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1. Introduction

1.1. Carcinogenesis

Cancer is among the leading causes of death nowadays, with prostate and breast cancer as the most

frequent types among men and women, respectively." Genetic mutations in cells can lead to the

transformation of healthy cells to cancerous ones and their proliferation results in the development

of tumors.” These abnormal cells can infiltrate surrounding tissues and make use of the blood and

lymph system to invade distant tissues.

In 2000 Hanahan et al.®> proposed the hallmarks of cancer and expanded them in 2011.2 They

defined eight acquired biological capabilities and their enabling characteristics to characterize the

pathogenesis of tumors:

(i)

(ii)

(iii)

(iv)

(v)

Resisting cell death can be realized via various strategies; most commonly tumor cells
lose the tumor suppressor function of the tumor protein 53 (TP53). Induction of
autophagy can contribute to their survival, as can cell death by necrosis through
recruiting tumor promoting immune inflammatory cells and release of stimulating
factors for neighboring cells.

Sustaining proliferative signaling can be achieved through growth factors that where
either produced in an autocrine-fashion or supplied by stimulated tumor-associated
stromal cells. Growth factor receptor alterations (structural or in numbers) or
downstream signaling activation can contribute to continuous proliferation of cancer
cells.

Evading growth suppressors like retino-blastoma-associated and TP53 proteins enable
cancer cells to avoid senescence and apoptosis. Contact inhibition can be circumvented
and TGF-B signaling might be redirected to epithelial-to-mesenchymal transition (EMT).

Enabling replicative immortality in cancer cells is accomplished by the expression of
telomerase, a telomere repeat segment adding enzyme, which is absent in normal cells.

Activation of invasion and metastasis can be realized through downregulation of cell-to-
cell or cell-to-extracellular matrix (ECM) adhesion molecules, especially E-cadherin. EMT

and secreted factors from stromal cells are further contributing to this process. Multiple



steps are succeeded during invasion and metastasis — local invasion, intravastation into
and transit through the hematogenous and lymphatic system, extravastation,
micrometastation and finally “colonization”.

(vi) Induction of angiogenesis is an early process in tumor development consecutively
depending also on the stromal microenvironment. Regulating factors are not only
deriving from the cancer cells themselves, also immune inflammatory cells can
contribute. The resulting blood vessels’ structure is, however, not fully intact since they
show excessive sprouting, enlargements and leakiness.

(vii) Deregulating cellular energetics gives cancer cells the possibility to survive in the
hypoxic conditions within tumors. Instead of relying on mitochondrial oxidative
phosphorylation, the cells may use the less efficient glycolysis to produce ATP, while the
secreted lactate can be used by another subpopulation of cancer cells in the tumor
microenvironment.

(viii)  Avoiding immune destruction has become an emerging hallmark since the immune
system is supposed to eliminate cancer cells and thus suppresses tumor development.

(ix) Genome instability and mutation, as already mentioned, are critical in the development
of tumors. Acquisition of various advantageous genetic alterations enables the adaption
of the hallmark capabilities discussed above. Cancer cells suppress at least one of the
DNA repair pathways giving rise to even more mutations.

(x) Tumor-promoting inflammation is an effect coming from cells of the innate as well as
the adaptive immune system infiltrating the tumor tissue. These cells can supply the
stromal cells with various important molecules like growth and survival factors
consecutively leading to tumor progression. Furthermore, the release of reactive oxygen

species (ROS) accelerates the acquisition of mutations in cancerous cells.

In addition to the interplay of cancer cells with the immune system, the tumor microenvironment
also strongly influences cancer development and progression.*> Furthermore, drug responses are

7 Healthy stromal cells presumably prevent tumor

affected by tumor-stroma interactions.®
development; however, signal proteins and proteolytic enzymes secreted by the cancer cells alter
the stromal cells into tumor-supporting cells (Figure 1).2 For example, cancer-associated fibroblasts
(CAFs) are more aggressive than naive fibroblasts. They are an integral part of the tumor

microenvironment and influence the initiation of angiogenesis, tumor promotion and invasiveness.



Stromal cells secrete growth factors and other signal molecules to which the tumor becomes
addicted. Therefore, novel therapeutic strategies targeting the tumor microenvironment are of
great interest.’ Co-culture models of cancer and stromal cells may hold great potentials to
investigate drug effects in vitro and may serve as a good model for the in vivo situation.” Proteome
profiling is a powerful tool enabling comprehensive cellular analysis and thus, qualified to

investigate tumor-CAF interactions.™"
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Figure 1 Crosstalk between tumor and activated stromal cells (Reprinted with permission from Mueller & Fusenig,
Copyright © 2004 Springer Nature)8

1.2. Cancer Therapy

Classical cancer treatments are surgery, chemotherapy and radiotherapy, which are often used in
combination.” Nitrogen mustards were the first cytotoxic agents introduced in cancer therapy in
the 1940s.” In the 1960s, combination therapy was implemented and improved patient survival

16,17

rates tremendously and the application of drug cocktails is still common nowadays. Current

cytotoxic agents in therapeutic use can be classified according to their mode of action, including



antimetabolites that mimick DNA precursors or hinder DNA synthesis (e.g. 5-Fluorouracil,
methotrexate), direct DNA-interacting agents that alkylate DNA bases (e.g. dacarbazine) or form
inter- or intra-strand crosslinks (e.g. cisplatin, oxaliplatin, nitrogen mustards), antitubulin agents

15,18

(e.g. taxanes, vinca alkaloids), hormones and monoclonal antibodies. Inhibition of kinases and

the cell cycle checkpoint have also become interesting targeted strategies for cancer therapy.'*?
However, the precise mechanisms that would explain drug effectiveness and selectivity (towards
cancer rather than normal cells) of many widely applied chemotherapeutics are still not fully

elucidated.™

Major problems in cancer treatment are innate and acquired resistance, the latter can occur rapidly
due to the high tumor heterogeneity and is often responsible for treatment failure." Genetic
alterations as well as variations on protein level, like elevated expressions of drug export pumps, can
account to their occurrence. Unfortunately resistance is often not only distinct toward a single drug,
but to various agents, which is explained by the concept of multidrug resistance (MDR).
Consequently, multidrug therapies applying drugs with complimentary modes of action were

implemented in cancer therapies. However, toxicity remains a major challenge.

The discovery and development of novel drugs is a long and costly endeavor.?! Therefore, strategies
are becoming more popular that provide a more comprehensive picture of the effects induced upon
drug treatment, e.g. ‘omics’ approaches. The gained information gives rise to a better
understanding of the drug’s behavior and clinical prospective, thereby potentially accelerating the
process of drug discovery. Such ‘omics’ investigations might also enable the discovery of patient
stratification parameters for targeted and hence more effective therapies in the clinics. Metal-based
compounds and natural products were in the focus of the research projects of this PhD-thesis and

will be detailed below.

1.2.1. Metal-based anticancer drugs

The most prominent inorganic anticancer drug is cisplatin (cis-diamminedichloroplatinum(ll), CDDP,
Figure 2), which was introduced as a potential antitumor agent in 1969°* and which was followed by
next-generation platinum compounds that reduced side effects or overcame resistance, e.g.
carboplatin and oxaliplatin. Due to their broad anticancer activity these drugs are administered in

approximately 50—-70% of all cancer therapies to patients and thus, are among the most successful



23-25

anticancer agents. However, their molecular mechanisms of action are still controversially

discussed and not fully understood.
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Figure 2 Chemical structures of cisplatin, oxaliplatin, NAMI-A, NKP-1339 and KP46

The mechanism of action of cisplatin generally involves three steps: accumulation, activation and
cellular processing.”® Whether cisplatin enters the cells via passive diffusion or through active
transport, is still under discussion, most likely there are multiple pathways.?”” Once inside the cell
cisplatin is activated by aquation due to the drop of chloride concentration and subsequently, can
react with DNA, forming coordinative covalent (mainly intra-strand) crosslinks with the

%628 The distortion of the three dimensional DNA structure leads to inhibition of

nucleobases.
transcription and DNA replication. Specifically, binding of high mobility group proteins shields the
DNA-cisplatin adducts from nucleotide excision repair and prevents DNA-repair processes, which

usually leads to activation of apoptotic cell death.’®*’

Even though DNA is considered as the main
target of cisplatin, there is emerging interest in other possible molecular targets, like proteins,
within the cell. Next to the mitochondrial genome the mitochondrial transcription factor A has been
proposed as potential target of cisplatin.*® Furthermore this metallodrug might aim for 3-

phosphoinositide-dependent protein kinase 1*! and long noncoding RNAs.*

Cisplatin treatment comes along with severe side effects, over 90% of the patients suffer from
nausea and vomiting.®> Nephrotoxicity is a frequent dose limiting factor in therapy.>* Neuro- and

ototoxicity were also reported adverse effects upon cisplatin treatment. Moreover,



myelosuppression may occur and liver, respiratory system and skin functions may be affected.****

There have been several successful attempts to reduce the toxicity of cisplatin, especially with saline
diuresis,* but also supplementation with sodium salicylate®® or glutathione® improved the patient’s
quality of life. In 1992, the cisplatin analogue carboplatin was approved for clinical practice,
functioning via a similar mode of action.® Importantly, carboplatin displays reduced toxicity
probably resulting from slower hydrolysis in the circulatory system.***

Besides adverse effects, resistance phenomena are a major drawback of cisplatin therapy.? Various
mechanisms can be responsible for their occurrence. Loss of transporter molecules reducing the
incorporation of the platinum drug into the cell and enhanced abundances of proteins involved in
DNA repair processes can be one reason. Defective mismatch repair pathway, activated survival
pathways, e.g. through paxillin overexpression, and higher abundances in extracellular matrix

proteins enabling reorganization of the matrix are further mediators of cisplatin resistance.*

Oxaliplatin (Figure 2) showed promising activity towards colorectal cancer, with intrinsic or acquired
resistance against cisplatin or carboplatin. Similarly to cisplatin, DNA damage is considered to be the
main cytotoxic effect of oxaliplatin. However, the diaminocyclohexane ligand is more bulky and
single-strand breaks occur more often than with cisplatin. Differential cell sensitivity towards oxali-
and cisplatin is not fully understood yet. Interaction with mismatch repair proteins, postreplicative
bypass mechanisms, downstream transcription pathways and Pt-DNA damage recognition proteins
as well as their distinct reaction to DNA adducts seem to contribute to this difference.”?

The challenges of intrinsic and acquired resistance and severity of the side effects of cytotoxic
platinum(ll) anticancer agents led to the discovery of [[(1R,2R,4R)-4-methyl-1,2-
cyclohexanediamine] oxalatoplatinum(ll) (KP1537).* Besides displaying activity against oxaliplatin
resistant cells, this methylated oxaliplatin derivative is depending less on immunogenic cell death
and side effects are distinctly reduced. Moreover, research also focused on inorganic anticancer
compounds with alternative metal centers. These included compounds based on ruthenium (e.g.
NAMI-A,* KP1019/NKP-1339,” or plecstatins®), gallium (e.g. KP46* or gallium maltolate*®) and
lanthanum (e.g. KP772%). The benefits of using different metal centers are potentially novel modes
of actions and reduced side effects compared to the platinum-based drugs. For example, instead of
a square-planar geometry as observed for platinum(ll) drugs, ruthenium(lll) forms octahedral

complexes and display altered physicochemical properties, e.g. hydrolysis behavior, and may exhibit



potentially novel modes of action.”* Furthermore, the resemblance to iron and the ‘activation by
reduction’ mechanism are probably responsible for the minor toxicity of ruthenium(lll)-based

24,48,49

drugs. Insufficient blood supply in solid tumors results in a hypoxic milieu. The reduced oxygen
enables the reduction of the ruthenium(lll) to the ruthenium(ll) species, which is kinetically more

labile. This process was introduced as the ‘activation by reduction’ theory.”

A metallodrug that is already in clinical use is arsenic trioxide (As,03), which displays substantial
efficacy in patients with acute promyelocytic leukemia.”® Furthermore, several not platinum-based
metallodrugs have entered clinical trials, namely NKP-1339 (IT-139), NAMI-A, KP46, TDL1433,

auranofin and ferroquine.”*>*

Currently, ruthenium and gallium compounds showed promising results in clinical trials with good
tolerability since only mild dose-limiting toxic effects were experienced by the patients.?**
Imidazolium trans-[tetrachloro(dimethylsulfoxide)(1H-imidazole)ruthenate(lll)] (NAMI-A) (Figure 2)
was the first Ru-based drug candidate to enter clinical trials with encouraging efficacy against

42,55

development and growth of metastases in preclinical trials. It affects the interaction between

57,58

tumor and stroma cells, influencing matrix degradation,56 cell adhesion, invasiveness and

>>°% Bergamo et al. investigated regulations in the whole transcriptome of non-

migration.
tumorigenic and invasive carcinogenic mammary cells by RNA-sequencing, supporting the
hypothesis of metastasis inhibition by NAMI-A.>® There was, however, no effect observable for the
drug on the growth of primary tumors.” Clinical phase I/Il studies on primary tumors had poor
outcomes, both as monotherapy and in combination with gemcitabine.®* However, it would be
worthwhile testing NAMI-A in a clinical setting that would directly evaluate the anti-metastatic
activity, but such endpoints are not implemented in clinical investigations so far.®* A promising
ruthenium-based drug in clinical trials is sodium trans-[tetrachlorobis(1H-indazole)ruthenate(lll)]
(NKP-1339) (Figure 2), which features enhanced solubility compared to the indazolium analogue
KP1019.°> The compound is predominantly active against primary tumors, especially on colon

cancers in preclinical studies.®>®

Adverse effects in clinical phase trials were minor and promising
results were observed especially for neuroendocrine tumors.**** The mode of action of NKP-1339 is
not fully elucidated yet (Figure 3). Once administered intravenously it is believed to bind
preferentially to albumin and transferrin in the bloodstream.®® Due to a higher demand on iron,
cancer cells overexpress the transferrin receptor which can lead to accumulation of the Ru

compound in these cells. Inside the cells the above mentioned ‘activation by reduction’ process



takes place. Observed effects upon drug treatment include the induction of reactive oxygen species

64,66

(ROS) probably via Fenton-like reactions, endoplasmic reticulum stress with the glucose-

regulated protein of 78 kDa (GRP78) as potential NKP-1339 target,®* cell cycle arrest in the G2/M

67,68 66,68

phase and induction of apoptosis by caspase 8 and the mitochondrial pathway.
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Figure 3 Proposed mechanism of NKP-1339 (Reprinted in accordance with Creative Commons Attribution-
NonCommercial 3.0 Unported Licence from Trondl et al. Copyright © 2014 - published by The Royal Society of
Chemistry)“

Furthermore, the coordination complex tris(8-quinolinolato)gallium(lll) (KP46) (Figure 2) was
undergoing clinical trials.®® Similarly to ruthenium, the gallium compound was postulated to hijack
the transferrin receptor as the main route of cellular accumulation.”® However, in contrast to the Ru
compounds, KP46 is orally bioavailable and targets preferentially bone tissue,” displaying activity
against osteosarcoma.”’ Due to the interference with cellular iron uptake, the inhibition of the iron
depending enzyme ribonucleotide reductase is believed to be responsible for the anticancer activity
of KP46.”” The drug candidate induced loss of cell adhesion, cell cycle arrest in S-phase, apoptosis

173 Clinical phase |

and autophagy, where the latter is probably a protective reaction of the cells.
tests yielded promising results for patients with renal cancer, recommending phase Il studies.”
Another gallium metallodrug that has reached clinical evaluation is gallium maltolate (tris(3-
hydroxy-2-methyl-4H-pyran-4-onato)gallium(lll)), which was designed to dissemble the iron(ll)-

maltol complex catering a bioavailable form of iron.”” Even though gallium maltolate displayed



74,75

anticancer activity in vitro as well as in a patient with hepatocellular carcinoma,’® clinical studies

focused primarily on its antimicrobial activity.”’

1.2.2. Anticancer drugs from natural sources

Since the beginning of drug screening strategies, natural products were investigated for their
anticancer activity. The natural product colchicine isolated from autumn crocus plants was one of
the first substances identified as potential anticancer drug inducing cell cycle arrest in mitosis and
causing genomic damage in cell cultures. However, high toxicity prevented further trials.”®
Nowadays, the interest in potential anticancer efficacy of dietary phytochemicals like curcumin and
resveratrol is increasing due to their effects in cancer patient, which include
anti-proliferative, -metastatic, -angiogenic and pro-apoptotic properties as well as alterations of
ROS.” Moreover, they provoke only minimal side effects. A clinically approved natural product is
Paclitaxel (Taxol).2’ This chemotherapeutic agent was isolated from the Pacific yew Taxus brevifolia

881 The naturally occurring

and is used to successfully treat various types of cancer today.
compound curcumin is an interesting candidate (Figure 4) and its effects on tumor-stroma

interactions in co-culture model systems was investigated in this thesis.

Figure 4 Chemical structure of curcumin

Curcumin is the active agent in turmeric, a dietary spice as well as a herbal agent in traditional
Chinese and Indian medicine.®? The diarylheptanoid displays many valuable characteristics for
cancer therapies including anti-inflammatory, antioxidant, chemopreventive, -therapeutic
and -sensitizing properties. Reduction of oxidative stress, inhibition of gene transcription regulating
oxidative stress and inflammatory response, radioprotective and -sensitizing features were

83,84

demonstrated for curcumin treatment. Chirnomas et al. screened for compounds sensitizing

resistant cancer cells to chemotherapeutics and found curcumin as a promising sensitizer for



cisplatin treatment.®® This natural compound served as sensitizer for various drugs in (MDR-
)resistant breast cancer cells.®*® Curcumin does not solely act on cancer cells directly, but on the
tumor microenvironment as well by inhibiting angiogenesis through downregulation of various
proangiogenic proteins, e.g. vascular endothelial growth factor, basic fibroblast growth factor and

matrix metalloproteinases.®

1.3. Proteome profiling

Proteins are the active players within a cell determining cellular fate and function, and are nowadays

8788 Tracing their regulation upon stress stimuli comprises large amounts of

frequent drug targets.
information concerning the involved processes. The comprehensive analysis of proteins within a cell,
tissue or organism, the so called proteome, under defined conditions is referred to as proteomics.
Since its introduction around 20 years ago,® the development of compatible analytical techniques,
especially in the field of mass spectrometry (MS), enable nowadays the analysis of thousands of

proteins in single sample injections.*

1.3.1. Analytical methods in proteomics

Proteins can be identified and quantified by analytical methods that rely either on the use of
antibodies (e.g. ELISA, Western blot), two-dimensional gel electrophoresis (2-DE) or MS. Also,
combinations thereof have been developed, like mass spectrometric immunoassays,” where
antibodies are first used to target specific analytes, and subsequently MS analysis is performed for
identification and quantification. Sensitivity and specificity are more independent from external
factors during MS measurements than antibody-based methods, where the quality of the antibodies
is the decisive factor. The issue of cross-reactivities due to unspecific binding and poor
reproducibility common to antibody assays do not interfere with MS approaches.””> MS-based
proteomics can involve the measurement of intact proteins referred to as top-down proteomics.”®
Conversely, in a bottom-up approach the proteins are first enzymatically digested to peptides, which
are then identified by MS and assigned to the respective proteins by algorithms.”* The analysis of
peptides has the advantage that their mass range and fragmentation properties are better
compatible with MS instruments than that of intact proteins.”® In the field of proteomics, liquid

chromatography in combination with tandem mass spectrometry (MS/MS) has become the most

10



powerful strategy of analysis enabling untargeted proteome profiling, i.e. detecting not a single or
few selected analytes, but all peptides as comprehensively as possible. The bottom-up approach was

applied throughout the research projects of this thesis and will be discussed here in more detail.

Nowadays, proteomic studies concentrate on characterizing protein regulations upon stress stimuli,
which include changes in their abundance, activity and post-translational modifications. The high
complexity and the large dynamic range of proteins in the samples, e.g. cell lysates or tissue
material, make this a challenging task. Approaches for protein identification and quantification need
to be considered carefully.”® Before the dawn of online MS-based proteomics, 2-DE based on poly
acrylamide (2D-PAGE) was a routinely applied protein separation technology.’® The separation is
based on the differences in charge and molecular weight of the proteins. In the first dimension
isoelectric focusing enables the separation according to their respective isoelectric point. Then, they
are orthogonally separated in a second dimension by their molecular weight resulting in distinct
protein spots. The spots are stained, cut out and the protein content is enzymatically digested for
subsequent MS-analysis, usually by matrix-assisted laser/desorption ionization — time of flight
(MALDI-TOF). Two dimensional — gel electrophoresis is a robust method. Unfortunately, low
abundant as well as hydrophobic proteins are challenging to investigate.® It enables the
identification of around a thousand proteins, however, it is a powerful, but time-consuming method
since every single protein has to be prepared and analyzed separately. Furthermore, a cell’s
proteome comprises a couple of thousands of proteins. Currently almost 16.000 proteins are

798 and over 20.000 human proteins (considering only reviewed

covered in the ProteomicsDB
entries) are listed at UniProt.*® Identification of such a large number of analytes requires
appropriate, high-performance approaches covering large dynamic ranges and also hydrophobic

proteins.

