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Abstract

In recent years an increasing number of small molecule kinase inhibitors were approved for
targeted cancer therapies. Targeted therapies have less toxic side effects than conventional
chemotherapeutics and promise efficacious personalized treatments. Although some molecules
improved the outcome of selected patient groups, resistance almost invariably develops and
represents a major clinical challenge. There is an intensive effort to circumvent emerging
resistance by the development of new targeted agents or the combination of approved molecules.
However, the molecular alterations that render cancer cells resistant are still poorly understood.
Due to the pivotal role of mass spectrometry-based proteomics for the system-wide quantification
of proteins and protein modifications, proteomic techniques should be applied to study the
molecular mechanisms involved in drug resistance in more detail.

In the first part of this thesis, the differences in kinome expression between EGFR inhibitor
sensitive and resistant cells were investigated. For this purpose a chemical proteomics approach
comprising kinase affinity purification (Kinobeads) and mass spectrometry-based quantification
was applied. This allowed the identification of known resistance mechanisms including the
clinically observed amplification of MET, but also the discovery of new actionable targets including
the kinase EPHA2 that was 10-fold overexpressed in resistant cells. Cell based assays could
confirm that EPHA2 is an actionable drug target for combination with EGFR inhibition in resistant
cells and proved that chemical proteomics is a broadly applicable approach for the discovery of
drug resistance mechanisms.

It has been shown that growth factors secreted by the tumor microenvironment can render kinase
inhibitors ineffective. To improve the molecular understanding of growth factor induced resistance
in a simplified model, the global molecular consequences of FGF2 mediated gefitinib resistance
were assessed on the proteome and phosphoproteome level. A tandem mass tag (TMT) labeling
strategy was developed and allowed the identification and quantification of ~22,000
phosphopeptides and ~8,800 proteins in biological triplicates without missing values. A large
number of kinases and kinase phosphorylation sites was downregulated by the drug but restored
by the growth factor, indicating that these sites may represent reactivated signaling. Molecularly
rationalized combination treatments with EGFR/MEK or PI3K/mTOR prevented growth factor
mediated rescue and thus provide a potential strategy to target the tumor microenvironment.

Adaptation to kinase inhibitor treatment arises within days after treatment and results in proteome
reprogramming and network rewiring. To investigate early drug adaptation mechanisms a TMT
based time resolved analysis to EGFR and FGFR inhibition was conducted over 10 time points in
4 cell lines on the proteome and phosphoproteome level. Mostly, adaptation mechanisms of cell
lines to kinase inhibition were very different on the proteome and on the phosphoproteome level.
However, the inhibition of ERK1/2 activity in response to EGFR inhibition was apparent in almost
all cells and the adaptation to EGFR inhibition revealed elevated expression of E-cadherin over
time and correlated with a more aggregative phenotype. These results confirm that TMT labeling
is also well suited for the investigation of time resolved adaptation mechanisms that occur in
response to kinase inhibition.
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Zusammenfassung

In den vergangenen Jahren wurde eine steigende Anzahl niedermolekularer Kinaseinhibitoren fiir
die Behandlung von Krebserkrankungen zugelassen. Obwohl manche Substanzen den
Gesundheitszustand von Patienten deutlich verbessert haben, kommt es jedoch fast immer zu
einer Resistenzentwicklung und einem erneuten Tumorwachstum. Es gibt daher starke
Bemuhungen entstehende Resistenzen durch neue Inhibitoren, Inhibitorkombinationen oder
individualisierte Behandlungen aufzuhalten. Die molekularen Ursachen die zu der
Resistenzentwicklung beitragen sind allerdings noch immer wenig verstanden. Da die
Massenspektrometrie basierte Proteomik eine leistungsfahige Technologie zur Charakterisierung
des Proteoms und der Signaltransduktion darstellt, sollten in dieser Arbeit verschiedene
Methoden der Proteomik angewendet werden um die molekularen Ursachen der
Resistenzentwicklung systematisch zu untersuchen.

Im ersten Teil der Arbeit wurden die Unterschiede in der Zusammensetzung des Kinoms bei
EGFR Inhibitor sensitiven und resistenten Zellen untersucht. Hierflir wurden Kinasen durch eine
Affinitatsmatrix (Kinobeads, chemische Proteomik) angereichert um anschliellend die
Unterschiede durch Massenspektrometrie zu charakterisieren. Hierdurch konnte die aus
klinischen Studien bekannte Amplifikation der Rezeptortyrosinkinase MET neben der bis dahin
unbekannte Uberexpression der Rezeptortyrosinkinase EPHA2 in resistenten Zellen
nachgewiesen werden. Die Anwendung von weiteren zellbasierten Assays bestatigte die Rolle
von EPHA2 bei der Resistenzentstehung und zeigte, dass die Kombination von EGFR und
EPHAZ2 einen zusatzlichen Nutzen bringt. Es konnte somit auch gezeigt werden, dass chemische
Proteomik fur die Identifikation neuer Resistenzmechanismen geeignet ist.

Wachstumsfaktoren im Tumor kdénnen die Wirkung von Kinaseinhibitoren herabsetzen oder
beseitigen. In einem komplexitatsreduzierten Modell mit Gefitinib und FGF2 wurden die
Mechanismen der Wachstumsfaktor induzierten Resistenz deshalb genauer untersucht. Hierzu
wurde eine Strategie zur chemischen Markierung durch Tandem Mass Tags (TMT) entwickelt,
die die parallelisierte Quantifizierung von ~22.000 Phosphopeptiden und ~8.800 Proteinen in
biologischen Replikaten ermdglichte. Die Auswertung des Datensatzes zeigte, dass viele
Phosphorylierungsstellen durch Gefitinib inhibiert und durch FGF2 reaktiviert werden. Molekular
rationalisierte Kombinationsbehandlungen mit EGFRI/MEKIi oder PI3Ki/mTORIi verhinderten die
Wachstumsfaktor induzierte Resistenz und stellen somit eine potentielle Strategie zu einer
besseren Behandlung dar.

Eine Anpassung an die Behandlung mit Kinaseinhibitoren findet innerhalb von wenigen Tagen
statt und fiihrt zum Umprogrammieren von Proteom und Signaltransduktion. Um die parallelisierte
Untersuchung von Proteom und Phosphoproteom nach EGFR und FGFR Inhibition Gber 10
Zeitpunkte in 4 Zelllinien zu untersuchen, wurde eine Strategie mit TMT Markierung angewendet.
Es zeigte sich, dass die Anpassungsmechanismen auf Proteom- und Phosphoproteomebene in
den Zelllinien sehr unterschiedlich sind. Allerdings wurde in fast allen Zelllinien eine zeitabhangige
Reduktion der ERK1/2 Aktivitat nach EGFR Inhibition gefunden und es konnte gezeigt werden,
dass die Uberexpression von E-cadherin mit sichtbarer zelluldrer Aggregation korreliert. Dies
bestatigte, dass die TMT Markierung auch fur die zeitlich aufgeldste Erforschung von
Adaptionsmechanismen durch Proteomik geeignet ist.
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Targeted cancer therapies

Protein kinases and signal transduction

Cells are densely packed with biomolecules including lipids, proteins and DNA. While lipids define
cellular structures and DNA contains the genetic information, proteins take care and control all
actions in the cell. About ~20,000 protein coding genes are annotated and recent large scale
proteomics studies found evidence for 18,097 [1] and 17,294 [2] proteins, respectively. However,
the complexity of the proteome is not reflected by these two numbers. Allelic variations, alternative
splicing of the mRNA, endogenous proteolysis and post-translational modifications increase the
number of so called proteoforms. A proteoform can be described as the number of all sources of
combinations that can exist of each single protein coding gene [3]. This number of combinations
consequently results in an exponential increase of protein and functional complexity in the cell.
The complexity that is not reflected in the relatively fixed genome but in the proteome can lead to

very different cellular functions and cellular specialization in multicellular organisms.

To achieve a certain flexibility, the communication within the cell is essential and allows the cell
to adapt to different conditions and allows to perform different tasks in a multicellular organism.
Intracellular communication is achieved by protein kinases, a protein family that has catalytic
activity and transfers the high energy y-phosphate group of ATP to serine, threonine or tyrosine
residues of the target protein substrate. The human protein kinase family consists of 518 genes,
covers approximately 1.7% of the human genome and thereby represents one of the largest but
also functionally diverse gene families [4]. Based on the amino acids that are phosphorylated in
the substrates, kinases can be classified into protein-serine/threonine kinases, protein-tyrosine
kinases or tyrosine like proteins [4]. Protein kinases can be furthermore clustered into 7 families
(TK, CMGC, CAMK, AGC, CK1, STE, TKL) and seven subfamilies, based on the sequence
similarity of their catalytic kinase domains, general sequence similarity and biological functions
(Fig.1A). Due to their shared functional characteristics, the structure of the protein kinase catalytic
domain is largely conserved. The catalytic domain consists of ~250 amino acids and two lobes,
the amino-terminal lobe (N-lobe) that contains 3-strands and the larger carboxy-terminal lobe (C-
lobe) that contains mostly a-helices. The catalytic loop in the C-lobe contains highly conserved
residues that are required for the transfer of a phosphate group from ATP to the kinase substrate
and the conserved amino acid sequence of Asp-Phe-Gly (DFG) that controls access to the active
site [5-7] (Fig.1B). The N-lobe contains the glycine-rich loop which is important for the positioning
of ATP and proper binding in the ATP binding pocket between the two lobes.
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Figure 1: Phylogenetic tree of kinase families and kinase core structure. A) Similarity based
relationship of 518 protein kinases in the human genome. Kinases are grouped in seven kinase
families (TK, CMGC, CAMK, AGC, CK1, STE, TKL) based on their sequence similarity and
biological functions (© Cell Signaling Technology). B) Protein kinase domain of PKC. Conserved
kinase structure consisting of the B-strand containing N-lobe and the larger a-helical C-lobe.
The C-lobe contains the catalytic and activation loop with the highly conserved DFG motif. The
N-lobe contains the glycine-rich loop that positions ATP in the ATP binding pocket between N-
and C-lobe (Adapted from [5]).

Protein phosphorylation can change the molecular function of a protein by regulation of domain
activity or protein-protein interactions [8]. Kinases can activate other kinases by phosphorylation
and thereby lead to signal transduction cascades where one kinase is activating one or several
other kinases. Due to its importance in cellular signaling, phosphorylation is one of the best
studied post-translational modification and has been estimated to occur on 90% of all proteins in
eukaryotes [9]. Phosphorylation can be found on serine (pS), threonine (pT) and tyrosine (pY)
residues in different densities. The ratio for phosphorylations on these residues was estimated in
the early 80s as 92 : 8 : 0.04 (pS, pT, pY) [10] by autoradiography and was later confirmed to be
in a similar range by large scale phosphoproteomics [9, 11]. According to aggregated data from
different experiments that are compiled on the PhosphoSitePlus database (www.phosphosite.org)
there are currently approximately 250,000 phosphosites known, underscoring the importance of

this post-translational modification (PTM) in biological systems and the need for a better
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understanding of kinase substrate relationships and signal transduction on a systems biology
level. If there are hundreds of thousands of possible kinase substrates, kinase substrate
specificities are highly desirable to enable transduction of specific signals in the cell that control
cell fate and certain cellular functions. The number of substrates that is known for a single kinase
can vary [12], indicating that kinases have narrow and broad substrate specificities. Despite,
kinases have conserved catalytic domains, they need to specifically recognize different
substrates. The active site of the kinase and the structural characteristics serves as the first level
to accomplish substrate specificity. Specific features of the active site, as the depth of the catalytic
cleft or the charge and hydrophobicity of surrounding amino acids can determine certain substrate
specificities. Tyrosine kinases for example have a deeper catalytic cleft than Ser/Thr kinases [7].
The amino acids that are in close proximity to the p-site of the substrate also contribute
significantly to the substrate recognition [7, 13]. Kinases recognize phosphorylation motifs in their
substrates that contain certain amino acids at distinct positions around the phosphorylation site.
Apart from those amino acids, motifs in close proximity to the phosphorylation site serve as distal
docking motifs. The distal docking site can be around 50-100 residues away from the desired
phosphorylation site and increases the affinity of the kinase to the substrate [14, 15]. Further
mechanisms that increase the substrate specificity include targeting subunits, proteins that recruit
the substrates to specific kinases, or scaffold proteins that recruit the kinase and the substrate to

the same complex [7].

The described specificity of kinases together with the ability of protein phosphatases to remove
phosphorylation events results in a reversible biological regulation mechanism that is the basis
for dynamic regulation in the cell. Especially the phosphorylation on tyrosine residues was found
to be very stringently regulated by phosphatases and is just low abundant under physiologic
conditions. Phosphorylation on tyrosine residues only increases in abundance in response to very
specific signaling activation [9]. The regulation of cellular signaling by phosphorylation of tyrosine
residues is tightly controlled and can be considered as a three component system of writer, reader
and eraser. The writer is the phosphotyrosine kinase (pTK), the reader a SRC homology domain
2 (SH2) domain containing protein that binds the phosphorylated substrate and directs other
proteins to the complex, and the eraser, a protein tyrosine phosphatase (PTP) that removes the
phosphate residue from the substrate [16]. The generation of positive and negative feedback-
loops in cellular signaling can be explained by such writer, reader eraser systems. In positive
feedback loops the reader recognizes a phosphorylated kinase substrate and directs a pTK to the
substrate to phosphorylate the substrate on another residue that amplifies the signal. In negative

feedback loops the reader directs the eraser PTP to the substrate to remove a phosphorylated
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residue and thereby stops signal transduction [16]. Positive and negative feedback loops can
carefully regulate signal transduction networks and are joining points to interconnect signaling

events in all directions in the cell not only from the cytoplasmic membrane to the nucleus.

Small molecule kinase inhibitors for cancer therapies

Kinases are the executors of cell signaling and influence the cell fate by the control of almost
every cellular function [4]. Apart from their physiological roles in a healthy individual they also
control aberrant signaling in many diseases including cancer. It is therefore not surprising that
kinases have emerged as one of the most intensively pursued targets for the treatment of cancer.
There are essentially two major principles for the inhibition of kinases. Monoclonal antibodies bind
the extracellular domain of RTKs, antagonistically block the binding of ligands and thus prevent
receptor dimerization and autophosphorylation of intracellular domains [17, 18]. In contrast, small
molecule kinase inhibitors bind competitively or irreversibly to the ATP binding pocket or prevent

binding of ATP by allosteric mechanisms.

As described above, kinases transfer the y-phosphate group of ATP to a substrate. The catalytic
domain of all kinases is largely similar because all of them need structural characteristics that
allow the binding of ATP and the transfer of the phosphate group. ATP binds into a cleft between
the N-lobe and the C-lobe and most kinase inhibitors mimic ATP and bind into this cleft. Inhibitors
can be divided into irreversible and reversible inhibitors. Irreversible inhibitors covalently bind to
a cysteine residue in the ATP binding pocket via Michael addition and thereby make the pocket
inaccessible for ATP [19]. Reversible inhibitors can be classified into four main types based on
the conformation of the ATP binding pocket and the DFG motif [20, 21]. Type | inhibitors bind to
the active form of kinases. The aspartate residue of the DFG motif in the activation loop is faced
into the active site of the kinase (DFG-in) to enable binding to Mg?* ions that coordinate ATP (Fig.
2). Type Il inhibitors in contrast bind to the inactive form of the kinase with the aspartate residue
of the DFG motif facing outward of the ATP kinase binding site (DF G-out). The movement of the
activation loop to the DFG-out conformation exposes additional hydrophobic binding sites
adjacent to the ATP binding site that enable the interaction with the inhibitor [22]. Type Il inhibitors
bind only to an allosteric pocket that is adjacent to the ATP pocket but do not interact with any
amino acid residue in the ATP binding pocket [21]. A trend towards the discovery of more selective
inhibitors resulted in molecules that target the kinases at allosteric pockets that are remote from

the ATP binding site. Allosteric binding sites in kinases can be more specifically targeted than the
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similar ATP binding pocket. Type IV inhibitors should therefore have at least in theory a higher
selectivity [23] (Fig. 2).

Type | Type ll Type Il Type IV

Figure 2: Classes of reversible small molecule kinase inhibitors. Class | inhibitors bind the active
form of the kinase with the aspartate residue of the DFG motif pointing inside of the ATP
binding pocket. Type Il inhibitors bind and stabilize the inactive conformation of the kinase and
the aspartate residue is facing outwards of the ATP binding pocket. Type Il inhibitors bind an
allosteric pocket that is adjacent to the ATP binding site and type IV inhibitors bind an allosteric
pocket that is separated from the ATP binding site (Adapted from [21]).

Until 2015 there were 28 small molecule kinase inhibitors approved by the FDA and in recent
years up to 6 new inhibitors were approved per year [21]. This illustrates that kinase inhibition is
a clinically successful strategy and that there is a strong interest of pharmaceutical companies to
develop new inhibitors to expand current applications. The epidermal growth factor receptor family
(ERBB) is one of the most intensively investigated targets for small molecule kinase inhibition,
which is reflected by the development of the inhibitors gefitinib (AstraZeneca), erlotinib (OSI
Pharmaceuticsls), lapatinib (GlaxoSmithKline) and afatinib (Boehringer Ingelheim). Gefitinib was
the first inhibitor for EGFR and is the second small molecule kinase inhibitor that was approved
by the Food and Drug Administration (FDA, approval in 2003) but only one year later the EGFR
inhibitor erlotinib reached the market. Both inhibitors are structurally largely similar and are used
for the treatment of patients with non-small cell lung cancer [24-26]. Gefitinib and erlotinib were
developed as type | inhibitors that bind the active conformation of EGFR [27, 28]. Lapatinib
reached the marketin 2007 and was developed for the treatment of ERBB2 overexpressing breast
cancer [29]. Compared to gefitinib and erlotinib, lapatinib contains an additional fluorophenyl
group that binds into an allosteric pocket. This allosteric pocket is formed after the conformational

change of the DFG motif (DFG out) [30] and may explain the extremely high selectivity of lapatinib.
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The most recent inhibitor approved for the epidermal growth factor receptor is afatinib, which is
an irreversible kinase inhibitor. By incorporation of a Michael acceptor functionality, this inhibitor
binds to a cysteine residue in the active site of EGFR which is expected to increase the selectivity
and potency. Afatinib was also developed to inhibit mutated EGFR T790M which is an often
observed resistance mutation to EGFR inhibitors (discussed later) [21]. The constant
development of EGFR inhibitors in recent years illustrates that EGFR is a target of very high
interest which may be due to two reasons. First, EGFR has oncogenic roles in various types of
cancers and new inhibitors are approved for different cancer entities. Second, the constant
appearance of new mutations in the EGFR receptor renders previous inhibitors ineffective and
improved inhibitors are developed (e.g. afatinib). The development of new inhibitors is a

continuous process to keep mutated EGFR as a druggable target.

Resistance to targeted cancer therapies

Targeted cancer therapy has become a major clinical option, reflected by the increasing number
of small molecule kinase inhibitors that are clinically approved or in development stages. If
molecular markers are available that can predict the clinical response of a drug, patients can
undoubtedly have an improved prognosis and outcome. However, there is a major drawback of
targeted cancer therapies. Patients develop resistance to anticancer agents which is
accompanied with a clinical relapse. The underlying molecular processes that drive resistance
are diverse but include the modification of the target that is inhibited (Fig. 3A), pathway
reactivation in downstream signaling (Fig. 3B), pathway bypass activation (Fig. 3C) or the tumor
microenvironment that can rescue the cells by pro-survival factors, cell to cell interactions and cell

matrix interactions (Fig. 3D) [31].


https://dict.leo.org/ende/index_de.html%23/search=undoubtedly&searchLoc=0&resultOrder=basic&multiwordShowSingle=on
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Figure 3: Resistance mechanisms to targeted cancer therapies. A) Target modification of the
inhibited target. Mutation based mechanisms in the ATP binding pocket decrease the affinity
of the inhibitors and increase the affinity to ATP. B) Inhibition of the target facilitates
downstream pathway reactivation b i) kinase activating mutations, ii) kinase overexpression in
the pathway, iii) tumor suppressors are not expressed or lose their function. C) Bypass
activation by overexpression of members in alternative pathways or pro-survival feedback
loops that activate bypass signaling. D) Growth factors secreted by other cells or autocrine
mechanisms stimulate alternative RTKs and activate bypass signaling tracks.

Target modification

Modification of the drug target is an often observed mechanism that is associated with a minimal
change in the cells. Target modifications are often located in the ATP binding pocket and decrease
the affinity of the inhibitor while increasing the ATP affinity. Target modification was found in BCR-
ABL positive chronic myeloid leukemia patients after treatment with imatinib [32]. In this type of
resistance, mutations in the phosphate binding p-loop were the most frequent [33]. MEK
mutations were furthermore shown to confer resistance to MEK inhibitors [34] and FLT3 mutations

can confer resistance to FLT3 inhibitors [35]. Another well described example for target
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modification is the gatekeeper mutation T790M in EGFR that emerges after treatment with
gefitinib or erlotinib in lung cancer [36]. Mechanistic analysis revealed that the amino acid
exchange does not influence the affinity to gefitinib. Instead the binding affinity of ATP is enhanced
by more than an order of magnitude [37]. Gefitinib and erlotinib are competitive binders of the
ATP binding pocket, a shift towards better ATP binding therefore increases the kinase activity and
activates downstream signaling again. The T790M mutation accounts for 50% of acquired
resistance in non-small cell lung cancer [38, 39] and therefore represents the most prominent
cause of acquired resistance. The clinically observed response to EGFR kinase inhibitors lasts
usually of around 10 months (median overall survival and progression free survival is 9.7 months)
[24]. Considering these numbers it is apparent that genetic alterations in the target need some
months to establish in the tumor and are compared to the other resistance mechanisms
(discussed later) relatively slow. However, due to the large proportion of target mutation based
resistance mechanisms, second generation inhibitors that covalently bind in the ATP binding
pocket were developed. An example that represents this development is afatinib. As described
above, afatinib is an irreversible inhibitor of EGFR, EGFR T790M, ERBB2, and ERBB4 that binds
to Cys797 of EGFR, Cys805 of ERBB2, or Cys803 of ERBB4 in the ATP binding pocket [40].
Irreversible binding to ERBB family members prevents dissociation of afatinib from the ATP
binding pocket and increased ATP affinity as apparent in the T790M mutation does not affect the
inhibition of EGFR. As a consequence, irreversible inhibition of kinases may be more successful
than competitive binding but there are still a lot of further possibilities for the cell to develop

resistance.

Pathway reactivation

Reactivation of the targeted pathway represents a further mechanism for cells to become
resistant. This reactivation can be mediated by upstream or downstream perturbations in the
targeted pathway that recover the signaling in this axis. Essentially, there are three mechanisms
known that confer this kind of pathway reactivation. Activating mutations in kinases (oncogenes),
overexpression of one or more kinases in the pathway or loss of function/expression of a tumor
suppressor in the pathway [31]. Activating mutations of MEK1 were found to confer resistance to
inhibition of the upstream target BRAF [34], a mechanism where the signaling axis becomes
independent on upstream activation. But also amplification of BRAF conferred resistance to MEK1
inhibition [41]. Breast cancers with ERBB2 ampilifications are clinically treated with lapatinib or

trastuzumab and the PISK/AKT/mTOR signaling pathway is a highly important downstream
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signaling axis of ERBB2 [42]. In recent years, many alterations in this signaling axis were found
to mediate resistance to the upstream inhibition of ERBB2. The tumor suppressor phosphatase
and tensin homolog (PTEN) is a negative regulator of PI3K. Accordingly, loss of PTEN and the
knockdown of PTEN in large siRNA screens results in resistance to ERBB2 inhibition [43, 44].
Oncogenic mutations of the catalytic subunit PIC3CA of PI3K represent another downstream

resistance mechanism to ERBB2 inhibition [45, 46].

