programs and personalized cancer medicine will be highlighted (section 4).

1 Depth and reproducibility of phosphoproteomic identifications

The general depth of phosphoproteomic identifications of the discussed datasets was considerably high,
reaching up to 12,000 phosphorylation sites (p-sites) in ten tandem mass tag (TMT)-multiplexed
phosphoproteomes. The phosphoproteomic analysis of pancreatic cancer cells in chapter I, for instance,
currently represents the most comprehensive dataset among published studies about phosphoproteomic
responses towards radiation. In fact, the numbers achieved in this thesis can be regarded as a good
compromise between the complexity of the datasets and the measurement time that has been spent (16 h
/ten phosphoproteomes). Still, the dynamic nature and sub-stoichiometry of protein phosphorylation
demand a high dynamic range that is not easily achieved with data-dependent acquisition (DDA) used
here. The underlying difficulty is that the selection of ions for isolation and fragmentation for the final
identification step in MS2 scans are based on their MS1 intensity. Most of the very low abundant
phosphorylated peptides might therefore never have the chance to be sampled for identification.
Consequently, reproducibility is compromised. This is commonly occurring despite the utilization of
dynamic exclusion leading to the refusal of already sampled peptides from fragmentation for a fixed

time.
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Missing values across the datasets were a difficulty seen in the phosphoproteomic datasets generated in
this thesis. This issue is especially of importance for large datasets as it severely diminishes the fraction
of the phosphoproteome that can be compared between different samples and conditions. Thereby, a
bias towards high abundant phosphorylated peptides is introduced. In chapter IV, only one third of the
total numbers of all identified p-sites in each of the B-cell lines were found in all eight datasets. For the
comparison across breast cancer cell lines of different subtypes this has even worsened the
reproducibility (chapter III). Here, 16 % of the total p-sites were identified across the three cell lines
perturbed by three different drugs. A look into a comprehensive collection of p-sites reflects this issue
even in a bigger picture. PhosphoSitePlus is one of the largest and most updated databases for post-
translational modifications (PTMs) of proteins and comprises a total number of 239,027 human p-sites,
of which only 71,336 p-sites (~ 30 %) were identified in more than one MS-based dataset (status of May
2020; [1]). This lack of reproducibility highlights the various context-dependent mechanisms of
phosphorylation leading to the vast dynamic nature of protein phosphorylation. To overcome this issue,
targeted MS workflows offer a high quantification robustness and enhanced sampling reproducibility
compared to DDA approaches. While they have been already applied successfully on sets of several
hundreds of phosphorylated peptides [2, 3], they still require prior knowledge about the analytes and,
thus, are not suited for discovery-based research. In this thesis, a parallel reaction monitoring (PRM)
assay was set up as a follow-up experiment subsequent to a DDA-based phosphoproteomic experiment
to robustly cover AKT signaling (chapter III). In such order, the DDA experiment enabled to include
not only known but also so far unknown AKT pathway members, and the PRM assay facilitated the
reproducible identification and quantification of the phosphorylated peptides in an efficient time frame.
The assay was applied to determine the action of multiple AKT inhibitors on the signaling pathway and
could be extended to study AKT signaling under other aspects, such as in different cell lines, patient

samples or upon other drug treatments.

Other recent mass spectrometric approaches might enable an increased dynamic range for the global
analysis of protein phosphorylation. The BoxCar data acquisition method makes use of multiple
segmented windows to increase MS1 fill times. Consequently, the signal-to-noise and dynamic range of
MS1 scans is improved [4]. Data-independent acquisition (DIA) methods combine comprehensive
proteome coverage of DDA with the sensitivity and reproducibility of targeted proteomics [5]. These
approaches have not been used frequently on phosphoproteomic samples yet. However, recent
publications suggested novel tools for the quantification and localization of modified peptides, which

have been challenging so far [6-8].
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Given these points, the multiplexing strategy with TMT in conjunction with the DDA, which was the
applied approach for this thesis, is an adequate strategy to analyze (up to 16) conditions side-by-side
without missing values and with reduced measurement time. However, with increasing number of
TMT-datasets, the overlapping phosphoproteomes between experiments become smaller. Other MS
techniques could overcome this DDA-intrinsic problem of irreproducibility, and might be technically

mature for large-scale phosphoproteomic studies in the future.

