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3 Summary 

Deregulation of cellular energy metabolism has been well established as a hallmark of cancer. 

Increased aerobic glycolysis, termed the Warburg effect, is associated with an overexpression of 

different glucose transporter isoforms, especially GLUT-1 (ubiquitously expressed). To date, 

numerous GLUT inhibitors have been reported to reduce cancer growth, albeit improvement of 

selectivity and efficacy as well as unspecific toxicity of such inhibitors remain to be major 

challenges. In order to identify compounds that block glucose uptake of cancer cells, a cell-based 

screen that monitors 2-deoxy-D-glucose (2-DG) uptake by cancer cells was employed. This led to 

the discovery and further investigation of three distinct substance classes of which one was 

investigated in-depth within this dissertation. Chemical investigation of the main compound class, 

the piperazin-2-ones, involved detailed planning and execution of compound synthesis to improve 

potency and physicochemical properties and establish a conclusive structure-activity relationship 

(SAR). The thereby generated most potent, enantiomerically pure compound, termed Glutor, 

inhibited glucose uptake and reduced the glycolysis rate of cancer cells with low nanomolar 

potency. In a panel of 94 cell lines Glutor impeded the growth of 44 different cancer cell lines with 

an IC50<100 nM, while non-malignant cells were unaffected. Interestingly, among the most 

sensitive cancer cells, mutations in KRas were enriched. Spheroids were employed to investigate 

the cellular potency in a physiologically more relevant cell model. Thereby, Glutor induced a strong 

increase in cytotoxic events after 24 hours of treatment, which even outreached the compound 

effect on monolayer-cultured cells. 

Furthermore, among the class I GLUTs, a GLUT-1/-2/-3 isoform selectivity was determined for 

Glutor by employing overexpression experiments of the respective isoform, which lead to partial 

rescue of 2-DG uptake inhibition and verification by cellular thermal shift assays (CETSA®). 

Subsequent studies revealed an upregulation of GLUT-1 and GLUT-3 expression levels under 

glucose starvation conditions. This proved the necessity of a GLUT-1/-3 selectivity profile to 
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achieve a full inhibitory effect on glucose uptake. Numerous reports describe the dependence of 

in vitro cultured cancer cells on glutamine to maintain catabolism and viability. Therefore, the effect 

of varying extracellular glutamine concentrations on glucose dependence as well as Glutor 

treatment was investigated and revealed that physiological glutamine concentrations (0.5 mM) 

increased the potency of both compound treatment and glucose deprivation. In line with this, a 

strong synergistic effect in a combinatory treatment using the glutaminase inhibitor CB-839 was 

uncovered. These experiments prove the possibility of novel combinatory treatment approaches 

for anti-cancer therapy. In the scope of this dissertation, derivatives of the other two substance 

classes, (R,R)-Chromopynone-1/2 and (+)-Glupin-1, were investigated as well. Thereby, several 

findings made for Glutor could be determined as general for glucose uptake inhibitors.  

The new small molecular GLUT inhibitors may ultimately pave the way for the investigation of 

glucose uptake inhibition as a new therapeutic anti-cancer strategy or in a combinatory treatment 

approach with other drugs. 

 

Figure 1 Graphical abstract indicates the synergistic effect between Glutor and the glutaminase inhibitor CB-
839 as well as the observed rescue effect upon glucose starvation. GLS: glutaminase kidney isoform, TCA: 
tricarboxylic acid cycle, GLUT: facilitative glucose transporter. 
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4 Zusammenfassung 

Die Veränderung des zellulären Metabolismus ist ein Hauptmerkmal von Krebserkrankungen. 

Diese schließt die aeroben Glykolyse ein, auch Warburg-Effekt genannt, die zur vermehrten 

Expression von Glukose-Transportern (GLUTs), insbesondere GLUT-1, führt und dadurch zur 

erhöhten Glukoseaufnahme in Krebszellen. Um die Glukosezufuhr von Krebszellen zu 

unterbinden, wurden bereits einige GLUT-Inhibitoren entwickelt, die jedoch mangelnde 

Selektivität, Wirksamkeit sowie unspezifischen Nebenwirkungen aufweisen. Um neue 

niedermolekulare Glukoseaufnahme-Inhibitoren zu identifizieren, wurde ein Zell-basiertes 

Testsystem eingesetzt, das die Aufnahme von 2-Desoxy-D-Glukose (2-DG) in Krebszellen 

nachweist. Aus einer Bibliothek von über 150.000 niedermolekularen Substanzen wurden drei 

Substanzklassen identifiziert, welche die 2-DG-Aufnahme im niedrigen mikromolaren Bereich 

inhibieren. Eine dieser Substanzklassen, die Piperazin-2-one, wurde im Rahmen dieser Arbeit 

näher untersucht. Mithilfe organisch synthetischer Methoden wurden weitere Piperazin-2-on-

Derivate generiert, um die Wirksamkeit sowie physikochemische Eigenschaften verbessert. Durch 

eine umfassende Strukturwirkungsbeziehung konnte die aktivste Verbindung, das Enantiomer 

Glutor, identifiziert werden. Glutor hemmte die Glukoseaufnahme und reduzierte die Glykolyserate 

von Krebszellen im niedrigen nanomolaren Bereich. Zudem unterband Glutor das Wachstum von 

diversen Krebszelllinien mit einem IC50<100 nM, wobei nicht entartete Zellen unbeeinflusst 

blieben. Auffällig war hierbei eine Anreicherung von KRas-Mutationen unter den sensitiven 

Zelllinien. In physiologisch relevanteren, dreidimensionalen Sphäroiden führte die Behandlung mit 

Glutor bereits nach 24 Stunden zu einem, im Vergleich zu einlagig kultvierten Zellen, stärkeren 

Anstieg der Zytotoxizität. 

Die Überexpression von GLUT-1/-2 und -3 verringerte die Glutor-vermittelte Inhibition der 2-DG-

Aufnahme, was auf die Inhibition der Isoformen GLUT-1/-2/-3 hindeutet. Zudem erhöhte Glutor 

die Schmelztemperatur von GLUT-3 in Zelllysaten, was die Bindung an GLUT-3 und somit GLUT-
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3 als Zielprotein bestätigte. Unter Glukoseentzug konnte zudem ein Anstieg der GLUT-1- und 

GLUT-3-Expression verzeichnet werden. Dieser Befund verdeutlicht die Relevanz eines GLUT-

1/-3-Selektivitätsprofils, um eine vollständige Hemmung der Glukoseaufnahme von Krebszellen 

zu garantieren. In vitro kultivierte Zellen sind auf extern hinzugefügtes Glutamin angewiesen, und 

viele Krebszellen sind Glutaminabhängig. In Übereinstimmung damit wies Glutor eine erhöhte 

Wirksamkeit bei geringerer, physiologischer Glutaminkonzentration von 0,5 mM auf. Die 

kombinatorische Anwendung von Glutor und dem Glutaminase-Inhibitor CB-839 zeigte einen 

klaren synergistischen, inhibitorischen Effekt auf das Zellwachstum. Dies könnte einen 

wirkungsvollen, kombinatorischen Behandlungsansatz für die Krebsbekämpfung darstellen. Im 

Rahmen dieser Arbeit wurden auch Derivate der zwei weiteren identifizierten Substanzklassen, 

(R,R)-Chromopynone-1/-2 und (+)-Glupin-1, näher untersucht. Viele der Erkenntnisse, die durch 

die Untersuchungen mit Glutor gewonnenen wurden, konnten als allgemeingültig für 

Glukoseaufnahme-Inhibitoren bestätigt werden. 

Die im Rahmen dieser Arbeit untersuchten niedermolekularen Inhibitoren haben das Potential, 

den Grundstein für den therapeutischen Einsatz von Glukoseaufnahme-Inhibitoren in der 

Krebsforschung allein oder in Kombination mit anderen Medikamenten zu legen. 
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5 Introduction 

5.1 Cancer 

Cancer is a collective term for a large group of diseases that can affect any tissue of the body. It 

is characterized by uncontrolled cell proliferation that arises from numerous genetic alterations 

and most often results in tumor formation. Cancer cells invade the surrounding healthy tissue and 

can migrate to distal sites through the blood stream to form new tumors (metastasis). These 

metastases are usually the cause of death. Cancer is the second leading cause of death 

worldwide, while 70% of the associated deaths occur in low- and middle-income countries 

because of limited access to diagnostic and treatment opportunities.1,2 

Traditional cancer treatments include the operative removal of the tumor, radiation and 

chemotherapy or a combination of these. Since all three procedures entail a large degree of side 

effects, modern research focuses on two main areas: immunooncology and targeted cancer 

therapy. The aim of immunooncology is to reactivate the patientôs immune system to antagonize 

the cancer, whereas the latter focuses on the (molecular) differences between normal and cancer 

cells to selectively kill cancer. These differences have been grouped by Hannahan and Weinberg 

in 2000 as the seven hallmarks that enable cells to evolve into a malignant state. These hallmarks 

include resisting cell death, sustaining proliferative signaling, evading growth suppressors, 

activating invasion and metastasis, enabling replicative immortality and inducing angiogenesis.2 

Further studies have revealed a second layer of complexity which is combined in the second 

generation of hallmarks published by Hannahan and Weinberg in 2011 (Figure 2). Hannahan and 

Weinberg added two enabling characteristics (genome instability and tumor-promoting 

inflammation) and two emerging characteristics (avoiding immune destruction and deregulating 

cellular energetics).3 The adapted energy metabolism of cancer is one hallmark that is recently 

gaining more attention for targeted cancer therapy and is the focus of this thesis.  
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Figure 2 The second generation hallmarks of cancer as postulated by Hannahan and Weinberg.3 

 

5.2 The Warburg effect 

Non-malignant, resting cells convert the highly abundant nutrient glucose during glycolysis to 

pyruvate. Pyruvate subsequently enters the tricarboxylic acid (TCA) cycle and mitochondrial 

oxidative phosphorylation to generate 36 mol adenosine triphosphate (ATP) per mole glucose that 

is consumed by the cell (Figure 3a). In the absence of oxygen, cells convert glucose into pyruvate, 

which is fermented into lactate, generating 2 mol ATP per mole glucose. In 1924, Otto Warburg 

was the first scientist to observe that cancer cells perform glycolysis regardless of oxygen 

availability (Figure 3b).4 Thus, this observation is also known as the Warburg effect or aerobic 

glycolysis.  

At first glance, this adaptation is counterintuitive since cancer cells require energy for their rapid 

proliferation and generate 9-fold less ATP during aerobic glycolysis (since mitochondria remain 

functional and oxidative phosphorylation occurs at low levels aerobic glycolysis generates ~4 mol 
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ATP/mol glucose).3,5 However, the rate of glycolysis is 10-100 times higher than the rate of 

oxidative phosphorylation, which compensates for the low ATP yield per mole glucose.6 The faster 

kinetics of glycolysis provide an advantage, when cancer cells compete with surrounding stroma 

cells for glucose.6 

  

Figure 3 Metabolism of differentiated tissue and tumor cells. Schematic representation of the metabolic phenotypes 
of differentiated tissue (a) and tumor cells (b). The contribution of the metabolic pathways to proliferation is depicted in 
c). PPP=pentose-phosphate pathway, TCA=tricarboxylic acid cycle, OXPHOS=oxidative phosphorylation, 
GLUT=facilitative glucose transporter, GLS=glutaminase kidney isoform. 

 

Another hypothesis for this metabolic adaptation is that intermediates, which are generated during 

glycolysis, serve as a starting material for e.g. nucleoside biosynthesis using the pentose-

phosphate pathway and are therefore essential for DNA replication and division.6 Also, the need 

for reducing equivalents NADPH is much higher than ATP demand. NADPH is produced in high 

amounts through the pentose phosphate pathway, which is a pathway branch of glycolysis (Figure 

3b). Thus, until today the exact reason why cancer cells perform aerobic glycolysis remains 

controversial.6 
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To accelerate glucose uptake and thereby the rate of glycolysis, cancer cells overexpress the 

facilitative glucose transporters (GLUTs). High expression levels of the isoform GLUT-1 have been 

associated with poor patient prognosis and advanced tumor stages, which is why GLUT-1 was 

proposed as diagnostic marker.7ï9 This phenomenon is now applied for tumor localization and 

diagnosis. Patients receive the glucose derivative 2-deoxy-2-(18F)fluoro-D-glucose (FDG) 

intravenously, which is rapidly taken up by all tissues with high glucose consumption, such as 

tumors, within the human body.10 These can be detected with positron emission tomography 

(PET). 2-Deoxy-D-glucose (2-DG) itself reduces the glycolytic rate by means of hexokinase 

inhibition and is investigated in multiple clinical trials alone (trial I/II) and together with other anti-

cancer treatment strategies, i.e. the chemotherapeutic agent docetaxel or radiotherapy.11ï13 

Naturally, targeting anaerobic glycolysis is a promising approach for cancer therapy. To date, no 

medication targeting metabolic differences in cancer cells has been introduced to the market, 

which underscores the high need for new therapeutic entities. In 2014, the Food and Drug 

Administration (FDA) approved the drug Enasidenib (AG-221), which inhibits a metabolic target. 

This small molecule targets the cancer-associated mutated form of isocitrate dehydrogenase 

(IDH) 2 in order to reduce the production of the oncometabolite 2-hydroxyglutarate (2-HG) and 

does not target any metabolic adaptation of cancer directly.14  

 

5.3 Glucose transporters 

Glucose is a hydrophilic molecule that cannot pass the plasma membrane of cells. Therefore, 

glucose is transported via two main protein families, either via passive diffusion (facilitative glucose 

transporters ï GLUTs) or together with sodium by an electrochemical gradient (sodium-dependent 

co-transporters - SGLTs). GLUTs are integral membrane proteins that passively transport glucose 

according to the prevalent glucose gradient. There are 14 GLUT isoforms known so far that are 

expressed in a tissue-specific manner and which are involved in central metabolic processes, e.g. 
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basal glucose uptake (GLUT-1). The isoforms are divided into three distinct protein classes I-III 

according to their amino acid similarity (Figure 4).15 

 

Figure 4 GLUT isoforms of class I-III. a) CLUSTAL multiple alignment revealed amino acid sequence similarities 
between GLUT isoforms. Adapted from Scheepers et al.15 b) Function and main expression sites of all GLUTs.16,17 

 

Class I GLUTs are the most studied isoforms and comprise five different proteins: GLUT-1, GLUT-

2, GLUT-3, GLUT-4 and GLUT-14, which is a duplicon of GLUT-3 and has not gained much 

attention. The function of most other GLUTs (class II and III) is still a matter of debate or unknown. 

GLUT-1 is mainly expressed in erythrocytes and blood-tissue barriers to ensure glucose uptake 

from the blood stream into organs. Furthermore, GLUT-1 is ubiquitously expressed and ensures 

basal glucose supply of nearly all somatic cells. GLUT-2 is involved in glucose sensing in the 

pancreas and GLUT-2-mediated glucose uptake is coupled to insulin secretion. Due to GLUT-2ôs 

low glucose affinity (Table 1), its major purpose is the postprandial glucose consumption.18 GLUT-

3 has the highest affinity for glucose and is expressed primarily in neurons. GLUT-4 is mainly 

expressed in insulin-responsive tissues such as muscle or fat. Most expressed GLUT-4 

transporters are stored in vesicles when insulin is absent. Upon insulin secretion GLUT-4 

membrane translocation is induced. 
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Table 1 Overview of substrate specificity and affinity for the GLUT isoforms 1-4.18,19 

GLUT isoform GLUT-1 GLUT-2 GLUT-3 GLUT-4 

Characteristics High affinity 
Low affinity 

High capacity 
High velocity 

High affinity 
High capacity 

High affinity 

Km Glc 3-7 mM 17 mM 1.4 mM 6.6 mM 

Km 2-DG 5 mM  ~ 1.4 mM  

Km Fru no ~ 76 mM yes  

Km Gal ~ 17 mM ~ 92 mM ~ 8.5 mM  

Km Man yes ~ 125 mM yes  

Km GlcN  0.8 mM yes 3.9 mM 

Km 3-OMe-Glc ~ 20 mM    

DHA yes  yes yes 

Others GalN  Maltose, Xyl  

Highest substrate affinity is highlighted in grey. 2-DG=2-deoxy-D-glucose, Glc=glucose, Man=mannose, Mt=maltose, 
Xyl=xylose, DHA=dehydroascorbic acid, GlcN=glucosamine, Fru=fructose, GalN=galactosamine. 

 

The structures of human GLUT-120 (inward-open conformation) and GLUT-321 (outward-open 

conformation) have been solved by means of X-ray crystallography. Other human GLUT isoform 

structures are based on computer homology models of the large-conductance mechanosensitive 

ion channel (MscL) from Mycobacterium tuberculosis, glycerol-3-phosphate transporter GlpT and 

GLUT-1-4 homologs of Escherichia coli.22 The sequences of GLUT-1-4 are highly conserved 

(Figure 4, Figure 5a) and the glucose binding site exhibits 100% sequence identifity among GLUT-

1-4 (Figure 5b). Different substrate affinities for glucose or susceptibility for other sugars (Table 1) 

must therefore originate from the surrounding amino acids. Variation between the amino acid 

sequences of these four isoforms occur within each of the 12 transmembrane helices. 

Interestingly, GLUT-1 possesses unique sequence stretches in comparison to GLUT-2-4 at the 

intracellular helix and within the extracellular loops (Figure 5a). 
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Figure 5 Crystal structure of GLUT-1 and similarity to GLUT-2-4. Structural similarity of GLUT-1-4 isoforms as 
illustrated on the inward-open crystal structure of GLUT-1 as overview (a) and within the glucose binding site (b). Amino 
acid alignment of GLUT-1-4 was reported by Zhao et al.23 PDB: 4PYP20. 

 

The overexpression of all isoforms GLUT-1-4 has been described for cancers, mostly associated 

with the tissue of their respective site of expression.18 The GLUT-1 isoform is upregulated in nearly 

all malignant cells. The development of GLUT-1-selective inhibitors for targeted cancer therapy 

was therefore a long standing goal that was only recently addressed by Siebeneicher et al..24 

However, high expression levels of GLUT-3 were also determined in a wide range of cancer types, 

among others endometrial and breast cancers, head and neck tumors, thyroid carcinomas, colon 

and pancreatic, and non-small cell lung cancer.25ï30 The required isoform selectivity profile of 

GLUT inhibitors to potently target glucose uptake in cancer remains therefore uncertain. Multiple 

selective and unselective inhibitors have been reported and will be discussed in the following 

chapter. 
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5.3.1 Glucose uptake inhibitors 

The basis of targeted cancer therapy is the discovery of molecules that perturb a biological 

process that is prevalent in cancer. Such molecules are identified in a process called chemical 

genetics. Compared to the traditional genetics approaches where certain genes are interrupted to 

elucidate their function via phenotype analysis, chemical genetics makes use of compounds that 

disrupt the same process. One disadvantage of the classical genomics approach is the poor 

transferability to human cells due to their complex genome and their slow reproduction rate 

compared to e.g. yeast and bacterial cells. Compounds that are utilized in chemical genetics can 

be natural products, peptides or small molecules. In order to identify compounds that selectively 

disrupt these biological processes, two main approaches are applied: forward chemical genetics 

and reverse chemical genetics (Figure 6).31,32 

 

Figure 6 Overview of the classical genetics approach (top) and the chemical genetics approach (bottom). Both 
approaches can be performed in a forward or a reverse fashion. Figure adapted from Lehár et al.32 

 

In a forward chemical genetics approach, the identification of small molecules that induce a certain 

phenotype stands in focus (Figure 6, left to right). Usually phenotypic cell-based assays are 

conducted in the presence of a large compound library to identify such hit compounds. Target 

identification approaches are subsequently applied to determine the protein whose (altered) 

function is responsible for phenotype induction. This way, novel interesting proteins and protein 
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functions can be elucidated. The reverse chemical genetics approach employs biochemical or 

cellular assays that investigate the manipulation of a specific gene or protein activity by means of 

small molecules. Subsequent studies deal with the investigation of the thereby caused phenotype 

(Figure 6, right to left).  

Regardless of the approach, the discovery and further development of small molecules that can 

be used to perturb biological systems is of extreme importance not only to generate novel tool 

compounds, but also to pave the way for therapeutic applications. The year of 2018 broke all 

records for the Food and Drug Administration (FDA)-approved drugs: 59 new drugs (42 New 

Chemical Entities (NCE) and 17 biologics) were introduced to the drug market.33 Out of the 42 

NCE, 47% are small molecules whereas 16% are natural products.33 This underscores the 

tremendous potential that lies in the discovery of novel small molecular tool compounds. 

Glucose uptake inhibitors from diverse chemical classes have been investigated since the late 

20th century (Figure 7, Table 2). Cytochalasin B, a fungal metabolite that was originally described 

to inhibit cytokinesis, cell motility and disturbance of cell shape, was shown to inhibit glucose 

uptake by Estensen et al. in 1972 (Figure 7, Table 2).34 Since then, this compound was utilized as 

an unselective tool compound for glucose uptake inhibition in numerous studies.35ï37 However, 

Cytochalasin B inhibits actin polymerization, which makes the compound unattractive for further 

clinical investigation due to the fundamental reliance of the human organism on this process.38 In 

the 21st century, the systematic development of more specific glucose uptake inhibitors began. 

Wang et al. reported a small molecule, compound 30, that inhibited glucose uptake and reduced 

the viability of the prostate carcinoma cell line LNCaP with low micromolar IC50 value (Figure 7, 

Table 2).39 Lui et al. discovered the tool compound WZB-117 that inhibits glucose uptake with 

submicromolar potency (Figure 7, Table 2).16 Even though after 48 h of treatment the effect on 

proliferation of the human lung cancer cell line A549 was rather weak (IC50=10 µM), WZB-117 
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reduced the growth of A549 mouse xenograft models by 70% after daily intraperitoneal injection 

of WZB-117 at 10 mg/kg for 10 weeks.16  

 

Figure 7 Selection of small molecule GLUT inhibitors. The potencies of all depicted compounds can be found in 
Table 2. 
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IOmet Pharma Ltd. filed a patent for GLUT inhibitors in 2014. One highly potent but unselective 

compound, herein referred to as IOmet, is illustrated in Figure 7 (Table 2).40 One described IOmet 

analog reduced lactate excretion and inhibited growth of A549 cells with nanomolar potency.40 In 

2016, the Bayer corporation published two novel chemotypes, BAY-GLUT1 and BAY-876, that 

were discovered based on a high-throughput screening for inhibition of glycolysis-dependent ATP 

production (Figure 7, Table 2).24,41 BAY-876 was the first and until now the only GLUT-1-selective 

and highly potent (IC50=2 nM for DLD-1 cells) glucose uptake inhibitor.  

