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ABSTRACT 

Colorectal cancer (CRC) is the third leading cause of cancer-related deaths worldwide. 

Chemotherapy remains the first line treatment for advanced and metastatic CRC 

stages. However, appearance of tumor cell resistance limits its efficacy, representing 

a major issue to be solved. In this regard, several cancer types including CRC and 

chemotherapeutic-resistant tumors possess high levels of the enzymes glutathione-S-

transferases (GSTs). GSTs, mainly GSTP1, are crucially linked to the onset of 

chemotherapeutic resistance due to their ability to detoxify anti-cancer drugs and to 

inhibit stress-induced cell death pathways. Thus, GST-activated prodrug and/or GST 

inhibitors are promising candidates to overcome drug resistance and/or target cancer 

cells selectively. Interestingly, the thiazolide RM4819, a derivative of the antiparasitic 

drug nitazoxanide (NTZ), displays a GSTP1-dependent anti-cancer activity in several 

human CRC cell lines. RM4819 does not inhibit but rather requires GSTP1 enzymatic 

activity to induce cell death; thus, most likely, it acts as a GSTP1-activated prodrug. In 

this study, we investigated whether GSTP1 bioactivates RM4819 via conjugation to 

glutathione (GSH) using metabolomic approaches. Our work revealed that RM4819 is 

conjugated to GSH once inside cells. However, whether the resulting RM4819:GSH 

conjugate displays pro-apoptotic activity still needs to be verified. In addition to GSTP1, 

CRCs show upregulated level of GSTA1 and GSTM3 but the relevance of these GST 

isoforms in thiazolides’ anti-cancer effect is so far unknown. To clarify this issue, 

isoform-specific overexpression and siRNA-silencing strategies were used. 

Interestingly our work highlighted that not only GSTP1 but also GSTA1 plays a role in 

RM4819-induced cell death whereas GSTM3 does not. Whether GSTA1 acts similarly 

to GSTP1 in mediating thiazolide´s effect still need to be evaluated. Additionally, we 

aimed to shed light on RM4819-induced signaling processes prior to execution of 

apoptosis, comparing it to the partially already described mechanism of the parent 

compound NTZ. Flow cytometric cell cycle analysis revealed that both compounds 

strongly arrested cells in G1 phase of the cell cycle inhibiting the proliferation of human 

CRC cell lines prior induction of apoptosis. Thiazolide-induced cell cycle arrest was 

mediated by inhibition of protein translation via the mTOR/c-Myc/p27 axis as a 

consequence of impaired mitochondrial respiration. In fact, both thiazolides 

demonstrated mitochondrial uncoupling activity and RM4819 additionally inhibited the 

mitochondrial respiratory chain complex III. Interestingly, NTZ as well as RM4819 

potently inhibited the growth of murine colonic tumoroids without affecting the growth 

of primary intestinal organoids, thus confirming tumor selectivity. In summary, RM4819 

represents a promising candidate to fight chemotherapy-resistant CRC. 
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ZUSAMMENFASSUNG 

Darmkrebs (CRC) ist die dritthäufigste Ursache für krebsbedingte Todesfälle weltweit. 

Patienten mit fortgeschrittenen und metastasierten CRC-Stadien werden dabei nach 

wie vor in erster Linie mit Chemotherapeutika behandelt. Das Auftreten von 

Tumorzellresistenzen schränkt die Effizienz dieser Behandlung allerdings massiv ein. 

Dies stellt ein schwerwiegendes Problem für die Betroffenen dar, für das dringend eine 

Lösung gefunden werden muss. Verschiedene Krebsarten, wie auch CRC, weisen 

erhöhte Level von Glutathion-S-Transferasen (GST) auf. Da diese Enzyme 

Krebsmedikamente detoxifizieren und damit stressinduzierte Zelltod-Pathways 

inhibieren können, stehen GSTs und vor allem die Isoform GSTP1 in direktem 

Zusammenhang mit der Entwicklung von Chemotherapie-Resistenzen. GST-aktivierte 

Prodrugs und/oder GST-Hemmer sind daher vielversprechende Präparate um 

Arzneimittelresistenzen zu überwinden bzw. Krebszellen gezielt zu eliminieren. 

Interessanterweise hat das Thiazolid RM4819, ein Derivat des Antiparasitikums 

Nitazoxanid (NTZ), eine GSTP1-abhängige Antikrebsaktivität in verschiedenen 

humanen CRC-Zelllinien. Bei der Zelltodinduktion hemmt RM1848 die enzymatische 

Aktivität von GSTP1 nicht, sondern scheint diese zu erfordern und wirkt daher 

höchstwahrscheinlich als GSTP1-aktiverte Prodrug. Mittels metabolomischer 

Methoden wurde deshalb im Rahmen dieser Thesis untersucht, ob GSTP1 RM4819 

durch Konjugation mit Glutathion (GSH) bioaktiviert. Es konnte gezeigt werden, dass 

RM4819 tatsächlich mit GSH konjugiert wird, sobald es sich im Zellinneren befindet. 

Ob das resultierende RM4819:GSH-Konjugat tatsächlich pro-apoptotische Aktivität 

aufweist muss allerdings noch analysiert werden. Zusätzlich zu GSTP1 weisen CRCs 

außerdem erhöhte Level von GSTA1 und GSTM3 auf. Die Relevanz dieser GST 

Isoformen im Zusammenhang mit der Antikrebs-Wirkung von Thiazoliden ist bisher 

jedoch nicht bekannt. Mittels Überexpression und siRNA-Silencing der spezifischen 

Isoformen konnte gezeigt werden, dass außer GSTP1 auch GSTA1 (aber nicht 

GSTM3) eine Rolle in der Anti-Krebs-Wirkung von RM4819 spielt.  

Darüberhinaus wurden die Signalwege die der RM4819-induzierten Apoptose-

Exekution vorausgehen untersucht und mit den teilweise schon beschriebenen 

Mechanismen der AusgangsveRbindung NTZ verglichen. Zellzyklusanalyzen mittels 

Durchflusszytometrie ergaben, dass beide VeRbindungen einen G1-Zellzyklusarrest 

auslösen und vor Induktion von apoptotischem Zelltod die Proliferation humaner CRC-

Zelllinien hemmen. Der beobachtete Zellzyklusarrest ist die Folge einer 

Beeinträchtigung der mitochondrialen Atmung und der daraus resultierenden 

Hemmung der mTOR/c-myc/p27-vermittelten Proteintranslation. Beide Thiazolide 

wiesen dabei mitochondriale Uncoupling-Aktivität auf, wobei RM4819 zusätzlich 
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Komplex III der mitochondrialen Atmungskette inhibiert. Ihre Tumorselektivität 

bestätigend, hemmen NTZ sowie RM4819 effektiv das Wachstum muriner Darm-

Tumor-Organoide, ohne das Wachstum primärer Darm-Organoide zu beeinträchtigen. 

Zusammenfassend lässt sich daher sagen, dass RM4819 ein vielversprechender 

Kandidat sein könnte, um zukünftig Patienten mit Chemotherapie-resistenten CRC zu 

behandeln. 
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1 INTRODUCTION  

1.1 Colorectal cancer 

Colorectal cancer (CRC) is the third leading cause of cancer-related deaths worldwide 

(IARC, Cancer Surveillance Section, WHO, 2018). Despite the fact that the incidence 

rate of CRC is decreasing thanks to early diagnosis and prompt removal of 

precancerous lesions, the prognosis for advanced stages and metastatic CRC (mCRC) 

is still grim and new treatment are urgently needed.  

1.1.1 Epidemiology and risk factors 

Worldwide, CRC is the fourth most common cancer in terms of incidence and third in 

terms of mortality in both sexes, accounting for 1.8 million new cases and 881 000 

deaths in 2018 (Ferlay et al. 2019). Although both genders are affected, men show 

higher incidence to develop CRC than women (GLOBOCAN 2018). Moreover, the 

highest age-standardized incidence rate (ASRi) is observed in developed country: 

Hungary (70.6 per 100 000), Slovakia (60.7 per 100 000), Korea (59.5 per 100 000) 

and Slovenia (58.9 per 100 000) in man; Norway (39.3 per 100 000), Hungary (36.8 

per 100 000), Denmark (36.6 per 100 000) and Singapore (34 per 100 000) in woman 

(GLOBOCAN 2018; Figure 1).  

 

Figure 1 Estimated age-standardized incidence rates (World) in 2018, 

Colorectum, both sexes, all ages. 

Source: GLOBOCAN 2018 (IARC, World Health Organisation) 
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Interestingly, CRC morbidity and mortality rates have been stabilising or decreasing in 

a number of countries with high human development index (HDI), including USA, 

Australia, New Zealand and several Western European countries (Center et al. 2009). 

This recent declining trend in incidence results from national policy of population-based 

screening, which allows early detection and prevention through polypectomy 

(Nishihara et al. 2013; Shaukat et al. 2013). Available CRC screening modalities 

include the non-invasive fecal occult blood tests targeting either heme (guaiac fecal 

occult blood test; gFOBT) or human haemoglobin (fecal immunochemical test; FIT) 

and the invasive endoscopy-based investigation (colonoscopy) necessary for CRC 

diagnosis (Bénard et al. 2018). Screening is recommended for people aged 50 and 

over, however the number of early-onset CRC (CRC in patients younger than 50 years) 

is dramatically increasing (Mannucci et al. 2019; B. A. Weinberg, Marshall, and Salem 

2017). 

Beside age, lifestyle determines approximately 57.2 % and 50.2 % of CRC incidence 

in men and women (Islami et al. 2018; N. Murphy et al. 2019). In fact, processed and 

red meat (Carr et al. 2017; Domingo and Nadal 2017), alcoholic beverages (Rossi et 

al. 2018) and obesity (Roslan, Makpol, and Mohd Yusof 2019) have been listed among 

the CRC risk factors, whereas physical activity among the protective factors (Wolin et 

al. 2009). Additionally, patients with inflammatory bowel disease (ulcerative colitis and 

Crohn´s disease) or hereditary syndromes known to be associated with CRC 

development, such as FAP (familial adenomatous polyposis) and Lynch syndrome, 

have a higher risk to develop CRC (E. R. Kim and Chang 2014; Leoz et al. 2015; Q. 

Liu and Tan 2019). 

1.1.2 Tumorigenesis 

CRC results from the progressive accumulation of genetic and epigenetic alterations 

that lead to the transformation of normal colonic epithelium to colon adenocarcinoma, 

which is called “the polyp to cancer progression” sequence (Grady and Carethers 

2008) (Figure 2).  

Besides the fact that CRC-associated hereditary syndromes and familial clustering 

account for 5 % and 20 % of the cases respectively, sporadic CRC represents the 

majority of all CRC cases (Stintzing 2014). Sporadic CRCs generally are thought to 

originate from an initiating genetic event in a normal colonic stem cell, involving 

overactivation of Wnt signaling (gatekeeper lesion). This driver-mutation allows that 

cell to outgrow, thus forming a dysplastic aberrant crypt focus (ACF). In some 

instances, a nondysplastic ACF (also called hyperplastic ACF) can form due to initial 

activating mutations in KRAS. Then, subsequent overactivation of Wnt signaling drives 
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the transition from hyperplastic to dysplastic ACF, thus progressing toward malignancy 

(Carethers and Jung 2015). 

 

 

Figure 2 Depiction of CRC progression in sporadic and high-risk genetic 

syndromes 

Tumor is initiated from a normal colonic stem cell that accumulates genetic damage over time due to 
somatic and/or germline mutations. These driver mutations confer a growth advantage that drives tumor 
progression ultimately forming carcinoma. Photomicrographs depict, in order, normal colon, tubular 
adenoma, high-grade dysplasia, and cancer. Source: Grady and Carethers, 2008 

In fact, once Wnt signaling is overactivated, early adenoma epithelial cells grow into 

an observable adenomatous polyp. The transition from adenoma to carcinoma and 

subsequently to metastasis is driven by accumulating genetic and epigenetic driver 

mutations that are clonal (i.e. progeny cells acquire additional mutations beyond those 

of the parental cells they are derived from). This clonality determines CRC intra- and 

inter-tumors heterogeneity (Carethers and Jung 2015). Sporadic CRCs can be 

grouped according to the number of non-silent mutations into two categories: 

hypermutated (16 % of sporadic CRCs) and non-hypermutated (84 % of sporadic 

CRCs) (The Cancer Genome Atlas Network 2012). Hypermutated tumors are largely 

driven by microsatellite instability (short tandem repeated DNA sequences not present 

in the corresponding germline DNA; MSI) as a result of defects in a DNA mismatch 

repair (MMR) gene, mainly somatic hypermethylation of the hMLH1 promoter, but also 

somatic mutation of the DNA MMR genes hMSH6, hMSH2, hMSH3 and hMLH3, as 

well as in the gene encoding DNA polymerase ε (POLE) (The Cancer Genome Atlas 

Network 2012). Non-hypermutated tumors show a median number of 58 mutations 

throughout the genome (vs 728 mutations of the hypermutated tumors) displaying 

chromosome gain and loss, gene amplification, chromosome rearrangement and base 



INTRODUCTION 

7 

 

substitutions and deletions. This chromosomal instability (CIN) may result in defects of 

genes related to cell fate, cell survival, and genome maintenance (Vogelstein et al. 