Bypass activation

The rationale for target based therapies is based on the observation that tumor cells are addicted
on a certain oncogenic pathway. This pathway is then targeted by specific inhibitors that prevent
oncogenic signaling and induce cell death. However, cells do not have one single pathway,
instead they have a complex network that includes redundant signaling nodes. Inhibition of
oncogenic pathways that drive the tumor cells therefore often leads to evasion of the original
signaling by activation of bypass routes in the kinase network. Activation of such signaling routes
is often a result of kinase amplification or feedback loops that activate bypass signaling tracks.
One of the first described mechanisms of kinase amplification was the observation of hepatocyte
growth factor (MET) overexpression in response to EGFR inhibition in lung cancer [47]. Later it
became clear that MET overexpression is a very common mechanism of drug resistance that
occurs in response to a broad range of inhibitors and in different cancer entities [48-51]. Other
kinases that are amplified or activated after inhibition of members in the ERBB family by gefitinib,
erlotinib or lapatinib include AXL [52, 53], IGFR1 [54], FGFR [55] or the kinase inactive ERBB3
that can serve as interaction partner of ERBB family members for transphosphorylation [56]. The
mentioned examples illustrate that the inhibition of a receptor tyrosine kinase often results in very
short bypass activation of other receptor tyrosine kinases at the cellular membrane. It is feasible
that these RTK’s directly interact with each other and heterodimers or oligomers compensate for
blocked interaction partners. Feedback activation mechanisms represent another possibility of
bypass activation. Stat3 feedback activation is evident after MEK inhibition and affects cancer
cells driven by diverse activated kinases, including EGFR, HER2, ALK, MET and mutant KRAS
[57]. There is also a growing amount of literature that reports activation of the MAPK pathway
after targeted inhibition. Inhibition of mMTORC1 seems to be able to induce MAPK potentially via
a feedback loop involving the S6K-PI3K-Ras pathway [58]. In another investigation, the PI3K-
mTOR inhibition in ERBB2 amplified cells conferred activation of ERK, which was concomitant
with ERBB2 activation [59]. Conversely, inhibition of MEK induced the activation of the PI3K

11
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pathway which was demonstrated in-vitro and in-vivo [60, 61]. A couple of further findings that
indicate feedback loop activation of either the MAPK pathway by PI3K inhibition or vice versa
fostered the idea that both pathways need to be inhibited at the same time [62]. Numerous further
examples reported in the literature indicate that bypass signaling via kinase amplification and
feedback loops is a very common principle. Hence, a deeper understanding of important signaling
nodes and redundancy in signal transduction networks will be important to develop more effective

combination therapies and to avoid trial and error approaches.

Tumor microenvironment

In an in-vivo situation, the tumor consists of various different cell types and a surrounding
extracellular matrix. The cancer cells that proliferate constantly and uncontrolled, are surrounded
by cancer associated fibroblasts (CAF) and immune inflammatory cells (IC) that can support the
growth of the tumor cells by secreted growth factors. Stimulation by cell to cell contacts moreover
provides a growth niche for the cancer cells. Interactions with the extracellular matrix (ECM)
support the tumor cells and provide a protected microenvironment, the tumor niche. Digestion of
the ECM by proteases in aggressive and metastasizing cancer cells, releases sequestered growth
factors and cells from the primary tumor (Fig. 4). The importance of the tumor microenvironment
is widely accepted and concepts were extensively reviewed by Hanahan and Weinberg in 2011
[63].

One of the early findings that has been described to rescue cancer cells from targeted cancer
drugs is the stimulation of survival pathways by B-integrin ECM interactions. This mechanism of
adhesion mediated drug resistance was found in chronic myelogenous leukemia cells after
treatment with BCR-\ABL inhibitors [64], in breast cancer cells after treatment with ERBB2
inhibitor lapatinib [65] and in ovarian cancer after treatment with PISK/mTOR inhibitors [66].
Consequently, the findings that integrin interactions with the ECM can rescue cells from a lot of
specific kinase inhibitors resulted in combination treatments with antibodies against B-integrin
[65]. Another principle of tumor microenvironment mediated resistance, based on the secretion of
soluble growth factors and cytokines, has been investigated in many studies [67-69]. A prominent
growth factor that mediates resistance to targeted inhibition is HGF. This growth factor is not
secreted by the cancer cells, but tumor associated fibroblasts release this factor into the stroma
[70]. Soluble HGF binds to the MET receptor in the cancer cells and can stimulate survival
signaling after inhibition of EGFR, ERBB2 and RAF [48, 69, 71].

12
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Figure 4: Tumor microenvironment. Cancer cells are surrounded by various other cells and
components of the extracellular matrix (ECM) that provide a microenvironment were tumor
cells can grow. Cancer associated fibroblasts (CAF) and immune inflammatory cells (ICs) secrete
mitogens and cytokines that promote tumor growth, metastasis and resistance to specific
kinase inhibitors by activation of bypass signaling. Sequestered growth factors in the
extracellular matrix are released by proteases in cancer cells and invasive cancer cells can leave
the primary tumor (Adapted from [63]).

Also growth factors of the FGF or IGF family can mediate drug resistance [72, 73]. To shed more
light to the potential of growth factor mediated drug resistance, Wilson et al. [68] treated 41
oncogene dependent cancer cell lines from different entities with growth factors secreted by
autocrine (cancer cells) and paracrine (CAFs, other cells) mechanisms. After some first
experiments they selected HGF (MET receptor), FGF2 (FGFR), IGF1 (IGFR), NRG1 (HER3),
PDGF (PDGFR) and EGF (EGFR) to test for their potential to rescue from selective inhibition by
kinase inhibitors. Importantly, they found a very widespread potential for growth factor driven
resistance. HGF, FGF2, NRG1 and EGF rescued from lapatinib, erlotinib, sunitinib and

13



Chapter |

vemurafenib, ALKi and FGFRIi, whereas IGF1 was just partially effective and PDGF did not affect
the effectiveness of the tested inhibitors. The study illustrates the effectiveness of growth factors
to activate bypass signaling and confirms that the activation of alternative RTKs is broadly
relevant. Hence, a better understanding of common downstream signaling will provide the basis

to understand redundant signal transduction which will improve targeted therapies.
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Mass spectrometry-based proteomics

The so called “omics” technologies became a key technology in the twenty first century and
enabled the investigation of biological systems on a global scale. Whereas the genomics area
profited from developments in gene sequencing and sequencing analyzers, characterization of

whole proteomes is so far dependent on mass spectrometry technology developments [74].

The human genome was sequenced in the very beginning of this century and resulted in the
coverage of 99% of the eukaryotic genome. However, unexpectedly for the scientific community,
the human genome encoded only approximately 20,000 genes [75]. The relative low number of
genes was puzzling, especially when apparently less complex and less developed organisms had
the same or even more coding genes [76, 77]. Consequently, one outcome of these studies was
that the complexity of an organism cannot be explained by the number of coding genes. Instead,
the number of proteins and protein isoforms that are expressed from a single gene as well as

protein modifications determine the complexity and development status of an organism.

The qualitative and quantitative characterization of proteins, protein interactions and protein
modifications that are present in a cell at a certain time point lead to the emergence of the field of
proteomics [78]. In contrast to the genome, the proteome is not static and dynamically regulated
and therefore better represents the status of a cell. However, genes are transcribed into mRNA
which is translated into proteins that can again result in altered gene transcription resulting in
dependencies of all layers of biological information. Proteomics therefore complements genomics
and transcriptomics approaches and can measure the functional and executive repertoire of the
cell directly. The mentioned higher complexity that is not visible on the genome and transcriptome
level can only be captured by investigations on the proteome level. In this line, protein isoforms
that are generated from alternative gene splicing [79], protein interactions and interaction based
functions [80] as well as different post-translational modifications and their occupancies can be

derived from proteomics experiments [11, 81].

Bottom-up proteomics

Three technological setups are used within the proteomics field to characterize proteomes. The
top-down approach that is focused on protein purification and analysis of intact protein by mass
spectrometry, middle-down approaches for the analysis of large polypeptides and bottom-up

proteomics where the whole proteome is digested into smaller peptides before analysis [79, 82-
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84]. Of all mentioned approaches, bottom-up (or shotgun) proteomics represents the most widely
used technique as it is comparably less time consuming and more comprehensive when applied

to large scale investigations of proteomes.

The bottom-up proteomic workflow includes multiple steps that need to take place before analysis
by mass spectrometry. These steps are depicted in figure 5. First proteins are extracted from cells
or tissues by cell lysis. If needed, a sub protein fraction of proteins can be enriched by affinity
enrichment techniques (e.g. chemical proteomics (Kinobeads), immunoprecipitations) for
subsequent digestion. Alternatively all proteins are digested directly by sequence specific
proteases like trypsin. Trypsin cleaves very specifically at the C-terminus of lysine and arginine
[85] and thereby generates peptides that are well ionized and analyzed by current mass
spectrometers. However, due to naturally high abundance of lysine and arginine sites, peptides
are often too short (56% of all generated peptides are <6 residues) and contain no protein specific
information [86]. Further proteases or protease combinations (e.g. Lys-C, Asp-N, Lys-N, Glu-C,
Chymotrypsin) were used to improve protein identifications and the sequence coverage of
proteins [87-90]. The analytic capabilities of a mass spectrometer are still too low to handle the
complexity of peptide digests, but peptides can be fractionated by chromatography to enhance
the number of identifications. Specific peptides can be enriched from crude peptide digests based
on physicochemical characteristics (e.g. phosphopeptide enrichment). All following
methodologies depicted in the bottom-up workflow are now described in more detail with a special

emphasis on the methodologies used for the work in this thesis.

Cell lysis (1), Enrichment (2), Digestion (3) Peptide separation lonization Mass spectrometry Data analysis

Cell culture Kinase enrichment (Kinobeads) 1D: SAX. HILIC. SCX Electrospray Qua.drupole, LTQ Mascot

or tissues Phosphopeptide enrichment (IMAC, TiO2) 2D: Revérsed [;hase ionization Orbitrap Maxquant, Andromeda
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Figure 5: Bottom-up proteomics workflow for deep proteome analysis (Adapted from [91]).

Chromatographic peptide separation

The bottom-up workflow generates a tremendous analytical challenge. From all of the proteins
that are present in cells or body fluids the protein digestion creates an even higher complexity.

Mass spectrometers have a limited acquisition speed and dynamic range which results in the
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requirement of peptide separation by chromatography. Efficient separation reduces the number
of ions that enter the mass spectrometer in a certain timespan (lower complexity) and thereby
allows a more comprehensive identification of peptides from a proteomic digest. The
chromatographic principle is based on three types of interactions. The interaction of the stationary
phase and the peptide, the peptide and mobile phase interactions as well as the interactions of
the stationary phase with the mobile phase. All the three interactions influence the retention time
of a peptide in the column and discriminates the elution time of peptides with different
physicochemical characteristics. The mobile phase serves as the variable component in a
chromatography system. Gradient flows start with a mobile phase that has weak interactions with
the stationary phase and turn to increasing concentrations of a strong interacting solvent. The
peptide is eluted from the stationary phase as soon as the mobile to stationary phase interaction
equals the peptide to stationary phase interaction. Accordingly, a complex peptide mixture elutes

sequentially from the column dependent on interactions to the stationary phase.

The columns used in proteomics for LC-MS/MS measurements are usually packed columns with
reversed phase C18 (RP) silica beads (1-5 uym) that separate peptides based on hydrophobicity
[92]. The C18 material consists of a hydrophobic side chain of 18 carbon atoms that can interact
with hydrophobic sidechains of amino acids. An added amphiphilic acid (usually FA or TFA)
additionally increases charged residue interactions between the peptide and the stationary phase.
A LC-solvent gradient from low to high hydrophobicity (addition of acetonitrile) is applied to elute
peptides from the stationary phase. In proteomics, a high resolution and peak capacity is desired
to increase peptide identifications. Practically, this is achieved by long columns and small particle
diameters, which results in high pressure (HPLC) and ultra-high pressure (UHPLC)
chromatography systems [93, 94].

If a more comprehensive analysis to a depth of 10,000 proteins or more is desired, one
chromatographic dimension is not sufficient. A second chromatographic dimension can be added
by using an orthogonal chromatographic material. In the last years online and offline approaches
were developed to increase peak capacity and analytical depth in proteomic experiments [95-98].
Even if online workflows can be very reproducible, they are often restricted to specific applications
and require more technical expertise. Offline workflows are technically independent from each
other and are therefore easier to perform and more generally used in a lot of laboratories. Widely
applied chromatography materials that are used in a first dimension before reversed phase (RP)
separation include anion- and cation exchangers (SAX, SCX) [95, 99, 100] or hydrophilic
interaction liquid chromatography (HILIC) [101]. Alternatively, due to the high resolution, it
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became recently popular to use high- and low pH reversed-phase chromatography as a two
dimensional system. High- and low pH reversed-phase chromatography is only partially
orthogonal. This makes the pooling of fractions after separation in the first dimension (usually high
pH) necessary. Samples are most often pooled in a concatenated way before separation in the
second dimension is performed [96, 102]. By such pooling techniques full orthogonality is finally
achieved. The second dimension of liquid chromatography is usually directly coupled to a mass
spectrometer and peptides get ionized by electrospray ionization (ESI). Alternatively fractionated
peptides are spotted on a target plate for ionization by matrix assisted laser desorption ionization
(MALDI).

Protein and peptide affinity enrichment

Even though it is nowadays possible to analyze whole proteomes by applying intensive
fractionation, it is sometimes desired or more informative to enrich a target class and interactors
in advance to LC-MS/MS analysis. For this purpose proteins can be enriched with specific
antibodies (immuno-affinity enrichments), where the antibodies are immobilized to sepharose,
agarose or magnetic beads. Immuno-affinity enrichments are usually performed to identify binding
partners of a bait protein of interest and to determine quantities and stoichiometries of protein
complexes [103, 104]. This principle was applied in large scale studies very recently to investigate

the whole interactome of cells [80, 105].

Kinases control cellular processes by active regulation of signal transduction. A change in kinase
activity and abundance can cause different cellular behaviors and is often responsible for human
diseases. Although it is important to understand functional relationships between kinases and
disease phenotypes, mass spectrometry-based quantification of low abundant kinases from crude
proteome digests requires intensive measurement time. Alternatively, kinases can be specifically
enriched in advance to mass spectrometry analysis. It has been demonstrated that kinase
enrichment with immobilized small-molecule kinase inhibitors can be very powerful [106, 107]. In
these approaches, specific kinase inhibitors or broad spectrum kinase inhibitors are covalently
attached to sepharose beads for immobilization. Immobilized kinase inhibitors are in the following
incubated with cell lysates and bind kinases in their ATP binding pocket. Afterwards kinases are
purified and eluted from the beads for quantification. This affinity based enrichment of kinases
from crude cell lysates and the subsequent analysis by LC-MS/MS is termed chemical proteomics
and allows identification of up to 260 kinases in a single experiment when unselective broad

spectrum kinase inhibitors are used [107]. Chemical proteomics is not restricted to enrichment of
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kinases and can be used to enrich other specific binders of small-molecules including histone
deacetylases (HDAC) [108], ATP/ADP binding proteins [109], cAMP, cGMP binders [110] or
binders of tankyrases [111]. The simple enrichment of specific binding proteins by chemical
probes is just one possibility, but this technology also enables the selectivity profiling of drugs.
For this purpose, desired drugs can be added to cells or cell lysates before incubation with the
immobilized inhibitor matrix is performed. The drugs thereby compete with the interactions of
immobilized inhibitors on the drug matrix. If the drugs are added in an increasing concentration
and occupy the target, they prevent the binding of the target to the immobilized small molecule
matrix. Enrichment of drug targets thereby decreases with increasing drug concentrations.
Decreased enrichment results in decreased intensity in the mass spectrometry readout and a
sigmoidal dose response characteristic. This principle has been applied to kinase inhibitor
selectivity screenings and offers determination of drug affinities to their targets under physiological
conditions [106, 112].

In proteomics, affinity enrichments are also regularly applied to enrich peptides that contain low
abundant and often substoichiometric post-translational modifications. The antibody can thereby
specifically bind phosphorylated (most often phosphotyrosine), methyl-arginine, acetyl-lysine or
ubiquitinated (diglycyl-lysine affinity) peptides to enrich them from a highly complex peptide
sample [113, 114]. By applying this enrichment, high abundant peptides are removed from the
modified low abundant peptides and dynamic range of the sample is decreased. Increasing speed
and effective affinity enrichments of post-translational modifications (PTMs) facilitated large scale
investigations and, enabled a holistic view into signal transduction pathways and improved our
understanding of the function of protein modifications [115, 116]. Investigations on protein
phosphorylation are often exceptionally interesting as they reflect protein activity. Kinases can
activate themselves by autophosphorylation and activate other kinases by phosphorylation,
leading to signal transduction cascades and signaling networks in the cell. It is therefore not
surprising that phosphorylation is the most extensively studied PTM. Apart from the biologically
interesting function it became very easy to identify this kind of modification because of
developments in affinity enrichment techniques. Especially metal ion and metal oxide
chromatography are the method of choice to enrich phosphorylated peptides in a large scale [9,
90, 117]. Immobilized metal affinity chromatography (IMAC) is based on chelating agents, usually
nitrilotriacetic acid (NTA) or iminodiacetic acid (IDA), that are immobilized on a polymer matrix.
Chelating agents can than coordinatively bind to the free orbitals of metal ions, usually Fe®*, that
then binds the negatively charged phosphate group. Specificity of phosphorylated peptide binding

is usually achieved at a low pH where carboxyl side chains are protonated and cannot bind to
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metal ions. However, unspecific binding of glutamic acid and aspartic acid residues cannot be
completely prevented and is usually responsible for co-enrichment of unphosphorylated peptides
[118]. Metal oxide affinity chromatography (MOAC) is a widely applied alternative to IMAC and is
reported to be very selective and orthogonal to IMAC enrichment [119, 120]. This orthogonality
was recently called into question and could be largely explained by insufficient capacity, inefficient
elution, and the stochastic nature of data-dependent acquisition in mass spectrometry [121]. All
three described methods enrich phosphopeptides according to their natural abundances in the
cells. Serine and threonine sites account together for more than 98% of all phosphorylation sites
[9]. Hence, the enrichment of phosphorylated peptides with IMAC or MOAC is very well suited for
analysis of serine and threonine phosphorylation, the phosphotyrosine phosphorylation is
underrepresented. However, phosphotyrosine containing peptides can be specifically enriched

with phosphotyrosine specific antibodies as mentioned above.

Mass spectrometry

Mass spectrometers use the characteristics of charged particles that are accelerated in electric
fields. The result of this analysis is a mass spectrum that represents the abundance and mass to
charge ratios (m/z). The abundance of atoms and molecules within a sample can be derived from
the area under the curve of each m/z. Mass spectrometry enables the determination of the m/z
ratio of peptides and peptide fragments that can be used to identify and quantify proteins in a
large scale. A mass spectrometer consists of an ionization source to transfer analytes into the
gas phase, a mass analyzer that separates ions based on m/z and a detector that detects the

current of moving charges in an electric field.

Electrospray ionization

A mass spectrometer can only identify charged particles and their mass to charge ratio (m/z).
Hence, the first step for peptide analysis by mass spectrometry is the ionization process and the
transfer into the gas phase. Electrospray ionization (ESI) is today the most widely used technique
for the ionization of biomolecules and in proteomics [122]. The technique was introduced in the
late 80s, was shown to be very effective and did not destroy the analytes during ionization. It is
therefore known as a soft ionization technique [123, 124]. Beside the soft and protective

ionization, ESI can be coupled online to any case of liquid chromatography. This combination
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renders this technology to be an extremely effective and a high performing ionization technique

for large scale proteomics experiments.

The solved analytes are transferred in nanoliter flow rates through a small stainless steel capillary
needle where a high voltage of several kilovolts is applied. The voltage applied to the needle tip,
charges emerging liquid at the spray needle (Fig. 6A). The liquid leaves the needle and anions
and cations get separated by the applied electric field, leading to a tailor cone. When a certain
threshold is reached and the electrostatic field becomes stronger than the surface tension, the
tailor cone is transformed into a thin jet stream. With increasing distance to the spray needle,
small droplets appear from the jet stream and generate a fine spray (Fig. 6A). Evaporation of the
liquid from those droplets enhances the charge density until the coulomb repulsion becomes
stronger than the surface tension and the Rayleigh limit is reached. Coulomb explosion than leads
to the formation of several smaller droplets from a big one. This process is repeated until only the
analyte remains in a small droplet which is released as a charged ion after evaporation (charge
residue model, CRM, Fig. 6B) [122, 125]. Another model describes the generation of ions as the
result of evaporation and shrinking droplets. When droplets shrink, the field strength increases as
a consequence of charge density and single ions are ejected from the droplets (ion evaporation
model, IEM, Fig. 6B) [126, 127].
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Figure 6: Electrospray ionization principle. (A) Analyte solution is transferred through a spray
needle. Formation of a tailor cone by electrophoretic charge separation, jet stream induction
when the electrostatic field is stronger than the surface tension and generation of droplets. (B)
Models for the generation of ions from droplets. Charged residue model (CRM) and ion
evaporation model (IEM).

Electrospray ionization preferentially produces multiply charged ions. This is an advantage as
mass analyzers have often a restricted m/z range and a high charge reduces the m/z, which

enables the identification of large peptides and even intact proteins in a narrow m/z range [123].
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Moreover, effectiveness of the electrospray ionization increases with decreasing flow volumes
which matches very well to nano-LC separations. Miniaturization of the electrospray ion source
and low flow rates increase the generation of small droplets and more analyte molecules are
successfully ionized [128]. It was recently shown that the addition of low percentages of DMSO
to liquid chromatography solvents can reduce the surface tension of droplets, leading to smaller

droplets and increased ionization and sensitivity [129].

Mass analyzers

After ionization, analytes enter the mass spectrometer and are separated in the mass analyzers
according to their m/z. Different mass analyzers have been developed and are used in
commercially available mass spectrometers. Mass analyzers have various characteristics
regarding to their mass accuracy (ability to measure the true mass of an analyte), mass resolution
(ability to separate very similar masses as two distinct different masses), m/z range (the m/z range
they can record in a mass spectrum), sensitivity (lowest amount of molecules that can be
detected) and dynamic range (difference between lowest and highest abundant ions that can be

detected). Characteristics of often used mass analyzers are summarized in table 1.

Table 1: Characteristics of mass analyzers. Adapted from [130, 131].

TOF Quadrupole LTQ/ion trap FTICR Orbitrap
Mass accuracy <2ppm >500 ppm 100-500 ppm <2 ppm <5ppm
Mass resolution >20,000 1000 2000 >750,000 >100,000
m/z range >50,000 200-4000 200-4000 200-4000 200-4000
Sensitivity femtomole picomole femtomole femtomole femtomole
Dynamic range 10M 1073 107 1073 4*10"3

Time of flight (TOF) mass analyzers record the time that ions with a certain m/z value need to
travel from a source to the detector in a flight tube. lons leaving the ion source do not have the
same starting times and kinetic energies. As a consequence they reach the flight tube not all at
the same time, resulting in decreased resolution. To compensate for this differences TOFs are
often equipped with a reflectron that compensate for different kinetic energies at the same m/z

and improve resolution [132].
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Quadrupole analyzers consists out of four rod electrodes and an inner axial space for ion
transmission. Application of an RF voltage to the two opposing rods generates the electric field of
the quadrupole and enables oscillation based trajectories of ions with a certain m/z along the inner
axis. lons can either get lost during this transmission, collide with the electrodes or are
successfully transmitted if the RF fits to their m/z. Quadrupoles are therefore also termed mass

filters and can select single m/z.

lon traps (linear ion traps) store ions in an electric field that is similar to a quadrupole. lons are
then kept on stable trajectories in this electric field for a certain duration of time. The changing of

applied voltages induces m/z dependent ejections of ions to the surrounding detector [133, 134].

Orbitraps are a special case of ion traps. They have a spindle shaped central electrode and two
symmetrical outer electrodes that complement the shape of the central electrode. lon packages
are injected from an external storing device (C-trap) and enter the orbitrap tangential to the axis
of the central electrode. Application of a voltage to the electrodes pushes injected ions on a radial
orbit between the outer and inner electrode, tangential injection leads to circular movement and

axial movement is induced by the shape of the electrodes (Fig. 7).
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Figure 7: Orbitrap mass analyzer and C-trap ion accumulation device. lons are injected from an
external trapping device (C-trap) and oscillate around the inner spindle electrode. Frequencies
of oscillating ions are detected as image current and transferred to m/z values by Fourier
transform (Adapted from [74]).
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Only the axial oscillations of ions are independent on initial injection velocity or injection angle
and can be used for m/z analysis. Consequently, the frequencies of axial ion movement along the
central electrode induce an image current that can be recorded. Fourier transform of the detected

and amplified signal then translates to the m/z value of trapped ions [74, 135, 136].