Besides in-gel digestion,’® preparation of proteomics samples often relies on in-solution digestion
procedures. Advantages of the latter approach include reduced sample handling and the possibility
of automatization, however, they may be more prone to impurities.'”® Filter-aided sample
preparation (FASP) allows using detergents for in-solution digestions, increasing the solubility of
proteins.’® Currently, peptide identification of in-solution digested samples is in many cases
achieved by LC-MS/MS analysis, where they are first separated on a reversed phase (RP) column
according to their hydrophobicity, ionized by electrospray ionization and then analyzed by MS. The

peptide sequences are determined via MS/MS fragmentation. Peptide separation by liquid

11



chromatography prior to fragmentation enhances the accuracy of protein identifications especially

102

in complex samples that are usually investigated in the field of proteomics.”™ " The LC performance

benefits from applying higher pressure, increasing column length in combination with longer

90,103

gradients and reduction of particle size of the stationary phase. Nowadays, nano-LC systems are

104

routinely used in proteome profiling studies.” The main advantage of this technique is the

possibility to run flow rates in the nano scale, usually between 200 and 300 nL min™.'®® This enables

the analysis of small sample volumes with little dilution thus enhancing sensitivity, which is
especially important for low abundant proteins.'®® Furthermore, the small inner diameter of the
nanoLC column (75 um) requires fewer mobile phase volumes for elution, hence costs for solvents

and waste production are reduced, and it facilitates temperature control since heat transfer occurs

102,106

fast and efficiently. The reduced particle size of the stationary phase enhances peak capacity

107,108

and separation efficiency. However, these benefits come at the cost of analysis time,

consequently sample throughput, and the operational robustness of the system is lower compared
to capillary LC. In order to increase the loading capacity and simultaneously decrease the time

needed for sample injection precolumns (also referred to as trapping columns) are inserted prior to

105,109

the analytical column enabling flow rates between 5 and 20 uL min™ (Figure 5). The installation

105

of a switching valve enables the usage of two flow circuits with autonomous pumps.™ This way

samples are desalted, cleaned and preconcentrated online on the trapping column, which otherwise

105,110

needs to be done off-line with microcolumns. A gradient with increasing amounts of organic

solvent is employed to elute the peptides from the columns.'**'®

Furthermore, an ion-pairing
reagent is added to the mobile phases, trifluoroacetic acid (TFA) and formic acid are the modifiers of
choice. TFA, although it has the higher ion pairing strength, interferes with the ionization by ESI and

105

should therefore only be used for sample loading.”> Nano columns integrated into microfluidic

M Two dimensional LC has been

devices (HPLC-Chip) are also applied in proteomic studies.
introduced for proteome profiling analysis under the name multidimensional protein identification
technology (MudPIT).**? It combines two complementary separation techniques, including strong
cation exchange (SCX) and RP chromatography, coupled to ESI multiple-stage mass spectrometry
(MS"). By increasing the salt concentration stepwise the peptides are eluted according to their

isoelectric points and subsequently separated by RP chromatography with an acetonitrile gradient.
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Figure 5 Flow paths for loading over trapping column and elution over separation column in a nanolLC system(Reprinted
with permission from Kécher et al. Copyright © 2012 Springer Nature)105

For MS data acquisition three main approaches have evolved in the field of proteomics: Shotgun
proteomics (data dependent acquisition, DDA), targeted proteomics (selected reaction monitoring,
SRM, and MS/MS*") and SWATH (data independent acquisition, DIA).” DDA and DIA both provide a
comprehensive analysis of the proteins in a sample, while following distinct data acquisition
processes. The former selects specific peptides based on measured MS' signals for fragmentation
whereas the latter fragments all ions in defined m/z ranges. Targeted analysis is often used for

validating shotgun results.
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Reviews)95

In shotgun analysis precursor ions are selected for fragmentation according to predetermined
criteria.”® Usually, the most intense signals of a full mass spectrum are selected, and can then be
excluded for a certain period of time to additionally acquire data for less abundant analytes.
Furthermore, only certain charge states are selected, e.g. +2, +3, +4. Singly-charged ions are most
likely corresponding to potential contaminants or redundant small peptides. Higher charges indicate
incomplete digestion of the protein and their resulting spectra would be difficult to interpret via
bioinformatics. Based on the parameter settings, instruments can modulate the conditions for

113 Even though the isolation windows for a precursor ion

fragmentation to achieve the best results.
can already be set very narrowly, ranging from 1 to 3 m/z, co-isolation of peptides with similar m/z
ratios cannot be excluded, which brings certain disadvantages. The resulting chimeric spectra
complicate the identification and can falsify quantification of samples with isobaric tags.”” These
shotgun approaches enable the identification of thousands of proteins within one run covering a
dynamic range of several orders of magnitude. Major challenges are sufficient sensitivity and

reproducibility."** Predominantly Orbitrap and TOF mass spectrometers are in use in the field of

shotgun proteomics, where ion isolation is achieved with quadrupoles or linear ion traps (different
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layouts are presented in Figure 6).>> For this thesis the QExactive Orbitrap by Thermo Fisher

Scientific was the main instrument in use and will be discussed in more detail (Figure 7).
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Figure 7 Layout of the QExactive (Reprinted in accordance with Creative Commons Attribution License from Michalski et
al. Copyright © 2011)115

Upon separation by nanolLC, the peptides are ionized via nano electrospray ionization.™® The
generated ions then enter the mass spectrometer through a heated capillary. The ion cloud passes
through the S-lens where the ion beam is being focused and is further transmitted to the bent
flatapole. This change of direction eliminates neutral species. In the subsequently integrated
quadrupole either a wide or narrow m/z range is filtered for full MS'-scans or for fragmentation of a
specific peptide to obtain MS’-spectra, respectively. The C-trap brings the ion beam either into the
HCD cell or to the orbitrap. Inside the HCD cell, which is gas-filled, fragments of the selected
peptides are generated at their optimum collision energy. For high-resolution and accurate mass
analysis the ions are trapped inside the oribtrap, where they orbit around the inner spindle-like
electrode in trajectories specific for their m/z ratio. The frequency of the generated harmonic
oscillation is acquired and Fourier transformed into a high resolution mass spectrum.’® The
resolution of orbitrap detectors is proportional to the time of analysis, which is thus a determining

factor for analyzing complex samples, e.g. cell lysates.'"’

Highly precise and reproducible quantification even in plasma samples can be achieved by targeted

proteomic methods.”® Therefore, it has evolved as the preferred method of validating shotgun
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data. Here, in contrast to DDA, the instrument does not select precursor ions, but consistently and
repeatedly fragments user-defined ions. Although precise, this method comes at the cost of the
number of peptides determinable in one measurement. For SRM, also known as multiple reaction
monitoring (MRM), triple quadrupole mass spectrometers (QqQ) or quadrupole linear ion traps
(QTRAP), used as QqQ, are the instruments of choice (Figure 6).> The first quadrupole isolates the
selected precursor, which is then fragmented in the second quadrupole, functioning as collision cell.
Subsequently, specific fragments for the selected peptide (transitions), which were predefined by

d.**® Some

the user, typically 3 to 5, are isolated in the third quadrupole and subsequently detecte
effort in preliminary work is required to achieve accurate measurements. Next to the most
promising peptide for each protein, their most intense transitions need to be selected. Best
sensitivity can only be ensured when instrument parameters are optimized, e.g. the collision energy.
If a certain mass is only analyzed when eluted, more peptides can be measured in one run, therefore
retentions times of the targets need to be predetermined as well.”*® Next to SRM, MS/MS™" or

120 |nstead

parallel reaction monitoring (PRM) was introduced as quantification tool for proteomics.
of a third quadrupole a mass analyzer with high accuracy and resolution (Orbitrap or TOF) is utilized

recording complete target product ion spectra.

DIA aims at acquiring data for multiple analytes in certain m/z ranges at once instead of selecting

21 Highly multiplexed MS/MS spectra of the

specific precursor ions for fragmentation (Figure 8).
fragment ions of all the peptides falling in the isolation window at a given time point are recorded.
This way presumably all analytes above the limit of detection will be acquired. A widely applied DIA
method is SWATH (sequential windowed acquisition of all theoretical mass spectra) MS, where
repeatedly m/z isolation windows of typically 25 Da are sequentially analyzed (Figure 9). The time

needed to cover the whole m/z range to be analyzed with those windows is defined as cycle time. A

so called ‘swath’ refers to one isolation window measured throughout the whole LC.

16



Conventional MS/MS Multiplexed MS/MS
Select Select ]
00e ® Y
) i gle (2 ) multiple X X ]
ee?® ® ee® . ee®
] ® ] ® (optional) [ ]
[ X [ X ]
o =
:2 "
—_— ) 8
o, o,
[ o
L Composite L
MS/MS spectrum
Acquire . ;“' L] Acquire e, @ 00
MS/MS “—— 00 * “— 00 *°*
spectra -..u v a..o [ ]
———— [NV . ®e

Figure 8 Comparison of conventional and multiplexed tandem mass spectrometry (Reprinted with permission from
Chapman et al. Copyright © 2013 John Wiley and Sons)121

m/z
*—
T—

[T 111

retention time

Figure 9 Representation of SWATH data acquisition mode

Several quantification approaches have emerged in the field of proteomics, which include label-free
methods, metabolic labeling using stable isotopes or chemical labeling using isobaric tags after
proteolysis (Figure 10).'?* Label-free quantification (LFQ) in proteome profiling experiments is
realized by comparing signal intensities of the identified peptides or the number of MS? spectra that

123-125

were matched to peptides and proteins, the latter is referred to as spectral counting. Applying
LFQ proteomics in the investigation of regulatory effects brings many advantages.126 In contrast to
label-based methods like iTRAQ (isobaric tag for relative and absolute quantitation) or SILAC (stable

isotope labelling with amino acids) there is no sample modification needed prior to analysis.
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Furthermore, label-free approaches enable protein identification most comprehensively.'??
Additionally, LFQ proteomics allows the comparison of large sample numbers with highly diverse
protein profiles.'?® Less sample preparation steps and no requirement for special labeling reagents

also reduce the material costs of such investigations significantly.*’

The main advantage of label-
based approaches on the other hand is the minimization of non-systematic errors, since samples are
combined and hence processed identically, giving the most accurate results for peptide
guantification. Label-free approaches require normalization and chromatographic alignment for
accurate quantification.”> However, not all cell types are easily labeled, for some it is even

impossible, a label-free approach makes such model systems accessible.'?**%
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Figure 10 Procedure of label-free and label-based quantification in proteomics (Reprinted with permission from Li et al.
Copyright © 2012, American Chemical Society) 122

1.3.2. Data analysis in proteomics

In shotgun proteomics, the peptides are identified and assigned to their corresponding proteins
from raw MS data. MS? spectra are characteristic for a specific peptide and are therefore used for

their identification by comparison to database spectra. Several search engines have been developed

130 131

for that purpose, like the freely available Adromeda™ or the commercially sold Mascot.
Corresponding chromatographic peaks, i.e. the intensity of a peptide with a certain m/z in MS!
plotted over its retention time, can be employed for quantification as done by the MaxQuant
software,®® which has the Andromeda search engine integrated. Peptides are then assigned to

corresponding proteins. Some peptide sequences uniquely identify a protein, while others may refer
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to more than one protein. Therefore, proteins with homologous sequences and/or isoforms are
frequently consolidated into protein groups avoiding redundancies and inaccurate data
interpretation.”? Statistical evaluation can be utilized with further software packages like Perseus,***

which is compatible with MaxQuant outputs and which was used throughout this thesis.

Since the peptides are predefined in SRM approaches and the fragments are monitored over time,
chromatographic peaks of the fragment ions can be reconstructed and taken for quantification.
Spiking with isotopically labelled standard peptides enables absolute quantitation and

determination of post translational modifications.**

For peptide identification of SWATH MS data the chromatographic features of their fragment ions
are considered, e.g. co-elution or peak shape. They are compared to library data containing MS?
spectra that uniquely identify a peptide. Subsequently, like in targeted approaches, the
chromatographic peaks resulting from the MS” spectra are used for quantification, which is possible
over four orders of magnitude. The sensitivity of the method lies between that of SRM and shotgun

analysis, but it achieves consistent and accurate result comparable to SRM.**®

Once the proteins are identified and quantified, basal differences in protein abundances or
regulatory effects triggered by stress stimuli like drug exposure can be investigated. Gene Ontology
(GO)™’ terms for each protein can be implemented and enrichment analysis can be performed.
Several software options are available to gain a deeper insight into the involved cellular processes
for further data interpretation.”™ For example, a list of regulated proteins can be analyzed by the
Database for Annotation, Visualization and Integrated Discovery (DAVID),**"*° providing GO
enrichment, pathway mapping and other features. Pathway analyses are possible with respective
databases like KEGG,'* Ingenuity Pathway Knowledge Base, or Reactome.'** They comprise a large
set of interaction maps, enabling a deeper insight into possibly affected biological processes.
Protein-protein interactions networks can be searched using the STRING (Search Tool for the
Retrieval of Interacting Genes/Proteins)'*? database, which implements literature data mining.
These software solutions for data interpretation provide suitable starting points, however, detailed
evaluations of protein lists manually represents still the bottleneck of the whole workflow in many

cases.
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1.4. Proteomics in drug investigations

During the process of drug discovery and development the evaluation of a drug candidate’s
prospects of success is crucial. Phenotypic assays to determine cell cycle, viability and death are well
established and commonly used methods for a first evaluation. In in vitro preclinical toxicity tests
adequate human cell line systems are employed to investigate organ-specific drug reactions.
Common investigated endpoints for cytotoxicity screenings are (i) membrane integrity (e.g. Annexin
V and propidium iodide staining to distinguish apoptotic and necrotic cells), (ii) mitochondrial
function (e.g. MTT assay for half maximal inhibitory concentration (ICsy)-determination), (iii) cellular
metabolite content (e.g. ATP by luciferin-luciferase assay), (iv) lysosomal function (e.g. estimation of
cell viability by neutral red uptake assay) and (v) apoptosis (e.g. determination of increasing caspase
activity using high-throughput screening assays).*® Also genotoxicity, embryotoxicity,
carcinogenicity, endocrine disruption and reprotoxicity are investigated in high-throughput
screening assays. These tests are important in the pharmaceutical industry to reduce toxicity-based

attrition rates.'**

Approaches for further development of such methods are for example attempted with microfluidic-
devices. The miniaturization enables high throughput at low costs and even allows mimicking cell-

cell interactions with interconnected chambers, representing living organisms and their complexity

145,146 | 147

more appropriately. Fast first screenings of drug combinations are examinable as wel

However, all of these tests give little information about a drug’s molecular mechanism of action
within the cell. This understanding is, however, of great importance to predict a compound’s
prospect of success in drug development. Since proteins are determining cellular fate and function,
proteome profiling represents a powerful screening method, which may allow identifying specific
cell responses to drugs. Toxicoproteomics aims to predict adverse drug effects as well as (organ

specific) toxicity and to discover novel biomarkers.**®

Particularly, metal-based anticancer research
requires novel methods that help establishing drug effects in an unbiased profiling manner to
generate hypotheses about potentially novel modes of action. For a long time they were believed to

19 the same

act in a very unspecific way. Since cisplatin was shown to induce direct DNA lesions,
mechanism was suspected for other metallodrugs as well. However, this view changed drastically
during recent vyears.> An investigation on the two ruthenium compounds [(n®-p-

cymene)Ru(ethylene-diamine)CI]PFg (RAED-C) and [(n°-p-cymene)Ru(1,3,5-triaza-7-
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phosphaadamantane)Cl,] (RAPTA-C) revealed contrasting binding sites and selectivity for proteins in
the crystal structure of the nucleosome core particle containing DNA and histones.*® While RAED-C
was observed to directly coordinate to nucleobases, RAPTA-C was preferentially bound to surface-
exposed nucleophilic amino acid side chains of histone H2A/B. As a consequence, alternative
molecular targets to DNA, such as proteins, were brought into focus as potential targets for non-
platinum metallodrugs. Complicating research on metal-based compounds is the fact that under
physiological conditions they are prone to reduction and ligand exchange reactions,”" which needs

to be accounted for in the experimental set-up.

Classical proteomic approaches with 2-DE and MS analysis were combined with photo-activatable
fluorescent probes™? or photoaffinity-click chemistry™® to identify possible targets of metallodrugs.
The proteins HSPA, HSPB, NAPA and TSAA were proclaimed as potential targets for the antiulcer
compound colloidal bismuth subcitrate (CBS) in Helicobacter pylori, investigated by comparative 2-

154

DE based proteomics and immobilized-metal affinity chromatography (IMAC).”" Furthermore,

121t required a

MudPIT seemed to enable the analysis of metals bound to their targets.
characteristic isotopic distribution of the metal and a kinetically inert binding site, but no drug
derivatizations are needed for this approach. Cisplatin™>**® and [(n°-p-cymene)RuCl,(DMSO)]*’
targets in Escherichia coli cells were investigated this way. The Ru(ll) compound was mainly bound
to stress regulating proteins and helicases.”’ High-dose cisplatin treatment revealed 31 potential
targets, where the interaction with low abundant proteins seemed very specific.’*® Treatment with a
medically more relevant dose resulted in 18 cisplatin-bound proteins.”>> Additionally, regulatory
effects upon exposure to the drug were observed for 46 proteins. A chemical proteomics approach
was employed based on affinity-purification to investigate potential molecular targets of a

138 First, the drug was modified with

derivative of the organometallic Ru-based compound RAPTA.
biotin and immobilized on streptavidin resins. The immobilized drug was then exposed to whole cell
lysates of untreated and treated (competitive) cells, respectively. In a subsequent LFQ proteomics
analysis, potential binding partners were identified by subtracting the non-specific interactors
obtained from the competitive pull-down. This way 18 potential RAPTA-targets were identified,
albeit with low enrichment factors, including extracellular growth factors, cell cycle-regulating,
cancer-related, histone-related and ribosomal proteins. A similar approach was employed to

investigate target proteins of the naturally occurring compound curcumin. Affinity enrichment

combined with an iTRAQ-based proteomics approach revealed 197 potential interaction partners.
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Ingenuity Pathway Analysis revealed various affected pathways, including mitochondrial dysfunction

and mTOR signaling.

Proteome profiling was also applied to gain mechanistic insights of drug activity and identify
potential marker proteins of efficacy and resistance, respectively. Lawrence et al. employed a label-
free LC-MS/MS-based proteomics approach to investigate 16 triple negative breast cancer cell

lines.*®°

They combined their data with ICso-values and publicly available data of 160 drugs to
identify protein markers for sensitivity and resistance mechanisms. Regression analysis and
hierarchical clustering were used to reveal sensitivity patterns, e.g. for drugs depending on
mitochondrial proteins, these proteins were enriched in sensitive cells. In the additional analysis of
primary tumor samples 73% of the proteins were overlapping with the prior obtained in vitro data
and quantifiable as well. This clearly demonstrated the clinical relevance of such investigations.
Comparison of protein abundances in oxaliplatin sensitive and resistant colon cancer cell lines by 2-
DE combined with LC-MS/MS analysis associated resistance with decreased expression of pyruvate
kinase M2.'*" The findings were confirmed in patients indicating a potential clinical marker for
resistance. In 2017, a SILAC based proteomic approach investigated early events induced by
oxaliplatin treatment in T-lymphoblastic leukemia-derived cells identifying 107 regulated proteins.*®?
Functional annotation clustering by DAVID and STRING analysis correlated them to four distinct
clusters — centromere and G2/M checkpoint, secreted proteins, ribosomal and nucleolar proteins.
Immunoblotting and ELISA assays were performed for verifications, also with oxaliplatin-treated
osteosarcoma and colorectal cancer cells, revealing differential regulations in the latter. Another
label-free proteomic study of oxaliplatin effects in three colon cancer cell lines revealed up to 57

regulated proteins analyzed by 2-DE and subsequent MALDI-TOF-MS.**

An overlap of 21
differentially expressed proteins was observed in all three cells, influencing various cellular
processes including signal transduction, structural organization and apoptosis. Also, cisplatin
resistance has been investigated by proteomic approaches, especially with 2-DE and MALDI-TOF

164187 A LFQ proteome profiling approach identified a potential cisplatin resistance signature

analysis.
comprising 47 proteins important for survival, cell adherence and lysosomal function.'® These
observations point out that resistance cannot be correlated to regulations of single proteins, but

effects occurring in groups of proteins need to be considered.

A SILAC-based phosphoproteomics approach observed alterations induced by curcumin treatment in

169

head and neck cancer.”™ Affected pathways included actin cytoskeleton reorganization and focal
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adhesion kinase signaling. Another phosphoproteomic study on curcumin effects in colon cancer
used a phosphoprotein purification kit to enrich phosphorylated proteins, which were subsequently
fluorescence labelled, separated by 2-DE and spots of interests were analyzed by LC-MS/MS.*"°
Thirty-nine differentially expressed proteins were identified, displaying the p53 as well as the
MTORC1 signaling pathways. Anti-metastatic effects of 3 chemotherapeutics (oxaliplatin, 5-
fluorouracil, sorafenib) and 3 naturally occurring compounds (curcumin, ginsenoside 20(s)-Rgs,
lutelion) were investigated by a shotgun proteomics approach.”’* Oxaliplatin and curcumin down-
regulated histone H4 and fatty acid synthase, two proteins with important roles in cancer
metastasis. In another LC-MS/MS-based proteomics approach effects of paclitaxel, cisplatin, and 3

ruthenium-based RAPTA-compounds on breast cancer cells were compared, revealing possible

targets and potential insights into their modes of action.'”?

Nano-LC orbitrap analysis was also employed to investigate differential protein regulations in tissue
samples upon drug exposure.'’® Rats were treated with anti-inflammatory corticosteroids, sacrificed
at 11 time points over 66 hours and their livers were proteomically analyzed identifying 451
differentially expressed proteins. These could be assigned to six functional clusters that are clinically
relevant for corticosteroids’ effects, like energy metabolism and cellular stress, showing diverse
time-dependent varieties of proteins with similar functions. Affinity chromatography was employed
to identify potential targets of curcumin in mouse brain."”* The drug was immobilized and exposed
to the tissue lysates, subsequently 2-DE MALDI-TOF-MS analyses were performed showing that the

biphenol binds to a wide range of proteins.

Proteomics can also be combined with other ‘omics’ strategies, i.e. multi-omics research, to
investigate drug effects. Proteogenomics was employed to discover potential biomarkers of drug
resistance in cancer.”’”®> Proteomic, epigenomic and transcriptomic data were combined to study
modes of resistance to methotrexate in colon cancer cells.'”® Identified regulators of resistance were
then used to suggest compounds that possibly revert resistance. Proteomics and transcriptomics
were employed to elucidate the antimicrobial effects of berberine."”” Nucleic acids were found as
potential targets, membrane transport was affected by the treatment and a general down-
regulation of metabolism was observed. The mechanism of the naturally occurring
compound geniposide was investigated by an approach integrating proteomics, metabolomics and
miRNAomics.'”® Various metabolic pathways were affected including the citric cycle. Applying

proteomics and metabolomics the effects of coffee consumption and caffeine were observed in ex
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vivo and in vitro experiments, demonstrating individual pro- and anti-inflammatory effects.!’”® A
similar study revealed a possible metabolic shift due to changes in the citric acid and urea cycle
upon coffee consumption.’® Proteomics was combined with metabolomics to examine the effects
of the ruthenium compound RAPTA-T employing size exclusion chromatography, inductively coupled
plasma MS and MudPIT."®" Both approaches revealed an important impact of histones to its
mechanism of action. Also the anti-inflammatory effects of a secondary metabolite of Mucor
racemosus and dexamethasone were investigated by changes in proteome and metabolome.'®
Profiling of proteins and eicosanoids represent another powerful combination giving a better insight
into regulatory effects upon drug exposure and highlighted once again the importance of stromal

cells in chronic diseases.™®

1.5. General Overview of Applied Methods in this Doctoral Thesis

1.5.1. Cell culture

For this thesis cell lines as well as primary cells were investigated, which differ in handling and
function. While cell lines are immortalized, primary cells can only be cultivated over short periods of
time. A better representation of the in vivo situation can be achieved with cells directly isolated
from tissue. Cancer cell lines display many mutations, can therefore lose tissue-specific functions
and change their phenotype. Proteomes of cell lines can be altered dramatically compared to the

respective primary cells as observed in several proteome profiling studies.'®**#

Culturing of cell lines
is easier since they are already well adapted to the cell culture conditions. Primary cells are stressed
by the introduction to a new, artificial environment and require adding of essential nutrients and
growth factors if cultured in classical media, increasing costs as well. Not all cells can be cultured
and cell lines are the only opportunity for investigations over longer periods of time as needed for

example for the observation of drug effects and acquired resistance.

All cell lines (SW480, HCT116, MCF-7, ZR-75-1) and primary cells (human mammary fibroblasts)
investigated in this thesis were cultivated in their recommended media including the respective
supplements, fetal calf serum, penicillin and streptomycin. Drug treatment concentrations in the
experiments should not induce apoptosis to explore primary drug effects. Programmed cell death is

a cataclysmic process and once started it will be the protein readout of the cell state, while other
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regulations will be masked. Therefore, the half maximum inhibitory concentrations (ICsy) of the
investigated drugs were determined with the colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

87 Only viable cells convert the yellow MTT reagent to the

diphenyltetrazolium bromide) assay.
purple-colored and insoluble formazan (Figure 11) since active mitochondria are required for this
process.'®® After dissolution in DMSO, absorbance is measured at 570 nm, which is proportional to
the amount of proliferating cells (Figure 12). First, an appropriate number of cells is seeded per well.
While the absorbance should be high enough (around 0.75-1.25), the cells should still be in the

1% Therefore, a confluence of not more than approximately 80% at the

exponential growth phase.
end point is recommendable. The cells are then exposed to drug concentrations between 0.01 and
100 uM (range as tested by the National Cancer Institute), or even higher if lower toxicity of the
investigated compound is expected, e.g. in the case of NKP-1339. For our experiments the results of
the most sensitive cells were utilized to decide on an appropriate concentration for drug treatment.
Between one to two thirds of the respective ICso-values of were usually selected to minimize

apoptosis induction.