2013). In this regard, intensive studies uncovered the genetic alterations involved in 

CRC carcinogenesis. Indeed activation of Wnt signaling represent 93 % of all 

hypermutated and non hypermutated tumors. In fact, APC is a tumor suppressor gene 

part of the Wnt signaling pathway that regulates cytoplasmic levels of the proto-

oncogene β-catenin, thereby inhibiting cellular proliferation. Mutation in the APC gene 

appears to be the earliest and main gatekeeper lesion for tumor initiation. Moreover, 

detailed analysis among sporadic CRCs proved consistent activation of receptor 

tyrosine kinase/RAS and PI3K signaling, while demonstrating inactivation of TGFβ 

signaling and TP53 function. Additionally, nearly 100% of tumors showed changes in 

c-Myc transcriptional targets, suggesting an important role for c-Myc in sporadic CRCs 

(Carethers and Jung 2015). Recently, a new CRC classification named as “consensus 

molecular subtypes (CMS) classification” has been proposed by an international 

consortium dedicated to large-scale data sharing with the aim to stratify CRCs for 

personalized anti-tumor therapy (Figure 3).  

 

Figure 3 The consensus molecular subtypes classification of CRCs 

CMS-1 displays subtype clusters that involve hypermutation and microsatellite instability along with 
increased immune cell infiltrates consisting of Th1 lymphocyte, cytotoxic T cell, NK cell infiltration, and 
upregulated immune checkpoints such as PD-1. CMS-2 clustering involves the upregulation of canonical 
pathways including Wnt and Myc downstream targets. CMS3 clustering is defined by dysregulation of 
metabolic pathways including carbohydrate and fatty acid oxidation and the loss of TH17 cells. CMS-4 
clustering is referred as a mesenchymal subtype that involves the upregulation of EMT pathways. CMS-
4 clustering also shows elevated TGF-β signaling, matrix remodeling, angiogenesis, complement 
activation as well as integrin-β3 upregulation, stromal infiltration, immune upregulation, and platelet 
signatures. Source: Menter, 2019 
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Analysing interconnectivity between six independent classification systems, CRCs 

were categorized in four CMSs with different mRNA expression and specific genetic 

profile (Guinney et al. 2015). CMS-1 represents 14 % of the categorized CRCs and 

shows microsatellite instability, hypermutation and strong immune activation. CMS-2 

accounts for 37 % of all clusters and is marked by Wnt and c-Myc activated signaling. 

CMS-3 represents 13 % of the molecular clustering and is characterized by epithelial 

and metabolic dysregulation whereas CMS-4 was found in 23 % of the CRCs analyzed 

and shows epithelial mesenchymal transformation (EMT), TGF-β activation, stromal 

invasion and angiogenesis. The remaining percentage of tumors shows intermediate 

features (Menter et al. 2019). The identification of these molecularly distinct subtypes 

could allow a rational personalized-treatment avoiding to expose CRC patients to toxic 

or targeted drug from which they will not benefit. 

1.1.3 Symptoms and treatment options 

Depending on the size of the primary tumor (T stage), involvement of lymph nodes (N 

stage) and occurrence of distant metastases (M stage), CRC can be divided into five 

stages: 0, I, II, III, and IV with stage 0 being the earliest and IV the most advanced one 

(Stintzing 2014). Whereas early stages are asymptomatic, blood in stool, constipation, 

weight loss, nausea, anemia and rectal bleeding are indicatives of advanced CRC 

stages (W. Hamilton and Sharp 2004). Therapeutic options and survival rate strongly 

depend on the stage of CRC at the moment of the diagnosis (Table 1).  

Standard CRC 

Classification 

**TNM classification 5-year 

survival 

rates 

Stage *UICC stage  T stage N stage M stage %  

0 0 Tis N0 M0  

I I T1/T2 N0 M0 93.2 

II IIa 

IIb 

T3 

T4 

N0 

N0 

M0 

M0 

84.7 

72.2 

III IIIa 

IIIb 

IIIc 

T1, T2 

T3, T4 

T1-4 

N1 

N1 

N2 

M0 

M0 

M0 

83.4 

64.1 

52.3 

IV IV T1-4 N1-2 M1 8.1 

Table 1 Stage-specific survival in colorectal cancer 

* UICC: Union Internationale Contre le Cancer (classification system based on statistical analysis). 
Prognosis dependent on tumor size. ** TNM: T= primary tumor, N= involvement of lymph nodes, M= 
presence of distant metastases. Tis: carcinoma in situ, T1: tumor invades submucosa, T2: tumor invades 
muscularis propria, T3: tumor invades through muscularis propria, T4: tumor directly invades other 
organs, N1: metastasis in 1-3 regional lymph nodes, N2: metastasis in four or more regional lymph 
nodes, M0: no distant metastasis, M1: distant metastasis. Source: Stintzing, 2014 
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While tumors at stage I or II are easily treated by surgical removal of the primary tumor 

and the regional lymph nodes, patients with high-risk stage II disease and beyond need 

a combination of surgery, chemotherapy and/or radiotherapy to enhance the success 

of the treatment (Stintzing 2014). Since 40 years, 5-fluorouracil (5-FU) represents the 

mainstay of chemotherapeutic regimens for the treatment of CRC patients. 5-FU is a 

fluoropyrimidine analog of uracil that exerts its anti-cancer effects through 

misincorporation of fluoronucleotides into RNA and DNA and inhibition of the enzyme 

thymidylate synthase (TS) (Longley, Harkin, and Johnston 2003). TS catalyzes the 

reductive methylation of deoxyuridine monophosphate (dUMP) to deoxythymidine 

monophosphate (dTMP) using the reduced folate 5,10-methylenetetrahydrofolate 

(CH2THF) as methyl donor. This reaction represents the only de novo source of 

thymidylate, necessary for DNA replication and repair. High intracellular levels of the 

reduced folate CH2THF are needed for optimal binding of the 5-FU metabolites to TS. 

Therefore, leucovorin (LV, 5′-formyltetrahydrofolate) is used to increase the 

intracellular concentration of CH2THF, thus enhancing 5-FU toxicity (Longley, Harkin, 

and Johnston 2003). In fact, the administration of 5-FU plus LV as adjuvant therapy 

was shown to reduce 5-year recurrence rate by 17 % (Gill et al. 2016) and represents 

the standard treatment for patients with high-risk stage II CRC (Stintzing 2018).  

For advanced CRC stages, combination of 5-FU/LV with a DNA damaging agent like 

oxaliplatin (e.g. FOLFOX) or irinotecan (e.g. FOLFIRI) represents a well-established 

first line treatment with comparable outcome profiles (Stintzing 2018). Oxaliplatin is a 

third-generation platinum-containing drug. It acts as an alkylating agent on DNA, 

forming platinated intra-strand cross-links between two adjacent guanine bases or two 

adjacent guanine–adenine bases, thus resulting in DNA damage-induced cytotoxicity 

(Carrato, Gallego, and Dı́az-Rubio 2002). Irinotecan is an analog of camptothecin, an 

extract from the Chinese tree Camptotheca acuminate, with improved water solubility. 

It irreversibly inhibits the topoisomerase I  blocking DNA synthesis, thus inducing cell 

cycle arrest and ultimately leading to cell death (Fujita et al. 2015). Combination of 

fluoropyrimidine/LV regimens with irinotecan and oxaliplatin has improved the 

response rates for advanced CRC treatment to 40–50 % (Stintzing 2018).  

Additionally, great improvements have been achieved in the treatment of mCRC with 

the development of the so called “molecular targeted agents” such as the drugs 

bevacizumab (inhibitor of angiogenesis) and cetuximab ( inhibitor of the epidermal 

growth factor receptor (EGFR)) (Stintzing 2018). Bevacizumab is a humanized 

monoclonal antibody that neutralizes the vascular endothelial growth factor (VEGF). 

VEGF is a potent proangiogenic protein upregulated in many types of cancer, including 

CRC, and it has been associated with increased tumor invasion, microvessel density 

and a poorer prognosis (Galizia et al. 2004). Cetuximab is an example of monoclonal 

antibody that binds to and subsequently blocks the activity of the transmembrane 
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tyrosine kinase receptor EGFR, which is involved in the regulation of cellular 

proliferation, migration and apoptosis. EGFR overexpression has been documented in 

CRC and has been associated with cancer progression, poor prognosis and reduced 

sensitivity to chemotherapy (Mendelsohn and Baselga 2000). Combination of anti-

VEGF and/or anti-EGFR monoclonal antibodies with standard FOLFIRINOX 

chemotherapy (5-fluorouracil/LV, irinotecan, oxaliplatin) strongly increases 

progression-free survival (PFS) and represents the current treatment for mCRC 

(Holch, Stintzing, and Heinemann 2016). 

Moreover, although immunotherapy has revolutionized the medical treatments of 

several tumors types (especially melanoma and lung cancer), CRC is currently one of 

the types of cancer for which immunotherapy has been shown to be less effective. In 

fact, immune checkpoint inhibitors have shown therapeutic efficacy only in highly 

microsatellite instable (MSI-H) or MMR deficient mCRCs, whereas the vast majority of 

patients with proficient MMR or with microsatellite stable (MSS) tumors do not benefit 

from immunotherapy (Ciardiello et al. 2019). 

1.1.4 Current issues of anti-cancer therapy: toxicity and 

pharmacoresistance 

Despite the recent advances in CRC therapy, systemic toxicity and chemotherapeutic 

resistance remain a significant limitation for these strategies (Kozovska, Gabrisova, 

and Kucerova 2014). The main side effects of standard chemotherapeutics treatment 

include myelotoxicity, nausea, vomiting, oral mucositis, hair loss, fatigue, diarrhea 

(particularly with irinotecan therapies) and for oxaliplatin containing regimens, 

additional severe peripheral neuropathy. These cytotoxic effects are not surprising 

considering that DNA damaging agents target indistinctly tumor and non-tumor quickly 

proliferating cells (Nurgali, Jagoe, and Abalo 2018). Thus, cancer-selective drugs are 

urgently needed. 

Drug resistance to anti-cancer agents is a complex phenomenon that involves several 

biological processes such as drug target modification, DNA repair process, 

angiogenesis, drug uptake/efflux and detoxifying systems (Hasan, Taha, and Omri 

2018). An overview of these processes is depicted in figure 4. Pharmacoresistance 

crucially limits both standard chemotherapy and treatments with monoclonal 

antibodies. For instance, genetic mutations in RAS genes or in additional nodes of the 

mitogen-activated protein kinase (MAPK)–phosphoinositide 3-kinase (PI3K) pathways 

that bypass EGFR signaling, confer resistance to the anti-EGFR treatments 

(Dienstmann, Salazar, and Tabernero 2015). Resistance to anti-VEGF therapy often 

occurs due to the escape mechanisms of the angiogenic process through the activation 

of signaling pathways other than the VEGF pathway (Itatani et al. 2018).  
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Figure 4 Schematic overview of the molecular pathways involved in CRC 

pharmacoresistance 

Abbreviations: 5-FU, 5-fluorouracil; AKT, also knows as protein kinase B (PKB); CDA, cytidine 
deaminase; CES, Carboxylesterases; EGF, epidermal growth factor; EGFR, EGF-receptor; ERK, 
extracellular signal-regulated kinases; GSH, glutathione; MEK, also know as MAPKK mitogen-activated 
protein kinases; MTHFR, Methylenetetrahydrofolate reductase; mTOR, mammalian target of rapamycin; 
PI3K, Phosphoinositide 3-kinase; AKT, SN-38G, SN-38 glucuronide; UGT1As, UDP-
glucuronosyltransferase; TOPO, topoisomerase; TP, thymidine phosphorylase; TYMS, timidilato 
synthase; VEGF, vascular endothelial growth factor; VEGFR, VEGF-receptor. Source: De Mattia, 2015 

Innate and acquired resistance to fluoropyrimidines has been associated with 

overexpression of TS and increased protein levels of intra-tumoral and hepatic 

dihydropyrimidine dehydrogenase (DPD), the enzyme involved in fluoropyrimidine 

detoxification (T.-L. Wang et al. 2004; Diasio and Johnson 1999; L.-H. Li et al. 2013). 

Resistance to platinum agents has been attributed to an enhanced tolerance to 

platinum DNA-adducts derived in part from an increased DNA repair ability. In 

particular, base excision repair (BER), nucleotide excision repair (NER) and DNA 

mismatch repair (MMR) have been described as the main mechanisms involved in the 

resolution of oxaliplatin adducts (Martin, Hamilton, and Schilder 2008). 

Additionally, innate and acquired resistance to standard chemotherapeutics, like 

irinotecan and oxaliplatin, is crucially mediated by membrane cell transporters and 

detoxification enzymes (De Mattia, Cecchin, and Toffoli 2015). The ATP-binding 

cassette (ABC) superfamily and the group of solute carrier (SLC) membrane proteins 
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are the two main classes of cellular transporters. ABC and SLC transport proteins are 

expressed in tumor tissues, thus modulating the pharmacokinetic and 

pharmacodynamic profile of translocated compounds (Shitara, Horie, and Sugiyama 

2006). Concerning CRC, recent studies highlighted the role of ABC/SLC proteins 

polymorphisms in modulating the efficacy of irinotecan (De Mattia et al. 2013; Akiyama 

et al. 2012) and to a lesser extent oxaliplatin (M.-Y. Huang et al. 2011; Mirakhorli et al. 

2013) based treatment in association with fluoropyrimidines. 