Hybrid mass spectrometers

The large-scale analysis of proteomes is performed on hybrid mass spectrometers. Hybrid mass
spectrometers consist of two or more mass analyzers and thereby combine the strengths of these
analyzers to improve resolution, sequencing speed and sensitivity. Furthermore, selected ions
need to be accumulated in storing devices (linear ion traps, LTQ) or selected (quadrupoles) to
allow fragmentation of single peptides into peptide fragments (tandem-mass spectrometry). There
are some advances in hybrid quadrupole time-of-flight (QTOF) instruments [131], but hybrid
technologies using an orbitrap as the high accuracy and resolution mass analyzer became the
backbone of many proteomics laboratories. The developments of orbitrap hybrid instruments for

proteomics are therefore described in the following in more detail.

The combination of a high resolution orbitrap combined with the sensitivity of a linear ion trap
mass analyzer was introduced in 2005 in the commercially available instrument Orbitrap XL [137]
(Fig. 8A). This instrument allowed the high accuracy readout of MS1 spectra in the orbitrap which
enabled the search of intact peptide m/z in a narrow parts-per-million (ppm) range in databases
and therefore reduced false positive peptide identifications [138]. The hybrid design furthermore
enabled the parallel acquisition of precursor m/z in the orbitrap while precursors were selected
and fragmented. This principle termed as tandem mass spectrometry is described in the next
section. By parallel acquisition of m/z information from peptide precursors and peptide fragments,
peptide identifications could be acquired in a reasonable timescale. In the following years
improvements in the design of the LTQ (dual-pressure ion trap) [139] and the Orbitrap (high field
orbitrap) [140] improved the acquisition speed and resolution at a fixed acquisition time. The
implementation of beam type fragmentation (HCD) enabled high resolution acquisition of MS1
and MS2 in the orbitrap and provided an alternative for a better localization of PTM’s in post-
translationally modified peptides [141]. HCD fragmentation was developed to perform acquisition
of MS2 spectra in the orbitrap. However, the speed of hybrid mass spectrometers was only high
if acquisition was performed for MS1 in the orbitrap and for MS2 in the ion-trap. To fill the need of
the community to perform both readouts at high resolution without too much loss in sequencing

speed, the hybrid mass spectrometer was modified. The hybrid design of a mass storage (LTQ)
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plus orbitrap was changed to a mass filter (quadrupole) plus orbitrap, commercially available as
the Q Exactive [142](Fig. 8B).

A Electrospray Square Low-pressure
ion source quadrupole cell Multipole  C-trap
_E[uf il E "EH M% __J
Octopole =
Orbitrap f
mass analyzer h\ﬁj
|
B HCD cell C-trap Quadrupole mass filter
\ ) )
]
[r—)

S-lens —Eﬂé]

— Orbitrap _%7

mass analyzer

C Ultra-high Dual-pressure
field orbitrap linear ion trap W
mass analyzer \ > O
— N
}/’9/ 000\0 \Low—pressure cell
4 N

&
Quadrupole =;# N 2 i »
I Hoacsfltor 9% pY High-pressure cell
guide :é
I
L .%l %\ lon routing
i r|= . | \ multipole

EASY ETD —=5
ion source S-lens

ion source

Figure 8: Schematic representation of the evolution of hybrid orbitrap devices. A) First
commercially available hybrid orbitrap mass spectrometer, the Orbitrap XL. Combination of a
linear ion trap and the orbitrap combines high sensitivity and mass accuracy. B) The Q Exactive,
a mass filter (quadrupole) orbitrap hybrid instrument to combine speed and accuracy. C) The
orbitrap Fusion, a hybrid mass spectrometer consisting of a quadrupole, orbitrap and ion trap
mass analyzer (Adapted from [74]).

The filtering of ions in a quadrupole instead of accumulation in an LTQ thereby allowed faster
acquisition speeds. Hybrid mass spectrometers of the Q-Exactive type achieve high acquisition
speeds but they cannot collect ions and are therefore less sensitive than ion trap orbitrap hybrid

mass spectrometers. To have an instrument that fuels the need for high flexibility at the side of
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fragmentation and that can provide detection in the orbitrap and the ion trap while achieving a
high acquisition speed, the orbitrap Fusion was developed (Fig. 8C) [143]. The Fusion combines
the LTQ, a quadrupole and the orbitrap from previous mass spectrometer generations. The
experimental possibilities are therefore expanded when compared to previous hybrid mass

spectrometers.

Tandem mass spectrometry

Before peptides can be identified from complex protein digests, the intact mass and peptide
fragment masses need to be determined. Mass spectrometers therefore need to analyze the
intact peptide m/z (precursor), select this peptide for fragmentation and measure the peptide mass
of generated peptide fragments. This principle of time domain separated m/z measurement of
precursor masses in a first spectrum (MS1) and fragment masses in the following spectra (MS2)
is termed tandem mass spectrometry. Tandem mass spectrometry can be performed as “tandem
in time”, when mass analysis and fragmentation are recorded in the same mass analyzer in a
consecutive manner or as “tandem in space” when analysis of tandem mass spectra is performed
in different mass analyzers in parallel [144]. The recording of tandem mass spectra from selected
precursor ions requires time and not all of the precursor ions can be selected to record a tandem
mass spectrum. Hence, acquisition of tandem mass spectra is data dependent and only
precursors with a high intensity are selected for fragmentation. In data dependent acquisition
(DDA) experiments the maximal number of tandem mass spectra that are generated of an MS1
spectrum can be defined but only a certain number is reasonable at a given speed of the mass
spectrometer. The shortcomings of DDA experiments are the incomplete identification of eluting
features, the stochastic nature of precursor selection and the resulting lack of reproducibility in
peptide identifications [145-147].

Peptide fragmentation

Tandem mass spectrometry is the basis to gain information of the composition of a peptide. To
record fragment spectra of precursors, different fragmentation principles were developed and can
be applied or combined to achieve a good characterization of the sample. The most often used
fragmentation techniques include collision induced dissociation (CID) [148], higher energy C-trap
dissociation (HCD) [141] and electron transfer dissociation (ETD) [149]. Common to all

fragmentation techniques is the generation of different peptide fragments by bond breakage along
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the peptide backbone. According to the nomenclature of Roepstorff and Fohlman [150] peptides
containing an intact N-terminus are termed a-, b- and c-ions and peptides containing an intact C-
terminus are termed x-, y- and z-ions. The bond breakage between carbonyl residue and Cqs-atom
is designated as a- or x-ion, in the peptide bond as b or y ion and between amino group and Cq-
atom as c- or z-ion (Fig. 9). The two fragmentation techniques CID and HCD are conceptually
relatively similar. The peptides acquire vibrational energy by collision with inert gas molecules
(He, Ar, N2), which leads to breakage of the chemical bond. CID and HCD preferentially generate
b- and y-ions and therefore generate sequence informative MS/MS spectra with the characteristic
mass difference of one amino acid (Fig. 9). One difference between CID and HCD fragmentation
is the energy that is applied to induce the bond breakage. The lower energy CID is performed in
ion traps (trap-type CID). Application of radio frequencies (RF) accelerates ions and their kinetic
energy while multiple collisions with gas molecules induce the fragmentation at the weakest
bonds. Readout of MS/MS spectra after CID is usually very fast as fragments can be directly
analyzed in the ion trap, but inefficient trapping of ions at al low m/z is a common drawback of
trap-type CID [151].
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Figure 9: Fragmentation of peptides according to the nomenclature of Roepstorff and Fohlman
[150]. Peptides generate a-, b- and c-ions, if the N-terminal residue remains at the fragment
and x-, y-, and z-ions, if the C-terminal residue remains at the fragment. The mass difference
between two of the same ions corresponds to the residue mass of the amino acid.

HCD fragmentation, also known as beam type fragmentation, applies high energies to the
precursor ions, leading to an almost instantaneous breakage of the chemical bonds.
Fragmentation is performed in a dedicated collision cell allowing acquisition of high resolution
spectra in the orbitrap mass analyzer. HCD does not suffer from a low molecular weight cutoff
which enables the identification of informative reporter ions [152] or isobaric tags for quantification
[153].
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Electron transfer dissociation (ETD) is different to CID type fragmentations and uses an electron
donor for induction of fragmentation. The anionic electron donor (e.g. anthracene or fluoranthene)
transfers an electron to the analyte leading to an instable transition state that ends up in rapid
bond breakage and charge reduction. Fragmentation along the peptide backbone occurs
preferentially between the Ca and amino bond and generates c- and z-ions [154]. The mechanism
of ETD better preserves post translational modifications that are cleaved in CID and HCD before
backbone fragmentation occurs [155]. However, ETD spectra often lack sufficient backbone
fragmentation as consequence of charge reduction. The introduction of EThcD, a combination of
ETD and HCD fragmentation combines beneficial information of both technologies resulting in

better sequence identification and PTM site localization [156].

Protein identification by mass spectrometry

The generation of tandem mass spectra enables the identification of proteins from sequence
databases. These approaches are very common, however it is important to mention that they
cannot de-novo identify proteins, only a protein which sequence is in the database can be
identified. This approach is consequently also known as database searching and was
comprehensively reviewed by Nesvizhskii et al. [157]. Different search algorithms as Mascot [158]

or Andromeda [159] were developed and work on the same principle.

First, peptide spectra and MS/MS spectra are derived from high resolution mass spectrometry.
Experimental spectra are then correlated to theoretical spectra that are generated from an in-
silico digest of all proteins in the sequence database (e.g. all protein entries from the human
genome) (Fig. 10A). A search algorithm can consider protease specificity, missed cleavage sites,
fixed modifications or variable modifications of PTMs to assign as many peaks as possible. It also
takes different metrics like the length of consecutive ion series, overlap of the ion series, number
of matching precursor and peptide fragments and their mass deviations into account. Based on
these metrics peptide matches are scored and ranked according to this score in a list and the
peptide is assigned to the best match. Often also an expectation value is calculated that reflects
the probability that a peptide is matched to a wrong spectrum (Fig. 10A). Identified peptides in the
database search can be assigned to proteins and thereby result in protein identifications, which
is not a trivial task. Peptides often match to more than one protein, especially if the sequence is

not long and hence not protein specific. This protein inference problem [160] is often the reason
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that only the identification of protein groups can be reported, where peptides are unique to a group

of proteins that are sequentially conserved.

False peptide assignments are a common shortcoming of database search algorithms and occur
from chimeric spectra (selection and co-fragmentation of two peptides), low signal spectra and
assignments to signal noise, incorrect charge state determination or sequence variants that are
not present in the sequence database [157]. As the data generated in proteomics experiments
are too large to check spectra quality manually, essentially two techniques were developed to
control for the number of false positive assignments (Fig. 10A). One is the target decoy approach
where the database contains the real existing protein sequences in the target space and reversed
or scrambled sequences in the decoy space. Peptide sequences that match to the decoy space
are per definition false positive matches because this sequence is randomly generated.
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Figure 10: Identification of peptides from tandem mass spectra and quality assignment in
database searches. A) Correlation of experimental and theoretical spectra from in-silico
digestion of protein sequences. Peptides are scored and ranked to filter for the best peptide
spectrum match. B) Control for false positive peptide spectrum assignments with a target-
decoy approach or Bayesian statistics (Adapted from [157]).

29



Chapter |

It can be expected that the number of hits in the decoy space is equal to the wrong assigned hits
in the target space and a false discovery rate (FDR) can be calculated to control the number of
wrong assignments in the dataset. This filtering is usually applied at the level of peptide spectrum
matches and the protein level. The use of bayesian statistics represents an alternative approach
and models the peptide distribution of false and true assignments to generate a local peptide
probability (Fig. 10B) [157].

Quantitative Proteomics

The qualitative information that a protein is present in a sample is sometimes not very informative.
Instead it is often of interest how proteins change in abundance over time or how a certain
molecule influences the proteome abundance in cells or tissues. Mass spectrometers can
measure the abundance of an analyte, as the signal detected in the mass analyzer is dependent
on the amount of ions. The quantification of proteins by spectrum counting or integration of the
signal intensity became easier with the development of software tools, and nowadays the
quantification of thousands of proteins is routine [161, 162]. Quantification in proteomics can be
divided into label based quantification techniques and label free quantification. Label based
quantification techniques use stable isotopes that induce a mass shift into labeled peptides. The
incremental mass difference is resolved by the mass spectrometer and can be used for
multiplexing of quantitative information in the same spectrum. In contrast, label free quantification
relies on the quantification between different MS runs which is accompanied with a high
measurement time. On the other side an unlimited amount of samples can be easily compared
by label free quantification which renders this technique ideal for large proteomics studies [1, 163].
The earlier samples are combined in the proteomics workflow the lower is the accumulation of
technical variation and the higher the precision to quantify biological changes (Fig. 11A and B).

Label based quantification techniques are described in the following in more detail.
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Figure 11: Quantitative proteomics by metabolic- or chemical labeling and label free
approaches. A) Metabolic labeling is performed in the cells, chemical labeling most often on
the peptide level. Dashed lines indicate steps that are prone to experimental variation due to
sample handling and analysis (adapted from [161]). B) Characteristics of metabolic-, chemical
labeling and label free quantification. Metabolic labeling (SILAC) has the highest quantitative
precision due to early combination of the samples. Dynamic range for quantification is reduced,
if chemical labels are quantified in MS2 or MS3 (iTRAQ, TMT). Chemical labeling techniques
allow the highest degree of multiplexing (iTRAQ, TMT).

Metabolic labeling

The most common technique for metabolic labeling is stable isotope labeling by amino acids in
cell culture (SILAC). The isotopic labels are introduced at the earliest possible time point, in living
cells. For this purpose, media can be supplemented with a maximum of three labels: (1) the natural
amino acids of lysine and arginine, (Il) 2Hs-lysine and '*C-arginine or (lll) '*N,'3Ce-lysine and
5N4"3Ce-arginine [164]. The cells than directly incorporate the amino acids into the proteins during
protein biosynthesis and samples can be directly combined after this step (Fig. 11A). This makes
this technique the most accurate of all quantification techniques. The quantification of intensity
differences in isotopic clusters at the MS1 level furthermore enables the coverage of a high
dynamic range when compared to MS2 based quantification (discussed later). However, major
shortcomings of this technique include the increase in sample complexity in MS1, the restriction
to cell culture or small animals [165, 166], long incorporation times of the labels and restricted

number of multiplexing (Fig. 11B). Some of these issues could be partially addressed. For
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example, SILAC can be applied to quantification of proteins in higher complex organisms by
spike-in and super-SILAC approaches [167, 168]. For this approach a mix of heavy SILAC labeled
peptides, that represents the biology of the sample (e.g. cell mix) is spiked into peptide digests
from complex organisms (e.g. human tissues). Also higher multiplexing has been shown in

principle [169] but is not at a level to be applied in further studies.

Chemical labeling

The introduction of stable isotopes by modification of amino acids of proteins or peptides after
biosynthesis is termed chemical labeling. Compared to metabolic labeling, chemical labeling
introduces the stable isotopes at a later time point in the sample preparation workflow, resulting
in increased technical variation (Fig. 11A). While labeling on the protein level is possible, most
techniques aim to the chemical derivatization of primary amine residues at the e-amino group of

lysine or the peptide N-terminus [162].

One very cheap technique for incorporation of stable isotopes into peptides is dimethyl labeling
of amines on lysine and the peptide N-termini. This technique uses different isotopomers of
formaldehyde and cyanoborohydride for reductive amidation. Afterwards, corresponding dimethyl
labeled peptides have a mass difference of 4 Da between light, intermediate and heavy label.
Dimethyl labeling is restricted to three labels, as higher multiplexing would result in mass
differences smaller than 4 Da and overlap of isotopic patterns [170, 171]. As the SILAC approach,
dimethyl labeling leads to higher MS1 complexity, resulting in lower peptide identifications.

However, it can be simply applied for the labeling tissues of complex organisms [170].

The perhaps most prominent and powerful chemical labeling techniques are based on the
complete incorporation of an isobaric chemical tag. Tandem mass tags (TMT) [172] and isobaric
tags for relative and absolute quantification (iTRAQ) [173] can be considered most popular and
have the same functional principle. Both labels contain an activated NHS-ester as amine reactive
group, a balancer and a mass reporter that contain stable isotopes. The reporter group and the
balancer group together always have exactly the same weight, if the reporter contains a *C or
5N isotope more the balancer contains one '3C or N isotope less. Labels have the same mass
(they are isobaric) and different labels are therefore not visible in MS1. Peptide intensities are not
derived from the intensity of intact peptides directly. Instead the intensity of differently labeled
mass reporter ions is measured in MS2 fragment spectra at the low molecular weight region. TMT

labeling was a long time only available for six tags [174] and iTRAQ for 8 tags [175]. However,
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because the high resolution of modern orbitrap mass spectrometers can be used to visualize mDa
differences in molecular weight, the small mass difference for the exchange of one '°N by a '°C
isotope became technically usable. The small difference in the mass of a neutron in nitrogen and
the mass of a neutron in carbon is caused by binding energy differences in the nucleus. This so
called mass defect leads to a 6.32 mDa difference of the reporter ions that can be resolved with
high resolution mass spectrometers. The use of these neutron encoded mass differences allowed
the extension of the multiplexing capacity of the TMT reporter ions from 6plex to 10plex when
127N, 127C, 128N, 128C, 129N, 129C, 130N, 130C isotopic reporter ions were used [176]. TMT
10plex is therefore the technology that allows highest multiplexing of proteomics quantification to
date and MS2 based quantification does not suffer from shortcomings of MS1 based quantification
mentioned above. A disadvantage of MS2 based quantification is the compressed dynamic range
(ratio compression) that results from co-eluting and co-isolation and hence, co-fragmented
peptides that do not reflect the change of the identified peptide [177-180]. MS2 based
quantifications therefore show only small changes, even if the true changes are much higher or
changes are not visible (false negative change in abundance). A solution to regain the ratios that
are compressed in MS2 was presented recently. Multiple isolation waveforms with multiple
sequencing notches were used for synchronous selection of precursors from MS2. The read out
of reporter ions is then performed on MS3 spectra, that do not suffer from compressed ratios due

to the two steps selection process [181] (Fig. 11B).
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Objectives

There is a continuous and growing interest in the development of agents for targeted cancer
therapies, which is reflected by an increase of approved small molecule kinase inhibitors in recent
years. The major drawback of targeted cancer therapies is the fast development of treatment
resistance that results in clinical relapse. Even if there is an intensive effort to develop more
effective agents and combination treatments there is still lacking knowledge of underlying
molecular mechanisms that render tumor cells resistant. The application of mass spectrometry-
based proteomics enables the global study of proteome and sub-proteome compositions and
post-translational modifications. Hence, the prime objective of this thesis was to apply current
proteomic, chemical proteomic and phosphoproteomic techniques for the system-wide analysis

of molecular mechanisms of treatment resistance.

Long term treatment with kinase inhibitors over 6 months results in drug resistance which can be
observed clinically and in cell line models. In the second chapter | apply kinase affinity enrichment
(chemical proteomics) to identify adaptive molecular changes that appear after long term EGFR
inhibition. Upregulated kinases in the resistant cells are then specifically inhibited in combination
with the EGFR inhibitor gefitinib.

In the third chapter | address the question how microenvironment secreted growth factors can
render anti-cancer agents ineffective. | apply phosphoproteomics for a systems wide
quantification of phosphorylation changes upon kinase inhibition and growth factor mediated
rescue and will use tandem mass tagging for sample multiplexing and improved quantitative
precision. Information from phosphoproteomics experiments will be used to prioritize signaling

nodes for more effective treatments to overcome growth factor mediated resistance.

Adaptations to kinase inhibitor treatment arise within days after treatment and result in proteome
reprogramming and network rewiring. In the fourth chapter | will apply tandem mass tagging for
time-dependent quantification of changes in the proteome and phosphoproteome after EGFR and
FGFR inhibition. Results will provide more insights into time dependent adaptation and potential

fast occurring resistance mechanisms.
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Abbreviations:

ATP Adenosine triphosphate

CAF Cancer associated fibroblast

CID Collision induced dissociation

DDA Data dependent acquisition

DFG Asp-Phe-Gly motif

ESI Electrospray ionization

ETD Electron transfer dissociation

FDA Food and Drug Administration

FDR False discovery rate

HCD Beam type fragmentation

HILIC Hydrophilic liquid interaction chromatography
HPLC High pressure liquid chromatography

IC Immune inflammatory cells

IMAC Immobilized metal affinity chromatography
iTRAQ Isobaric Tags for Relative and Absolute Quantitation
LC-MS/MS  Liquid chromatography tandem mass spectrometry
LTQ Linear trap quadrupole

MOAC Metal oxide affinity chromatography

MS1 Mass spectrum of intact peptides

MS2 Fragment mass spectrum from MS1 precursor
MS3 Isolated fragment ion spectrum from MS2 precursors
nano-LC Nanoliter liquid chromatography

NHS N-hydroxysuccinimide

ppm Parts per million

PTM Post-translational modification

PTP Protein tyrosine phosphatase

RF Radio frequency

RP Reversed phase

SAX Strong anion exchange

SCX Strong cation exchange

SH2 SRC homology 2
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SILAC Stable isotope labeling by amino acids in cell culture
T™MT Tandem mass tags
UHPLC Ultra high pressure liquid chromatography
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Chemical proteomics uncovers EPHA2 as a mechanism of acquired resistance to

small molecule EGFR kinase inhibition
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Summary

Tyrosine kinase inhibitors (TKIs) have become an important therapeutic option for treating several
forms of cancer. Gefitinib, an inhibitor of the epidermal growth factor receptor (EGFR), is in clinical
use for treating non-small cell lung cancer (NSCLC) harboring activating EGFR mutations.
However, despite high initial response rates, many patients develop resistance to gefitinib. The
molecular mechanisms of TKI resistance often remain unclear. Here, a chemical proteomic
approach comprising kinase affinity purification (Kinobeads) and quantitative mass spectrometry
for the identification of kinase inhibitor resistance mechanisms in cancer cells is described. The
previously described amplification of MET was found together with a more than 10-fold
overexpression of EPHA2 (p<0.001) in gefitinib resistant HCC827 cells suggesting a potential role
in development of resistance. siRNA mediated EPHA2 knockdown or treating cells with the multi-
kinase inhibitor dasatinib restored sensitivity to gefitinib. Of all dasatinib targets, EPHA2 exhibited
the most drastic effect (p<0.001). In addition, EPHA2 knockdown or Ephrin-A1 treatment of
resistant cells decreased FAK phosphorylation and cell migration. These findings confirm EPHA2
as an actionable drug target, provide a rational basis for drug combination approaches and
indicate that chemical proteomics is broadly applicable for the discovery of kinase inhibitor

resistance.
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Introduction

Protein kinases are involved in regulating signaling networks important for cell growth,
proliferation and survival [1]. Over the past 15 years, drug development in oncology has become
increasingly focused on molecularly targeted therapies using e.g. kinase inhibitors to modulate
deregulated signaling pathways. The number of small molecule kinase inhibitors in clinical trials
has increased rapidly with more than 150 such drugs under investigation to date. About two dozen
kinase inhibitors have by now been approved for use in humans and some of them have reached
blockbuster status with sales of more than one billion dollars per year [2].However, acquired drug
resistance has been observed in a wide variety of indications and is one of main reasons for tumor
progression after initial response. Several molecular mechanisms have been found that allow the
tumor to evade drug mediated cell death such as drug efflux via ABC transporters [3], deregulation
of apoptosis [4], epithelial-to-mesenchymal transition (EMT) [5], secondary mutations leading to
decreased drug binding [6] or activation of alternative pro-survival pathways. The latter may take
the form of ‘kinome reprogramming’ [7-9] which could be caused either by intrinsic or extrinsic
cellular factors. For example, kinase upregulation has been described as an intrinsic mechanism
[7] while e. g. growth factors provided by the tumor microenvironment constitute an extrinsic

signal, both of which can result in activation of alternative pro-survival pathways [10].

Small molecule inhibitors of the epidermal growth factor receptor (EGFR) such as gefitinib often
show a good (up to 75%) overall initial response in patients with activating EGFR mutations.
Disappointingly, the median progression free survival is typically less than one year [11] because
the vast majority of patients eventually develop acquired drug resistance constituting a major
drawback in the management of the disease [12]. The so-called T790M gatekeeper mutation in
EGFR often occurs in response to gefitinib and erlotinib [13, 14] for which second and third
generation molecules have been developed [15, 16]. Amplification of wild type EGFR [17] or
activation of bypass pathways in response to EGFR inhibition are further well-known acquired
resistance mechanisms. Examples for the latter include upregulation of the receptor tyrosine
kinases and proto-oncogenes hepatocyte growth factor receptor MET [18, 19], insulin-like growth
factor-1 receptor (IGF1R) [20] and fibroblast growth factor receptor 1 (FGFR1) [8, 21]. In addition,
MET activation by endogenous hepatocyte growth factor (HGF) has been described as a potential

rapidly occurring and short term resistance mechanism [22].