Mitochondrial
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3-(4,5-dimethylthiazol-2-yl}-2,5-diphenyltetrazolium bromide (E.Z)-5-(4,5-dimethylthiazol-2-yl)-1-3-diphenylformazan
(MTT)

Figure 11 MTT reaction

Figure 12 MTT assay
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Cytoplasmic and nuclear fractions were obtained by cellular fractionation, which were separately
analyzed. This step allowed the observation of intracellular translocation events and by reducing the
complexity of the single samples analyzed, it enabled a more comprehensive detection of low

® A fractionation buffer containing Triton X-100, which leads to

abundant proteins.”
permeabilization of the outer cell membrane,™! was added to the cells and shear stress was applied
by means of a syringe. This combination permitted the lysis of the cells with intact nuclei.
Cytoplasmic and nuclear fractions were separated by centrifugation. A 500 mM NacCl solution was
used to disrupt the nuclei. The proteins of the cytoplasmic and nuclear extracts were precipitated in

ice-cold ethanol. The protein pellets were denatured and solubilized in sample buffer with addition

of urea for subsequent in-solution digestion.

Since the microenvironment plays an important role in tumor progression’ and drug response,’ the
implementation of tumor/stroma co-culture models represents great potential for the investigation
of drug effects.” Human mammary fibroblasts were first treated with TGF-B to display a wound

92 These cancer-

healing signature as predominantly observed in breast cancer microenvironment.
associated fibroblast (CAF)-like cells were then co-cultivated with breast cancer cell lines, i.e. MCF-7
and ZR-75-1, respectively, in a ratio of 1:10, representative for the in vivo situation.®® Due to a
higher need of nutrients and growth factors of primary cells and the fast uptake of these by cancer
cells the media were mixed 1:1 for co-cultivation. Prior to drug treatment the co-cultures were
incubated for 24 h. Treatment concentrations were decided from the ICso-values of the single cell
types. The proteome of the co-cultures experiments was assessed by obtaining whole cell lysates.
After washing with PBS, sample buffer (7.5M wurea, 1.5 M thiourea, 4% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 0.05% sodium dodecyl sulfate
(SDS), 100 mM dithiothreitol (DTT)) was added and cells were scraped off. To disrupt the cells an

ultrasonic treatment was applied. A spatula tip of urea was added for denaturation and sufficient

solvation of the proteins. Samples were put on 4 °C overnight prior to in-solution digestion.

Differential regulations of integrins, which are cell adhesion receptors,'** observed in the response
profiling study of the metallodrugs, suggested differences in cell adhesion after drug exposure. To
verify this finding, cell adhesion assays were conducted in 96-well-plates with laminin, collagen |,
gelatin, matrigel, fibronectin, poly-D-lysin as positive and bovine serum albumin as negative control.

Twenty thousand cells were seeded per well after drug treatment. After 1 hour incubation in serum-
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free media wells were washed with PBS twice and viable adherent cells were determined by the

MTT assay as described above.

1.5.2. Sample Preparation for LC-MS/MS Analysis

After concentration determination via Bradford photometric assay 20 or 25 pg protein from each
sample were pre-concentrated on 10 kDa spin-off filters and washed with an ammonium
bicarbonate buffer. For the disruption and subsequent prevention of reformation of covalent
disulfide bonds, the proteins were first reduced with DTT and then cysteine groups were
carbamidomethylated with iodoacetamide (IAA). Finally, proteins were digested over night at 37°C
with a mixture of trypsin and lys-C, cleaving at the sides of the amino acids arginine and lysine.
Trypsin is commonly used in the field of bottom-up proteomics, due to its relatively good specificity,
robustness, comparatively low price and generation of peptides compatible with LC-MS/MS
performances, ranging from 500 — 3000 Da in mass and with reasonable ionization and
fragmentation properties.”® Additionally lys-C compensates for the deficiency of trypsin to efficiently
digest proteins at lysine sites.” Cytoplasmic and nuclear fraction samples were dried after elution
and stored at -20°C until further analysis, whereas samples of whole cell lysates were first purified

with C-18 spin columns.

1.5.3. Liquid chromatography — Tandem Mass Spectrometry

For in-depth proteome profiling an UltiMate 3000 RSLCnhano chromatography system (Thermo
Fisher Scientific) was hyphenated to a QExactive orbitrap mass spectrometer (Thermo Fisher
Scientific). The peptide samples were reconstituted in 30% formic acid (FA) and diluted with eluent
A (98% H,0, 2% acetonitrile (ACN), 0.1% FA). The solution also contained four synthetic peptides
with a range of hydrophobicity as internal standards to monitor the performance of the analysis,
enabling immediate recognition of problems in the LC-MS system, like retention time shifts or

intensity issues.

With a flow rate of 10 uL min™ of eluent A, samples were loaded on the 2 cm C-18 precolumn.
Peptides were separated on a 50 cm C-18 column with an inner diameter of 75 um at a flow rate of
300 nl min™, the amount of eluent B (80% CAN, 20% H,0, 0.1% FA) was increased over a 90 min
gradient from 8-40%. Overall, including washing and equilibration steps, the LC method was 135

min long. The MS method was 115 min long, scanning over 400 to 1.400 m/z in MS" at a resolution

27



of 70.000 (at m/z = 200). For MS” the 8 most abundant peptides were further fragmented with HCD

at 30% normalized collision energy and measured with a resolution of 17.500 (at m/z = 200).

Targeted analysis as well as measurements of oxidized glutathione, which were both required for
verification of the shotgun data, were performed on an Agilent 6490 triple quadrupole mass
spectrometer combined with a chip-based nano-LC or a ultra-high performance LC system,

respectively.

1.5.4. Data Analysis

For protein identification and label-free quantification the MaxQuant*’ software with the
Andromeda search engine was employed. For a positive identification at least two peptides had to
be identified, at least one needed to be unique for the respective protein. Only the curated Swiss-
Prot entries were used as references, which are non-redundant and without isoforms. The false
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discovery rate (FDR) enables the control of incorrect identifications.”™ For the investigations

conducted during this thesis the FDR was set to 0.01 on peptide and protein level. Statistical analysis

was performed with the MaxQuant compatible software package Perseus.’**

The permutation-
based FDR, which was set to 0.05 for the Student’s t-test, permits the labeling of multi-parameter
significant changes and differences, respectively. Such a multi-parameter correction is of great
importance in the evaluation of large data sets as obtained in proteomics experiments improving

the accuracy of the received results.”®®

1.6. Research Justification

The advent of mass spectrometry-based shotgun proteomics enabled a comprehensive
characterization of a large fraction of the cellular proteome in one experiment.”® This holds great
promise for the analysis of drug effects at a molecular level. Such approaches are potentially ideally
suited to generate hypotheses about unknown or novel modes of action of emerging therapeutic
drugs. Especially, the classes of next-generation metal-based anticancer agents and natural products
would benefit tremendously from an improved understanding of their cellular effects not only by
observing changes of single proteins, but protein signatures. Importantly, MS-based proteomics

methods were rarely applied to study these drug classes.
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Novel anticancer metallodrugs as well as naturally occurring compounds hold great potential for the
treatment of cancer. Comparative proteome profiling of untreated and drug challenged cancer cells
will be evaluated as a strategy to obtain detailed information about drug effects. Furthermore,
target identification is a challenging task that is required for the discovery of improved and
mechanism-based anticancer drugs.” Recently, proteins emerged as potential targets for next-
generation metal-based anticancer agents and thus, affinity-purification strategies will be evaluated

to determine potential targets of a selected metal-based anticancer agent.

Therefore, the aim of this thesis is to explore the suitability of label-free shotgun proteomics to
characterize drug effects of next-generation metal-based anticancer agents and natural products in
cell culture model systems of increasing complexity. Not only cultures of single cell types, but also
co-culture models of tumor cells and cancer-associated fibroblast-like cells will be employed to
account more realistically for in vivo situations of the tumor microenvironment and thus, the
context-dependency of drug treatments. Drug effects will be evaluated at subcytotoxic doses
according to prior determined ICsp-values. The entire proteomics workflow from sample preparation
to data acquisition, evaluation and visualization will be optimized so that such experiments can be
conducted in a reproducible and efficient manner. Finally, the results of the shotgun proteomics

experiments will be validated by biochemical, metabolic and/or targeted proteomics assays.

29



1.7. List of Abbreviations

2-DE, two-dimensional gel electrophoresis; ACN, acetonitrile; CAFs, cancer-associated fibroblasts;
DDA, data dependent acquisition; DIA, data independent acquisition; DTT, dithiothreitol; ECM,
extracellular matrix; EMT, epithelial-to-mesenchymal transition; ESI, electrospray ionization; FA,
formic acid; FDR, false discovery rate; GO, Gene Ontology; HMF, human mammary fibroblasts; IAA,
iodoacetamide; ICso, half maximal inhibitory concentration; iTRAQ, isobaric tag for relative and
absolute quantitation; LC, liquid chromatography; LFQ, label-free quantification; MALDI, matrix
assisted laser desorption-ionization; MDR, multidrug resistance; MRM, multiple reaction
monitoring; MS, mass spectrometry; MS/MS or MSZ, tandem mass spectrometry; MS", multiple-
stage mass spectrometry; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
MudPIT, multidimensional protein identification technology; QqQ, triple quadrupole; ROS, reactive
oxygen species; RP, reversed phase; SILAC, stable isotope labelling with amino acids; SRM, selected
reaction monitoring; SWATH, sequential windowed acquisition of all theoretical mass; TOF, time-of-

flight; TP53, tumor protein 53
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Abstract: Response profiling using shotgun proteomics for
establishing global metallodrug mechanisms of action in
two colon carcinoma cell lines, HCT116 and SWA480, has
been applied and evaluated with the clinically approved ar-
senic trioxide. Surprisingly, the complete established mecha-
nism of action of arsenic trioxide was observed by protein
regulations in SW480, but not HCT116 cells. Comparing the
basal protein expression in the two cell lines revealed an
80% convergence of protein identification, but with signifi-
cant expression differences, which in turn seem to affect the
extent of protein regulation. A clear-cut redox response was

observed in SW480 cells upon treatment with arsenic, but
hardly in HCT116 cells. Response profiling was then used to
investigate four anti-cancer metallodrugs (KP46, KP772,
KP1339 and KP1537). Proteome alterations were mapped to
selected functional groups, including DNA repair, endocyto-
sis, protection from oxidative stress, protection from endo-
plasmatic reticulum (ER) stress, cell adhesion and mitochon-
drial function. The present data suggest that knowledge of
the mechanism of action of anti-cancer metallodrugs and
improved patient stratification strategies are imperative for
the design of clinical studies.

/

Introduction

Evaluating a drug candidate’s prospect of success is an impor-
tant step in the process of drug discovery and development.
Phenotypic assays for assessing cell cycle distribution, viability
and death are widely used screening methods in cancer re-
search.”” However, these tests give little information about
global drug effects on a molecular level. Such global molecular
profiling methods are particularly sought after in metal-based
anti-cancer research because metallodrugs are unspecific ac-
cording to the general paradigm and it is a formidable chal-
lenge to elucidate their mechanisms of action or even direct
targets. Because proteins are active players in cellular fate and
function, proteome profiling is a powerful tool for identifying
specific cellular responses to drug treatments,” including in-
duced protein synthesis or proteasomal degradation (i.e., re-
sponse profiling). Furthermore, chemical proteomics was re-
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cently used to profile the potential molecular targets of a ruthe-
nium(ll) arene 1,3,5-triaza-7-phosphaadamantane (RAPTA) de-
rivative.”’ Attempts to use proteome profiling for drug screen-
ing have already been conducted but those investigations
usually combined basal cell states with phenotypic in vitro
data.**

Response profiling is usually based on label-free quantifica-
tion (LFQ) proteomics, which brings many potential advantag-
es. A broader dynamic range of concentrations can be covered
in contrast to label-based methods like SILAC (stable isotope
labelling with amino acids) or iTRAQ (isobaric tag for relative
and absolute quantitation) and there are fewer sample prepa-
ration steps. Additionally, there is no restriction in sample num-
bers® and omitting stable isotope-labelled compounds re-
duces costs.”! At the same time, we also sought to increase an-
alytical efficiency by further reducing sample preparation and
measurement times to improve the fitness of response profil-
ing for a wide applicability.

The aim of this study was to establish response profiling as
a reliable method for assessing the cellular effects of metal-
based drug candidates by investigating their global mecha-
nisms of action at a molecular level by using in-depth label-
free proteome profiling. The method was evaluated in two
colon carcinoma cell lines (i.e., HCT116 and SW480) by using
the clinically approved arsenic trioxide (Trisenox, As,O;), which
is used for treating multiple myeloma and leukaemia and its
mechanism of action is largely known.®® The confirmed drug
effects of As,0; were then used to construct cancer-related
functional groups of proteins for comparative evaluation of
four novel metal-based drug candidates belonging to diverse
compound families (Figure 1A), including the advanced

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. A) Chemical structures of the investigated metal-based drug candidates. Representation of B) technical repeatability and C) biological reproducibility
exemplified by the nuclear fractions of SW480 cells treated with KP46. The axes show protein abundances as LFQ values in logarithmic scale to base two.

D) Plot of the number of common as well as specific protein identifications in the different fractions (CYT and NE) of HCT116 and SW480. E) An analogous
plot exemplifies the numbers of shared as well as unique significant protein regulation events in SW480 nuclear extracts upon treatment with the indicated

drug.

sodium trans-[tetrachlorobis(1H-indazole)ruthenate(lll)]
(KP1339), tris(8-quinolinolato)gallium(lll) (KP46) and the investi-
gational [tris(1,10-phenanthroline)lanthanum(lll)] trithiocyanate
(KP772) and [(1R,2R4R)-4-methyl-1,2-cyclohexanediamine] oxa-
latoplatinum(ll) (KP1537).1”

Results and Discussion

Two colon carcinoma cell lines, HCT116 and SW480, were treat-
ed with five metal-based compounds, As,O,, which is already
used in cancer treatment, and the four anti-cancer drug candi-
dates KP46, KP772, KP1339 and KP1537. Then, the response
profiles were investigated by in-depth label-free proteomics.
Cells were fractionated into cytoplasmic (CYT) and nuclear ex-
tracts (NE). The CYT contains the soluble protein fraction and
the NE contains nuclear proteins but also insoluble parts of
the cytoplasm, including the cytoskeleton, mitochondria and
other organelles. Fractionation was performed because the in-
tracellular platinum distribution was previously determined as
an important factor in its mode of action and therefore this
might also be relevant for other compound classes. Overall, we
identified 5525 non-redundant proteins (i.e., protein groups) in
144 single-injection nano-liquid chromatography (LC)-MS/MS
runs, each lasting 135 minutes. Overall, this reduced the mea-
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surement time eight-fold compared with previous profiling
studies,” and at the cost of only 20% protein identifications.

During data evaluation, redundant proteins were joined to
protein groups by using MaxQuant."? Therefore, the proteins
discussed here always correspond to protein groups. The over-
all measurement time for one metallodrug using response
profiling was 54 hours and included control and treated cells,
CYT and NE fractions of each state and three biological and
two technical replicates. Technical repeatability and biological
reproducibility showed average R* values of 0.90 and 0.82, re-
spectively (Figure 1B,C), and underlined the stability of the
complete workflow from cell culture experiments to in-solution
digestion and LC-MS analysis on the proteomic scale. Between
4200 and 5100 proteins were identified per run after applying
a false discovery rate (FDR) of 0.01, which generates a data
density of three peptide identifications per second over the
chromatographic gradient. The detected proteins covered
a concentration range of over eight orders of magnitude. Pro-
tein regulations were statistically evaluated by performing t-
tests, including a permutation-based FDR of 0.05, giving multi-
parameter-corrected (mp)-significant changes. Unless other-
wise stated, all the protein regulations discussed below were
mp-significant.

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Response profiling qualifies for tracing metallodrug
mechanisms of action

The applicability of response profiling to investigating metallo-
drug effects was tested by treating the two cell lines with
As,0,. Although 875 proteins were found significantly regulat-
ed in the cytoplasm and 967 proteins in the nuclear extract of
SW480 cells, only 3 cytoplasmic and 13 nuclear proteins were
found regulated in HCT116 cells (see Table S1 in the Support-
ing Information). Based on the known mechanism of action,”
we expected to find a clear reactive oxygen species (ROS) sig-
nature. Oxidative stress initiated by As,O; treatment indeed led
to an induction of heme oxygenase 1 (HMOX1) and other pro-
tection proteins from the Nrf2-Keap1 pathway, for example,
thioredoxin or glutathione systems (Figure 2). Moreover, other
chaperones, including 78 kDa glucose regulated protein (BiP),
heat shock 70 kDa proteins 1A/AB, 1-like, 4, 4L and 6, heat
shock cognate 71 kDa protein, heat shock proteins 105 kDa,
beta 1, hsp90 alpha and hsp90 beta, were found to be induced
(see Table S1), which indicates that massive protein denatura-
tion is caused by the drug.

SW480 cells display cardinal effects of As,O; response

It is also known that As,O; treatment leads to the degradation
of the PML-RARa fusion protein by targeting promyelocytic
leukemia protein (PML), a tumour suppressor that is involved
in various apoptotic pathways." Another postulated direct
target of arsenic trioxide is the inhibition of pyruvate dehydro-
genase (PDHA1).”! With the presently applied profiling
method, we found that treating SW480 cells with As,O; led to
an eight-fold down-regulation of PML in NE (Figure 2). PDHA1
was also affected; a marked increase in the NE (Figure 2) indi-
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cated protein translocation that might lead to its inactivation.
Response profiling also identified strongly up-regulated redox
proteins. For example, HMOX1 and thioredoxin reductase
1 (TXNRD1) were up-regulated 760- and 3-fold, respectively, in
CYT after treatment (Figure 2).The role of the former may not
be solely cyto-protective, because induction of this protein
was also proposed to be responsible for the cytotoxicity of
As,0,.” Heat shock proteins were also induced, as exemplified
by HSPATA and HSPA6 (Figure 2) in both fractions. Similarly,
the chaperones a-crystallin B chain and protein Niban were
3800- and 13-fold up-regulated, respectively, in CYT. Therefore,
our experiments indicate the occurrence of DNA strand breaks,
as characterised by the up-regulation of DNA double-stranded
break (DSB) repair proteins, for example, CDCAS5. In conclusion,
the previously reported proteins that are implicated in the
As,0; mechanism of action were successfully identified and
their regulations were in full accordance with previous reports.

HCT116 cells show a truncated response upon As,O;
treatment

A 15-fold down-degradation of PML was observed in treated
HCT116 cells as well as an up-regulation of HMOX1, similarly to
SW480 cells. Intriguingly, HCT116 cells lacked a ROS response,
as TXNRD1 and other redox proteins were not regulated at all.
Moreover, heat shock proteins, DSB repair proteins and PDHA1
were only slightly regulated. Because a strong induction of
HMOX1 and down-regulation of PML were observed in both
cell types, we denoted them as robust effects of the arsenic
treatment, whereas the other proclaimed responses seem to
be cell-line specific.

In fact, we found that almost all the proteins specifically in-
duced in SW480 cells show significantly higher basal expres-
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Figure 2. Regulations of proteins upon treatment with As,O; are shown for HCT116 and SW480 cells. The proteins represented are implicated in the known
mechanism of action of As,O;. Multi-parameter-significant changes in protein abundances are denoted with a hash (p value <0.05, FDR < 0.01). Proteins in-
volved in ROS protection and heat shock response were determined in the cytoplasmic fraction. Proteins involved in DNA repair as well as targets of arsenic

trioxide were determined in the nuclear fraction.
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sion levels in HCT116 cells (see Table S1 in the Supporting In-
formation), thereby making the need for additional protein
synthesis negligible. This observation suggests that response
profiling not only allows the investigation of drug effects, but
also supports the prediction of potential drug effects based on
the basal protein expression of any kind of cellular system.

Basal protein expression varies significantly in HCT116 and
SW480 cells

Genetic variability

There are several known differences between the two investi-
gated cell lines on the genetic level. Although HCT116 and
SW480 cells are both KRAS mutant, but BRAF and PTEN wild
type, they differ in the mutation status of other genes relevant
to cancer. Overall, 359 and 122 genetic mutations were detect-
ed in HCT116 and SW480 cells, respectively."” The p53 status
of HCT116 cells is wild type, whereas for SW480 it is double-
mutant. There is a PIK3CA mutation in HCT116 cells that is not
present in SW480 cells.™ In contrast, an APC mutation was
demonstrated for SW480 only."®

Proteomic variability

Investigating the basal expression of proteins in the two cell
lines revealed a convergence of approximately 80 % of the pro-
tein identifications (Figure 1D). Their relative abundances, how-
ever, varied strongly identifying 2486 and 2910 significant pro-
tein expression differences in the CYT and NE fractions, respec-
tively. Because identical amounts of protein were analysed,
that is, 25 pg per sample, this finding enabled us to correlate
basal protein expression with the cell's capacity to cope with
stress. The observed fold changes reached 77000-fold higher
levels of interleukin-18 in the CYT of HCT116 and 230000-fold
higher levels of histone H1.5 in the NE of SW480. The abun-
dance of the adipogenesis regulatory factor was found to be
2400 times higher in the HCT116 cytoplasmic fraction. Overex-
pression of this protein has been related to cis-platinum resist-
ance.”” The insulin-like growth factor 2 mRNA-binding protein
1, which was 150- and 540-fold enriched in the CYT and NE of
SW480 cells, respectively, may protect cells during oxidative
stress."” Peroxiredoxins were up to 34 times more abundant in
HCT116 and are also implicated in the Nrf2-Keap1 pathway of
antioxidant effects.”® Consequently, the two different cell
types are clearly equipped with distinct features to deal with
ROS.

Data evaluation by using the Database for Annotation, Visu-
alisation and Integrated Discovery (DAVID)"® revealed DNA
repair to be enriched in SW480 nuclear extracts (e.g., nucleo-
tide excision repair, mismatch repair or homologous recombi-
nation). In HCT116 nuclear extracts, on the other hand, pro-
teins involved in redox regulating processes such as oxidative
phosphorylation, the pentose phosphate pathway or gluta-
thione metabolism were found to be more abundant. Several
pathways concerning the metabolism of sugars, including gly-
colysis/gluconeogenesis and galactose metabolism clustered in
HCT116 NE, indicating a higher metabolic turnover.
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We also discovered differences in the abundance of integ-
rins, which are important extracellular matrix (ECM) interac-
tors.”” The laminin receptor integrin 4 was 4 and 14 times
more abundant in the CYT and NE of HCT116 cells, respectively.
Integrin B5, a receptor for fibronectin, on the other hand, was
42 and 7 times more abundant in the respective SW480 frac-
tions. Also, the integrins 1, a3, a5 and a6 were more abun-
dant in HCT116, whereas integrin aV was the only integrin
more abundant in SW480 cells. This might indicate the differ-
ential cell adhesion properties of both cell lines. To verify our
findings we performed cell adhesion tests with the ECM pro-
teins laminin, collagen and fibronectin with poly-p-lysine as
the positive control and bovine serum albumin (BSA) as the
negative control (Figure 3).

The drastic differences in the basal expression of numerous
proteins in the two cell lines support the hypothesis that they
might be causative for cell-specific regulation events detected
by response profiling.

Response profiling reveals drug- and cell-line-specific
responses to treatment

Following exactly the same procedure as exemplified with
As,0;, the colon carcinoma cell lines HCT116 and SW480 were
also treated with four other metal-based anti-cancer drug can-
didates, namely KP46, KP772, KP1339 and KP1537. A compara-
tive analysis of all response profiling data revealed that the di-
versity of cellular responses to the different metallodrugs and
between the cell lines was much higher than expected
(Table 1).

Table 1. Numbers of multi-parameter-significant protein regulations ob-
served during response profiling after treatment of HCT116 and SW480.