Additionally, phase II detoxification enzymes play a crucial role in the onset of 

chemotherapeutic resistance. These enzymes are responsible for the 

biotransformation of endogenous compounds and xenobiotics into more easily 

excretable forms, as well as in the metabolic inactivation of pharmacologically active 

substances. Phase II biotransformation reactions include glucuronidation, sulfation, 

methylation, acetylation, glutathione and amino acid conjugation mediated by UDP-

glucuronosyltransferases (UGTs), sulfotransferases (SULTs), N-acetyltransferases 

(NATs), glutathione S-transferases (GSTs) and various methyltransferases (mainly 

thiopurine S-methyl transferase (TPMT) and catechol O-methyl transferase (COMT)) 

(Jancova, Anzenbacher, and Anzenbacherova 2010). Among these metabolic 

enzymes involved in the drug detoxification process, a great research attention was 

given to the enzymes UDP-glucuronosyltransferases (UGT1As) and glutathione-S-

transferases (GSTs), the miss regulation of which is considered as predictor of 

irinotecan and oxaliplatin-based therapy effectiveness (De Mattia, Cecchin, and Toffoli 

2015). UGT proteins catalyze the biochemical reaction of conjugating targeted 

substrates with glucuronic acid, which facilitates their inactivation and subsequent 

biliary or renal elimination as water-soluble glucuronides. These enzymes, mainly 

UGT1A1 isoform, play a crucial role in the detoxification pathway of irinotecan 

converting its active metabolite SN-38 to the inactive form SN-38G (Takahashi et al. 

1997). 

GSTs are a multigene family of phase II detoxification enzymes involved in the 

inactivation of electrophilic xenobiotics by conjugation with glutathione (GSH), 

facilitating their excretion from the body (John D. Hayes, Flanagan, and Jowsey 2005). 

These proteins, particularly the isoform GSTP1, participate directly in the detoxification 

of platinum compounds, including oxaliplatin, by adding a glutathione molecule to its 

electrophile group, and thus contributing to the exportation of these drugs (Tew and 

Townsend 2012). As glutathione-S-transferases are key subjects of this thesis, the 

next section will be dedicated to this family of enzymes.  
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1.2 Glutathione-S-transferases 

Glutathione-S-transferases (GSTs) are a superfamily of multifunctional proteins 

involved in a number of catalytic and non-catalytic processes, traditionally recognized 

as phase II detoxification enzymes (Pljesa-Ercegovac et al. 2018).  

1.2.1 Classification and structure 

Human GSTs count 3 major categories according to their intracellular localization: 

cytosolic GSTs (cGSTs), mitochondrial GST (GST kappa) and membrane-bound 

microsomal GSTs (MAPEGs) (Tew and Townsend 2012) (Figure 5). Among them, 

cGSTs are the most complex and frequently linked to human diseases including 

cancer, thus the present thesis will focus on this family. cGSTs are categorized into 

seven different classes named by Greek letters and abbreviated in Roman capital 

letters: alpha (A), mu (M), pi (P), sigma (S), theta (T), zeta (Z) and omega (O). Each 

class includes different isoenzymes identified by numbers. Isoenzymes of the same 

class share 40-50 % of sequence identity and show overlapping and/or unique 

substrate specificity (B. Wu and Dong 2012). 

 

Figure 5 Classification of human glutathione transferases (GSTs) based on 

amino acid sequence identity 

Source: Wu, 2012. 
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Structurally, cGSTs are dimeric enzyme with an active site in each subunit composed 

of two different functional regions: a N-terminal thioredoxin-like GSH-binding site (G 

site) and adjacent, a C-terminal compound-binding pocket (H site). The N-terminal 

domain consists of a mixed four-stranded β-sheet, with strand-3 being antiparallel to 

the others, and it´s highly conserved among the different classes due to its specificity 

for GSH. The C-terminal domain contains five or six major α-helices and shows high 

class to class variability in the hydrophobic amino acid residues, allowing class-specific 

substrate selectivity (B. Wu and Dong 2012).  

1.2.2 Expression in normal and cancer tissues 

Although ubiquitously present, each class of GSTs shows a tissue-specific pattern of 

distribution (Table 2), which differs upon ages. For example, GSTP1 proved to be the 

most abundant GST in embryonic and early fetal tissues (Raijmakers, Steegers, and 

Peters 2001) while, in adults, it´s mostly present in brain and lung. Instead, GSTA and 

GSTM are expressed stably during the all life: GSTM3 is present only in testis and 

brain whereas GSTA1 in kidney, pancreas and in largest amount in the liver (Rowe, 

Nieves, and Listowsky 1997).  

Isoform Tissues  

GSTP1 Brain > lung, placenta > kidney, 

pancreas  

GSTA1 Liver > kidney, adrenal > pancreas 

GSTA2 Liver, pancreas > kidney  

GSTA3 Ovary, testis, adrenal, placenta 

GSTA4 Low but everywhere 

GSTM1 Liver > testis > brain 

GSTM2 Brain > testis > heart 

GSTM3 Testis > brain  

GSTM4 Brain, heart, skeletal muscle 

GSTM5 Brain, heart, lung, testis  

GSTT1 Kidney, liver > small intestine > brain 

GSTT2 Liver 

GSTO1 Liver, heart 

GSTO2 Testis  

GSTS1 Fetal liver, bone marrow 

GSTZ1 Fetal liver, skeletal muscle  

Table 2 Tissue distribution of human cGSTs 

Source: Singh, 2015 
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Interestingly, members of the cGST family are overexpressed in several cancer types 

(Pljesa-Ercegovac et al. 2018). In fact, augmented level of GSTP1 appears in many 

solid tumors, including renal cell carcinoma (Kaprilian et al. 2015), transitional cell 

carcinoma of urinary bladder (Simic et al. 2009), ovarian (Kolwijck et al. 2009), breast 

(Oguztuzun et al. 2011) and colorectal cancer (Beyerle et al. 2015). Increased 

expression of GSTA1 has been reported in colorectal (Economopoulos and 

Sergentanis 2010; Beyerle et al. 2015), gastric (Zhao et al. 2017), breast (Ahn et al. 

2006) and lung cancer (Pan et al. 2014). GSTO1 is overexpressed in transitional cell 

carcinoma (Djukic et al. 2017), oesophageal squamous cell carcinoma (Y. Li et al. 

2014), pancreatic (Chen et al. 2009) and breast cancer (Lu et al. 2017). Additionally, 

GSTM1 is upregulated in transitional cell carcinoma of urinary bladder (Berendsen et 

al. 1997), renal cell carcinoma (Rodilla et al. 1998) and breast cancer (Haas et al. 

2006), whereas GSTM3 was found as overexpressed in colorectal cancer (Beyerle et 

al. 2015). Moreover, chemotherapeutic-resistant tumors possess high levels of GSTs, 

developed most likely as a consequence of the chemotherapeutic treatment itself (X. 

Yan et al. 2007). Indeed, GSTs´ expression levels can be induced by anti-cancer drugs 

that are GST substrates. However, drug resistance seems to appear also when the 

chemotherapeutic agents are not GST substrate and it has been attributed to the GST 

non-enzymatic function of modulating stress signaling pathway. Thus, cGSTs 

represent crucial players in chemotherapeutic resistance (Pljesa-Ercegovac et al. 

2018). The following paragraphs will revise in details enzymatic and non-enzymatic 

functions of GSTs, with a special focus on the classes GSTA, GSTP and GSTM. 

1.2.3 GST enzymatic functions 

GSTs were originally discovered in the early 1960s for their ability to conjugate the 

tripeptide GSH (γ-L-Glutamyl-L-cysteinylglycine) with the aryl halide 1,2-dichloro-4-

nitrobenzene (CDNB) (Booth, Boyland, and Sims 1961). As CDNB:GSH adduct has 

spectrophotometric properties, CDNB was chosen as standard substrate to measure 

total GSTs activity (Figure 6). 

 

Figure 6 Conjugation reaction of CDNB and GSH via GSTP1 

Scheme of GSTP1-catalyzed glutathionylation of the canonical substrate CDNB resulting in the 
formation of the CDNB:GSH conjugate. 
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Thus, GSTs are well-known detoxification enzyme able to catalyze the nucleophilic 

attack of the reduced GSH on nonpolar compounds, including carcinogens and anti-

cancer drugs, which contain an electrophilic carbon, nitrogen or sulphur atom like 

halogenonitrobenzenes, arene oxides, quinones and α,β-unsaturated carbonyls 

(Singh 2015). Each GST isoform possess a substrate-specific catalytic activity, 

resulting from different amino acids residues in the H site. Class A, M and P of GSTs 

can detoxify commonly encountered harmful α,β-unsaturated carbonyls like acrolein, 

4-hydroxynonenal, aminochrome, adenine and thymine propenals. Additionally, GSTM 

class shows a larger substrate-binding site because of the absence of α9 helix allowing 

the GSH conjugation of bulkier electrophilic agents such as aflatoxin B1-epoxides and 

benzopyrene diols. (B. Wu and Dong 2012). In the majority of the cases, the formed 

GSH-conjugate shows improved water solubility, and therefore it can be easily 

exported from cells by membrane bound multi-drug resistant protein (MRP) efflux 

pumps. As such, GSTs represent key enzymes in the detoxification process of 

hazardous compounds, preventing DNA and cellular damage. However this 

detoxification activity applied to chemotherapeutic drugs results as an important 

mechanism of natural or acquired resistance for cancer cells (Tew and Townsend 

2012). Moreover, GSTs are also involved in xenobiotics bio-activation, resulting in a 

GSH-conjugate more reactive than the parent compound. This is the case of certain 

mutagens, carcinogens and even some pro-drugs that are metabolically activated in 

this way (Kurtovic et al. 2008; Guengerich 2005). 

In addition to this well-known detoxification activity, some GSTs possess additionally 

activity like sulfatase (GSTT2 specific), maleylacetoacetate isomerase (GSTZ1), 

dehydroascorbate reductase (GSTO) or contribute to steroid synthesis (mainly 

GSTA3) (B. Wu and Dong 2012). 

1.2.4 GSTs-mediated regulation of stress signaling pathways  

Beside the well-known detoxification activity, GSTs regulate cell proliferation and cell 

death by physically associating with proteins involved in stress signaling pathways 

(Pajaud et al. 2012) (Figure 7). Adler et al. firstly described GSTP1 as an endogenous 

inhibitor of c-Jun N-terminal Kinase (JNK) (Adler et al. 1999). JNK is a downstream 

key player of the mitogen activated protein kinase (MAPK) cascade and it is involved 

in the control of stress response, proliferation, and apoptosis (Kumar et al. 2015). 

Under physiological conditions, GSTP1 in its monomeric form binds to the C-terminus 

of JNK thereby maintaining JNK activity low. Upon stress induction, the dissociation of 

the GSTP1:JNK complex allows JNK activation and therefore, phosphorylation of the 

downstream targets c-jun and activating factor 2 (ATF2), components of the activator 

protein 1 (AP-1) complex (T. Wang et al. 2001). Besides the fact that transient JNK 
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activation leads to differentiation and proliferation, a prolonged active state ultimately 

leads to apoptosis (Anastasia De Luca et al. 2012; Thévenin et al. 2011). Thus, GSTP1 

crucially controls cellular stress-responses via JNK regulation.  

 

Figure 7 Scheme of the various interactions between GST P, M and A with 

regulatory kinases implicated in stress signaling pathway 

Source: Singh, 2015. 

Similarly, GSTP1 displays ligand-binding capacity for the tumor necrosis factor (TNF) 

receptor-associated factor 2 (TRAF2) (Y. Wu et al. 2006). TRAF2 is a central regulator 

of TNFα signaling pathway by mediating directly and indirectly the signal transduction 

of TNF receptor 2 (TNFR2) and TNF receptor 1 (TNFR1) (Shi and Sun 2018). 

Moreover it is required for the activation of the apoptosis signal-regulating kinase 

(ASK1), a mitogen-activated protein kinase kinase kinase (MAP3K) that in turn 

activates JNK and p38 signaling pathways (Borghi, Verstrepen, and Beyaert 2016). 

Wu and colleagues showed that overexpression of GSTP1 inhibited TRAF2-elicited 

ASK1-JNK signaling activation in Hela cells. In fact, GSTP1 directly associates with 

TRAF2 inhibiting ASK1 activation and therefore affecting TNFα-induced apoptosis (Y. 

Wu et al. 2006). Thus, GSTP1 strongly regulates MAPK/JNK cascade at multiples 
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levels. GSTP1 is not the only GSTs to possess non-enzymatic functions (Pajaud et al. 

2012). Similarly to GSTP1, GSTA1 suppresses JNK activity via formation of a 

GSTA1:JNK complex (Romero et al. 2006). Moreover, overexpressed GSTM1 has 

been shown to directly interact with ASK1, inhibiting ASK1-mediated activation of JNK 

signaling pathways induced upon stress stimuli (Cho et al. 2001; Dorion, Lambert, and 

Landry 2002).  

1.2.5 GSTs as therapeutic targets against cancer 

Considering their crucial role as detoxification enzymes as well as regulators of MAPK 

signaling, GSTs represent interesting targets to fight chemotherapeutic resistance. Up 

to know, several drugs have been designed to target GSTs, mainly GSTP1, and two 

major groups are reported: GST inhibitors and GST-activated prodrugs (Dong et al. 

2018).  