While assessing the mutational status of EGFR has proven to be powerful [23-25] and has led to

the development of next generation drugs with demonstrated clinical benefit [26], less systematic
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effort has been expended to identify resistance mechanisms caused by reprogramming of the
kinome [7]. This is however attractive as kinases represent actionable targets with rich chemical
matter suitable to address these. Therefore, a chemical proteomics approach was undertaken to
employ kinome affinity enrichment using the kinobead technology [27, 28] in conjunction with
quantitative mass spectrometry to profile the expression of kinases on the protein level in three
distinct gefitinib sensitive and corresponding resistant cell lines. The approach confirmed previous
findings and enabled the identification of ephrin receptor A2 (EPHAZ2) as a novel kinase conferring
gefitinib resistance in non-small cell lung cancer (NSCLC). This finding enabled a rational drug
combination treatment using pharmacological inhibition of EPHAZ2 which in turn restored gefitinib
sensitivity of the cells. Collectively, the data further suggests that the kinobead approach is
broadly applicable and may be of generic utility for the identification of kinase driven resistance

mechanisms.
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Experimental procedures

Cell culture and lysate preparation

The EGFR mutant (del E746_A750) NSCLC cell lines HCC827 and HCC827 GR (GR for gefitinib
resistant) were kindly provided by Dr. P. Jane and have been previously characterized [18]. The
human epidermoid carcinoma cell lines A431 and A431 GR (gefitinib resistant) as well as the
head and neck carcinoma cell lines HN11 and HN11 GR (gefitinib resistant) were a gift from Dr.
J. Engelman and have been previously described [29]. All cells were maintained in RPMI-1640
medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) (PAA) in a
humidified incubator under 10% CO; at 37 °C. Cells were grown to 80-90% confluency, washed
twice with ice-cold PBS and lysed with 1 x compound pulldown (CP) buffer (50 mM Tris/HCI pH
7.5, 5% Gilycerol, 1.5 mM MgCl,, 150 mM NaCl, 1 mM NazVO4, 25 mM NaF, 0.8% NP-40)
containing protease (Roche Applied Science, Mannheim, Germany) and phosphatase inhibitors
(Phosphatase Inhibitor Cocktail 1, 2, 3, Sigma-Aldrich). Lysates were then clarified by
centrifugation at 6,000 x g at 4 °C for 15 min. Protein concentration was determined by the
Coomassie (Bradford) protein assay kit (Thermo Scientific). All samples were stored at -80 °C

until further analysis.
Affinity purification and protein digestion

Kinobead pulldowns from control and resistant cell lysates were performed in triplicate as
previously described [27, 30]. Briefly, cell lysates were diluted with equal volumes of 1 x CP buffer
to reduce detergent concentration to 0.4% NP-40 and cleared by ultracentrifugation at 52,000 x
g and 4 °C for 20 min. For pulldown experiments, 100 ul of in house synthesized Kinobeads were
incubated with 5 mg cleared lysates on an end-over-end tube rotator for 1 h at 4 °C. After washing
the beads in CP buffer, bound proteins were eluted with 2 x NUPAGE LDS sample buffer
(Invitrogen) containing 50 mM DTT, boiled for 30 min at 50 °C and subsequently alkylated with
55 mM IAA for 30 min in the dark. Then, samples were run about 1 cm into a 4-12% Bis-Tris
NuPAGE gel (Invitrogen). Gels were stained with colloidal Coomassie blue (Sigma-Aldrich) and
bands were excised and subjected to in-gel digestion using trypsin (Promega). Finally, tryptic

peptides were dried in a vacuum concentrator and stored at -20 °C prior to LC-MS/MS analysis.
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LC-MS/MS analysis

LC-ESI-MS/MS was performed on a LTQ-Orbitrap XL (Thermo Scientific) mass spectrometer
coupled to a nanoLC-Ultra (Eksigent) chromatography system. Peptide digest (10 ul in 0.1%
formic acid, FA) was loaded on a trap column (ReproSil-PUR C18-AQ, 5 pm 20 mm x 100 uym ID,
Dr. Maisch) at 5 yL/min using solvent A (0.1% FA in HPLC grade water). Chromatographic
separation was performed using an analytical column (ReproSil-PUR C18-AQ, 3 ym 40 mm x 75
pm ID, Dr. Maisch) at 300 nL/min using a linear gradient from 2-35% solvent B (0.1% FA in
acetonitrile) over 210 min. The eluent was introduced into the mass spectrometer via emitter tips
(PicoTip) using a nano-electrospray ion source (Proxeon Biosystems). The mass spectrometer
was operated in positive ion mode and programmed to acquire in data dependent mode,
automatically switching between MS and MS/MS. Full scan spectra were acquired in the Orbitrap
recording a window between 300 and 1500 m/z at a resolution of 60,000 (at m/z 400) after ion
accumulation to a target value of 500,000. The five most intense precursor ions were selected for
collision-induced dissociation (CID) in the linear ion trap (LTQ) at a normalized collision energy of
35% following precursor ion accumulation to a target value of 10,000 for max. 500 ms. Internal

calibration was enabled for MS mode using the ion signal of (Si(CH3)20)s as a lock mass.
Data analysis

For intensity-based label free protein quantification, the Maxquant software (v.1.4.0.5) was used
[31]. Briefly, raw data files of biological replicates were searched against a concatenated forward-
decoy protein sequence database (Uniprot, version 2013 07 22, 88,354 sequences) and
modified to contain PFAM annotations for each entry. The parameters used for database search
were as follows: a precursor ion tolerance of £20 ppm was used for the first search and a tolerance
of +4.5 ppm was allowed for the main search, MS/MS tolerance was set to +0,5 Da. The search
included cysteine carbamidomethylation as a fixed modification and oxidation of methionine and
N-terminal protein acetylation as variable modifications. Enzyme specificity was set to trypsin and
up to two missed cleavage sites were allowed. The match between runs option was enabled and
unique and razor peptides were used for protein quantification with at least two peptides to count
a protein ratio. A false discovery rate of 1% was applied to peptides and proteins and the minimum
peptide length was seven amino acids. Protein intensities were log transformed and proteins that
did not contain three valid values in the resistance or control group were removed. Remaining
missing values were imputed using values derived from the intensity distribution close to the
detection limit of the mass spectrometer. To simulate this distribution, mean and standard

deviation of the actual intensities were used and a down shift of 1.8 standard deviations and a
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width of 0.3 standard deviations was applied in the in the Perseus software. From the resulting
list of protein identifications, only protein kinases were further considered in two sample t-tests to

identify significantly regulated kinases.
Cell viability assays

Gefitinib (Iressa) and dasatinib (Sprycel) were purchased from LC Laboratories and the c-MET
inhibitor PHAB665752 was obtained from Tocris Bioscience. Stock solutions of all drugs were
prepared in DMSO and stored at -20 °C. Cells were seeded in 96-well plates at a concentration
of 5x103 cells/well with complete culture medium and allowed to adhere to the plate overnight. At
the next day, cells were exposed to TKIs (10 nM to 10 pyM) or 0.1% DMSO (vehicle control) for
72 h at 37 °C in 10% CO,. Cell proliferation assays were performed using the XTT Cell
Proliferation Kit || (Roche) according to the manufacturer’s instructions. Each combination of cell
line and drug concentration was set up in four replicates and repeated at least three times. Data
were visualized using GraphPad Prism v.5.01 and ECso curves were fitted using a non-linear

regression model with a sigmoidal dose response characteristic.
Western blotting

EGFR, p-EGFR (Y1068), MET, p-MET (Y1234/1235), FAK and AURORA antibodies were
purchased from Cell Signaling Technology (provided by New England Biolabs) and EPHAZ2,
IGF1R, DDR1, SCR, p-FAK (Y576) and a-tubulin antibodies were obtained from Santa Cruz. For
immunoblot analysis, cell lysates were boiled in LDS buffer containing 100 mM DTT for 10 min at
95 °C, resolved on 4-12% Bis-Tris NUPAGE gels, and transferred to PVDF membranes
(Invitrogen, Darmstadt, Germany). Membranes were blocked in 2% BSA in TBS for 1 h and
incubated with primary antibodies overnight at 4 °C. After incubation with secondary antibodies
(IRDye 800 goat anti-rabbit or anti-mouse, LI-COR), proteins were visualized and quantified using
the LI-COR Odyssey Infrared Imaging Scanner and the Imaging software v.3.0 (LI-COR

Biosciences).
Transfection of small interfering RNA

The small interfering RNA (siRNA) reagents were purchased from Qiagen. Interferin in vitro siRNA
transfection protocol was performed (Polyplus Tranfection) following manufacturer instructions.
Briefly, one day before the transfection, HCC827-C and GR cells were seeded in 96 well plates
at a density of 9x102 cells/ml. Next day, siRNA was diluted in serum-free medium and combined

with Interferin transfection reagent, and applied to the cells along with fresh medium. Controls
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included cells that were mock transfected (i.e., no siRNA). Cell viability assays or cell lysis was
performed after four days as described above. For western blot analysis, 10° cells were seeded
in 6-well plates. The siRNA concentrations used in the described experiments were twice the

values recommended by the manufacturer.
Ephrin-A1-Fc treatment

For Ephrin stimulation experiments, cells grown in 10% FBS were stimulated with Ephrin-A1-Fc
or Fc alone for control cells (R&D Systems). For cell viability, cells were exposed to Ephrin-A1-Fc
(0.01-1.0 pg/ml) or 1.0 ug/ml Fc (control) for 72 h at 37 °C in 10% CO.. For western blots, cells
were stimulated either with 1.0 ug/ml Ephrin-A1-Fc or Fc for 2 h.

Cell migration and invasion assay

ThinCert cell culture inserts (8 um pore size, Greiner Bio-One GmbH) were used for cell migration
and invasion assays following manufacturer instructions. For invasion assays, the bottom side of
the filter inserts was coated with 0,5 mg/ml collagen A (Biochrom) and was dried overnight under
laminar air flow. Parental and resistant HCC827 cells were seeded at 1x10° cells/ml in T25 flasks.
Next day, cells were transfected with EPHA2 siRNA, Ephrin-A1-Fc stimulated (as described
above) or left untreated. After four days, cells were starved in serum-free culture medium
overnight. Next day, cells (8x10* cells/well) in serum-free medium were plated into the upper
chamber and 10% FBS was added as a chemoattractant in the lower chambers. Four replicates
for each condition were performed. After 20 h of incubation, cells remaining in the upper chamber
were removed by a cotton swab. Fixed cells were stained with the fluorescein derivative calcein-
AM (Invitrogen) for 45 min and detached from the insert membrane with Accutase (PAA). Cell
migration was quantified by measuring the fluorescence of the stained cells at excitation
wavelength of 485 nm and an emission wavelength of 520 nm using a FLUO star Omega (BMG

Labtech) fluorimeter.
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Results

Chemical proteomic strategy for the identification of kinome reprogramming

In order to identify kinome reprogramming processes in gefitinib resistant cells, | used the
approach depicted in Fig. 1. Gefitinib sensitive cells were grown in culture over an extended period
of time (6-8 months) in the presence of increasing concentrations of the EGFR inhibitor gefitinib
until the cells were entirely resistant to the drug. Kinases from lysates of sensitive and resistant
cells were affinity purified using Kinobeads and subsequently identified by tandem mass

spectrometry and quantified by intensity based label free quantification.
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Figure 1: Workflow for the elucidation of kinome reprogramming events driving acquired drug
resistance mechanisms. Gefitinib resistant cells were generated by long term exposure to the
drug. Lysates of parental and resistant cells were then subjected to a kinase affinity enrichment
using Kinobeads. Subsequently, kinase expression profiles were obtained by label free
quantitative mass spectrometry.

To exemplify the approach three different EGFR dependent cell lines that have been previously
used were selected to identify resistance mechanisms to EGFR inhibition [18, 29]. The choice of
cell lines further aimed to reflect the variance in EGFR expression and mutational status found in
patients with EGFR driven tumors irrespective of the tumor entity. First, the NSCLC cell line
HCC827 that harbors the EGFR activating mutation E746_A750del; second, the epidermoid
carcinoma cell line A431 which expresses very high levels of wild type EGFR and third, the head
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and neck cancer cell line HN11 that moderately overexpresses wild type EGFR. Long term
exposure of HCC827 cells to gefitinib led to complete resistance. While the control cell line
HCC827-C was killed at an effective concentration (ECso) of 20 nM, the gefitinib resistant cell line,
HCC827-GR was viable at 10 uM of the drug (Fig. 2A). The results of the measurement of kinase
protein expression changes using Kinobeads and LC-MS/MS (performed in biological triplicate)
are represented as volcano plots in figure 2. Volcano plots show the magnitude of a change (on
the x-axis) and the statistical significance of that change (expressed as a p-value on the y-axis).
It is evident that numerous changes in kinase expression take place in gefitinib resistant cells and
that the types of kinases and the magnitude of the expression changes vary between the cell
lines. Both mass spectrometry of proteins captured on Kinobeads (Fig. 3A) as well as western
blot analysis from lysates of HCC827-GR cells (Fig. 3B) showed a five-fold increase in MET
expression which is a known resistance mechanism in this cell line [18]. Levels of EGFR itself
were virtually unchanged but EPHA2 expression was massively upregulated (16-fold, p<<0.01).
As shown below this is a novel mechanism by which HCC827 cells become gefitinib resistant.
Further significantly regulated kinases include the cell cycle kinase AURKA, the SRC familiy
kinases SRC and CSK (up) as well as the tyrosine kinases FYN and several members of different
kinase families (down). Gefitinib resistant A431 cells (Fig. 3C, D) showed a 40-fold reduction in
responsiveness to gefitinib in comparison to their sensitive counterpart (A431-C, EC50=0.13 uM;
A431-GR, EC50=5.78 uM; Fig. 2B). Here, a robust upregulation of EGFR, PRKCD and IGF1R was
observed while other kinases including EPHA2, PTK2B, DDR1 and SRC were found to be down

regulated.
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Figure 2: Cell viability assays of the parental and resistant cell line models. A) EGFR
overexpressing cell line A431. B) Head and neck cell line HN11 and C) HCC827 cell line
expressing EGFR activating mutation del E746_A750.

The gefitinib resistant head and neck cancer cell line HN11 exhibited an almost ten-fold reduction
in sensitivity to gefitinib (HN11-C, EC50=0.51uM; HN11-GR, ECs,=4.26uM; Fig. 2C) and its
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kinome profile showed increased CIT, IGF1R, DDR1, PRKC1 and MARK2 expression while
EPHA2 and EPHB2 expression is significantly reduced in this cell line and no change was
detected for EGFR (Fig. 3E, F).
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Figure 3: Kinase expression analysis in gefitinib sensitive and resistant cell line models. A)
Differentially regulated kinases found in HCC827 control (C) and gefitinib resistant (GR) cells
using kinobead enrichment and quantitative mass spectrometry. B) Western blot analysis of
regulated kinases in lysates of HCC827 cells. C, D) Same as in panel A, B but for A431 cells. E, F)
Same as in panel A, B but for HN11 cells.

HCCB827 cells are a well-accepted in-vitro cell line model for studying the effects of EGFR
activating mutations in NSCLC. In addition, gefitinib and erlotinib are first line treatments in

patients with such genetic lesions. Based on the striking upregulation of EPHA2 in the gefitinib
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resistant HCC827 cell line, it can be hypothesized that EPHA2 may be directly involved in creating

gefitinib resistance in these cells.

Pharmacological inhibition of EPHA2 restores sensitivity of HCC827-GR cells to gefitinib

To test the hypothesis that EPHAZ2 overexpression is driving the proliferation of HCC82-GR cells,
cells were treated with the potent but unselective EPHA2 inhibitor dasatinib [32]. Control cells
(HCC827-C) responded to dasatinib treatment with an ECso of 109 nM and to gefitinib with an
ECso of 22 nM (Fig.4A) demonstrating that these cells are sensitive to both drugs.
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Figure 4: Combination treatment of gefitinib and dasatinib restores gefitinib sensitivity in
HCC827-GR cells. A) HCC827-C cells are responsive to gefitinib and dasatinib in the low
nanomolar range. B) HCC827-GR cells are not at all responsive to gefitinib and only poorly
responsive to the multi kinase inhibitor dasatinib which is a potent inhibitor of EPHA2.
Dasatinib does however completely restore the sensitivity to gefitinib in HCC827-GR cells. C)
EGFR activation is fully blocked by gefitinib in HCC827-C and in HCC827-GR cells. Dasatinib only
leads to a partial block of EGFR activity and the combination of gefitinib and dasatinib fully
blocks EGFR activity.
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Combining both compounds had no additive effect in these cells (ECso= 25 nM). In contrast,
dasatinib treatment of HCC827-GR cells was only weakly effective in inhibiting cell viability (ECso=
2.3 yM) and gefitinib was entirely ineffective at 10 yM. However, the combination of both drugs
effectively killed the cells with an ECso value of 27 nM strongly indicating that inhibition of a
dasatinib target is driving resistance and is responsible for restoring gefitinib sensitivity in these
cells (Fig.4B).This is supported by immunoblot analysis showing that gefitinib alone completely
abrogated EGFR autophosphorylation (pY1068) in both HCC827-C and HCC827-GR cells.
Dasatinib alone showed a partial block of Tyr-1068 phosphorylation and the drug combination

again completely blocked pY 1068 phoshporylation (Fig. 4C).

Silencing EPHA2 expression in HCC827 GR cells restores gefitinib sensitivity

The strong overexpression of EPHA2 in HCC827-GR and the ability of dasatinib to restore
gefitinib sensitivity suggested EPHA2 to be responsible for the observed effect. This interpretation
is however not entirely conclusive as no selective EPHAZ2 inhibitor is available and dasatinib has
many targets. To assure that resistance in HCC827-GR cells is indeed mediated by EPHA2, the
expression of EPHA2 and other dasatinib targets was silenced using siRNA (Fig. 5A). EPHA2
and EGFR protein knockdown was efficient in HCC827 cells (Fig. 5A) and EPHA2 knockdown in
HCC827-GR cells resulted in the reduction of cell viability by more than 50%. In contrast, EPHA2
knockdown in HCC827-C cells had no influence on cell viability (p<0.001; Fig. 5B). Knockdown
of nine other dasatinib targets including EGFR, SRC and ephrin receptor familiy members did not
result in strong differences in cell viability between HCC827-C and HCC827-GR cells, indicating
that EPHAZ2 rather than other dasatinib targets is responsible for driving gefitinib resistance (Fig.5
B). This was confirmed by data showing that knocking down EPHAZ2 in HCC827-GR cells restored
gefitinib sensitivity to levels similar to those of the parental HCC827-C cells (ECso= 37 nM; Fig.
5C). Apparently, HCC827-GR could not be killed completely in this setting suggesting the
presence of an additional growth signal. Further experiments similar to the ones above showed
that this signal is provided by MET overexpression. Treatment of HCC827-GR cells with the
potent MET inhibitor PHA665752 had no effect on EGFR phosphorylation or cell viability but the
combination with gefitinib killed cells with an ECso= 79 nM (Fig. 5D). Similarly, siRNA knockdown
of MET expression also restored gefitinib sensitivity (ECso= 39 nM, Fig. 5E). These data suggest
that MET and EPHA2 are parallel drivers of gefitinib resistance. Unfortunately, no additive effects

could be detected when simultaneously knocking down EPHA2 and MET or any combination of
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Figure 5: Silencing of EPHA2 expression in HCC827-GR cells restores gefitinib sensitivity. A)
Knockdown of EPHA2 and EGFR by siRNA in HCC827-C and HCC827-GR cells. B) Knockdown of
EPHA2 shows the most significant effect on cell viability among all known dasatinib targets in
HCC827-GR cells (p<0.001). C) EPHA2 knockdown substantially restores sensitivity of HCC827-
GR cells to gefitinib. D) Gefitinib responsive HCC827 cells only respond to the MET inhibitor in
high concentrations. E) Gefitinib dose response after MET siRNA knockdown. F) EPHA2
knockdown decreases FAK phosphorylation but has a more pronounced effect in HCC827-GR.
G) Ligand stimulation using Ephrin-Al Fc has only effects on FAK phosphorylation in HCC827-
GR. H) Knockdown and Ephrin-Al ligand stimulation of EphA2 decreases cellular motility
without a difference between HCC827-C and HCC827-GR cells. Invasion is not influenced by
EphA2 knockdown or Ephrin-Al ligand stimulation.
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EGFR, MET and EPHA2 because it was impossible to achieve simultaneous full knockdown of
the proteins. As a result, sufficient residual kinase activity remained in the system to allow a part
of the cell population to survive. Apart from events occurring at the cell surface, the data also
indicates widespread changes in the intracellular kinome. Activation of the protein focal adhesion
kinase FAK often promotes tumor survival [33] and controls migration and the invasiveness of
tumor cells [34]. EPHAZ2 forms a complex with FAK in resting cells and Ephrin-A1 ligand binding
results in dephosphorylation of FAK and subsequent dissociation of the FAK-EPHA2 complex in
Ephrin forward signaling [35]. It was therefore investigated if FAK signaling is also involved in
gefitinib resistant cells. FAK was phosphorylated at Y576 in both untransfected HCC827-C and
HCC827-GR cells (Fig. 5F). Upon EPHA2 knockdown, pFAK 576 was diminished in HCC827-C
and almost undetectable in HCC827-GR cells. Stimulating EPHA2 with its endogenous ligand
Ephrin-A1-Fc did not decrease pFAK in gefitinib sensitive cells but markedly decreased pFAK in
HCC827-GR cells (Fig. 5G). This reduced signaling via FAK is consistent with the observation
that the migration (but not invasion) of HCC827 cells was reduced when knocking down EPHA2
or treating cells with Ephrin-A1-Fc (Fig. 5H). The reduced migration phenotype was somewhat
more pronounced in HCC827-GR cells but likely is a consequence of the very high EPHA2

expression in these cells rather than contributing gefitinib resistance itself.
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Discussion

Using kinase affinity enrichment coupled to label free quantitative mass spectrometry,
overexpression of known EGFR resistance markers including MET [18, 36] and IGFR-1 [20] in
gefitinib resistant cell line models could be confirmed. These findings validate that the approach
can be used to uncover kinase reprogramming events that drive drug resistance. In addition,
EPHAZ2 overexpression as a novel mechanism that triggers resistance to gefitinib in NSCLC cells
with EGFR activating mutations was found. The EPHA2 overexpression in the resistant cell line
models HN11 and A431 that overexpress moderate and high amounts of wild type EGFR
respectively could not be detected. This leads to the conclusion that EPHAZ2 is not a mechanism
of resistance in these cells. However, EPHA2 is increasingly emerging as a drug target in solid
tumors not only in cells with EGFR activating mutations. Wu et al. reported differential expression
of EPHAZ2 in a panel of head and neck cancer cell lines in which EPHA2 overexpressing cells
could be killed by pharmacological inhibition or siRNA knockdown of EPHAZ2 [30]. It has also been
found that inhibition of EPHA2 expression can induce apoptosis in NSCLC cells and tumor
regression in human NSCLC xenografts [37]. Other reports show that there are significant
correlations between EPHA2 expression and (reduced) overall survival in patients with breast
cancer and NSCLC [38, 39]. EPHA2 has previously also been linked to cancer resistance. Zhuang
et al. found EPHA2 overexpression in trastuzumab resistant epidermal growth factor receptor-2
(HER2) expressing breast cancer cells. They could further show that antibody mediated inhibition
of EPHAZ2 restored sensitivity towards trastuzumab [40]. The results now show that this is not an
isolated case but that EPHA2 overexpression in NSCLC cells can drive resistance formation and
that inhibition of this growth signal results in restoring sensitivity to EGFR inhibition. Combination
treatment with gefitinib and dasatinib in resistant cells restored the ECso of around 20 nM observed
for the treatment of the gefitinib sensitive cells. The serum concentration of dasatinib in patients
is between 20-200 nM [41], and for gefitinib between 100-600 nM and even up to 16 uM in the
tumor tissue [42, 43]. The concentrations of drug used for combination treatment are therefore
fully within the normal therapeutic range. Besides EPHA2, the study also recapitulated the
previous observation that MET expression can lead to gefitinib resistance [44] and the data
presented in this report indeed suggest that both mechanisms are at work in parallel in HCC827-
GR cells. Gusenbauer et al. showed that EPHA2 is upregulated upon HGF mediated MET
stimulation indicating a possible interdependence of EPHA2 and MET expression [44].

