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1. List of abbreviations / Abkürzungsverzeichnis 

2-DG  2-deoxy-D-glucose 

AMP  Adenosine monophosphate 

AMPK   AMP-activated protein kinase  

BSA  Bovine Serum Albumin 

CSP  Conjectured Synergistic Potency 

DCA  Dichloroacetate 

DMEM  Dulbecco's Modified Eagle Medium 

DMSO  Dimethyl sulfoxide 

DNA  Deoxyribonucleic acid 

ECAR  Extracellular acidification rate 

EDTA  Ethylenediaminetetraacetic acid 

EGTA  Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid 

FACS  Fluorescence-activated Cell Sorter 

FCCP  Carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone 

GMSAT Genome and Metabolism Stabilizing Antitumor Therapy  

HTS  High throughput screening 

HPLC  High Pressure Liquid Chromatography 

MDIS  Minimalistic Drug Interaction Screening 

MTT  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid 

OCR  Oxygen consumption rate 

PARP  Poly (ADP-ribose) polymerase 

PBS  Phosphate-Buffered Saline 

PDCA  Pancreatic adenocarcinoma 

PMSF  Phenylmethylsulfonylfluorid 

ROS  Reactive oxygen species 

SDS-PAGE Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 

SNP  Single Nucleotide Polymorphism 

SRB  Sulforhodamine B 

TBS  Tris-buffered saline 
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2. Abstract 

Introduction/Objective: Despite a lot of progress in cancer research throughout the last 

decades, cancer is still a leading cause of death in Germany. Tumorigenesis is a multi-step 

process which is accompanied by substantial changes in genome organization. The tumoral 

microevolution leads to therapy resistance and progression of disease. One key approach for 

anticancer therapy is drug combination. Drug combination can help to reduce doses and 

thereby decrease side effects. Furthermore, the likelihood of drug resistance is reduced. This 

work is dedicated towards detecting a promising drug combination among 14 selected 

compounds targeting mainly genome and metabolism that exerts synergistic antitumoral 

effects and thereby recommends itself for further preclinical and clinical studies. 

Methods: 111 previously published SNP arrays from three different cancer types (pancreatic, 

breast and skin) and from non-malignant control samples as well as 917 arrays from cancer 

cell lines were analyzed for breakpoint regions. MTT and SRB assays were conducted for dose 

response curves, screening experiments and subsequent quantification of synergistic 

interaction in the breast cancer cell line MCF-7. The most promising combination was 

evaluated in seven other cell lines derived from hepatocellular carcinoma, glioblastoma, colon, 

lung and cervical cancer tissues. Western Blot, FACS and HPLC analyzes were performed to 

further investigate the effect of this combination on cell cycle, apoptosis and formation of 

reactive oxygen species. Real-time metabolic measurements (Seahorse XF Analyzer) were 

conducted to analyze Dichloroacetate mediated metabolic alterations. 

Results: Some breakpoint regions were not randomly involved in genome reorganization since 

we detected fifteen of them in at least 20% of all tumor samples. The screening method 

(Minimalistic Drug Interaction Screening, MDIS) proved to be an efficient and reliable tool for 

the detection of synergistic drug interactions. A total of six drug combinations were identified. 

The newly detected synergism of DCA and PX-478 is observed in all eight cancer cell lines. 

Furthermore, this combination led synergistically to an increase of ROS, an inhibition of 

proliferation and the induction of apoptosis.  

Conclusion: The Minimalistic Drug Interaction Screening proved to be cost- and time-efficient 

and delivered reliable results. The newly found combination of DCA and PX-478 shows 

synergistic activity in eight out of eight cancer cell lines, whereas the non-cancerous cell line 

HEK-293 was only minimally affected. In vivo experiments are necessary to evaluate if the 

combination can be recommended for clinical trials.  
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3. Zusammenfassung 

Hintergrund/Ziele: Trotz zunehmender wissenschaftlicher Erkenntnisse in der Tumortherapie 

stellen Krebserkrankungen immer noch eine der Haupttodesursachen in Deutschland dar. 

Tumorentstehung ist ein komplexer mehrstufiger Prozess, welcher von substanziellen 

Veränderungen in der Genomstruktur begleitet wird. Die tumoröse Mikroevolution ist eine der 

Hauptursachen für die Entwicklung von Therapieresistenz und Progredienz dieser Erkrankung. 

Ein Schlüssel zur erfolgreichen Tumorbehandlung kann eine frühzeitige Kombinationstherapie 

darstellen. Die Kombination von Medikamenten kann Nebenwirkungen sowie die 

Wahrscheinlichkeit einer Therapieresistenz reduzieren. Ziel dieser Arbeit ist es, aus 14 

ausgewählten Substanzen, die in Zellmetabolismus, Genomaktivität, Proliferation und 

Zellüberleben eingreifen, eine synergistische Kombination zu identifizieren, die 

vielversprechende antitumoröse Wirkung besitzt. 