Table 2 Chemical class, potency and GLUT isoform selectivity of selected glucose uptake inhibitors (Figure 7). 

Compound Class IC50 
(µM) 

Assay Cell line GLUT 
selectivity 

Comment 

WZB-11716 Polyphenol 0.5 3H-2DG A549 - Xenograft 
studies 

BAY-
GLUT141 

Pyrazolopyrimidine 0.019 ATP 
depletiona 

DLD-1 GLUT-1/-3  

BAY-87624 Quinoline 0.002 ATP 
depletiona 

DLD-1 GLUT-1  

Cytochalasin 
B34 

Alkaloid <4 14C-2-
DGb 

N1S1-67 Unselective Actin 
polymerization 
inhibitor 

IOmet40 Imidazopyridine <1 3H-2DG HEK293c Unselective 385 analogues 
with different 
selectivity 
profiles 

Genistein42 Flavonoid ~10 3H-2DG HL-60 - >6 reported 
flavonoid-
based GLUT 
inhibitors 

Compound 
3039 

Thiazolidinedione 2.5 3H-2DG LNCaP -  

Indinavir43 Peptide analog 10-15 2-DG Primary rat 
adipocytes 

GLUT-4 HIV protease 
inhibitor 

aATP depletion in the presence of Rotenone; bincorporation of 14C into lactate; cHEK293 cells overexpress human 
GLUT-1, GLUT-2, GLUT-3 or GLUT-4 transiently. 

 

Over the past three decades, 15 flavonoids have been identified to inhibit glucose uptake. Among 

these are Phloretin44, Fasentin35, Silybin45, Apigenin46 and Genistein42 (Figure 7, Table 2).47ï49 

Genistein inhibited 2-DG uptake with micromolar potency. The HIV protease inhibitor Indinavir 
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was recently described as selective GLUT-4 inhibitor, which stopped 2-DG uptake with micromolar 

potency in primary rat adipocytes (Figure 7, Table 2).43 

None of the above-mentioned GLUT inhibitors are currently investigated in clinical trials. Thus, 

there is still a high demand to develop novel GLUT inhibitors, which will pave the way for drug 

discovery.  

 

5.4 Metabolic rewiring 

Metabolic adaptations in cancer have been associated with the activation of proto-oncogenes such 

as the GTPase KRas (KRas), dysfunction of tumor suppressors like the cellular tumor antigen p53 

(p53) and von Hippel-Lindau disease tumor suppressor (VHL), dysregulated expression of the 

Myc proto-oncogene protein (Myc) and stabilization of hypoxia-inducible factor 1-alpha (HIF-1-

Ŭ).50ï52 HIF-1-Ŭ regulates the transcription of different glycolytic enzymes, including GLUTs. Under 

normoxic conditions, HIF-1-Ŭ is hydroxylated via prolyl hydroxylases which increases the affinity 

to VHL, a E3 ubiquitin ligase, that induces the proteasomal degradation of HIF-1-Ŭ. Hypoxic 

conditions and mutations in VHL therefore stabilize HIF-1-Ŭ. Also, phosphatidylinositol-4,5-

bisphosphate 3-kinase (PI3K) signaling that acts via RAC-alpha serine/threonine-protein kinase 

(AKT1) and serine/threonine-protein kinase mTOR (mTOR) activation as well as accumulation of 

reactive oxygen species (ROS) are associated with HIF-1-Ŭ stabilization.53  

Inhibitors of glucose metabolism reduce growth of xenograft tumors that are derived from Myc- or 

KRas-driven cancer cells.54ï56 Therefore, targeting metabolism as an effector of signaling 

pathways that control cell growth might be an effective strategy to address cancers that are driven 

by these genetic alterations and cannot be targeted directly.57 Of note, several factors that are 

involved in glucose addiction, such as Myc, also drive glutaminolysis. Thereby, cancer gains the 
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flexibility to switch between the two metabolic pathways, depending on the availability of glucose 

and glutamine. 

5.4.1 KRas in metabolic rewiring 

Mutated Ras is present in ca. 25% of all human cancers,58 with a strong accumulation in colorectal 

cancers (CRC) (40% KRas mutated)59, pancreatic ductal adenocarcinoma (PDAC) (>90% KRas 

mutated)60 and non-small cell lung cancer (NSCLC).5 In general, the Ras isoform KRas is mutated 

most frequently (85%), whereas GTPase NRas (NRas) (11%) and GTPase HRas (HRas) (4%) 

are mutated less often.61 KRas, which is mostly associated with deregulation of cellular energetics, 

but also HRas and NRas, are considered ñundruggableò. This turns (K)Ras into the holy grail of 

targeted cancer therapeutics. Associated metabolic transformations include enhanced nutrient 

uptake, increased glycolysis (through expression of proteins involved in rate limiting steps of 

glycolysis such as GLUT-1, hexokinase and lactate dehydrogenase)60 and upregulated 

glutaminolysis (Figure 8). Furthermore, increased fatty acid and nucleotide synthesis, altered 

expression of mitochondrial genes and reduced mitochondrial activity as well as increased 

generation of ROS have been related to KRas mutation (Figure 8).2,54,58,62,63 Moreover, mutated 

KRas funnels glucose intermediates into the hexosamine biosynthesis pathway (HBP) for O-

glycosylation of proteins and into the pentose phosphate pathway (PPP) to generate necessary 

building blocks for nucleotide biosynthesis (Figure 8).60 However, the degree of metabolic rewiring 

depends on the genetic background and on the tissue type.64ï66 Kerr et al. reported that the level 

of glucose addiction correlates with the copy number of KRas, specifically the heterozygous or 

homozygous presence or a copy gain of mutated KRasG12D.65 Davidson et al. revealed that 

NSCLC cells cultured in vitro exhibit high glutamine dependence, whereas the same NSCLC cell 

line was highly glucose-addicted in a mouse xenograft model.64 The metabolic consequences in 

cancers that carry NRas mutation remains unclear, even though about 20% of all melanomas are 

affected and often display a highly glycolytic phenotype.67,68 
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Figure 8 Metabolic rewiring in KRas-driven cancers. Schematic representation of selected metabolic pathways. 
Black box=cancer type, red arrows=change in expression level, grey boxes=enzymes; GLUT1: Glucose transporter 1, 
HK1/2: hexokinase 1/2, GFPT1: glucosamine-fructose-6-phosphate aminotransferase-1, GlcN: glucosamine, GLS: 
glutaminase kidney isoform, GLUD1: glutamate dehydrogenase 1, GOT: glutamateïoxaloacetate transaminase, Ŭ-KG: 
Ŭ-ketoglutarate, OAA: oxaloacetate, Ac-CoA: Acetyl-CoA, SLC: solute carrier, P: phosphate, BP: bisphosphate, ASCT2: 
alanine, serine, cystein-preferring transporter 2, HBP: hexosamine biosynthesis pathway, PPP: pentose phosphate 
pathway, TCA: tricarboxylic acid, PDCA: pancreatic ductal cell carcinoma, CRC: colorectal cancer, NSCLC: non-small 
cell lung cancer. Adapted from Kawada et al.62 

 

How mutated KRas coordinates the metabolic shift in cancer remains largely unknown.62 KRas is 

a small GTPase that cycles between the active guanosine triphosphate (GTP)-bound and the 

inactive guanosine diphosphate (GDP)-bound state. When activated, KRas mainly acts through 

the RAF proto-oncogene serine/threonine-protein kinase (RAF) /mitogen-activated protein kinase 

(MEK)/extracellular-signal-regulated kinase (ERK) signaling and the PI3K/AKT1/mTOR pathway, 

which regulate distinct cellular processes such as proliferation, motility and survival.69 Independent 

of oxygen availability, KRas can influence the expression level of HIF-1-Ŭ as well.52,70,71 

Furthermore, Gaglio et al. reported a decoupling between glucose and glutamine metabolism in 

KRas-mutated cancers.72 Conclusively, Ras-, especially KRas-mutated cancers, are largely 
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influenced in their metabolic phenotype, which drives nutrient, especially glucose addiction and 

makes them a highly attractive target for metabolic disruption via small molecules. 

5.4.2 Metabolic flexibility and glutamine 

It was long believed that cancer cells acquire an aerobic glycolytic metabolism and that they are 

disabled from performing oxidative phosphorylation. Recent evidence has emerged that some 

cancer cells possess a rather flexible metabolic phenotype and that the tumor itself is composed 

of cells with highly heterogeneous nutrient dependencies according to their perfusion.73,74 The 

most relevant nutrient besides glucose is the most abundant amino acid glutamine (Figure 3a).75 

Glutamine fulfills a rather anabolic role in the biosynthesis of proteins, nucleotides, fatty acids and 

serves as a precursor to fuel the TCA cycle for energy production and for redox control. 

Furthermore, glutamine is important for the uptake of essential amino acids.76,77 Under normal 

conditions, glutamine is considered a non-essential amino acid since it can be generated in cellulo 

from glucose.78 However, the necessity for biosynthetic building blocks during stress and 

proliferation can increase the demand for glutamine, which outpaces glutamine availability, thus 

rendering glutamine an essential amino acid.79 After cellular uptake via transporter proteins 

(SLC1A5/ASCT2) (Figure 8), glutamine is converted to glutamate by glutaminase kidney isoform 

(GLS), which fuels into the respective anabolic pathways (Figure 3a). Therefore, cancer 

dependence on glutamine suggests the disruption of amidohydrolysis by glutaminase in order to 

cut the glutamine supply. Indeed, a potent small molecule (CB-839) has been developed that 

inhibits the cancer-specific glutaminase kidney isoform (GLS) in triple-negative breast cancer 

(TNBC) cells (Figure 9).80 Also, cancer cell growth is reduced by CB-839 with low nanomolar 

potency in the same cell lines.80 However, until now CB-839 has been investigated in multiple 

clinical studies exclusively in co-administration with other cancer treatments, suggesting that 

interrupting glutaminolysis alone is not sufficient to target this adaptive disease.81 
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Figure 9 Chemical structure of the inhibitor CB-839 against the glutaminase kidney isoform (GLS). 

 

Targeting metabolic plasticity of cancer by disrupting glutamine and glucose supply 

simultaneously is therefore an attractive novel anti-cancer strategy. Low expression levels of 

GLUT-1 have already been associated with a sensitizing effect on lung cancer cells when 

glutamine is limited.82 Unspecific disruption of the glutamine supply via transaminase inhibition 

with aminooxyacetate (AOA) revealed a beneficial effect on growth inhibition of ovarian cancer 

when administered together with 2-DG.83 Therefore, a co-treatment approach with CB-839 and a 

GLUT inhibitor offers an attractive strategy to target metabolic flexibility in cancer.  

 

5.5 Further applications of glucose uptake inhibitors 

An adapted metabolism is found not only in cancer but also in other diseases that are associated 

with stress or proliferation. Especially immunological diseases that involve the over-activation of 

immune cells (e.g. T cells), infections or abnormal cell growth are associated with a strong glucose 

dependence.5 This Warburg effect-like adaptation was observed for psoriasis (cytokine-driven, 

inflammatory skin disease associated with hyperplasia),84 host cells infected with intracellular 

bacteria such as Legionella pneumophila,85 fibrosis,86 graft-versus-host disease,87 colitis,87 

systemic lupus erythomatheus,88 rhinoviral infections89 and persistence of the human 

immunodeficiency virus (HIV).90 This broadens the potential applicability of glucose uptake 

inhibitors for therapeutic indications.   
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6 Aim of the thesis 

Curing cancer is a long-standing goal for which the development of novel therapeutics is 

necessary. Since cancer exhibits an altered metabolism and most often glucose addiction, glucose 

uptake inhibitors have the potential to be an effective cancer treatment. 

An in-house medium throughput cancer cell-based screening was conducted in order to identify 

small molecules that inhibit glucose uptake. The piperazin-2-one hit substance class (Figure 

10a,b) was selected according to its potency and structure. This small molecule class should be 

chemically and biologically investigated.  

 

Figure 10 Chemical structure of the piperazin-2-one hit compound 1a (a) and general chemical structure of the 
piperazin-2-one substance class (b). 

 

Chemical investigation should include the synthesis of a hit substance-based compound library. 

Assessment of the biological activity of all derivatives should lead to subsequent analysis of the 

structure-activity relationship (SAR). The proposed protein target class and isoform selectivity 

within class I glucose transporters should be confirmed using well established, label-free methods. 

Furthermore, the sensitivity of different cancer cell types towards a potent inhibitor as well as the 

underlying reasons should be elucidated. Metabolic adaptations of cancer cell lines and potential 

co-treatment opportunities should be explored.   



Experimental part 

27 

7 Experimental part 

7.1 Experimental part ï chemistry 

7.1.1 Materials 

All chemicals were obtained from Acros Organics, Activate Scientific, Alfa Aesar or Sigma-Aldrich 

and used as provided, unless otherwise indicated. Dry solvents were stored over activated 

molecular sieves (MS 4 Å beads) and purchased from Sigma-Aldrich or Acros Organics.  

7.1.2 Instrumentation 

Proton and carbon nuclear magnetic resonance (1H- and 13C-NMR) spectra were recorded on 

Varian Mercury 400 (400 MHz), Bruker Avance DRX 500 (500 MHz), INOVA 500 (500 MHz), 

Bruker AV600 (600 MHz) and Bruker AV700 (700 MHz) NMR spectrometer at ambient 

temperature. Proton chemical shifts are indicated as parts per million (ppm, ŭ-scale) and are 

referenced to residual protium in the NMR solvent (CHCl3, ŭ7.26 ppm; CH2Cl2, ŭ5.30 ppm; 

(CH3)2SO, ŭ2.50 ppm)91. Data are represented as follows: chemical shift, multiplicity (s = singlet, 

bs = broad singlet, d = doublet, dd= doublet of doublets, ddd= doublet of doublet of doublets, dt = 

doublet of triplets, t = triplet, td = triplet of doublets, q = quartet, m = multiplet), coupling constant 

(J) in Hertz (Hz) and integration. Carbon chemical shifts are expressed in parts per million (ppm, 

ŭ-scale) and are referenced to the carbon resonances of the NMR solvent (CDCl3, ŭ77.16 ppm; 

CD2Cl2, ŭ53.84 ppm; (CH3)2SO, ŭ39.52 ppm). All NMR spectra were analyzed using MastReNova 

Version 12.0.0. High resolution mass spectra (HR-MS) were recorded on a LTQ Orbitrap mass 

spectrometer 5 coupled to an Acceka HPLC-System (HPLC column: Hypersyl GOLD, 0 m x 1 mm, 

particle size 1.9 ɛm, ionization method: electron spray ionization). Systematic names for 

molecules according to IUPAC rules were generated using ChemDraw Professional version 16.0. 
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7.1.3 Methods 

7.1.3.1 Preparative HPLC-MS 

Separations were performed by means of mass-directed preparative HPLC (Agilent Series, 

1100/LC/MSD VL) using reversed-phase C18 column with a constant flow of 20.0 mL/min. Solvent 

A: water +0.1% v/v TFA; solvent B: acetonitrile +0.1% v/v TFA. 

7.1.3.2 Separation of enantiomers from racemic mixture 

Chiral separation was performed by means of solid phase separation via an Ultimate 3000 HPLC 

(Dionex, Thermo Fisher) employing an IC column (CHIRALPAK IC, column no. IC00CG-MA004) 

column. An isocratic gradient was used to separate both enantiomers (elute: isohexane / 

DCM/MeOH(5%)). 

7.1.3.3 General experimental procedures 

Reactions were carried out in standard laboratory glassware. Organic solutions were volatilized 

by rotary evaporation at 40 °C. Analytical thin-layer chromatography (TLC) was performed using 

aluminum plates pre-coated with silica gel (Silica gel 60 254, Merck KGaA, Darmstadt, DE KGA). 

Compounds were visualized on the TLC plates by exposure to ultraviolet light (UV). TLC plates 

were stained by submersion in aqueous ninhydrin solution or aqueous potassium permanganate 

solution (KMnO4) followed by brief heating by a heat gun to visualize primary amines or 

unsaturated carbohydrates. Ninhydrin solution was prepared as follows: 1.5 g ninhydrin in 100 ml 

of n-butanol +3.0 ml acetic acid. KMnO4 solution was prepared as follows: 1.5 g potassium 

permanganate +10 g potassium carbonate +1.25 ml 10% (w/v) sodium hydroxide in 200 ml water. 

Flash column chromatography was performed either using an automatic column with prepacked 

silica columns purchased from Buchi (Reveleris columns) or manually using silica gel Acros 

Organics 60 (particle size 0.035ï0.070 mm). 
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7.1.3.4 General procedure 1A: Modified Leuckart-Wallach reaction 

General procedure for conventional heating: A microwave vial was charged with the corresponding 

aldehyde (3.6 mmol, 1 equiv.) dissolved in formamide (36 mmol, 10 equiv.) and formic acid 

(18 mmol, 5 equiv.). The reaction mixture was vigorously stirred at 180 °C for 2-4 h. After cooling 

the mixture to room temperature, the crude reaction was mixed with water (25 mL) and extracted 

thrice with DCM (25 mL). The combined organic layers were dried over Na2SO4 or MgSO4, filtered 

and the filtrate was concentrated under reduced pressure. Subsequently the remains were purified 

by silica gel column chromatography (elute as indicated) to yield the corresponding formamide.92 

General procedure for microwave irradiation: A microwave vial was charged with the 

corresponding aldehyde (0.4 mmol, 1 equiv.) and dissolved in a mixture of formamide (18.4 mmol, 

50 equiv.) and formic acid (1.8 mmol, 5 equiv.). The reaction mixture was irradiated in a 

microwave oven for 30 sec at 180 °C. The crude reaction was quenched with 10 mL water and 

extracted with thrice with DCM (15 mL). The combined organic layers were dried over Na2SO4 or 

MgSO4 and filtered. The filtrate was concentrated under reduced pressure and residual formamide 

was removed in vacuo. The crude reaction was purified by means of silica gel column 

chromatography (elute as indicated) to yield the corresponding formamide.92 

7.1.3.5 General procedure 2: Modified Ugi reaction 

The bifunctional carboxylic acid/ketone (0.20 mmol, 1.0 equiv.) and the amine (0.20 mmol, 

1.0 equiv. or 0.18 mmol, 0.9 equiv.) were dissolved in MeOH (1 mL). The reaction mixture was 

vigorously stirred for 30 min at room temperature to let the imine form and the isocyanide 

(0.20 mmol, 1.0 equiv.) was added subsequently. The mixture was vigorously stirred at 40 °C until 

full conversion of the starting material was observed by TLC. The solvent was removed under 

reduced pressure. The remains were mixed with water (25 mL) and extracted thrice with 

dichloromethane (25 mL). The combined organic layers were dried over Na2SO4 or MgSO4, filtered 
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and the filtrate was concentrated under reduced pressure. The product was purified by silica gel 

column chromatography (eluate: petroleum ether / EtOAc or DCM / MeOH).93  

7.1.3.6 General procedure 3A: Modified Ugi reaction with in situ isocyanide formation 

using phosgene  

The reaction was performed as described by Neochoritis et al.92 The corresponding formamide 

(0.06 mmol, 1.0 equiv.) was dissolved in DCM (1 mL) and cooled to 0 °C. Triethylamine 

(0.15 mmol, 2.5 equiv.) was added and the mixture was vigorously stirred for 10 min. Triphosgene 

(0.02 mmol, 0.3 equiv.) dissolved in DCM (1 mL) was added dropwise over a period of 

approximately 30 min. After consumption of the formamide (monitored by TLC), the bifunctional 

carboxylic acid/ketone (0.07 mmol, 1.2 equiv.) and the amine (0.06 mmol, 1.0 equiv.) were added 

and the reaction mixture was vigorously stirred for 5-72 h. The crude mixture was concentrated 

under reduced pressure. The remains were mixed with water (50 mL) and extracted thrice with 

DCM (50 mL). The combined organic layers were dried over NaSO4, filtered and the filtrate was 

concentrated under reduced pressure. The crude reaction was purified by silica gel column 

chromatography using the indicated elute.  

7.1.3.7 General procedure 3B: Modified Ugi reaction with in situ isocyanide formation 

using Burgess reagent 

The reaction was performed as described by Creedon et al.94 Briefly, an oven-dried Schlenck tube 

was charged with the corresponding formamide (220 µmol, 1 eq) which was dissolved in dry 

acetonitrile under argon atmosphere. Burgess reagent (348 µmol, 1.5-2 eq) was added and the 

reaction mixture was stirred for 0.5-2 h at room temperature. The reaction progress was monitored 

by TLC. The amine (198 µmol, 0.9 eq) and bifunctional compound (220 µmol, 1 eq) were 

combined in MeOH and stirred for approximately 10 min. This mixture was added to the in situ 

formed isocyanide. The reaction mixture was vigorously stirred at room temperature for 1-5 days. 

Saturated NaHCO3 (50 mL) was added to the reaction mixture and the product was extracted 
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thrice with DCM (50 mL). The combined organic layers were dried over Na2SO4 or MgSO4 and 

filtered. The filtrate was concentrated under reduced pressure and the remains were purified by 

silica gel column chromatography or recrystallization from MeOH as indicated. 