GST inhibitors reverse tumor resistance by suppressing GST(s) activity and therefore, 

they are proposed as chemosensitizers in combination with standard 

chemotherapeutics. Ethacrynic acid (EA) and its analogs were among the first GST 

inhibitor to be investigated (Awasthi et al. 1993). EA, a well-known diuretic drug, is able 

to irreversibly inhibit GSTA, GSTM and GSTP1 thus potentiating the cytotoxic effect of 

the chemotherapeutics chlorambucil and doxorubicin in several cancer cell lines 

(Petrini et al. 1993; Awasthi et al. 1996; Ploemen et al. 1993). However due to its strong 

diuretic properties, EA failed phase I clinical trial (O’Dwyer et al. 1991). To solve this 

critical issue, several EA analogs have been developed. Among these analogs, the 

most promising results were obtained with the drug ethacraplatin, a molecule of 

cisplatin coordinated with two EA ligands able to revert resistance to platinum 

compounds in a GSTP1- and GSTT1-dependent manner (S. Li et al. 2017). 

A second class of GST inhibitors is represented by the GSH-peptidomimetics. The 

most promising compound of this family was TLK199 (ezatiostat hydrochloride, 

TER199) (Kauvar et al. 1998). TLK199 specifically inhibited GSTP1, enhancing the 

cytotoxic effect of chlorambucil in the human colon adenocarcinoma cells HT4-1 

(Morgan et al. 1996). However, these potentiating effects of TLK199 were considered 

not large enough to pursue clinical trial for this type of tumors, particularly in the 

absence of information regarding the therapeutic index (Laborde 2010). Recently a 

new class of GSTP1 “mechanism-based inhibitor” has been developed from the 

compound NBDHEX (6-[7-nitro-2,1,3-benzoxadiazol-4-ylthio] hexanol) (Ricci et al. 

2005). Synthesized by Caccuri et al., NBDHEX possess a strong antiproliferative 

activity against cancer cells of different origins, including leukemia, osteosarcoma, 

Ewing´s sarcoma, melanoma, mesothelioma, rhabdomyosarcoma and small cell lung 

cancer, alone or in combination with standard anti-tumor drugs such as cisplatin, 
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doxorubicin, vincristine and temozolomide (Sau et al. 2012; Turella et al. 2006; Pasello 

et al. 2008; Scotlandi et al. 2009; Tentori et al. 2011; Anastasia De Luca et al. 2013). 

Moreover, in vivo studies proved that NBDHEX reduces both cancer growth and 

metastatic spread (Tentori et al. 2011; Pasello et al. 2011; Pellizzari Tregno et al. 

2009). Beside inhibiting GSTP1 enzymatic activity, NBDHEX dissociates 

GSTP1:TRAF2 and GSTP1:JNK complexes, leading to cell cycle arrest, apoptosis and 

inhibition of late-stage autophagy in a JNK-dependent manner (Palumbo et al. 2016; 

A. De Luca et al. 2014; Sha et al. 2018). However, NBDHEX shows high affinity for 

GSTM2-2, which is widely expressed in many non-cancerous tissues and presents 

poor aqueous solubility, limiting its clinical application (Ricci et al. 2005). For these 

reasons, several novel NBDHEX analogs with improved pharmacological profile have 

been synthesized. Among them, the MC3181 derivative is currently the most promising 

and it is under study for the treatment of vemurafenib-resistant human melanoma (Fulci 

et al. 2017; Anastasia De Luca et al. 2017). 

On the other hand, GST-activated prodrugs represent a strategic opportunity to 

selectively target GST-overexpressing tumor cells, while sparing normal tissues. This 

type of compounds undergoes GST-catalyzed break down to release locally active 

cytotoxic metabolites and thereby, attenuating off-target effects (Pljesa-Ercegovac et 

al. 2018). Among these prodrugs, two categories can be distinguished. The first group 

consists of prodrugs containing GSH or GSH-like structure responsible for the 

inhibition of GSTs (Ramsay and Dilda 2014). TLK286 (canfosfamide, TELCYTATM) and 

analogs are the most promising compounds of this family. TLK286 is a prodrug that 

upon activation by GSTP1 yields a phosphorodiamidate alkylating agent and a GSH 

derivative that is able to inhibit GSTP1 (Dourado et al. 2013). Indeed, TLK286 showed 

in vitro and in vivo antiproliferative activity on doxorubicin-resistant colon carcinoma 

cells, cyclophosphamide-resistant MCF-7 human breast carcinoma cells and M7609 

murine xenografts, in a GSTP1-dependent manner (Morgan et al. 1998). TLK286 has 

demonstrated significant effects in phase II and III clinical trials for the treatment of 

ovarian, breast and non-small cell lung cancer, as single agent or in combination with 

other chemotherapeutics, and thus it represents a good candidate for the treatment of 

different types of malignancies (Vergote et al. 2010; Kavanagh et al. 2010; Sequist et 

al. 2009). The second category of GST-activated prodrugs includes compounds non 

structurally related to GSH, which activation requires the production of an intermediate 

GSH conjugate (Dong et al. 2018). The most relevant is the nitric oxide (NO) prodrug 

O2-(2,4-dinitrophenyl)1[(4-ethoxycaRbonyl)piperazin-1-yl]diazen-1-ium-1,2-diolate 

(JS-K) (Findlay et al. 2004). JS-K shows two GSTP1-dependent mechanism of action: 

it releases NO at high concentration and it binds GST/GSH complex decreasing GSH 

availability for detoxification reactions, inducing tumor cell death (Kiziltepe et al. 2010). 

JS-K exhibits significant in vitro and in vivo anti-cancer activity in several tumor types 
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like leukemia, hepatoma, bladder and prostate cancer (Qiu et al. 2017; Kiziltepe et al. 

2010; Maciag, Saavedra, and Chakrapani 2009). Moreover, it enhances the 

cytotoxicity of chemotherapeutics drug such as cisplatin, thereby representing a 

promising candidate for cancer therapy (Jie Liu et al. 2004). 

Additionally, a new class of small molecules derivatives of the antiparasitic drug 

nitazoxanide, named as thiazolides, has shown the ability to induce GSTP1-dependent 

cell death in human CRC cell lines (Muller et al. 2008). As thiazolides represent a 

crucial subject of this thesis, the next chapter will focus on this family of compounds. 

1.3 Thiazolides 

1.3.1 The origin: from the parent compound NTZ to the family of 

thiazolides 

Synthesized in the early 1980s, nitazoxanide (NTZ) was discovered by Rossignol et 

al. as new anti-parasitic agent against Tania saginata and Hymenolepis nana (J. R. 

Murphy and Friedmann 1985; J. F. Rossignol and Maisonneuve 1984). The 

development of NTZ was then resumed in the 1990s to solve the emergency of new 

opportunistic protozoan infections in AIDS patients, mainly due to the parasites 

Cryptosporidium parvum (Amadi et al. 2002; Doumbo et al. 1997) and Giardia Lamblia 

(Abboud et al. 2001; Cedillo-Rivera et al. 2002). A massive series of controlled trials 

were launched by Romark laboratories to assess the safety profile of NTZ (Stockis et 

al. 1996; Romero Cabello et al. 1997; J. F. Rossignol et al. 1998; Broekhuysen et al. 

2000; Abboud et al. 2001; Amadi et al. 2002; Ortiz et al. 2001; Davila-Gutierrez et al. 

2002). Thus, NTZ (AliniaTM, Romark Laboratories, Tampa, FL, USA) was approved by 

the FDA in 2002 for the treatment of infectious diarrhea and it remains the only effective 

drug able to cure Cryptospotidium parvum infections (White 2003).  

Due to its favourable safety profile, over the last decades NTZ has been extensively 

studied for drug repositioning purposes. In fact, NTZ is active against a broad range of 

anaerobic bacteria like Helicobacter pylori and Clostridium difficile (Yamamoto et al. 

1999; Mégraud, Occhialini, and Rossignol 1998; Guttner et al. 2003; Musher et al. 

2006; Aslam and Musher 2007), replicating and nonreplicating Mycobacterium 

Tuberculosis (de Carvalho et al. 2009; 2011; Lam et al. 2012), helminths (Juan et al. 

2002; Lateef et al. 2008; Ashour et al. 2016) and viruses (J.-F. Rossignol 2014; 

Trabattoni et al. 2016; Tilmanis et al. 2017; Hickson et al. 2018; Piacentini et al. 2018; 

Sekiba et al. 2019). Additionally, several studies proposed NTZ as a potential anti-

cancer agent (Di Santo and Ehrisman 2014). In order to shed light on its mechanism 
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of action over this broad spectrum of activity, several structure-activity relationship 

studies proceeded to synthesize a plethora of NTZ derivatives and some of them 

revealed increased activity and/or selectivity of action (Muller et al. 2008; S. La Frazia 

et al. 2018). This gave rise to the family of compounds nowadays known as thiazolides, 

of which NTZ represents the parent compound. 

1.3.2 Chemical structure 

Thiazolides are a family of biologically active compounds consisting of a salicylic acid 

moiety and a thiazole ring connected via a peptide bond. NTZ, formally known as 2-

acetolyloxy-N-(5-nitro 2-thiazolyl)benzamide (Table 3) represents the led compound of 

this family. The chemical formula of NTZ is C12H9N3O5S with a molecular weight of 

307.3 Da. NTZ exhibits only limited solubility in water but is soluble in dimethylsulfoxide 

at >50 mg/ml. Modifications of NTZ structure mainly addressed the replacement of the 

thiazole-associated nitro group in position R1 and/or changes in the substituents R2 

and R3 of the benzene ring. In the present thesis, we will focus on the parent 

compound NTZ, the bromo-derivative RM4819 and the inactive thiazolide TS107 

(Table 3). 

 

Table 3 Molecular structure of the bromo-thiazolide RM4819, the parent 

compound NTZ and the thiazolide TS107 

1.3.3 Pharmacokinetic and side effects 

Nitazoxanide (AliniaTM, Romark Laboratories, Tampa, FL, USA) is commercially 

available as oral suspension of 20 mg/ml or in tablet formulation of 500 mg dose. 

Depending on the age, the therapeutic dosage recommended is 500 mg/day for adult, 

100 mg/day for children aged between 12-47 months and 200 mg/day for children 4-

11 years of age. Following oral uptake, NTZ is moderately absorbed from the 

gastrointestinal tract; administration with food is recommended as in this case, 

bioavailability is almost doubled. In plasma, NTZ is rapidly hydrolyzed to form its active 

circulating metabolite, tizoxanide (TIZ), which is then glucurono-conjugated in the liver. 

The drug is excreted via urine and bile as tizoxanide and tizoxanide glucuronide 
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(Broekhuysen et al. 2000). Administration of the therapeutic dose (500 mg) in adults 

results in a peak concentration of 8 µg/ml (37 µM) with minor side effects e.g. nausea 

and abdominal pain. Increased dose of 1 mg per day resulted in peak concentration of 

100 µM correlating with increased frequency of gastrointestinal discomforts (Stockis et 

al. 2002). Thus, considering clinical trial and post-marketing experience, NTZ shows a 

favourable safety profile with no significant drug-related safety issues.  

1.3.4 Mechanisms of action: a pleiotropic family of compounds 

In anaerobic protozoa and anaerobic bacteria, NTZ inhibits the enzyme 

pyruvate:ferredoxin/flavodoxin oxidoreductases (PFORs), targeting the oxidative 

decarboxylation of pyruvate to acetyl coenzyme A (acetyl-CoA) and CO2, a crucial 

pathway in anaerobic energy metabolism. The mechanism proposed for nitazoxanide-

mediated inhibition is based on the interference with pyruvate oxidation prior to 

decarboxylation. That means, the anionic form of NTZ interferes with the thiamine 

pyrophosphate (TPP)-pyruvate complex resulting in the dissociation of it (Hoffman et 

al. 2007). 

Against the aerobic pathogen Mycobacterium tuberculosis – which does not possess 

PFOR enzyme – thiazolides showed antibacterial activity via direct as well as host-

mediated mechanisms of action (Odingo et al. 2017). In fact, de Carvalho et al. 

reported that NTZ directly disrupts the membrane potential of Mycobacterium 

tuberculosis and the intra-organism pH homeostasis, acting as membrane uncoupler 

(de Carvalho et al. 2011; 2009). Additionally, Lam et al. ascribed thiazolide´s activity 

to kill both replicating and non replicating Mycobacterium tuberculosis to the induction 

of the host autophagic process: NTZ appeared to inhibit the human NAD(P)H quinone 

oxidoreductase (NQO1) thereby downregulating mTOR pathway and inducing 

autophagy (Lam et al. 2012). 

Against viruses, several virus-specific mechanisms of action have been proposed for 

thiazolides´ activity and appear to be different than the mechanism of action reported 

for NTZ in protozoa and bacteria (J.-F. Rossignol 2014). For example, NTZ inhibition 

of HCV replication is an host-mediated mechanism: NTZ and other thiazolides increase 

the phosphorylation of eIF2α, a naturally occurring antiviral intracellular protein (Elazar 

et al. 2009). In the case of influenza A and B viruses, treatment with thiazolides causes 

a post-translational modification of the viral hemagglutinin, thereby impairing influenza 

virus assembly and maturation (Jean François Rossignol et al. 2009). Differently, 

inhibition of HIV replication is reported to be mediated by thiazolide´s 

immunomodulatory activities (Trabattoni et al. 2016). Against rotaviruses, thiazolides 

compromise the assembly of viroplasms – cytosolic structures where viral genome 

replication occurs - by interfering with the interaction of two non-structural proteins 
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NSP5 and NSP2 of the viroplasm, thereby imparing viroplasm formation (Simone La 

Frazia et al. 2013). 