Methoden: SNP-Array Daten von 111 Tumorproben (Pankreas, Brust, Haut) und nicht-

maligne Kontrollproben sowie von 917 Krebszelllinien wurden auf Bruchpunktregionen hin 

analysiert. Für die Erstellung von Dosis-Wirkungsbeziehungen, die Screening-Experimente 

und die darauffolgende Quantifizierung synergistischer Interaktionen wurden die 

Zellproliferationsraten mit MTT-Analysen und die zelluläre Proteinmasse mit SRB-Analysen 

bestimmt. Die vielversprechendste Kombination wurde in insgesamt acht Tumorzelllinien 

verschiedener Abstammung (Glioblastom, Kolon-, Lungen-, Zervixkarzinom und 

hepatozelluläres Karzinom) untersucht. Western Blot, FACS und HPLC Analysen wurden 

durchgeführt um die vielversprechendste Kombination in Bezug auf Zellzyklus, 

Apoptoseinduktion und die Bildung reaktiver Sauerstoffspezies weiter zu untersuchen. 

Metabolische Echtzeit-Untersuchungen wurden mit Dichloroacetat in MCF-7 Zellen mittels 

Seahorse XF Analyzer durchgeführt. 

Ergebnisse: Eine umfassende Reorganisation des Genoms konnte für Tumore beschrieben 

werden. Interessanterweise konnten wir fünfzehn Bruchpunktregionen detektieren, die in 

mindestens 20 % aller Tumore zu finden waren. Eine Bruchpunktregion befand sich sogar in 

43 % aller Tumore bzw. in 35 % aller (917) untersuchten Zelllinien. Die entwickelte Screening 

Methode (Minimalistic Drug Interaction Screening, MDIS) erwies sich als verlässlich und 

praktikabel. Für sechs Wirkstoffkombinationen konnten eine synergistische Aktivität bestimmt 

und quantifiziert werden. Die neu beschriebene Kombination von DCA und PX-478 zeigte eine 

synergistische Wirkung in allen acht untersuchten Zelllinien. Es wurde gezeigt, dass mit dieser 

synergistischen Wirkung eine vermehrte Entstehung reaktiver Sauerstoffspezies, eine 

Induktion der Apoptose, sowie ein Zellzyklusarrest einhergehen 
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Fazit: Die beschriebene Screening Methode hat sich für die Detektion von synergistischen 

Substanzkombinationen als effizient und verlässlich erwiesen. Die Kombination aus DCA und 

PX-478 zeigt vielversprechende Ergebnisse in allen untersuchten Tumorzelllinien und hat im 

Vergleich nur minimale Wirkungen auf die von embryotischen Nierenzellen abstammende 

Kontrollzelllinie HEK-293. In vivo Experimente sind notwendig, um eine Empfehlung für 

klinische Studien weiter zu bestärken. 
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4. Introduction 

Research on formation and therapy of tumors belongs to the major fields of investigation in 

medical research. Despite substantial scientific progress throughout the last decades, cancer 

was still responsible for approximately one fourth of deaths in Germany in 2019 (4). 

Tumorigenesis is a multi-step process which involves substantial changes in genome 

organization. The development of these changes is not only a random process, but rather 

comprises specific DNA regions that are prone to the reorganization process (5–9). A better 

understanding of genome reorganization that results in malignant tumor growth may contribute 

to the identification of further targets for therapeutic intervention.  

After an initial response to cancer treatment, many patients undergo disease recurrence due 

to treatment resistance leading to a poor prognosis (10). One reason for this effect might be 

the microevolution tumor cells undergo under the selection pressure of a cytostatic therapy. 

Important driving forces of the microevolution are the genomic instability, the cancer 

metabolism and a deregulated cell cycle which leads to increased cell proliferation and an 

enhanced mutational rate (11–14). Microevolution of cancer cells often leads to drug 

resistance and tumor recurrence (15). A way to stop microevolution can be an important key 

for cancer therapy (16). 

Drug combination might be an effective strategy to keep cancer in remission by targeting the 

driving forces of the tumoral microevolution. A combination of drugs that target different 

aspects of the disease and, in the best case, act synergistically may have the potential to keep 

the tumor in a progression free state (17,18). Today, synergy studies are often conducted 

within pharmaceutical companies (19). As industrial funding and the focus on commercial 

interests increase, research is mostly focused on newly bioengineered and patentable drugs 

of the respective company rather than generic compounds (20,21). 

Synergistic drug combinations can lead to increased response rates, reduced risk of drug 

resistance and may allow lower drug doses with less pronounced side effects (18,22,23). 

Often, clinical trials are discarded, once a single compound shows to be ineffective or to 

mediate severe side-effects in a phase 1 clinical study. However, combination of the two 

compounds may lead to lower doses, less pronounced side effects and thereby a well tolerable 

and effective therapy regimen (17,18). 
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4.1 Objectives 

The goal of the work presented was  

a. to design a screening method for the identification of synergisms among selected anti-

cancer compounds in the breast cancer derived tumor cell line MCF-7,  

b. to further investigate the most promising combination in several additional cell lines 

derived from different tumor entities and 

c. to investigate the underlying mode of action behind this synergism. 