7.1.3.8 Single crystal X-ray structure analyses 

Structure determination was performed by Lena Knauer, TU Dortmund. For data collection, the 

Bruker D8 Venture four-circle diffractometer (Bruker AXS GmbH) was employed. The area 

detector PHOTON100 CMOS (Bruker AXS GmbH) was utilized. To generate the X-ray radiation, 

the microfocus sources IµS Cu or Mo (Incoatec GmbH) with HELIOS mirror optics and a single-

hole collimator (Bruker AXS GmbH) was used. Data collection was undertaken using the software 

APEX 3 Suite (v.2017.3-0) that included the programs SAINT for integration and SADABS for 

adsorption correction (Bruker AXS GmbH). The structures were determined using Olex295 and 

employing the software ShelXT96 using intrinsic phasing and structure refinement was conducted 

with the XL refinement package97 using least squares minimization.  
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7.2 Experimental part ï biology 

7.2.1 Material 

7.2.1.1 Eukaryotic cell lines 

The medium composition is given in chapter 7.2.1.8. 

Cell line Specification Medium Order numer Supplier 

BxPC-3 Human pancreatic 
adenocarcinoma 

DMEM complete ACC760 DSMZ GmbH, 
DE 

DLD-1 Human colorectal 
adenocarcinoma 

RPMI1640 PAR-086 Horizon 
Discoveries, UK 

DLD-1  
GLUT1(-/-) 

Human colorectal 
adenocarcinoma 

RPMI1640 R00-024 Horizon 
Discoveries, UK 

HCT116 Human colorectal 
carcinoma 

DMEM complete ACC581 DSMZ GmbH, 
DE 

MIA PaCa-2 Human pancreatic 
carcinoma 

DMEM complete CRM-CRL-
1420 

ATCC, USA 

MDA-MB-231 Human mammary 
gland 
adenocarcinoma 

DMEM complete 
+1% NEAA 

ACC-732 DSMZ GmbH, 
DE 

SW480 Human colorectal 
adenocarcinoma 

Leibovitzôs L-15 CCL-228 ATCC, USA 

UM-UC-3 Human urothelial 
transitional cell 
carcinoma 

MEM Eagle CRL-1749 ATCC, USA 

UO-31 Human renal 
carcinoma 

RPMI1640 MTA 1-4488-
14 

NCI, USA 

CHO Chinese hamster 
ovary 

DMEM complete CRL-9618 ATCC, USA 

NEAA=Non-essential amino acids, DSMZ=Deutsche Sammlung von Mikroorganismen und Zellkulturen, 
ATCC=American Type Culture Collection, NCI=National Cancer Institute. 
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7.2.1.2 Antibodies 

Antibody Host Dilution for 
immunoblotting 

Order 
number 

Supplier 

Primary antibodies     
Anti-GLUT1 Mouse 1:5,000 Ab40084 Abcam, UK 
Anti-GLUT2 Rabbit 1:200 Sc-9117 Santa Cruz, US 
Anti-GLUT3 Rabbit 1:5,000 Ab191071 Abcam, UK 
Anti-GLUT3 Rabbit 1:5,000 Sc-74399 Santa Cruz, US 
Anti-GLUT4 Rabbit 1:500 07-1404 Millipore, USA 
Anti-Na+-K+-
ATPase 

Rabbit 1:10,000 Ab76020 Abcam, UK 

Anti-Vinculin Mouse 1:10,000 Sc-59803 Santa Cruz, USA 
Secondary 
antibodies 

    

Anti-rabbit 680RD Donkey 1:5,000 926-68071 LI-COR Biosciences, DE 
Anti-rabbit 800CW Donkey 1:5,000 926-

3221300 
LI-COR Biosciences, DE 

Anti-mouse 680RD Donkey 1:5,000 926-68072 LI-COR Biosciences, DE 
Anti-mouse 800CW Donkey 1:5,000 926-32212 LI-COR Biosciences, DE 
Anti-rabbit HRP Goat 1:100,000 31430 Pierce, USA 

(Thermo Scientific) 
Anti-mouse HRP Goat 1:10,000 31460 Pierce, USA 

(Thermo Scientific) 
HRP=Horseradish peroxidase 

 
7.2.1.3 Plasmids 

Plasmid Order number Supplier 

GLUT-1 pTCN(BC121804) transOMIC, USA 
GLUT-2 pTCV(BC060041) transOMIC, USA 
GLUT-3 pCMV-SPORT 6 Dharmacon, USA 
GLUT-4 pTCN(BC121804) transOMIC, USA 
pTCN empty vector pTCN transOMIC, USA 
pCMV empty vector pCMV Dharmacon, USA 

 

7.2.1.4 Oligonucleotides 

Gene Forward Primer (5ǋ-3ǋ) Reverse Primer (5ǋ-3ǋ) Product 
Size, bp 

Efficiencies 

GLUT1 TTGCAGGCTTCTCCAACTGGAC CAGAACCAGGAGCACAGTGAAG 112 104.8% 
GLUT2 ATGTCAGTGGGACTTGTGCTGC AACTCAGCCACCATGAACCAGG 130 99.9%* 
GLUT3 TGCCTTTGGCACTCTCAACCAG GCCATAGCTCTTCAGACCCAAG 97 104.9% 
GLUT4 CCATCCTGATGACTGTGGCTCT GCCACGATGAACCAAGGAATGG 137 89.2%* 
ACTB CACCATTGGCAATGAGCGGTTC AGGTCTTTGCGGATGTCCACGT 134 100.7% 
B2M CCACTGAAAAAGATGAGTATGCCT CCAATCCAAATGCGGCATCTTCA 126 102.0% 

TUBB CTGGACCGCATCTCTGTGTACT GCCAAAAGGACCTGAGCGAACA 116 100.8% 
ATP1A1 GGCAGTGTTTCAGGCTAACCAG TCTCCTTCACGGAACCACAGCA 118 100.2% 

The primer efficiencies for amplicon duplication were measured in DLD-1 wt lysates or with isoform specific plasmids 
(*). 
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7.2.1.5 Chemicals and reagents 

Reagent Supplier 

Ŭ-D-Glucose Sigma-Aldrich Chemie GmbH, DE 

[3H]-2-Deoxy-Ŭ-D-glucose ([3H]-2DG) PerkinElmer LAS, DE 

2-Deoxy-Ŭ-D-glucose (2-DG) Santa Cruz Biotechnology Inc., DE 

3-Bromopyruvate Alfa Aesar, USA 

Agarose, UltraPureTM Invitrogen Thermo Fisher Scientific, USA 

Bradford assay reagent Bio-Rad Laboratories GmbH, DE 

Bovine albumin fraction V (BSA) AppliChem GmbH, DE 

Calcium chloride dihydrate (CaCl2·H2O) Sigma-Aldrich Chemie GmbH, DE 

Caspase-3/7 green apoptosis assay reagent, 
5 mM 

Essen BioScience, USA 

Cell dissociation solution Sigma-Aldrich Chemie GmbHDE 

CellTiter-Glo® reagent Promega Corporations, USA 

ChameleonTM duo pre-stained protein ladder LI-COR Biosciences, DE 

(3-[3-Cholamidopropyl)-dimethyl-ammonio]-1-
propansulfonat (CHAPS) 

Carl Roth GmbH, DE 

Diaphorase, Clostridium kluyvery Sigma-Aldrich Chemie GmbH, DE 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Chemie GmbH, DE 

DNA ladder, 1 kb Fermentas GmbH, DE 

DNA ladder, 100 bp plus Thermo Fisher Scientific, USA 

Dodecyl-ɓ-D-maltoside (DDM) Carl Roth GmbH, DE 

Dithioerythritol (DTE) GERBU Biotechnik GmbH, DE 

Emulsifier-SafeTM scintillation liquid PerkinElmer LAS, DE 

Ethylenediaminetetraacetic acid (Na2EDTA) GERBU Biotechnik GmbH, DE 

Fetal bovine serum (FBS) Gibco®, Thermo Fisher Scientific, USA 

Glucose-6-phosphate dehydrogenase Sigma-Aldrich Chemie GmbH, DE 

GlutaMAXTM, 200 mM Gibco®, Thermo Fisher Scientific, USA 

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES) 

GERBU Biotechnik GmbH, DE 

Hydrochloric acid (HCl), 1M VWR International GmbH, DE 

Insulin, bovine Sigma-Aldrich Chemie GmbH, DE 

Iodacetamide AppliChem GmbH, DE 

L-Glutamine, 200 mM PAN Biotech GmbH, DE 

Lipofectamine® 3000 Thermo Fisher Scientific, USA 

Magnesium sulfate (MgSO4) J.T. Baker, Avantor, USA 

Milk, skimmed Sigma-Aldrich Chemie GmbH, DE 

Non-essential amino acid solution (MEM-
NEAA), 100x 

PAN Biotech GmbH, DE 

Nicotinamide adenine dinucleotide phosphate 
(NADP+) 

AppliChem GmbH, DE 

Nonidet P-40 (NP-40) alternative Merck-Calbiochem, DE 

Odyssey® blocking buffer, PBS-based LI-COR Biosciences, DE 

PAGE RulerTM plus prestained protein ladder Fermentas GmbH, DE 

Penicillin, 10,000 U/mL; streptomycin, 
10 mg/mL 

PAN Biotech GmbH, DE 

Ponceau S, 0.2% (w/v) SERVA Electrophoresis GmbH, DE 

Potassium chloride (KCl) J.T. Baker, Avantor, USA 

Potassium dihydrogen phosphate (KH2PO4) Merck KGaA, DE 
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Reagent Supplier 

Propidium iodide (PI)  Sigma-Aldrich Chemie GmbH, DE 

Protease inhibitor cocktail, EDTA-free Roche Diagnostics GmbH, DE 

Resazurin Acros Organics, Thermo Fisher Scientific, 
USA 

RNase-free water Invitrogen Thermo Fisher Scientific, USA 

SsoAdvancedTM SYBR® green mix Bio-Rad Laboratories GmbH, DE 

Sodium chloride (NaCl) VWR International GmbH, DE 

Sodium hydroxide (NaOH), 2M Waldeck GmbH & Co. KG, DE 

Sodium pyruvate, 100 mM PAN Biotech GmbH, DE 

SuperSignalTM west pico chemiluminescent Thermo Fisher Scientific, USA 

SuperSignalTM femto maximum sensitivity 
substrate 

Thermo Fisher Scientific, USA 

Tris(2-carboxyethyl)phosphine (TCEP·HCl) Sigma-Aldrich Chemie GmbH, DE 

Triethylammonium bicarbonate (TEAB) buffer, 
1 M 

Sigma-Aldrich Chemie GmbH, DE 

Tandem Mass Tag (TMT) 10plexTM Thermo Fisher Scientific, USA 

Tris Carl Roth GmbH, DE 

Trypan blue, 0.4% (w/v) Invitrogen Thermo Fisher Scientific, USA 

Trypsin, 0.05% (w/v); EDTA, 0.02% (w/v) PAN Biotech GmbH, DE 

Trypsin, proteomics grade Sigma-Aldrich Chemie GmbH, DE 

Tween®-20 Sigma-Aldrich Chemie GmbH, DE 

WST-1 Roche Diagnostics GmbH, DE 

 

7.2.1.6 Consumables  

Consumable Supplier 

96-well plate, clear, conical Sarstedt AG & Co, DE 

96-well plate, clear, flat, UV  Santa Cruz Biotechnology Inc., DE 

96-deep well plate, opaque Greiner Bio-One GmbH, DE  

96-well plate, black, flat, non-binding Greiner Bio-One GmbH, DE 

96-well plate, black, flat, clear-bottom Corning Inc., USA 

384-well plate, black, flat Corning Inc., USA 

384-well plate, black, flat, clear-bottom Corning Inc., USA 

384-well plate, white, flat Greiner 

Cannula B.Braun, DE  

Cell culture dish, 10 cm Sarstedt AG & Co, DE 

Cell culture flasks, 75 cm², 175 cm² Sarstedt AG & Co, DE 

Cell culture plate, clear, 6-, 12-, 96-well Sarstedt AG & Co, DE 

Cell counter chambers, disposable  Invitrogen Thermo Fisher Scientific, USA 

Cell scratcher Falcon®, Corning Inc., USA 

Cryovials VWR International GmbH, DE 

Cuvettes Sarstedt AG & Co, DE 

Hemocytometer Paul Marienfeld GmbH & C. KG, DE 

iCycler iQ® PCR plates, 96 well Bio-Rad Laboratories Ltd., UK 

Membrane filter Thermo Fisher Scientific, USA 

PCR tubes, 0.2 mL Sorenson BioScience, Inc., USA 

PCR plate Bio-Rad Laboratories Ltd., UK 
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Consumable Supplier 

PCR SealersTM, MicrosealÈ óBô Film Bio-Rad Laboratories Ltd., UK 

Pipette tips, 10 µL Sarstedt AG & Co, DE 

Pipette tips, 200 µL, 1,000 µL Diagonal, DE 

Pipette tips, protein low-binding, 10 µL, 200 µL, 
1000 µL 

Sorenson BioScience, Inc., USA 

Pipette tips, RNase-free, 10 µL, 200 µL, 
1000 µL 

Biozym Scientific GmbH, DE 

Polycarbonate tubes, 0.5 mL Beckman Coulter, USA 

Syringes, 10 mL, 20 mL, 50 mL B.Braun, DE  

Tubes, 0.5 mL, 1.5 mL, 2.0 mL Eppendorf AG, DE 

Tubes, protein low-binding 
0.5 mL, 1.5 mL, 2.0 mL 

Eppendorf AG, DE 

Tubes, 15 mL, 50 mL Sarstedt AG & Co, DE 

Seahorse cell culture plate, 8-well Agilent, USA 

Serological pipettes 1 mL, 5 mL, 10 mL, 25 mL Sarstedt AG & Co, DE 

Sterile filter, 0.2 µm Sarstedt AG & Co, DE 

Parafilm® M Bemis® Company, Inc., USA 

Polyvinyldiene difluoride membrane (PVDF) Merck KGaA, DE 

QiaShredda column Qiagen GmbH, DE 

Whatman® 3MM Paper Whatman GmbH, DE 

 

7.2.1.7 Buffers and solutions 

Buffer Composition 

Standard buffers  

Phosphate buffered saline (PBS) 2.7 mM KCl 
1.5 mM KH2PO4 
136.9 mM NaCl 
8.1 mM Na2HPO4 
pH 7.4 

SDS separating gels  

5% Stacking gel (1 mL) 0.68 mL H2O 
0.17 mL 30% (w/v) acrylamide 
0.13 mL 1.0 M Tris (pH 6.8) 
0.01 mL 10% (w/v) SDS 
0.01 mL 10% (w/v) ammonium peroxodisulfate 
0.001 mL N,N,Nô,Nô-tetramethylethylenediamine 

6% Resolving gel (5 mL) 2.6 mL H2O 
1.0 mL 30% (w/v) acrylamide 
1.3 mL 1.5 M Tris (pH 8.8) 
0.05 mL 10% (w/v) SDS 
0.05 mL 10% (w/v) ammonium peroxodisulfate 
0.004 mL N,N,Nô,Nô-tetramethylethylenediamine 
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Buffer Composition 

SDS running buffer (10x) 250 mM Tris 
2.5 M glycine 
35 mM SDS 

SDS sample buffer (5x) 0.5 M Tris-HCl (pH 6.8) 
40% (v/v) glycerol 
277 mM SDS 
400 mM DTE 
0.3 mM bromophenol blue 

Transfer buffer 25 mM Tris  
188 mM glycine 
20% (v/v) methanol 

PBS-T PBS 
0.1% (v/v) Tween®-20 

TBS (10x) 500 mM Tris-HCl (pH 7.5) 
1.5 M NaCl 

TBS-T TBS (1x) 
0.1% Tween®-20 

2-DG uptake assay  

2-DG solution 4 mM 2-DG in ddH2O 

Enzyme mix 125 mM Tris-HCl (pH 8.4) 
0.1% (w/v) BSA 
16 U/mL glucose-6-phosphate dehydrogenase 
0.2 U/mL diaphorase 
0.1 mM NADP+ 
2.5 µL/mL resazurin solution in ddH2O 

Krebs-Ringer buffer (KRB) 20 mM HEPES 
5 mM KH2PO4 
1 mM MgSO4 
1 mM CaCl2 
136 mM NaCl 
4.7 mM KCl 
pH 7.4 
0.1% (w/v) BSA 

Acidic lysis buffer 0.06 M HCl 
1% (w/v) CHAPS 

Tris-based neutralizing solution 0.5 M Tris in ddH2O 

Resazurin solution 1 mg/ml resazurin in ddH2O 
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Buffer Composition 

Hexokinase assay  

Radioimmunoprecipitation assay 
(RIPA) buffer (50 mL) 

10 mM Tris-HCl (pH 8.0) 
1 mM EDTA 
1% (v/v) Triton X-100 
0.1% (w/v) sodium deoxycholate 
0.1% (w/v) SDS 
140 mM NaCl 
1 mM phenylmethylsulfonyl fluoride (PMSF) 
1 tablet protease inhibitor cocktail 

ATP solution 3 mM ATP in ddH2O 

Enzyme mix 100 mM Tris-HCl 
5 mM MgCl2 
pH 8.5 
0.1 mM NADP+ 
16 U/mL G6PDH 

Lactate assay  

Precipitation solution 0.6 M HClO4 in ddH2O 

KHCO3-based neutralization solution 2 M KHCO3 in ddH2O 

CETSA® / TPP  

NP40-based lysis buffer (50 mL) PBS 
0.4% (v/v) NP40 alternative 
1 tablet protease inhibitor cocktail (CETSA®) 

Dilution buffer 100 mM TEAB (from 1 M TEAB buffer) 

Reducing reagent solution 200 mM TCEP 
200 mM TEAB (from 1 M TEAB buffer) 

Alkylating reagent solution 375 mM iodacetamide 
200 mM TEAB (from 1 M TEAB buffer) 

Trypsin stock solution 0.4 µg/mL trypsin 
in 10 mM HCl 

Tryptic digest solution 28 ng/mL (from trypsin stock solution) 
in dilution buffer 

Quenching solution 5% (w/v) hydroxylamine 

TMT labeling solution 0.976 mg/mL 
in anhydrous acetonitrile 

Lysis buffers  

Lysis buffer for rescue experiment 2% (w/v) dodecyl-ɓ-D-maltoside in ddH2O 

Agarose gel  
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Buffer Composition 

Agarose gel 3% (w/v) agarose in 1x TEA buffer 

TEA 5x 0.2 M Tris-HCl (pH 8.5) 
5 mM Na2EDTA 
0.1 M glacial acetic acid 

 

7.2.1.8 Cell culture media and supplements 

Medium Supplements Order number Supplier 

DMEM medium full 
w/o sodium pyruvate 

10% (v/v) FBS 
1 mM sodium pyruvate 
100 U/mL penicillin 
0.1 mg/mL streptomycin 

P04-03550 PAN Biotech 
GmbH, DE 

DMEM medium 
w/o D-glucose 
w/o L-glutamine 
w/o sodium pyruvate 

10% (v/v) FBS 
100 U/mL penicillin 
0.1 mg/mL streptomycin 

P04-01548S1 PAN Biotech 
GmbH, DE 

DMEM medium 
w/o D-glucose 
w/o L-glutamine 
w/o sodium pyruvate 
w/o phenol red 

10% (v/v) FBS 
100 U/mL penicillin 
0.1 mg/mL streptomycin 

P04-01548 PAN Biotech 
GmbH, DE 

Leibovitzôs L-15 10% (v/v) FBS 
100 U/mL penicillin 
0.1 mg/mL streptomycin 

P04-27500 PAN Biotech 
GmbH, DE 

MEM Eagle 10% (v/v) FBS 
100 U/mL penicillin 
0.1 mg/mL streptomycin 

P04-08500 PAN Biotech 
GmbH, DE 

Opti-MEMTM  11058-021 GibcoTM, 
Thermo 
Fisher 
Scientific, 
USA 

RPMI1640 10% (v/v) FBS 
100 U/mL penicillin 
0.1 mg/mL streptomycin 

P04-18047 
P04-16500 

PAN Biotech 
GmbH, DE 

Seahorse XF base 
medium DMEM 
w/o phenol red 

2 mM GlutaMAXTM 103335-100 Agilent, USA 
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7.2.1.9 Kits 

Kit Supplier 

AmpliteTM fluorometric L-lactate AAT Bioquest, USA 

DCTM protein assay Bio-Rad Laboratories Ltd., UK 

QuantiTect® reverse transcription Qiagen GmbH, DE 

RNA 6000 nano kit Agilent, USA 

RNeasy® mini kit Qiagen GmbH, DE 

Seahorse XF glycolysis stress test Agilent, USA 

Seahorse mito stress test Agilent, USA 

 

7.2.2 Instruments and software 

Instrument/Software Specification Supplier 

Cell counter, automatic Countess II Invitrogen Thermo Fisher 
Scientific, USA 

Cell washer, automatic Elx405 BioTek Instruments, Inc., USA 

Centrifuge 
 

Centrifuge 5702 
Centrifuge 5417R 
Centrifuge 5424R 
Centrifuge 5430 
Centrifuge 5810R 
Minispin 

Eppendorf AG, DE  
  

Cooling chamber Unichromat 900 Uniequip GmbH, DE 

Data analysis software Excel 
Prism 5/7 

Microsoft Office, USA 
GraphPad, USA 

Freezing container  Mr. FrostyTM Thermo Fisher Scientific, USA 

High-performance liquid 
chromatography (HPLC) 

HPLC 
Nano HPLC-MS/MS 

Thermo Fisher Scientific, USA 

Immunoblot imager Odyssey® CLx imaging 
system 
Odyssey® Fc imaging 
system 

LI-COR Biosciences, DE  
 

Immunoblot analysis Image Studio 5.2 LI-COR Biosciences, DE 

Incubator NuAire CO2 Air-Jacket 
MCO-230AICUVH-P 
INE400 

NuAire, USA 
PHCbi, Panasonic, JP 
Memmert GmbH & Co. KG, DE 

Laminar flow hood NuAire 
HERA Safe 
MSC-ADVANATEG 1.2 

NuAire, USA 
Thermo Fisher Scientific, USA 
Thermo Fisher Scientific, USA 

Liquid handler ECHO® 520 Labcyte Ltd, UK 

Liquid dispenser Multidrop® Combi Thermo Fisher Scientific, USA 

Live-cell imaging device IncuCyte® ZOOM 
IncuCyte® S3 

Essen BioScience, USA 
 

Live-cell imaging software IncuCyte® ZOOM 
2015/2016A 
IncuCyte® S3 2017A 
 

Essen BioScience, USA 
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Instrument/Software Specification Supplier 

Microliter syringe Hamilton, 100 µL Hamilton, USA 

Microscope Leitz Labovert 
DM IRB 
PrimoVert 

Leitz Labovert Mikroskop, FR 
Leica Camera AG; DE 
Carl Zeiss AG, DE 

Multichannel pipette 8-Channel, 100 µL, 300 µL 
 

Eppendorf AG, DE 

PCR cycler Mastercycler epgradient S Eppendorf AG, DE 

Pipettes  2.5 µL, 10 µL, 100 µL, 
200 µL, 1,000 µL 

Eppendorf AG, DE 

Pipetting aid - 
 
- 

INTEGRA Biosciences AG, CH 
Brand GmbH & Co. KG, DE 

Plate reader Tecan Infinite® M200 
Tecan Spark® 
SpectraMax® Paradigm 
Multi-Mode Microplate 
Reader 
Deelux-LED96 
DTX 880 

Tecan Trading AG, CH 
Tecan Trading AG, CH 
Molecular devices, LLC., USA 
 
 
Deelux Labortechnik GmbH, DE 
Beckman Coulter, USA 

Plate shaker Thermomix comfort Eppendorf AG, DE 

Quantitative proteomics 
software 

MaxQuant (v.1.5.3.30)98 Jürgen Cox et al. 