Treatment HCT116 SW480
[a%) NE %) NE
KP46 0 0 0 96
KP772 18 249 706 855
KP1339 0 0 288 552
KP1537 0 0 0 63
As,0, 3 13 875 967
The lanthanum-containing KP772 induced the largest

number of protein regulations, and KP1537 the least. Proteins
in the NE fraction were more strongly regulated compared
with the CYT fraction. For example, the exposure of SW480
cells to KP46 induced no protein regulations in CYT, but 96
proteins were found differentially expressed in the NE fraction
(Table 1).

The heterogeneity of the drug effects was clearly demon-
strated by the fact that only three proteins were found to be
similarly regulated by all four compounds in SW480 (Figure 1E),
namely the down-regulation of disks large homolog 1, alpha-
actinin-1 and alpha-actinin-4. Two other proteins were found
to be affected by all the drugs. However, in these cases,
KP1537 treatment resulted in the down-regulation, whereas
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Figure 3. Differences in the detected levels of oxidised glutathione (GSSG) after treatment of the two cell lines with the respective metallodrug and the ef-
fects of different extracellular matrices (ECMs) on cell adhesion. A substantial increase in cell adhesion was detected with fibronectin and the effect of metallo-
drug treatment on the cell adhesion on fibronectin was tested. *=p value < 0.05, ** =p value < 0.005.

the other drugs led to the up-regulation of the general tran-
scription factor IIF subunit 1. KP46 treatment caused an up-
regulation of the zinc finger protein 185, as did As,0;, whereas
the other metallodrugs caused the inverse effect. KP772 treat-
ment led to very specific responses and only 10% of the regu-
lated proteins were found to occur in both cell lines.

Thus, most observed protein-regulation events in the SW480
nuclear extracts were actually specific for a single drug. This
observation was rather unexpected as metallodrugs may be
expected to generally cause cell stress related to a similar set
of stress-responsive proteins.

This implies that a generalisation of all drug effects may
hardly be possible. Drugs seem to rather exert many effects in
a cell-type specific manner, as desired when treating cancer
cells in a patient. Of course, it is important to differentiate be-
tween robust drug responses that are similar in many kinds of
cells and responses specific to one cell type. Understanding
both robust and specific drug responses may provide support
for predictions on drug effects in patients, an urgent necessity
for appropriate patient stratification and a personalised treat-
ment regimen.

Cancer-related functional groups of proteins

As mentioned above, we significantly reduced the required
time for sample preparation and acquisition in comparison
with earlier proteome profiling studies by increasing, for exam-
ple, the data density. However, data evaluation is a bottle-neck
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in proteomics, through the generation of large protein lists,
and usually requires bioinformatic competence for evaluation.
To contribute to the establishment of response profiling as an
efficient screening method for metallodrug development, we
focused on six functional groups of proteins according to
which metallodrug effects may be categorised. These function-
al groups include DNA repair, protection from oxidative stress,
protection from ER stress, endocytosis, cell adhesion and mito-
chondrial function. Each group consists of a number of pro-
teins (see Table S2 in the Supporting Information). The mem-
bers of these categories were chosen only from proteins,
which were found to be significantly regulated by at least one
drug. The average fold change was calculated for the proteins
that make up each group.

DNA repair

Metal-based drugs are often associated with DNA damage, es-
pecially when derived from platinum(ll), and this may be their
major mode of action.”” The role of DNA as a potential target
for the metallodrug candidates was indirectly examined by
evaluating DNA repair proteins.

Protection from oxidative stress

Cancer cells often display higher levels of reactive oxygen spe-
cies (ROS) than normal cells and are adapted to this situation,
for example, with strong antioxidant capacity. However, cancer
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cells are only able to cope with this up to a certain extent and
a further increase of oxidative stress due to drug treatment
may then lead to the induction of apoptosis.”! Overall,
a higher basal expression of redox regulating proteins was de-
tected in HCT116 cells, which indicates a higher redox capacity
of these cells. Additionally, we measured oxidised glutathione
(GSSG) to evaluate another parameter directly related to oxida-
tive stress upon exposure to the different drugs (Figure 3).

Protection from ER stress

Another promising anti-cancer strategy is the enhancement of
ER stress, which may even result in immunogenic cell
death.”>?® Asparagine synthetase (ASNS) and 78 kDa glucose
regulated protein are known to increase upon ER stress.?¥
These proteins were significantly more highly expressed in
HCT116 than in SW480. We examined the regulation of pro-
teins involved in the protection from ER stress.

Endocytosis

Endocytosis can play an important role in drug uptake, be-
cause it is responsible for the internalisation of macromole-
cules,” and several metallodrugs have been reported to ex-
tensively bind to serum proteins.?"!

Cell adhesion

Integrins are cell adhesion receptors® and their differential ex-

pression can play an important role in cancer progression.”” A
reduction of cell adhesion supports migratory and invasive
phenotypes in cancer cells. We also performed cell adhesion
assays to validate integrin regulations after metallodrug treat-
ment (Figure 3).
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Mitochondrial function

NADH dehydrogenases are implicated in cellular respiration
and indicate the functional state of mitochondria.

Apoptosis

Apoptotic processes were not included in the six groups, be-
cause the initiation of the apoptosis machinery would over-
ride any other protein signature and interesting mechanistic
processes would be obscured. Accordingly, the cells were
treated with sub-cytotoxic concentrations (approximately two
thirds of the 1Cg, values in SW480). Nonetheless, we identified
approximately 70% of the proteins that are listed in the KEGG
pathway for apoptosis, including the key players apoptosis
regulator BAX, caspases, cellular tumour antigen p53, cyto-
chrome ¢, tumour necrosis factor receptor superfamily
member 6, Bcl-2-like protein 1, inhibitor of nuclear factor k-B
kinase subunit o and transcription factor p65.

Metallodrug effects may be mapped by functional groups of
proteins

The spider-web representation allows for an efficient dimen-
sion reduction of proteome profiling experiments according to
the constructed functional groups of proteins and is used to
globally map metallodrug effects on cell lines (Figure 4). Each
web shows two hexagons and a centre point. The outer hexa-
gon denotes a +4 average up-regulation, the inner hexagon
denotes zero average regulation and the centre point repre-
sents a —4 average down-regulation of proteins. For example,
KP46 did not show any effects in SW480 cells, whereas KP772
showed a strong DNA mismatch (DMM) response in HCT116
cells. Importantly, the induction of a ROS protection response
was confirmed for As,O; in SW480; this response was less pro-
nounced in HCT116 cells according to the basal expression of

As,0, KP46 KP772 KP1339 KP1537
oMM DMM oMM DMM oMM
mito- ROS mito- ROS mito- ROS mito- ROS mito- ROS
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Figure 4. Spider-web plots of the regulation of the functional groups of proteins for each metallodrug in the two cell lines. Each spider web shows two hexa-
gons and a central point. The outer hexagon denotes a-+4 average up-regulation, the inner hexagon denotes zero average regulation and the centre point

represents a —4 average down-regulation of proteins. DMM (DNA mismatch repair proteins, n=4), ROS protc. (proteins involved in the protection from ROS,
n=11), ER protc. (proteins involved in the protection from ER stress, n=7), endocytosis (n=4), cell adhesion (integrins, n=5) and mitochondria (NADH dehy-

drogenases, n=34).
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these proteins. The other functional groups were not signifi-
cantly affected with the exception of endocytosis. From these
representations it is evident that the two colon cell lines re-
spond differently to treatment and that each metallodrug dis-
plays characteristic traits that are cell-line-specific.

KP46

In contrast to the SW480 cells, KP46 affected proteins involved
in DMM and ER protection and to a lesser extent cell adhesion
and endocytosis in HCT116 cells. Although the compound was
not reported to affect DNA secondary structure, it seemed to
induce a rescue mechanism of DNA repair, in accordance with
previous findings.”® Integrin deregulation was proposed as
part of its mode of action? however, we observed only
modest effects in HCT116 cells at the applied sub-cytotoxic
concentrations.

KP772

The strongest effects of the current data set were observed
with KP772 in HCT116 cells and involved DMM as well as endo-
cytic processes. The effects on DMM were accompanied by
down-regulation of transcription initiation factors in both cell
lines, which is consistent with previous findings of reduced
DNA synthesis®® after treatment. Furthermore, KP772 treat-
ment reportedly led to a higher expression of the transferrin
receptor protein 1 (TFRC),®" and we also found significant up-
regulation of TFRC in both cell lines (Figure 5). Interestingly,
NADH dehydrogenases were down-regulated in SW480 and
suggested altered mitochondrial function.

KP1339

Similarly to As,0;, KP1339 was capable of up-regulating ROS
protective proteins, which represents a major hallmark. Impor-
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Figure 5. Differences in the protein levels of a selected DNA mismatch repair
protein (CDCAS5, sororin) and the transferrin receptor (TFRC) upon treatment
with the respective metallodrugs and in the two cell lines. A hash denotes

a multi-parameter-significant change in protein abundance with respect to
the control state (p value <0.05, FDR <0.01).
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tantly, KP1339 has already been shown to cause oxidative
stress as part of its mechanism of action.**** Furthermore,
treatment more strongly affected DMM in HCT116 cells. Extrac-
tion experiments of treated cancer cells revealed that KP1339
binds to DNA, however, it is not believed to be a major part in
its mode of action.®” Several receptors were down-regulated
in the cytoplasm of KP1339-treated SW480 cells, including C-
type mannose receptor 2 (MRC2) and prolow-density lipopro-
tein receptor-related protein 1 (LRP1). Both receptors are key
players in the process of endocytosis.”” Importantly, KP1339 is
assumed to be taken up by the cells through serum proteins
by receptor-mediated endocytosis.*¥ TFRC was significantly
down-regulated in SW480 upon KP1339 exposure (Figure 5).
Alpha-actinin-4, one of the proteins down-regulated by all four
drugs in SW480 nuclear extracts, might play a role in the effi-
cient recycling of the transferrin receptor 17 and it was strong-
ly influenced by KP1339 exposure. Down-regulation of endocy-
tosis could generally protect cells from further drug uptake.

KP1537

The oxaliplatin derivate KP1537 induced the lowest response
in protein numbers (Table 1). It seemed to induce a DMM
rescue response in HCT116 cells, although its interaction with
DNA might not be solely responsible for its anti-cancer
effect.” In SW480, we observed an up-regulation of ER protec-
tive proteins, which indicates that ER stress may also play
a role for this compound, for example, ASNS was up-regulated
four-fold.

In conclusion, response profiling can be used as a powerful
hypothesis-generating tool to aid in the elucidation of un-
known mechanisms of action of metallodrugs, which can be
further investigated by targeted experiments. Therefore, we
set out to validate present findings by analysing oxidised glu-
tathione (GSSG) as a metabolic read-out of glutathione (GSH)
consumption upon ROS-induced stress (Figure 3). Importantly,
glutathione synthetase and mitochondrial glutathione reduc-
tase are expressed at lower levels in SW480 than in HCT116,
and indeed we also detected lower levels of GSSG in SW480
cells than in HCT116 cells. However, metallodrug treatment
had very little effect in SW480 cells, but more so in HCT116,
and this contrasts ROS protection by the induction of proteins.
GSSG levels were up-regulated after treatment with KP772 (p
value=0.051) and KP1339 (p value=0.064), but only reaching
significance with As,O; (p value=0.040; Figure 3). This is in
good agreement with the ROS inducing As,0; and KP1339.
This is in good agreement with the ROS inducing As,O; and
KP1339. KP772 is not yet known to cause ROS, but the higher
levels of GSSG are indicative that the cell is forced to consume
GSH, which merits further investigations.

In addition, we performed cell adhesion assays as a read-out
for integrin activity. An increased adhesion of both cell lines
was observed by using Matrigel, fibronectin, poly-p-lysin and
collagen (Figure 3), and the increase in cell adhesion was stron-
ger for HCT116 cells than for SW480 cells. The effects of metal-
lodrug treatment on cell adhesion were then investigated on
fibronectin because both cell lines showed a strong increase of
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adhesion on this matrix. We found that the cell adhesion on fi-
bronectin was significantly affected by treatment with all met-
allodrugs and led to a reduced adhesion with the exception of
KP1537, which led to an increased adhesion in SW480 cells.

Conclusion

The findings of this investigation demonstrate the applicability
of response profiling to globally map metallodrug effects with
respect to the proteome of cells. This approach may offer new
ways to assess the mechanisms of action of anti-cancer metal-
lodrugs in cancer cells, which supports a complex selection
process for drug candidates. However, our results also show
that drug effects may be cell-type-specific even with regard to
cells of the same tissue type. This demonstrates the great need
for a detailed molecular characterisation of drug effects and
may support an improved stratification strategy for modern
personalised medicine.

Experimental Section

Investigated drugs: KP46, KP772, KP1339 and KP1537 were syn-
thesised as described previously.**=% KP46 and KP1339 were fresh-
ly dissolved in DMSO, KP772 and KP1537 in McCoy's cell culture
medium (Life Technologies, UK) at concentrations of 10, 40, 0.5
and 0.5 mwm, respectively. As,0O; (Sigma-Aldrich, USA) was dissolved
at a concentration of 5mm in NaOH (1.2 mgmL™" in H,0, the pH
was adjusted to 7.0-9.0 with HCI) according to the package insert
of Trisenox. Further dilutions to the final concentrations (1 um
KP46, 5um KP772, 80 um KP1339, 0.5 um KP1537, 5um As,0;)
were conducted with the respective media.

Cell culture: SW480 and HCT116, both colon carcinoma cell lines,
were kindly provided by Michael Jakupec (Department of Inorganic
Chemistry, University of Vienna, Austria). HCT116 cells were cul-
tured in McCoy’s medium (Life Technologies, UK) containing 10%
fetal calf serum (FCS; ATCC, USA) and 100 Um™ penicillin/strepto-
mycin (ATCC, USA). SW480 cells were cultured in Eagle’s minimum
essential medium (EMEM; Sigma-Aldrich, USA) supplemented with
10% FCS, 100 Um™ penicillin/streptomycin, 0.1 mm non-essential
amino acids and 1 mm sodium pyruvate.

Treatment: Concentrations for drug treatment corresponded to
approximately two-third ICs5, values in SW480 cells. Experiments
were conducted for 24 h in T25 flasks in triplicate with on average
107 cells per flask. Media were changed in control cells and treated
cells were given fresh media with the respective drug at the con-
centrations mentioned above.

Fractionation: Cells were fractionated into cytoplasmic and nuclear
extract as previously described.”” In short, with the combination
of an isotonic lysis buffer containing protease inhibitors and shear
stress cytoplasmic proteins were solubilised and, after centrifuga-
tion, precipitated with ice-cold ethanol at —20°C overnight. The
nuclei were incubated first with a solution containing 500 mm
NaCl and then with an NP-40 buffer supplemented with protease
inhibitors. The remaining cell material was separated by centrifuga-
tion; nuclear proteins were again precipitated with ice-cold ethanol
at —20°C overnight. Precipitated proteins were dissolved in
sample buffer (7.5m urea, 1.5m thiourea, 4% CHAPS, 0.05%
sodium dodecyl sulfate (SDS), 100 mm dithiothreitol (DTT)) and
a Bradford assay was employed to determine protein concentra-
tions.
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MS sample preparation: Digestions were performed on all sam-
ples in solution as previously described.? In brief, 25 ug of protein
were pre-concentrated on 10 kDa filters (Pall Austria Filter GmbH),
reduced with DTT and carbamidomethylated with iodacetamide. To
receive peptides, samples were digested with a trypsin/lys-c mix-
ture (Promega, Germany) for 18 h at 37°C. Eluates were dried and
stored at —20°C until analysis.

LC-MS/MS analysis: For analysis, a nanoLC-system (Dionex Ulti-
mate 3000, Thermo Scientific, Austria) was coupled to a high-reso-
lution QExactive orbitrap mass spectrometer (Thermo Scientific,
Austria). Dried samples were resolved in 5 pL of 30% formic acid
(FA) containing four synthetic peptides (10 fmol each)? and dilut-
ed with 40 uL of mobile phase A (98% H,0, 2% ACN, 0.1% FA).
Each sample was recorded twice, 5 uL were injected per analysis.

The LC method and MS parameters were optimised so that an
overall 135 min long method was sufficient for single injection
analysis. The gradient was 90 min for 8-40% solvent B (80% ACN,
20% H,O, 0.1% FA) running over a 75 um x50 cm C-18 separation
column (Dionex, Acclaim PepMap RSCL). The MS method lasted
115 min with the resolution set to 70000 and 17500 with maxi-
mum injection time of 50 and 75 ms for MS1 and MS2, respectively.
The m/z range of 400-1400 was scanned and a top 8 method was
chosen for MS/MS analysis.

Data analysis: For protein identification and label-free quantifica-
tion the freely available MaxQuant software, which includes the
Andromeda search engine, was employed."? For a positive identifi-
cation using Swissprot entries only (results will be non-redundant
and without isoforms) at least two peptides with at least one
unique had to be present. The first and main search peptide toler-
ance were set to 50 and 25 ppm, respectively, and the FTMS MS/
MS match tolerance to 20 ppm. A match between runs was per-
formed with a 7 min match time and a 15 min alignment time
window. The false discovery rate (FDR) was fixed to 0.01 on the
peptide and protein level. The mass spectrometry based proteo-
mics data have been deposited at the ProteomeXchange Consorti-
um®™ through the PRIDE partner repository with the dataset iden-
tifiers PXD004764 to PXD004778 and PXD004788 to PXD004796
(see Table S3 in the Supporting Information), accessible via
www.proteomeexchange.org.

Statistical evaluation was performed with the Perseus software ac-
companying MaxQuant. Label-free quantification (LFQ) values were
transformed to the logarithmic scale on the basis of 2. Only pro-
teins that were found at least six times in one cell state and frac-
tion, for example, HCT116 cytoplasm control, were considered for
further data evaluation. Permutation-based FDR set to 0.05 for
truncation was used for t-tests, which gave multi-parameter-signifi-
cant changes.

Cell adhesion assay: Cell adhesion experiments were conducted
in triplicate in 96-well plates (Eppendorf). For positive control,
wells were coated with poly-p-lysin (0.1 mgmL™", Sigma, USA) for
5 min at 37°C, washed three times with sterile water and allowed
to dry for 2 h. Wells were coated for 2 h at 37°C with laminin
(20 ug mL™", Sigma, USA) diluted in sterile water, collagen |
(2.2 mgmL~', Corning, Netherlands) diluted in DMEM (Sigma, USA)
and sodium bicarbonate (1.5%, Sigma, USA), gelatine (2%, Sigma-
Aldrich, USA), Matrigel (1:50, BD Biosciences, Belgium) diluted in
serum-free media, fibronectin (20 gmL™", Millipore, Austria) and
BSA (1%, negative control, Cell Signaling, Netherlands) diluted in
phosphate-buffered saline (PBS). Wells were washed with PBS and
blocked with 0.1% BSA for 1 h at room temperature. SW480 and
HCT116 cells were harvested by trypsin, washed twice with PBS
and seeded at a density of 20000 cells per well in serum-free
media. After 1 h incubation at 37°C, 5% CO, wells were washed

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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twice with PBS to remove non-adherent cells, and 100 uL media
with 10 pL MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide; THP Medical Products, Austria) were added.
Adherent cells were incubated for another 3 h at 37°C, 5% CO,,
before dissolving the formed crystals in 100 uL DMSO (Sigma-Al-
drich) and measuring the absorbance at 570 nm with a microplate
reader (Thermo Scientific).

Measurement of oxidised glutathionine (GSSG): L-Glutathione di-
sulfide (GSSG) was purchased from Sigma-Aldrich (USA). T25 flasks
containing the cells were flushed with argon and washed with PBS.
Then, a cold EDTA suspension (3 mL, 10 mm) was added and the
cells were removed by scraping under argon. The cell suspension
was transferred into a falcon tube and homogenised with an ultra-
sonic probe. After further flushing with argon the homogenised
cells were centrifuged (4500 g) for 20 min at 4°C. Cell supernatant
(1 mL) was transferred into argon-flushed HPLC vials.

The samples were analysed on a triple quadrupole mass spectrom-
eter (QqQ 6490, Agilent Technologies, Austria) coupled to a 1290
Infinity UHPLC System (Agilent Technologies, Austria) by using a Ki-
netex 1.7 pm XB-C18 100 A (50x2.1 mm) column. We used UHPLC-
grade mobile aqueous (Sigma-Aldrich, USA, A) and methanolic
(MS grade, VWR, Austria, B) phases supplemented with 0.1%
formic acid. The gradient was set from 0-2.5% B in 3 min, after-
wards washed for 1 min with 80% B and re-equilibrated to 0% B
with a total run time of 6 min. The following parameters were
used: flow rate 0.5 mLmin~", injection volume 10 pL, column tem-
perature 20°C, ESI spray voltage 4 kV, nozzle voltage 500V, gas
flow 11 Lmin~', sheath gas temperature 400°C, sheath gas flow
12Lmin~", gas temperature 250°C and nebuliser gas pressure
35 psi. Multiple reaction monitoring (MRM) was employed for the
analysis of GSSG ([M+2H]** 307.1) with the quantifier 130.1. Addi-
tionally, the qualifiers 84.2 and 235.1 were employed. The dwell
time was set to 50 ms and positive ion mode was used. The peak
height was used for data analysis.
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Supplementary Table S1

Protein regulation upon the treatment of HCT114 and SW480 cells with As,03; and the metal-based
compounds KP1339, KP1537, KP46 and KP772 was analyzed independently for the cytoplasmic (cyt)
and nuclear (ne) cell fractions. T-test (tt) p-values, tt differences (Diff) as well as indications for
multi-parameter significance (tt sign) are listed for each identified protein. Tt differences are

reported in a logarithmic scale to the basis 2.

The table can only be accessed online.
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Supplementary Table S2
Proteins included in the following functional groups are listed: DNA mismatch repair (DMM), protection from ROS (ROS protc.),
protection from ER stress (ER protc.), endocytosis, cell adhesion and mitochondria

DMM

P40692 DNA mismatch repair protein Mlh1
P43246 DNA mismatch repair protein Msh2
P20585 DNA mismatch repair protein Msh3
P52701 DNA mismatch repair protein Msh6
ROS protc.

P09601 Heme oxygenase 1

Q06830 Peroxiredoxin-1

P32119 Peroxiredoxin-2

P30044 Peroxiredoxin-5, mitochondrial
P30041 Peroxiredoxin-6

Q9BYNO Sulfiredoxin-1

P10599 Thioredoxin

Q16881 Thioredoxin reductase 1, cytoplasmic
QINNW?7 Thioredoxin reductase 2, mitochondrial
Q99757 Thioredoxin, mitochondrial

043396 Thioredoxin-like protein 1

ER protc.