The following steps are necessary to reach these objectives: 

1. Identification of compounds.   

As important driving forces of the tumor cell microevolution are the genomic instability, 

the cancer metabolism and a deregulated cell cycle (11–14), a MEDLINE® research 

was conducted to identify compounds targeting the tumor suppressor gene p53 

function, metabolism, growth and survival. Further criteria included were that 

compounds should be orally available, cost effective and patent-free. The identified 

compounds are listed in Table 1. 

 

2. Availability of an applicable screening method.  

In the beginning, we analyzed combinations of compounds which seemed likely to act 

synergistical due to their respective mode of action. In preliminary experiments the 

combination of, for example, Nutlin-3 and PRIMA-1-Met lead to a modest success in 

terms of throughput and data quality. Hence, a development of a suitable screening 

method that is compatible with basic laboratory equipment (Viability assays, ELISA 

reader, cell culture laboratory) and a limited budget was necessary. In the following this 

method will be referred as Minimalistic Drug Interaction Screening (MDIS). 

 

3. Verification of the identified synergisms.  

We decided to use the method of Chou and Talalay. It takes the mass action law and 

thereby the dynamics of a dose response curve into account. Hence it is crucial to 

analyze combinations over the whole dose response curve with at least 4 

concentrations (24,25) 

 

4. Analysis of the most promising drug combination in several additional cell lines derived 

from different tumor types.  

 

5. Analysis of the underlying mechanisms of synergism with focus on induction of 

apoptosis, ROS production and cell cycle alterations.  
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Table 1: 

  

Compound Mode of action 

Nutlin-3 Inhibits the interaction between MDM2 and p53 leading to p53 protein 

stabilization (26). 

Prima 1-Met Improves the interaction of the DNA-binding domain of mutated p53 

with the DNA in a broad variety of mutations except C176F (27). 

Dichloroacetate Inhibits the pyruvate dehydrogenase kinase leading to a more active 

pyruvate dehydrogenase (28). At the molecular level, DCA positively 

regulates p53 activity as well (29). 

DCA is approved for therapy of hereditary lactate acidosis (30). 

Ym155 Leads to reduced expression of BIRC5 (survivin) and therefore to the 

induction of apoptosis (31,32). 

SJ172550 MDMX may directly regulate p53 transcription. MDMX is genetically 

amplified in approximately 20% of breast-, lung- and colon-carcinoma 

(33). 

Pictilisib  

 

Pictilisib is an oral, potent, selective pan-inhibitor of class I 

phosphatidylinositol-3-kinase(34). 

NHI-2 NHI2 is an inhibitor of the lactate dehydrogenase A and leads to less 

production of lactate in tumor cells (35). 

PX-478 Stops transcription of HIF-1α by an increase of eIF2a phosphorylation 

(reduction of HIF-1α -mRNA). An inhibition of the translation of HIF-1α 

and the deubiquitylation has also been shown. PX-478 has effects on 

metabolism, proliferation and apoptosis (36,37). 

6-Shogaol (ginger 

derived) 

Modulates the notch signaling pathway and induces autophagy in 

breast cancer cells while interacting with other pathways e.g. 

AKT/mTOR (38). 

3-Bromopyruvate  Inhibits hexokinase 2 which is important for tumor metabolism in many 

different tumor types(39,40). 

Metformin (approved 

for therapy of diabetes 

mellitus type 2) 

Inhibits mitochondrial complex 1 → AMP increases → AMPK is being 

activated → inhibits pyruvate dehydrogenase, activates β-oxidation 

and is a signal to lower the anabolic rate (41). 

CB-839  Inhibits glutaminase and thus deprives the tumor of another way of 

energy production and anabolic function (42). 

Inositol-C2-PAF A lipid which interferes in the phosphorylation of AKT and PI3K-AKT-

pathway. Inositol-C2-PAF has also other partially unknown 

mechanisms(43) 

Cisplatin (approved) Is a platinum based alkylating-like drug leading to DNA-crosslinks . 

Table 1: List of all 14 compounds used for the MDIS and the respective mode of action. 
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5. Methods 

In this section I focus on all the methods that were executed individually by myself. Methods 

like FACS analysis which I also supervised and assisted, are not included. 

5.1 Cell culture 

The breast cancer cell line MCF-7 was a kind gift from Göran Landberg (Sahlgrenska Cancer 

Center, University of Gothenburg, Gothenburg, Sweden). The hepatocellular cancer cell line 

HEPG2, the adenocarcinoma lung cancer cell line A549 as well as the embryonic kidney 

derived cell line HEK-293, were purchased from the American Type Culture Collection (ATCC). 