Real-time qPCR cycler iCycler iQTM5 
CFX96 Real-Time System 

Bio-Rad Laboratories GmbH, DE 

Real-time qPCR analysis CFX Manager Bio-Rad Laboratories GmbH, DE 

RNA integrity measurement Bioanalyzer Agilent, USA 

Scintillation counter Wallac 1409 scintillation 
counter 

PerkinElmer LAS, DE 

SDS gel electrophoresis 
chamber 

- Bio-Rad Laboratories GmbH, DE 

Semi-dry electrophoretic 
device  

Trans-Blot® SD semi-dry 
transfer cell 

Bio-Rad Laboratories GmbH, DE 

Sonifier Bandelin Sonoplus GmbH & Co. KG, DE 

Spectrophotometer BioPhotometer 6131 Eppendorf AG, DE 

Thermoshaker ThermoMixer C 
Thermoblock MTP 

Eppendorf AG, DE 

UV workstation UVC/T-M-AR Biosan, LV 

Test tube shaker Vortex-Genie 2 Scientific Industries, Inc., USA 

Tube rolling device TRM 50 IDL GmbH & Co. KG, DE 

Ultracentrifuge Optima MAX-XP 
ultracentrifuge 

Beckman Coulter, USA 

Ultracentrifuge rotor, fixed 
angle 

TLA-120.1 Beckman Coulter, USA 

Vacuum concentrator Concentrator plus Eppendorf AG, DE 

Water bath  Memmert Memmert GmbH & Co. KG, DE 
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7.2.3 Cell biology methods 

7.2.3.1 Thawing of cell lines 

Cell lines that were cryopreserved in liquid nitrogen (chapter 7.2.3.4) were rapidly thawed using a 

37 °C warm water bath. The cell suspension was transferred to a fresh 15 mL tube containing 

10 mL of the respective prewarmed full cell culture medium and centrifuged at 0.2 x g for 5 min at 

room temperature. The supernatant was removed and the cell pellet was resuspended in 12 mL 

fresh, prewarmed full medium. The cell suspension was transferred to a fresh 75 cm² cell culture 

flask and the cells were cultured at 37 °C and 5% CO2 in humidified atmosphere using an incubator 

until further sub-cultivation (chapter 7.2.3.2). 

7.2.3.2 Sub-cultivation of adherent cell lines 

Adherent cells were sub-cultured once a confluence of about 90% was reached. The cell culture 

medium was removed and the cells were washed with 5 mL prewarmed, sterile PBS. The cells 

were detached using 1.2 mL trypsinization solution containing EDTA and incubated for 5 min to 

15 min at 37 °C and 5% CO2 in humidified atmosphere. The degree of detachment was monitored 

periodically using a microscope. Gentle taping of the cell culture flask ensured successful 

detachment of all cells. The trypsin was inactivated upon addition of 10 mL fresh, prewarmed full 

medium followed by separation of clotted cells using a serological pipette. Depending on the 

growth rate of the used cell line, 1-3 mL of the generated cell suspension was transferred to a 

fresh cell culture flask supplemented with 10 mL fresh, prewarmed full medium. 

7.2.3.3 Cell counting and seeding of cells 

To seed adherent cells in a desired cell density, cells were detached and suspended after trypsin 

inactivation (chapter 7.2.3.2). The cell suspension was centrifuged at 0.2 x g for 5 min to separate 

dead, floating cells. After removal of the supernatant, the cell pellet was resuspended in 10 mL 

fresh, prewarmed full medium. The cell suspension was mixed 1:1 with trypan blue to visualize 
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dead cells. 10 µL of the resulting mixture were either pipetted in a disposable cell counting 

chamber for automated cell counting or placed in a hemocytometer. The automated cell counter 

provides a cell density (cells/mL) as well as viability (%) of the cell suspension. To count cells with 

the hemocytometer, the chamber was prepared beforehand by humidifying the cover glass and 

pressing it gently on the hemocytometer. The accurate volume of the chamber between cover 

glass and hemocytometer was reached when the Newtonôs rings could be observed. After placing 

10 µL of the trypan blue-cell suspension mixture in the chamber, viable (non-blue) cells were 

counted within each of the four 16-square corners. After calculating the mean value, the number 

was multiplied by 20,000 (dilution factor 2, conversion factor 10,000 to reach from 100 pL to 1 mL) 

to assess the cell number/mL. The cell suspension was diluted with fresh, prewarmed medium to 

generate a new cell suspension with the desired cell density. The cell suspension was transferred 

into a 96-well plate using an eight- or twelve-channel pipet (100 µL/well) or into a 12- (1 mL/well) 

or 6-well (3 mL/well) plate using a serological pipet. The outer wells within the cell culture plates 

were filled with sterile PBS if unused to avoid excessive medium evaporation. 

7.2.3.4 Cryopreservation of cells 

In order to cryopreserve cells, a cell suspension was generated (chapter 7.2.3.2) and the cell 

density was determined as described in 7.2.3.3. The resulting cell suspension was diluted to reach 

a cell density of approximately 1 x 106 cells/mL and supplemented with 5% (v/v) DMSO to avoid 

excessive damage of the cell membranes by ice crystals. 1 mL of the DMSO-supplemented cell 

suspension was transferred in one cryovial, which was afterwards placed in a Mr. FrostyTM freezing 

container to ensure slow temperature reduction and freezing at -80 °C overnight. The following 

day, the cryovials were transferred on dry ice in a liquid nitrogen tank and stored until further 

usage. 
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7.2.3.5 Compound treatment and controls 

All compounds were dissolved in dimethyl sulfoxide (DMSO) and maintained as 10 mM stock 

solution at -20 °C. The stock solutions were aliquoted to avoid multiple freeze-thaw cycles. Cellular 

experiments that involved compound treatment included a control, i.e., cells were treated with the 

same DMSO concentration as compound-treated cells. DMSO concentration was always below 

0.5% (v/v). Experiments involving the treatment with varying nutrient concentrations included cells 

treated with glucose- or glutamine-depleted medium as a control (DMEM medium). The usage of 

known inhibitors as controls is indicated in each experiment.  

7.2.3.6 Generation of cell lysates 

Whole cell lysates for cellular thermal shift assay (CETSA®) and Thermal proteome profiling (TPP) 

(chapter 7.2.5.1): SW480 cells were grown to confluence in 175 cm² cell culture flasks. After 

washing with PBS once, the adherent cells were detached by addition of trypsinization solution or 

cell dissociation buffer followed by an incubation period of 20-30 min at 37 °C. Cells were 

suspended in 20 mL PBS (or medium in case of trypsin detachment) and transferred in 50 mL 

tubes followed by two centrifugation steps (290 x g, 4 °C, 5 min) and two washing steps with 

20 mL PBS. The cell pellet was resuspended in approximately 1.0 mL PBS supplemented with 

0.4% (v/v) NP40 alternative and protease inhibitor and transferred to a fresh non-protein binding 

tube. For Thermal Proteome Profiling (TPP, chapter 7.2.5.1), protease inhibitor cocktail was 

excluded from the lysis buffer. The cells were subjected to four freeze-and-thaw cycles and one 

short sonification step (10 s). Insoluble material was removed by ultracentrifugation at 100,000 xg 

and 4 °C for 20 min. The supernatant was transferred to a fresh protein low-binding tube and the 

protein concentration was determined by means of the Bradford method (chapter 7.2.4.1). The 

lysates were snap frozen in liquid nitrogen and stored at -80 °C until further usage. 

Whole cell lysates for hexokinase activity assay (chapter 7.2.5.2): HCT116 cells were grown in 

175 cm² cell culture flasks until a confluence of approximately 95% was reached. The adherent 
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cells were washed thrice with 5 mL ice-cold PBS. Cell lysis was performed using 300 µL RIPA 

buffer containing protease inhibitor cocktail followed by incubation on ice for 5 min. The cell lysates 

were collected using a cell scraper and transferred to a fresh tube. After centrifugation at 500 x g 

for 10 min at 4 °C the supernatant was transferred into a fresh 1.5 mL tube. The protein 

concentration was determined by means of Bradford method (chapter 7.2.4.1) and the lysates 

were snap frozen in liquid nitrogen and stored at -80 °C until further usage. 

Rescue experiment (chapter 7.2.3.14): After 24 h or 48 h of treatment (chapter 7.2.3.14), the DLD-

1 cells were washed once with PBS and detached using cell dissociation solution. The cells were 

suspended in PBS and transferred to a fresh tube followed by centrifugation at 1,200 rpm at 4 °C 

for 5 min. The pellet was resuspended in PBS containing 2% (w/v) dodecyl-ɓ-D-maltoside (DDM) 

and lysed on ice for 15 min. The cell lysates were centrifuged at 20,800 x g at 4 °C for 15 min and 

the supernatant was transferred into 1.5 mL protein low-binding tubes. The protein content was 

determined by means of DCTM protein assay (chapter 7.2.4.2) or Bradford method (chapter 

7.2.4.1). The lysates were either snap frozen in liquid nitrogen and stored at -80 °C until further 

usage or directly separated using SDS-PAGE according to the general procedure (chapter 

7.2.4.4). 

7.2.3.7 Resazurin-coupled 2-DG uptake assay 

Cells were seeded in complete medium with a density of 40,000 cells/well using a 96-well plate 

(black, clear bottom) (chapter 7.2.3.3). After 24 h at 37 °C and 5% CO2 in humidified atmosphere, 

cells were washed thrice with Krebs-Ringer bicarbonate (KRB) buffer supplemented with 

0.1% (w/v) bovine albumin fraction V (BSA) that was prepared freshly before use. The cells were 

treated with the respective compound and incubated for 30 min at room temperature in the 

presence of 1 mM 2-DG. After removal of the supernatant, the cells were washed thrice with ice-

cold KRB buffer supplemented with 0.1% (w/v) BSA to stop cellular 2-DG uptake. Cells lysis was 

performed in 60 µL acidic lysis buffer for 15 min at 65 °C followed by a cooling period at room 
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temperature of around 30 min. The lysates were neutralized using 20 µL neutralizing buffer and 

60 µL of resazurin-supplemented enzyme mix was added. After 2 h of incubation at room 

temperature in the dark, resorufin (reduction product of resazurin) fluorescence intensity was 

assessed using the Tecan Infinite® M200 plate reader (ex/em 535 nm/590 nm, bottom read-out). 

For data normalization, the background (no 2-DG) was subtracted from the raw values followed 

by normalization to the value of DMSO-treated cells. IC50 values were calculated by means of non-

linear regression fit with variable slope (four parameters) using GraphPad Prism 5 or 7. 

Compound screening was performed by employing the aforementioned 2-DG uptake assay in 

semi-automated fashion in collaboration with the Compound Management and Screening Center 

(COMAS), Dortmund. Implementation of the assay to higher throughput was performed by Melanie 

Schwalfenberg and included the following variations: HCT116 cells were seeded (chapter 7.2.3.3) 

in DMEM full medium in 15,000 cells/well using 384-well black-walled, clear bottom plates and 

incubated overnight at 37 °C supplemented with 5% (v/v) CO2 in humidified atmosphere. For 

compound library screening compounds were tested at 30 µM or for IC50 determination in serial 

dilution starting from 30 µM. An acoustic nanoliter dispenser (ECHO® 520) was used to generate 

the compound dilutions. Fluorescence intensity (ex/em 535 nm/590 nm) was measured using a 

SpectraMax® Paradigm Multi-Mode Microplate Reader (bottom read-out) employing Rhodamine 

filter setting. 

7.2.3.8 Cell viability after 2-DG uptake assay (semi-automated) 

To validate hit compounds from the 2-DG uptake inhibition screen, hit compounds were tested for 

their influence on cell viability employing the CellTiter-Glo® reagent after 30 min treatment of 

HCT116 cells. Cells were seeded with 12,000 cells/well or 7,500 cells/well in a white 384-well cell 

culture plate and incubated for 24 h or 48 h, respectively, at 37 °C with 5% (v/v) CO2 and 

humidified atmosphere (chapter 7.2.3.3). Cells were washed thrice with 75 µL KRB buffer 

supplemented with 0.1% (w/v) BSA before the compound (30 µM or for IC50 determination in serial 
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dilution starting from 30 µM) and 1 mM 2-DG were added. After 30 min of incubation, the cells 

were washed twice with 75 µL KRB buffer supplemented with 0.1% (w/v) bovine albumin fraction 

V (BSA). CellTiter-Glo® reagent (15 µL) was added to the cells, mixed for 2 min on an orbital 

shaker and incubated for 10 min at room temperature before luminescence was recorded using a 

SpectraMax® Paradigm Multi-Mode Microplate Reader. All steps involving liquid handling were 

performed using automated cell washer or a multidrop device. The assessment of cellular viability 

was conducted by the Compound Management and Screening Center (COMAS), Dortmund. 

7.2.3.9  [3H]-2DG uptake assay 

Cells were seeded into a 24-well cell culture plate and grown to about 80% confluence (chapter 

7.2.3.3). Cells were washed thrice with Krebs-Ringer Bicarbonate (KRB) buffer supplemented with 

0.1% (w/v) BSA followed by incubation with the compound and 1 µCi/mL [3H]-2DG for 30 min at 

room temperature. Residual [3H]-2DG was removed and the cells were washed thrice with ice-

cold KRB buffer supplemented with 0.1% (w/v) BSA. Cell lysis was performed using 200 µL 0.1 M 

NaOH followed by 30 min incubation at room temperature. 2 mL Emulsifier-SafeTM scintillation 

liquid were mixed with 195 µL cell lysate and radioactivity was measured using Wallac 1409 

scintillation counter. Protein content was assessed using 5 µL of the cell lysate by means the 

Bradford method (chapter 7.2.4.1) and radioactivity was normalized to cellular protein 

concentration. 

7.2.3.10 Lactate excretion assay 

30,000 cells were seeded in a 96-well plate 24 h prior to the experiment (chapter 7.2.3.3). 12 h 

before the treatment cells were starved of glucose (0 mM). Compound treatment (chapter 7.2.3.5) 

was performed in 120 µL medium with 2 mM glucose for the indicated time periods. DMSO-treated 

cells or cells incubated in the absence of glucose served as a control. Afterwards, 100 µL of the 

medium was collected and stored at -20 °C until further usage. Prior to the lactate assay, the 

supernatant was thawed on ice and proteins were precipitated according to the method described 
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by McLellan et al.99 Briefly, 200 µL 0.6 M ice-cold perchloric acid was added to the supernatant, 

mixed vigorously and stored on ice for 10 min. The precipitate was separated by means of 

centrifugation (6000 x g, 10 min, 4 °C). The supernatant was transferred to a fresh tube and 

neutralized using 65 µL 2 M KHCO3. The thereby generated KClO4 precipitate is separated via 

centrifugation (6000 x g, 5 min, 4 °C). Lactate was detected in a 384-well plate using the AmpliteTM 

fluorometric L-lactate assay kit (AAT Bioquest) according to the manufacturerôs instructions. In 

this assay, the amount of L-lactate in the supernatant is quantified by conversion using NADPH-

generating, supplemented enzymes. The amount of NADH is detected using a fluorogenic NADH 

sensor. After incubation in the dark for 30 min to 2 h, fluorescence intensity of the generated 

fluorophore was detected spectrophotometrically (ex/em 540/590 nm) using the plate reader 

Tecan Infinite® M200. For each time point, the values were normalized to the value of DMSO-

treated cells.  

7.2.3.11 Sulforhodamine B cell viability 

The growth behavior of 94 cell lines was assessed by Oncolead (Germany) using a 

Sulforhodamine B assay100. After 72 h of incubation with the compound, the cells were fixed with 

10% trichloroacetic acid (TCA) for adherent cells or 50% TCA for semi-adherent or suspension 

cells for 1 h at 4 °C. The cells were washed twice with 400 µL ddH2O and dried at ambient 

temperature. The cells were stained with 100 µL of 0.04% (w/v) Sulforhodamine B and incubated 

for at least 30 min at room temperature. The dye Sulforhodamine B binds to basic amino acids of 

cellular proteins. Unbound dye was washed away six times using 1% (v/v) acetic acid and the 

samples were dried at ambient temperature. The immobilized dye was extracted by addition of 

100 µL of 10 mM Tris and the absorbance at 510 nm was measured using the LED96 plate reader 

(Deelux, Germany). The cell panel was commissioned by the Lead Discovery Center, Dortmund. 
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7.2.3.12 Glycolysis stress test 

HCT116, UM-UC-3 and BxPC-3 cells were seeded with 6,000 cells/well and MDA-MB-231 with 

250,000 cells/well in 80 µL DMEM full medium in 8-well Seahorse XFp microplates and were 

incubated at 37 °C with 5% CO2 in humidified atmosphere (chapter 7.2.3.3). The outer two wells 

served as controls and were filled with sterile PBS. The reservoirs around the wells were filled with 

sterile PBS to avoid excessive evaporation. After 24 h, the medium was removed and exchanged 

for glucose-free Seahorse XF base medium (0.5 mM or 2 mM GlutaMAXTM) and the cells were 

incubated for 45 min at 37 °C without CO2 supply. The glycolysis stress test was performed using 

the glycolysis stress test from Agilent: compound addition was performed after the first three 

measurement cycles (3x 6 min) followed by a 30 min incubation step (5x 6 min). Afterwards, the 

assay was performed according to the manufacturerôs instructions. The data was analyzed using 

the suitable supplierôs Wave software. The oxygen consumption rate (OCR) and the extracellular 

acidification rate (ECAR) were normalized to the time point before compound addition (18 min 

after beginning of the experiment). For the generation of a metabolic profile, the glycolytic reserve, 

glycolytic capacity and OXPHOS reduction were calculated from the second of three 

measurements from one experiment phase (e.g. after addition of glucose). 

7.2.3.13 Mito stress test 

HCT116 cells were seeded with a density of 20,000 cells/well in 80 µL DMEM full medium and 

incubated overnight at 37 °C and 5% (v/v) CO2 in humidified atmosphere (chapter 7.2.3.3). The 

medium was removed and 180 µL prewarmed assay medium (Seahorse XF base DMEM, 25 mM 

glucose, 2 mM GlutaMaxTM, 1 mM sodium pyruvate) were added to the cells. The cells were 

incubated at 37 °C without CO2 for 45-60 min, before the Mito stress test was initiated. After the 

first three measurement cycles (3x 6 min), BAY-876 or DMSO was added in the respective 

concentration to the cells and incubated for 30 min (5x 6 min). Oligomycin (1 µM), carbonyl 

cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) (500 nM) and Rotenone/Antimycin A 
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(1 µM) were added consecutively followed by three measurement cycles (3 x 6 min) before the 

next compound addition. The data was analyzed using the suitable supplierôs Wave software and 

the OCR and ECAR were normalized to the third measurement right before addition of BAY-876 

(18 min after beginning of the experiment). This experiment was performed by Julian Wilke. 

7.2.3.14 Rescue experiment 

DLD-1 or HCT116 cells were seeded in full medium with a density of 63,000 cells/well (48 h of 

treatment) or 31,500 cells/well (24 h of treatment) in a 12-well cell culture plate for mRNA 

expression analysis (chapter 7.2.4.3) and with a density of 30,600 cells/well (24 h of treatment) or 

15,300 cells/well (48 h of treatment) in a 6-well cell culture plate for immunoblot analysis (chapter 

7.2.4.4). The cells were incubated for 24 h at 37 °C with 5% CO2 in humidified atmosphere 

(chapter 7.2.3.3). The medium was removed, the cells were washed once with prewarmed 

glucose- and glutamine-free medium and treated with the compound (RPMI1640 medium) or 

different glucose concentrations (DMEM medium) for the indicated time. The cells were harvested 

for mRNA expression analysis (chapter 7.2.4.3) or for immunoblot analysis (chapter 7.2.4.4). 

7.2.3.15 GLUT-1-4 overexpression in CHO cells 

CHO cells were seeded with a seeding density of 100,000 cells/mL in a 10 cm cell culture dish 

(10 mL) and allowed to attach overnight at 37 °C with 5% CO2 in humidified atmosphere (chapter 

7.2.3.3). Transient transfection with the different GLUT isoforms 1-4 was performed using the 

respective plasmids (chapter 7.2.1.3) and Lipofectamine® 3000 as the manufacturer instructed. 