1.3.5 The anti-cancer activity of thiazolides 

In addition to its antibacterial, antiparasitic and antiviral activity, several studies 

proposed NTZ as a potential anti-cancer agent (Di Santo and Ehrisman 2014). The 

repurposing case started in 2008 when Müller and co-workers discovered the 

antiproliferative effect of NTZ and the bromo-thiazolide RM4819 in the colorectal 

cancer cell line Caco-2. Both thiazolides were able to activate the apoptotic machinery 

as Caco-2 cells treated with thiazolides exhibited typical apoptotic features like nuclear 

condensation, phosphatidylserine exposure, and DNA fragmentation. Furthermore, the 

anti-cancer effect of thiazolides was greater in rapidly proliferating cells than in 

quiescent confluent cells, indicating that cell cycle progression is required for 

thiazolides´ cell death induction (Muller et al. 2008). Thus, both thiazolides revealed 

great anti-cancer potential. Interestingly, lacking the thiazole-associate nitro group and 

therefore the antibiotic activity, RM4819 has the advantage of a selective anti-cancer 

effect (Pankuch and Appelbaum 2006). Looking for molecular target via drug-

immobilized affinity chromatography, the phase II detoxification enzyme GSTP1 was 

found as the main RM4819-interacting partner (Muller et al. 2008). GSTP1 is 

overexpressed in many tumors, including CRC, limiting the efficacy of 

chemotherapeutic drugs. Interestingly, GSTP1-overexpressing tumor cell lines 

appeared to be more sensitive to the anti-cancer effect of RM4819, while silencing of 

GSTP1 via siRNA resulted in a significant protection from RM4819-induced cell death. 

Thus, GSTP1 has been proposed as an Achilles´ heel for tumors treated with 

thiazolides (Sidler et al. 2012). Subsequent structure-activity relationship studies 

highlighted the importance of the thiazole-associated bromo- or nitro- substitution for 

the anti-cancer effect of thiazolides, as the change to a hydrogen resulted in loss of 

the ability to induce apoptosis for the thiazolide TS107 (Anette Brockmann et al. 2014). 

Moreover, mechanistic analysis of RM4819-triggered apoptosis revealed the 

involvement of the BH3-only protein Bim and Puma downstream of the MAPK signaling 

pathway e.g. p38 and JNK. Indeed, inhibition of JNK and p38 protected cancer cells 

from thiazolide-induced cell death (A Brockmann et al. 2015). 

Simultaneously, a 3D cell culture-based screening performed by Senkowski et al. 

showed the ability of NTZ to uncouple mitochondrial oxidative phosphorylation, thereby 

affecting the viability of glucose-deprived HCT116-GFP tumor spheroids. The model 

of glucose-deprived spheroids was used to mimic low oxygen and glucose levels in 

dormant tumor regions in vivo. Treatment of tumor spheroids with NTZ resulted in 

activation of AMPK pathway and inhibition of mTOR signaling. However no further 
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investigation was performed to clarify the link between mitochondrial effect and 

decreased viability (Senkowski et al. 2015).  

Moreover, Yi Qu et al. proposed NTZ as novel inhibitor of Wnt/β-catenin signaling 

pathway in CRC. NTZ was reported to reduce the spontaneous tumors formation in 

Apcmin/+ mice. Via chemoproteomic approaches, the peptidyl arginine deiminase 2 

(PAD2) was identified as NTZ target in Wnt inhibition. NTZ appeared able to stabilize 

PAD2, the enzyme responsible for β-catenin citrullination and therefore degradation. 

However how NTZ mediates PAD2 stabilization is still unclear (Qu et al. 2017).  

Interestingly, the anti-cancer activity of NTZ has also been reported in tumor types 

different than CRC. Using quantitative high throughput screening (HTS) for c-Myc 

sensor in human breast adenocarcinoma cells (SKBR3), osteosarcoma and lymphoma 

cell lines, Fan-Minogue and colleagues screened about 5000 existing bioactive 

compounds for potential inhibition of the oncoprotein c-Myc. In the aforementioned 

system, NTZ revealed a strong inhibitory effect on c-Myc activity. Indeed, oral 

administration of NTZ in breast cancer xenograft mouse models significantly reduced 

the tumor growth, which correlated with decreased of c-Myc protein and induction of 

apoptosis (Fan-Minogue et al. 2013). Moreover, in glioblastoma cell lines NTZ 

suppressed cell growth by inducing G1 cell cycle arrest as a consequence of its 

upstream inhibition of late stage autophagy (X. Wang et al. 2018). 

Indeed, all these studies place NTZ and RM4819 as good candidates for cancer 

treatment repositioning. However further investigations are required to highlight a 

comprehensive mechanism of thiazolides´ anti-cancer mode of action. As several 

stress signaling pathways seems to account for thiazolides anti-tumor effect, the next 

section will focus on key cellular responses to stress stimuli. 

1.4 Cellular responses to stress stimuli  

In response to stress, cells activate complex signaling pathways that induce a plethora 

of cellular outcomes. In fact, upon conditions of stress, cells primarily initiate cell cycle 

arrest to allow the repair of the damage. However, if the damage is too severe, cells 

can permanently arrest the cell cycle (senescence) or trigger regulated cell death 

(RCD), mainly apoptosis, thereby preventing the transmission of genetic defects. 

These responses are pivotal for tumor suppression as all of these outcomes result in 

restriction of the growth and/or elimination of damaged and pre-malignant cells 

(Chircop and Speidel 2014). 
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1.4.1 Cell cycle arrest 

Cellular proliferation is driven by the mitotic cell cycle progression, a highly regulated 

process consisting of DNA synthesis (S phase) and mitosis (M phase) separated by 

gap phases, G1 and G2, in which cells obtain mass, integrate growth signals, organize 

the replicated genome, and prepare for chromosome segregation. The central 

machines that drive cell cycle progression are the Cyclin-dependent kinases (CDKs) 

(Pack, Daigh, and Meyer 2019). These are serine/threonine protein kinases that 

phosphorylate key substrates to promote DNA synthesis and mitotic progression. 

CDKs levels are stable throughout the cell cycle but they are activated upon 

association with Cyclins (Cycs), a family of proteins whose expression oscillate during 

the cell cycle (Roskoski 2019). Human cells contain multiple loci encoding CDKs and 

Cycs (13 and 25 loci, respectively). However, only four CDKs (CDK2, CDK4, CDK6 

and CDK1) and ten Cycs that belong to four different classes (the A-, B-, D- and E-

type Cyclins) are required for cell cycle regulation (Malumbres and Barbacid 2005). 

According to the 'classical' model for the mammalian cell cycle, specific Cyc/CDK 

complexes are responsible to drive cellular progression in each cell cycle phase 

(Malumbres and Barbacid 2009). An overview of the Cyc/CDK complexes and of Cycs´ 

expression throughout the cell cycle is reported in figure 8 (Roskoski 2019).  

 

Figure 8 Overview of the cell cycle division 

a Scheme of Cyc/CDK complexes troughout the cell cycle. b oscillation of Cyc D, E, B and A protein 
level in response to mitogen stimulation during cell cycle. Source: Roskoski, 2019 

To ensure order, integrity and fidelity of the cell cycle machinery, cells adopt 

surveillance mechanisms defined as cell cycle checkpoints. These include 1) the 

control of the appropriate cell size monitoring protein translation, mainly observed in 

G1 and G2 phase; 2) the DNA damage response (DDR) activated throughout 

interphase (G1, S and G2 phases) and mediated by the tumor suppressor protein p53 

or the checkpoint kinase Chk1; 3) the control of DNA replication mainly by the 
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checkpoint kinase Chk2 (intra-S-phase checkpoint); 4) the control of S-M dependency 

performed by Chk1 in case of DNA damage; 5) the Mitotic Spindle checkpoint in M 

phase assuring correct segregation of sister chromatids (Barnum and O’Connell 2014). 

Depending on the severity of the cell cycle defect, checkpoint activation can arrest the 

cell cycle machinery via induction of the proteins inhibitor of CDK (CDKIs). These are 

a family of protein that inactivates Cyc/CDK complexes and consist of two main groups: 

CIP/KIP and INK4. The INK4 gene family encodes p16INK4a, p15INK4b, p18INK4c, and 

p19INK4d, all of which bind to CDK4 and CDK6 and inhibit their kinase activities by 

interfering with CDK4,6 association with D-type Cyclins (Sherr and Roberts 1999). 

Amon those, p16 has gained widespread importance as crucial regulator of 

senescence. Senescence is a form of permanent cell cycle arrest that is triggered by 

extensive DDR or prolonged stress signaling and executed by constitutive activation 

of p16 (Childs et al. 2015; Muñoz-Espín and Serrano 2014). In fact, although 

senescence can be initiated as a transient p21-driven cell cycle arrest (mainly 

downstream of p53 activation), p16 is necessary for the endurance of the cell cycle 

arrest characteristic of senescence (S. He and Sharpless 2017). The CIP/KIP family of 

CDKI includes three members: p21CIP/WAF, p27KIP1and p57KIP2.  P21CIP/WAF was 

discovered in the early ´90s as direct target of the tumor suppressor protein p53 and 

universal CDKI (Xiong et al. 1993; el-Deiry et al. 1993). Nowadays it is a well-known 

CDKI able to block G1/S and G2/M transitions and additionally mediates arrest in S 

phase. Various insults including DNA damage and oxidative stress have been reported 

to upregulate p53 activity and subsequently to increase p21 expression. Although, p53-

independent mechanisms of p21 regulations have been reported, p53-dependent 

pathways remain the main driver for p21-mediated cell cycle arrest (Karimian, Ahmadi, 

and Yousefi 2016). In contrast to p21, p27 expression is mainly regulated by post-

translational modifications that alter cellular localization and protein stability. At the 

beginning of G1, in non stressed conditions, activated CycE/CDK2 phosphorylate p27 

at Thr187 and this phosphorylation is recognized by the F box protein SKP2, a subunit 

of the SCF E3 ubiquitin ligase (SCFSKP2), triggering p27 ubiquitin-dependent 

degradation in the nucleus. The transcription factor c-Myc is the main repressor of p27 

acting directly and indirectly on both transcriptional and post-translational level. In fact, 

c-Myc represses the transcription of p27 gene (CDKN1B) directly or indirectly via 

FOXO3a and mediates p27 mRNA silencing via miR221 and miR222. Moreover, c-

Myc induces CycE gene (CCNE1) transcription directly or via E2F. Last but not least, 

c-Myc increases SKP2 transcription contributing to p27 degradation (Hnit et al. 2015). 

An overview of this pathway is reported in figure 9. On the contrary, in conditions of 

low mitogens or nutrients starvation, the stabilization of p27 in the nucleus allows the 

inhibition of CycE,A/CDK2 and CycD/CDK4,6 complexes thus mediating cell cycle 

arrest in G1 phase (Besson et al., 2006, Coats et al., 1996).  
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Figure 9 Role of c-Myc in the regulation of p27 

Scheme of c-Myc direct or indirect regulation of transcription and degradation. Source: adapted from 
Hnit, 2015 

As G1 cell cycle arrest represents a crucial cellular stress response for this thesis, the 

next section will focus on the main regulators of the G1/S transition. 

 

Regulation of the G1/S transition: the Rb pathway 

CycD,E/CDK4,6 are the main complexes active in G1 phase that drive the progression 

into S phase phosphorylating the retinoblastoma protein Rb. Rb is a tumor suppressor 

that crucially regulates the G1/S transition as it binds and inhibits the E2F transcription 

factors. E2Fs are a family of DNA-binding proteins that activate the transcription of 

genes that stimulate DNA synthesis and cell cycle progression into S phase (Thurlings 

and de Bruin 2016). The ability of Rb to bind E2Fs is dependent on the phosphorylation 

state of Rb. In fact, in quiescent or resting cells, CDKs activities are low or off and Rb 

is in a non-phosphorylated state, in which it binds and inhibits the E2F proteins 

(Knudsen et al. 2019). Upon mitogens stimulation, the activation of transcription factor 

like the oncoprotein c-Myc upregulates CycD level (Eilers and Eisenman 2008). CycD 

binds to CDK4,6 which initiate hypo-phosphorylation of Rb. This phosphorylation 

liberate E2Fs, transactivating crucial genes for G1/S transition including CycE. Thus, 

CycE activates CycE/CDK2 complex that is responsible for Rb hyperphosphorylation 
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and thus, complete E2F release. This point represents the so called Restriction point 

or G1 checkpoint, after which cells no longer require growth factors to complete the 

cell cycle (Figure 10) (Knudsen and Knudsen 2008; Blagosklonny and Pardee 2013).  