The glioblastoma cell line U251 was a kind gift from Kai Murk (Charité Berlin, Germany). A549, 

HEK-293, HEPG2, HeLa, MCF-7 and U251 cells were cultured in DMEM and H441 in 

DMEM/F12. All media contained penicillin/streptomycin (100 U ml−1), L-glutamine (DMEM: 

584 mg l−1, DMEM/F12: 365.1 mg l−1) and 10% heat-inactivated fetal calf serum (PAN 

Biotech, Germany). The humidified incubator was set at 37 °C with 5% CO2. Cells were 

harvested using 0.05% trypsin/0.02% ethylenediaminetetraacetic acid (EDTA) in PBS. 

5.2 Compounds 

The 14 compounds used were purchased from: Prima-1met, Nutlin-3, SJ 172550, YM155 

(Selleck Chemicals, Houston, TX, USA), 6-Shogaol (Hölzel Diagnostika Handels GmbH, 

Cologne, Germany), Pictilisib (Absource Diagnostics GmbH, Munich, Germany), Ino-C2-PAF 

(1-O-octadecyl-2-O-(2-(myo-inositolyl)-ethyl)-sn-glycero-3-(r/s)-phosphatidylcholine) (29), PX-

478 (Hölzel Diagnostika Handels GmbH, Cologne, Germany), DCA, Metformin-hydrochloride 

(Sigma-Aldrich, Munich, Germany), CB-839 (Selleck Chemicals, Houston, TX, USA), 3-

Bromopyruvate (Santa Cruz Biotechnology, Dallas, Texas, USA), NHI-2 (Bio-Techne GmbH, 

Wiesbaden-Nordenstadt, Germany) and Cisplatin (Cayman Chemical Ann Arbor, MI, USA).  

3-Bromopyruvate, Cisplatin, Dichloroacetate, Metformin, PRIMA-1-met, PX-478, YM155 and 

Ino-C2-PAF were dissolved in distilled water. Dimethyl sulfoxide (DMSO) was used to 

solubilize 6-Shogaol, CB-839, NHI-2, Nutlin-3, Pictilisib and SJ-17255. Finally, DMSO 

concentration was kept under 0.6 µl per well (0.6 %).  

5.3 MTT and SRB assay 

A total of 0.75 x 104 A549, 1 x 104 HEK-293, 0.3 x 104 HeLa, 0.6 x 104 HEPG2, 1 x 104 H441, 

0.5 x 104 MCF-7 and 0.3 x 104 U251 cells per well were seeded in flat bottom 96-well plates. 

After 24 hours, when the cells were approximately 50% confluent, DCA, PX-478 or the 

combination was added. After 48 hours of further incubation, either a 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Bio-Techne GmbH, Germany) or a 

sulforhodamine B (SRB) assay was performed. The MTT assay was performed according to 
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the manufacturer’s instructions. For the SRB assay, cells were fixed with 10% trichloroacetic 

acid (w/v) and stained with 0.06% SRB in 1% acetic acid for 30 minutes. Cells were then 

repeatedly washed with 1% acetic acid (v/v) and dissolved in 10 mM Tris (pH 10.5). The protein 

mass was measured by determining the optical density at a wavelength of 492 nm in a 

microplate reader. All experiments were performed independently three times with at least 2 

technical triplicates (mostly with 3). 

Dose response curves were generated using GraphPad Prism 7.05 statistical analysis 

software. The half-maximal effective concentration (EC50) of each compound was determined 

via nonlinear regression. 

5.4 Screening method (Minimalistic Drug Interaction Screening (MDIS) 

0.5 x 104 MCF-7 cells per well were seeded in flat bottom 96-well plates. After 24 hours, when 

the cells were approximately 50% confluent, MCF-7 cells were treated with 14 single and their 

91 pairwise combinations at dosages of approximately EC25. After 48 hours of further 

incubation, a MTT assay was performed. All experiments were performed at least with three 

biological and two technical replicates. Thus about 909 data points (303 per biological 

replicate) were produced. The conjectured synergistical potency (CSP) of a combination was 

quantified by adding up the effect of the single compounds and subtracting the result from the 

combination’s effect. E.g.: Single dose A: 20% cell viability-reduction, single dose B: 10% cell 

viability-reduction and the combination of A and B exhibit cell viability-reduction of 37%. Thus, 

the combination of A and B reduces the cell viability 7% more than it is expected from simply 

adding up the effects of the single compounds (CSP= 7). Analyzes were performed with Graph 

pad prism and Microsoft Excel. CSP-values between 10 and 15 are referred to as “possible”, 

values between 15 and 25 as “likely” and values greater than 25 as “very likely” synergism, 

respectively. 

5.5 Confirmation of synergism 

Synergism was evaluated for four to seven concentrations (mostly with 6), as suggested by 

Chou and Talalay (24). 

Cells were treated with the combination respective combination at a constant EC50: EC50 ratio 

as well as with the single compounds alone. Significant differences between each single 

compound and the combination were assessed by an unpaired t-test. Only concentrations with 

p-values of at most 0.05 for both single compounds compared to the combination were 

considered to exhibit significant differences. 