2 Functional annotation of protein phosphorylation

Despite thousands of p-sites of phosphoproteomic datasets are in theory available for analyses, most of
them belong to the so-called ‘dark phosphoproteome’ [9]. This term describes the dilemma that
upstream kinases and downstream functions of protein phosphorylation are to a dramatic extent
unknown, which hampers the biological interpretation of a large part of acquired phosphoproteomes.
Following an 80:20 rule, just 20 % of the human kinases are annotated to phosphorylate 87% of currently
known kinase substrates. Furthermore, 80 % of the kinases have fewer than 20 known substrates [9]. It
has been speculated that this is predominantly the result of research biased towards only a limited set of
proteins [10]. 30% of the kinases lack an assigned substrate, which suggests that many kinase-substrate
relationships are yet to be discovered. Therefore, the sizes of substrate spectra might eventually
harmonize among the kinome. Moreover, the biological function of most of the reported p-sites is not
annotated. The PhosphoSitePlus database describes a functional role for only 8097 human p-sites, which
equals < 4 % of total human p-sites. The apparent lack of knowledge of the consequences of a large part
of protein phosphorylation caused speculations whether ‘silent phosphorylation’, meaning
phosphorylation without any functional relevance, exist [11]. The identification of substrates is
especially important for those kinases for which information on their cellular function is scarce.
Uncovering the substrates will consequently imply the regulation of biological functions that are
harbored by these substrates. Similarly, proteins with unknown function benefit from an assignment of

an upstream kinase or attributed function of phosphorylation.

Concentration- and time-dependent drug treatments represent the chance to prioritize the
perturbations of phosphoproteomes without the need to fully understand the function of specific
phosphorylation a priori. Such phosphoproteomic data was presented in chapter IV and enabled an
insight into the hundreds and thousands of significantly regulated p-sites according to the potency and

dynamic action of the studied anti-HER2 and anti-CD20 drugs. In this way, several p-sites were
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identified to undergo significant regulation after a few minutes rituximab treatment, which were
enriched in NFAT signaling-related proteins. This highlighted the importance of early calcium-
mediated signaling for the action of rituximab. Similarly, machine learning of global phosphoproteomic
profiles may allow the discovery of direct kinase substrates as well as phosphorylation events with
functional relevance. This was recently demonstrated by a study that took the data of > 100,000 p-sites
across different biological contexts into account leading to the systemic ranking of p-sites for subsequent

validation [11].

From another perspective, the data of drug-perturbed phosphoproteomes collected in this thesis offered
to shed light on so far unresolved substrates of selected kinases in the context of cancer treatments. In
vitro kinase assays are a widely used approach to uncover kinase-substrate relationships utilizing
synthetic peptides with putative substrate sites and recombinant kinases. Conserved linear sequence
motifs that surround the phosphorylated residue in substrates [12] commonly guide the choice of
putative peptide substrates. In vitro kinase assays with LC-MS/MS readout were performed on
significantly regulated p-sites upon radiation (chapter II) and pharmacological AKT inhibition (chapter
III) that were assumed to be regulated by increased ATM or decreased AKT kinase activity, respectively.
In particular, potential ATM and AKT substrates were identified in the datasets since they harbor well-
established linear motifs. Thereby, 10 novel ATM and 15 novel AKT substrates were uncovered. This
can be considered a great achievement as it puts these proteins, some of which indeed with unknown
function, into the context of ATM and AKT signaling as well as radiation and AKT inhibitor treatment,
respectively. Furthermore, it proves the fact that novel substrates of even already well studied kinases

can be uncovered, and rises hope to find substrates for the so far non-annotated kinases.