 

Figure 10 Overview of the G1 checkpoint  

Mitogenic signals stimulate the expression of D-type Cycs and a concomitant increase in CDK4 and 
CDK6 activity. These factors initiate RB phosphorylation, which is augmented by the activity of CDK2 
complexes with Cyc A and E. The phosphorylation of Rb disrupts its association with E2F. This 
inactivation of Rb allows for the expression of a transcriptional programme that enables progression 
through S-phase and mitosis. At the transition from mitosis to G1, Rb is dephosphorylated through the 
action of phosphatases. Importantly, a large number of anti-mitogenic signals function to prevent Rb 
phosphorylation either by limiting the activity of CDK4, CDK6 and CDK2 complexes or by inducing the 
activity of CDK inhibitors. Source: Knudsen, 2008 

As described previously, CDKIs mainly p21, p27 and p16 are crucial negative 

regulators of the G1/S transition allowing cells to temporally exit cell cycle by 

transitioning to a resisting state, termed quiescence or G0, until conditions are more 

favourable (damage repaired or restoration of nutrients availability). However, if the 

damage is too severe, cells could decide to enter a permanent state of cell cycle arrest 

(senescence) or to undergo a regulated form of cell death, mainly apoptosis. 

1.4.2 Regulated cell death: apoptosis  

Cell death is a fundamental process that maintains tissue homeostasis and removes 

unwanted, damaged or potentially harmful cells. Based on the morphology of dying 

cells, two distinct modes of cell death have been traditionally described: apoptosis and 

necrosis. However, other types of regulated cell death (RCD) have been recently 
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discovered, including necroptosis, ferroptosis and autophagy-dependent cell death 

(ADCD). In fact, up to now, twelve are the forms of regulated cell death that have been 

reported and revised by the Nomenclature Committee on cell Death (NCCD) (Figure 

11) (Galluzzi et al. 2018). Nonetheless, apoptotic cell death remains so far the most 

investigated and well-characterized form of regulated cell death. 

 

Figure 11 Different forms of regulated cell death 

Overview of the forms of regulated cell death depicted by the Nomenclature Committee on cell Death 
2018. ADCD: autophagy-dependent cell death, ICD: immunogenic cell death, LDCD: lysosome-
dependent cell death, MPT: mitochondrial permeability transition. Source: Galluzzi, 2018 

Apoptosis is a highly regulated form of cell death occurring in all multicellular 

organisms, in both physiological and pathological settings. Apoptosis is fundamental 

during the embryonic development of the nervous and immune system, whereas in 

adulthood it plays a crucial role, for instance, in the process of T-cell selection, 

preventing auto immune diseases (Renehan, Booth, and Potten 2001). Moreover, a 

long list of diseases has been associated with altered cell survival, including many 

malignancies (Fernald and Kurokawa 2013; Renehan, Booth, and Potten 2001). 

Apoptotic cells exhibit a characteristic morphology presenting cytoplasmic shrinkage, 

chromatin condensation (pyknosis), nuclear fragmentation (karyorrhexis), plasma 

membrane blebbing that culminates with the formation of small vesicles (Elmore 2007). 
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These vesiscles, known as apoptotic bodies, possess phagocytosis signals (e.g. 

phosphatidylserine) on their surface allowing them to be taken up in vivo by 

macrophages or other cells with phagocytic activity (a process commonly known as 

efferocytosis) (Gheibi Hayat et al. 2019). Molecularly, the apoptotic process relies on 

the activation of a specific class of aspartate-specific cysteine-dependent proteases 

called caspases. Caspases are expressed as zymogens and consist of a pro-domain 

of a variable length and a large (17-20 kDa) and a small (10-12 kDa) catalytic subunit 

(Degterev, Boyce, and Yuan 2003). The apoptotic caspases are subdivided into 

initiators (e.g. caspases-8, -9 and -10) or executioners (e.g. caspases-3 and -7) of 

apoptosis. Initiator pro-caspases exist as monomers and only dimerize when bound to 

multi-protein platforms (e.g. apoptosome), resulting in their activation and autocatalytic 

processing. Effector pro-caspases constitutively exist as dimers and need to be 

cleaved by initiator caspases to become active (Pop and Salvesen 2009). Once 

activated, effector caspases rapidly cleave hundreds of different proteins, thereby 

destroying the cellular structure orchestrating the execution of cell death (Crawford and 

Wells 2011; Julien and Wells 2017). For instance, caspase 3 by cleaving the inhibitor 

of the endonuclease caspase-activated DNase (CAD/DFF40) ICAD, indirectly 

promotes the fragmentation of nuclear DNA (Woo et al. 2004). Moreover caspase 3 

mediates poly-(ADP ribose) polymerase-1 (PARP-1) cleavage impairing the cellular 

DNA repair machinery (Nagata 2000). Furthermore, caspases are responsible for the 

membrane blebbing cleaving the Rho-associated kinase ROCK1 (Coleman et al. 

2001). 

The caspase-dependent apoptotic process can be initiated via two main routes 

recently revised by the NCCD as intrinsic apoptosis and extrinsic apoptosis (Galluzzi 

et al. 2018). 

 

Intrinsic apoptosis 

Intrinsic apoptosis is a form of RCD initiated by a variety of microenvironmental 

perturbations, including growth factor withdrawal, DNA damage, endoplasmic 

reticulum (ER) stress, reactive oxygen species (ROS) overload, replication stress or 

mitotic defects (Galluzzi et al. 2018). The central event of the intrinsic apoptosis is 

represented by the mitochondrial outer membrane permeabilization (MOMP). MOMP 

directly promotes the release into the cytosol of two main groups of apoptogenic factors 

that normally reside in the mitochondrial intermembrane space (Tait and Green 2010). 

These mitochondrial proteins include cytochrome c , which is normally part of the 

mitochondrial electron transport chain (ETC) (P. Li et al. 1997; Galluzzi et al. 2012) 

and diablo IAP-binding mitochondrial protein (DIABLO; also known as SMAC) (Du et 

al. 2000). On one hand, the cytosolic pool of cytochrome c promote the oligomerization 
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of the apoptotic peptidase activating factor 1 (APAF1) and pro-caspase 9 in a ATP-

dependent manner, to form the supramolecular complex known as apoptosome. This 

complex is responsible for the activation of caspase 9 that in turn activates effector 

caspases (P. Li et al. 1997). On the other hand, cytosolic SMAC favours apoptosis by 

associating with and/or inhibiting the members of the inhibitor of apoptosis (IAP) protein 

family (Salvesen and Duckett 2002; Du et al. 2000). MOMP is crucially regulated by 

the B cell lymphoma-2 (Bcl-2) family of proteins. Bcl-2 proteins share at least one of 

four conserved protein domains known as the Bcl-2 homology domains: BH1, BH2, 

BH3 and BH4 (Moldoveanu et al. 2014). According to their role in the apoptotic 

process, Bcl-2 proteins are subdivided in pro-apoptotic and pro-survival. Pro-apoptotic 

Bcl-2 proteins are further categorized in effectors (Bax, Bak, Box) and initiators (Bim, 

Puma, Bad, Noxa, Bik, Hrk, Bmf and Bid). The effectors Bcl-2 protein Bax, Bak, Box 

are the only Bcl-2 family members characterized so far in mammalian cells able to form 

pores across the outer mitochondrial membrane (OMM) (Czabotar et al. 2014). In 

physiological conditions, Bax continuously cycles between the OMM and the cytosol, 

whereas Bak constitutively resides at the OMM, although some degree of Bak 

retrotranslocation from the OMM to the cytosol has also been documented (Galluzzi et 

al. 2018). Upon induction of apoptosis, Bax retrotranslocation stops and the 

mitochondrial pools of effector Bcl-2 proteins undergo direct and/or indirect activation 

by pro-apoptotic initiators also called BH3-only proteins (Letai et al. 2002; Kuwana et 

al. 2005). BH3-only proteins are activated transcriptionally (e.g. Puma, Bim and Noxa) 

or post-translationally (e.g. Bid) as specific organelles or cellular compartments 

experience perturbations of homeostasis, and act as cellular transducers of stress 

signaling (Galluzzi et al. 2018). Among these BH3-only proteins, Bid, Bim, Puma, and 

Noxa are able to physically interact with the mitochondrial pool of Bax and/or Bak to 

promote their conformational changes resulting into MOMP (Dai et al. 2011; 

Gavathiotis et al. 2010; H. Kim et al. 2009). Additionally, BH3-only proteins share the 

ability to inhibit pro-survival Bcl-2 proteins. These pro-survival proteins (Bcl-2, Bcl-xL, 

Bcl-w, Mcl-1, A1 and Bcl-b) are generally inserted into the OMM or the ER membrane 

and mainly exert anti-apoptotic functions by directly binding pro-apoptotic members of 

the Bcl-2 family. These pro-survival Bcl-2 family members inhibit Bax and Bak by 

preventing their oligomerization and subsequent pore-formation either directly, upon 

physical sequestration at the OMM, or indirectly, following the sequestration of BH3-

only proteins (Czabotar et al. 2014). Thus, the activation of effector Bcl-2 proteins 

results form a tightly regulated interplay between pro-survival and BH3-only proteins. 

An overview of the above discussed and currently most accepted interplays is reported 

in figure 12.  
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Figure 12 Proposed models of interaction between the members of the Bcl-2 

family to control apoptosis 

Overview of the direct (a), indirect (b) or unified (c) model of Bcl-2 family interactions to regulate Bax 
oligomerization and MOMP. Source: Czabotar, 2014 

Extrinsic apoptosis 

Extracellular signals can initiate the regulated cell death called extrinsic apoptosis. 

Central for this form of RCD is the expression of transmembrane receptors from the 

Tumor Necrosis Factor (TNF) super family, including TNFR, Fas (CD95) and TRAILRs 

(TRAIL-R1 and TRAIL-R2). These dead receptors (DRs) possess a cysteine-rich 

extracellular domain on the cell surface that allows them to bind to their corresponding 

ligands, respectively TNF, Fas ligand and TRAIL (TNF-related apoptosis-inducing 

ligand (Aggarwal, Gupta, and Kim 2012). As a general rule, death receptor activation 

upon binding to their ligand allows the assembly of a dynamic multiprotein complex at 

the intracellular tail of the receptor, which operates as molecular platforms to regulate 

the activation of caspase 8 (Dickens, Powley, et al. 2012). For instance, In the case of 

FAS and TRAIL-Rs, FAS ligand and TRAIL stabilize preformed receptor homotrimers 

to induce a conformational change at their intracellular tails that enables the 

recruitment of the adapter molecule FADD (Fas-associated protein with death domain) 

(Chan et al. 2000). In turn, FADD drives the assembly of the so called “death-inducing 

signaling complex” (DISC) by promoting the death effector domain (DED)-dependent 

recruitment of caspase 8 and multiple isoforms of the regulator c-FLIP (Hellwig, 

Passante, and Rehm 2011). DISC formation is crucial to regulate caspase 8 activity 

upon death receptor stimulation. In particular, caspase 8 maturation involves a 

cascade of events initiated by the binding of caspase 8 molecules to DISC that 

facilitates its own homodimerization and consequent activation of caspase 8 by 
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autoproteolytic cleavage (Dickens, Boyd, et al. 2012). A key role in this setting is 

mediated by c-FLIP, which is a catalytically inactive close relative of caspase 8 that 

modulate its oligomerization (Yeh et al. 2000). Downstream of the activation of caspase 

8, the execution of extrinsic apoptosis driven by death receptors follows two distinct 

pathways. In thymocytes and mature lymphocytes, the caspase 8-dependent 

activation of caspase 3 and 7 is sufficient to drive apoptosis. These cells are called 

“type I cells” (Barnhart, Alappat, and Peter 2003). Conversely, in “type II cells” (e.g., 

hepatocytes, pancreatic β cells, and the majority of cancer cells), extrinsic apoptosis 

requires the proteolytic cleavage of the BH3-only protein Bid by active caspase 8 (H. 

Li et al. 1998; Gross et al. 1999). This leads to the generation of a truncated form of 

Bid (tBid), which translocates to the OMM where it functions as a BH3-only activator, 

driving MOMP and consequent caspase 9-mediated apoptosis (K. Huang et al. 2016). 

Thus, tBid represents the BH3-only protein involved in the crosstalk between extrinsic 

and intrinsic apoptosis. 
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2 AIMS OF THE STUDY 

Thiazolides are a class of compounds derived from the antibiotic NTZ, which is 

approved by the FDA for the treatment of intestinal pathogens with no severe side 

effects on host cells and tissues (Broekhuysen et al. 2000). Interestingly, the parent 

compound NTZ and several of its derivatives, including the bromo-thiazolide RM4819, 

were found to promote apoptosis in human CRC cell lines (Di Santo and Ehrisman 

2014). Looking at a molecular target, the protein GSTP1 was identified as a major 

RM4819 interacting partner (Muller et al. 2008). Silencing of GSTP1 using siRNA 

strongly reduced the cytotoxicity associated with RM4819 treatment, whereas 

overexpression of GSTP1 increased sensitivity to RM4819-induced cell death, proving 

the pivotal role of GSTP1 in mediating the anti-cancer effect of thiazolides (A. 