Combination indices (CIs) were calculated using CompuSyn software (44). The CI is a 

quantitative value indicating the synergism of a drug combination at specific concentrations. A 

value of less than 0.9 indicates synergism (the lower the CI, the stronger the synergism). 
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Values from 0.9 to 1 indicate a nearly additive effect, and a CI value of greater than 1.1 

indicates antagonism (45,46). CI values were calculated as follows: 

 

CI =  
(𝐷)1

(𝐷𝑥)1

+  
(𝐷)2

(𝐷𝑥)2

 . 

 

In the numerators, (𝐷)1 and (𝐷)2 are the concentrations of drug 1 and drug 2, respectively, in 

the drug combination that have a certain effect on cell viability (x %). In the denominators, 

(𝐷𝑥)1and (𝐷𝑥)2 are the concentrations of each drug alone (drug 1 or drug 2, respectively) that 

are necessary to obtain the same effect (x %) as the drug combination (both drug 1 and drug 

2). The concentrations (𝐷𝑥)1 and (𝐷𝑥)2  were calculated by CompuSyn with reference to the 

cell viability data for the respective compounds. To enhance analytical robustness, most 

concentrations of the compounds were doubled. Therefore, potential calculation errors were 

minimized, as suggested by Zhao et al. (47). To generate the median-effect plots, the following 

equation was used: 

𝐷𝑥 = 𝐷𝑚 [
𝑓𝑎

1 − 𝑓𝑎
]

1
𝑚

, 

 

where 𝐷𝑚 is the median effective dose, m is the slope of the median-effect curve, and 𝑓𝑎 is 

the fraction affected. Since calculation of a CI value is appropriate only when neither single 

compound has an effect close to 100%, the respective CI values are not shown in the Results 

section (47). 

 

5.6 Western Blot analysis 

For Western blotting, cells were seeded in 6 cm diameter Petri dishes, grown to approximately 

80% confluence and treated with the noted compounds. 24 hours later, the cells were washed 

with PBS and lysed with lysis buffer (50 mM β-glycerophosphate pH 7.6, 1.5 mM EGTA, 1.0 

mM EDTA, 1% (v/v) Triton X-100, 0.2% (v/v) protease inhibitor cocktail, 0.4% (v/v) PMSF, 100 

mM sodium vanadate, 500 mM NaF) on ice for 60 minutes. The lysed cells were centrifuged 

for 15 minutes at 4°C and 11,000 × g, and the supernatants were denatured by heat. The 

samples were separated under reducing conditions by 10% SDS-PAGE and transferred to 

nitrocellulose membranes (Thermo Fisher, Rockford, USA). The membranes were 

subsequently blocked overnight and were then incubated with the corresponding primary 

antibodies in blocking buffer (5% nonfat dry milk/TBS/0.1% Tween 20 for the anti-PARP 

antibody and 5% BSA/TBS/0.1% Tween 20 for all other antibodies) overnight at 4° C. The 

primary antibodies and the corresponding working concentrations are listed in Table 2. After 
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incubation with appropriate peroxidase-conjugated secondary antibodies, proteins were 

detected using SuperSignal West Pico Chemiluminescent Substrate (Pierce, Thermo Fisher 

Scientific, Bonn, Germany). Signals were visualized using a VersaDoc™ 4000 MP imaging 

system together with the software QuantityOne® 4.6.5 (BioRad Laboratories, Munich, 

Germany) and quantified using ImageJ 1.52a software (National Institute of Health, USA; 

version 1.8.0_112). 

 

 

Table 2: List of antibodies 

Antigen Commercial source Source Dilution 

β-actin Cell Signaling (Danvers, USA) Mouse 1:4000 

PARP/cleaved PARP (9542) Cell Signaling (Danvers, USA) Rabbit 1:1000 

Retinoblastoma p795 (9301) Cell Signaling (Danvers, USA) Rabbit 1:1000 

Cyclin D1 (DCS-6) Thermo Scientific (Waltham, USA) Mouse 1:200 

 

5.7 Seahorse analysis 

MCF-7 cells were seeded in an XF 96-well culture microplate (Agilent, Santa Clara, USA) at 3 

x 104 cells per well in 180 µl of prewarmed assay medium. Three biological replicates and 3-4 

technical replicates were performed. The specific agents used for the different experiments in 

the seahorse were provided by Hao Wu. After 24 hours, a mitochondrial respiration assay or 

glycolytic rate assay was performed with a Seahorse XFe96 Analyzer (Agilent Technologies).  

 

The sensor cartridge was hydrated with 200µl Seahorse XF Calibrant per well in a non-CO2 

incubator at 37° for at least 4 hours. Seahorse XF DMEM was either prepared for the 

mitochondrial stress test or the glycolysis stress test (see below). 