060313 Dynamin-like 120 kDa protein, mitochondrial

076024 Wolframin

095881 Thioredoxin domain-containing protein 12

P18031 Tyrosine-protein phosphatase non-receptor type 1
P55145 Mesencephalic astrocyte-derived neurotrophic factor
Q99497 Protein DJ-1

Qov4Ll Hypoxia up-regulated protein 1

endocytosis

014828 Secretory carrier-associated membrane protein 3
MRC2 C-type mannose receptor 2

Q07954 Prolow-density lipoprotein receptor-related protein 1
P02786 Transferrin receptor protein 1

cell adhesion

P17301 Integrin alpha-2
P26006 Integrin alpha-3
P23229 Integrin alpha-6
P0O5556 Integrin beta-1
P16144 Integrin beta-4

mitochondria
Q9BU61 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex assembly factor 3

Q9P032 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex assembly factor 4
095299 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 10, mitochondrial
Q86Y39 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 11

QouI09 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 12

Q9P0JO NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 13

043678 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 2

095167 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 3

Q16718 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 5

P56556 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 6

095182 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 7

P51970 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 8

Q16795 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9, mitochondrial
075438 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 1
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096000 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 10
Q9NX14 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 11, mitochondrial

043676 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 3

095168 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 4

043674 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 5, mitochondrial
095139 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit €

P17568 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 7

095169 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 8, mitochondrial
Q9Y6M9 NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit S

095298 NADH dehydrogenase [ubiquinone] 1 subunit C2

Q7L592 NADH dehydrogenase [ubiquinone] complex |, assembly factor 7

P49821 NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial

P19404 NADH dehydrogenase [ubiquinone] flavoprotein 2, mitochondrial

075306 NADH dehydrogenase [ubiquinone] iron-sulfur protein 2, mitochondrial
075489 NADH dehydrogenase [ubiquinone] iron-sulfur protein 3, mitochondrial

043181 NADH dehydrogenase [ubiquinone] iron-sulfur protein 4, mitochondrial
043920 NADH dehydrogenase [ubiquinone] iron-sulfur protein 5

075380 NADH dehydrogenase [ubiquinone] iron-sulfur protein 6, mitochondrial
075251 NADH dehydrogenase [ubiquinone] iron-sulfur protein 7, mitochondrial
000217 NADH dehydrogenase [ubiquinone] iron-sulfur protein 8, mitochondrial
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Supplementary Table S3: Assignment of PRIDE Identifiers to the corresponding data set

Data Identifier

Sample Type

PXD004764 cytoplasmic proteins of untreated HCT 116 epithelial cells
PXD004765 cytoplasmic proteins of KP46-treated HCT 116 epithelial cells
PXD004766 cytoplasmic proteins of KP772-treated HCT 116 epithelial cells
PXD004767 cytoplasmic proteins of KP1339-treated HCT 116 epithelial cells
PXD004768 cytoplasmic proteins of KP1537-treated HCT 116 epithelial cells
PXD004769 cytoplasmic proteins of arsenic trioxide-treated HCT 116 epithelial cells
PXD004770 nuclear proteins of untreated HCT 116 epithelial cells

PXD004771 nuclear proteins of KP46-treated HCT 116 epithelial cells
PXD004772 nuclear proteins of KP772-treated HCT 116 epithelial cells
PXD004773 nuclear proteins of KP1339-treated HCT 116 epithelial cells
PXD004774 nuclear proteins of KP1537-treated HCT 116 epithelial cells
PXD004775 nuclear proteins of arsenic trioxide-treated HCT 116 epithelial cells
PXD004776 cytoplasmic proteins of untreated SW480 epithelial cells
PXD004777 cytoplasmic proteins of KP46-treated SW480 epithelial cells
PXD004778 cytoplasmic proteins of KP1339-treated SW480 epithelial cells
PXD004788 cytoplasmic proteins of KP1537-treated SW480 epithelial cells
PXD004789 cytoplasmic proteins of arsenic trioxide-treated SW480 epithelial cells
PXD004790 nuclear proteins of untreated SW480 epithelial cells

PXD004791 nuclear proteins of KP46-treated SW480 epithelial cells
PXD004792 nuclear proteins of KP772-treated SW480 epithelial cells
PXD004793 nuclear proteins of KP1339-treated SW480 epithelial cells
PXD004794 nuclear proteins of KP1537-treated SW480 epithelial cells
PXD004795 nuclear proteins of arsenic trioxide-treated SW480 epithelial cells
PXD004796 cytoplasmic proteins of KP772-treated SW480 epithelial cells
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ARTICLE INFO ABSTRACT

Keywords:

Cancer-associated fibroblasts
Breast cancer co-culture
Curcumin

Mass spectrometry
Proteome response profiling

Proteome profiling profoundly contributes to the understanding of cell response mechanisms to drug actions.
Such knowledge may become a key to improve personalized medicine. In the present study, the effects of the
natural remedy curcumin on breast cancer model systems were investigated. MCF-7, ZR-75-1 and TGF-f1
pretreated fibroblasts, mimicking cancer-associated fibroblasts (CAFs), were treated independently as well as in
tumor cell/CAF co-cultures. Remarkably, co-culturing with CAF-like cells (CLCs) induced different proteome
alterations in MCF-7 and ZR-75-1 cells, respectively. Curcumin significantly induced HMOX1 in single cell type
models and co-cultures. However, other curcumin effects differed. In the MCF-7/CLC co-culture, curcumin
significantly down-regulated RC3H1, a repressor of inflammatory signaling. In the ZR-75-1/CLC co-culture,
curcumin significantly down-regulated PEG10, an anti-apoptotic protein, and induced RRAGA, a pro-apoptotic
protein involved in TNF-alpha signaling. Furthermore, curcumin induced AKR1C2, an important enzyme for
progesterone metabolism. None of these specific curcumin effects were observed in single cell type cultures. All
high-resolution mass spectrometry data are available via ProteomeXchange with the identifier PXD008719. The
present data demonstrate that curcumin induces proteome alterations, potentially accounting for its known
antitumor effects, in a strongly context-dependent fashion.

Biological significance: Better means to understand and potentially predict individual variations of drug effects
are urgently required. The present proteome profiling study of curcumin effects demonstrates the massive impact
of the cell microenvironment on cell responses to drug action. Co-culture models apparently provide more
biologically relevant information regarding curcumin effects than single cell type cultures.

1. Introduction

Curcumin is a naturally occurring polyphenol present in the Indian
spice turmeric, exhibiting strong antioxidative activity which manifests
itself, for example, in the up-regulation of heme oxygenase 1 (HMOX1)
[1]. Furthermore, this compound has anti-inflammatory effects and
displays promising chemo-preventive and antitumor activity; it can
affect cancer cell proliferation and induce apoptosis [2], while being
pharmacologically safe [3]. These features make curcumin a valuable
drug candidate for the treatment of cancer, worthy for detailed ex-
aminations.

Accounting for 30% of all female cancer cases, breast cancer is one
of the most common causes of cancer death for women worldwide [4].
Many studies concerning the potential of curcumin have concentrated
on the antitumor effects of this compound on breast cancer cells. In this
way, the modulation of the NF-xB signaling pathway by curcumin in

MCEF-7 cells has been observed [5]. Furthermore, fatty acid synthase
inhibition [6] and modulation of the estrogen receptor and the p53
signaling pathway [7] were described as consequences of curcumin
application on breast cancer cells. Similarly, changes in the mTORC1
pathway were observed in colon cancer cells [8]. A potential activity of
curcumin on the focal adhesion kinase pathway influencing prolifera-
tion and migration was observed by Sathe et al. in head and neck cancer
[9]. Moreover, a cancer-preventive role of the compound has been
described as well, as mammary stem cells, which are considered as the
source of breast cancer cells, were selectively affected by curcumin
which altered their lipid metabolism and consequently disturbed their
self-renewal potential [10]. Finally, curcumin is apparently able to in-
hibit epithelial-to-mesenchymal transition (EMT) in breast cancer cell
lines [11]. Buhrmann et al. [12] observed similar effects in a co-culture
model system of colorectal cancer cells and fibroblasts, where curcumin
was impeding EMT by suppressing the crosstalk between these cells.

Abbreviations: CAFs, cancer-associated fibroblasts; CLCs, CAF-like cells; EMT, epithelial-to-mesenchymal transition; FDR, false discovery rate; IRDS, interferon-related DNA damage
resistance signature; LC, liquid chromatography; LFQ, label free quantification; MRM, multiple reaction monitoring; MS, mass spectrometry; MS/MS, tandem mass spectrometry
* Corresponding author at: Department of Analytical Chemistry, Faculty of Chemistry, University of Vienna, Waehringer Strasse 38, 1090 Vienna, Austria.

E-mail address: christopher.gerner@univie.ac.at (C. Gerner).
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Tumor-stroma interactions have a strong influence on tumor de-
velopment, progression [13] and drug response [14]. While healthy
stromal cells are supposed to prevent tumor development, emerging
cancer cells can initiate their transformation into tumor-supporting
cells [15]. Cancer-associated fibroblasts (CAFs), an important part of
the tumor micro-environment, appear to be more aggressive than naive
fibroblasts, having the ability to initiate angiogenesis, promote tumor
progression and support invasiveness [15,16]. These cells are rather
predominant in the tumor microenvironment and, in case of breast
cancer, typically display a wound healing signature [17]. Based on the
interplay between tumor cells and CAFs in vivo, co-culture models of
cancer and stromal cells may hold great potentials to investigate drugs
potentially affecting both normal and tumor cells [18]. As demon-
strated recently by us, proteome profiling represents a qualified ap-
proach to investigate tumor-CAFs interactions, despite the complexity
and challenging interpretation of the resulting data [19-22].

Differing individual responses to anti-cancer drugs may represent
one of the most urgent scientific challenges of our modern society, as
also successfully designed targeted drugs may exert unexpected re-
sponses in a large number of patients. The establishment of resistance
mechanisms may be considered to be a typical response pattern which
we need to better understand. Response profiling by proteomics actu-
ally represents a very powerful method to investigate host responses
and mechanisms of drug action [23,24]. Several proteomic studies on
curcumin effects have already been conducted on various types of
cancer including neuroblastoma [25], gastric [26], prostate [27], col-
orectal [28,29] and breast cancer [30]. In the present study, we applied
proteome profiling to investigate the effects of the natural compound
curcumin on breast cancer cells MCF-7 or ZR-75-1 and appropriate co-
culture models mimicking in vivo tumor-stroma interactions with
mammary fibroblasts. Here we describe that curcumin displayed pro-
nounced and previously unrecognized antitumor effects in a surpris-
ingly strong context-dependent fashion.

2. Materials and methods
2.1. Cell culture

The investigated human breast carcinoma cell lines MCF-7 and ZR-
75-1 were kindly provided by Dr. Walter Jaeger (Department of Clinical
Pharmacy and Diagnostics, University of Vienna). Cells were cultured in
phenol red free DMEM and RPMI (LifeTech, Austria), respectively,
containing 10% FCS (ATCC, USA) and 100 U/mL penicillin/strepto-
mycin (ATCC, USA). Human mammary fibroblasts (HMF, ScienCell
Research Laboratories, Carlsbad, CA) were cultured in FBM (Lonza,
Switzerland) supplemented with the FGM Bullet Kit, including 10%
FCS, and 100 U/mL penicillin/streptomycin. The cells were stimulated
with TGF-B1 (2 ng/mL; Sigma-Aldrich, Austria) for seven days in order
to obtain cancer-associated fibroblast-like cells (CLCs) [17] and used up
to passage 5. Experiments were conducted at 37 °C and 5% CO, in 6-
well-plates in triplicates.

For co-culture models representing the in vivo situation the cancer
cells — 1 x 10° and 3 x 10° cells per well of ZR-75-1 and MCF-7, re-
spectively — were incubated with 10% of CLCs with a 1:1 mixture of the
respective media. After 24 h of incubation, co-cultures as well as MCF-
7, ZR-75-1 and CLCs alone were treated with 30 uM curcumin (Sigma-
Aldrich, Austria) for 24 h. Medium was changed in control cells. The
treatment concentration was chosen as two third of the ICsy-value of
fibroblasts (data not shown) which were the most sensitive cells of the
investigated ones. After 24 h treatment, cells were controlled for cell
death using the Trypan blue exclusion protocol (Thermo Scientific,
Austria) with consistently > 95% viable cells, washed with cold PBS
and 200 pL. sample buffer (7.5M urea, 1.5M thiourea, 4% CHAPS,
0.05% SDS, 100 mM dithiothreitol) were added. Cells were scraped off
and lysed by means of an ultrasonic stick. Bradford assay (Bio-Rad-
Laboratories, Germany) was employed to determine protein
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concentrations.
2.2. Sample preparation

Whole cell lysates were digested in solution as described previously
[31]. Briefly, 20 pg proteins were concentrated on a 10 kDa cut-off filter
(Pall Austria Filter GmbH, Austria), reduced with dithiothreitol, car-
bamidomethylated with iodoacetamide and finally digested with a
trypsin/lys-c mixture (Promega, Germany) overnight at 37 °C. This was
followed by a clean-up on C-18 spin columns (Pierce,Thermo Scien-
tific). Therefor peptide samples were acidified with trifluoroacetic acid
(TFA) (1% final concentration) and transferred on the prewashed and
equilibrated spin columns. The column bound peptides were washed
(5% acetonitrile ACN, 0.5% TFA) and finally eluted (50% ACN, 0.1%
TFA). Dried eluates were stored at —20 °C until analysis.

2.3. LC-MS/MS analysis

As described previously [23] for shotgun proteomics analysis a
Dionex Ultimate 3000 nano-HPLC system (Thermo Scientific, Austria)
was coupled to a high resolution QExactive orbitrap mass spectrometer
(Thermo Scientific, Austria). Samples were dissolved in 5uL 30%
formic acid (FA) containing 10 fmol each of four synthetic peptides as
internal standard for LC-MS quality control. After dilution with 40 uL
mobile phase A (98% H,0, 2% ACN, 0.1% FA), 5 uL of the sample were
injected. At a flow rate of 10 pL/min of mobile phase A the samples
were loaded on a 2cm X 75uM C-18 Pepmap100 pre-column (Thermo
Scientific, Austria). Peptides were separated over a 75 pm X 50 cm C-18
separation column (Thermo Scientific, Austria) with a 90 min gradient
from 8 to 40% solvent B (80% ACN, 20% H,0, 0.1% FA) at a flow rate
of 300 nL/min. The MS parameters were set to resolution 70’000 and
17’500 at 200 m/z, AGC targets to 3e6 and 2e4, maximum ion filling
time to 50 ms and 100 ms for MS' and MS?, respectively. The m/z range
was set to 400-1400 in this 115 min long top 8 method with a dynamic
exclusion window of 45s and an isolation window of 2m/z. Peptide
match and isotope exclusion were turned on. For MS? analysis, HCD
fragmentation with 30 eV was applied. Only peptides with charges of
+2, +3 and + 4 were considered. Samples were measured in re-
plicates. Lock mass was chosen at 445.12003 m/z.

Multiple reaction monitoring (MRM) method was developed based
on shotgun data and using Skyline software (v. 4.1) [32], as described
previously [33,34] (Supplementary Table S4). Targeted MRM analysis
was conducted on an Agilent 6490 triple quadrupole mass spectrometer
coupled with a nano-Chip-LC Agilent Infinity Series HPLC1290 system.
Digested sample were reconstituted in 25 pL of 30% formic acid solu-
tion containing equimolar concentration of 4 standard peptides
(10 fmol/pL). Each time 2 uL of sample were injected and peptides were
separated by applying 19 min gradient from 8% to 30% acetonitrile.
Skyline software [32] was used for data evaluation and total peak area
of each peptide was normalized to standard peptides (global standards).

2.4. Data analysis

The freely available MaxQuant software [35] version 1.6.0.1 was
employed for protein identification and label-free quantification (LFQ).
Protein identification was achieved searching against the UniProt Da-
tabase [36] (organism: Homo sapiens, reviewed: yes, version 11/2015
with 20,193 entries) Peptide tolerances for first and main search were
set to 50 and 25 ppm, respectively. Two peptides with at least one
unique peptide were the minimum requirements for a positive identi-
fication. Match and alignment time windows were set to 10 and 20 min,
respectively, false discovery rates (FDR) to 0.01 for peptides as well as
for proteins.

Perseus [37], freely available software for data analysis of Max-
Quant outputs, was used for statistical evaluations. Protein groups only
identified by site as well as reverse and potential contaminants were



D. Kreutz et al.

excluded. Label-free quantification values were transformed to the
logarithmic scale on the basis of 2. Protein groups had to be identified
in at least 70% of the samples of one group for positive identification.
Technical replicates were averaged for t-tests with a permutation based
FDR of 0.05 for truncation, Sy set to 0.2 revealing multi-parameter
significant changes.

All data are available via the public data repository PRIDE at www.
proteomexchange.org [38] with the identifier PXD008719.

3. Results
3.1. Differential basal protein composition in cancer cells

Applying high resolution MS/MS hyphenated with nano-LC to in-
vestigate proteome profiles of whole cell lysates of in vitro model sys-
tems consisting of MCF-7, ZR-75-1 breast carcinoma cells and mam-
mary fibroblasts, cultured alone and in co-cultures, untreated and
treated with curcumin, we identified 5780 protein groups
(FDR < 0.01, Supplementary Table S1). When comparing MCF-7 and
ZR-75-1 cells, 2409 protein groups were found differentially expressed
(FDR < 0.05; Fig. 1), demonstrating profound differences in the pro-
teome profile of these two breast cancer cell lines.

Proteome differences were related to tumor aggressiveness, as ex-
emplified by proteins S1I00P, TUBB3, DKK1 and FABP5 [39-42]; all of
these proteins were significantly higher in MCF-7. In contrast, ZR-75-1
expressed proteins related to less aggressive tumors such as AGR3 [43]
and the tumor invasion suppressor PDCD4 [44]. In addition, metabolic

MCF-7 ZR-75-1

S100P

TUBB3
Tumor promotion
DKK1

FABPS
PDCD4

Tumor suppression
AGR3

LDHB
GLUL Glycolysis
PIK3CA
FASN

G6PD Lipolysis

GNA11

IFITL
IFIT3
1SG15

IFN-related DNA-damage
resistance signature

MX1

OAS1
STAT1
ESR1 _
Estrogen metabolism
CYP1B1

PGR
Progesterone metabolism

FKBP5

abundance

low high

Fig. 1. Differential expression of proteins in MCF-7 and ZR-75-1. LFQ values of
selected proteins, determined in three biological replicates of MCF-7 and ZR-75-
1, respectively, are represented as heat maps. Gene names as well as processes
in which the proteins may be involved are indicated.
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enzymes such as LDHB, glutamine synthetase GLUL and the signaling
molecule PIK3CA were more abundant in ZR-75-1, whereas enzymes
regulating lipid metabolism and signaling such as FASN and GNA11,
and the pentose phosphate pathway regulator GGPD were more abun-
dant in MCF-7 cells.

Another intriguing difference was apparent with respect to proteins
of the interferon-related DNA damage resistance signature (IRDS) de-
scribed by Weichselbaum et al. [45]. The IRDS signature molecules
IFIT1 and IFIT3, ISG15, OAS1 and STAT1 were all more abundant in
MCF-7. Both investigated cancer cell lines were estrogen (ERS1) and
progesterone receptor (PGR) positive. However, while, cytochrome
P450 1B1 (CYP1B1), a protein involved in estrogen metabolism, was
found at higher levels in MCF-7, PGR and FKBP5, which play important
roles in progesterone metabolism, were more abundant in ZR-75-1.

3.2. Proteome alterations induced upon co-culturing

Human mammary fibroblasts were pretreated with TGF-f1 in order
to induce CAF-like cells (CLCs) with a wound-healing signature mi-
micking the in vivo situation found in human mammary tumors [17].
The breast cancer cells ZR-75-1 and MCF-7 were co-cultured with CLCs,
again mimicking plausible in vivo conditions of tumor tissues. Abun-
dance changes of protein groups were evaluated between co-cultures
compared to the respective cancer cells cultured alone (Fig. 2, Sup-
plementary Table S1). Caused by the addition of fibroblasts, a large
number of fibroblast-derived proteins becomes listed as apparently up-
regulated, including mesenchymal markers like VIM, FN1, COL1A2 and
THY1 [46] as well as proteins known to be involved in cancer such as
S100A4, TGM2, SPARC and ANXA1l. However, co-culturing also sig-
nificantly affected the expression of various proteins specifically de-
rived from the cancer cells.

In MCF-7/CLC co-cultures (Fig. 2A), the glycolytic enzyme LDHB,
the cell death promoting protein FADD, the interferon responsive pro-
tein MX1 and the tumor promoting protein GDF15 were found up-
regulated. The enzyme DHCR7 involved in cholesterol synthesis, the
negative mTOR regulator DEPTOR and the tumor-associated serine
hydrolase RBBP9 were found down-regulated.

In the ZR-75-1/CLC co-cultures (Fig. 2B), rather different events
were observed. Here, the metastasis-associated protein ROR2 and the
interferon responsive protein IFITM3 were found up-regulated. The cell
growth suppressor protein BUD31, the chemoattractant CXCL12 as well
as the metastasis suppressor CD82, the anti-metastatic protein HTT and
the calcium uniporter protein MCU were down-regulated.

Proteins found to be significantly regulated upon co-cultivation
were further submitted to the oPOSSUM software (version 3.0) [47].
This allowed the detection of over-represented conserved transcription
factor binding sites in the corresponding sets of genes (Supplementary
Fig. S1, Supplementary Table S3). Significantly regulated proteins in
MCF-7/CLC co-cultures revealed that transcriptional targets of the
transcription factors FOXA1 and CEBPA are down- and of SOX2 are up-
regulated. ZR-75-1/CLC co-cultures displayed a rather different picture.
Here, CTCF, SP1 and KLF4-target proteins were down-, whereas pro-
teins associated with the transcription factor NFATC2, a promoter of
invasive migration, were up-regulated.

3.3. Cell type-specific responses to curcumin treatment

In order to investigate a realistic scenario which may be re-
presentative for a typical in vivo situation, we chose curcumin at the
moderate dose of 30 uM for cell treatment. Both, single cell type models
as well as co-cultures, were used. The most robust proteome alteration
in all cell model systems was the induction of the NF-xB target gene
HMOX1 (Figs. 3 and 4), which was also observed in other studies [48].
HMOX1 has been described to exert antitumor effects via inhibiting
epithelial-to-mesenchymal transition (EMT), as demonstrated recently
in TGF-B1 treated MCF-7 cells [49]. Significant protein regulations
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Fig. 2. Proteins significantly regulated in MCF-7 (A) and ZR-75-1 (B) upon co-culturing with CLCs. Fold-changes of LFQ values (log, scale) and corresponding p-
values (—log scale) are represented by means of volcano plots. Significantly regulated proteins, with an FDR < 0.05 applying multi-parameter correction and
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upon curcumin treatment in the single cell type models are listed in
Supplementary Table S2.

In the co-cultures, protein regulations upon curcumin treatment
differed with regard to the breast carcinoma cells. RC3H1, a modulator
of IKK/NF-kB activity [50], was strongly down-regulated in MCF-7/CLC
co-cultures only (Fig. 4D). As specific was the down-regulation of the
anti-apoptotic protein PEG10 in ZR-75-1/CLC co-cultures (Fig. 4E). In
this co-culture model, the mTOR regulating protein RRAGA and the
enzyme AKR1C2 involved in the progesterone metabolism were found
specifically up-regulated upon curcumin treatment (Fig. 4F and G). All
of these proteins were not significantly altered when single cell type
models were treated with curcumin separately (Fig. 3A-C).

To verify the results of the shotgun analysis, we applied targeted
proteomics analysis using multiple reaction monitoring (Fig. 4H-L).
While not all single observations reached statistical significance, actu-
ally all observations were reproduced independently.

4. Discussion
4.1. Proteome profiling reproduces known curcumin effects

A classical motivation for proteome profiling experiments is to get
an unbiased overview of cellular responses to any cellular challenge or
perturbation [51]. Cellular responses may provide rich information
regarding the effects of drugs [23], also supporting the identification of
the molecular mode of action [24]. Dependent on the investigated drug
and the employed model systems, few up to several hundred significant
protein regulation events may be observed [23]. Regarding the pleio-
tropic effects of curcumin reported in the literature, the number of
regulated proteins identified in the present study was rather small
(Fig. 4). However, the oxidant stress response most consistently re-
ported in numerous studies was clearly detectable by the robust in-
duction of HMOX1 (Fig. 4C). In the co-culture model with MCF7, a
strong modulation of the NF-kB pathway by downregulating RC3H1
was observed (Fig. 4D), which is in accordance with Liu et al. [5]. The
induction of RRAGA (Fig. 4F) in the ZR-75-1 model indicates an in-
fluence of the mTOR signaling pathway, supporting previous
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observations of Sato et al. [8].