Irrespective of this possibility, the data showed that knocking down or pharmacologically inhibiting
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EPHAZ2 in cells that massively overexpress the protein strongly reduces cell viability, indicating

oncogene addiction of these cells to EPHA2.

The results obtained here and elsewhere can be summarized in a model (Fig. 6) in which the
three receptor tyrosine kinases EGFR, MET and EPHAZ2 functionally interact to mediate gefitinib
resistance in HCC827 cells. In the sensitive cell line, EGFR is the only growth promoting signal
which can be abrogated by gefitinib. In the resistant cells, the kinase domain of EGFR is blocked
by the drug (no phosphorylation rendering EGFR inactive; Fig. 4C). In this situation, one (or both)
of the other two RTKs provides the kinase activity to signal cell survival. Given that neither the
EPHA2 drug dasatinib nor the MET inhibitor PHA66575 alone have the ability to kill gefitinib
resistant cells, it can be postulated that heterodimers of EGFR/MET and EGFR/EPHA2 are the
signaling competent units in the resistant cell line. This notion is supported by literature showing
that EGFR and EPHA2 [44, 45] as well as EGFR and MET can physically interact [46, 47].

Gefitinib sensitive Gefitinib resistant

== ==
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cell death survival cell death cell death cell death
o Gefitinib EGFR MET EPHA2
® PHA665752
® Dasatinib
Figure 6: Proposed simplified model for gefitinib resistance in HCC827GR cells. Gefitinib induces
cell death in sensitive cells. Inhibition of EGFR alone has no effect on the viability of resistant

cells because EGFR may form signaling competent heterodimers or multimers with EPHA2 or
MET. Co-inhibition of EGFR and EPHA2 or MET therefore restores gefitinib sensitivity.

There are further RTKs that show upregulation in resistant cell lines investigated in this and other
studies. IGF1R [21] and AXL [48] are known cases and DDR1 overexpression has been observed
as part of this study (Fig 2E, F). In addition, overexpression of many RTKs has been found
associated with poor prognosis [20, 49] [38, 39, 50]. It is therefore tempting to speculate that
RTKs can generally mediate resistance to RTK drugs. This would offer opportunities for

personalized medicine approaches that stratify patients according to their RTK profile and, in turn,
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lead to the selection of drug combinations that may be effective in breaking, delaying,

circumventing or preventing acquired drug resistance.
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-GR Gefitinib resistant

IAA lodo acetamide

LTQ Linear ion trap

MS/MS Fragment mass spectrum from MS1 precursor
NSCLC Non-small cell lung cancer
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RTK Receptor tyrosine kinase

SiRNA Small interfering RNA
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Summary

Although substantial progress has been made regarding the use of molecularly targeted cancer
therapies, resistance almost invariably develops and presents a major clinical challenge. To
evade the selective pressure of kinase inhibitors, cells often activate bypass signaling tracks and
become intrinsically resistant. Apart from intrinsic cellular adaptation, the tumor microenvironment
can rescue cancer cells by growth factor mediated induction of pro-survival signaling. In this study,
| show that EGFR inhibition by gefitinib is counteracted by several growth factors notably FGF2
and | assessed the global molecular consequences of FGF2 mediated gefitinib resistance at the
proteome and phosphoproteome level. Multiplexed tandem mass tag (TMT) peptide labeling in
conjunction with high resolution tandem mass spectrometry allowed the identification and
quantification of ~22,000 phosphopeptides and ~8,800 proteins in biological triplicates without
missing values. The data shows that gefitinib treated cells are forced into developing intrinsic
resistance by reprogramming of the proteome and phosphoproteome, whereas co-treatment with
FGF2 largely reverts these changes to resemble the molecular composition of untreated cells.
Simultaneous small molecule EGFR and FGFR inhibition overcomes FGF2 induced gefitinib
resistance and the phosphoproteomic experiments further prioritized the RAS/MEK/ERK axis as
well as the PI3BK/mMTOR axis for combination treatment. Consequently, the MEK inhibitor
trametinib prevented FGF2 mediated survival of EGFR inhibitor resistant cells when used in
combination  with  gefitinib.  Surprisingly, the phase Il PI3K/mTOR inhibitor
GSK2126458/omipalisib reversed resistance mediated by all four growth factors tested, making
it an interesting candidate for targeting the survival signals provided by the tumor

microenvironment.
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Introduction

The epidermal growth factor receptor (EGFR, ERBB1) is a member of the ERBB family of receptor
tyrosine kinases (RTKs). It is expressed in many cell types and is important for cell proliferation
and differentiation [1]. Ligand induced dimerization of EGFR monomers or heterodimerization with
other members of the ERBB family results in autophosphorylation and activated downstream
signaling [2, 3]. The EGFR assumes a central role in the tumorigenesis of many solid tumor types
and is often highly expressed [4, 5]. In fact, treatment with selective EGFR inhibitors has become
an important strategy for treating non-small cell lung cancer (NSCLC) patients [6] harboring
activating mutations in EGFR and approved therapies for NSCLC include first line treatment with
the EGFR inhibitors gefitinib and erlotinib as monotherapy [7, 8]. The utility of EGFR inhibitors for
treating other tumor entities has been intensively investigated but the treatment often lacks clinical
benefits [9-11]. This is because EGFR activating mutations are often absent in other tumor entities
and result in only partial or no dependency on this particular oncogenic pathway. Furthermore,
tumor cells are often intrinsically resistant or acquire resistance to kinase inhibitors by adaptive
reprogramming of the proteome and/or their cellular signaling pathways. Multiple kinases have
previously been shown to be adaptively upregulated in response to EGFR kinase inhibition
leading to a resistant phenotype. These proteins include the EGFR dimerization partners ERBB2
and ERBB3 [12], hepatocyte growth factor receptor (MET) [13, 14], insulin like growth factor
receptor (IGF1R) [15], ephrin receptor A2 (EPHA2) [16] or fibroblast growth factor receptor
(FGFR1) [17, 18]. Kinome reprogramming in response to MEK and ERBB2 inhibition has been
characterized by proteomics in some detail and has also revealed a large heterogeneity of
adaptive changes [19, 20]. Beside these intrinsic adaptive changes, it is well known that cellular
survival signaling can be reactivated by stimulation of RTKs by factors present in the tumor
microenvironment or secreted by tumor cells as an autocrine mechanism [17, 21, 22]. These
factors can activate bypass signaling pathways and thereby lead to resistance to the original drug.
The extent to which growth factors can drive tumor resistance to kinase inhibitors was recently
impressively demonstrated and revealed an extensive molecular redundancy in both RTK

signaling and resistance mechanisms to targeted oncogene inhibition [23].

To improve the molecular understanding of adaptive response and growth factor mediated
resistance mechanisms to EGFR inhibition, | investigated the global changes occurring at the
protein expression and protein phosphorylation level in response to EGFR inhibition and/or growth
factor stimulation. By using multiplexed tandem mass tag (TMT) labeling of peptides [24] and

quantification by high resolution tandem mass spectrometry, | obtained a detailed map of
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alterations occurring under circumstances of kinase inhibition and growth factor mediated
resistance formation. | found multiple kinases and transcription factors among the upregulated
proteins in response to EGFR inhibition. Changes in protein phosphorylation partially reflect the
changes in protein abundance, but there is extensive additional adaptation at the level of protein
activity that is not discernable from the protein abundance level measurements. The
phenotypically observed rescue from EGFR inhibition by FGF2 treatment was mirrored at the
molecular level by rapid restoration of protein phosphorylation abundance (and thus signaling
capacity) to base line for many proteins. The data confirms the widely accepted view that bypass
signaling constitutes a common resistance mechanism and the date set provides a valuable
resource of molecular information for this process. In addition, the data also prioritized signaling
nodes as targets for drug combination treatments and highlights how simultaneous targeting of
EGFR/FGFR, EGFR/MEK or PI3K can break FGF2 mediated resistance to EGFR inhibition.
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Experimental procedures

Cell viability and proliferation assays

Assays were performed in 96-well plates with each well containing 3,000 cells. On day 0, A431
epidermoid cancer cells were seeded in RPMI-1640, supplemented with 4% heat-inactivated fetal
bovine serum (FBS, Biochrom). The next day, FBS was diluted to 2% with RPMI-1640 before the
cells were exposed to different drugs and growth factors. Gefitinib (LC Laboratories), saracatinib,
trametinib, AZD5364, AZD4547, OSI1906, NVP-BEZ235 and GSK2126458 (all from Selleckchem)
were used in concentrations ranging from 10 nM to 5 uM, while IGF1, HGF, FGF2 and EGF (all
from Peprotech) were added at 50 ng/ml. The cells were then incubated for 72 h at 37 °C and 5%
CO.. Subsequently, cell viability and proliferation assays were performed using the XTT cell
proliferation kit 1l (Roche) according to the manufacturer instructions. The XTT assay measures
the quantity of formazan salt that is generated by metabolically active cells from the XTT reagent
using colorimetry. Accordingly, this assay does not distinguish between viability and proliferation.
For simplicity, | refer to viability throughout this thesis, acknowledging that this may also mean

proliferation.
Cell culture and cell lysis

Epidermoid A431 cancer cells were cultivated in RPMI-1640, supplemented with 10% (v/v) heat-
inactivated FBS (Biochrom) in a humidified atmosphere at 5% CO- and 37 °C. For stimulation and
inhibition experiments, the cells were plated onto 150 mm cell culture dishes in RPMI-1640
containing only 4% FBS (day 0). The next day, FBS was diluted to 2% with RPMI-1640 and the
cells were treated with 0.1% DMSO, 1 uM gefitinib or 1 uM gefitinib together with 50 ng/ml IGF1,
HGF, FGF2 or EGF (Peprotech), respectively. At the end of day 3, the cells were washed two
times with PBS (Sigma Aldrich) and were subsequently lysed by scraping in the presence of 400
Il lysis buffer (40 mM Tris/HCI pH 7.6, 8 M urea, EDTA-free protease inhibitor complete mini from
Roche, phosphatase inhibitor cocktail 1, 2 and 3 from Sigma Aldrich at 1 x final concentration
according to the manufacturer instructions). Afterwards, the lysate was transferred into reaction
vessels and homogenized for one minute using a sonotrode (Branson) set to 50% amplitude and
30 pulses per minute at 4 °C. The protein concentration was determined with a Bradford assay

(Pierce).
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Protein digestion and peptide purification

A total of 200 g of protein per experimental condition was used for digestion. Disulfide bonds
were reduced with DTT at a final concentration of 10 mM for 45 min at 37 °C. Cysteine residues
were alkylated using 55 mM chloroacetamide for 30 min at room temperature in the dark. The
sample was diluted with three volumes of 40 mM Tris/HCI pH 7.6 to decrease the urea
concentration to 1.5 M. Trypsin was added to a protease-to-protein ratio of 1:50 (w/w) and
digestion was performed for 4 h at 37 °C and 700 rpm using a thermoshaker. A second aliquot of
trypsin was added, again at a ratio of 1:50 (w/w) and the samples were incubated at 37 °C
overnight. The following day, the samples were cooled to room temperature and acidified using
0.5% TFA. Following the precipitation of insoluble debris at 5000 x g, the supernatant was
desalted using 50 mg Sep-Pak columns (Waters) and a vacuum manifold. Columns were primed
with 1 ml of solvent B (0.07% TFA, 50% ACN) and equilibrated with 2 ml solvent A (0.07% TFA
in deionized water). The sample was then slowly passed through the column to allow proper
peptide binding. Peptides were washed three times with 1 ml solvent A and then eluted into a
reaction vessel using 2 times 150 pl solvent B. Finally, the samples were frozen at -80 °C and

dried to completeness in a speed vac.
Peptide labeling using tandem mass tags (TMT10)

Lyophilized peptides (200 ug) were dissolved for 10 min at 700 rpm in 62 pl of 50 mM TEAB buffer
(Sigma Aldrich). TMT reagents (Thermo Scientific) were dissolved in water-free ACN at a
concentration of 60 mM. Afterwards, 12.5 pl TMT solution was added to each of the 9 samples,
resulting in a final concentration of 10 mM TMT. The samples were incubated at 700 rpm for 1 h
at room temperature before the labeling reaction was stopped by adding hydroxylamine to a
concentration of 0.4%. Following 15 min incubation at room temperature, the samples were
acidified and diluted with 0.07% TFA in deionized water to dilute the ACN concentration to below
1%. The samples were then desalted according to the procedure described above. In order to
correct for potential sample loss and varying labeling efficiency, a labeling test was performed by
measuring defined sample mixtures by LC-MS/MS. Peptides were then mixed in equimolar ratios

for proteomic and phosphoproteomic analysis.
Phosphopeptide enrichment using Fe-IMAC columns

Phosphopeptide enrichment was essentially performed as previously described [25]. Briefly, a
Fe-IMAC column (ProPac IMAC-10 column, 4 x 50 mm, Thermo Scientific) was charged with Fe3*

ions using 3 ml FeCls (Sigma Aldrich). Next, the column was equilibrated with solvent A (30%
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ACN, 0.07% TFA) and connected to an Aekta FPLC system (GE Healthcare). Subsequently, 1.5
mg TMT-labeled peptides were reconstituted in 500 ul solvent A and loaded onto the column (5
min, 0.2 ml/min). Peptides were eluted with solvent B (0.3% NH4OH) in a stepwise gradient of 0-
16% (5-6.72 min, 3 ml/min), 16-26.25% (6.7-11.7 min, 0.55 ml/min), 26.25-50% (11.7-12.35 min,
3 ml/min), and 12.35-15 min 0% (3 ml/min). The phosphopeptide-containing fraction (UV) was

collected in a reaction vessel (1 ml) and was evaporated to dryness in a speed vac.
High pH reversed-phase micro-column fractionation for phosphopeptides

High pH reversed-phase micro-columns were prepared in 200 pl pipette tips. Five discs (J 1.5
mm) of C18 material (3M Empore) per micro-column were squeezed into a 200 ul pipette tip that
was fixed in a 1.5 ml reaction vessel. All solvents were passed through the columns by
centrifugation. Columns were primed with 40 pyl 50% ACN, 25 mM NH4COOH (pH 10) and
equilibrated with two times 40 pl 25 mM NH4COOH (pH 10). The sample was then slowly passed
through the column and the flow-through was collected and applied to a low pH micro-column for
desalting as described previously [26]. Peptides were fractionated using solvents with increasing
ACN concentrations (5%, 7.5%, 10%, 12.5%, 15%, 17.5% and 50% ACN in 25 mM NH4COOH,
pH10 respectively). The desalted flow-through was combined with the 17.5% fraction and the
50% fraction was combined with the 5% fraction, leading to a total of six fractions. The fractionated

samples were dried down prior to mass spectrometric analysis.
Hydrophilic strong anion exchange chromatography (hSAX) for peptide fractionation

For full proteome analysis, peptides were fractionated using hydroxide-selective anion-exchange
chromatography as described previously [27]. Briefly, an lonPac AS24, analytical column and
lonPac AG24 guard column (2 x 250 mm and 2 x 50 mm, Thermo Scientific) were connected to
a Dionex Ultimate 3000 HPLC system (Thermo Scientific). A total amount of 300 ug TMT-labeled
peptides was loaded onto the column in solvent A (5 mM Tris/HCI pH 8.5) and was eluted at a
flow rate of 0.25 ml/min using solvent B (5 mM Tris/HCI pH 8.5, 1 M NaCl) in a two-step gradient
(0-3 min 0% B, 3-27 min 27% B, 27-40 min 100% B). Fraction collection was initiated after two
minutes and was continued for 36 minutes. The UV-trace was used to estimate the amount of
peptides and neighboring fractions with low intensity were pooled, resulting in 24 fractions.
Fractions were acidified by adding 0.5% FA and were transferred to pre-equilibrated micro-

columns for desalting as previously described [26].
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LC-MS/MS

Peptides were reconstituted in 0.1% FA and phosphopeptides were reconstituted in 0.1% FA and
50 mM citric acid, in order to chelate residual Fe3*-ions. LC-MS/MS measurements were
performed by coupling an Eksigent NanoLC-Ultra 1D* to a Q-Exactive Plus mass spectrometer.
Peptides were delivered to a trap column (ID 75 uym, ReproSil-Gold 120 C18 3 ym, Dr. Maisch)
for 10 min at a flow rate of 5 uyl/min in loading solvent (0.1% FA in water). Peptides were then
separated on the analytical column using a 110 min gradient (solvent A: 0.1% FA, 5% DMSO;
solvent B: 0.1% FA, 5% DMSO in ACN) at a flow rate of 300 nl/min (0 - 2 min: 2 - 4% B; 102 min:
32% B; 103 min - 106 min: 80% B, 107 min: 2%). For phosphopeptides, we used a shallower two-
step gradient as follows: 0 - 2 min: 2 - 4% B; 70 min 15% B, 102 min: 27% B, 103-106 min 80%
B, 107 min: 0% B. The Q-Exactive Plus was operated in data-dependent mode, automatically
switching between MS1 and MS2. Full-scan MS1 spectra were acquired at 360 to 1300 m/z,
70,000 resolution, automatic gain control (AGC) target value of 3 x 10® charges and a maximum
injection time of 100 ms. Up to 20 precursor ions were selected for fragmentation. MS2 spectra
were acquired at 200 to 2000 m/z at 35,000 resolution to enable resolution of all TMT labels, AGC
target value of 2 x10° charges and maximum injection time of 50 ms. Precursor ion isolation width

was fixed at 1.3 Th and dynamic exclusion was set to 20 s.
Experimental design and statistical rational

Proteomic experiments were performed in three biological replicates per experimental condition
(DMSO control, gefitinib treatment and gefitinib treatment plus FGF2 stimulation), allowing
analysis in a single TMT9-plex experiment. Under the assumption that the total sum of all protein
and phosphopeptide intensities per TMT channel is the same across all channels, we used total-
sum normalization to correct these intensities for systematic experimental bias. Since the data
were log-normally distributed, we used a one-way ANOVA test on log2-transformed intensities to
identify proteins and phosphopeptides with differential abundance at an FDR of 1% (Benjamini-

Hochberg correction was applied).
Data analysis

MaxQuant [28] version 1.5.2.8 was used together with its integrated search engine Andromeda
[29] for the analysis of LC-MS/MS data. Raw files were searched against the UniProtKB database
(v.22.07.13, containing 88,381 entries). Carbamidomethylated cysteine was set as a fixed
modification. For raw files of phosphopeptide fractions, phosphorylation of serine, threonine and

tyrosine, as well as oxidation of methionine and N-terminal protein acetylation were allowed as

81



Chapter

variable modifications. For raw files of full proteome fractions, only oxidation of methionine and
N-terminal protein acetylation were allowed as variable modifications. Enzyme specificity was set
to trypsin/P, allowing for cleavage after proline to account for in-source fragmentation. The
minimum peptide length was set to seven amino acids and a maximum of two missed-cleavages
were allowed. Quantification was performed on TMT reporter ions for protein and phosphopeptide
analysis. All tandem mass tags were corrected for their isotopic impurities. The mass tolerance
was set to 4.5 ppm for precursor ions and to 20 ppm for fragment ions. The dataset was adjusted
to 1% FDR on the level of proteins and peptide spectrum matches (PSMs). Data were further
processed using Perseus (v. 1.5.1.6, Max Plank Institute of Biochemistry, Munich), Microsoft
Excel, GraphPad Prism and the R statistical programming environment. Known potential
contaminants were excluded from analysis. Phosphopeptides identified with Andromeda scores
below 40 and site-localization probabilities of less than 0.75 (class | sites) were not considered
for further analysis. Significantly differentially regulated proteins and phosphopeptides were used
to perform GO-term and KEGG pathway enrichment analysis using DAVID [30]. Regulated sites
were analyzed for phosphoprotein interactions using the gene identifiers and STRING (combined
score >0.4) [31]. Networks were exported and visualized with Cytoscape (v 3.1). Large networks
were further characterized using the Cytoscape plugin clustermaker [32] and GLay community
clustering [33]. Networkin was used to predict kinases substrate relationships (min. score = 3)
[34]. Data of cell viability assays were analyzed using GraphPad Prism v.5.01. Four parameter
logistic models and nonlinear regression analysis were applied to fit dose-response curves and

calculate ECsg values.
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Results and Discussion

Growth factors can mediate resistance to EGFR inhibition

The EGFR overexpressing cell line A431 was treated with increasing concentrations of the EGFR
inhibitor gefitinib resulting in a clear inhibition of cell growth and viability (Fig. 1). Addition of growth
factors to the cell culture medium (50 ng/ml) mitigated the inhibitory effect of gefitinib. While the
effect was weak for IGF1 (Fig. 1A), treatment with HGF (Fig. 1B) clearly improved cell viability
and treatment with FGF2 (Fig. 1C) led to complete gefitinib resistance. In contrast, treatment with
EGF sensitized cells for killing by gefitinib (Fig. 1D), an observation that has been made before in
EGFR overexpressing cells [35]. Although the underlying mechanisms are not fully understood,
the effect can at least in part be attributed to an induction of apoptosis potentially via suppression

of the DNA damage repair [36].
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Figure 1: Cell viability as a function of gefitinib and growth factor treatment. A431 cells were
treated with increasing concentrations of gefitinib alone or in combination with 50 ng/ml each
of IGF1 (panel A), HGF (panel B), FGF2 (panel C) or EGF (panel D). While FGF2 completely
prevented cell death by gefitinib, EGF treatment sensitized cells to the kinase inhibitor. Error
bars represent the standard deviation (SD) of triplicate experiments.
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The above data clearly shows that FGF2 provides a strong survival signal to the cells that is
independent of EGFR possibly involving FGF receptors and/or further pro-survival pathways. This
cellular system may therefore provide a simplified model for studying bypass signaling routes
induced by soluble growth factors present in tumor microenvironments [21, 37]. To shed light on
the molecular mechanisms involved, | set up an experiment in which | performed a three way
comparison of the proteomes and phosphoproteomes of human epidermoid A431 cancer cells
treated for three days with vehicle (DMSO), gefitinib and gefitinib plus FGF2 (Fig. 2A). Each
experiment was performed in biological triplicates. Following protein extraction and digestion,
each of the nine resulting peptide pools (corresponding to 200 ug protein per experiment) was
labeled with a different stable isotope encoded TMT reagent and all peptides were pooled. TMT
labeled peptides were separated into 24 fractions by hydrophilic strong anion exchange
chromatography [27] and each fraction was analyzed by a 2 h LC-MS/MS experiment on a Q-
Exactive Plus mass spectrometer. In parallel, phosphopeptides were enriched using an Fe-IMAC
HPLC column [25] and the isolated phosphopeptides were separated into six fractions using high
pH reversed-phase stage tips [26] and analyzed in a technical duplicate by the aforementioned
LC-MS/MS setup. Principal component analysis of both data sets indicated good overall quality
as biological replicates clustered tightly together and the three different experiments were well
separated from each other. The analysis also showed that the molecular signatures of DMSO
treated cells and FGF2/gefitinib treated cells are much closer to each other (~15%, PC1) than to
the gefitinib treated cells (~60%, PC2). The PCA analysis clearly mirrored the phenotypic data in
that FGF2 can protect cells from gefitinib mediated effects and that it largely restores protein
abundance and protein activity levels. However, there are also differences between the untreated
cells (DMSO control) and FGF2/gefitinib treated cells (PC1 axis), indicating that the molecular
changes induced by gefitinib are not fully reverted by the growth factor treatment (Fig. 2B). In the
proteomics workflow, ~8,800 proteins and in the phosphoproteomics workflow ~23,309
phosphopeptides corresponding to ~16,306 phosphorylation sites (~13,410 class | sites and 133

pY sites, Fig. 2C) were quantified across all experimental conditions (i. €. no missing values).