Since substrate recognition by kinases is complex and additionally includes the binding of non-canonical
linear sequences under distinct biological contexts and of folded, structural motifs [13], many kinases
are overlooked when just taking linear motifs into account. To overcome this intricacy, peptide arrays
using a synthetic peptide libraries with randomized sequences could ease the identification of substrates
for kinases with unknown linear motifs [14]. Others have introduced large-scale kinase assays on
dephosphorylated lysate harboring native proteins, which enables kinases to bind to structural motifs
[15]. However, in vitro kinase assays still suffer from limitations that might drive false positives. In this
regard, the biological context of phosphorylation is completely neglected. Among other factors,
concentration of the kinase and substrate, co-factors and activation state of the kinase within the assay

might not mimic the cellular situation. Other experimental means are available to validate the direct
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interaction of the kinase substrates and its aftermath. Analysis of interactions that are specific to
phosphorylated residues can be performed in large scale and unbiased manner with synthesized
phosphorylated peptides via affinity purification with LC-MS/MS readout [16]. Moreover, the
phosphoproteomic data can prompt experiments leading to insights into the molecular consequences of
specific protein phosphorylation such as enzymatic activity by metabolomics [17], protein stability by

measuring thermal melting curves [18, 19] and localization by organelle-resolved proteomics [20].

In summary, the concentration- and time-dependent drug-perturbed phosphoproteomes presented in
this thesis highlighted the possibility to prioritize responsive p-sites according to their relevance for drug
action. Moreover, in vitro kinase assays confirmed drug-responsive novel kinase substrates, which
supports the illumination of the ‘dark phosphoproteome’. Against the background of the multitude of
possible techniques to functionalize phosphorylation, the data of this thesis can be regarded as a rich
resource for even further exploitation to uncover the role of specific phosphorylation events in the

context of targeted cancer drugs.
3 Biological fidelity of cancer cell lines

While the phosphoproteomic data of the thesis was based on the treatment of cancer cell lines, the
ultimate goal of the mode of action study of the drugs is the transfer to the situation in patients. The
ability of cell lines to provide unlimited amount of proteins in a short time frame and uncomplicated
application of drugs for the phosphoproteomic analyses are major advantages compared to other
biological matrices. In order to include a comprehensive biological background for screening the agents,
cancer cell lines of different molecular subtypes were the basis for all three studies. In particular, four
molecularly different pancreatic cancer cell lines (chapter II), three HER2-positive breast cancer cell
lines of different breast cancer subtypes (chapter III) and three CD20-positive B-cell lines (chapter IV)
were chosen to study the action of the drugs. In that way, different sensitivity levels towards the drugs
were included that enabled the analysis of resistance mechanisms and common actions of the drugs

thereby strengthening the results.

However, cancer cell lines experience to different extents molecular drifts causing altered genomes,
transcriptomes or proteomes compared to their in vivo counterpart [21]. Furthermore, especially the
two-dimensional (2D) monolayer culture of the adherent cancer cells suffer from the lack of tissue-
specific architecture, mechanical and biochemical signals, and cell-to-cell and cell-to-matrix interactions

leading to the altered molecular setup of the cells compared to the in vivo situation [22]. As an example,
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HER2-positive cells undergo a shift from AKT- to MAPK-driven signaling and subsequent altered
response towards pharmacological HER2 inhibition when brought into three-dimensional (3D) growth
[23]. Future phosphoproteomic mode of actions studies will benefit from biological samples that
resemble the in vivo situation more resulting in improved prediction accuracy of drug action. Patient-
derived cancer cells in vitro as 2D cultures [24] or 3D organoids [25], and in vivo as mouse [26] or
zebrafish [27] xenografts offer the chance to study the action of drugs in a biological system that better
recapitulates the nature of cancer cells in the patient. While the biological fidelity of these approaches as
a proxy for the action of drugs in patients is increased, duration of the cultivation, cost and scalability
will be challenging. That is because phosphoproteomics generally requires a high amount of protein to
enrich sub-stoichiometric phosphorylated peptides from protein digests. Particularly, down-scaling of
input material in conjunction with automation of sample processing protocols will enable the

introduction of more sophisticated biological matrixes for future phosphoproteomic studies.

To conclude, a shift from simple cell models to more sophisticated model systems is necessary to better
understand the actions of applied drugs in patients. However, these more complex models introduce

major experimental challenges, which need to be addressed in further research.