4.2. Proteome profiling identifies novel anti-tumor effects of curcumin

All above-mentioned effects are in accordance with described anti-
tumor activities of curcumin affecting regulation of apoptosis, meta-
bolism and survival signaling representing important hallmarks of
cancer [52]. Actually, the significant regulation of AKR1C2 (Fig. 4G)
indicates a strong regulatory function of curcumin in hormone sig-
naling, well known to be crucial for breast cancer [53]. The curcumin-
induced up-regulation of this enzyme, active in progesterone metabo-
lism [54], represents a novel finding, independently supporting the
notion of potential anti-cancer activities of curcumin. This protein is
frequently down-regulated in breast cancer cells, resulting in higher
levels of progesterone, tumor growth and progression [54,55]. We
consider the effect of curcumin up-regulating this enzyme as very im-
portant to understand how this drug may act in vivo.

4.3. Curcumin effects are context-dependent

Generally, drugs are meant to cause rather uniform effects on cells
mediated by specific molecular interaction partners and the associated
consequences. However, there is ample clinical evidence for strong
individual variations in the response to any given therapy as well as
context-dependent responses of cells to defined drugs [56]. We have
speculated previously whether specific treatment of CAFs could re-
present a valid strategy to improve anti-cancer therapy [18]. The pre-
sent data demonstrate that cellular responses observed in single cell
type cultures may dramatically differ from responses observed when
cells interact with other cells. Rather unexpectedly, most significant
curcumin effects presently observed in the co-culture models were ap-
parently context dependent. The influence of curcumin on progesterone
metabolism was evident in the ZR-75-1 model where progesterone-as-
sociated proteins were found highly expressed (Fig. 1), but not in the
MCF-7 model. The effect of curcumin on NF-xB signaling mediated via
RC3H1 was observed in the MCF7 model only, which specifically dis-
plays an interferon-related DNA-damage resistance proteome signature
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treatment with curcumin (Fig. 4).

(Fig. 1). Here we can only speculate whether interferon signaling ty-
pically associated with virus defense may modulate NF-kB signaling
representing the canonical inflammatory signaling cascade. Fact is that
curcumin effects observed in one model were absent in the other and
vice versa, demonstrating a very strong context dependent mode of
action of curcumin. Already the co-culturing of breast cancer cells with
10% CLCs led to cell-type specific responses (Fig. 2, Supplementary Fig.
S1). Bioinformatic analysis with the oPOSSUM software indicated that
co-culture induced proteins, which are targets of transcription factors
highly relevant for cell de/differentiation, cell cycle and energy meta-
bolism (Supplementaty Fig. 1, Supplementary Table S3). Although co-
culturing conditions were identical, the different sets of regulated
proteins were also found to be related to different transcription factors.
While we typically assume that regulatory events may indicate cell
responses of the cells showing positive protein expression already in-
itially, it should be noted that is assumption remains unproven.
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Anyhow, the main observation of context-dependent co-culture and
curcumin effects remains unaffected by this notion.

Our observations may fuel the discussion with regard to individual
therapeutic responses mentioned above. Only if we better understood
the influencing parameters contained in the genome, proteome and
metabolome of diseased cells and their microenvironment, we may be
able to predict drug actions in an individualized fashion and better
support patient stratification.

5. Conclusions

The present study clearly demonstrates that cells respond to a de-
fined challenge in a strongly context-dependent fashion. Investigation
of co-culture models as employed in the present study might provide
the opportunity to elaborate the unknown determining parameters in a
systematic fashion. Identification of such molecular parameters may be
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Fig. 4. Proteins significantly regulated in MCF-7/CLC (A) and ZR-75-1/CLC (B) co-cultures upon treatment with curcumin. Fold-changes of LFQ values (log, scale)
and corresponding p-values (—log scale) are represented by means of volcano plots. Significantly regulated proteins, with an FDR < 0.05 applying multi-parameter
correction and sO = 0.2, are delineated in the upper right region of the plots for up-regulated and upper left region for down-regulated proteins. C-G. Levels of
proteins specified in (A) or (B) are further represented in bar graphs, asterisks indicating significant differences with an FDR < 0.05 applying multi-parameter
correction and sO = 0.2. H-L. Levels of proteins specified in (A) or (B) measured by MRM represented in bar graphs, total area was normalized to global standards

and with respect to best ionization quality, asterisks indicate significant differences.

a key strategy to improve patient stratification and patient-tailored
anti-cancer therapy.

Supplementary data to this article can be found online at https://

doi.org/10.1016/j.jprot.2018.05.007.
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Supplementary Information

Supplemantary Figure S1. Transcription factors responsible for regulation of proteins identified by
oPOSSUM. Z-score vs GC content plots of relevant transcription factors. Cut off was set to mean + 2
times standard devation. (A) and (B) represent transcription factors associated with proteins up-
regulated or down-regulated in MCF-7/CLC co-cultures, respectively. (C) and (D) represent
transcription factors associated with proteins up-regulated or down-regulated in ZR-75-1/CLC co-

cultures, respectively.

Supplementary Table S1. List of identified proteins including identification parameters, differentially
regulated proteins with regard to MCF-7 compared to ZR-75-1 and co-cultures compared to single
cell type culture models. Protein names and gene names are listed according to UniProt, fold change
values are listed on a logarithmic scale on the base of 2, protein regulation events meeting an
FDR < 0.05 are marked. Identification parameters include the number of total and unique peptides
identified via mass spectrometry per protein, the corresponding sequence coverage, g-value, score,
intensity and number of MS/MS counts. Note that all MS data are fully available via
ProteomeXchange with the identifier PXD0O08719.

The table can only be accessed online.

Supplementary Table S2. Proteins significantly regulated in CLCs, MCF-7 and/or ZR-75-1 upon
treatment with curcumin. Fold-changes of LFQ values and corresponding g-values are listed for all
proteins significantly regulated upon treatment with curcumin in CLCs, MCF-7 and/or ZR-75-1,
applying an FDR < 0.05, multi-parameter correction and sO 2 0.2. Significant regulatory events are

highlighted in bold.

Supplementary Table S3. List of transcription factors responsible for regulation of proteins
identified by oPOSSUM. Detailed information about relevant transcription factors to all up- and
down-regulated proteins including class, family, GC content and calculated Z-score. General settings

for the oPOSSUM search are included.

Supplementary Table S4. MRM method: List of proteins, peptides and transitions applied for MRM

measurements.
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Supplementary Table S2

Gene names CLCs MCEF-7 ZR-75-1
fold change g-value fold change g-value fold change g-value

HMOX1 4.24 4.9E-02 19.78 1.4E-01 66.10 0.0E+00
ISLR -11.73 4.9E-02 nd na nd na
SEMA7A -3.60 4.5E-02 1.48 1.0E+00 1.41 9.7E-01
MMP2 9.07 6.0E-02 2.82 6.9E-01 -1.58 9.3E-01
SPARC 4,91 3.9E-02 1.84 1.0E+00 -1.26 9.8E-01
CDKN1A 12.10 4.7E-02 1.81 1.0E+00 1.06 1.0E+00
GSDMD 2.76 4.2E-02 nd na -1.46 6.9E-01
RND3 13.65 0.0E+00 1.19 1.0E+00 -1.10 1.0E+00
FKBP5 4.62 5.0E-02 -1.08 1.0E+00 -1.17 9.3E-01
ADAMTSL1 -3.63 4.3E-02 1.50 1.0E+00 nd na
GDF15 11.70 5.8E-02 3.70 2.0E-01 3.33 5.4E-01
ECE2 1.41 6.6E-01 15.71 7.0E-02 1.22 9.4E-01
IFIT1 1.06 9.4E-01 -4.56 2.8E-02 nd 1.0E+00
TTI2 2.28 1.5E-01 4.82 4.7E-02 -3.66 8.2E-01
MUCS5B nd na -4.34 3.5E-02 nd na
GCLM 1.54 2.1E-01 1.71 6.7E-01 4.31 4.0E-02
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Supplementary Table S3: Transcription factors responsible for regulation of proteins
ccMCF7 vs MCF7_only significantly up-regulated proteins submitted to oPOSSUM

TF Class
PAX4 Helix-Turn-Helix
SOX2 Other Alpha-Helix
NOBOX Helix-Turn-Helix
HOXAS5 Helix-Turn-Helix
SOX9 Other Alpha-Helix

Family
Homeo
High Mobility Group
Homeo
Homeo

High Mobility Group

ccMCF7 vs MCF7_only significantly down-regulated proteins submitted to oPOSSUM

TF Class
NOBOX Helix-Turn-Helix
FOXA1 Winged Helix-Turn-Helix
CEBPA Zipper-Type
HOXAS5 Helix-Turn-Helix

Family

Homeo
Forkhead
Leucine Zipper
Homeo

ccZR-75-1 vs ZR-75-1_only significantly up-regulated proteins submitted to oPOSSUNM

TF Class
NFATC2 Ig-fold
HOXA5 Helix-Turn-Helix

Family

Rel
Homeo

IC GC Content
11.004 0.441
12.951 0.361
9.573 0.260
8.759 0.315
9.079 0.358

IC GC Content
9.573 0.260
12.533 0.332
8.712 0.358
9.573 0.260

IC GC Content
9.859 0.346
9.573 0.260

cCZR-75-1 vs ZR-75-1_only significantly down-regulated proteins submitted to oPOSSUNV

TF Class
CTCF Zinc-coordinating
SP1 Zinc-coordinating
KLF4 Zinc-coordinating
ZFX Zinc-coordinating

Family

BetaBetaAlpha-zinc finger
BetaBetaAlpha-zinc finger
BetaBetaAlpha-zinc finger
BetaBetaAlpha-zinc finger

IC GC Content
17.205 0.645
11.129 0.820
12.618 0.771
13.077 0.749

Target gene Target TFBS

hits hits
1 1
5 11
18 123
21 283
17 69

Target gene Target TFBS

hits hits
9 71
8 56
9 50
11 149

Target gene Target TFBS

hits hits
37 363
40 654

Target gene Target TFBS

hits hits
14 16
27 176
26 192
20 79

Z-score

13.749
13.370
13.272
13.117
11.648

Z-score

13.573
13.218
11.552
11.276

Z-score

20.451
18.013

Z-score

17.068
14.703
14.518
14.142

General settings for oPOSSUM search

JASPAR collection(s):
Taxonomic supergroup(s):
Minimum profile specificity:
Conservation cutoff:

Matrix score threshold:
Upstream sequence length:

Downstream sequence length:

Results returned:

CORE

vertebrates (Homo sapiens)
8 bits

0.40

85%

5000

5000

All results sorted by Z-score
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Summary of “Comprehensive assessment of proteins regulated by dexamethasone reveals novel effects

in primary human peripheral blood mononuclear cells”

Human peripheral blood mononuclear cells (PBMCs) from three healthy donors were inflammatory
activated in vitro and subsequently treated with the antiphlogistic drug dexamethasone. High-resolution
mass spectrometry (MS) analysis yielded comprehensive proteome profiles of cytoplasmic, nuclear and
secreted protein fractions of the three cell states. Overall 6886 proteins were identified, with 469
regulatory effects observed upon inflammatory activation. A successful stimulation of the PBMCs was
demonstrated by the up-regulation of interleukins (ILs) and chemokines. Several proteins were
determined with yet unknown involvement in the inflammatory process, e.g. zinc-finger proteins and

helicase-like transcription factor.

Dexamethasone treatment counter-regulated most of the proteins, which were changed in abundance
after inflammatory stimulation. However, the original cell state was not fully reconstituted and some
proteins involved in redox regulations such as glutathione reductase and glutathione S-transferase mu 1,
were even further up-regulated upon drug treatment. These unexpected effects of inflammatory

activation and drug treatment are potentially responsible for adverse effects.

To verify our findings, targeted MS analysis using multiple reaction monitoring (MRM) was conducted on
selected proteins. IL-1PB, IL-6, C-X-C motif chemokine 2 and growth-regulated alpha protein were found
up-regulated by inflammatory activation and successfully down-regulated by dexamethasone treatment
using the MRM approach. As opposed to these counter-regulations, pentraxin-related protein PTX3 and
tumor necrosis factor-inducible gene 6 protein regulations upon stimulation were even amplified by
drug administration. Furthermore, the results revealed strong inter-individual differences in basal

protein abundances, but regulatory effects displayed similar trends.

This study showed the great potential of the in-depth analysis of proteome profiles combined with
targeted proteomics approaches to investigate drug effects on a molecular level in an individualized

fashion.
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' An Organoruthenium Anticancer Agent Shows Unexpected Target

“Selectivity For Plectin
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Abstract: Organometallic metal(arene) anticancer agents
require ligand exchange for their anticancer activity and this
is generally believed to confer low selectivity for potential
cellular targets. However, using an integrated proteomics-based
target-response profiling approach as a potent hypothesis-
generating procedure, we found an unexpected target selectivity
of a ruthenium(arene) pyridinecarbothioamide (plecstatin) for
plectin, a scaffold protein and cytolinker, which was validated
in a plectin knock-out model in vitro. Plectin targeting shows
potential as a strategy to inhibit tumor invasiveness as shown in
cultured tumor spheroids while oral administration of plec-
statin-1 to mice reduces tumor growth more efficiently in the
invasive B16 melanoma than in the CT26 colon tumor model.

M etal-based anticancer agents beyond the platinum class
offer a largely unexplored chemical space to biology and
medicine."! A glimpse on their potential can be deduced from
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the fact that simple ligand modifications on ruthenium
organometallics dictate their ability to target either oligonu-
cleotides or proteins in the nucleosome core particle” or to
catalyze hydride transfer reactions in cells.”) However,
identifying protein targets still represents the main challenge
in the field of bioinorganic anticancer drug discovery that is
historically governed by serendipity.”! Although promising
validation strategies were recently reported for bismuth® and
gold porphyrins,® no such attempt was carried out for metal-
based anticancer agents designed as prodrugs that contain
a hydrolytically labile metal-halido bond and which are
expected to show rather low specificity according to the
current thinking in the field.

We recently discovered the Ru(arene) compound termed
plecstatin-1 (Figure 1A) as a promising metal-based lead
structure for the treatment of solid tumors, designed for oral
application.!! Herein, we report on an integrated proteomics-
based target-response profiling approach to generate hypoth-
eses on target preferences for such metallodrugs in cells. We
identify and validate plectin, a scaffold protein and cyto-
linker,”" as the main cellular target of plecstatins with
pronounced effects on the organization of non-mitotic micro-
tubules (MTs). Non-mitotic MTs are an underappreciated
drug target and their disturbance by plectin-targeting agents
affects the motility of cancer cells, which may be harnessed as
a promising anticancer strategy.

Crystal-soaking experiments with the nucleosome core
particle revealed that plecstatin-1 did only bind to histi-
dines 79 and 106 on histone 2B after hydrolysis.[! Exposing
plasmid DNA to plecstatin-1 at r,-values of up to 5 did not
affect the electrophoretic mobility of the plasmid (Fig-
ure SIA in the Supporting Information), supporting the
absence of any DNA interaction.

Plecstatin-1 was selected for a five-dose NCI-60 screen!®!
and it showed higher potency in the cell line panel compared
to cisplatin and KP1019 (NSC No. 776415, Figure S1B).
COMPARE 170 analysis based on the growth inhibition
profile revealed solely correlations below the significance
threshold. This indicated that plecstatin-1 follows an unpre-
cedented mode of action.

Plecstatin-1 showed a cellular accumulation of
160 fgcell™' (relative standard deviation, RSD = 36%)
comparable to satraplatin (Figure S1C). Hydrolyzed ruthe-
nium-arene metallodrugs face innumerous potential binding
partners intracellularly. Target profiling by affinity purifica-
tion is suitable to profile for potential targets by immobilizing
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BE T statin-2 showed very similar in vitro activity profiles (Fig-
A . >_<§T:?_ E ?_ ure S1E), with plecstatin-2 being less potent. Whole-cell
@N & a““ o @N‘-‘. ,!‘\G = lysates of HCT116 colon carcinoma cells were generated in
) "’L\r\; this study using a non-denaturing lysis buffer to retain protein
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Figure 1. Potential protein targets of plecstatins were obtained by
integrated target-response profiling. A) Chemical structures. B) Sche-
matic representation of the integrated target-response profiling work-
flow. C) Selected chromatograms and mass spectra of a plectin-spe-
cific tryptic peptide. D) Plot of the target profiling experiment. PLEC:
plectin; ODF2: outer dense fiber protein 2.

a drug on solid support and exposing it to whole cell lysates.
Only RAPTA, which is an organoruthenium drug candidate
with antimetastatic properties,”’ was assayed in a similar
setting

To address non-specific interactions, we performed differ-
ential target profiling, whereby the cell lysate is either pre-
treated or not pre-treated with the parent metallodrug before
adding to the immobilized drug (Figure 1B). Pre-treatment
saturates actual binding sites and results in these proteins not
being able to interact with the immobilized drug, which is
exemplified in the chromatograms of Figure 1 C.

A derivative of plecstatin-1 with a hydrophilic biotin
linker (plecstatin-3, Figure 1 A) was prepared to be immobi-
lized on streptavidin beads. Derivatising the arene is suitable
for retaining the target selectivity.”” Plecstatin-3 was obtained
in situ and is stable over 24 h (Figure S1D). The n’toluene
derivative (plecstatin-2) was also prepared and is used as the
parent drug in the proteomics assays. Plecstatin-1 and plec-
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and significance based on LFQ values represent the axes of
the target profiling plot (Figure 1D), while the size of the
bubbles represents the LFQ-intensity of a given protein. The
specificity of binding was calculated as a percentage using the
CRAPome database!'! and was adapted for abundance of
MS/MS counts. In Figure 1D, green represents specific bind-
ing probabilities of >0.97. To account for ligand-exchange
kinetics in the target profiling experiment, the pre-treated and
the not pre-treated cell lysates were incubated with the
immobilized drug for 4 h. Roughly 400 proteins were identi-
fied of which only outer dense fiber protein 2 (ODF2, 210-
fold) and plectin (PLEC, 160-fold) emerged as potential
targets with high enrichment factors.

Then, response profiling was carried out as a second
dimension by analyzing the proteomic response signatures in
living HCT116 cells to drug treatment as recently reported
(Figure 1B)." Cells were treated with plecstatin-2 at half
1Cs, concentration and the tryptic digests of fractionated cells
were analyzed by LFQ shotgun analysis. Response profiling
showed 581 out of 4343 proteins with significant regulation
events (false discovery rate, FDR < 0.05) in the cytoplasmic
and/or nuclear fractions (Figure S3). The data sets of the
proteomic experiments are available at the PRIDE repository
under  PXD005373-PXD005376, PXD005386, and
PXD005389 (Table S2).

The significantly regulated proteins were then included to
construct the target-response networks for ODF2 and PLEC

MS/MS  Unique
counts Peptides

Ratio
NIC

323.3 GA0E-04 160

C Accession Protein Intensity Coverage Score P-value

Q15148 Plectin | 2.68E+09 253 m 16%

Figure 2. Target-response profiling network of plecstatins for the two
most enriched proteins from HCT116 cells A) ODF2 and B) PLEC.
C) Mass spectrometric results for plectin identification from target
profiling.
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using STRING (Figure 2A,B)."” This provides a strong
target hypothesis because the drug target must be causally
linked to its cellular effects.

A small target-response network was observed for ODF2,
a component of the centrosomal scaffold (Figure2A)."
Inhibiting centrosomal function is expected to lead to a G2/
M arrest. Cell cycle analysis by flow cytometry showed an
increase (20 %) of the GO/G1 fraction at the expense of the S-
phase (Figure S4 A). The accumulation of cells in the GO/G1
fraction was concentration dependent and also observable in
nearly confluent cells (Figure S4B). Therefore, the cell
response was unlikely to be related to ODF2.

Plectin is a scaffold protein and an important cytolinker
that regulates keratin and tubulin networks."”"'*! Single amino
acid mutations in plectin are known to cause a number of
diseases among them epidermolysis bullosa simplex (EBS)
with muscular dystrophy."!

The target-response profiling network revealed several
known protein interactors of plectin including receptors,
keratins, and the associated signaling machinery (Figure 2 B).
Plectin was identified with high confidence as an interaction
partner of plecstatin-3 (Figures 1C and 2E). Immortalized
basal mouse keratinocytes isolated from wild-type (plec*'") or
plectin-deficient (plec™'") micel'! were then used to validate
plectin as the actual target for plecstatins by immunofluor-
escence microscopy (Figure 3 and Figure S4). Treating plec™™

A a-Tubulin B Plectin
plec** plec’” plec*’*
= =
Q Q
o Qo
=) =}
: - - :
m m
@ @
C perimeter ac-tubltub
250 q 2= ratio
260
150
100
50
0
+ + - - plectin + + ~ - plectin

- + - + plecstalin-2 - + - + plecstatin-2

Figure 3. Plecstatin-2 affects cytoarchitecture and shape of keratino-
cytes by interacting with plectin. A,B) Wild-type (plec/*) or plectin-
deficient (plec™/") keratinocytes were treated with half-1Cg, of plecsta-
tin-2 and analyzed by immunofluorescence microscopy using anti-
bodies to proteins indicated. Scale bars =20 um. Diagrams showing
average cellular perimeters (C) and acetylated/non-acetylated tubulin
(pixel) ratios (D). Number of evaluated cells: Plec*/* control=90;
Plec*/* drug-treated =104; Plec /™ control =59; Plec™/~ drug-
treated =51. *** p-value <0.0001.
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keratinocytes with plecstatin-2 induced an intermediate
filament (IF) phenotype manifesting with enlarged network
mesh sizes as is characteristic for plec”~ cells."® At the same
time, plecstatin-2 seemed to cause a concentration of IFs in
the perinuclear regions of plec” cells, while no such effect
was observed in plec”’~ keratinocytes (Figure S4D). The
cellular distribution of plectin is not altered upon treatment
(Figure 3B) and neither is its abundance as determined in
HCT116 cells by response profiling (Figures S3A,B). As
clearly revealed by immunolabeling of the MT network, drug-
treated plec’’* keratinocytes displayed a significantly smaller
perimeter and appeared more rounded compared to control
cells (Figure 3C).

Another striking observation was that MTs no longer
were oriented parallel to the long axis of cells but instead
were forming a dense submembraneous network of curved
MTs encircling the nucleus, which was observed in the
majority (61%) of treated cells, but the nuclei remained
intact (Figure S5 A—C). Plec”’~ keratinocytes did not display
such effects upon drug treatment, underlining the necessity of
plectin for these phenotypes to be observed. Another
characteristic feature of plectin-deficient keratinocytes is
the increased acetylation status of their cytoplasmic MTs
(Figure 3D).'") Interestingly, treatment with plecstatin-2
resulted in decreased MT-acetylation in both wild-type and
plectin knockout cells (Figure 3 D), consistent with the notion
that through the drug treatment MTs become less stable and
thus more dynamic.

Gene ontology (GO) term analysis of plecstatin-2 treated
HCT116 cells from response profiling revealed a down-
regulation of mitochondrial proteins (Table S3). Plectin
deficiency was reported to affect mitochondria in several
cell types."™ Immunofluorescent staining of plec”* keratino-
cytes for cytochrome C (Cyt-C) as a marker for mitochondria
revealed that plecstatin-2 treatment did not elongate mito-
chondria as would be expected of plectin deficiency (Fig-
ure S5 A-C), but altered their cellular distribution. In paral-
lel, plecstatin-1 induced higher levels of reactive oxygen
species (ROS, Figure 4 A), while decreasing the mitochon-
drial membrane potential (MMP, Figure 4 B).