Briefly, 100 µg plasmid DNA was mixed 1:2 with Lipofectamine® in OptiMEMTM and added to the 

monolayer cultured CHO cells. Cells that were transfected with the insulin-responsive GLUT-4 

isoform were treated with 100 µg/mL insulin. The cells were incubated for 48 h and reseeded at 

40,000 cells/ well in 96-well plates to perform the resazurin-dependent 2-DG uptake assay 

(chapter 7.2.3.7) or lysed to monitor the protein expression level by means of immunoblotting 

(chapter 7.2.4.4). This experiment was performed by Dr. George Karageorgis. 
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7.2.3.16 WST-1 assay 

The WST-1 assay is based on the detection of the cleavage of the tetrazolium salt WST-1 to 

formazan by mitochondrial dehydrogenase. Thereby, the metabolic viability of cells can be 

assessed. Cells were seeded with 5,000 cells/well in a clear 96-well cell culture plate and 

incubated for 24 h at 37 °C, 5% CO2 in humidified atmosphere (chapter 7.2.3.3). As control, cell-

free wells were implemented and treated accordingly to the cells. After the indicated treatment 

duration, 10 µL WST-1 reagent was added to the cells and after 10 min (glucose concentrations) 

or 30 min (compound treatment) incubation at 37 °C the absorbance of the formed formazan dye 

was monitored spectrophotometrically at 450 nm using the plate reader DTX 880 (Beckman 

Coulter) or Infinite® M200 (Thermo Scientific). The background at 620 nm (reference wavelength) 

for all wells and 450 nm (cell-free wells) were subtracted from all values. The absorbance was 

normalized to the values of DMSO-treated cells and plotted against the compound/glucose 

concentration. 

7.2.3.17 Real-time live-cell imaging 

Cells were seeded with the indicated seeding density in a 96-well cell culture plate and incubated 

for 24 h at 37 °C with 5% CO2 in humidified atmosphere (chapter 7.2.3.3). Cells were washed with 

prewarmed, sterile PBS before compound addition in the respective medium. In case of altered 

nutrient concentrations, glutamine- and glucose-depleted DMEM medium was supplemented with 

the desired nutrient concentration without the addition of sodium pyruvate. Unless otherwise 

indicated, 100 µL medium were used during cell treatment with the exception of the experiment 

determining the glutamine dependence of HCT116 cells, in which 200 µL of medium were used. 

Cell growth was monitored in real-time for 48 h to 120 h by means of the IncuCyte® ZOOM or 

IncuCyte® S3. To evaluate cell growth behavior, the image-based cell confluence was analyzed 

using the provided software IncuCyte® ZOOM 2016B or IncuCyte® S3 2017A. 
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7.2.3.18 Apoptosis induction during live-cell imaging analysis 

To monitor apoptosis induction during live-cell imaging (chapter 7.2.3.17), the green Caspase-3/7 

reagent (2.5 µM) was added together with the compound to the cells. The reagent is a DNA-

intercalating dye coupled to a peptidic sequence which is cleaved by caspases 3 and 7 that are 

activated during onset of apoptosis. The cleaved dye can intercalate into the DNA, which results 

in green fluorescent nuclei. To assess the level of apoptotic cells, the image-based cell confluence 

as well as the green fluorescence confluence was determined using the provided software 

IncuCyte® ZOOM 2016B or IncuCyte® S3 2017A. The green confluence (%) was normalized to 

the overall cell confluence (%).  

7.2.3.19 3D vs. 2D cell culture 

HCT116 cells were seeded with a cell density of 750 cells/200 µL/well (to obtain 380 µm Å 

spheroids) or 10,000 cells/200 µL/well (for 800 µm Å spheroids) in monolayer or in ultra-low 

attachment (ULA) plates for spheroid generation using prewarmed full DMEM medium (chapter 

7.2.3.3). Half of the medium of the large spheroids (and respective monolayer control) was 

exchanged for 100 µL fresh, prewarmed full medium after 48 h of incubation at 37 °C with 5% CO2 

in humidified atmosphere. Spheroids and monolayer-cultured cells were treated 72 h after seeding 

with compound or different glucose and glutamine concentration (DMEM medium, w/o phenol red) 

and in the presence of 0.02 mg/mL propidium iodide to monitor cell death. To ensure the correct 

nutrient concentration in the medium, 100 µL old medium was exchanged six times against 100 µL 

fresh medium with the desired final nutrient concentration. Compound addition in full medium was 

performed by exchanging 100 µL old medium against 100 µL fresh medium containing 2x the final 

concentration of the compound. Live-cell imaging was performed using IncuCyte® S3 and 

quantification of cell growth and cytotoxicity (PI staining) was calculated using the respective 

software IncuCyte® S3 2017A. PI is a red fluorescent DNA intercalator which can only pass the 

porous cell membrane of dead cells. To assess the cytotoxicity of monolayer-cultured cells red 
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confluence (%) was used as a measure, whereas bright-field objects red mean intensities (RCU) 

was used to assess toxicity of spheroids. The corresponding half maximal effective concentration 

(EC50) values were calculated using a non-linear regression fit with variable slope and four 

parameters (GraphPad Prism 5 or 7). 

7.2.3.20 Mitochondrial toxicity assay 

The utilization of galactose for glycolysis requires 2 mol ATP. Since the glycolysis yields 2 mol 

ATP, the net ATP yield in the presence of galactose instead of glucose is zero. Thus, ATP needs 

to be produced via mitochondrial oxidative phosphorylation. In the presence of mitochondrial 

inhibitors, the cells cannot generate ATP in the presence of galactose which makes the cells more 

sensitive to the inhibitor. This phenomenon was used to assess mitochondrial toxicity according 

to Marroquin et al..101 HCT116 cells were seeded in prewarmed, full medium with a seeding 

density of 5,000 cells/well and incubated for 24 h at 37 °C with 5% CO2 at humidified atmosphere 

prior to treatment (chapter 7.2.3.3). The medium was removed and the cells were washed once 

with sterile, prewarmed PBS. Cells were treated with compound using glucose- and glutamine-

free DMEM medium supplemented either with 25 mM glucose or 10 mM galactose and 4 mM 

L-glutamine. Oligomycin inhibits the mitochondrial ATP synthase and was used as a control. Cell 

growth was monitored by means of live-cell imaging employing the IncuCyte® ZOOM. Half-

maximal growth inhibition (GI50) values were generated (chapter 7.2.7.1) to compare the effects 

of the compounds on the cell growth.  

 

7.2.4 Biochemical methods 

7.2.4.1 Determination of protein concentrations with Bradford method 

Bradford assay reagent (5x) was diluted 1:4 with ddH2O according to the manufacturerôs 

instructions. BSA was dissolved in the respective lysis buffer in a concentration range between 
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0.05-2 mg/mL for determination of a standard curve. The BSA standard solution or the sample 

(1 µL) was added to 999 µL Bradford assay reagent in a cuvette, sealed with parafilm and mixed 

thoroughly by inverting. The BSA standard was prepared as technical duplicates and all samples 

as technical triplicates. Bradford assay reagent contains Coomassie Brilliant Blue G-250 

(Amax=470 nm) that binds to basic and aromatic amino acids of proteins and thereby deprotonates 

the dye (Amax=595 nm). Therefore, the absorbance at 595 nm is proportional to the protein content 

of the sample. After 5 min incubation, the absorption was measured spectrophotometrically at 

595 nm. The standard absorbance curve of the BSA standard was determined and the protein 

concentration of the samples was calculated using the thereby generated formula. The 

absorbance of the samples should lie within the linear range of the BSA standard (0.05-2 mg/mL), 

otherwise the samples were prediluted before mixing with the Bradford assay reagent. 

7.2.4.2 Determination of protein concentrations with DCTM protein assay 

BSA was dissolved in the respective lysis buffer in a concentration range between 0.05-2 mg/mL 

for determination of a standard curve. The BSA standard or each sample (5 µL) was added to one 

well within a 96-well plate (clear bottom) in technical duplicates or triplicates, respectively. Reagent 

S (20 µL) was added to reagent A (980 µL) to generate working reagent A. Working reagent A 

(25 µL) was added to each well, followed by addition of 200 µL reagent B. The plate was incubated 

for 20 min in the dark before the absorbance was measured spectrophotometrically at 750 nm. 

The standard absorbance curve of the BSA standard was determined and the protein 

concentration of the samples was calculated using the thereby generated formula. 

7.2.4.3 Reverse transcription-quantitative PCR (RT-qPCR) 

After treatment for the indicated time points (chapter 7.2.3.14), total RNA was isolated from DLD-

1 or HCT116 cells using RNeasy® mini kit (Qiagen) according to the manufacturerôs instructions 

and eluted using RNase-free water. One random replicate of DLD-1 treated cells was analyzed 

for its RNA integrity using the Bioanalyzer (Agilent) and the corresponding RNA 6000 nano kit 



Experimental part 

55 

(Agilent) to ensure a high quality of the sample. Here the manufacturerôs instructions were followed 

precisely using 625 µg sample. The RNA Integrity Number (RIN) provides an objective measure 

(RIN=0-10) for the integrity of the RNA within the sample. A RIN value Ó7 represents sufficient 

quality of the sample with 10 indicating highly intact RNA. The assessment of the integrity is based 

on the ratio of the ribosomal 18S and 28S bands as well as evaluation of the signal intensity of 

the background. The QuantiTect® reverse transcription kit (Qiagen) was used to eliminate 

genomic DNA and reverse transcribe the RNA in the corresponding cDNA and the instruction of 

the manufacturer were followed. Before reverse transcription of the samples, linear cDNA 

synthesis was assured using different concentrations of isolated RNA of untreated DLD-1 cells. 

For reverse transcription, equal RNA amounts (226-911.6 ng) were used within one biological 

replicate. The final concentration depended on the sample with the lowest RNA concentration. 

Before RT-qPCR was conducted, the dynamic range of the primers in RT-qPCR was assured 

using a serial dilution of cDNA (8.3 fg/µL-83.3 ng/µL) of untreated DLD-1 cells. Furthermore, the 

primer efficiency was tested by conducting the RT-qPCR with different concentrations (0.0005-

50 ng/µL) of either cDNA of untreated DLD-1 cells or, in case of too low mRNA levels (GLUT2 and 

GLUT4), of gene-specific plasmids (chapter 7.2.1.3). The determined primer efficacies are given 

in chapter 7.2.1.4. Additionally, the reverse and the forward primers of one primer pair were titrated 

against each other in a RT-qPCR using cDNA of untreated DLD-1 cells to determine the best 

concentration for each primer where no additional amplicon products were generated. The final 

primer concentration for all in here utilized primers was 0.5 µM. The amplicon sizes were verified 

using a 3% (w/v) agarose gel and employing the DNA ladder 1 kb or 100 bp plus as size standard 

control. For all conducted RT-qPCRs, a master mix which included 5 µL SsoAdvancedTM SYBR® 

green mix (Bio-Rad), 0.5 µL forward and 0.5 µL reverse primer and 1 µL RNAse-free water (per 

sample/well) was mixed beforehand and pipetted to the qPCR plates before 3 µL cDNA sample 

(diluted 1/6) was added to each well. The plates were sealed with PCR SealersTM. After short 

mixing and centrifugation for 10 sec, the RT-qPCR was conducted using the thermal cycler iCycler 
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iQTM5 (Bio-Rad). The RT-qPCR program included an activation step of the polymerase (30 sec, 

95 °C), followed by 50 iterative cycles including a denaturation step (10 sec, 95 °C) and an 

annealing/extension step (30 sec, 60 °C). Data was analyzed using CFX Manager (Bio-Rad). 

GLUT1-4 and B2M levels were normalized to mRNA levels of ACTB, TUBB and ATP1A1 using 

the method ȹȹCt
102. 

7.2.4.4 Immunoblotting 

General: Samples were diluted 4:1 in 5x SDS sample buffer. For protein separation, 6% (w/v) SDS 

gels were prepared and the separation was conducted at a constant voltage of 80 V for about 

1.5 h using SDS running buffer. ChameleonTM duo pre-stained protein ladder or PAGE RulerTM 

plus prestained protein ladder served as size standard control. The SDS gel, Whatman® paper 

and a methanol-activated polyvinylidene difluoride (PVDF) membrane were incubated for 10 min 

in transfer buffer at 4 °C: The proteins were transferred from the SDS gel on the PVDF membrane 

using a semi-dry electrophoretic device. Protein transfer was verified by staining the PVDF 

membranes with Ponceau S for 30 sec, followed by washing with ddH2O until the solution became 

colorless. The membrane was loaded in a 50 mL tube and unspecific binding sites were blocked 

using 10 mL PBS-based Odyssey® blocking buffer for 1 h at ambient temperature under constant 

rotation. GLUT isoforms or reference proteins were detected using specific primary antibodies, 

which were diluted in Odyssey® blocking buffer beforehand (chapter 7.2.1.2). Detection of 

reference proteins Na+-K+-ATPase (GLUT-1) or Vinculin (GLUT-3) served as internal 

normalization when possible (chapter 7.2.1.2). The membranes were incubated with the primary 

antibody overnight at 4 °C under constant rotation. The antibody solution was collected, stored at 

-20 °C and was used up to three times. The blot was washed thrice with PBS for 10 min at room 

temperature under constant rotation. The secondary, infrared dye-labeled antibodies were used 

for detection. 800CW-labeled antibodies were used to detect the protein of interest, whereas 

680RD-labeled antibodies were used to detect the reference protein. The secondary antibodies 

were diluted in Odyssey® blocking buffer (chapter 7.2.1.2) and incubated for at room temperature 
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under constant rotation in the dark. After 1 h, the secondary antibody was removed and the 

membrane was washed twice with 10 mL PBS-T and once with 10 mL PBS for 10 min at room 

temperature and constant rotation in the dark. The detection of the fluorescent bands was 

conducted using Odyssey® CLx imaging system. Densitometric analysis for protein quantification 

was performed using Image Studio Ver. 5.2. 

GLUT-1-4 overexpression in CHO cells: The transiently transfected CHO cells (chapter 7.2.3.15) 

were lysed using 1.5x SDS sample buffer without supplementing bromophenol blue and the 

protein concentration was determined by means of DCTM protein assay (chapter 7.2.4.2). The 

proteins underwent separation by means of SDS-PAGE followed by semi-dry mediated transfer 

on PVDF membranes. Unspecific binding sites were blocked using 5% (w/v) skimmed milk in TBS-

T for 1 h at ambient temperature. Incubation of the primary antibody was performed at 4 °C 

overnight. After washing the membranes thrice with TBS-T, the secondary horseradish 

peroxidase-labeled antibody was applied and incubated for 1 h at room temperature. Visualization 

of specific protein content was conducted using SuperSignalTM west pico chemiluminescent or 

femto maximum sensitivity substrate using the Odyssey® Fc imaging system. Quantification of 

protein content was performed by means of densitometric analysis using the software Image 

Studio Ver. 5.2. This experiment was performed by Dr. George Karageorgis. 

 

7.2.5 Methods to study target engagement of small molecules 

7.2.5.1 Cellular Thermal Shift Assay (CETSA®) and Thermal Proteome Profiling (TPP) 

SW480 cell lysates were thawed on ice (chapter 7.2.3.6) and diluted with lysis buffer to a protein 

concentration of 2 mg/mL with 3 mL total volume using lysis buffer with 0.4% (v/v) NP-40 

alternative. The lysates were divided into two separate reaction tubes (1.4 mL each). One fraction 

was treated with the compound, the other fraction was treated with the equivalent amount of 
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DMSO. The lysates were incubated for 10 min at ambient temperature and divided into 10 different 

fractions with 120 µL each (20 fractions total). Each compound-treated lysate fraction was 

exposed to a different temperature within a temperature gradient between 36.9 and 67 °C for 3 min 

followed by an infinite cooling step at 4 °C. DMSO-treated control lysates were subjected to the 

same temperature gradient. Unfolded, aggregated proteins were separated by ultracentrifugation 

(100,000 x g, 4 °C, 20 min). The soluble fraction (100 µL) was transferred to a fresh protein low-

binding tube and snap frozen in liquid nitrogen and stored at -80 °C until further usage. 

CETSA®: If necessary, the cell lysates were thawed on ice and 25 µL lysate was separated on an 

SDS-PAGE followed by transfer and immobilization to the PVDF membrane (chapter 7.2.4.4). The 

amount of soluble proteins was assessed by means of immunoblotting with the desired antibodies 

(chapter 7.2.1.2). After densitometric analysis, melting curves were generated by normalization to 

the soluble protein fractions at the first temperature (i.e. 36.9 °C).  

TPP: If necessary, the lysates were thawed on ice and the protein disulfide bridges were reduced 

using tris(2-carboxyethyl)phosphine (TCEP) using 7.5 µL reducing reagent solution for 1 h at 

55 °C. The thereby generated thiols were alkylated using 7.5 µL alkylating reagent solution 

followed by incubation for 30 min at ambient temperature protected from light. The proteins were 

precipitated using 900 µL prechilled acetone (-20 °C) and the lysates were stored at -20 °C 

overnight. After centrifugation at 8000 x g at 4 °C for 10 min the supernatant was removed and 

the pellets were dried under laminar flow at ambient temperature. The pellets were solubilized in 

107.5 µL tryptic digest solution and vortexed vigorously. Tryptic digest was facilitated by 

incubation at 37 °C overnight using a thermoblock and at constant shaking (300 rpm). Sample 

preparation, measurement and data analysis were performed by the mass spectrometry group of 

the MPI Dortmund, namely Jens Warmers, Andreas Brockmeyer, Malte Metz and Petra Janning. 

Each sample was labeled with one out of ten TMT10plexTM labeling reagents (41 µL) according to 

the exposed temperature within the temperature gradient using a gas-tight syringe. The samples 
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were mixed and incubated for 2 h at room temperature. Subsequently, the reaction was quenched 

with 8 µL quenching solution and incubated for 15 min at ambient temperature. All compound-

treated and all DMSO-treated samples were combined, respectively and dried using a vacuum 

concentrator. The samples were dissolved in 120 µL 20 mM NH4COO (pH 11) and prefractionated 

by means of HPLC. After evaporating the samples, the pellets were dissolved in 10 µL 0.1% (v/v) 

TFA using a nanoHPLC-MS/MS. Data analysis was performed by employing MaxQuant 

(v.1.5.3.30)98 and an in-house programmed MS Excel macro103 to generate the corresponding 

melting curves. The fitting was performed by means of Boltzmann fit.  

7.2.5.2 Hexokinase activity assay 

HCT116 whole cell lysates (chapter 7.2.3.6) were thawed in ice. A serial dilution between 0 mM 

and 15.6 mM 2-DG in assay buffer was generated freshly before the assay. All assay components 

were pipetted in a black, flat 96-well plate: 10 µL HCT116 lysate (conc. 0.04 mg/mL), 0.3 mM ATP, 

10 µL 2-DG in respective dilution, 43 µL enzyme mix, 10 µL compound in the respective 

concentration and were filled up to 100 µL volume with assay buffer. The plate was incubated at 

37 °C for 40 min in the dark. Fluorescence intensity of the generated NADPH+H+ (ex/em 

340 nm/445 nm) was measured using the Tecan Infinite® M200 or Sparks plate reader. After 

background subtraction (no 2-DG), all values were normalized to the highest hexokinase activity 

(15.6 mM 2-DG) or to the prevalent 2-DG concentration (3.1 mM) at compound addition. 3-

Bromopyruvate104, a known hexokinase 2 inhibitor, served as a control.  

7.2.6 Compound absorbance and fluorescence spectra 

The compound was diluted in ddH2O to 100 µM and 100 µL of the solution was transferred into a 

96 well plate (UV compatible). An absorbance spectrum (230 nm-1000 nm) was recorded using 

the Infinite® M200 spectrometer (Tecan). The background (DMSO absorbance) was subtracted 

from the compound absorbance values at each wavelength to generate the compound 
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absorbance spectrum. The emission spectrum of the compound was recorded at the respective 

excitation wavelength that was identified as the absorption maximum in the absorbance spectrum.  

 

7.2.7 Data analysis 

7.2.7.1 Growth curve determination during live-cell imaging analysis 

To assess the growth rate of compound-treated cells, HCT116, UM-UC-3, UO-31 and MIA PaCa-

2 cells were seeded in 96-well cell culture plates with a seeding density of 5,000 cells/well (chapter 

7.2.3.3). DLD-1 cells were seeded with a density of 10,000 cells/well (chapter 7.2.3.3). After 

completion of the experiment, growth curves were determined by analyzing the cell confluence 

using the provided software IncuCyte® ZOOM 2016B or IncuCyte® S3 2017A (chapter 7.2.3.17). 

The growth rate was calculated by linear regression of the exponential growth phase (e.g. 24-

74 h). The growth rates were plotted against the compound concentration to determine the half 

maximal growth inhibition value (GI50) employing a non-linear dose-response fit (variable slope) 

using GraphPad Prism 5 or 7. 

7.2.7.2 Validation of synergism during combinatory treatment 

To validate synergism during co-treatment of Glutor and CB-839 or (S)-5n and Aumitin, the open-

source software combenefit105 was employed. Growth rates of compound-treated HCT116 cells 

were determined during live-cell imaging experiments and normalized to DMSO-treated cells 

(chapter 7.2.3.17, chapter 7.2.7.1). All models were employed to generate synergism scores over 

three biological replicates (n=3 ±s.d.). 

Definition of implemented synergy models (combenefit): a=compound A, b=compound B, 

au=concentration compound A, bu=concentration compound B, RAB=reference effect of 

compounds A and B, E=compound efficacy. 
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Loewe model:106 The concentration au and bu, at which the efficacy of both compounds A and B is 

equal, is determined to calculate the reference effect RAB for the combination of the compounds. 

RAB_Loewe(a,b) = E(au) = E_B (bu) 

In case of different maximum effects of compound A and B the following extension is implemented: 

RAB_Loewe(a,b) = E(bu) = EB(b) 

Bliss model:107 The efficacy of compound A and B is multiplied at the concentrations to calculate 

the reference effect RAB for the combination of the compounds.  

RAB_Bliss(a,b) = EA(a) x EB(b) 

The efficacy of compound A (or compound B) corresponds to the unaffected fraction of the cell 

population. 

HSA model:108 The greatest efficacy difference between compound A and B when given alone is 

determined to calculate the reference effect RAB of the combination of the compounds. 