4 Phosphoproteomics for drug discovery and precision cancer medicine

The data of this thesis has demonstrated the ability of phosphoproteomics to study the action of kinase
inhibitors and mAbs as targeted cancer drugs in an unbiased, global manner. In this regard,
implementation of phosphoproteomics in drug discovery workflows could allow to acquire the action
of molecules of interest on a global, signaling network-wide scale in an early stage. This is highly relevant
since it has been proposed that most clinical drugs exert their action via off-target effects [28]. Similarly,
it has been shown that most clinical kinase inhibitors bind to more proteins than just the intended ones
[29]. In particular, phosphoproteomic analysis of drug discovery might help to exclude molecules with
unwanted off-target effects or low target/pathway engagement from costly research at an early stage.
Moreover, molecule libraries can be screened with the ambition to discover agents that enable the
perturbation of complex signaling networks instead of only a single target and its direct downstream
partners. Phosphoproteomics will furthermore facilitate the recommendation of highly effective target
combinations that are necessary to address the ever challenging emergence of resistances during cancer
treatment. Progress in drug development is especially of importance for those genomic alterations that

have not been pharmacologically engaged in patients yet. As an example, Ras is a key component in
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MAPK signaling that is mutated in the extent of one-quarter of all cancers and even in the majority of
certain cancer types, such as in 95 % of pancreatic cancer patients [30]. To date, current drug
development approaches have not been successful to design inhibitors of Ras. Promising candidates
such as farnesyl transferase inhibitors, which prevent the activation of Ras oncogenes, have seen little
clinical activity without a clear reason [31]. Phosphoproteomics could help to understand why these

drugs have failed clinical reviewing and might suggest other agents.

Phosphoproteomics also rises hope to spur precision cancer medicine (PCM). While targeted cancer
therapy and PCM were formerly used interchangeably, targeted therapies are defined to be applied to
rather large groups of patients. Clinical efficacy and safety of targeted drugs and companion diagnostics
are proven in prospective trials. PCM, in contrast, aims to administer one or more targeted agents to a
patient with genomic alterations that are actionable [32]. The assignment of a specific drug is mostly
justified by a ‘levels-of-evidence’ approach. This term describes a decision-support framework that
estimates the likelihood of the biological relevance of genomic alterations found in a patient’s tumor.
Furthermore, the likelihood that a targeted drug will exert efficacy in a patient will be described [33].
However, supporting information for both layers of the framework are often limited to findings in cell
lines and animal models, and anecdotal reports of clinical responses. Thus, a high risk of both low
efficacy and toxic side effects are major difficulties of PCM. The sheer complexity of this endeavor still
precludes standardized decisions, which necessitates molecular tumor boards that recommend
therapeutic options on a case-by-case basis. Meta-analysis of personalized approaches in oncology trials
generally support the application of PCM strategies to different patient populations [34, 35]. First PCM
trials that were based on a combination of genomics and transcriptomics highlighted the benefits of
additional ‘omic data’ for the characterization of tumors [32]. Additional levels of tumor data will
strengthen the evidence for actionable targets and could include transcriptomics, proteomics and
epigenomics. Especially the analysis of phosphoproteomic profiles of patients will contribute to reveal
perturbed signaling pathways that are actionable by targeted drugs. Moreover, PCM will profit from
phosphoproteomic mode of action studies, which uncover the action of drugs on a global scale and in

the background of frequently occurring genomics alterations.

Major challenges regarding the application of phosphoproteomics in routine drug discovery and
oncology still remain for the future and have been discussed. In particular, improvements in sample
preparation and mass spectrometric analysis including an increase in the sensitivity, reproducibility, and

throughput are required to meet the demands of industrial and clinical workflows. From the perspective
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of the final data analysis, advanced computational methods such as machine learning will be obligatory

to handle the increasingly complex phosphoproteomic data and to extract relevant findings.
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Abbreviations

2D

3D

DDA

DIA
LC-MS/MS
mAB

PCM

PRM

P-site

TMT
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Two-dimensional

Three-dimensional

Data-dependent acquisition

Data-independent acquisition

Liquid chromatography tandem mass spectrometry
Monoclonal antibodie

Precision cancer medicine

Parallel reaction monitoring

Phosphorylation site

Tandem mass tag
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