84



Chapter

A

Protein digestion
and TMT labeling

3 x DMSO L Phosphoproteome
TMT126C,127C, 127N @ -»> > 15 Phop

e IMAC enrichment and

3 x Gefitinib @ -> -> [?’J_\'.;-‘—l high pH fractionation R
TMT128C,128N, 129C l1§¥ »

SAX fractionation

Intensity

ll |

s Proteome -
3 x Gefitinib+FGF2 [ m/z
TMT129N,130C, 130N @ *& *“}‘C\gl
Proteome Phosphoproteome
© DMSO ) DMSO
v o Gefitinib :
= Gefitinib < ~22,000 p-peptides
£ ~. ~8,800 proteins £ ~16,000 p-sites
5 S ~13,000 class | p-sites
£ g ® Geritinib+FGF2
5 ‘ Gefitinib+FGF2 5
(8] (8]
Component 2 (63%) Component 2 (59.2%)
TMT10 phosphoproteome Phosphosite localization Cass | phosphosites
e B e — 311(2%)
4154 p-proteins _—— PY133(1%)
L ) 2585
r N (16%) pT 2057
22,309 p-peptides (15%)
. J
e N
16,306 p-sites 13410
\ J (82%)
pS 11218
£16306 (84%)
Class | (>0.75) 13410
Class I (>0.5, < 0.75)
Class Il (>0.25,<0.5)

Figure 2: Quantitative proteomic and phosphoproteomic workflow for the molecular analysis
of EGFR inhibition and FGF2 mediated resistance. A) Cells were grown in three biological
replicates over three days in the presence of DMSO, gefitinib or gefitinib + FGF2. Proteins were
extracted, digested and labeled with tandem mass tags (TMT) and samples were combined.
For proteomic analysis, mixed peptides were separated by strong anion exchange
chromatography (SAX) prior to LC-MS/MS analysis. For phosphoproteomic analysis, TMT
labeled phosphopeptides were enriched by Fe-IMAC and the phosphopeptide pool was
separated by high pH reversed-phase stage tips prior to LC-MS/MS analysis. B) Principle
component analysis (PCA) of the ~8,800 proteins identified and quantified across all conditions
showing distinct molecular phenotypes for the different treatments but also that that FGF2
treatment largely reverts the effects of gefitinib. PCA of the ~13,000 confidently localized
phosphorylation sites across all conditions resulting in molecular phenotypes similar to the
ones for proteins. C) Composition of the phosphoproteome.
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Gefitinib and FGF2 induced proteome rewiring reveals adaptive resistance mechanisms

| assessed protein abundance changes following three days of gefitinib or gefitinib/FGF2
treatment compared to untreated cells in more detail and found that a large proportion of all
detected proteins (~3,800 out of ~8,800) displayed statistically significant expression differences
(p<0.01, Benjamini-Hochberg corrected) including 134 protein kinases. Many of the observed
changes were small which can in part be attributed to the well-known phenomenon of ratio
compression in isobaric labeling [38]. Still, the precision of the TMT quantification clearly allowed
recognizing distinct cellular states (see the PCA in Fig. 2B). Figure 3A illustrates the global
changes for the three-way comparison on the protein abundance level. Interestingly, proteome
expression changes were much larger for gefitinib vs. DMSO and gefitinib/FGF2 vs. gefitinib alone
(o of 0.352 and 0.335 of the respective distributions) compared to DMSO vs. gefitinib/FGF2
treated cells (o of 0.188) showing that the co-addition of the growth factor to the drug treated cells,
reverses many of the proteome changes induced by gefitinib. Unsupervised hierarchical
clustering of the 3,805 proteins associated with the most significant expression differences
(p<0.01; Fig. 3B) identified groups of proteins enriched in certain cellular and molecular functions.
For example, cluster 1 contains metabolic enzymes including those involved in glycolysis that
remain downregulated following gefitinib plus FGF2 treatment indicating that the cells did not
required a full metabolic recovery to achieve the same level of cell viability as untreated cells.
Processes downregulated by gefitinib but reverted by FGF2 treatment include RNA processing
mechanisms, proteins involved in cell cycle progression, mitosis and cell division (Fig. 3B, cluster
2). This is consistent with numerous reports in the literature showing that gefitinib can inhibit cell
cycle progression, induce G0/G1 cell cycle arrest and block G2/M transition [39-41]. It is evident,
that FGF2 addition partially or even fully restored protein abundance levels to that of the DMSO

control thus releasing cell cycle arrest and allowing normal cell cycle progression to proceed.
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Figure 3: Widespread changes of the proteome in response to gefitinib and substantial reversal
in the presence of FGF2. A) The distribution of quantitative protein expression changes showed
larger differences for gefitinib vs. DMSO and gefitinib vs. gefitinib + FGF2 treated cells (6 = 0.352
and 6 = 0.335 respectively) compared to DMSO and gefitinib + FGF2 treated cells (6 = 0.188)
indicating that the effects of gefitinib can be largely reverted by the growth factor. B)
Unsupervised hierarchical clustering of significantly regulated proteins (n=3,805; p<0.01,
Benjamini-Hochberg corrected) of all replicates highlights clusters of co-regulated proteins and
gene ontology analysis reveals enrichment of the underlying biological process for the proteins

involved.
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Interestingly, FGF2/gefitinib co-treatment led to upregulation of some proteins that are not
influenced by gefitinib treatment alone (cluster 3). Most of these proteins are involved in DNA
organization and include, for example, a substantial number of histones, transcription factors,
group box proteins and other DNA binders. It is quite likely that this is a direct consequence of
FGF2 acting as a mitogen, thus improving cell viability by the induction of genes that are
transcribed within this transcriptional framework. A large number of 1,309 proteins was
upregulated by gefitinib and downregulated by FGF2 (cluster 4). Many of these proteins are
involved in cytoskeleton organization, notably actin filament organization and in the regulation of
apoptosis. The latter is not surprising as apoptosis induction is one of the mechanisms by which
gefitinib kills cancer cells. Apoptosis was, however, not apparent from microscopic inspection of
gefitinib treated cells. Instead of the anticipated morphological changes associated with apoptosis
(e.g. blebbing), the cells showed a more spindle shaped morphology and showed fewer cell-cell
contacts than control cells. The bottom section of the heat map (cluster 5) contains protein kinases
and other proteins that were upregulated upon gefitinib treatment and partially downregulated
again in the presence of FGF2. Interestingly, this cluster includes kinases known to be involved
in resistance formation following small molecule tyrosine kinase inhibition. Prominent examples
are depicted in figure 4A. The receptor tyrosine kinases ERBB2 and its kinase dead interaction
partner ERBB3 were upregulated upon gefitinib treatment and can compensate EGFR inhibition
by the drug via the formation of kinase active heterodimers [12]. Interestingly, both proteins return
to almost baseline levels in the presence of FGF2 (the dose or treatment time may not have been
sufficient for a full reversal). Another well described resistance mechanism is the upregulation of
hepatocyte growth factor receptor (c-MET) [13] which bypasses the EGF receptor and leads to
the activation of pro-survival pathways. Further examples from the data include the PI3K subunit
PIK3CB [42], AKT1 and the SRC-like kinase FYN that itself physically and functionally interacts
with ERBB2 [43]. Overexpression of PI3K and AKT1 can activate the PI3BK/AKT/mTOR pathway
and thereby prevent apoptosis. There is growing evidence for important roles of PI3K subunits in
cancer [44]. Apart from PIK3CB, the subunits PIK3CA, PIK3C2A and PIK3CD were also
differential expressed suggesting that PI3K subunit composition is also important for adaptation

of cellular signaling in the model cell line.

Figure 4B summarize the expression changes of protein kinases in response to gefitinib and
gefitinib/FGF2 respectively. It is plausible that pro-survival kinases are upregulated to counter
adverse effects elicited by gefitinib, but they may not be required in case a mitogenic signal is
provided by FGF2 as an external stimulus. The most strongly downregulated kinase in the data

set following gefitinib treatment was STK17A (Fig. 4B). This protein is a p53 target gene [45] and
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downregulation was recently found to be associated with decreased proliferation, migration and
invasion [46]. At the other end of the spectrum, unc-51 like kinase 4 (ULK4) and myotonin-protein
kinase (DMPK) were the most upregulated kinases following gefitinib treatment. DMPK regulates
cell shape, remodels the actomyosin cytoskeleton and mediates protein oligomerization and
localization [47, 48]. In light of these described functions, the protein may play a lesser role for
cellular survival in the experiment but may contribute to the observed morphological changes of
the cells. The role of myosin light chain kinase (MYLK) is discussed further below as
phosphorylation sites on this kinase were also significantly upregulated in response to gefitinib.
The protein kinase ABL2 is strongly linked to survival and cell growth and was also upregulated
after gefitinib treatment (but not in the presence of FGF2) possibly indicating an early cellular
response leading to eventual gefitinib resistance. FGFR2 was weakly upregulated following
gefitinib treatment and serves as another example that cells adapt to negative selective pressure
by the upregulation of bypass signaling kinases. Interestingly, it was recently shown that FGFR2
promotes ERBB2 shedding and that intracellular accumulation of the truncated fragment results
in enhanced ERBB signaling [49]. In this regard, upregulation of FGFR2 could also serve as an
adaptive mechanism to recover ERBB signaling even in the presence of an EGFR inhibitor.
Stimulation by FGF2 resulted in downregulation of FGFR2 likely because overexpression was no
longer necessary for bypass activation of ERBB signaling. The protein kinase GSG2 (Haspin)
was the most strongly upregulated kinase in the gefitinib/FGF2 treated cells compared to
untreated cells, whereas its expression was unaffected by gefitinib alone (Fig. 4C). Interestingly,
this kinase phosphorylates histone H3 at Thr-3 during mitosis and thereby targets the
chromosomal passenger complex (CPC) to the inner centromere [50]. The FGF2 induced
upregulation of GSG2 may, therefore, play a role in breaking gefitinib induced cell cycle arrest

and apoptosis.
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Figure 4: Kinases potentially involved in intrinsic gefitinib or FGF2 mediated resistance. A)
Examples for protein kinases upregulated in response to gefitinib and partially downregulated
by co-treatment by FGF2. Upregulation of these proteins by gefitinib may represent kinome
reprogramming events leading to intrinsic resistance. The addition of the growth factor may
relieve cells from the selective pressure of the drug and thereby leading to reduced levels of
these pro-survival kinases. Error bars represent the SEM of triplicate experiments. B) Full range
of expression regulation for protein kinases. Dots indicate the mean fold change of three
biological replicates.
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Quantitative phosphorylation profiling reveals widespread changes in kinase mediated

cellular processes

In order to complement proteome expression information with more direct functional molecular
data, | generated quantitative phosphoproteome profiles of the same samples (in triplicate). This
resulted in the identification of ~22,000 phosphopeptides in all nine experiments (i.e. no missing
values) corresponding to ~16,000 different phosphorylation sites that were further filtered to
13,410 class | sites (i.e. phosphorylation site localization probability of >0.75; Andromeda score
of >40. As observed for the proteome, the phosphoproteome also showed extensive differences
between the three cellular conditions (5,465 differential sites; p<0.01, Benjamini-Hochberg
corrected). Unsupervised hierarchical clustering of this data provided a picture much akin to that
obtained for the proteome: extensive changes in response to gefitinib that were largely (albeit not

always completely) reverted by the simultaneous presence of the growth factor FGF2 (Fig. 5A).

About 10% (571 sites) of all regulated phosphorylation sites were repressed by gefitinib and were
not restored in abundance by FGF2 treatment (Fig. 5 cluster 1). These presumably result from
direct or indirect inhibition of kinase activity by the drug in cellular pathways that are not part of
FGF2 signaling. Biological processes in this cluster are diverse but include RNA processing and
cytoskeleton organization. Given that RNA processing is highly represented in all clusters, it
seems likely that this reflects the adaptation to a new steady state that goes along with changes
in gene transcription and translation. Downregulated phosphorylation was observed for kinases
such as MAP2K2 (MEK2) (pS295, pT394), a component of the RAS/MEK/ERK cascade that
activates MAPK1/3 in an EGFR activity dependent manner [51] or MAP4K4 (pS781, pS882),
which is involved in the Hippo pathway [52]. Considering that MAPK’s are downstream targets of
EGFR, the downregulation of their respective phosphorylation sites in response to gefitinib
treatment is plausible. A similar number of phosphorylation sites (14%; 787 sites) was moderately
repressed by gefitinib but strongly upregulated in the presence of FGF2 (Fig. 5 cluster 2). In
keeping with the above argument, these phosphorylation sites may reflect kinase activity that is
primarily governed by FGF2 stimulation but largely independent of gefitinib affected pathways.
Regulated biological processes in this cluster include DNA replication and cell cycle progression.
Prominent examples here are histones, e.g. HIST2H3A (pS29) which can be phosphorylated by
AURKB, AURKC and GSG2 [53]. Given that GSG2 was found to be the most upregulated protein
after FGF2 treatment (Fig. 4C), the phosphorylation changes on the histones are likely a direct
consequence of GSG2 protein expression change. Moreover, FGF2 induced phosphorylation of

the proto-oncogene c-MYC (pS293, pS347) was observed, which is consistent with the fact that
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c-MYC is a known transducer of cell proliferation in response to extracellular stimulation [54] and
was found to be stabilized by FGF2 [55]. Also a number of further kinase phosphorylation sites
were observed, including MET_pS977, MET _pY1234 and several CDK12/13 sites that are

discussed further below.

The vast majority of all significantly regulated phosphorylation site levels (64%, 3,502 sites) were,
however, largely restored to base line by co-treating cells with gefitinib and FGF2 (Fig. 5 cluster
3 and 4), implying that both drugs and growth factor affect a lot of common biology and that FGF2
can act as a direct antagonist to gefitinib. As mentioned earlier, the fact that FGF2 did not always
fully restore protein activity to baseline levels may simply be related to an insufficient dose or time
of treatment in the set of experiments. Further characterization of proteins in clusters 3 and 4 was
performed by community clustering using the GLay clustering algorithm [33] that allows
structuring and visualizing similar protein functions in a Cytoscape network structure. Here, GLay
Nodes represent phosphoproteins and edges are known interactions between proteins based on
the combined STRING score [31]. The obtained results are in line with the interpretation of
common biology affected by drug and growth factor. Proteins involved in processing of RNA and
MRNA are strongly represented in both clusters. Cluster 3 contains many phosphorylation sites
in proteins that are part of signal transduction cascades (e.g. EGFR, ERBB2, EPHA2, PTK2,
IRS1, SRC, RAF1, MAPK’s) and proteins involved in the cell cycle and in mitosis (e.g. RB1,
RBPP8, CDCA3, CHEK1). More specifically, a large number of differentially regulated
phosphorylation sites were found on protein kinases indicating that signal transduction cascades
are (re-)activated following FGF2 treatment (further discussed below). This is entirely in line with
the phenotypic starting point of this study that shows that cells were fully viable in the presence
of gefitinib and FGF2 (Fig. 1). Somewhat unexpectedly, a large number of phosphorylation sites
(2,105) was upregulated by gefitinib treatment, implying the strong activation of at least some
kinases (Fig. 5 cluster 4) that may drive the strong representation of cytoskeletal organization and
transcription regulation in the GLay networks (also discussed further below). As mentioned above,
cells showed a more spindle like shape after treatment with gefitinib and a reduction of cell-cell
contacts, which confirms, at the phenotypic level, the network analysis results indicating
cytoskeleton reorganization. A small but statistically significant number of phosphorylation sites
in cluster 5 point to cell death and apoptosis processes which can most likely be attributed to the

known and therapeutically desired induction of cell death by the drug.
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Figure 5: Widespread changes of the phosphoproteome in response to gefitinib and substantial
reversal in the presence of FGF2. Unsupervised hierarchical clustering and GO term analysis of
statistically significantly regulated phosphorylation site abundance (n=5,465; p<0.01,
Benjamini-Hochberg corrected) induced by EGFR inhibition and FGF2 mediated resistance. The
large clusters 3 and 4 were further characterized by community clustering (Glay algorithm) and
functional related proteins are visualized as networks. For example, cluster 3 contains a large
network of proteins that are involved in signal transduction. Phosphorylation sites on these
proteins are partially or fully restored by FGF2.

Kinase activity, gefitinib mechanism of action and FGF2 mediated drug resistance

The very large number of statistically significant changes in protein phosphorylation observed
above implies strong regulation of kinase expression and/or activity in response to drug and

growth factor treatment. This data should, therefore, also contain information regarding the drugs’
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molecular mode of action as well as highlighting potential intrinsic or acquired resistance
mechanisms. | quantified 286 kinases in the experiments, observed expression changes for 134
of these (p<0.01) and quantified 699 phosphorylation sites and phosphorylation level changes for
137 kinases (312 sites, p<0.01) which allowed investigating the above point in some detail. Most
strongly downregulated by gefitinib were the autophosphorylation sites pY1197 and pY1172 of
the EGF receptor confirming that EGFR activity is blocked by the drug (Fig. 6A). Sites on the
receptor tyrosine kinase EPHA2 (pY772, pT771; pS897) were similarly affected by the drug. Co-
immunoprecipitation experiments of EGFR and EPHA2 [56, 57] have shown that both proteins
can interact physically. It is, therefore, possible that EGFR and EPHA2 activate each other via
heterodimerization or signaling adaptors and that inhibition of EGFR results in the simultaneous
inhibition of EPHA2 as EPHAZ itself is not a target of gefitinib. Sites on MAPK1 (ERK2, pY187)
and MAPK3 (ERK1, pY204) were also negatively affected by gefitinib showing that the cellular

mechanism of action of the drug proceeds via the inhibition of the RAS/MEK/ERK signaling axis.

Interestingly, gefitinib also induced phosphorylation on kinases, most prominently on MYLK
(pS1653, pS1656, pS1659, pS1732), CDK14 (pT125), MAP2K2 (MAP2K2, pS312) and MAP3K1
(pS250). MYLK phosphorylates myosin Il which is essential for stress fiber and focal adhesion
formation and is intimately linked to EGFR and integrin mediated signaling. | found that MYLK
expression and phosphorylation increases following gefitinib treatment (Fig. 4B, Fig. 6A). The
functions of the respective phosphorylation sites are not known but prior work has shown that this
kinase contributes to proliferation [58] and has anti-apoptotic potential [59]. Moreover, it can
induce migration through cross-talk with MAPK1/3 [60]. Increased abundance and
phosphorylation on MYLK may, therefore, constitute a pro-survival mechanism that prevents
apoptosis in response to EGFR kinase inhibition. | also observed an increase in phosphorylation
for CDK14 in response to gefitinib. This cell cycle regulating kinase has been shown to correlate
with proliferation and migration in gastric cancer [61]. How CDK14 relates to EGFR signaling or
inhibition thereof is unclear at present but the increased phosphorylation on pT125 of CDK14
observed here may have a similar effect and may thus serve as an intrinsic pro-survival adaptation
mechanism to EGFR inhibition. MAP2K2 and MAP3K1 are also increasing in phosphorylation
levels and both are involved in MAPK pathways. However, there are neither known kinases that
phosphorylate MAP2K2 at pS312 and MAP3K1 at pS250 nor are the functions of these sites

known.
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Figure 6: Regulation of phosphorylation sites on protein kinases. A) Ranked list of regulated
phosphorylation sites upon gefitinib treatment. B) Same as panel A but for FGF2 treatment. C)
Selected examples of protein kinases that are either regulated at the protein and
phosphorylation level or only regulated at the protein phosphorylation level. For details, see
main text. Error bars denote SD of biological triplicate experiments.

Many phosphorylation sites on protein kinases that were downregulated by gefitinib were also
down in the presence of FGF2 albeit to a lesser extent, indicating a partial re-activation of the
primary signaling elicited by the growth factor (Fig. 6). However, given that the cells are fully
viable, this may also suggest that such re-activation processes may not always be essential or
particularly important for cell survival. Instead, the full restoration of cellular viability (and thus
gefitinib resistance) may be mediated by proteins such as c-MET the activity of which (pY1234)
was much higher in the presence of FGF2 compared to gefitinib alone (Fig. 6A, 6B and 6C). The
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mechanism for this may be related to FGF2’s ability to induce the production of HGF which in turn
activates its receptor c-MET [62]. The data showed that the majority of regulated phosphorylation
was restored to (close to) baseline levels by FGF2. Following three days of drug and growth factor
treatment, this may be explained by changes in kinase abundance (kinome reprogramming),
resulting in higher/lower phosphopeptide abundance, but also by changes in kinase activity
without concomitant changes in kinase abundance (activity reprogramming). Both mechanisms
are meaningful ways to regulate the activity of signaling pathways in cells. Regulating protein
levels may provide for a more sustained adaptation whereas regulating activity provides for a
means to respond rapidly to a cellular signal. The kinases EPHA2 and RAF1 are examples for
which kinase abundance and activity are regulated together (Fig. 6C), whereas EGFR or SRC
are examples for a lack of regulation at the protein level but instead show strong effects at the

level of protein phosphorylation.

The broad coverage of the proteome and phosphoproteome obtained in this study enabled us to
investigate this latter point in more detail. | quantified the (relative) abundance of ~8,500 proteins
among which are 3,353 phosphoproteins with at least one quantified phosphorylation site (Fig.
7A). Of the 4,916 proteins that did not show expression changes (p<0.01, Benjamini-Hochberg
corrected), there were 1,091 that did exhibit a statistically significant regulation at the
phosphorylation site level (Fig. 7B). A more detailed analysis of the protein kinases in this set is
shown in figure 7C providing further insights into kinase activity mediated responses to EGFR
inhibition and FGF2 induced resistance. As mentioned before, EGFR activity was downregulated
by gefitinib as expected and partially re-activated by FGF2. In addition, MAPK3 (ERK1, pY204)
phosphorylation partially recovered, confirming the reactivation of ERBB and downstream
MEK/ERK signaling induced by FGF2. Further examples include the splicing regulator CDK13
[63] and the histone regulators CDK17 and CDK18 [64] that show several phosphorylation sites
that were regulated in response to EGFR inhibition and attenuated by addition of FGF2 (Fig. 7C).
Most sites in CDKs were upregulated in response to EGFR inhibition and downregulated after
addition of FGF2 (see also cluster 4 in Fig. 5). CDK 13 is a key regulator of transcription elongation
and affects splicing [65] whereas CDK17 and CDK18 are related to cell cycle control [66]. These
observations are in agreement with the interpretation that the cells are forced to reach a new

steady state by altered gene transcription in response to gefitinib.
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Figure 7: Protein activity adaptation to EGFR inhibition and FGF2 stimulation. A) Venn-diagram
of quantified proteins and phosphoproteins showing substantial overlap. B) Venn-diagram of
proteins that i) exhibit no protein abundance changes; ii) show no protein but phosphorylation
level changes and iii) show changes at both levels (p<0.01, Benjamini-Hochberg corrected).
Proteins in the intersection are particularly interesting as their phosphorylation stoichiometry
changes indicating rapid and reversible regulatory mechanisms. C) Heatmaps for protein
kinases (examples) for which no expression differences were detected but whose
phosphorylation changes, indicating changes in kinase activity.
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Protein phosphorylation profiling prioritizes candidate drug targets to growth factor

mediated gefitinib resistance

This study has generated a rich set of phosphorylation regulation data in the context of gefitinib
mode of action and growth factor mediated resistance. The kinases highlighted in this
experimental setting may potentially be used as drug targets with the aim to overcome growth
factor mediated resistance often occurring within the tumor microenvironment. Furthermore, the
kinase substrates may be used as a molecular read-out for measuring engagement of the drug
with its target in the cell. |, therefore, condensed the information obtained in this work into a model
that focusses on the regulated phosphoproteome in the context of certain drugable cellular
signaling pathways (Fig. 8). The activity of EGFR (pY1172, pY1197, pY869), MET (pY1234),
EPHA2 (pY771) and SRC (pY419) was found to be positively regulated by FGF2. Each of these
proteins is a drug target in its own right and the consequences of inhibiting these proteins can for
example be captured by their downstream substrate CTNND1 (sites mapped to isoform 1A of
p120-catenin) which was found to statistically significant changes on 17 phosphorylation sites.
Motif based kinase-substrate relationship prediction using Networkin, suggests GSK3B
(CTNND1_pT201), FYN, MET (CTNND1_pY228), SRC, IGF1R (CTNND1_pY296), SRC, FER
(CTNND1_pY898) and AKT1 (CTNND1_pS914) as potential upstream kinases (Fig. 8). Except
for the GSK3B target site (CTNND1_pT201), all other sites were downregulated after gefitinib
treatment and increased again by FGF2 treatment, confirming activity of SRC and MET (Fig. 6C,
Fig.8) and indicating IGFR and AKT1 activation in response to FGF2 treatment. Indeed, CTNND1
is known to be involved in growth factor dependent signaling [67] and phosphorylation regulates
E-cadherin mediated cell adhesion [68]. Along the same lines, phosphorylation changes were
observed for insulin receptor substrates 1 (IRS1) and 2 (IRS2). These are docking proteins that
bind to SH2 domains, function downstream of activated cell surface receptors and thereby
regulate signal transduction. The function of IRS1/2 has been extensively studied in insulin
signaling and metabolism, but there is also growing evidence for their roles in altered signaling
pathways in cancer [69]. Four and eight phosphorylation sites were found to be differentially
regulated on IRS1 and IRS2, respectively (Fig. 8) and kinase-substrate relationships were
predicted for AKT1 (IRS1_pS330, IRS1_pS527, IRS2_pS365, IRS2_pT1102, IRS2_pS1149),
MAPK1/3 (IRS1_pS1078, IRS2_pT520, IRS2_pS915) and PDK1 (IRS1_pS1145). IRS1 and IRS2
interact with the catalytic subunit PIK3CA (p110a) of phosphoinositide 3-kinase (PI3K) [70] and
the regulatory subunit PIK3R1 (p85a) [71, 72] of the PI3K complex and thereby initiate
PIBK/AKT/mTOR signaling. From the data, it appears that MAPK1/3, AKT1 and PDK1 feedback

regulate IRS1/2 and that this further affects downstream signaling as part of the response to
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EGFR inhibition and FGF2 stimulation. As mentioned earlier, MAPK1/3 (pY185, pY204) activity

was downregulated after EGFR inhibition and partially restored following FGF2 treatment.
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Figure 8: Phosphoproteomic model of FGF2 mediated gefitinib resistance in A431 cells. Kinases
and other proteins shown here all exhibited enhanced phosphorylation site abundance in
response to gefitinib or FGF2 treatment implying differential activity of the kinases involved.
This model formed the basis for the choice of drug combinations shown in figure 9.
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Accordingly, other sites in the RAS/RAF/MEK/ERK pathway showed a similar behavior (RAF1
pS43, pS259, pS301; MEK2 pS295, pT394). As a consequence, it is worth considering MAPK1/3
as a regulator of IRS1/2 phosphorylation and modulator of PISBK/AKT/mTOR signaling. As a
number of other MAPK1/3 and mTOR substrates (S6K, SIRT1, EIF4AEBP1) were also significantly
regulated, mTOR, PI3K, AKT, and MAPK1/3 appear to be important signaling nodes and may
therefore serve as potential targets for combination treatments with gefitinib. The same applies
for the SRC family kinases and IGF1R/INSR as potential upstream regulators of IRS1/2. Last but
not least, the FGF receptor itself would seem an obvious target as its ligand FGF2 is driving the
resistance of cells to gefitinib treatment. Unfortunately, | did not observe any phosphorylation sites
on FGFR in the experiments, possibly as a result of low protein abundance of this receptor in the

cells and insufficient sequence coverage obtained by a single protease digestion scheme.