Brockmann et al. 2014; Sidler et al. 2012). Nevertheless, how thiazolides interact with 

GSTP1 is still unclear. In this study, we aimed at clarifying whether GSTP1 bioactivates 

RM4819 via conjugation with GSH, forming an active metabolite responsible for the 

induction of apoptosis. Furthermore, GSTP1 belongs to the family of mammalian GSTs 

that consists, up to now, of seven different classes (Alpha, Mu, Pi, Theta, Sigma, Zeta, 

and Omega). GSTP1 is overexpressed in several tumor types and has been linked to 

chemotherapeutic resistance (Ruzza et al., 2009). Interestingly, recent studies 

highlighted that other GSTs, such as GSTA1 and GSTM3, may have a crucial role in 

carcinogenesis (Pan et al. 2014; W. Wang et al. 2017; Checa-Rojas et al. 2018; 

Economopoulos and Sergentanis 2010). However, the relevance of other GST family 

members in thiazolides’ anti-cancer effect has not been investigated so far. Therefore, 

we focused our attention on the isoforms A1 and M3 of GSTs in order to evaluate their 

possible involvement in thiazolide-induced cell death, a finding that could extend the 

pro-apoptotic activity of thiazolides to a wider range of cancer types. Moreover, it has 

been previously shown that the apoptotic pathway triggered by thiazolides relies on 

the MAPK stress signaling pathway and on the BH3-only proteins Bim and Puma (A 

Brockmann et al. 2015). Nevertheless, the upstream events responsible for thiazolide-

induced cell death are mostly unclear. For instance, inhibition of cell cycle progression 

leads to reduced cytotoxicity upon treatment with RM4819, suggesting that thiazolides 

act predominantly on proliferating cells (Muller et al. 2008). However, the link between 

induction of apoptosis and need of proliferating cells is not clear. Thus, we aimed to 

unravel the signaling processes triggered by thiazolides prior to execution of apoptosis 

shedding light on the role of cell cycle progression in this anti-cancer effect. 
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3 RESULTS  

3.1 Identification of the active RM4819:GSH conjugate 

At present, the nature of GSTP1-thiazolide interactions has remained unknown. 

GSTP1 possesses the enzymatic function of catalyzing the conjugation of many 

hydrophobic and electrophilic compounds with GSH (Singh 2015). As increased levels 

of GSTP1 and GSH have been shown to favour thiazolide-induced cell death (Sidler 

et al. 2012; A Brockmann et al. 2015), in this study we investigated via metabolomic 

approaches whether the thiazolide RM4819 could require GSTP1-mediated 

glutathionylation to form an active metabolite responsible for the induction of apoptosis. 

The hypothesized reaction between GSH and RM4819 catalyzed by GSTP1 and the 

structure of the possible RM4819:GSH adduct is reported in figure 13.  

 

Figure 13 Hypothesis of GSTP1-mediated glutathionylation of RM4819 

GSTP1-catalyzed conjugation of GSH to the thiazole ring of RM4819 and consequent formation of a 
thiazolide:GSH adduct. 

3.1.1 The in vitro biochemical approach 

In order to investigate whether the thiazolide RM4819 is a substrate for GSTP1-

catalyzed glutathionylation, we sought to detect the formation of the RM4819:GSH 

adduct (Figure 13) using the biochemical approach of an in vitro GSTP1-catalyzed 

glutathionylation. In vitro CDNB glutathionylation is a well-established cell-free assay 

used to measure total GST activity of cell lysates based on the spectrophotometric 

properties of the CDNB:GSH adduct (J. D. Hayes and Strange 2000) (Figure 6). Using 

the condition of this reaction as template, RM4819 and CDNB were challenged in an 

analogous in vitro glutathionylation catalyzed by recombinant GSTP1. Afterwards, 

samples were analyzed by high performance liquid chromatography (HPLC) to detect 

possibly formed reaction products. Compared to the chromatographic run of CDNB 
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alone, the HPLC chromatogram of GSTP1-catalyzed GSH-CDNB reaction showed 

reduced CDNB signal and appearance of a new peak with different retention time, 

proving respectively consumption of CDNB substrate and formation of the CDNB:GSH 

adduct (Figure 14a,b). However, no new peaks could be observed for the GSTP1-

catalyzed RM4819-GSH reaction (Figure 14c) when compared to the chromatogram 

of RM4819 and GSH alone (Figure 14d,e). These results suggested that the formation 

of the thiazolide:GSH adduct is not occurring in these conditions of reaction.  

 

Figure 14 GSTP1-catalyzed in vitro glutathionylation 

HPLC chromatograms of a CDNB, the biochemical reaction between recombinant GSTP1, GSH, and b 
CDNB or c RM4819, d RM4819, e GSH. f Cromatogram of reaction blank (technical control). x axis 
represents retention time and y axis represents milli absorbance unit (mAu). 
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Considering the possibility of a lack of cofactors, which could be required specifically 

for the formation of the RM4819:GSH conjugate, we proceeded to supplement the in 

vitro reaction with freshly-prepared Caco-2 cells protein lysates. Afterwards, protein-

purified samples were analyzed by HPLC. Despite a successful GSH conjugation for 

CDNB upon GSTP1 catalysis (Figure 15a), the chromatogram of RM4819 reaction 

sample did not show any new peaks compared to the chromatographic run of RM4819 

alone (Figure 15b,c). These results suggested that RM4819 is not glutathionylated by 

recombinant GSTP1 in a cell-free in vitro system. 

 

Figure 15 GSTP1-catalyzed in vitro glutathionylation supplemented with cell 

lysates 

HPLC chromatograms of the reaction between recombinant GSTP1, GSH and a CDNB or b RM4819 
supplemented with Caco-2 cells lysate. c Cromatogram of RM4819 (technical control). x axis represents 
retention time and y axis represents milli absorbance unit (mAu). 

3.1.2 Metabolomic analysis of Caco-2 cells treated with RM4819 

Considering the evident difficulty of detecting the RM4819:GSH adduct via the above-

mentioned biochemical approach, we decided to proceed with a metabolomic analysis 

of lysates from cells treated with the thiazolide RM4819. Thus, Caco-2 cells were 

stimulated with RM4819 (30 µM) or DMSO control (Crtl) for 6 h. Then, protein-purified 

cell lysates were analyzed by HPLC. The supernatant of RM4819-treated cells was 
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additionally analyzed considering the facts that GSTP1-mediated glutathionylation 

could have promoted a rapid expulsion of the produced metabolite from cells. 

Chromatographic analysis did not show significant differences between lysates of 

DMSO control (ctrl)- and RM4819-treated samples (Figure 16a,b). However, RM4819 

could not be detected in the lysate of the sample treated with the thiazolide itself 

whereas it appeared in the respective supernatant (Figure 16b,c). This observation 

suggested that the amount of RM4819 internalized by cells and/or the produced 

RM4819:GSH metabolite may be below the HPLC detection limit and therefore, the 

HPLC system revealed to be inappropriate for this metabolomic analysis. 

 

Figure 16 Metabolomic analysis of RM4819-treated Caco-2 cells 

HPLC chromatograms of lysate of Caco-2 cells treated with a DMSO control (ctrl) or b RM4819 (30 µM) 
for 6 h. c Cromatographic run of the supernatant of Caco-2 cells treated as in b. d Cromatogram of 
RM4819 (technical control). x axis represents retention time and y axis represents milli absorbance unit 
(mAu). 

3.1.3 Metabolomic analysis with AM-RM4819: fishing out the 

RM4819:GSH conjugate 

Simultaneously, a second approach was initiated based on the concept of selectively 

purify the possibly formed metabolite using a Cu(I) catalyzed azide-alkyne 

cycloaddition (CuAAC) click reaction. For this purpose, RM4819 was modified by the 
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addition of an alkyne substituent on the benzene group and the newly synthesized 

derivative of RM4819 was named as AM-RM4819 (Figure 17). 

 

Figure 17 Chemical structure of RM4819 and AM-RM4819 

The newly synthesized AM-RM4819 was able to induce cell death as well as JNK 

activation and Bim induction in Caco-2 cells in a similar way as the parental compound 

RM4819 (V. Betzler 2017). According to this retained cell death-inducing activity, AM-

RM4819 was used for the identification of the possibly formed metabolite. In detail, 

Caco-2 cells were treated with DMSO control or AM-RM4819 for 4 h, lysed and 

subjected to PEG3-desthiobiotin-linker functionalization via CuAAC click reaction. 

Then, streptavidin-beads-based affinity purification was performed and biotin-eluted 

samples were analyzed via liquid chromatography-tandem mass spectrometry (LC-

MS/MS). Due to the low signal to noise ratio of the investigated samples, pre-calculated 

m/z values of the hypothesized conjugates of interest (Figure 18) were extracted from 

the entire data set of the chromatographic run. The respective m/z values of 992, 863, 

806 could be detected in AM-RM4819-treated sample, while they did not appear in the 

DMSO control-treated one. Most likely, they represented conjugate A, B and C shown 

in figure 18 (V. Betzler 2017). A detailed MS analysis further confirmed the postulated 

identity of the m/z values of 992 as conjugate A. In fact, its relative fragmentation 

pattern showed the predicted fragments at m/z of 453,28 (linker fragment) and 846,33 

(fragment c) as reported in figure 19 (Exp1(VB)) (for original LC-MS/MS data see V. 

Betzler 2017). To confirm these preliminary results, the experiment reported above 

was repeated in two independent biological experiments (Exp2 and Exp3), with Exp3 

performed in three biological replicates (DMSO ctrl-treated samples: Exp3_UT1; 

Exp3_UT2; Exp3_UT3; AM-RM4819-treated samples: Exp3_T1; Exp3_T2, Exp3_T3). 

LC-MS/MS data were analyzed as follows: the m/z value of the conjugate A (m/z 992) 

was extracted from the entire data set of the chromatographic runs and next, the MS 

spectra of the previously determined HPLC fractions (containing m/z 992) were 

screened for pre-calculated fragmentation patterns of conjugate A. Original LC-MS/MS 

data of Exp3 are found in the Appendix of the present thesis. 
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Figure 18 Hypothesized desthiobioin-PEG3-azide linked-AM-RM4819:GSH 

conjugate (Conjugate A) and possible derivatives (Conjugates B and C) with 

exact mass 

Left: chemical structure of possible RM4819-GSH metabolites (Conjugate A-C) respectively labeled with 
a desthiobiotin-PEG3 linker through a triazole moiety; Right: simplified schematic representation of 
possible RM4819-GSH metabolites (Conjugate A-C) connected via a triazole moiety with a 
desthiobiotin-PEG3 linker. 

A summary of the MS fragments observed for EIC 992 in the AM-RM4819-treated 

samples of the 3 independent experiments and the relative structures of the predicted 

fragmentation pattern are reported in figure 19. Indeed, conjugate A was found in all 

AM-RM4819-treated samples (Appendix 8.4.2). Moreover, tandem mass spectrometry 

revealed a fragmentation pattern that supports the identity of the specie of m/z 992 as 
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conjugate A. Thus, these results confirmed that AM-RM4819 is conjugated with GSH 

inside cells. 

 

Figure 19 Predicted fragmentation pattern of conjugate A and summary of the 

fragments found in 3 independent experiments for EIC 992 

3.1.4 RM4819 reduces intracellular GSH level 

In line with the hypothesis of a GSTP1-mediated glutathionylation of RM4819, it was 

of great interest to investigate whether treatment with thiazolides might result in a 

decrease of intracellular GSH levels. Therefore, Caco-2 cells were treated with DMSO 

control (Ctrl), RM4819 and the inactive thiazolide TS107 for 16 h and afterwards, total 

GSH level was measured via GSH/GSSG-Glo assay kit (Promega). Buthionine 

sulphoximine (BSO) is a well-known inhibitor or the gamma-glutamylcysteine 

synthetase (gamma-GCS) – a crucial enzyme in GSH synthesis - and was used as 

positive control for GSH depletion. Interestingly, RM4819 but not the inactive thiazolide 

TS107 resulted in a 40 % decrease of total GSH already 16 h after treatment when no 

cell death occurs (Figure 20). These results support the hypothesis that RM4819 is 

conjugated to GSH once internalized into cells. 
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Figure 20 RM4819 decreases cellular GSH level in Caco-2 cells 

Total GSH level of Caco-2 cells treated for 16 h with DMSO control (Ctrl), RM4819 20 µM, TS107 20 µM 
or BSO 100 µM. Mean values of triplicates ± SEM of a representative experiment are shown. Relative 
luminescence unit (R.L.U.) 

3.2 Role of GSTs different than GSTP1 in thiazolide-induced 

cell death 

Cytosolic GST includes 7 different classes of enzymes with a well-known detoxification 

activity that plays a key role in cellular protection from environmental and oxidative 

stress, as well as in cancer cell resistance to drugs (B. Wu and Dong 2012). So far, 

there is evidence that GSTP1 is overexpressed in several human tumors (Kaprilian et 

al. 2015; Simic et al. 2009; Beyerle et al. 2015). In a similar fashion, GSTA1 and 

GSTM3 are currently object of study because of their possible role in cancer (Ahn et 

al. 2006, 1; Pan et al. 2014; Economopoulos and Sergentanis 2010; Checa-Rojas et 

al. 2018, 3; Beyerle et al. 2015). Thus, we investigated whether GSTA1 and/or GSTM3 

could mediate the anti-cancer effect of thiazolides in a similar fashion as GSTP1 does. 

3.2.1 Isoform-specific expression of GSTs in different cell lines 

In order to find a system in which GSTA1 and GSTM3 could be studied independently 

of GSTP1, we first determined the level of GSTs expression in different cell lines. The 

screening involved three CRC cell lines (Caco-2, LS174T, HT-29), the immortalized 

human hepatocyte IHH and the human embryonic kidney cells (HEK293T). Focusing 

on the protein level, we first assessed the GST specific activity for each cell line. CRC 

cell lines showed the highest GST specific activity while HEK293T and IHH resulted in 

significantly lower values (Figure 21a,b). Therefore, we investigated isoform-specific 

GST expression of GSTP1, GSTA1 and GSTM3 via RT-qPCR. GSTP1 showed the 

highest mRNA level in CRC cell lines and resulted as the most abundant GST isoform 

in all cell line investigated excluding IHH cells (Figure 21c). Interestingly, HEK293T 
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and IHH appeared to be characterized by low level of mRNA for all the GSTs 

investigated explaining the low GST specific activity shown previously (Figure 21a,b). 