The respective medium was pre-warmed to 37° and the pH was adjusted to 7.4 with 0.1 N 

NaOH or 0.1 N HCL, respectively. Then cells were washed 2 times with the prepared Seahorse 

XF DMEM medium and finally 180µl per well was added. Cells were incubated for 45 minutes 

in a non-CO2 incubator at 37°. The Seahorse port A was loaded with DCA (final concentration: 

31.5 mM). 

 

Port B-D were loaded as described for the different stress tests below. The experimental setup 

was designed using the WAVE 2.6.0 software. After preparations were finished, Seahorse XF 

96 was started. Before each measurement, the assay medium was gently mixed to restore 

Table 2: List of all used primary antibodies as well as the corresponding working solution. 
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normal oxygen tension and pH in the microenvironment surrounding the cells. Baseline ECAR 

(extracellular acidification rate) and OCR (oxygen consumption rate) were measured 4 times 

at an interval of 5 minutes. After injection of Port A, measurements were performed every 20 

minutes another 6 times. Then the mitochondrial stress test or the glycolysis stress test was 

performed using port B, C and D as illustrated in Figure 1 (48,49). After approximately 220 

minutes, when the seahorse analysis was finished, cells were immediately fixed and an SRB-

Assay was performed to conduct normalization. Graphs were produced using GraphPad Prism 

statistical analysis software 7.05. Glycolytic capacity and maximal respiration were calculated 

using an automated excel macro included in the software WAVE 2.6.0. 

 

Glycolytic capacity and maximal respiration were calculated as follows: 

• maximal respiration (OCR) = (maximum rate measured after injection of carbonyl 

cyanide-4-(trifluoromethoxy)phenylhydrazone [FCCP]) – (non-mitochondrial 

respiration rate) 

• non-mitochondrial respiration (OCR) = minimum rate measured after injection of 

rotenone & antimycin A) 

• Glycolytic capacity (ECAR) = (maximum rate measured after injection of oligomycin) – 

(non-glycolytic acidification rate) 

• non-glycolytic acidification (ECAR) = minimum rate measured after injection of 2-

deoxy-D-glucose (2DG). 

 

Mitochondrial stress test (Figure 1): For this experiment Seahorse XF DMEM medium was 

used with 2mM glutamine, 1mM pyruvate and 10mM glucose. Port B was loaded with 

Oligomycin (final concentration 2µM) an inhibitor of the mitochondrial membrane adenosine 

triphosphate synthase (Complex V), port C was filled with FCCP (1µM) (Carbonyl cyanide-4-

(trifluoromethoxy)phenylhydrazone) an uncoupling agent transporting protons across the 

mitochondrial membrane and port D was loaded with Rotenone (5µM) an inhibitor of 

mitochondrial electron transport in Complex 1 and Antimycin A (5µM) an inhibitor of the 

mitochondrial electron transport chain from cytochrome b to cytochrome C1. After each port-

injection OCR and ECAR was measured 3 times (approximately every 3 minutes). This allows 

us to measure metabolism after specific modulations. 

 

Glycolysis stress test (Figure 1): For this experiment Seahorse XF DMEM medium was used 

with 1 mM glutamine leaving pyruvate and glucose out. The port-injection protocol is similar to 

the mitochondrial stress test with different compounds being used. Port B was loaded with 

glucose (final concentration 10mM), port C was loaded with Oligomycin (1µM) and port D was 
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filled with 2-DG (50mM)(2-deoxy-D-glucose) a glucose analog which is not metabolized 

leading to inhibition of glycolysis. 

 

5.8 Statistical analysis 

Statistical analysis was performed using unpaired T-tests in GraphPad Prism 7.05 statistical 

analysis software. Differences with a p-value of at most 0.05 were considered significant: 

significant differences compared to the control are marked with an asterisk (*), while significant 

differences between the combination and both the control and each single compound are 

marked with two asterisks (**). All experiments were performed with at least 2 technical and 3 

biological replicates. 

 

 

  

Figure 1: Mitochondrial stress test (left) and Glycolysis stress test (right) 

Figure 1: Exemplarily, the routine of the mitochondrial stress test (left) and the glycolysis 

stress test (right) is presented. Effects of each agent on the OCR or ECAR and the possible 

interpretation of the effect can be seen, respectively. The figures are taken from the 

respective flyers from Agilent (48, 49). 
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6. Results 

6.1 Genome reorganization in different cancer types: Detection of cancer specific 

breakpoint regions (Publication 1) 

We have analyzed previously published SNP (Single Nucleotide Polymorphism) array data 

from three different cancer types (pancreatic adenocarcinoma, breast cancer and metastatic 

melanoma) and from non-malignant control samples (1). Altogether, data from 111 tumor 

samples, 20 non-malignant control tissues and 917 tumor cell lines were used. We calculated 

breakpoint regions as well as segmental copy number variations. Some of these regions were 

involved in genome reorganization above average since we detected fifteen of them in at least 

20% of all tumor samples and one region on chromosome 9 where 43% of tumors have a 

breakpoint. Furthermore, the top-15 breakpoint regions show an association to already known 

fragile sites. The relevance of these common breakpoint regions was further confirmed by 

analyzing SNP arrays from 917 cancer cell lines. Additionally, we could show that pancreatic 

adenocarcinomas (PDCA) cell lines exhibit considerably different breakpoint regions than solid 

PDCAs. 