RAB_HSA(a,b) = MIN(EA(a), EB(b)) 

7.2.7.3 Statistical analysis 

Biological replicates (n) are given as mean values ± standard deviation (s.d.) or as median 

including the interquartile range. When appropriate, statistical significance was evaluated. For the 

rescue experiments (chapter 7.2.3.14) that included RT-qPCR (chapter 7.2.4.3) and immunoblot 

analysis (chapter 7.2.4.4), an unpaired two-tailed t-test with Welchôs correction was employed 

using GraphPad Prism 5 or 7. Welchôs correction was chosen due to normalization to the 

respective control of DMSO-treated cells and therefore assuming unequal standard deviation. 

*:p<0.05; **:p<0.01; ***:p<0.001. To evaluate the relation between two conditions, linear 

regression analysis was performed. N: technical replicates; n: biological replicates. 
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8 Results 

8.1 Identification of small-molecule inhibitors of glucose uptake 

A cell-based assay (Figure 11a) was employed to identify small-molecule inhibitors of glucose 

uptake from a compound library of over 150,000 substances. The library was composed of 

different commercially available substances as well as synthesized compounds from different 

academic sources. The compounds were selected according to chemical diversity and drug 

likeness. sp3-rich compounds obtained from Elderis were additionally included in the library.  

 

Figure 11 Schematic representation of the 2-deoxy-D-glucose (2-DG) uptake assay. a) 2-DG is consumed by cells 
via glucose transporters (GLUTs), followed by phosphorylation through the endogenous hexokinase to 2-DG-6-
phosphate (2-DG-P), which is trapped inside the cells. After cell lysis, a supplemented glucose-6-phosphate 
dehydrogenase (G6PDH) oxidizes 2-DG-P to 6-phospho-2-deoxyglucoronic acid (6P-2-DGA) and thereby reduces 
NADP+. Supplemented diaphorase uses the generated NADPH+H+ to reduce the dye resazurin to the fluorophore 
resorufin. Fluorescence intensity (ex/em 530/590 nm) is directly proportional to the consumed 2-DG. Red 
triangle=compound. b) Structure of D-glucose. c) Structure of glucose analogue 2-DG. 

 

For the assay, the human colorectal carcinoma cell line HCT116 was incubated with the glucose 

analogue 2-deoxy-D-glucose (2-DG) (Figure 11b,c) and the compound of interest. 2-DG is 

transported by facilitative glucose transporters (GLUTs) inside the cell followed by phosphorylation 

at the 6-position to 2-DG-6 phosphate (2-DG-P). 2-DG-P is trapped inside the cell and cannot be 

metabolized further within the glycolytic cascade. After 30 min, the compound and excessive 2-

DG are removed and cells are washed and lysed. Supplemented glucose-6-phosphate 
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dehydrogenase oxidizes 2-DG-P to 6-phospho-2-deoxyglucoronic acid (6P-2-DGA), whereby 

NADP+ is reduced to NADP+H+. Diaphorase, which is added to the mixture, reduces the 

supplemented dye resazurin to the fluorophore resorufin in the presence of previously generated 

NADP+H+. The fluorescence intensity of resorufin is measured, which is proportional to the 

amount of 2-DG in the cell. 

With this assay in hand, structurally distinct compound classes were identified to potently inhibit 

2-DG uptake in HCT116 cells (Figure 12). The hit substances of these compound classes, namely 

the piperazin-2-ones, the indomorphans and the chromane-tetrahydropyriminones, possessed 

IC50 values within the submicromolar to nanomolar concentration range.  

 

Figure 12 Chemical structures of the hit compounds identified as glucose uptake inhibitor classes. Data show 
the IC50 values as obtained in the initial compound screening employing the semi-automated resazurin-coupled 2-DG 
uptake assay (n=1, N=3). The screening was performed by the Compound management and screening center 
(COMAS), Dortmund.  

 

All substance classes were structurally optimized and biologically characterized further. Only part 

of the biological characterization of the indomorphans, with its most active derivative (+)-Glupin-1 

(GLucose UPtake INhibitor, chapter 8.4.1), and the chromane-tetrahydropyriminones, with its 

derivatives (R,R)-Chromopynone-1 and -2 (fused CHROMane- and tetrahydrOPYrimiNONE 

natural product fragments, chapter 8.4.2), are elucidated within the framework of this dissertation. 

In depth characterization of the indomorphan substance class was conducted within the doctoral 
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thesis of Dr. Javier de Ceballos and Melanie Schwalfenberg. The chromane-

tetrahydropyriminones were investigated by Dr. Geroge Karageorgis.109 

 

8.2 Chemical investigation of the piperazin-2-one class 

8.2.1 Confirmation of the glucose uptake inhibitory activity of 1a 

The inhibition of 2-DG uptake by the hit compound 1a was confirmed using the resazurin-coupled 

2-DG uptake assay (Figure 13b). Thereby, an IC50 value of 588.0±143.3 µM was determined in 

HCT116 cells, which is in line with the activity determined in the semi-automated assay (1.18 µM, 

Figure 12).  

 

Figure 13 Confirmation of 2-DG uptake inhibition by hit compound 1a. a) Hit compound 1a inhibits 2-DG uptake in 
the resazurin-coupled assay in HCT116 cells. Data are representative values ±s.d. of n=3 (N=3). b) Hit compound 1a 
inhibits [3H]-2-DG uptake. Radioactivity was assessed in HCT116 cells using a scintillation fluid and monitored using a 
scintillation counter. Shown are mean values ±s.d. of n=2 (30 µM) or n=1 (1.2, 3.3, 6, 10 µM) in technical duplicates. 

 

Furthermore, an orthogonal assay monitoring the uptake of 3[H]-2-DG was employed to confirm 

the inhibition of glucose uptake (Figure 13c). The hit compound 1a inhibited the uptake of 3[H]-2-

DG down to about 20% residual uptake at low micromolar concentrations. Moreover, 1a did not 
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reduce the viability of HCT116 cells after 30 min compound incubation as monitored by a CellTiter-

Glo® counterscreen to exclude a cytotoxic effect. 

A reduction of the resorufin emission in the employed 2-DG uptake assay (Figure 13a) or a 

decrease in radioactivity in the [3H]-2-DG uptake assay (Figure 13b) can also arise from an 

inhibitory effect on the endogenous hexokinase (Figure 11a). Therefore, an assay monitoring the 

endogenous hexokinase activity within HCT116 whole cell lysates was employed (Figure 14a, 

Figure 14b).  

 

Figure 14 Hit compound 1a did not inhibit endogenous hexokinase activity and lowers lactate excretion in 
HCT116 cells. a,b) Endogenous hexokinase activity was monitored in the absence (a) or in the presence of the hit 
compound 1a (b) using whole HCT116 cell lysates. 2-DG was added to the lysates and NADPH+H+ production through 
supplemented glucose-6-phosphate-dehydrogenase was monitored at ex/em 340/445 nm after incubation at 37 °C for 
40 min. Hit compound 1a or the hexokinase 2 inhibitor 3-bromopyruvate (3-BP)110 were added at 3.12 mM 2-DG (b). 
Data are mean values ±s.d. (n=3, N=3). Data is normalized to the highest hexokinase activity at 15.56 mM 2-DG (a) or 
to 3.12 mM 2-DG (b). c) To monitor lactate excretion after compound treatment, HCT116 cells were starved of glucose 
for 12 h followed by treatment with the hit compound 1a in the presence of 2 mM glucose or in glucose absence. The 
supernatant was assayed for the presence of lactate using AmpliteTM fluorometric L-lactate assay kit (AAT Bioquest). 
Fluorescence was monitored at ex/em 540/590 nm. DMSO served as controls. Data show mean values ±s.d. (n=3, 
N=3). 

 

While conversion of 2-DG to 2-DG-6-phosphate (2-DG-6P) by hexokinase increased with rising 2-

DG concentration (Figure 14a), the presence of 10 µM or 30 µM 1a did not lower hexokinase 

activity (Figure 14b). A slight signal increase can be explained by the autofluorescence of 1a. The 

compound has an absorption peak at 312 nm and an emission peak (ex 312 nm) at 364 nm 
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(Appendix, Figure 88a). 3-Bromopyruvate, a known hexokinase 2 inhibitor110, abolished 

hexokinase activity in this assay.  

Aerobic glycolysis leads to pyruvate formation which is fermented to lactate and subsequently 

excreted in the extracellular environment (chapter 5.2). To ensure downstream inhibition of 

glycolysis, 1a was tested in a lactate excretion assay using HCT116 cells. Lactate excretion was 

reduced after 6 h and 24 h of compound treatment to similar levels as in glucose-starved cells, 

which confirms inhibition of the glycolytic pathway by 1a (Figure 14b). 

 

8.2.2 Synthesis of a piperazin-2-one-based compound library 

For analysis of the underlying structure-activity relationship for 2-DG uptake inhibition of the 

piperazin-2-one-based compound class, a small-molecule collection was generated by collecting 

commercially available analogues and by employing organic synthetic strategies. The synthesis 

followed the general synthetic route depicted in Figure 15 that employs a modified four component 

Ugi reaction to form the compound core in the last step (part of this work was performed by Marc 

Stroet and Jessica Nowacki as part of their graduation work or Master thesis).93 

A carboxylic ester-substituted pyrazole derivative (2a/2b) is N-alkylated resulting in a mixture of 

constitutional isomers 3. The desired 2-N-alkylated product (3a-c) is preferentially formed at high 

reaction temperatures. Subsequently, the ester is hydrolyzed under basic conditions to form the 

free carboxylic acids (4a-c). The bifunctional ketone/carboxylic acid 4a-c is combined together 

with a primary amine (9a-g) and an isocyanide (8a-m) in a modified four component Ugi reaction 

as described by Ilyn et al..93 
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Figure 15 Overview of synthetic scheme for a piperazin-2-one-based compound library. i) Triphosgene, ACN, 
0 °C, 0.5-2 h;92; ii) Burgess reagent, ACN / MeOH (5:1), rt, 2 h;94; iii) Benzenesulfonyl chloride, trioctylamine, 80 °C, 
2 h.111; iv) HCONH2, HCO2H, 180 °C, conventional heating 0.5-2 h or microwave 3 min;92; v) HCO2Et, 60 °C, 24 h;112; 
vi) HCONH2, H2NOH*HCl, toluene, 110 °C, 24 h;113. R1=heteroaromatic, R2=alkyl, aromatic, heteroaromatic, Rô=R1,R2, 
Rôô=aromatic. annul. Cy=annulated cyclohexane. An overview of all used amines and isocyanides can be found in the 
Appendix Table 21. 

 

The required isocyanides were either purchased or synthesized in situ from the corresponding 

formamides (13a-i) by employing either Burgess reagent94, triphosgene92 or benzenesulfonyl 

chloride111. Hydrophobic formamides were synthesized from the corresponding aldehydes 11a-d 

using a modified Leuckart-Wallach reaction.92 Most hydrophilic, heterocycle-containing 

formamides could not be synthesized using this reaction, but were generated from the 

corresponding primary amines 12a-c through a transamidation reaction.112,114 

Derivatization of the final piperazin-2-one derivatives included N-methylation at the exocyclic 

amide of 5a to generate 13 (Figure 16). Furthermore, the propargyl-substituted piperazin-2-one 

derivative 5m was modified via click reaction with different azides to yield compounds 14 and 15 

(Figure 17). 
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Figure 16 Derivatization I for generation of N-methylated piperazin-2-one derivative 13.  

 

 

Figure 17 Derivatization II for generation of triazole-substituted piperazin-2-one derivatives 14 and 15.  

 

Deprotection of the tert-butyl-substituted piperazin-2-one derivative 5l yielded the free amine 16. 

This was further substituted using a chloro-substituted pyridine to yield 17 (Figure 18). The final 
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piperazin-2-one-based compound library was composed of 95 structurally distinct molecules 

(Appendix, Table 22, Table 23). 

 

Figure 18 Derivatization III for generation of the free amine piperazin-2-one 16 and the 2-pyridine substituted 
piperazin-2-one 17.  

 

8.2.3 Structure-activity relationship (SAR) studies of the piperazin-2-ones 

In order to investigate the structure-activity relationship (SAR) of the piperazin-2-one substance 

class, a total of 27 analogues were synthesized as described earlier. Additionally, 68 analogues 

were obtained commercially (ChemDiv, USA).  

 

Figure 19 Summary of structure-activity relationship (SAR) for the piperazin-2-one inhibitor class. A condensed 
SAR is visualized on the structure of hit compound 1a. Circles describe variation in the chemical structure. Black square 
A indicates the substitution of the cyclic amide, black circle C indicates the substitutions on the exocyclic amide. B 
marks the central core of the piperazin-2-one derivative. 
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To ensure consistency, the activity of all analogues was determined employing the semi-

automated resazurin-coupled 2-DG uptake assay using HCT116 cells (Appendix, Table 22 and 

Table 23; the screening assay results were obtained by the Compound Management and 

Screening Center (COMAS), Dortmund). The SAR is summarized in Figure 19. 

Investigation of the N-benzyl amide A of the hit compound 1a (IC50=3.29±2.04 µM) revealed that 

replacement of the 4-ethyl substituent by 4-methoxy (1c) did not alter the biological activity 

(IC50=3.67±1.40 µM) (Table 3, compare entry 1 and 3), whereas substitution of the 4-ethyl to a 4-

methyl (1b) reduced the IC50 to 10.7±5.92 µM (Table 3, compare entry 1 and 2). Introduction of 

the methoxy group in 3- (1d) or 2-position (1e) led to a ca. 7-fold activity reduction 

(IC50=25.6±4.37 µM) or complete inactivation of the compound (Table 3, compare entry 3 with 

entry 4 and 5). Replacement of the substituent in 2-, 3- or 4-position by a chloride or fluoride led 

to activity loss of the compound in all cases (Table 3, compare entries 1-5 with entries 6-9). Also, 

exchange of the N-benzyl A (1a) by an N-CH2-(2-furyl) (1j) or a N-CH2-(3-pyridyl) (1k) reduced the 

biological activity by nearly 10-fold (Table 3, compare entry 1 with entries 10-11). Replacement of 

the N-benzyl A (1a) by an N-phenyl (1l) led to complete loss of activity (Table 3, compare entry 1 

and entry 12). Also, compounds that contain long linkers between the nitrogen and a phenyl-group, 

namely C2H4 (1m) or C3H6 (1n), possessed no biological activity (Table 3, entries 13 and 14).  

Table 3 Structure-activity relationship (SAR) of the indole-based compound collection. 

 

IC50 values for 2-DG uptake inhibition were determined via semi-automated 2-DG uptake assay. Values are mean ±s.d. 
of n=3-18 (as indicated). cmpd=compound; n.a.=no inhibition at 30 µM. 
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Elimination of the 2-methoxy substituent at the N-benzyl amide C (1a) to give the unsubstituted 

benzyl (1o) did not influence the activity of the compound (IC50 = 3.64±1.73 µM) (Table 3, compare 

entry 1 and entry 15). However, substitution of the N-benzyl C (1a) by a N-C3H6O-iso-propyl ether 

(1p) rendered the molecule nearly inactive (Table 3, compare entry 1 and 16). 

Table 4 Structure-activity relationship (SAR) of the piperazin-2-one core scaffold B. 

 

IC50 values for 2-DG uptake inhibition were determined via semi-automated 2-DG uptake assay. Values are mean ±s.d. 
of n=3-21 (as indicated). cmpd=compound; n.a.=not active at 30 µM. 
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Variation of the core scaffold B revealed that the phenyl pyrazole scaffold (19, 25, 5g) contributes 

most to the biological activity (Table 4, entries 3, 9, 11, columns are sorted by increasing activity). 

Hereby, the addition of a para-methoxy group (20, IC50=0.81±0.28 µM) did not alter the activity of 

the unsubstituted phenyl 19 (IC50=0.82±0.59 µM) (Table 4, compare entry 3 and 4). Annulation of 

the aromatic ring to the N-heterocycle altered the confirmation in such a way that it strongly 

reduced the potency of the compound (Table 4, compare entries 1 and 2 with entries 3 and 4, 

compare entries 5 and 8 with entry 9). Substitution of the phenyl ring of 25 by an aliphatic residue, 

such as tert-butyl (22) or methyl-carboxylate (23), decreased the activity of the compound to 

IC50>30 µM (Table 4, compare entry 9 with entries 6 and 7). Annulated, saturated ring structures 

led to a nearly 500-fold activity reduction from IC50=0.03±0.01 µM (5g) to 14.04±2.32 µM (7) 

(Table 4, compare entry 10 and 11). Therefore, the phenyl-pyrazole core scaffold was used for 

subsequent SAR studies as most active core scaffold B. 

Further investigation of the substitution pattern of the N-benzyl amide (A) revealed, that 

replacement of the 4-ethyl of the 3-phenylpyrazole 1o by either di-substituted amines (5b, 5c) or 

ethyl ether (5u) did not influence the biological potency of the compound (compare Table 3 entry 

15 and Table 5 entries 4, 5 and 9).  

Table 5 Structure-activity relationship (SAR) of the phenylpyrazole-based compound collection I. 

 

IC50 values for 2-DG uptake inhibition were determined via semi-automated 2-DG uptake assay. Values are mean ±s.d. 
of n=3-21 (as indicated). cmpd=compound; n.a.=not active at 30 µM. 

 

Substitution by a thio-ether on the other hand slightly decreased biological activity by 4-fold (Table 

5, compare entries 4, 5, and 9 with entry 1). More bulky substituents such as iso-propoxy (5d) or 
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morpholino (5n) increased the potency of the compound by ca. 10-fold from IC50=1.65±1.10 µM 

to IC50=0.19±0.06 µM and 0.16±0.09 µM, respectively (compare Table 5 entry 6 and Table 6 entry 

13 with Table 5 entry 1). Exchange of the bulky substituents in 5d or 5n to linear aliphatic 

substituents such as On-butyl (5v) or propargyl (5f) decreased the activity to IC50=1.94±1.60 µM 

and 6.77±1.39 µM (compare Table 5 entry 6 and Table 6 entry 13 with Table 5 entries 8 and 10). 

Thus, the morpholino group (5n) was kept in 4-position of the N-benzyl amide A for further 

optimization studies.  

Table 6 Structure-activity relationship (SAR) of the phenylpyrazole-based compound collection II. 

 

IC50 values for 2-DG uptake inhibition were determined via semi-automated 2-DG uptake assay. Values are mean ±s.d. 
of n=3-12 (as indicated). cmpd=compound; n.a.=not active at 30 µM. 

 

Methylation of the exocyclic amide in 5a (13) as well as enlargement of the piperazin-2-one 

scaffold in 5g from a 6- to a 7-membered ring (6) inactivated or largely decreased the biological 
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activity of the compound, respectively (Table 5, compare entry 1 and 12; Table 6, compare entry 

1 and 22). Thus, no further modification on the basic core structure was undertaken.  

Additional fluoride substituents in 4-position (5o) or 3-position (5p) of 5n (C) led to a 20-fold and 

10-fold decrease in activity to IC50=2.98±0.09 µM and 1.15±0.60 µM, respectively (Table 6, 

compare entries 16 and 17 with entry 13). Substitution of the 4-fluorobenzyl (5o) by a 4-

fluorophenyl (5q) led to complete activity loss (Table 6, compare entry 16 and 18). Exchange of 

the 4-fluoride substituent (5o) by 4-methoxy (5r) led also to decreased biological activity to 

IC50=19.2±9.53 µM (Table 6, compare entry 16 and entry 19). Exchange of the phenyl (C) of 5n 

by the 5-membered aromatic heterocycle furyl (5s) led to a 10-fold decreased biological activity to 

IC50=1.17±0.05 µM (Table 6, compare entry 13 with entry 21). Complete deletion of the benzyl (C) 

of 5n, giving the free amide 16, led to loss of biological activity (Table 6, compare entry 20 with 

entry 13). Also, introduction of aliphatic substituents such as tert-butyl (5l) or propargyl (5m) led 

to inactive or nearly inactive compounds (Table 6, compare entries 11 and 12 with entry 13). 

Due to observed solubility problems of the most active analogue 5n (IC50=0.16±0.09 µM) in 

aqueous cell culture media (Figure 20, (S)-5n), a nitrogen was introduced in 3-position of the N-

benzyl amide C (5g). Notably, the 3-pyridyl did not only significantly improve the solubility of the 

compound, but furthermore increased the potency by nearly one order of magnitude to 

IC50=0.03±0.01 µM to yield the most active derivative 5g (Figure 14, compare entry 13 and entry 

 

Figure 20 Precipitation of compound (S)-5n. 
Piperazin-2-one derivative (S)-5n was dissolved in full 
DMEM medium and incubated for 12 h at 37 °C to mimic 
conditions of cellular experiments. Magnification 20x. 
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1). Exchange of the 3-pyridyl to a 4- (5i) or 2-pyridyl (17) reduced the potency by 4-fold and 30-

fold to IC50=0.12±0.01 µM and 21.82±2.14 µM, respectively (Figure 14, compare entries 5 and 6 

with entry 1). A potential interaction between the nitrogen of the 3-pyridyl with the hypothesized 

GLUT target protein could not be stabilized by introduction of a second, adverse nitrogen to give 

a pyrimidyl 5j or by introduction of an adverse methyl group (5h). Both structural alterations 

reduced the biological activity by over 10-fold (5h) or even over 100-fold (5j) from 

IC50=0.03±0.01 µM to 0.48±0.09 µM and 4.00±1.31 µM, respectively (Figure 14, compare entries 

4 and 7 with entry 1). Exchange of the 3-pyridyl (5g, C) against a smaller aromatic N-containing 

heterocycle (imidazole, 5k) reduced the activity to IC50=0.75±0.02 µM (Table 6, compare entries 

8 with entry 1). Reduction to IC50=18.0±3.03 µM and 6.64±0.91 µM was observed when 3-pyridyl 

(5g, C) was substituted for a triazole (14) or an N-methylated triazole (15), respectively (Table 6, 

compare entries 9-10 with entry 1).  