Plectin deficiency inhibits migration and invasion in
pancreatic,"! urinary bladder,” and colon cancer cells”'! by
down-regulating Src/RhoA/CDC42 signaling. In line with
these reports, we found down-regulated RhoA signaling in
HCT116 cells (i.e. ITGB4, CDC42 and ANK3, Figure 2B) in
the response profiling experiment. This strongly supports the
hypothesis that plectin-targeting results in reduced mobility
and invasiveness of cancer cells. Indeed, an invasion assay
using a matrigel-embedded multicellular HCT116 spheroid
model showed partial reduction of invasion after plecstatin-2
treatment, which was characterized by a 46-62% lower
increase in relative cross-sectional area over 96 h compared to
controls (Figure 4C, Figure S6A). Additional interactions
with extracellular matrix proteins may also contribute to this
effect.’

Next, in vivo experiments were performed with a subcuta-
neously implanted murine colon carcinoma (CT-26) tumor
model. Plecstatin-1 was well tolerated orally when applied at
30 mgkg ! for two periods of five consecutive days, that is, at
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Figure 4. Plecstatins suppress cancer invasion and are tumor-inhibit-
ing in vivo. MDA-MB-231 cells were treated with plecstatin-1 and
investigated for A) induction of reactive oxygen species (ROS) and

B) reduction of the mitochondrial membrane potential (MMP). * P-
value <0.05 and NAC is N-acetylcysteine. C) HCT116 were treated in
a spheroid invasion assay with plecstatin-2 for 96 h. D) Oral applica-
tion of plecstatin-1 (30 mgkg™') effectively inhibits tumor growth in
the invasive B16 melanoma tumor model. Doses at days 3—7 and 10—
14. **a=p <0.01 by Bonferroni Post-test. *** =p < 0.001 by two-way
ANOVA.

days 3-7 and 10-14. With respect to tumor volume, plecstatin-
1 showed a significant reduction on the last day.” Also,
a significant reduction of tumor weight was determined
compared to the control group (Figure S6B). Histological
staining of the treated tumors did not reveal increased
numbers of apoptotic or mitotic cells (Figure S6C). Finally,
plecstatin-1 was analogously administered to B6 mice bearing
an invasive B16 melanoma. The compound was again well
tolerated orally and tumor growth was significantly inhibited
(Figure 4D).

In summary, an integrated target-response profiling
approach was employed and presented herein for the first
time as a hypothesis-generating procedure to identify poten-
tial targets of metallodrugs with a labile metal-halido bond in
a cellular setting. We found an unexpected selectivity of
plecstatins for the structural protein plectin. Plectin-targeting
caused the non-mitotic MT network to reorganize in a dense
and curved submembraneous network encircling the nucleus,
leading to a GO/G1 arrest. Plectin deficiency is responsible for
reduced motility of cancer cells in several cancer types and
the anti-invasive effect of plecstatin-2 was confirmed in a 3D
tumor spheroid model. Plecstatin-1 showed anticancer activ-
ity against primary tumors in CT-26 colon and more so in the
invasive B16 melanoma tumor model after oral administra-
tion. Thus, targeting plectin by plecstatins may be considered
as a novel and promising anticancer strategy.
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Experimental Procedures

Instrumentation

All "H and "*C{'H} NMR spectra were recorded at 25 °C on a Bruker FT NMR spectrometer Avance |ll 500 MHz or on a Bruker DRX
400 MHz spectrometer. Protons were numbered according to literature.['! Elemental analysis was carried out on a Perkin—Elmer 2400
CHNS Elemental Analyzer by the Microanalytical Laboratorys, Faculty of Chemistry, University of Vienna. ESI mass spectra were
recorded on a Bruker AmaZon SL ion trap mass spectrometer (Bruker Daltonics GmbH, Bremen, Germany) by direct infusion at a
flow rate of 5 pL/min. The following parameters were employed: capillary —4.5 kV, gas flow 8 psi, dry gas 6 L/min, dry temperature
180 °C, end plate offset =500 V, trap drive 64.8 and RF 77%. High resolution mass spectra were recorded on a Maxis UHR ESI time-
of-flight mass spectrometer (Bruker Daltonics, Bremen, Germany) employing the following parameters: capillary —4.5 kV, nebulizer
0.4 bar, dry gas 8 L/min, dry temperature 180 °C, 400 Vpp funnel RF, 4 eV quadrupole ion energy and 110 ps transfer time. Samples
were diluted with MeOH and injected by direct infusion into the mass spectrometer at a flow rate of 3 pL/min. Generally, spectra were
recorded in positive ion mode over 0.5 min and averaged. The Data Analysis 4.0 software package (Bruker Daltonics, Bremen,
Germany) was used for processing.

Materials

All reactions were carried out in dry solvents under an inert atmosphere. Chemicals obtained from commercial suppliers were used
as received and were of analytical grade. Methanol (HPLC grade) was obtained from Fisher, DMF (extra dry) from Acros,
triethylamine from Sigma. Biotin-dPEG4-NHS was obtained from Iris Biotech GmbH.

The precursors [Ru(n®-benzylammonium)Cl,]2Clo,”! [Ru(n®-toluene)Cl2]oClo,B! N-(4-fluorophenyl)-2-pyridinecarbothioamide™ and the
compound  [chlorido(n®-p-cymene)(N-(4-fluorophenyl)-2-pyridinecarbothioamide)Ru(Il)] ~ chloride (plecstatin-1)"1  were prepared
following literature procedures.

Synthesis

[Chlorido(nS-toluene)(N-(4-fluorophenyl)-2-pyridinecarbothioamide)ruthenium(il)] chloride (plecstatin-2). The previously
published method was followed.["! N-(4-fluorophenyl)-2-pyridinecarbothioamide (75.6 mg, 0.33 mmol) was dissolved in MeOH (10 mL)
under argon and was stirred until a clear solution was obtained. [Ru(n®-toluene)Cl;].Cl, (86 mg, 0.16 mmol) was suspended in MeOH
(5 mL) and was added under argon. The reaction mixture was stirred for 19 h at room temperature in the dark. After several minutes,
the suspension turned deep red. The reaction mixture was dried, redissolved in dichloromethane (10 mL) and filtered. Hexane
(20 mL) was added for precipitation at 4 °C. Red crystals formed that were filtered, washed with hexane and dried. Yield: 140 mg
(86%). Elemental analysis found: C, 43.28; H, 3.44; N, 5.22; S, 6.04, calculated for C19H17Cl.FN2RuS-0.5CH,Cl.: C, 43.46; H, 3.37; N,
5.20; S, 5.95. MS (ESI*): m/z 424.99 [M — HCI]* (Mineor = 425.01). '"H NMR (500.1 MHz, d4-MeOD, 25 °C): & = 9.72 (d, J1H2) = 5 Hz,
1H, H-1), 8.43 (d, 3¢z Ha) = 8 Hz, 1H, H-4), 8.31 (t, Iz Hayma e = 8 Hz, 1H, H-3), 7.85 (t, 3JnH1H2)(HaH3) = 6.5 Hz, 1H, H-2), 7.66 (m,
2H, H-9/H-11), 7.35 (t, 2Jm7HeyritHiz) = 8 Hz, 2H, H-8/H-12), 6.12 (t, 3J(H14 H1s)(H15,H16) = 6 HZ, 1H, H-15), 6.10 (t, 3J(H16H17)(H17 H18) =
6 Hz, 1H, H-17), 5.95 (d, 3JH17,H18) = 6 Hz, 1H, H-18), 5.81 (t, 3J(15 Hie)(Hie H17) = 6 Hz, 1H, H-16), 5.62 (d, 3J(H14,H15) = 6 Hz, 1H, H-14),
2.29 (s, 3H, H-19) ppm. "*C{'"H} NMR (125.8 MHz, di-MeOD, 25 °C): & = 164.12 (C-10), 160.33 (C-1), 155.46 (C-5), 141.15 (C-3),
135.52 (C-7), 130.77 (C-2), 128.88 (C-9/C-11), 125.01 (C-4), 117.75 (C-8/C-12), 107.78 (C-13), 92.77 (C-15), 90.89 (C-17), 88.14 (C-
18), 83.84 (C-16), 83.78 (C-14), 19.45 (C-19) ppm.
[Chlorido(n®-benzylammonium)(N-(4-fluorophenyl)-2-pyridinecarbothioamide) ruthenium(ll)] dichloride (R1). The previously
published method was followed.!" N-(4-fluorophenyl)-2-pyridinecarbothioamide (38 mg, 0.17 mmol) was dissolved in DMF (2 mL)
under argon and was stirred until a clear solution was obtained. [Ru(n®-benzylammonium)Cl2].Cl» (52 mg, 0.09 mmol) was suspended
in DMF (1 mL) and was added under argon. The reaction mixture was stirred for 19 h at room temperature in the dark. A clear and
dark yellow solution formed. Chloroform (20 mL) was added and then cooled to 4 °C. The brown precipitate was filtered under argon
because the product is moisture sensitive and dried in vacuo. Yield: 50 mg (56%). Elemental analysis found: C, 39.74; H, 3.63; N,
7.67; S, 5.60, calculated for C1gH19Cl3sFN3RuS-1.5H,0: C, 39.70; H, 3.86; N, 7.31; S, 5.58. MS (ESI*): m/z 476.00 [M — HCI]* (Mtheor =
475.99), m/z 440.03 [M — 2HCI]* (Mteor = 440.02). "H NMR (500.1 MHz, ds-MeOD, 25 °C): & = 9.78 (d, 3J¢1H2) = 6 Hz, 1H, H-1), 8.48

78
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(d, 3JHaHay) = 8 Hz, 1H, H-4), 8.35 (t, 3JH2.n3yH3,Ha) = 8 Hz, 1H, H-3), 7.89 (t, 3J(H1,H2)yH2 He) = 6.5 Hz, 1H, H-2), 7.65 (m, 2H, H-9/H-11),
7.36 (t, 37, Hey(H11,H12) = 9 Hz, 2H, H-8/H-12), 6.44 (d, 314,115 = 5 Hz, 1H, H-14), 6.34 (t, 3J (116 H17y(H17,H18) = 6 Hz, 1H, H-17), 6.17 (t,
8J(H15,H16)/(H16,H17) = B Hz, TH, H-16), 5.95 (d, 3JH17.H18) = 6 Hz, TH, H-18), 5.94 (t, 3J(H14,11s)(H1s,H16) = 6 Hz, 1H, H-15), 4.17 (q, 3JH1onm) =
14 Hz, 2H, H-19) ppm. BC{'H}NMR (125.8 MHz, ds-MeOD, 25 °C): & = 162.20 (C-10), 160.75 (C-1), 155.10 (C-5), 141.79 (C-3),
135.57 (C-7), 131.15 (C-2), 128.82 (C-9/C-11), 125.69 (C-4), 118.04 (C-8/C-12),93.20 (C-14), 92.33 (C-17), 89.96 (C-16), 86.42 (C-
15), 84.40 (C-18), 43.17 (C-19) ppm.

[Chlorido(biotin-dPEG(4)-amido-nf-benzyl)(N-(4-fluorophenyl)-2-pyridinecarbothioamide) ruthenium(il)] chloride (plecstatin-
3). The precursor R1 (2.74 mg, 0.005 mmol) was dissolved in DMF (0.12 mL) and biotin-dPEG(4)-NHS (2.95 mg, 0.005 mmol)
dissolved in DMF (0.12 mL) was added. Triethylamine (10 pL) was added and the flask was purged with argon and stirred for 1 h.
The in situ generated plecstatin-3 was directly immobilized on the streptavidin beads. HR-MS (ESI*): 913.2400 ([M — HCI]*, mex =
913.2370, 3 ppm), 468.1139 ([M — HCI + NaJ?*, mex = 468.1131, 2 ppm).

DNA Interaction Studies

The structural modification of DNA by plecstatin-1 was tested by agarose gel electrophoresis with the plasmid pBR322. TAE (1x)
buffer was employed as incubation medium. Stock solutions of 1 mM of plecstatin-1 was prepared in TAE (1x) buffer, diluted with
TAE (1x) buffer and stored at -20 °C. The plasmid pBR322 was diluted with TAE (1x) buffer, as well. Incubation mixtures were
prepared to yield rp-values corresponding 0.5 (64 yM compound) and 5.0 (642 uM compound). The agarose gels consisted of 1%
agarose in TAE (1x) buffer and the incubation mixtures were subject to 2 h running time at 100 V and 70 mA in a PerfectBlue™ Mini
S (PEQLAB) GE chamber. The DNA bands were stained with ethidium bromide (1 pl/mL) and were processed and analyzed with the
gel documentation system GenoView UV-source and GenoSoft Version 3.08 C (VWR).

Na,EDTA:-(p.a., Fisher Scientific), NaOH (Fluka), tris(hydroxymethyl)aminoethane, glacial acetic acid (p.a., Acros) and MilliQ H.O
(18.2 MQ, Synergy 185 UV Ultrapure, Millipore, France) were used for the preparation of the TAE buffer. Loading buffer (6x), pBR322
DNA (0.5 pg/uL) and GeneRuler™ 1kb DNA ladder (0.5 pg/uL) were obtained from Fermentas.

Cell Accumulation Experiments

Cell accumulation experiments were performed with the SW480 cell line obtained from ATCC.® The cell line was kindly provided by
Brigitte Marian, Institute of Cancer Research, Department of Medicine |, Medical University of Vienna. All cell culture media and
supplements were purchased from Sigma-Aldrich unless noted otherwise, and plasticware from StarLab. Cells were grown as
adherent monolayer cultures in 75 cm? culture flasks in Minimal Essential Medium (MEM) supplemented with 10% heat-inactivated
fetal bovine serum (Invitrogen), 1 mM sodium pyruvate, 1% v/v non-essential amino acids and 4 mM |-glutamine but without
antibiotics at 37 °C under a moist atmosphere containing 5% CO; and 95% air. For accumulation studies, cells were seeded into 12-
well plates in densities of 1.8-10° cells per well in aliquots of 1 mL complete culture medium. For all experiments, samples and
corresponding adsorption/desorption controls were located on the same plate; and for determination of the cell number, three wells of
a separate plate were seeded in the same manner. Plates were kept at 37 °C for 24 h. Plecstatin-1 was dissolved in complete culture
medium and added to the wells (after removal of the medium used for seeding of the cells) in volumes of 2 mL to a final
concentrations of 50 uM. During drug exposure (2 h at 37 °C), the cell number in three wells of a parallel plate was determined by
trypsinization and counting in a hemocytometer. After exposure, the medium was removed and the cells were washed three times
with phosphate buffered saline (PBS).

The cells were then lyzed with 0.4 mL HNO3 per well for 1 h at room temperature. Aliquots of 400 uyL were then diluted to a total
volume of 8 mL.

Cytotoxicity Assay

The human HCT116 colon cancer cell line was propagated in 25 cm? culture flasks (StarLab) as adherent monolayer cultures in
RPMI 1640 medium (Sigma Aldrich) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Thermo Fisher) and 1 mM
sodium pyruvate (Sigma Aldrich) at 37 °C in a humidified atmosphere with 5% CO,. Cytotoxicity was determined by the Alamar Blue
Assay (AB assay; AB = resazurin sodium salt, Sigma Aldrich). For this purpose, cells were harvested from culture flasks by
trypsinization and seeded in RPMI 1640 medium into 96-well plates (for monolayers: CytoOne, StarlLab; for spheroids: Nunclon
Sphera, VWR) in cell densities of 1.5-10° (for monolayers) and 3-10° (for spheroids) cells per well. In case of monolayer culture, cells
were allowed for 24 h to settle and resume exponential growth. Spheroids were grown for 7 days to the required diameter. Both
monolayers and spheroids were then treated with the test compound dissolved in DMSO to a stock concentration of 80 mM and
serially diluted in RPMI 1640 medium. The final concentration of DMSO never exceeded 1%. One hundred microliter of dilution were
added to each well, and plates were incubated for 96 h at 37 °C and 5% CO,. A fresh AB solution of 440 yM (= 110 pg/mL) in PBS
(Sigma Aldrich) was prepared and 20 pL of AB solution were added to every well for the last 4 h (for monolayers) or 24 h (for
spheroids) of drug exposure. Fluorescence (ex. 530/35 nm, em. 620/40 nm) was measured using a microplate reader (Synergy HT,
BioTek). The ICso values (concentrations resulting in 50% viable cells compared to untreated controls) were interpolated, and a
subcytotoxic concentration for use in the spheroid invasion assay was inferred from the concentration-effect curve.

Metal Quantification by Inductively-Coupled Plasma Mass Spectrometry (ICP-MS)

The ICP-MS measurements were carried out with an Agilent 7500ce mass spectrometer (Agilent Technologies, Waldbronn,
Germany), which was equipped with a CETAC ASX-520 autosampler (Nebraska, USA) and a MicroMist nebulizer at a sample uptake
rate of approx. 0.25 mL/min. The Agilent MassHunter software package (Workstation Software, version B.01.01, Build 123.11,
Patch 4, 2012) was used for data processing. The experimental parameters for ICP-MS are summarized in Table S1.
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Table S1. ICP MS parameter.

ICP-MS Agilent 7500ce

RF power (W) 1560

Cone material Nickel
Carrier gas (L/min) 0.92-0.97
Make up gas (L/min) 0.22-0.27

Plasma gas (L/min) 15

Monitored isotopes 101Ru, 192Ru, "5In, '®Re, 1%5Pt
Dwell time (s) 0.3

Number of replicates 10

Number of sweeps 100

Cell Cycle Analysis

The cell cycle distribution of untreated and treated HCT-116 cells was analysed with a CycleTEST PLUS DNA reagent kit (Becton
Dickinson Immunocytometry Systems) and flow cytometry (FACS) and the manual of the manufacturer for cell suspensions was
followed. In brief, HCT-116 cells were grown similarly as mentioned above in T25 flasks to ~80% confluency. Then, the medium was
renewed either without or with plecstatin-2 (4 and 16 pM). The cells were incubated for 24 h at 37 °C in a humidified atmosphere
containing 5% carbon dioxide, trypsinized and the suspension transferred into a 15 mL Falcon tube. After centrifugation (300 g, 24 °C,
5 min), the supernatant was removed and washed with 1 mL buffer solution and gently vortexed (sodium citrate, sucrose and DMSO).
This step was performed three times. The cells were counted and adjusted to 1x10° cells/mL in PBS and directly stained. For this
purpose, the cell suspensions were centrifuged (400 g, 24 °C, 5 min) and the supernatant was decanted. Trypsin buffer was added
and gently mixed. The mixture was incubated for 10 min at room temperature. Then, the trypsin inhibitor and RNase buffer was
added and gently mixed. The mixture was again incubated for 10 min at room temperature. Finally, cold propidium iodide staining
solution was added and incubated for 10 min in the dark on ice. The samples were filtered into 12 x 75-mm FACS-tubes and
analysed by flow cytometry. Each condition was run in triplicate.

Preparation Target Profiling

HCT116 cells (purchased from the ATCC, passage 7-24) were cultivated to approximately 108 cells per flask for pull-down
experiments using McCoy’s 5A modified medium (Gibco, Life Technologies, with I-glutamine), supplemented with penicillin,
streptamycin and 10% heat-inactivated fetal-calf serum. The cells were washed and pelleted by centrifugation (2300 g, 4 °C, 5 min).
Cell pellets were suspended in non-denaturing lysis buffer (1.5 mL) and homogenized by passing through a gauge syringe twenty
times. The lysis buffer consisted of NaCl 100 mM, Tris HCI 50 mM, MgCl, (1.5 mM), NaF (25 mM), NP-40 0.2%, glycerol 5%, DDM
0.2%, TLCK 10 pg/mL, DTT 1 mM, NazVO4 (1 mM), PMSF (1 mM) and pepstatin/leupeptin/aprotinin each 1 pg/mL, at pH 7.4. The
suspension was centrifuged (3500 rpm, 5 min, 4 °C) and the supernatant was collected yielding a soluble protein amount of at least
15 mg/sample. In normal pull-downs, the HCT116 whole cell lysate was directly exposed to the immobilized plecstatin-3, whereas the
lysate was pre-incubated for 1 h with free drug 2 (20 uM in DMF) for competitive pull-downs.

Pierce Streptavidin UltraLink resins were washed with lysis buffer. The biotin conjugate plecstatin-3 was added and was incubated for
30 min. After washing with lysis buffer, HCT116 whole cell lysate (1.5 mL) was added and incubated independently for 2, 4 or 19 h,
respectively. The beads were then transferred into spin columns (MobiSpin Column “F*, Mobitec) and washed with lysis buffer and
HEPES buffer (pH 8, HEPES-NaOH 50 mM, EDTA 0.5 mM, including PMSF 1 mM, TLCK 10 pg/mL and pepstatin/leupeptin/aprotinin
each 1 yg/mL). Proteins were eluted with 250 pL elution buffer (formic acid 50%, urea 2 M) and stored at —20 °C.

Preparation Response Profiling

HCT116 cells were grown in mono-layer culture (T25 flask, 6:10° cells and passages 9-31) in McCoy's 5A modified medium (Gibco,
Life Technologies, with I-glutamine and serum-free) and supplemented with penicillin, streptomycin and 10% heat-inactivated fetal-
calf serum to ~80% confluency. The medium was renewed either without or with compound plecstatin-2 at 4 or 16 uM, respectively,
and the cells were incubated for 24 h at 37 °C in a humidified atmosphere containing 5% carbon dioxide.

The cells were separated into cytoplasmic and a nuclear fractions. Cells were lysed. Cytoplasmic proteins were collected and
precipitated overnight. The pellet containing the nuclei was swelled in hypertonic solution, diluted 10-fold with NP-40 and after
centrifugation, the soluble nuclear proteins were collected and precipitated overnight. The samples were dried and dissolved in
sample buffer.

In-Solution Digestion of Proteins

Samples (25 pg protein) were loaded onto molecular weight cut-off filters. The acidic samples of the affinity purification experiments
(30 pg protein) were neutralized with ammonium bicarbonate (pH 8). Proteins were reduced with dithiothreitol at 37 °C and alkylated
with iodacetamide. Then, proteins were digested with trypsin/LysC and the peptides were collected, purified over C18 spin columns
(in the case of proteome profiling samples) and dried.
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Hyphenated Mass Spectrometry

Mass Spectrometry. Samples were analysed on a nLC-MS setup consisting of a Dionex 3000 nano-LC hyphenated to a QExactive
Orbitrap equipped with a nanoESI source (ThermoFisher Scientific). The instrument was operated with Q Exactive software version
2.3 SP1, build 1788. Experiments were analyzed with Thermo Scientific Qual Browser and Thermo Xcalibur 3.0.63. The instrument
was operated in positive ion mode using 2.2 kV ESI+, 300 °C capillary temperature, no sheath/auxiliary/spare gas, maximum spray
current 50 nA, probe heater 350 °C, RF-Level 50 and an NSI ion source. A Top12 (response profiling) or Top6 (target proifling)
method was used with the following parameters for full MS (0 eV in source dissociation, 2 default charge state, 70’000 resolution,
AGC target 1e6, 20 ms max. accumulation time in the IT) and fragment MS (AGC target 5e4, Isolation 1 m/z, HCD 30% NCE,
Intensity threshold 6.7e2, Apex trigger 6—20 s, charge exclusion: 1 and >5, dynamic exclusion 30 s, 250 ms fill time). The resolution
was 17'5600 at m/z = 200.