These results indicate that genome reorganization is common in tumorigenesis and results in 

a great heterogeneity of established tumors. For therapy of such heterogeneous tumors, a 

combination of different treatment regimens could be a valuable approach which motivated us 

to further focus our studies on the synergism of anti-tumor agents with a different mode of 

action in various tumor derived cell lines (2,3). 

6.2 Synergisms of genome and metabolism stabilizing antitumor therapy (GMSAT) in 

human breast and colon cancer cell lines: A novel approach to screen for synergism 

(Publication 2) 

To identify synergisms among 14 selected compounds (see Table 1), we developed a three-

step concept (2).  

First, dose-response curves were conducted. Second, a screening experiment (Minimal Drug 

Interaction Screening – MDIS) in which all 91 possible pairwise combinations were 

investigated was performed. Third, the most promising combinations were verified by the 

method of Chou and Talalay.  

In this study, all 14 compounds did exhibit antitumor effects on each of the three cell lines. 

MDIS resulted in 19 potential synergisms detected in HT-29 (20.9% of all combinations) and 

27 in MCF-7 (29.7% of all combinations) (2). 

In subsequent experiments including measurements of whole dose response curves seven of 

the top combinations were further analyzed, and for five combinations a significant synergy 
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could be confirmed. (DCA + NHI-2, Nutlin-3 + PX-478, Prima-1met + YM155, DCA + Metformin 

and Prima-1met + NHI-2). The combination Nutlin-3 (inhibition of MDM2) and PX-478 

(inhibition of HIF-1α) could be confirmed as synergistic for all three cell lines analyzed (MCF7, 

HT-29 and MDA-MB-231). The same accounts for the combination of Dichloroacetate (PDH 

activation) and NHI-2 (LDH-A inhibition).  

Dichloroacetate (DCA), a pyruvate dehydrogenase kinase inhibitor and the HIF-1α inhibitor 

PX-478, both compounds targeting cancer metabolism pathways showed to have a “very 

likely” synergism when combined in the MDIS. This combination turned out to have the highest 

conjectured synergistic potency (CSP) detected among all combinations as it added 60.8% to 

the sum of the antitumoral effects of the single compounds in HT-29 cells. In MCF-7 cells this 

combination showed to have a possible synergism (CSP-value between 10 and 15).  

The resulting dose response curves of the combination of DCA and PX-478 in HT-29 and MCF-

7 cells (3) motivated us to investigate this combination in greater detail. We decided to further 

analyze this combination in multiple cell lines of different cancer types and to analyze the 

biochemical effects of this combination in a separate work. 

  

6.3 Dichloroacetate and PX-478 exhibit strong synergistic effects in a various number 

of cancer cell lines (Publication 3) 

The two cancer metabolism targeting compounds DCA and PX-478 were analyzed for their 

synergistic interaction in eight cell lines originating from different cancer types. In addition, the 

underlying biochemical mechanisms were investigated (3). The dose-dependent 

antiproliferative effects of the single drugs and their combination were assessed using SRB 

assays. The combination of DCA and PX-478 exhibited synergistic effects in all eight 

investigated cancer cell lines including colorectal, lung, breast, cervical, liver and brain cancer 

and showed only minimal effects on the embryonic kidney derived cell line HEK-293.  

FACS, Western blot and HPLC based experiments were performed to determine changes in 

reactive oxygen species levels, induction of apoptosis and cell cycle parameters. Additionally, 

real-time metabolic analyzes (Seahorse XF Analyzer) were performed with DCA-treated MCF-

7 cells.  

The combination of DCA and PX-478 leads to increased ROS levels and the induction of 

apoptosis in HT-29, MCF-7 and HeLa cell lines. As one exemplary part of our data, the results 

of Western blot analysis are shown in Figure 2. In both cell lines combination of DCA and PX-

478 resulted in a significant increase of cleaved PARP, a marker for enhanced apoptosis 

activity in cells. In the same cellular extracts, the amounts of Cyclin D1 and of the 
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phosphorylated retinoblastoma protein 1 (pRB1), which are associated with a high cell 

proliferation rate, were significantly reduced. 