The racemic mixture of the most active analogue 5g was separated by means of chiral preparative 

HPLC and revealed that the (+)-enantiomer inhibited 2-DG uptake with an IC50 of 19±2 nM, 

whereas the (-)-enantiomer was completely inactive at a concentration of 30 µM (Table 6, compare 

entries 2 and 3 with entry 1). Analysis of the crystal structure of the (-)-enantiomer of a heavy 

atom-containing analogue (R)-5a unambiguously proved that the inactive enantiomer was R-

configured (Figure 21, Table 5 entry 3). By analogy, the (+)-enantiomer was assigned an (S)-

configuration. Hence, the most active enantiomeric derivative that was developed from the SAR 

studies of the piperazin-2-one substance class was (S)-5g, which was termed Glutor (GLucose 

Uptake inhibiTOR) (Figure 22a). In the CellTiter-Glo® counterscreen, Glutor did not reduce the 

viability of HCT116 cells after 30 min of treatment. In a manually performed glucose uptake assay, 

Glutor inhibited 2-DG uptake of HCT116 cells with high potency (IC50=10.8±5.3 nM, Figure 22b), 

whereas the racemate 5g showed a 2-fold activity reduction (IC50=21.6±10.5 nM) as expected 

(Figure 22b). 
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Figure 21 Crystal structure of the piperazin-2-one derivative (R)-5a. a) Chemical structure of compound (R)-5a. b) 
Plot for X-ray crystal structure of (R)-5a. Structure determination was performed by Lena Knauer, TU Dortmund. 

 

Glutor inhibited 2-DG uptake with similar potency also in other malignant cell lines (part of the 

Bachelor thesis of Aylin Binici). MIA PaCa-2 (pancreatic adenocarcinoma) cells exhibited an IC50 

towards Glutor of 1.07±0.25 nM, UM-UC-3 (urinary bladder carcinoma) of 8.32±2.04 nM and the 

kidney carcinoma cell line UO-31 an IC50 value of 3.60±1.51 nM (Figure 22c). 

 

Figure 22 Glutor inhibited 2-DG uptake in different cell lines with nanomolar potency. a) Chemical structure of 
Glutor ((S)-5g). b,c) Glutor (b,c), its inactive (R)-enantiomer (R)-5g (b) and the respective racemic mixture 5g (b) were 
tested in the resazurin-coupled 2-DG uptake assay employing different cancerous cell lines such as HCT116 (b), UM-
UC-3 (c), UO-31 (c) and MIA PaCa-2 (c). Data show mean values ±s.d. of n=3 (HCT116, MIA PaCa-2, UM-UC-3) or 
n=4 (UO-31).  
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8.3 Biological investigation of Glutor 

8.3.1 Mode of action of Glutor 

As mentioned earlier, endogenous hexokinase inhibition may lead to false positive results in the 

resazurin-coupled 2-DG uptake assay. Therefore, Glutor was subjected to the hexokinase assay 

(Figure 23a,b). Glutor did not inhibit hexokinase activity in HCT116 whole cell lysates at 

concentrations of 10 µM, 30 µM and 300 µM (Figure 23b). Treatment with a known hexokinase 2 

inhibitor (3-bromopyruvate110) led to complete inhibition of the hexokinase (Figure 23b).  

 

Figure 23 Glutor did not inhibit endogenous hexokinase activity in HCT116 cell lysates. NADP+ and glucose-6-
phosphate dehydrogenase were supplemented to HCT116 whole cell lysates and NADPH+H+ generation was 
monitored at ex/em 340 nm/445 nm in the presence increasing 2-DG concentrations (a). b) Glutor or DMSO was added 
to the cell lysates in the presence of 3.12 mM 2-DG. 3-Bromopyruvate (3-BP)110 served as a control. Data is normalized 
to the highest concentration of hexokinase activity at 15.56 mM 2-DG (a) or the prevalent 2-DG concentration at 
compound addition (3.12 mM, b). Data show mean values ±s.d. (n=3, N=3).  

 

Further investigations revealed that Glutor inhibited glycolysis in HCT116 cells using a glycolytic 

stress test employing a Seahorse XFp instrument (Figure 24a). The Seahorse instrument 

determines the extracellular acidification rate (ECAR, Figure 24a) as a measure of glycolytic flux 

and the oxygen consumption rate (OCR, Figure 24b) as measure of respiration. Thereby, the 

cellular metabolic activity can be monitored in real-time. After glucose starvation for 1.5 h, the 

compound was added followed by a 30 min incubation period in analogy to the 2-DG uptake 



Results 

78 

assay. Addition of 10 mM glucose increased the ECAR in the absence of the compound. 

Reduction of glycolysis was observed in the presence of 50 nM Glutor and glycolytic arrest in the 

presence of 250 nM Glutor. At the same time, respiration decreased in the absence of the 

compound due to a metabolic switch from oxidative phosphorylation to glycolysis, which is not 

observed in the presence of 250 nM Glutor. Here, respiration was performed at a constant rate. 

Oligomycin inhibits the ATP synthase at the end of the respiratory chain which causes a steep 

decrease in OCR.115 In the absence of Glutor, HCT116 cells increased the glycolytic rate as soon 

as respiration was impeded by Oligomycin. In the presence of 50 nM Glutor glycolysis increased 

only slightly after addition of Oligomycin, whereas a decrease in ECAR was observed in the 

presence of 250 nM Glutor. Finally, the addition of 2-DG completely blocked glycolysis in HCT116 

cells and did not influence OCR (Figure 24). 

 

Figure 24 Glutor reduced the glycolysis rate in HCT116 cells. HCT116 cells were starved of glucose for 1.5 h and 
subjected to a glycolysis stress test (Seahorse XFp, Agilent). The extracellular acidification rate (ECAR, a) as measure 
of glycolysis and the oxygen consumption rate (OCR, b) as measure of respiration were monitored. Data show mean 
values ±s.d. (n=3, N=2). Cmpd=compound, Glc=10 mM glucose, Oligo=2.5 µM Oligomycin; 2-DG=50 mM 2-deoxy-D-
glucose. 

 

Since mitochondrial toxicity is one reason for the withdrawal of drugs from the market or failure of 

clinical candidates during clinical trials116, mitochondrial liability of HCT116 cells was assessed. A 

proposed routine screen described by Marroquin et al.101 involves the compound treatment of 

cancer cells in the presence of 25 mM glucose or 10 mM galactose (Figure 25). Since 2 mol ATP 
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are necessary for galactose to enter glycolysis and the ATP yield during glycolysis is also 2 mol, 

the net ATP of glycolysis in the presence of galactose is zero. Then, functional oxidative 

phosphorylation and therefore intact mitochondria are essential for cell survival. This enables the 

fast detection of compound-induced mitochondrial impairment. Glutor inhibits the growth of 

HCT116 cells equally in the presence of glucose and galactose, which excludes a mitotoxic effect 

(Figure 25a). In contrast, Oligomycin reduces the growth rate of HCT116 cells stronger in the 

presence of galactose than in the presence of glucose, which clearly demonstrates a mitotoxic 

effect, as expected from an ATP synthase inhibitor (Figure 25b). 

 

Figure 25 Glutor did not impede mitochondrial function. HCT116 cells were treated with Glutor (a) or Oligomycin 
(b) in the presence of either 25 mM glucose or 10 mM galactose. Growth was monitored using the live-cell imaging 
device IncuCyte® ZOOM. Growth rates were calculated and normalized to DMSO-treated cells. Data show mean values 
±s.d. (n=3, N=3).  

 

8.3.2 Drug-likeness of Glutor 

The drug-likeness of the chemical structure of Glutor was assessed by implementing the 

Quantitative Estimate of Drug-Likeness (QED) (Table 7). Glutor possessed a QED score of 0.39 

(0-1), which resembles a medium-high score. This is expected from a tool compound that was 

structurally not optimized for lead structure and drug development. The partial contribution of the 

structural characteristics indicates that the values that positively influenced the QED score were 

the AlogP117 value (negative decadic logarithm of the calculate octanol-water partition coefficient, 
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3.32) and the amount of hydrogen bond donors (HBD, 1 hydrogen bond donor). The values that 

negatively influenced the outcome of the QED score were the molecular weight (MW) of Glutor 

(536.25 g/mol) and the aromaticity of the compound (Arom., 4 aromatic rings). 

Table 7 Drug-likeness score of Glutor. 

QED 
(0-1) 

QED 
MW 

QED 
ALogP 

QED 
HBA 

QED 
HBD 

QED 
PSA 

QED 
RotB 

QED 
Arom 

QED 
Alert 

0.39 0.11 0.98 0.52 0.99 0.76 0.53 0.03 0.84 

 
MW 

(g/mol) 
ALogP HBA HBD PSA RotB AromRings LogD 

 536.25 3.32 9 1 92.59 7 4 3.32 

QED = Quantitative Estimate of Drug-Likeness as described by Bickerton et al.118 All other QED values indicate the 
partial contribution of the characteristic to the overall QED score. A score of 1 indicates perfect drug likeness according 
to the aforementioned model. HBA/HBD=H-bond acceptor/donor as defined by Lipinski et al.119; AlogP=negative 
decadic logarithm of the calculated octanol-water partition coefficient as described by Ghose et al.117; LogD=ALogP at 
pH 7.4; PSA=Polar surface area as described by Ertl et al.120 Arom=aromaticity; AromRings=aromatic rings; 
RotB=rotatable bonds; MW=molecular weights. Red-blue=low-high QED score. The computational tool was provided 
by Dr. Axel Pahl, COMAS. 

 

8.3.3 Influence of Glutor on cancer cell growth 

As the identification of glucose uptake inhibitors is relevant to cancer drug discovery, Glutor was 

investigated for its potential to inhibit the growth of the used model cell line HCT116 (Figure 26). 

Cell growth was monitored by means of live-cell imaging using the IncuCyte® ZOOM (Figure 26a). 

The confluence of the cells was calculated via a cell-specific algorithm that recognizes cells 

contrast-dependently (Figure 26b). To generate a quantitative measure of cell growth, the growth 

rate of HCT116 cells was calculated by linear regression of the exponential growth phase (e.g. 

30-80 h). The generated growth rates were plotted against the Glutor concentration and the half-

maximal growth inhibition (GI50) value for HCT116 cells was determined to be 470.1±81.0 µM 

(Figure 26c). Part of this work was reported in the Bachelor thesis of Aylin Binici. 
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Figure 26 Glutor impaired the growth of the HCT116 cells. Cell growth was monitored via live-cell imaging over 
120 h using the IncuCyte® ZOOM. Cells were treated with different Glutor concentrations in the presence of 25 mM 
glucose. Glucose-starved cells served (no glucose) as a control. a) Representative images of HCT116 after 96 h of 
treatment. b) The cell confluence was determined over the time. Data show mean values ±s.d. (n=3, N=3). c) The slope 
(growth rate) of the exponential growth phase was calculated using linear regression to determine the GI50 value. Data 
show mean values ±s.d. (n=3, N=3).  

 

In order to investigate the impact of Glutor treatment on cancer, the growth of a panel of 94 cell 

lines in the presence of Glutor was explored (Figure 27).  
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Figure 27 Growth inhibition by Glutor of various cancer cell lines. A panel of 94 cell lines was subjected to 
Sulforhodamine B assay after 72 h of Glutor treatment. IC50 values were determined after 72 h. The symbols indicate 
the mutational status of KRas, NRas and HRas as described in the Catalogue Of Somatic Mutations In Cancer 
(COSMIC)121. Sulforhodamine B assay was performed by Oncolead, Germany.  
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This cell panel included mostly cancerous human cell lines from various tissue origin as well as 

two non-malignant cell lines (IMR-90, HEK-293) and PBMCs. The cells were treated for 72 h with 

different Glutor concentrations, before protein content was determined by means of a 

Sulforhodamine B assay as a measure of cell viability, for IC50 determination. The growth of nearly 

half of the cell lines was inhibited with IC50 values below 100 nM Glutor concentration, 21 cell lines 

exhibited an IC50 value between 100 nM and 1 µM, 8 cell lines showed a moderate IC50 value 

between 1 µM and 10 µM, whereas 20 cell lines were resistant (IC50>30 µM) against Glutor 

treatment (Figure 27).  

Among the resistant cells were the non-malignant cell line IMR-90 (embryonic kidney cells) as well 

as non-malignant peripheral blood mononuclear cells (PBMCs). The second non-malignant cell 

line HEK-293 showed a high sensitivity towards compound treatment (IC50=15 nM). Even though 

the HEK-293 cell line originates from non-malignant tissue, this cell line cannot be considered a 

normal cell line due to its instable genome.122 These genomic changes could have led to glucose 

addiction rendering this cell line sensitive to Glutor treatment. The cell lines that were influenced 

most in their viability were the urinary bladder carcinoma cell line UM-UC-3 and the pancreatic 

carcinoma cell line MIA PaCa-2. Both exhibit an IC50 value of 4 nM. Of note, both originating 

tissues (pancreas and urinary bladder) were overrepresented among the cell lines with the highest 

sensitivity towards Glutor treatment. Also, no urinary bladder carcinoma cell line and just one 

pancreatic cancer cell line (BxPC-3) showed Glutor resistance. Overall, the sensitivity did not 

correlate with the tissue source (Appendix, Table 18), the origin (metastatic, primary tumor, 

Appendix, Table 18), expression level of the main upregulated GLUT isoforms in cancer, i.e. 

GLUT1 and GLUT3 mRNA expression (Figure 28) or with known driver mutations that are involved 

in glucose dependence (i.e. KRas).62  
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Figure 28 Glutor sensitivity did not correlate with the GLUT1 or GLUT3 expression level. The level of GLUT1 and 
GLUT3 were extracted from the Cancer Cell Lines Encyclopedia.123 The IC50 value was determined using the 
Sulforhodamine B assay (Figure 27). 

 

Of note, all cancer cells within the panel that were resistant to Glutor (IC50>30 µM) possess the 

wild type proto-oncogene GTPase KRas (KRas) (Figure 27). Hence, a mutation in KRas induced 

vulnerability towards glucose deprivation by Glutor. However, Glutor sensitivity did not correlate 

with KRas mutation since numerous sensitive cell lines express the wild type protein. KRas is 

involved in metabolic adaptation in cancer (Metabolic rewiring, chapter 5.4.1).5,124 These findings 

suggest that targeting glucose import may be a viable approach to inhibit cancer cell growth, 

especially of cancer types that possess oncogenic KRas such as pancreatic ductal 

adenocarcinoma (PDAC).125 Investigation of the other Ras isoforms NRas and HRas confirmed 

an overrepresentation of oncogenic mutations among the Glutor sensitive cell lines. Hereby, 21 

out of 44 malignant cell lines (48%) that exhibit an IC50 value below 100 nM harbored a Ras 

mutation, whereas only 4 out of 19 malignant cell lines (21%) with an IC50 value >10 µM show a 

mutation in one of the three Ras isoforms. 

The influence of compound treatment on cell growth was further determined using kinetic live-cell 

analysis using IncuCyte® ZOOM (Figure 29, Table 8). The strongest growth reduction was 

observed for the bladder carcinoma cell line UM-UC-3 (Figure 29a, Table 8), which was in line 
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with the results from the Sulforhodamine B assay (Figure 27). DLD-1 cells possessed an IC50 

value of 50 nM in the Sulforhodamine B assay, which could be confirmed during live-cell analysis 

(GI50=30.7±8.1 nM) (Figure 29c). Slight discrepancies between the Sulforhodamine B (Figure 27, 

Table 8) and live-cell analysis results (Figure 29b,d, Figure 26, Table 8) were observed for the 

MIA PaCa-2, HCT116 and UO-31 cells. MIA PaCa-2 were inhibited with an IC50 of 4 nM in the 

Sulforhodamine B assay and possessed a GI50 of 58.4±30.5 nM in the live-cell analysis, UO-31 

an IC50 value of 304 nM and a GI50 of 14.7±10.3 nM and HCT116 cells exhibited an IC50 value of 

40 nM and a GI50 value of 470.1±81.0 nM (Table 8). GLUT-1 and GLUT-3 protein expression was 

determined for selected cell lines and did not correlate with the sensitivity of the cancer cell lines 

as determined via Sulforhodamine B nor live-cell imaging analysis (Appendix, Figure 89). 

 

Figure 29 Glutor inhibited growth of different cancer cell lines in live-cell imaging experiments. Growth inhibition 
curves of UM-UC-3 (a), MIA PaCa-2 (b), DLD-1 (c) and UO-31 (d) upon Glutor treatment as monitored during live-cell 
imaging by means of IncuCyte® ZOOM. Data show mean values ±s.d. of n=3, N=3 (a,c,d) and n=4, N=3 (b). Top 
constrain set to DMSO growth rate for DLD-1. 
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Table 8 Comparison between growth inhibition and 2-DG uptake assay. 

Cell line UM-UC-3 MIA PaCa-2 HCT116 DLD-1 UO-31 

GI50 (nM) n 

IncuCyte® 
10.2 ± 1.2 3 58.4 ± 30.5 4 470.1 ± 81.0 3 30.7 ± 8.1 3 14.7 ± 10.3 3 

IC50 (nM) 

SRB 
4 4 40 50 304 

IC50 (nM) n 
2-DG uptake 

8.3 ± 2.0 3 1.1 ± 0.3 3 3.3 ± 0.8 6 35.5 ± 4.8 3.6 ± 1.5 4 

SRB = Sulforhodamine B assay (Figure 27). n=number of biological replicates. The GI50 values and the IC50 values 
(IncuCyte®) are given as mean values ±s.d. (n=3).  

 

8.3.4 Glutor induces cell death in physiologically relevant spheroids 

The utilization of monolayer cultured cancer cells is under debate to not adequately represent the 

physiological status of a disease. Therefore, alternative cell culture models such as spheroids find 

more recognition at early drug discovery stages. The 3D shape of the spheroid mimics the natural 

tumor shape more accurately and therefore gives a stronger indication for compound utilization in 

in vivo systems since compound penetration can be largely influenced in spheroids.126 HCT116 

cells were cultured as monolayer (2D) or as spheroids (3D) in the presence of different Glutor 

concentrations and of propidium iodide (PI) in order to monitor cell toxicity (Figure 30a). Glucose-

depleted cells were used as a control. Onset of cytotoxic events (PI staining) was observed after 

24 h in 2D and 3D. Formation of a necrotic core in the spheroid was observed after 48 h of Glutor 

treatment. Here, the diameter of the necrotic core was strongly dependent on the Glutor 

concentration. Spheroids treated with 1 µM Glutor and spheroids that were incubated in glucose-

free environment exhibited a similar diameter of the necrotic core (Figure 30a). Quantification of 

PI staining was used to calculate the half-maximal effective concentration (EC50) values of cell 

death induction (Figure 30b). The EC50 values of the monolayer-cultured cells and spheroid-

cultured cells were in a similar range. However, cell death induction by Glutor was slightly more 

effective in spheroids (81.7±3.1 nM) than in monolayer-cultured cells (EC50=192.9±34.4 nM). In 
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conclusion, the potency of Glutor was not impaired when physiologically more relevant spheroid-

cultured HCT116 cells were employed.  

 

Figure 30 Glutor induced cell death of monolayer and spheroid cultured HCT116 cells. HCT116 cells were seeded 
with the same cell density and cultured as monolayer or as spheroids and treated after 72 h with different Glutor 
concentrations (in the presence of 25 mM glucose). Cells treated with glucose-depleted media served as a control. Cell 
integrity was monitored using propidium iodide (PI) staining. a) Representative images of Glutor-treated cells after 72 h 
of treatment. b) Quantification of PI staining after 72 h of treatment. All brightfield object red mean intensity served as 
measure of spheroid toxicity and red object confluence as measure of toxicity of monolayer-cultured cells. Data show 
representative values ±s.d. (n=3, N=8). 

 

8.3.5 Metabolic profiles of different cell lines correlate with Glutor sensitivity 

Metabolic plasticity in cancer has a great impact on the sensitivity towards metabolic drugs with 

regard to cell viability. It is known that cancer cells do not only increase aerobic glycolysis upon 

malignant transformation, but rather also accelerate oxidative phosphorylation to adapt quickly to 

environmental changes.73 In order to investigate if metabolic flexibility is one reason for the 

different sensitivities towards Glutor treatment, the most sensitive cell line UM-UC-3 (Figure 31a,b) 

and a resistant BxPC-3 cell line (Figure 31c,d) were investigated in the Seahorse XFp analyzer 

using a glycolysis stress test. The glycolysis rate (ECAR) was reduced by Glutor in both cell lines 

to a similar extent (Figure 31a,c). Major differences between both cell lines were observed in the 

untreated controls when comparing glycolytic reserve, glycolytic capacity and the reduction of the 

respiratory rate (OCR) upon glucose addition (Figure 31, Figure 32). Here, glucose addition in 

UM-UC-3 cells led to a strong reduction in OCR, while ECAR increased (Figure 31a,b). In contrast, 
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the Glutor-resistant cell line BxPC-3 also increased the glycolytic rate but kept the respiratory rate 

at a constant high level (Figure 31c,d). Upon mitochondrial impairment (Oligomycin addition), 

BxPC-3 could still increase glycolysis by 213% in order to rescue the energy-depleted state (in 

the absence of the GLUT inhibitor) (Figure 31c). This led to a total difference of about 250% 

between the glycolytic capacity in UM-UC-3 and BxPC-3 cells (Figure 32a). 

 

Figure 31 Glutor impaired glycolysis in UM-UC-3 and BxPC-3 cells. UM-UC-3 (a,b) and BxPC-3 cells (c,d) were 
subjected to a glycolysis stress test after incubation with glucose-free (0 mM) medium for 45 min. The extracellular 
acidification rate (ECAR; a,c) and the oxygen consumption rate (OCR; b,d) were measured using a Seahorse XFp 
instrument. Data show mean values ±s.d. (n=3, N=2). Glycolytic reserve (a,c), glycolytic capacity (a,c) and OXPHOS 
reduction (b,d) are highlighted within the graphs. Cmpd=compound/DMSO; Glc=10 mM glucose; Oligo=2.5 µM 
Oligomycin; 2-DG=50 mM 2-deoxy-D-glucose. 
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To analyze whether this observation is statistically relevant, the glycolytic reserve and the 

OXPHOS reduction of UM-UC-3, BxPC-3 and the model cell line HCT116 were plotted against 

the IC50 values obtained in the Sulforhodamine B assay (Figure 32c). Indeed, a strong correlation 

was observed between the sensitivity towards Glutor treatment (IC50) and the glycolytic reserve 

(R²=0.98) and the OXPHOS reduction (R²=0.95), respectively (Figure 32c). Therefore, the data 

suggests that the metabolic plasticity of the investigated cell lines correlate with the sensitivity 

towards glucose starvation through Glutor treatment.  