To test the hypothesis that combinations of kinase inhibitors would overcome growth factor
mediated gefitinib resistance, | measured cell viability using a number of inhibitors against the
aforementioned priority targets. Figure 9A shows that the combination of the reasonably selective
FGFR inhibitor AZD4547 with gefitinib was much more effective than either compound alone. The
two drugs acted in a synergistic fashion as neither compound had an appreciable effect at 2.5 uM
but the combination of 2.5 uM of each drug led to the complete killing of cells even in the presence
of FGF2. In the context of gefitinib resistance, | have previously shown that growth factor receptors
can activate each other and can thus render gefitinib monotherapy ineffective but that it can be
completely overcome by co-treatment with a second kinase inhibitor [16]. Hence, it is not
farfetched to speculate that the same or a similar mechanism may be at work here. This notion is
strongly supported by the phosphoproteomic data from which it is evident that FGF2 leads to the
re-activation of pY1172 and pY1197 of the EGFR as well as several downstream signaling
members. Figure 9B shows drug combination experiments using further signaling nodes derived
from the phosphoproteomic data. SRC family kinases were targeted by saracatinib, MEK by
trametinib, AKT by AZD5364, IGF1R/INSR by OSI906 and PI3K/mTOR by NVP-BEZ235 or
GSK2126458/omipalisib. In the absence of FGF2, saracatinib, trametinib and OSI-906 all showed
additive efficacy in combination with gefitinib. However, only the combination of trametinib and
gefitinib was effective in the presence of FGF2, making MEK inhibition a reasonable option for
combination treatment (Fig. 9B). The reasons why the other combinations failed may be due to
redundancy in bypass signaling mechanisms that are not targeted by these drugs. Very
surprisingly, the dual PI3K/mTOR inhibitor GSK2126458 completely killed the cells whether or not

it was used in combination with gefitinib or whether or not FGF2 was present.
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Figure 9: Drug combination treatment aiming to prevent growth factor mediated resistance to
EGFR inhibition. A) Cell viability assays showing that the combination of gefitinib and the FGFR
inhibitors prevents FGF2 mediated resistance. B) Extension of this analysis to six kinase
inhibitors showing that only the MEK inhibitor trametinib synergizes with gefitinib in
preventing FGF2 mediated resistance. Interestingly, the dual PI3K/mTOR inhibitor GSK2126458
killed cells in the presence or absence of gefitinib or FGF2 while the dual PI3K/mTOR inhibitor
NVP-BEZ235 had practically no effect. For further details, see main text.

Conversely, the frequently used PI3K/mTOR inhibitor NVP-BEZ235 had no effect on its own,
showed no added benefit in combination with gefitinib and was also largely ineffective in the
presence of FGF2. The reasons for this discrepancy are unclear at present. Even though
GSK2126458 is an immensely potent inhibitor of PI3K subunits (PI3Ka Ki = 0.04 nM, PI3KB Ki =
0.13 nM, PI3Kd Ki = 0.024 nM, PI3Ky Ki = 0.06 nM) and of mTORC1 (Ki = 0.18 nM) and much
more potent than NVP-BEZ235 inhibitor (ICso = 6 nM) [73, 74], the complete lack of efficacy of
NVP-BEZ235 inhibitor in the cellular assay practically rules out PI3BK/mTOR as the targets
underlying the potent killing of cells by GSK2126458. It is possible, that GSK2126458 possesses
as of yet unknown other targets which may explain its potency. Strikingly, GSK2126458 was
effective even as a single agent at concentrations below 100 nM and prevented growth factor
mediated resistance for HGF, FGF2, EGF and IGF1 (Fig. 9C) suggesting that the drug acts on an

exceedingly important (yet currently unidentified) common pathway component.

In conclusion, this work provided a detailed molecular description and analysis of proteomic and
phosphoproteomic changes of human epidermoid A431 cancer cells in response to EGFR
inhibition by gefitinib and FGF2 mediated resistance as a simplified model for studying effects of

the tumor microenvironment. The data revealed widespread changes at both molecular levels in
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response to gefitinib, most of which were reverted by the growth factor. The analysis highlighted
kinases and signaling pathways underlying this form of kinase inhibitor resistance and thereby
prioritized certain signaling nodes as targets for combination treatments that break growth factor
mediated resistance. Combined MEK/EGFR was effective in this regard but this was
overshadowed by an as of yet mechanistically unclear but phenotypically astounding efficacy of
GSK2126458 that cannot be satisfactorily explained by inhibition of its presumed targets PI3K
and mTOR. The underlying true mechanisms remain to be elucidated but in any case, it appears

that GSK2126458 may be an attractive agent for targeting the tumor microenvironment.
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Abbreviations

AGC Automatic gain control

DTT Dithiothreitol

FC Fold change

FDR False discovery rate

FGF2 Fibroblast growth factor 2

FPLC Fast preparative liquid chromatography

GO Gene ontology

HPLC High pressure liquid chromatography

hSAX hydrophilic strong anion exchange chromatography
KEGG Kyoto Encyclopedia of Genes and Genomes
NSCLC Non-small cell lung cancer

PCA Principle component analysis

pY/S/T Phosphotyrosine, -serine, -threonine

RTK Receptor tyrosine kinase

TMT Tandem mass tags
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Summary

Although substantial progress has been achieved with the use of targeted cancer therapies,
resistance to small molecule kinase inhibition invariably develops and often occurs in very short
time scales. From recent studies and the data presented in the previous chapter it becomes more
evident that drug adaptation mechanisms appear in very short time and that adaptation in these
short time scales already reflects clinically observed resistance mechanisms. To improve the
understanding of fast adaptation mechanisms | profiled the time resolved adaptation to EGFR
inhibition by gefitinib and FGFR inhibition by AZD4547 on the proteome and phosphoproteome
level over 72 h. Application of TMT 10plex labeling enabled the quantification of 10 time points in
a single experiment. Moreover, MS3-based quantification on an Orbitrap Fusion mass
spectrometer reduced the ratio compression known from MS2-based workflows. Multiplexing
facilitated the analysis of time resolved responses in four cell lines and for two inhibitors on the
proteome and phosphoproteome level in only eight days of measurement time. Analysis was
performed to a depth of up to 4,000 proteins and for up to 7,000 p-sites for each cell line and
inhibitor with quantitative data for all time points without missing values. | found that time
dependent data can provide information of potential kinase substrate relationships. For instance
activity sites in MAPK1/3 were found to correlate very well in all cell lines with the pS2155 in the
potential downstream substrate TPR. Moreover, gefitinib treatment induced time dependent
overexpression of E-cadherin and ICAM1, leading to cellular aggregation in PC9 lung cancer cells
and potential adhesion mediated resistance. Time resolved profiles also revealed that adaptation
mechanisms are highly diverse between cell lines and general adaptation mechanisms are less
common. Hence, the acquired data provide a proof-of-principle for the conduction of time resolved

experiments and a resource for further investigations.
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Introduction

Targeted cancer therapies often fail even if there are high initial response rates [1, 2]. Genetic
alterations were found to mediate resistance in different targets and tumor entities [3-7].
Moreover, bypass activation to the target is another often observed resistance mechanism [8-13].
Tumor cells evade the action of the drugs by using the whole repertoire of cellular plasticity. In a
healthy individual this allows the cells to adapt to different situations and tasks. However, this
flexibility also allows fast evasion from targeted cancer therapies by modulation of pathway
signaling dependencies and activation of bypass signaling tracks. Recently, it became more
evidence that adaptive reprogramming, without affection of genetic mechanisms, appears in very
short timescales in response to targeted kinase inhibition [14, 15]. The authors showed that
targeted inhibition can result in altered gene transcription and overexpression of receptor tyrosine
kinases. This so called adaptive kinome response resulted in elevated expression of DDR1,
DDR2, PDGFR, MET, FGFR2, MERTK, EPHA4, EGFR, IGF1R in response to MEK [14] and
ERBB2 [15] inhibition.

Proteomic investigation of drug adaptation mechanisms are most often based on binary
comparisons or few time points [15]. However, the application of 10plex tandem mass tagging
allows time resolved experiments with narrow time points in a reasonable amount of
measurement time. The availability of MS3-based quantification [16] in the Fusion Lumos
moreover reduces ratio distortion effects usually observed for MS2-based quantifications and
allows the coverage of the whole range of fold changes. A narrow time point coverage has the

potential to improve the understanding of early, intermediate and late adaptation mechanisms.

In the previous chapter it was shown that the combination of the EGFR inhibitor gefitinib and the
FGFR inhibitor AZD4547 is more effective than the single agent treatment. Because the lack of
effectiveness of single agent treatments may be a result of fast adaptation and bypass activation,
| decided to investigate adaptation mechanisms to the two inhibitors in more detail. The
aforementioned TMT labeling was used for time resolved analysis of the drug adaptation

mechanisms on the proteome and phosphoproteome level over three days.
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Experimental procedures

Cell viability assays

An Alamar Blue (Thermo Fischer Scientific) cell viability assay was performed in 96-well plates
with each well containing 2,000 cells. A431 (epidermoid cancer) and PC9 (lung cancer) cells were
cultivated in RPMI-1640, ACHN (renal cancer) and IGROV1 (ovarian cancer)) were cultivated in
IMDM, supplemented with 10% heat-inactivated FBS (all from Biochrom) in a humidified
atmosphere at 5% CO, and 37 °C. At the following day, the cells were exposed to different
concentrations of gefitinib (LC laboratories) and AZD4547 (Selleckchem) ranging from 10 nM to
10 uM. The cells were then incubated for 72 h at 37 °C and 5% CO.,. Subsequently, Alamar Blue
cell viability assays were performed by adding 10 pl Alamar Blue reagent to each well. The
reduction from resazurin to the resorufin was measured after 2 h and 4 h using a fluorescence
spectrophotometer (BMG Labtech) at 544 nm (excitation) and 590 nm (emission). This assay
does not distinguish between viability and proliferation. For simplicity, | refer to viability throughout

this thesis, acknowledging that this may also mean proliferation.
Cell culture and cell lysis

A431, ACHN, PC9, and IGROV1 cancer cells were cultivated in RPMI-1640 and IMDM,
supplemented with 10% heat-inactivated FBS in a humidified atmosphere at 5% CO, and 37 °C.
The cells were plated onto 100 mm cell culture dishes on day 0. The next day, A431 cells were
treated with 1 uM gefitinib or 5 yM AZD4547, ACHN cells with 1 uM gefitinib or 1 yM AZD4547,
PC9 cells with 100 nM gefitinib or 5 yM AZD4547 and IGROV1 with 100 nM gefitinib or 1 yM
AZDA4547. The cells were then lysed after 2 h, 4 h, 8 h, 12 h, 24 h, 36 h, 48 h, 60 h and 72 h in
200 pl lysis buffer (40 mM Tris/HCI pH 7.6, 8 M urea, EDTA-free protease inhibitor complete mini
from Roche, phosphatase inhibitor cocktail 1, 2 and 3 from Sigma Aldrich at 1x final concentration
according to the manufacturer instructions). Afterwards, the lysate was transferred into reaction
vessels and centrifuged at 22,000 x g to precipitate insoluble material. The protein concentration

in the supernatant was determined with a Bradford assay (Pierce).
Immunofluorescence staining

Cells were seeded on p-slides (Ibidi) in a volume of 50 pl to allow adhesion in a duration of 3 h.
Afterwards 100 pl of complete medium was added and the slides were incubated at 5% CO; and
37 °C. At the next day the cells were treated with 100 nM gefitinib. The Medium was replaced

every 24 h. After 72 h the cells were fixed with 4% formaldehyde for 15 min at room temperature
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and the channels were washed three times with PBS containing Ca?* and Mg?*. Cells were
blocked with washing buffer (5% BSA, 0.3% TritonX-100 in PBS containing Ca?* and Mg?*) for 60
minutes. The blocking solution was aspirated and cells were washed with 200 ul PBS containing
Ca?* and Mg?*. The cells were stained with an E-cadherin specific antibody AlexaFluor 488
fluorescent dye conjugate (Cell Signaling Technology) in a 1:800 dilution (1 % BSA, 0.3 % TritonX-
100 in PBS containing Ca?* and Mg?*) and the DNA was counterstained with DAPI (0.1 ug/ml).
Incubation was performed at 4 °C overnight. Next day, cells were washed with PBS and mounting
medium (Ibidi) was applied to visualize specific staining at 460-490 nm in a fluorescence

microscope.
Protein digestion and peptide purification

For each time point in the experiment 200 ug were digested. Disulfide bonds were reduced with
DTT at a final concentration of 10 mM for 45 min at 37 °C. Cysteine residues were alkylated using
55 mM chloroacetamide for 30 min at room temperature in the dark. The sample was diluted with
three volumes of 40 mM Tris/HCI pH 7.6 to decrease the urea concentration to 1.5 M. Trypsin
was added to a protease-to-protein ratio of 1:50 (w/w) and digestion was performed for 4 h at 37
°C and 700 rpm using a thermoshaker. A second aliquot of trypsin was added, again at a ratio of
1:50 (w/w) and the samples were incubated at 37 °C overnight. The following day, the samples
were cooled to room temperature and acidified using 0.5% FA. Following the precipitation of
insoluble debris at 5,000 x g, the supernatant was desalted using 50 mg Sep-Pak columns
(Waters) and a vacuum manifold. Columns were primed with 1 ml of solvent B (0.1% FA, 50%
ACN) and equilibrated with 3 ml solvent A (0.1% FA in deionized water). The sample was then
slowly passed through the column to allow proper peptide binding. Peptides were washed three
times with 1 ml solvent A and then eluted into a reaction vessel using 2 times 250 pl solvent B.

Finally, the samples were frozen at -80 °C and dried to completeness in a speed vac.
Peptide labeling using tandem mass tags (TMT10)

Lyophilized peptides (300 ug) were dissolved for 10 min at 700 rpm in 62.5 ul of 50 mM TEAB
buffer (Sigma Aldrich). TMT reagents (Thermo Scientific) were dissolved in water-free ACN at a
concentration of 60 mM. Afterwards, 7.5 ul TMT solution was added to each of the 10 samples,
resulting in a final concentration of 6.5 mM TMT. The samples were incubated at 700 rpm for 1 h
at room temperature before the labeling reaction was stopped by adding hydroxylamine to a
concentration of 0.4%. Following 15 min incubation at room temperature, the samples were
acidified and diluted with 750 pl 0.1% FA in deionized water to dilute the ACN concentration to
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below 1%. In order to correct for potential sample loss and varying labeling efficiency, a labeling
test was performed by measuring defined sample mixtures by LC-MS/MS. Peptides were then
mixed in equimolar ratios, desalted according to the procedure described above and prepared for

proteomic and phosphoproteomic analysis.
Phosphopeptide enrichment using Fe-IMAC columns

Phosphopeptide enrichment was essentially performed as previously described [17]. Briefly, a
Fe-IMAC column (ProPac IMAC-10 column, 4 x 50 mm, Thermo Scientific) was charged with Fe3*
ions using 3 ml FeCls (Sigma Aldrich). Next, the column was equilibrated with solvent A (30%
ACN, 0.07% TFA) and connected to an Aekta FPLC system (GE Healthcare). Subsequently, 1.5
mg TMT-labeled peptides were reconstituted in 500 pl solvent A and loaded onto the column (5
min, 0.2 ml/min). Peptides were eluted with solvent B (0.3% NH4OH) in a stepwise gradient of O-
16% (5-6.72 min, 3 ml/min), 16-26.25% (6.7-11.7 min, 0.55 ml/min), 26.25-50% (11.7-12.35 min,
3 ml/min), and 12.35-15 min 0% (3 ml/min). The phosphopeptide-containing fraction (UV) was

collected in a reaction vessel (1 ml) and was evaporated to dryness in a speed vac.
High pH reversed-phase micro-column fractionation

High pH reversed-phase micro-columns were prepared in 200 ul pipette tips. Five discs (J 1.5
mm) of C18 material (3M Empore) per micro-column were squeezed into a 200 pl pipette tip that
was fixed in a 1.5 ml reaction vessel. All solvents were passed through the columns by
centrifugation. Columns were primed with 40 yl 50% ACN, 25 mM NH4COOH (pH 10) and
equilibrated with two times 40 pl 25 mM NH4COOH (pH 10). The sample was then slowly passed
through the column and the flow-through was collected and applied to a low pH micro-column for
desalting as described previously [18]. Peptides were fractionated using solvents with increasing
ACN concentrations. A gradient comprising of 5%, 10%, 15%, 20%, 25%, 30% and 50% ACN in
25 mM NH4sCOOH was used for peptides and 5%, 7.5%, 10%, 12.5%, 15%, 17.5% and 50% ACN
in 25 mM NH4COOH for phosphopeptides The desalted flow-through was combined with the
second last fraction and the 50% fraction was combined with the 5% fraction, leading to a total of

six fractions. The fractionated samples were dried down prior to mass spectrometric analysis.
LC-MS/MS

Peptides were reconstituted in 0.1% FA and phosphopeptides were reconstituted in 0.1% FA and
50 mM citric acid, in order to chelate residual Fe3®*-ions. LC-MS/MS measurements were

performed by coupling an Ultimate 3000 (Thermo Scientific) to an Orbitrap Fusion Lumos mass
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spectrometer. Peptides were delivered to a trap column (ID 75 uym, ReproSil-Gold 120 C18 3 um,
Dr. Maisch) for 10 min at a flow rate of 5 pl/min in loading solvent (0.1% FA in water). Peptides
were then separated on the analytical column using a 110 min gradient (solvent A: 0.1% FA, 5%
DMSO; solvent B: 0.1% FA, 5% DMSO in ACN) at a flow rate of 300 nl/min (O - 1 min: 2 - 4% B;
101 min: 32% B; 103-105 min: 80% B, 107-110 min: 2%). The Orbitrap Fusion operated in data-
dependent mode, automatically switching between MS1, MS2 and MS3 at a cycle time of 2 s.
Full-scan MS1 spectra were acquired at 360 to 1300 m/z, 60,000 resolution, automatic gain
control (AGC) target value of 4 x 10° charges and a maximum injection time of 50 ms. MS2 spectra
were acquired at 400 to 2000 m/z at an AGC target value of 1.8 x10* charges, 35% collision
energy and maximum injection time of 55 ms in the ion trap. Precursor ion isolation width was
fixed at 0.7 Th. 10 MS2 notches were selected for MS3 spectra. Acquisition was performed at
100 to 1000 m/z at 30,000 resolution, an AGC target value of 1.2 x10° charges and maximum
injection time of 55 ms in the orbitrap. Precursor ion isolation width was fixed at 1.3 Th and

dynamic exclusion was set to 60 s.

Data analysis

MaxQuant [19] version 1.5.2.8 was used together with its integrated search engine Andromeda
[20] for the analysis of LC-MS/MS data. Raw files were searched against the UniProtKB database
(v.22.07.13, containing 88,381 entries). Carbamidomethylated cysteine was set as a fixed
modification. For raw files of phosphopeptide fractions, phosphorylation of serine, threonine and
tyrosine, as well as oxidation of methionine and N-terminal protein acetylation were allowed as
variable modifications. For raw files of full proteome fractions, only oxidation of methionine and
N-terminal protein acetylation were allowed as variable modifications. Enzyme specificity was set
to trypsin/P, allowing for cleavage after proline to account for in-source fragmentation. The
minimum peptide length was set to seven amino acids and a maximum of two missed-cleavages
were allowed. Quantification was performed on TMT reporter ions in MS3 for protein and
phosphopeptide analysis. All tandem mass tags were corrected for their isotopic impurities. The
mass tolerance was set to 4.5 ppm for precursor ions and to 20 ppm for fragment ions. The
dataset was adjusted to 1% FDR on the level of proteins and peptide spectrum matches (PSMs).
Data were further processed using Perseus (v. 1.5.1.6, Max Plank Institute of Biochemistry,
Munich), Microsoft Excel and GraphPad Prism. Known potential contaminants and modified
peptides with an Andromeda score below 40 were excluded from analysis. Data of cell viability

assays were analyzed using GraphPad Prism v.5.01. Four parameter logistic models and
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nonlinear regression analysis were applied to fit dose-response curves and calculate ECsg values.
The quantitative values of TMT reporter ions were normalized to the same sum and log2

transformed to get a normal distribution. Log2 transformed data were z-scored to transform

variations on the fold change axis to a similar range.
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Results and discussion

Time resolved analysis of adaptation mechanisms to EGFR and FGFR inhibition

Cancer cells from different human origins (PC9, lung; A431, skin; IGROV1, ovarian; ACHN, renal)
were treated with the inhibitors gefitinib and AZD4547 in a dose dependent manner. A sigmoidal
dose response curve was fitted to the data to determine the ECso of both drugs in the four cell
lines. The treatment dose that is close to the ECso was selected for a time dependent treatment
for 10 time points at0 h,2h,4 h,8h, 12 h, 24 h, 36 h, 48 h, 60 h, 72 h. By selection of a treatment
dose that is close to the ECs, the induction of apoptotic signaling should be avoided while the
cells are under uncomfortable conditions and experience selection pressure to activate alternative
bypass signaling mechanisms. Cell lysates from different time points were chemically labeled with
TMT 10plex and the phosphoproteome and full proteome was measured on an Orbitrap Fusion
mass spectrometer. An MS3 workflow enabled the reduction of ratio compression for the 10 time

points of one TMT experiment (Fig. 1).

I. Cancer cell lines Il. Selection of the drug  lll. Time dependent IV. Analysis of time
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Figure 1: lllustration of the proteomic analysis of drug adaptation mechanisms. Cancer cells of
the lung, skin, ovar and renal adenocarcinoma were treated dose dependently with the EGFR
inhibitor gefitinib and the FGFR inhibitor AZD4547. A treatment dose close to the ECso was
selected for time dependent investigation of adaptation mechanisms. TMT 10plex labeling
enabled multiplexing of 10 time points in one experiment and comprises high precision for time
dependent analysis.