Real-time measurement of metabolism using the Seahorse XF Analyzer showed that DCA 

induces metabolic shift from aerobic glycolysis to oxidative phosphorylation.  
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Figure 2: Western blot analysis (3)  

Figure 2: The combination of DCA and PX-478 leads to increased levels of cleaved PARP 

and reduced levels of Cyclin D1 and pRB1 in HT-29 and MCF-7 cells. Cells were 

incubated to a confluence of approximately 80% and treated with DCA and PX-478 at the 

following concentrations: HT-29—DCA, EC50 and PX-478, 0.5 x EC50; MCF-7—either 

DCA and PX-478, 0.5 x EC50 or EC50. 24 hours later, the cells were harvested, and 

Western blot analyses were performed. A: Three independent Western blots are shown 

for each antibody except for β-actin (only one representative blot is shown here). The 

blots presented here are cropped; please see additional files for full-length blots. B: The 

results are presented as the fold change relative to the control. Significant differences are 

marked with an asterisk (*). The level of cleaved PARP was significantly increased in HT-

29 cells treated with the combination (p = 0.00002) compared to HT-29 cells treated with 

the single compounds. For MCF-7 cells, a clear trend was visible for both concentrations 

(p = 0.086 or p = 0.087, respectively). Significant differences compared to the control are 

marked with an asterisk (*); significant differences between the combination of DCA and 

PX-478 and each single compound are marked with two asterisks (**). The combination 

of DCA and PX-478 significantly reduced cyclin D1 and pRB1 levels in both cell lines and 

at both concentrations in MCF-7 cells. 
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7. Discussion 

7.1 Minimalistic Drug Interaction Screening – an efficient screening tool 

The screening method (MDIS) proved to be a cost- and time-efficient approach to analyze 

drug-drug combinations in tissue culture model systems. MDIS allows to systematically screen 

for and reliably describe synergies between a high number of compounds with high efficiency 

and sufficient data quality. Compared to high-throughput robot-assisted approaches as 

described by Borisy et al., MDIS requires generation of ca. 20 fold less data points (50). 

Applying this method for 14 compounds, we identified five synergistic combinations of genome 

and metabolism stabilizing compounds. Nutlin-3 + PX-478 as well as DCA + NHI-2 proved to 

be synergistic in all cell lines (MCF-7, MDA-MB-231 and HT-29) (2). Four out of four tested 

combinations identified as “likely” or “very likely” synergism with MDIS could be verified by the 

method of Chou and Talalay. Only two out of four tested drug combinations identified to have 

a “possible” synergism proved to have a significant synergism. Hence, MDIS is an efficient tool 

that is reliable in its projections when looking at “likely” or “very likely” synergisms.  

7.2 DCA and PX-478 exhibits strong synergistic potential for antitumoral therapy 

One of the most promising drug combinations identified by MDIS was DCA + PX-478. The 

synergism was verified in eight out of eight tumor cell lines. In addition, the combination therapy 

shows only minimal effects on the embryonic kidney cell line HEK-293.  

Further investigation of the mechanisms behind this synergistic interaction showed that it led 

to increased ROS production as well as the induction of apoptosis and cell cycle arrest. In 

addition, we could verify the DCA mediated shift from aerobic glycolysis to oxidative 

phosphorylation via real time measurement (Seahorse FX Analyzer) partly reversing the 

Warburg effect. 

In other studies PX-478 has been shown to induce ROS generation, apoptosis and cell cycle 

arrest (51,52). DCA is already approved for therapy of hereditary lactic acidosis (30,53) and a 

lot of research has been conducted with heterogenic results. Some groups have found DCA 

to induces ROS generation and apoptosis (54–57) while others state that DCA did not 

significantly increase ROS but acts as a ROS sensitizer, which is more consistent with our 

data (3,58,59).  

In our hands, DCA strongly increased maximal respiration and decreased glycolytic capacity 

in MCF-7 cells, while it has been described that both maximal respiration and glycolytic 

capacity were decreased in pancreatic carcinoma as well as head and neck squamous cancer 

cells (3,60,61). However, Ma et al. found increased maximal respiration in non-small cell lung 

cancer cells treated with DCA (62). Hence, literature as well as our data suggest that DCA 
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mediates heterogenic metabolic modulation depending on the metabolic status of a cancer 

cell. The promising synergism between the two compounds presented here, in context with the 

evidence generated by various research groups about the effects of DCA and PX-478, 

deserves further attention. In conclusion, more work needs to be conducted to gain a deeper 

understanding of this promising combination of DCA and PX-478. 

Cell lines are prone to genotypic and phenotypic drift during their continuous culture (63). In 

line with this, we could show with our genome reorganization study that pancreatic 

adenocarcinomas (PDCA) cell lines differ considerably from solid PDCAs (1). In conclusion 

data from in vitro trials are of limited predictivity for the in vivo situation. Hence, for future 

studies, we do recommend conducting in vivo experiments rather than continuing with further 

in vitro analyzes. 

7.3 Conclusion 

We recommend the Minimalistic Drug Interaction Screening (MDIS) to screen for promising 

synergism in a time- and cost-efficient way. 

In our application of the MDIS we detected a promising synergism for the combination of 

DCA and PX-478 that we could confirm in eight cell lines and by mechanistic studies. For 

future studies, we recommend commencing with in vivo experiments. If promising results 

continue in the in vivo stage, the combination should be further evaluated in clinical trials. In 

addition, the use of this combination with conventional chemotherapy or radiotherapy may be 

taken into account for further translational approaches.  
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