 

Figure 32 Metabolic profiles of different cancer cell lines with different Glutor sensitivities during glycolysis 
stress test. UM-UC-3, HCT116 and BxPC-3 cells were subjected to glycolysis stress test after 45 min of glucose 
starvation (Figure 24, Figure 31). a,b) Glycolytic reserve, glycolytic capacity and OXPHOS reduction were calculated 
using the second of three measurements within one measurement cycle (illustrated in Figure 31). Data show mean 
values ±s.d. (n=3, N=2). c) Correlation between cell line sensitivity towards Glutor treatment in the Sulforhodamine B 
assay (Figure 27) and glycolytic reserve (a) and OXPHOS reduction (b). The correlation coefficient (R²) was determined 
using a linear regression model. Data show mean values ±s.d. (n=3, N=2). 

 

8.3.6 GLUT-1, GLUT-2 and GLUT-3 are targets of Glutor 

As mentioned in chapter 5.3, all class I GLUT isoforms have distinct tissue distribution and mainly 

GLUT-1, but also GLUT-3 overexpression are associated with cancer. To determine the isoform 

selectivity of Glutor, CHO cells (hamster ovary) were transfected with plasmids encoding one of 

the specific human isoforms GLUT-1-4 or an empty vector control 72 h before performing the 2-
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DG uptake assay (Figure 33a-d). The immunoblots to assess the relative increase of GLUT-

isoform expression are shown in Figure 34. 

 

Figure 33 Overexpression of GLUT-1-3 partially rescues 2-DG uptake inhibition of Glutor. CHO cells were 
transfected with plasmids coding for GLUT-1 (a), GLUT-2 (b), GLUT-3 (c) or GLUT-4 (d) or the corresponding empty 
vector control (mock) 72 h before the 2-DG uptake assay. Glutor activity was assessed via resazurin-coupled 2-DG 
uptake assay. Data show mean values ±s.d. (n=3, N=3). Experiments and data analysis were conducted by Dr. George 
Karageorgis. 

 

A 4- to 6-fold decrease in Glutor potency was observed for CHO cells that overexpress the GLUT 

isoforms GLUT-1-3 from IC50=6.2±1.2 nM to 34±3.5 nM (GLUT-1) and 26±2.9 nM (GLUT-2), and 

from 5.9±1.6 nM to 24±2.6 nM (GLUT-3) (Figure 33a-c, Table 9). In contrast, GLUT-4 

overexpression did not result in a change in IC50 value for 2-DG uptake (Figure 33d, Table 9). In 

conclusion, GLUT-1-3 seem to be the GLUT isoforms that are inhibited by Glutor, whereas GLUT-

4 is most likely no target of the compound.  
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Figure 34 Overexpression of GLUT-1-4 in CHO cells. Protein levels were assessed for GLUT-1 (a), GLUT-2 (b), 
GLUT-3 (c) and GLUT-4 (d) overexpressing CHO cells and the respective mock-transfected control 48 h post 
transfection using immunoblotting. Representative blots and the quantitative band ratios between GLUT isoform and 
respective house-keeping control for mock- and GLUT-transfected CHO cells are shown (n=3). Experiment was 
performed by Dr. George Karageorgis. 

 

To confirm this observation, DLD-1 cells that mainly express GLUT-1 (Figure 35b) and DLD-1 (-/-) 

cells that mainly express GLUT-3 (Figure 35c), were analyzed for their 2-DG uptake inhibition 

sensitivity (Figure 35a, Table 9). 2-DG uptake was inhibited in both cell lines, indicating that both 

isoforms, GLUT-1 and GLUT-3, are targets of Glutor. 
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Figure 35 Glutor inhibited 2-DG uptake in DLD-1 wt and DLD-1 GLUT1(-/-) cells. a) DLD-1 wt and GLUT1(-/-) cells 
were tested for 2-DG uptake in the presence of Glutor. Data show mean values ±s.d. (n=3, N=3). b,c) GLUT-1 (b) and 
GLUT-3 (c) protein level of DLD-1 wt and GLUT1(-/-) cells were analyzed by means of immunoblotting. Na+/K+-ATPase 
served a reference protein. M=Protein standard. The experiments were performed by Dr. George Karageorgis. 

 

Table 9 Overview of 2-DG uptake during overexpression (Figure 33) and GLUT1(-/-) experiments (Figure 35). 

CHO IC50(GLUT-1) IC50(GLUT-2) IC50(GLUT-3) IC50(GLUT-4) DLD-1 IC50 

Mock 6.2 ± 1.2 nM 6.2 ± 1.2 nM 5.9 ± 1.6 nM 6.2 ± 1.2 nM wt 35.5 ± 4.8 nM 
O.E. 34 ± 3.5 nM 26 ± 2.9 nM 24 ± 2.6 nM 6.4 ± 1.7 nM GLUT1(-/-) 9.8 ± 1.4 nM 

Increase 6.5 x 4.2 x 4.1 x 1.0 x Decrease 3.6 x 

O.E.=overexpression, wt=wild type. 

 

Since GLUT-1 and GLUT-3 are the targets that are mainly overexpressed in cancer, cellular 

thermal shift assays (CETSA®) were performed using SW480 cell lysates, which show a high 

degree of GLUT-1 and GLUT-3 expression (Figure 36, Appendix Figure 89).127 CETSA® is a cell-

based target engagement method that can be performed using unmodified small molecules. The 

assay is based on the thermal destabilization and hence denaturation of proteins upon heat 

treatment. An interaction between a compound and its protein target may lead to a thermal 

(de)stabilization of the protein target and, therefore, to a shift in the melting curve and melting 

temperature (Tm) compared to the untreated control.128 The presence of specific proteins can be 

subsequently assessed in complex whole cell lysates via immunoblotting. Therefore, the melting 

behavior of GLUT-1 and GLUT-3 as Glutor targets (Figure 36a,b) as well as Na+-K+-ATPase and 

vinculin as controls (Figure 36c,d) were investigated.  
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Figure 36 Glutor stabilized GLUT-3 in a Cellular Thermal Shift Assay (CETSA®). SW480 whole cell lysate was 
subjected to ten different temperatures in the presence of 10 µM Glutor or DMSO. After ultracentrifugation, the 
supernatant was analyzed for GLUT-1 (a), GLUT-3 (b), Na+/K+-ATPase (c) or vinculin (d) by means of immunoblotting 
and protein amount was quantified via densitometric analysis. Protein amount was normalized to the first temperature 
within the temperature gradient, i.e. 36.9 °C. The data was fitted using the Boltzmann equation. Data show mean values 
±s.d. (n=3). Immunoblots are representative images of n=3. 

 

The presence of Glutor does not influence the thermal stability of GLUT-1 (ȹTm 1.1±1.4 °C), 

whereas a clear thermal stabilization was observed for GLUT-3 that led to an increase in Tm of 
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>10 °C (Figure 36a,b, Table 10). The control transmembrane protein Na+-K+-ATPase and 

cytosolic protein vinculin were not influenced in their thermal stability by Glutor (Figure 36c,d, 

Table 10). Due to insufficient melting of vinculin at high temperatures (only 25% of the protein 

melted) and high variance within the protein quantification, vinculin should not be used as control 

protein in CETSA® experiments, but rather proteins like Na+-K+-ATPase with a suitable melting 

behavior.  

Table 10 Overview of melting temperatures from CETSA® experiments with Glutor. 

Tm (°C) GLUT-1 GLUT-3 Na+/K+-ATPase Vinculin 

Glutor 44.0±0.8 - 43.6±1.1 - 
DMSO 42.9±1.6 55.1±1.1 42.9±1.9 - 

ȹTm 1.1±1.4 >10 0.7±2.9 - 

Melting temperatures were determined using Boltzmann fit. Data show mean values ±s.d. of n=3. Tm=melting 
temperature; ȹTm=delta Tm, -=data could not be fitted.  

 

8.3.7 Cancer cells upregulate GLUT-1 and GLUT-3 to escape glucose starvation 

In phases of glucose depletion, rat neurons (in vitro) and mice brain tissue (in vivo) upregulate the 

expression of the high affinity and high capacity transporter GLUT-3 (Km=1.4 mM for 2-DG)18 to 

increase glucose consumption.129 First indications that cancer adapts this rescue effect under low 

glucose concentrations were reported by Marín-Hernández et al. when MCF7 and HeLa cells were 

cultured at 2.5 mM glucose. This increased GLUT-1 and GLUT-3 protein expression after 24 h.130 

This potential rescue mechanism involving transcriptional upregulation of GLUT1-4 mRNA was 

investigated in this thesis under glucose starvation conditions (0-1 mM glucose), physiological 

glucose concentration (5 mM)131 and normal cell culture condition (25 mM) after 24 h and 48 h 

(Figure 37). DLD-1 cells upregulated GLUT1 and GLUT3 mRNA levels after 24 h under low 

glucose conditions (0 mM, 1 mM) and after 48 h even to a significant extent by about 2-fold, 

whereas GLUT4 mRNA was not influenced. Physiological glucose concentration did not influence 

the level of GLUT1, GLUT3 and GLUT4. GLUT2 was transcribed at such low levels that it could 
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not be detected in any sample and was also not increased to detectable levels upon glucose 

starvation. Interestingly, B2M, which served as reference gene, showed similar upregulation (up 

to 1.6-fold) under glucose starvation conditions (0 mM) as GLUT1 and GLUT3 after 48 h (Figure 

37a,b). 

 

Figure 37 GLUT1, GLUT3 and B2M upregulation was induced by glucose starvation conditions. DLD-1 cells were 
cultured in the presence of different glucose concentrations over 24 h (a) or 48 h (b) before extraction of total RNA for 
reverse transcription and RT-qPCR. GLUT1,3,4 and B2M mRNA levels were normalized to the levels of ATP1A1, ACTB 
and TUBB and related to standard cell culture glucose level (25 mM glucose, which were set to 1). Data show mean 
values ±s.d. (n=3-4). Statistical analysis was performed using an unpaired t-test with Welchôs correction. *=p<0.05; 
**=p<0.01; ***=p<0.001. 
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Treatment of DLD-1 cells with 0.5 µM Glutor mirrored the observed rescue effect in DLD-1 cells 

under glucose-depleted conditions (Figure 38). Here, a significant difference in GLUT1, GLUT3 

and B2M expression could be already observed after 24 h (Figure 38a). GLUT4 mRNA level was 

not influenced after 24 h (Figure 38a) and showed a significant reduction after 48 h (Figure 38b). 

 

Figure 38 Glutor induced upregulation of GLUT1, GLUT3 and B2M. DLD-1 cells were cultured in the presence of 
0.5 µM Glutor over 24 h (a) or 48 h (b) in the presence of 25 mM glucose prior to extraction of total RNA for reverse 
transcription and RT-qPCR. GLUT1,3,4 and B2Mm RNA levels were normalized to the levels of ATP1A1, ACTB and 
TUBB and related the value of DMSO-treated cells (which were set to 1) Data show mean values ±s.d. (n=3). Statistical 
analysis was performed using an unpaired t-test with Welchôs correction. *=p<0.05; **=p<0.01. 

 

To confirm the observations described above, GLUT-1 and GLUT-3 protein levels were 

investigated by means of immunoblotting (Figure 39) as part of the Master thesis of Jessica 

Nowacki. On the protein level, GLUT-1 and GLUT-3 were ca. 2-fold upregulated after 24 h under 

glucose starvation conditions (0 mM) (Figure 39a,c). After 48 h, reduced glucose levels (1 mM) 

led to a significant 2-fold increase of GLUT-1, whereas glucose starvation conditions (0 mM) 

induced a significant 3.2-fold upregulation (Figure 39b). GLUT-3 was upregulated to even higher 

levels of 2.2-fold under reduced glucose conditions (1 mM) and 4.1-fold under glucose-depleted 

(0 mM) conditions (Figure 39d). 
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Figure 39 GLUT-1 and GLUT-3 protein levels were increased upon glucose starvation. DLD-1 cells were cultured 
for 24 h (a,c) or 48 h (b,d) in the presence of different glucose concentrations before protein lysates were generated for 
SDS-PAGE analysis and immunoblotting. Na+/K+-ATPase (a,b) and vinculin (c,d) served as reference genes for GLUT-
1 (a,b) and GLUT-3 (c,d), respectively. Quantification was performed by means of densitometric analysis and protein 
levels were normalized to the respective reference gene and related to values of cells cultured in the presence of 25 mM 
glucose (which were set to 1). Data show median values with interquartile range of n=6 (a,b,c) or n=8 (d). Representative 
immunoblots are depicted below each graph. Dashed lines indicate cropped images from the same blot. Statistical 
analysis was performed using an unpaired t-Test with Welchôs correction. *=p<0.05; ***=p<0.001. 
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On the protein level, the presence of 0.5 µM Glutor induced an upregulation of the glucose 

transporters GLUT-1 and GLUT-3 after 24 h by about 2-fold (Figure 40). A significant upregulation 

was observed after 48 h by about 3-fold for GLUT-1 and even up to 6-fold for GLUT-3 (Figure 40). 

 

Figure 40 Glutor treatment induced upregulation of GLUT-1 and GLUT-3. DLD-1 cells were cultured for 24 h or 
48 h in the presence of 0.5 µM Glutor and 25 mM glucose before protein lysates were generated for SDS-PAGE and 
immunoblotting. Na+/K+-ATPase (a) and vinculin (b) served as reference genes for GLUT-1 (a) and GLUT-3 (b), 
respectively. Quantification was performed by means of densitometric analysis. Protein levels were normalized to the 
respective reference gene and related to values of DMSO-treated cells (which were set to 1). Data show median values 
with interquartile range of n=6 (a) or n=7 (b). Representative immunoblots are depicted on the right side of each graph. 
Dashed lines indicate cropped images from the same blot. Statistical analysis was performed using an unpaired t-Test 
with Welchôs correction. *=p<0.05; **=p<0.01. 

 

Thus, cancer cells upregulate GLUT-1 and to an even higher extent GLUT-3 under glucose 

starvation conditions that are either induced by incubation in glucose-depleted medium or by the 

presence of a glucose uptake inhibitor with GLUT-1-3 isoform selective profile. This allows the 

tumor to increase the glucose consumption even under low glucose concentration to cope with 

phases of nutrient (glucose) shortage.  

To confirm the observed rescue mechanism, HCT116 cells were incubated for 48 h with different 

glucose concentrations (0 mM, 1 mM, 5 mM, 25 mM) or treated with 0.5 µM Glutor (in presence 

of 25 mM glucose) (Figure 41). RT-qPCR revealed a significant increase in GLUT3 mRNA under 

0 mM and 1 mM glucose by 1.3- and 1.6-fold, respectively. A 1.5-fold increase in GLUT3 mRNA 

was detected in the presence of 0.5 µM Glutor. This confirms the observed rescue mechanism in 
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HCT116 cells that results in GLUT3 upregulation. The GLUT1 mRNA level was unaltered under 

hypoglycemic conditions induced by different glucose concentrations or Glutor treatment, whereas 

GLUT4 mRNA increased by 1.5-fold under glucose deprivation (0 mM) and by 1.3-fold during 

Glutor treatment and to significant extent (Figure 41). Analog to DLD-1 cells, GLUT2 mRNA could 

not be detected in HCT116 cells under none of the implemented conditions. 

 

Figure 41 Glutor treatment increased GLUT3 and GLUT4 mRNA in HCT116 cells. HCT116 cells were cultured in 
the presence of different glucose concentrations (0 mM, 1 mM, 5 mM, 25 mM) or 0.5 µM Glutor and 25 mM glucose 
over 48 h before extraction of total RNA for reverse transcription and RT-qPCR. GLUT1,3,4 mRNA levels were 
normalized to the levels of ATP1A1, ACTB and TUBB and related to standard cell culture glucose level (25 mM glucose, 
which were set to 1). Data show mean values ±s.d. (n=3-4). Statistical analysis was performed using an unpaired t-test 
with Welchôs correction. *=p<0.05; **=p<0.01. 

 

8.3.8 Nutrient dependencies of HCT116 cells 

The growth and viability of the model cancer cell line HCT116 was investigated in the presence of 

different glucose concentrations by means of live-cell imaging and confluence as a measure of 

cell growth as part of the Bachelor thesis of Jessica Nowacki (Figure 42a,b).  
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Figure 42 Glucose dependence of HCT116 cells. HCT116 cells were cultured over 96 h without medium exchange 
(a) or for 120 h with medium exchange every 48 h (c,d) and monitored by means of live-cell imaging using the IncuCyte® 
ZOOM. b) Viability was assessed after 72 h of incubation employing a WST-1 assay. Data is normalized to the value of 
cells cultured at 25 mM glucose. d) Apoptosis induction was monitored during the time course of the experiment depicted 
in c). The relative induction of apoptosis is given as a ratio between green confluence (apoptosis induction) and total 
cell confluence. Medium exchange is illustrated as dashed line. All values show mean values ±s.d. (n=3, N=3). 

 

Cells cultured under normal glucose concentration (25 mM) and reduced glucose concentration 

(10 mM) showed a normal growth behavior (Figure 42a). In contrast, physiological glucose 

concentration (5 mM) reduced growth such that the cells did not reach full confluence (Figure 42a). 

Low glucose concentrations (1 mM glucose) and glucose depletion (0 mM glucose) strongly 
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impacted cell growth (Figure 42a). Cell viability was assessed after 72 h of treatment employing a 

WST-1 assay (Figure 42b). This assay monitors the bioreduction capacity which is highly 

dependent on glycolytic NAD(P)H production and therefore the metabolic viability of the cells. 

HCT116 cells cultured in the presence of 25 mM glucose showed the highest metabolic activity 

(Figure 42b). The metabolic viability was already lowered in the presence of 10 mM glucose and 

was reduced by half or further when less than 10 mM glucose was available (Figure 42b). 

In order to investigate if it is possible to culture this cell line under lower glucose concentrations (1 

or 5 mM glucose), the medium was exchanged for fresh medium with the respective glucose 

concentration every 48 h. Indeed, fresh glucose supply rescued the cells for the first 12 h after 

medium exchange from growth retardation (Figure 42c). However, cells cultured under low 

glucose concentrations were still not able to grow to full confluence. Apoptosis was monitored 

during the time course of the experiment using a caspase-3/-7 sensitive reagent (Figure 42d). The 

lowest level of apoptosis was measured in the presence of 25 mM glucose (Figure 42d). Lowering 

the glucose concentration to 10 mM revealed the highest degree of apoptosis. Low glucose levels 

(0, 1, 5 mM glucose) reduced apoptosis as compared to cells cultured at 10 mM glucose. Since 

cells cultured under 10 mM and 5 mM glucose still underwent rapid cell proliferation and were 

confluent before medium exchange after 48 h, many cells compete for the limited nutrient glucose. 

Under lower glucose concentration (0, 1 mM glucose), the cell confluence was much lower and 

less cells were able to undergo cell division under glucose depletion. Therefore, there are fewer 

that could undergo apoptosis. Furthermore, medium exchange after 48 h and 96 h led to a short 

rescue period from apoptosis (Figure 42d), which is in line with the result obtained during live-cell 

growth analysis (Figure 42c). 

Glutamine is the most abundant amino acid in the human body and in most cell culture media.132,133 

Not only the dependence of cancer on glucose but also on glutamine was revealed in vitro and 

the glutamine metabolism is an attractive pathway in targeted cancer therapies.73 In order to 
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investigate the nutrient dependence of the model cancer cell line HCT116, the cells were cultured 

in glucose-free and glutamine-free medium and growth was monitored by means of live-cell 

imaging (Figure 43). The strongest reduction in cell growth was observed in the absence of both 

nutrients. Nonetheless, glutamine depletion had a stronger influence on cell growth than glucose 

depletion (Figure 43).  

 

Figure 43 HCT116 cells were strongly dependent on glutamine for cell growth. HCT116 cells were cultured under 
glucose or glutamine starvation conditions over 96 h. Cell growth was monitored by means of live-cell microscopy and 
cell confluence was analyzed. Data are mean values ±s.d. (n=3, N=3). 

 

To investigate a co-dependence on both nutrients, the concentration of glucose (5 mM, 10 mM, 

25 mM) and glutamine (0 mM, 0.05 mM, 0.5 mM, 4 mM) were varied simultaneously and cell 

growth (Figure 44a) as well as apoptosis (Figure 44b) were monitored in real-time as part of the 

Bachelor thesis of Jessica Nowacki. Irrespectively of the prevalent glucose concentration, cells 

cultured in the presence of a high (4 mM) glutamine concentration grew comparably, whereas 

cells cultured at low glutamine concentrations (0.05 mM, 0 mM) were strongly impeded in their 

cell growth at all glucose concentrations (Figure 44a). Interestingly, at the physiological glutamine 

concentration of 0.5 mM134, an influence on the cell growth was observed in the presence of 
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varying glucose concentrations (Figure 44a,c). More precisely, in the presence of only 5 mM 

glucose the cell confluence decreased in the presence of physiological glutamine concentration 

(see the arrow, Figure 44a). 

 

Figure 44 HCT116 cells depended strongly on glutamine for cell growth and viability. HCT116 cells were cultured 
under glucose or glutamine starvation conditions (a) or under different glutamine and glucose concentrations (b) over 
96 h (a) or 120 h (b). Cell growth was monitored by means of live-cell microscopy and cell confluence was analyzed. c) 
Apoptotic events were monitored using caspase-3/-7 reagent and green fluorescence was monitored along with cell 
confluence (b) by means of live-cell imaging. Data are mean values ±s.d. (n=3, N=3) (b) or show a representative 
replicate (a) (n=3, N=3). c) Representative images after 120 h of treatment. Glc=glucose, Gln=glutamine. 

 

Apoptosis was induced after 40 h in glutamine-depleted medium and after 60 h in the presence of 

0.05 mM glutamine (Figure 44b), regardless of the prevalent glucose concentration. At high 

glutamine concentration (4 mM) onset of apoptosis was detected earliest after 72 h with different 
































































































































































































































































