Chromatrography. The chromatographic separations were conducted using eluents A (water : acetonitrile : formic acid, 98 : 2: 0.1)
and B (water : acetonitrile : formic acid, 80 : 20 : 0.1). Each dried sample was reconstituted with 10 fmol synthetic peptide standard
(in 30% FA, 5 pL) and with eluent A (40 pL) and the injection volume was 5 pL. Chromatographic separation was performed with a
Pepmap100 precolumn (2 cm x 75 ym, C18, Thermo Fisher Scientific) and Pepmap100 analytical column (50 cm x 75 ym, C18,
Thermo Fisher Scientific). For the target proifling, the chromatographic method consisted of a 38 min stepped gradient from 7-35% B
and a 85 min total run time. A gradient from 8—40% B over 120 min was used for the cytoplasmic and nuclear fractions of the
response profiling experiments.

Protein Identification and Enrichment Analysis

Proteins were searched with MaxQuant (version 1.5.2.8) including the Andromeda search engine for label-free quantification of
cytoplasmic fractions, nuclear fractions and affinity pull-down samples. We allowed a maximum of two missed cleavages and at least
one (plectin isoforms) or two (rest) unambiguous peptide for identifications. The first search peptide tolerance was 20 ppm and the
main search tolerance was set to 5 ppm for this Orbitrap instrument type. Protein and peptide false-discovery rate (FDR) was set to
0.01. We included N-terminal acetylation and methionine oxidation as variable modifications and cysteine carbamidomethylation as a
fixed modification. The minimum score was set to 40. Proteins were searched against the human UniProtKB/SwissProt database.
Protein isoforms were usually combined into protein groups, except for plectin isoform searches. Data sets were analyzed with
Perseus (Version 1.5.1.6). After log(2) transformation of the LFQ-values, rows were filtered based on valid values with a minimum
number of 6 values in at least one group. Additional searches were performed using Proteome Discoverer (1.4.0.288) with Mascot
and a Mascot Significance Threshold of 0.01 on the peptide level. Here, all proteins were included with >2 peptides and PSMs
(peptide-spectrum matches) and a score of >30.

Gene ontology (GO) term analysis was performed with DAVID®! against the human gene background. The confidence of enrichment
of a term is expressed by a Q-value, which is a multiple testing-corrected P-value according to Benjamini-Hochberg.

The bubble plot contains four dimensions. The y-axis represents the enrichment of a protein and is calculated as the ratio of the LFQ-
areas of a given protein (two biological and two technical replicas) in the normal pull-down with respect to the competitive pull-down.
The x-axis denotes the confidence of the enrichment and is obtained by a p-value of the mentioned LFQ-areas. The size of the
bubbles represents the intensity in the mass spectrometric analysis. Finally, the colour represents the specific binding probability (P)
and is a measure of specificity of a given protein to bind to the small molecule probe. It is obtained via the CRAPome database!” and
is calculated as follows:

P =1 - (CRAPome N° of samples containing the protein)/(CRAPome total N° of samples) - (CRAPome average SC)/(Average SC of Pull Down)

SC denotes spectral counts. The total number (N°) of samples in the CRAPome database was 411.

Immunofluorescence Staining Procedures and Confocal Microscopy

HCT116 cells were seeded into 8-well chamber slides (SPL) in Opti-MEM medium. When cells reached about 60-70% confluence,
they were treated with 16 pM of plecstatin-2 for 24 h. Thereafter, cells were washed with 1x PBS and fixed with Roti-Histofix 4%
(ROTH) at 4°C for 15 min, washed twice with 1x PBS and stored in 1x PBS at 4 °C for up to one week. For permeabilization and
blocking, cells were treated with 1x PBS + 0.3% TritonX-100 + 5% goat serum for 10 min at RT. Subsequently, cells were incubated
with 13t antibodies, either MsaHu-Cytokeratin 8/18 (Thermo Scientific) diluted 1:100 or MsaHu-mitochondria (MTCO02) (abcam) diluted
1:100 in 1x PBS + 1% BSA + 1% serum + 0.1% TritonX-100 overnight at 4°C. The next day, cells were washed twice with 1x PBS
and incubated with secondary antibody GtaMs-AF594 (Life Technologies) diluted 1:400 in 1x PBS + 2% BSA + 1% goat serum +
0.1% TritonX-100 for 1 h at RT. After washing twice with 1x PBS, cells were incubated with 2 ug/ml DAPI in 1x PBS for 2 min at RT,
washed twice with 1x PBS and embedded in Fluoromount-G mounting medium (SouthernBiotech). Images of immunolabeled
HCT116 cells were acquired with a confocal laser scanning microscope (LEICA, TCS SP8X) using the Leica LAS AF software.
Images are depicted as maximum projection of total z-stacks and brightness and contrast were adjusted in a homogenous manner
using Leica LAS AF.

Mouse keratinocytes expressing plec**/p53” or plec’/p53” were cultured in KGM medium (KGM-2 BulletKit w/o Ca?*, Lonza)
supplemented with ITS supplement (Sigma) and Ca?*-free FCS. The cells were grown on collagen-1 and finally split in 24 wells on
coverslips. They were rinsed and fixed with 2.5% PFA, quenched with 0.1 M glycine, permeabilized with 0.1% Triton X-100 and
blocked with 5% BSA in PBS for 1 h at room temperature. Then, the cells were immunolabeled with primary antibodies in PBS for
1.5-3.5h at room temperature. The following primary antibodies were used for immunofluorescence microscopy: guineapig
antiserum to plectin (GP21, Progen), rat monoclonal antibodies (mAbs) to a-tubulin (clone YL1/2, SM2202P, Acris), mouse mAbs to
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acetylated tubulin (clone 6-11B-1, T6793, Sigma-Aldrich), mouse mAbs to cytochrome C (BD Pharmingen, #556432), rabbit AS to
keratin 5 (Covance, PRB-160P). The cells were then washed with PBS. Primary antibodies were used in combination with donkey
anti-guineapig biotin/streptavidin rhodamine red, goat anti-rat IgG Alexa 488, goat anti-mouse IgG Cy5, and goat anti-rabbit IgG Cy5
(all from Jackson ImmunoResearch Laboratories). After incubating for 1 h and washing, the cells were stained with DAPI, washed
with deionized water and mounted in mowiol 4-88 onto microscope slides (Wenzel, SuperFrost). Images of immunolabeled cells were
acquired at room temperature with a confocal microscope (Zeiss, LSM 510) using the LSM 510 module in the LSM software.

Invasion Assay

Multicellular spheroids from HCT116 cells were grown for 7 days in RPMI 1640 medium in 96-well plates (Nunclon Sphera, Thermo
Fisher) and their size was measured with an inverted microscope (Olympus CKX41, 4x objective) and Cell*F software. Spheroids of
well comparable size (diameter: ca. 500-600 ym; matched pairs with differences in max. diameter <25 pym within each pair) were
selected for the spheroid invasion assay. Growth factor reduced Matrigel (Becton Dickinson) was diluted to a final concentration of
300 pg/mL with or without plecstatin-2. One hundred fifty microliter of these solutions were added to the wells containing spheroids in
50 uyL medium. The plate was incubated in a humidified atmosphere with 5% CO, in air at 37 °C. Both untreated and treated
spheroids were monitored simultaneously with a JuliBr live cell analyzer (NanoEntek) for 96 h.

In vivo Experiments

Six- to eight-week-old female Balb/c (for CT-26) and C57/B6JR] (for B16) mice were kept in a pathogen-free environment and every
procedure was performed in a laminar airflow cabinet. Experiments were carried out according to the Austrian and FELASA
guidelines (BMWF-66.009/0084-11/3b/2013) for animal care and protection.

CT-26 cells (5x10° cells) and B16 (1x10° cells) were injected (in serum-free medium) subcutaneously into the right flank. Therapy
was started when tumour nodules were palpable. Animals were treated orally with plecstatin-1 for twice 5 consecutive days (days 3—7
and days 9-14) at a dose of 30 mg/kg. Before administration, plecstatin-1 was dissolved in 10% DMSO. Animals were controlled for
distress development every day and tumour size was assessed regularly by calliper measurement and tumour volume was calculated
using the formula (length x (width)?)/2. On day 14, (24 h after the last treatment) animals were anesthetized and tissue samples were
collected. Samples were stored at —20°C.

Determination of Reactive Oxygen Species (ROS)

MDA-MB-231 cells were seeded in 12-well plates at a density of 2.5 x 10° cells per well. The cells were treated with plecstatin-1 (20
UM = ICsp) with or without N-acetyl cysteine (NAC) for 48 h. After trypsination, the cells were washed with PBS and incubated for 45
min with DCFDA (5 uM) at 37 °C. Fluorescence was then determined by flow cytometry using the FL-1 filter.

Determination of Mitochondrial Membrane Potential (MMP)

MDA-MB-231 cells were seeded in 12-well plates at 2.5 x 10° cells/well. The cells were then treated with plecstatin-1 (20 yM = ICsp)
for 48 h. After trypsination, the cells were washed with PBS and incubated for 45 min with DiOCs (50 nM) at 37 °C. Fluorescence was
then determined by flow cytometry using the FL-1 filter.

Statistical Calculations

Target profiling was performed in biological duplicates and each in technical duplicates. Response profiling was performed in
biological triplicates and each in technical duplicates. Cell experiments were done at least in biological triplicates. A two-sided student
t-test was calculated and deemed significant if p < 0.05. Proteomic experiments were additionally corrected by a permutation-based
false-discovery rate (FDR = 0.05, 250 permutations) and SO = 0.5 (hyperbolic conversion). A significant protein regulation is obtained
when the permutation-based multi-parameter corrected P-value of the LFQ-intensities of a given protein between treated and
untreated samples is <0.05. Animal experiments were performed with 4 animals in each group. Significances were calculated by one-
way ANOVA with Dunett posttest, two-way ANOVA and Bonferroni post-test. ROS and MMP experiments were repeated at least
three times. All data are presented as mean * standard deviation (SD). Significance was calculated by a two-sided t-test with unequal
variance and a P value < 0.05 was considered as statistically significant.



Results and Discussion
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Figure S1. (A) DNA interaction studies of plecstatin-1 with pBR322 plasmids. The complex was incubated for 24 h with the plasmid at r, =5 and did not result in
electrophoretic shifts compared to the control. The experiment was performed with other metal arene 2-pyridinecarbothioamide analogues, namely N-phenyl- (A),
N-4-hydroxyphenyl- (B) and N-4-morpholinophenyl-2-pyridinecarbothioamide (C). OC1 and OC2 are nicked circular plasmid and SC is supercoiled plasmid. (B)
Results of the NCI-60 screen in comparison to KP1019 and cisplatin. Average GI50 (growth inhibition of 50%) and LC50 (lethal concentraction of 50%) are given
in UM concentrations. (C) Cellular accumulation of plecstatin-1, satraplatin and KP1019[ in SW480 colon carcinoma cells as determined by inductively-coupled
plasma mass spectrometry (ICP-MS). The cells were treated with 50 pM of the respective compounds for 2 h. (D) The reaction of P1 with biotin-dPEG(4)-NHS
and supplemental triethylamine was monitored in DMF. (E) Comparison of the antiproliferative activity as ICso’s (M) of plecstatin-1 and plecstatin-2 in four cancer
cell lines determined by the MTT assay. With the exception of the multidrug-resistant A549, plecstatin-2 is approximately 3-fold less active compared to plecstatin-
1 underlining the assumption that both compounds follow a similar mechanism of action.
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Figure S2. Heat map showing the LFQ-area of each experiment including the biological and technical replicates. Each row represents a protein and the
enrichment increases form bottom (5-fold) to top (210-fold). The colour represents the LFQ-intensity.
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Figure S3. (A) Volcano plot of label-free proteome profiling of HCT116 cells treated with plecstatin-2 at half-ICso concentration for 24 h, cytoplasmic fraction. Of
the total of 3761 cytoplasmic proteins, 135 were significantly regulated upon treatment. Significantly changed proteins are highlighted in red, plectin (PLEC) in
blue. (B) Similar volcano plot depicting the nuclear (insoluble) fraction. Of the total of 3665 nuclear proteins, 478 were significantly regulated upon treatment with
plecstatin-2. Scatter plots of the label-free proteome profiling depicting the biological replicates control 1 and control 2 of the cytoplasmic (C) and nuclear fraction
(D) of HCT116 cells. Significantly regulated proteins are highlighted in red. Criteria for significant regulation: FDR 0.05, 250 cycles and S=0.5. The correlation
coefficient for y = x is given. The Venn diagrams show the proteins identified in the control and the treated cells.
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Figure S4. (A) Cell cycle analysis of HCT116 cells in exponential growth treated with plecstatin-2 (16 uM). (B) Cell cycle analysis of nearly confluent HCT116
cells treated with 4 and 16 pM plecstatin-2. (C) Immunofluorescence microscopy of HCT116 cells with Ker8/18 antibody and DAPI, treated with 16 pM plecstatin-2.
The keratins are not affected by the drug treatment. (D) Wild-type (plec*’*) or plectin-deficient (plec”) keratinocyte cell cultures were treated with half-ICso of

plecstatins-2 and subsequently subjected to immunofluorescence microscopy using antibodies to proteins indicated. Untreated cells werved as controls. The
scale bars represent 20 uM.
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Figure S5. (A) Visualization of nuclei and mitochondria in wild-type (plec*’*) and plectin knock-out (plec”) keratinocytes treated with subcytotoxic concentrations
of plecstatin-2. Nuclei and mitochondria were labelled with DAPI and antibodies to cytochrome C (Cyt-C), respectively. Control, cells without drug treatment. Scale
bars represent 20 um. (B) Triple labeling of control and drug-treated plec*’* keratinocytes visualizing cytochrome C (Cyt-C), MTs (a-Tub), and nuclei (DAPI). Scale

bars represent 20 pm. (C) Immunofluorescent staining of HCT116 cells with anti-Mitochondria antibody (MTC02) and DAPI in drug-untreated (control) and treated
cells. A bundling of mitochondria was observed next to the nuclear envelope.
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Figure S6. (A) The antiproliferative activity of plecstatin-2 was assessed by the AlamarBlue assay in order to relate to the 3D spheroid model. The ICso
concentrations in uM are reported in 2D and 3D cell culture. (B) Cumulative efficacy of reduction of tumour weight after two-weeks oral treatment in the CT-26
xenograft model. * = Significant reduction of tumour weight by plecstatin-1 (30 mg/kg, days 3—7 and 10-14) with respect to control (p<0.05) calculated by one-way
ANOVA with Dunet posttest. (C) Histological analysis of the CT-26 tumors. The tumors did not show altered fractions of apoptosis or mitosis.
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Table S2. Assignment of PRIDE Identifiers to the corresponding data set.

Data Identifier

Sample Type

PXD005373

PXD005374

PXD005375

PXD005376

PXD005389

PXD005386

cytoplasmic proteins of untreated HCT 116 epithelial cells, 24h

cytoplasmic proteins of plecstatin-2 treated HCT 116 epithelial cells, 24h
nuclear proteins of untreated HCT 116 epithelial cells, 24h

nuclear proteins of plecstatin-2 treated HCT 116 epithelial cells, 24h

whole cell lysate of HCT 116 epithelial cells, plecstatin-3 normal pull down 4h

whole cell lysate of HCT 116 epithelial cells, plecstatin-3 competitive pull down 4h
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Table S3. Gene Ontology (GO) term analysis of significantly upregulated (258 proteins) and down-regulated (342 proteins) of plecstatin-2 treated HCT116 cells.
The counts refer to number of proteins associated with a given protein. The Q-value is a multiple testing corrected P-value according to Benjamini-Hochberg for
the enrichment of proteins for a given term. Finally, KEGG pathway analysis was performed with the significantly regulated proteins employing similar metrics.

GO Category

Upregulated LFQ values

Term Count Q-value
RNA splicing 29 2.6E-12
RNA processing 35 6.2E-10
BP Chromatin organization 27 1.6E-08
Histone modification 11 1.6E-03
Regulation of actin filament depolymerization 5 4.3E-02
Nuclear lumen 78 7.4E-24
Spliceosome 13 1.4E-05
CcC Cytoskeleton 41 3.1E-04
Ribonucleoprotein complex 19 9.1E-03
Histone acetyltransferase complex 6 1.0E-02
GO Category Down-regulated LFQ values
Term Count Q-value
Translation 42 3.2E-18
BP Translational elongation 15 8.1E-06
Mitochondrion organization 14 1.7E-03
RNA processing 25 3.0E-02
Ribosome 45 7.3E-28
CcC Mitochondrion 90 4.2E-27
Cytosolic ribosome 13 3.6E-06
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Conclusions

Elucidating drug effects is a challenging, but crucial task in drug discovery and development. Even
though many assays are applied during first screening efforts, they often give little information on
the molecular level and hence on the underlying mechanism. This doctoral thesis clearly
demonstrated the promise of label-free shotgun proteomics to gain insights into drug effects on the
level of the proteome, especially with respect to potential novel or unknown mechanisms of next-
generation metal-based anticancer agents and natural products. Furthermore, target identification
was successfully achieved for the ruthenium-based plecstatin. The established profiling methods
allowed analyzing 30.000 peptides per 135 min run on average, amounting to approximately 5.000
protein groups covering a concentration range of 6—8 orders of magnitude. Significant regulatory
effects on protein abundance were assessed in a biologically reproducible and technically
repeatable way illustrating the stability of cell culture experiments, sample preparation and the MS

performance.

The shotgun-proteomics approach presented in this thesis enables the generation of hypotheses
about global pharmacological effects of various compounds, which can be further explored in
targeted investigations. A strong context-dependency of drug responses was observed in various cell
culture models that emphasized the massive impact of the microenvironment on cellular adaptions
under stress. Obviously, every system can respond differently to one and the same drug. These cell-
type specific drug responses even occur in cells from the same tissue and illustrate the importance
of their detailed molecular characterizations. Basal protein abundances characteristic for a given
cancer cell line may influence protein regulations upon different kinds of stress, e.g. oxidative stress
or DNA damage, better than others. For example, the colon cancer cell line HCT116 displayed a 34-
fold higher expression of peroxiredoxins compared to SW480 that are involved in the Nrf2-Keapl
pathway of dealing with redox stress. Moreover, the impact of the microenvironment was
investigated in a systematic fashion by employing co-culture models of stromal and cancer cells and

shotgun-proteomics turned out to be well suited for such purposes.

Drug responses may vary significantly in individuals. It is therefore important to understand the
underlying mechanistic similarities and differences of drug effects to be able to predict drug
responses. Specifically, understanding both robust and specific effects could support predictions on
drug efficacy in patients. Acute disease symptoms are often controlled with conventional drugs

targeting single molecules or mechanisms, e.g. pain is treated with cyclooxygenase-inhibitors.
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However, chronic diseases (e.g. cancer) cannot be cured analogously. Label-free shotgun proteomics

offers completely new aspects for assessing drug effects.

Effective target identification and a better understanding of mechanisms of action improve the
ability to predict a drug’s prospect of success during development. Identified sets of proteins from
proteomic analyses might be taken to predict sensitivity or resistance toward a drug, and hence may
support the development of improved patient stratification strategies and personalized anti-cancer

therapies which are urgently needed in the clinics.
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4. Abstract

A better understanding of drug targets and the underlying modes of action are of great importance
for drug development and application in clinical practice. The traditionally employed and well
established phenotypic assays for cell cycle, viability and death analysis give little information about
global effects on a molecular basis. Proteins are increasingly identified as drug targets and hold
great potential for the elucidation of modes of action since they are the active players within cell,
responsible for cellular fate and function. Therefore, a label-free quantification proteomics approach
based on liquid chromatography-tandem mass spectrometry (LC-MS/MS) was employed to evaluate
protein abundances in treated and untreated cells, i.e. response profiling. Drug effects were
investigated in different cell culture models by response profiling of (i) the metal-based anticancer
drugs As,03, KP46 (gallium), KP772 (lanthanum), NKP-1339 (ruthenium) and KP1537 (platinum) and

(ii) the naturally occurring biphenol curcumin.

Colon carcinoma cells were exposed to the metallodrugs and subsequently fractionated into
cytoplasmic and nuclear extracts to gain a deeper insight into the regulatory effects. For a better
representation of the in vivo situation, investigations on curcumin effects executed not only with
single cell type cultures but also with tumor-stroma co-culture models of breast cancer and cancer-
associated fibroblast-like cells. Whole cell lysates were obtained for this study. Overall, 5525 and
5780 protein groups were identified by LC-MS/MS analysis of in-solution digested colon and breast
cancer samples, respectively. Remarkably great differences of basal protein abundances were
observed in the diverse cells, even if they derived from the same tissue. This circumstance may
substantially affect protein regulations upon drug exposure. Global effects of the investigated
metallodrugs on the proteome were characterized and hypotheses on hitherto unrecognized
mechanisms were generated. Response profiling of curcumin demonstrated strong context-
dependent effects, emphasizing the massive contribution of the microenvironment to drug
responses. The findings of this thesis might contribute to the improvement of drug evaluation as

well as patient stratification strategies.
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5. Zusammenfassung (German Abstract)

Flr die Entwicklung eines Wirkstoffes und dessen klinische Anwendung ist ein besseres Verstandnis
seiner zelluldren Targets und Wirkungsweise von enormer Bedeutung. Die derzeit eingesetzten
phanotypischen Analysemethoden fiir Zellzyklus, Viabilitat und Zelltod haben sich bewahrt, liefern
allerdings wenig Informationen Uber globale Effekte auf molekularer Ebene. Proteine werden
zunehmend als Wirkstofftargets identifiziert und aufgrund ihrer Schlisselfunktionen in zelluldaren
Ablaufen, weisen sie groRes Potential fiir die Aufklarung von Wirkmechanismen auf. Deshalb wurde
eine auf Flussigchromatographie (LC) und Tandem-Massenspektrometrie (MS/MS) basierende Label-
freie Proteomanalysemethode herangezogen, um Unterschiede in Proteinabundanzen zwischen mit
Medikamenten behandelten und unbehandelten Zellen zu evaluieren. In verschiedenen
Zellkuturmodellen wurden die Effekte von (i) den Metall-basierenden Antikrebswirkstoffen As,Qj,
KP46 (Gallium), KP772 (Lanthan), NKP-1339 (Ruthenium) und KP1537 (Platin) sowie (ii) dem

natirlich vorkommenden Biphenol Kurkumin untersucht.

Colonkarzinomzellen wurden mit den Metallverbindungen behandelt und anschlieBend in
Zytoplasma und Krenextrakt fraktioniert, um einen tieferen Einblick in die stattfindenden
regulatorischen Prozesse zu erhalten. Zur besseren Reprasentation der in vivo Situation, wurden
Kurkumineffekte in Co-Kulturmodellen von Brustkrebszellen mit Krebsassoziierten-Fibroblasten
untersucht. Hierfir wurden Gesamtzelllysate analysiert. Insgesamt wurden 5525 beziehungsweise
5780 Proteingruppen in den enzymatisch verdauten Colonkarzinom- und Brustkrebsproben mittels
LC-MS/MS identifiziert. Die basalen Proteinkonzentrationen variierten stark zwischen den
verschiedenen Zellen, auch wenn sie von dem gleichen Gewebe stammten, wodurch
Proteinregulationen durch Wirkstoffbehandlungen entscheidend beeinflusst werden kénnen. Die
Untersuchungen der Effekte der Metallverbindungen auf das Proteom ermoglichten die
Generierung von Hypothesen beziiglich ihrer Wirkmechanismen, die bis dahin unbekannt waren. Die
Proteomanalysen der Kurkumineffekte zeigten, dass die Reaktion auf einen Wirkstoff stark
kontextabhangig ist und die Tumormikroumgebung einen massiven Einfluss darauf auslbt. Die
Ergebnisse dieser Dissertation konnten zu einer Verbesserung des Wirkstoffevaluierungsprozesses

und von Patientenstratifizierungsstrategien fiihren.
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