Selection of a treatment dose that inhibits cell proliferation without killing the cells

In the first step the cells were treated with gefitinib, AZD4547 and the combination of both drugs
in concentrations ranging from 10 nM to 10 uM. EGFR inhibition is effective in all of the cells and
ECso values are between 255 nM (A431) and 14 nM (PC9) (Fig. 2). The PC9 cells are a well
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investigated model system for non-small cell lung cancer with EGFR activating mutations and are
known to be sensitive to gefitinib. However, also all other cell types and wild type EGFR show
sensitivity to gefitinib in a nanomolar range. The cells are less sensitive to AZD4547 and ECso
values could not be determined due to missing dose dependent response in the selected inhibitor
interval (10 nM — 10 pM, Fig. 2). Unfortunately, the AZD4547 inhibitor concentration could not be
increased above 10 pM due to lacking solubility in aqueous solutions. However, it is apparent that
the combination of both inhibitors is more effective in all cell lines. This confirms the observation

of the previous chapter that FGFR mediated signaling can bypass EGFR inhibition (Fig. 2).
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Figure 2: Cell viability after dose dependent EGFR and FGFR inhibition. A) EGFR inhibition is
more effective in A431 cells than FGFR inhibition but combined inhibition outperforms single
inhibitor treatment and kills the cells. B-D) Same as A but for ACHN, PC9 and IGROV1 cells.

Next, the inhibitor concentrations for time dependent treatments were selected based on the dose
response curves. A431 cells and ACHN cells were treated with 1 yM and PC9 cells and IGROV1
cells were treated with 100 nM gefitinib. In contrast, the selected dose of AZD4547 was 5 yM for
A431, PC9, IGROV1 and 1 uM for ACHN. As apparent from the viability data (Fig. 2 A-D) this
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dose was not always sufficient to influence cell viability. By knowing this fact, there may be not
enough selection pressure for the cells to adapt to bypass signaling. However, the inhibitor was
not soluble at concentrations above 10 uM and treatment at these concentrations was not
possible. Phenotypically there is a clear effect visible after gefitinib treatment on all of the cells.
Cellular proliferation is inhibited after gefitinib treatment in A431, ACHN, PC9 and IGROV1 cells
(Fig. 3). Importantly, the cells do not show an apoptotic phenotype (cell blebbing, apoptotic
bodies).

A431 ACHN PC9 IGROV1

itini

Gef

AZDA4547

Figure 3: Phenotype of cells after treatment with gefitinib and AZD4547 for 72 h. The selected
gefitinib concentration inhibits cell proliferation in all cell lines. The antiproliferative effect of
AZD4547 treatment on cells is less pronounced than the effect of gefitinib. Differences in
cellular confluence are visible for PC9 cells and IGROV1 cells. Importantly, the selected inhibitor
concentrations do not induce apoptotic phenotypes. The phenotype of A431, ACHN and
IGROV1 is affected by gefitinib which is not evident for AZD4547. Scale bar represents 500 um.
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However, A431 cells seem to loose cell to cell contacts, ACHN cells become more spindle shaped
and most interesting PC9 cells clearly aggregate into distinct colonies from scattered single cells,
whereas IGROV1 cell shape seems to be largely unaffected (Fig. 3). The differences in the
phenotypic adaptation already indicate that the molecular adaptation mechanisms to EGFR
inhibition are largely diverse (shown later on the molecular the profiles on proteome and p-
proteome). Inhibition of the FGFR receptor by AZD4547 does not result in a clear antiproliferative
effect in A431 and AZD4547 cells (Fig. 3) which is in agreement to the viability assays (Fig. 2A
and B, 5 pM and 1 uM used). Cell proliferation in PC9 and IGROV1 cells is reduced without a
visible effect on the cell shape (Fig. 3).

Time resolved profiles reveal diverse adaptation mechanisms to EGFR and FGFR
inhibition

The proteomic dataset reveals insights into the time dependent profile of 3,000-4,000 proteins in
each cell line. This coverage is achieved for the treatment with gefitinib and AZD4547,
respectively (Fig. 4A). The coverage on the phosphoproteome level includes the time dependent
profiles of up to almost 7,000 p-sites in ACHN cells and 4,500 p-sites in PC9 cells (Fig. 4B).
Differences in the number of phosphorylation sites may be explained by general differences of
protein phosphorylation between the cell lines. This would also explain the similar numbers of

proteins and p-sites that were identified in independent TMT experiments in the same cell line
(Fig. 4).
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Figure 4: Number of quantitative time profiles for proteins and p-sites after treatment with
gefitinib and AZD4547. A) Number of protein profiles for A431, ACHN, PC9 and IGROV1 for the
time dependent treatment with gefitinib and AZD4547. B) Same as in A but for the p-site
profiles. Time profiles are complete and contain no missing values for any time point.

121



Chapter IV

Importantly, the time profiles for the proteome and phosphoproteome contain no missing values
which illustrates the advantage of TMT labeling over label free approaches in time dependent
studies. | noticed that the selected treatment concentrations with the AZD4547 inhibitor were
inappropriate to expect adaptation mechanisms. The selected concentrations often showed no
effect on viability (Fig. 2) and proliferation (Fig. 3), also the time profiles did not show proper
curves. In the following | will therefore mostly focus on the results of the gefitinib treatment. The
time profiles of the proteome and phosphoproteome changes after gefitinib treatment reflect that
the adaptation mechanisms are often diverse. There were large profiles found in each cell line
but a considerable number of smaller profiles that are not clearly defined. These smaller profiles
that are not clearly defined may contain interesting biological observations but are highly diverse
between the cell lines. The larger profiles show some similarity between the cell lines but still differ
in the time domain, if the shape of the profile is similar. Figure 5 serves as an example for clearly
defined p-site profiles after gefitinib treatment in the four cell lines. Similarities can be found
between A431 cells and PC9 cells.
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Figure 5: Time resolved profiles of phosphorylation site changes after EGFR inhibition.
Phosphorylation site profiles between inhibitors are partially diverse but include similar
patterns as transient up- and downregulation or sustained up- and downregulation to a new
steady state.
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In A431 cells 197 p-sites are temporarily upregulated after 4 h and return to basal level after 36
h. A similar profile can be found in PC9 cells (130 and 124 p-sites found in two similar profiles).
Phosphorylation sites in these profiles potentially induce altered expression of genes for
adaptation. After reprogramming of the cell, a new steady state is reached and the signaling
returns to basal level (Fig. 5). Also in A431 cells and PC9 cells there is a profile of p-sites (n=271
and n=113, respectively) that represents a slow decrease of phosphorylation. However, there is
a difference in the time span until a steady state is reached. After just 24 hours p-sites reach a
stable level in A431 cells whereas this is not apparent in PC9 cells. Notably, the two clusters do
not represent the same p-sites, it is therefore questionable whether this kind of comparison can
explain similarities in adaptation processes. Further examples include upregulation of p-sites to a
new steady state which is apparent in A431 (n=729) or ACHN (n=304) cells. Even if the time
domain is different, the profiles could explain adaptation to a new steady state of signal
transduction that possibly reflects a drug resistant phenotype (Fig. 5). The illustrated p-site profiles
for IGROV1 cells reflect a fast response to gefitinib. Fast downregulation potentially reflects p-
sites that are directly downstream of the EGFR receptor (n=166). The reverse effect is also
evident (n=169) and could be linked to feedback activation mechanisms and fast bypass signaling
that compensates downregulation of p-sites related to EGFR signaling. Continuous upregulation
as shown for the IGROV1 cells (n=205) could be related to inhibitor independent cellular
processes like cell proliferation or cell to cell adhesion (Fig. 5). As evident by the different cellular
phenotypes that appear in response to gefitinib treatment (Fig. 4) and different p-site profiles,
adaptation to EGFR inhibition is largely diverse. A more detailed view on kinases involved in the
MAPK pathway confirms these heterogeneous adaptation mechanisms on the protein level (Fig.
6A). After 72 h proteins involved in the MAPK pathway (AKT2, AURKB, MAP2K3, PKN1,
RPS6KA3) are differentially regulated between the cell lines in response to gefitinib treatment.
The time resolved profile of the AKT2 abundance reveals that changes are only small for all cell
lines and the fluctuations (log2 fold change ~0.5) could also be a result of technical noise. Only
in the last three time points AKT2 is upregulated in ACHN cells (Fig. 6B). This could serve as a
late adaptation mechanism that upregulates AKT2 as a bypass signaling mechanism. The aurora
kinase B (AURKB) is an important component of the chromosomal passenger complex, which is
a key regulator of mitosis [21, 22]. It is interesting that the abundance of AURKB is not affected
for 8 h but is afterwards at least slightly decreasing in all cell lines. The decrease in kinase
abundance is most evident in PC9 cells where this kinase is 8 times less abundant than at time

point 0 (Fig. 6B). From this data it seems likely that the cells enter the cell cycle less frequently

123



Chapter IV

which is reflected by the lower number of cells in phase contrast pictures (Fig. 3). Also A431 cells
show a strong decrease of the AURKB abundance but this is only transiently apparent, suggesting
that the cells could overcome mitotic arrest. MAP2K3 is involved in the p38 pathway and has been
shown to contribute to resistance in chemotherapy [23, 24]. The abundance of this kinase is not
affected in IGROV1 and ACHN cells but is continuously decreasing in A431 and PC9 cells. It may
be possible that the loss of abundance is associated with a more resistant phenotype but also
that this is only a bystander effect of adaptation and only reflects the change to another steady
state (Fig. 6B).
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Figure 6: Kinases in the MAPK pathway after treatment with gefitinib. A) Diverse kinase
regulation after 72 h in the four investigated cell lines. B) Time resolved response for AKT2,
AURKB, MAP2K3 and PKN1.
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The serine threonine kinase PKN1 regulates cell migration [25] and targets HDAC proteins [26]
which influences transcription of various genes. An interesting observation is the fast but transient
decrease of the PKN1 kinase abundance in IGROV1 cells (Fig. 6B) whereas all other cells do not
show this initial drop. Decreased abundance could affect the expression of hundreds of other
genes via HDAC modification and may therefore be part of a fast adaptation process. However,
that this effect is only evident in one cell line illustrates again that adaptation is a diverse process

and general effects are at least rarely found on the single protein level.

Time resolved profiles suggest that phosphorylation on S2155 of the nuclear core
complex protein (TPR) is a substrate of MAPK1 and MAPK3

The RAS/RAF/MAPK signaling cascade is a known downstream pathway of activated EGFR
signaling and activated signaling results in enhanced cell proliferation [27]. In this regard inhibition
of the EGFR was expected to result in decreased activity of members in this pathway. Activity
sites of ERK1 (MAPK3 pY204) and ERK2 (MAPK1 pY187) phosphorylated peptides were
identified and show time dependent inhibition curves in response to gefitinib treatment (Fig. 7A).
Interestingly, MAPK1_pY187 and MAPK3 pY204 A431 in A431 and ACHN cells are mostly
inhibited after 2 h and start to be increasingly reactivated from 4 h to 72 h. Late reactivation (24 h
- 72 h) could be a result of metabolic degradation of gefitinib and reactivation of EGFR but the
early reactivation starting after 4 h is too fast to be a result of inhibitor degradation. More likely,
the reactivation results from bypass activation mechanisms that activate MAPK1 and MAPK3
independent of EGFR. It is important to note that IGROV1 cells do not show markedly reduced
phosphorylation on MAPK1_pY187 and no inhibition on MAPK3_pY204 after gefitinib treatment
(Fig. 7A). Because cell viability and proliferation are affected by gefitinib in all cell lines (Fig. 2D
and Fig. 3) it is apparent that IGROV1 cells have a different downstream signaling from the EGFR
receptor than the other three cell types, but the phenotypical outcome is the same. The nuclear
core complex protein (TPR) shows inhibition on pS2155 that follows the same time dependent
profile as the inhibition of the activity site pY187 in MAPK1 in all cell lines. Interestingly, it was
demonstrated by Vormastek et al. that phosphorylation sites in the C-terminal region of TPR (not
including pS2155) are phosphorylated by MAPK1 and that phosphorylation stabilizes the
interaction between MAPK1 and TPR [28]. The high correlation of time dependent data in this
study add further evidence that TPR_pS2155 is phosphorylated by MAPK1 and possibly also by
MAPKS (Fig. 7A). The profiles of FGFR inhibition by AZD4547 indicate that MAPK activation and
also TPR phosphorylation is not affected by the drug (Fig. 7B), which would be in agreement to

the phenotypic data. However, also for AZD4547 there is a correlation between all three
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phosphorylation site profiles. Especially the similarity between the phosphosite profile of
MAPK1/MAPK3 and TPR_S2155 in the IGROV1 cells is clearly visible (Fig. 7B).
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Figure 7: Time resolved phosphorylation suggests TPR_S2155 as a substrate of MAPK1/3. A)
Activation of MAPK1/3 and TPR phosphorylation after gefitinib treatment. B) Same as A but
for AZD4547.

Elevated expression of E-cadherin and ICAM1 is a marker for gefitinib induced cell-cell
aggregation in PC9 cells

As already mentioned above, gefitinib induces phenotypic changes in A431, ACHN and PC9 cells.
Whereas the changes in A431 and ACHN are rather small and affect mostly proliferation (Fig. 3),
in PC9 the changes are clearly visible. Untreated cells show a strong scattering and almost no
contact to other cells (Fig. 8A) In contrast, cells treated with 100 nM gefitinib cluster closely
together which results in the formation of cellular aggregates (Fig. 8A upper panel). Higher
magnification illustrates that the cells are in very close contact and wind around each other (Fig.
8A lower panel). Also treatment with AZD4547 showed a slightly different phenotype (stretched
shape) compared to the control (Fig. 8A lower panel). The visible adaptation on the phenotypic
level also confirms the observed extensive molecular adaptation on the proteome and
phosphoproteome level (Fig. 5). To get a deeper insight into the adaptation mechanisms that
could explain the aggregative phenotype of gefitinib treated PC9 cells, proteins with functions in

cell to cell adhesion (GO-term annotations) were considered for further interpretation.
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Interestingly, the abundance of cell adhesion proteins E-cadherin (CDH1 gene) and ICAM1 is 8-

fold upregulated after 72 h treatment with gefitinib (Fig. 8B).
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Figure 8: Gefitinib treatment induces cell-cell interaction via overexpression of CDH1 and
ICAML1. A) Gefitinib treatment induces cell-cell interaction and colony formation after 72 h
while the effect of AZD4547 on the phenotype is less pronounced and a stretched shape is
visible. B) Fold changes of proteins involved in cell adhesion (GO term) after 72 h treatment
with gefitinib and AZD4547. Gefitinib treated cells show strong induction of CDH1 and ICAM1
that are involved in cell-cell interactions. C) Time dependent profile of CDH1 and ICAM1
expression after gefitinib treatment. D) Immunofluorescence staining of CDH1 (green; DAPI
counterstaining, blue) indicates overexpression and spot-like localization in gefitinib treated
cells (72 h treatment).
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The time resolved data illustrate that ICAM1 is 2 fold upregulated after 24 h and reaches a
maximum of 8 fold upregulation after 48 h (Fig. 8C). E-cadherin is upregulated very fast in
response to gefitinib treatment and is upregulated 4 fold after 2 h, 8 fold after 8 h and reaches a
maximum of 16 fold upregulation after 48 h (Fig. 8C). Interestingly, E-cadherin is localized in spot
like structures at the cell to cell interaction surface after gefitinib treatment as revealed by
immunofluorescence staining (Fig. 8D). This spot like structure could enhance the cell to cell
interactions and force the aggregative behavior of the cells. Altered E-cadherin expression has
been found in various cancers, but most often decreased levels were reported to be associated
with epithelial-mesenchymal transition (EMT) and a poor prognosis [29-31]. Conversely, the
switch from a sensitive mesenchymal phenotype to a resistant epithelial phenotype with elevated
E-cadherin expression was found for cells that became resistant to the drug salinomycin [32].
Accordingly, it seems possible that PC9 cells become resistant to gefitinib by induction of a more
epithelial phenotype with more E-cadherin and ICAM mediated cell to cell contacts. Enhanced
cell to cell contacts could initiate cell interaction based pro survival signaling that let the cells
become independent on EGFR signaling. Importantly, cell adhesion-mediated drug resistance
(CAM-DR) has been found in different cancer cell types [33-36] and can be a result of cell matrix
or cell-cell interactions. It is possible that enhanced interactions of the PC9 cells provide a better

microenvironment to circumvent killing by EGFR inhibition.

Time dependent proteomic and phosphoproteomic data can improve our understanding of
adaptation mechanisms to small molecule kinase inhibitors as illustrated by the time resolved
adaptation to EGFR inhibitor gefitinib and FGFR inhibitor AZD4547. Chemical labeling with
tandem mass tags minimizes the analysis time due to sample multiplexing and reduces the
number of missing values between time points tremendously. Time dependent analysis can help
to understand kinase substrate relationships or the reactivation and bypass activation of kinases.
It can also contribute to the understanding of molecular mechanisms that induce visible
phenotypic changes, as exemplified by the CHD1 and ICAM1 induction after treatment with
gefitinib. However, a major drawback is the difficulty to understand proteomic and
phosphoproteomic time profiles, the connection between proteins and phosphorylation sites in
cellular networks and the diversity of adaptation mechanisms between cell lines. Hence, the
acquired data provide a proof of principle for the conduction of time resolved experiments and a

resource for further investigations.
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MS2
MS3
IMAC
FC
™T
pY/T/S
GO
™T
FPLC

Fragment mass spectrum from MS1 precursor
Isolated fragment ion spectrum from MS2 precursors
Immobilized metal affinity chromatography

Fold change

Tandem mass tags

Phosphotyrosine, -treonine, -serine

Gene ontology

Tandem mass tags

Fast preparative liquid chromatography
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General Discussion

Mass spectrometry-based proteomics represents a high performance technology for
quantification of proteins and protein phosphorylations. Recently, the use of MS-based
proteomics lead to the identification of 17,294 proteins from different organs of the human body
[1], indicating that proteomics reached a level to cover proteomes to a very high depth. The use
of proteomics also provides a certain and unique possibility for the characterization of resistance
mechanisms which is not covered by other “omics” techniques. Essentially, this is the
measurement of alterations directly at the protein or protein activity level which serves as a pivotal
information layer to derive targetable molecules and better combination of targeted treatments.
Hence, proteomic technologies were applied to investigate the molecular basis for resistance in

detail.

Targeted cancer therapies are designed to target kinases due to their pivotal role as executors of
signal transduction in the cell. Because treatment resistance often occurs by kinase reactivation
or bypass signaling, kinases are directly connected to emerging resistance. Hence, a chemical
proteomics approach was chosen to evaluate resistance mechanisms directly on the kinase level.
In the beginning of this thesis it was assumed that the chemical proteomics approach is generally
able to derive information about the activation status of kinases [2]. This would have been a great
advantage, because the large scale assessment of kinase activation can reflect activity
dependent resistance mechanisms that are inaccessible by many other techniques. However, it
became increasingly evident that activity dependent enrichment is largely dependent on the type
of inhibitor that is immobilized to the sepharose matrix of the beads [3]. This denotes that chemical
proteomics is not generally suited to derive activity dependent resistance mechanisms but covers
resistance mechanisms that are based on changes in kinase abundance. This was proven to be
useful to get insights into differential kinome adaptations after long term treatment with EGFR
inhibitor gefitinib. Chemical proteomics revealed different expressions of kinases in response to
EGFR inhibition and suggested EPHAZ2 as a new resistance mechanism. This could be confirmed
by further cell based assays and thereby proves that chemical proteomics is a suitable sub-
proteome enrichment tool to facilitate mass spectrometry-based analysis of resistance

mechanisms.

The lacking ability of chemical proteomics for kinase activity profiling required an alternative for
the assessment of kinase activity. The global quantification of protein phosphorylation provides

the possibility to derive a kinase activity centric picture which is however, much more complicated
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than the direct information from kinases. In chapter three and chapter four | have applied
phosphoproteomics to evaluate signatures that lead to growth factor mediated resistance and
time dependent adaptation to kinase inhibition. The investigations resulted in the quantification of
up to 22,000 phosphorylation sites, a number that could be further improved by more fractionation.
In another study, up to 50,000 phosphorylated peptides were derived by extensive fractionation
from a single human cancer cell line [4]. These numbers are impressive when compared to
traditional immunoblot or antibody arrays. However, even if the numbers are high, they do not
reflect our understanding of the biology in these studies. The information that is achieved from
phosphoproteomics is often extremely difficult to understand. Apart from some known
phosphorylation sites in kinase activation loops (activity sites) that directly represent the kinase
activation status, phosphoproteomics provides mostly an indirect information on kinases activity.
Kinases phosphorylate their substrates which in turn reflects the kinase activity. However, a single
substrate can be phosphorylated by several kinases under different physiological conditions, the
inference from a substrate to the activated kinase is therefore often difficult. Moreover, most
kinase substrate relationships are still not known or only based on predicted phosphorylation
motifs [5, 6] which renders the majority of information from phosphoproteomics inaccurate or
inaccessible. In this thesis signaling nodes could be identified from the conducted
phosphoproteomics experiments, but it was also obvious from the data that biological
interpretations often suffer from a gap of knowledge in the functional role of protein
phosphorylations. The long term success of phosphoproteomics will therefore largely rely on the
functional understanding of phosphorylation events. So far, deep phosphoproteomics improves
the chance to cover phosphorylation events that can be interpreted with our current knowledge
but also unfolds the large parts of a problem; the higher the number of identified phosphorylation
sites, the higher the proportion of phosphorylation sites with unknown functions. Large scale
functional studies that can further define kinase substrate relationships will be needed and are

vital for future phosphoproteomics investigations.

Isobaric tagging with tandem mass tags was applied to reduce measurement time by sample
multiplexing and the number of missing values between proteomics experiments. Both of these
issues were successfully addressed and allowed the quantification of 22,000 p-peptides and
8,500 proteins without missing values in the data matrix in a 9 times reduced measurement time,
when compared to a label free approach. The changes of the growth factor mediated rescue from
EGFR inhibition could be hereby analyzed to a tremendous depth without losing the possibility to
include biological replicates. Importantly, the data set contained a lot of markers including ERBB3,

AKT, FGFR overexpression or cMET activation that were found as markers of resistance in
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previous studies [7-9]. This adds increasing confidence into the methods applied and the results
obtained. Nevertheless, there are known issues with a compressed dynamic range arising from
precursor co-isolation and MS2 based quantification [10-13]. The compressed dynamic range
results in small fold changes that do not represent the real fold changes. The precision in TMT
labeled samples is usually much higher, but the interpretation of small changes, even if
statistically significant, can be difficult as small changes may not have a biological meaning. The
use of MS3 based workflows where multiple ions are selected in MS2 for recording of TMT
reporter ions in MS3 largely overcomes the problem of ratio compression due to a two steps ion
selection process [14]. In this thesis, MS3 based quantification of TMT reporter ions was applied
to monitor adaptation mechanisms to kinase inhibition. In contrast to the MS2 approach, MS3
based quantification resulted in clearly visible time profiles that also showed reasonable fold
changes. However, the MS3 approach suffers from a large machine duty cycle that increases
issues with data dependent acquisition (DDA). The number of identifications in the same
measurement time is reduced when compared to MS2 because of additional recording of MS3
spectra. The increased duty cycle and stochastic nature of precursor selection in DDA
experiments lowered the number of overlapping identification between experiments. This was
especially apparent in phosphoproteomics experiments. Within one TMT time point experiment,
quantification of all time points was most often possible. However, between TMT experiments the
number of missing values is even more severe than in label free quantification due to the long
duty cycle of MS3. This demonstrates that tandem mass tagging is very helpful to reduce
measurement time, missing values and to increase measurement precision within one batch.
Across batches there are unsolved issues, especially the low overlap of phosphopeptide
identifications will decrease the identified core phosphoproteome to a low number, if the number
of samples increases. The development of new mass spectrometers with more speed will reduce
the duty cycle and successful implementation of ion mobility [15, 16] could help to separate co-
eluting and co-selected peptides to prevent ratio compression. It is thus promising that
multiplexing techniques will be applicable to large scale applications without the aforementioned

shortcomings.
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Abbreviations

DDA Data dependent acquisition

MS Mass spectrometry

MS2 Fragment mass spectrum from MS1 precursor

MS3 Isolated fragment ion spectrum from MS2 precursors
TMT Tandem mass tags
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