Specifically, HEK293T cells showed low levels of GSTP1 and GSTM3 while GSTA1 

could not be detected. IHH resulted in low level of GSTM3 and minimal level of GSTA1 

whereas GSTP1 was undetectable (Figure 21c).  

 

Figure 21 GSTA1, GSTM3, GSTP1 distribution in different cell lines 

a Absorbance values and b calculation of GST specific activity of indicated cell lines via CDNB-based 
GST activity assay. c mRNA expression level of hGSTA1, hGSTM3 and hGSTP1 in indicated cell lines 
determined by qPCR and normalized on GAPDH housekeeping gene. One representative from two 
independent experiments is shown (Merck Bachelor Thesis). 

3.2.2 GSTA1 overexpression sensitizes IHH cells to RM4819 

treatment 

According to the phenotype previously shown (absence of GSTP1 and minimal level 

of GSTM3 and GSTA1), we chose the hepatocellular line IHH to study the effect of 

class-specific GST overexpression on thiazolide-induced cell death. Therefore, we 

ectopically expressed hGSTA1, hGSTM3 and hGSTP1 via transient plasmid 

transfection of IHH cells with flag-hGSTM3, flag-hGSTP1, hGSTA1 or control plasmid. 

The efficacy of the overexpressing system was confirmed by increased GST specific 

activity (Figure 22a), augmented mRNA levels for the GST overexpressed (Figure 22b) 

and immunoblot for flag-tagged protein in the case of transfections with flag-hGSTM3 

and flag-hGSTP1 (Figure 22c).  
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Figure 22 GSTA1 but not GSTM3 overexpression enhances IHH sensitivity to 

RM4819 

IHH cells were transfected with hGSTP1, hGSTA1, hGSTM3 or with empty control vector 
(pcDNA3.1A+). 24 h after plasmid transfection GST overexpression was assessed a at the protein level 
measuring the total GST activity of transfected cells, b at the mRNA level via RT-qPCR and c via 
Western blot. d Transfected cells were seeded in 96-well plates and treated with different concentrations 
of RM4819. Cisplatin was used as a positive control for cell death induction. Cell death was measured 
24 h after treatment by MTT assay. Mean values of triplicates ± SEM of a representative of 2 
independent experiments are shown (Merck Bachelor Thesis). 

Thus, isoform-specific overexpressing IHH cells were stimulated with different 

concentrations of RM4819 or cisplatin and the cell death induction was assessed 24 h 

after treatment via MTT assay. Indeed, increased levels of GSTA1 or GSTP1 in IHH 

cells resulted in a marked increase in sensitivity to thiazolide´s treatment while GSTM3 

overexpression did not (Figure 22d). Thus, GSTA1 seemed to play a role in thiazolide-

induced cell death similarly to GSTP1 whereas GSTM3 did not. 
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3.2.3 GSTA1 inhibition or silencing reduces thiazolide-induced cell 

death  

To further investigate the involvement of GSTA1 in RM4819-induced apoptosis, we 

used the well-established GST pan-inhibitor ethacrynic acid (EA) to inhibit the 

enzymatic function of GSTs and to study the effect of this inhibition on thiazolide-

induced cell death. We observed previously that the IHH cell line showed GSTM3 and 

GSTA1 expression but not detectable levels of GSTP1. Therefore, we tested whether 

the enzymatic inhibition of these GSTs could desensitize IHH to thiazolide-induced cell 

death. We treated cells with EA (50 µM) for 24 h and, afterwards, with different 

concentrations of RM4819 for additional 24 h. A substantially decreased sensitivity to 

RM4819 treatment could be seen for IHH pre-treated with the GST inhibitor (Figure 

23a). In Caco-2 cells, a similar trend of decreased sensitivity upon EA pre-treatment 

was observed, although restricted to concentrations of RM4819 below 20 µM (Figure 

23b).  

 

Figure 23 EA decreases thiazolide-induced cell death 

a IHH and b Caco-2 were pretreated with 50 µM EA for 24 h before stimulation with different 
concentrations of thiazolides for 24 h. Cell death induction was assessed by MTT assay. Mean values 
of triplicates ± SEM of a representative experiment are shown. 

Although strongly enriched of GSTP1, Caco-2 cells additionally possess significant 

levels of GSTA1 (Figure 21c). Thus, we questioned whether not only GSTP1 but also 

GSTA1 could be responsible for Caco-2 cells sensitivity to RM4819 treatment. Hence, 

we transiently silenced GSTA1 or GSTP1 in Caco-2 cells using isoform-specific 

siRNAs, and 24 h later we stimulated the transfected cells with RM4819 or cisplatin. 

The efficacy of the transient GST knockdown was confirmed by Western Blot (Figure 

24a). Indeed, both GSTA1- and GSTP1-silenced Caco-2 cells showed a decreased 



RESULTS 

46 

 

sensitivity upon 24 h of treatment with thiazolide, suggesting that not only GSTP1 but 

also GSTA1 could mediate RM4819-induced cell death (Figure 24b). 

 

Figure 24 GSTA1-silencing desensitizes Caco2 cells to RM4819 treatment  

a Caco-2 cells were transfected with GSTA1 or GSTP1 targeting siRNA (siGSTA1 and siGSTP1) or 
control siRNA (siGLO). Silencing of GSTA1 or GSTP1 was confirmed by Western Blot. b Cells 
transfected with siGSTA1, siGSTP1 or siGLO as in a were treated with increasing concentrations of 
RM4819 for 24 h. Cell death induction was assessed by an MTT assay. Mean values of triplicates ± 
SEM of a representative of 2 independent experiments are shown. 

3.2.4 HepG2 are sensitive to thiazolide-induced apoptosis in a 

GSTA1-dependent manner 

HepG2 is an hepatocellular carcinoma cell line naturally enriched of GSTA1. According 

to the Human Protein Atlas database, HepG2 cells have high levels of GSTA1 mRNA 

and almost undetectable GSTP1 expression. Thus, we investigated whether RM4819 

could be able to induce cell death in this cell line. Hence, HepG2 cells sensitivity to 

thiazolide was assessed by treating cells for 24 h and 48 h with increasing 

concentrations of RM4819 while cisplatin treatment was used as positive control for 

cell death induction. Interestingly, HepG2 cells showed a concentration-dependent 

sensitivity to thiazolide treatment (Figure 25a,b). 

As HepG2 cells are naturally enriched of GSTA1 and poorly express GSTP1, we tested 

whether a transient GSTA1-specific silencing could reverse HepG2 cells sensitivity to 

thiazolide treatment. For this purpose, cells were transfected with specific GSTA1 

targeting siRNA, control transfection siRNA (siGLO) or left untransfected. Knockdown 

validation was assessed by immunoblot for GSTA1 24 h after transfection (Figure 25c). 

Afterwards, siRNA transfected cells were treated with 20 µM RM4819 for additional 

24 h and then, cell death rate was assessed via AnnexinV staining and flow cytometric 

analysis (Figure 25d). Interestingly, silencing of GSTA1 could rescue the cells from 

RM4819-induced apoptosis, suggesting that GSTA1 mediates RM4819 anti-cancer 

effect in HepG2 cells. 
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Figure 25 GSTA1 mediates RM4819-induced apoptosis in HepG2 cells.  

HepG2 cells were treated with increasing concentrations of thiazolide or cisplatin as positive control. a 
24 h and b 48 h after treatment, cell death induction was measured by MTT assay. c Immunoblot for 
GSTA1 from HepG2 cells 24 h after transfection with GSTA1 targeting siRNA (siGSTA1) or control 
siRNA (siGLO) or left untransfected (untr.). d Flow cytometric quantification of AnnexinV positive HepG2 
cells transfected as in c upon treatment with RM4819 (indicated concentrations) or cisplatin (10 µg/ml). 
Mean values of triplicates ± SEM of a representative of 2 independent experiments are shown. 

3.3 Role of cell cycle in thiazolide-induced cell death 

Brockmann et al. previously reported the mechanism of thiazolide-induced apoptosis 

in CRC cell lines, highlighting the relevance of JNK and p38 MAPKs and the BH3-only 

proteins Bim and Puma (A Brockmann et al. 2015). However, the upstream events 

responsible for RM4819-induced cell death are still unclear. For instance, thiazolide’s 

anti-cancer activity seems to rely on cell cycle progression as nocodazole-driven G2M 

block prevented thiazolide-induced apoptosis in Caco-2 cells (Muller et al. 2008). 

Nonetheless, the exact role of the cell cycle in thiazolide-induced cytotoxicity has not 

been further studied. Thus, we aimed to investigate the signaling processes triggered 

by RM4819 prior to execution of apoptosis focusing on the link between cell cycle 

progression and cell death induction. Moreover, we systematically compared the effect 

of RM4819 with that of the parent compound NTZ. A systematic comparison between 



RESULTS 

48 

 

RM4819 and NTZ was so far missing but it was necessary to highlight differences and 

similarities between the two compounds, which could be exploited for a rational clinical 

application. 

3.3.1 RM4819 and NTZ induce G1 cell cycle arrest, prior or not 

induction of apoptosis 

In order to investigate the activity of RM4819 in CRC cells, and to compare it to the 

partially described activities of NTZ, we assessed the pro-apoptotic effects of both 

thiazolides (tested at 20 µM) in the CRC cell lines Caco-2, LS174T and HCT116. Flow 

cytometric quantification of AnnexinV-FITC staining revealed cell line-specific results. 

In LS174T cells, we observed 50% and 20 % of apoptotic cells after 72 h of RM4819 

or NTZ treatment, respectively. In HCT116 cells, resp. 20 % and 40% apoptosis 

induction was observed. In contrast, in Caco-2 cells no significant thiazolide-induced 

cell death was detected at any time point investigated (Figure 26a).  

 

Figure 26 Thiazolide-induced apoptosis is cell type specific. 

a Flow cytometric analysis of cell death measured by AnnexinV positive cells  in LS174T, Caco-2 and 
HCT116 colorectal cell lines upon treatment with DMSO control (ctrl), RM4819 20 µM, NTZ 20 µM, 
Cisplatin 10 µg/ml (LS174T and Caco-2) or 20 µg/ml (HCT116) for 24, 48 or 72 h. Representative results 
from 2 independent experiments are shown as mean ± SEM. b Immunoblots of PARP, cleaved PARP 
(cl. PARP), cleaved caspase 3 (cl. C3) and tubulin from LS174T, Caco-2, HCT116 cells after 24 h of 
treatment as in a. Tubulin was used as loading control. Representative results from 3 independent 
experiments are shown. 

In LS174T cells RM4819–induced apoptosis was also associated with augmented 

levels of cleaved caspase-3 and PARP, and in NTZ-treated HCT116 cells with cleaved 
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PARP (Figure 26b). In contrast, no significant changes of these apoptotic markers 

could be observed in thiazolide-treated Caco-2 cells (Figure 26b). These results 

suggested that LS174T cells strongly responded to RM4819 treatment by induction of 

apoptosis, while they appeared to be resistant to NTZ, and the opposite effect was 

observed for HCT116 cells. Surprisingly, Caco-2 cells did not undergo cell death 

induction upon treatment with either of the thiazolides. Interestingly, RM4819 strongly 

reduced the potential of LS174T and Caco-2 cells to form colonies after 3 days of 

treatment, independently to their sensitivity towards thiazolide-induced apoptosis 

(Figure 27a). In contrast, NTZ was able to inhibit the clonogenic potential of Caco-2 

cells but not of LS174T cells (Figure 27a). 

 

Figure 27 Thiazolides impair the proliferation of CRC cells 

a Colony formation assay of LS174T and Caco-2 cells treated for 3 days with DMSO control (ctrl), 
RM4819 20 µM, NTZ 20 µM, Cisplatin 10 µg/ml. Colonies were visualized by crystal violet staining. 
Representative results from 3 independent experiments are shown. b Crystal violet-based proliferation 
assay of LS174T, Caco-2, HCT116 cells treated as in a for 6, 24, 48 or 72 h. Representative results 
from 3 independent experiments are shown as mean ± SEM 

Additionally, a crystal violet-based proliferation assay revealed 50 % growth inhibition 

upon 48 h of treatment with RM4819 in all three cell lines investigated. In a similar 

fashion, NTZ strongly inhibited Caco-2 and HCT116 proliferation whereas no 

a

b



RESULTS 

50 

 

significant effect on cell growth could be detected in LS174T cells (Figure 27b). 

Altogether these results indicated a prominent anti-proliferative effect of RM4819 and 

NTZ which could not be solely explained by cell death induction. We therefore 

investigated via EdU-DAPI-based bidimensional flow cytometric analysis whether 

thiazolides could directly impair cellular proliferation by triggering cell cycle arrest. In 

all three cell lines, treatment with RM4819 resulted in a strong accumulation of cells in 

G1 phase, while the percentage of cells in proliferating S phase (EdU positive) was 

reduced almost completely when compared to control-treated cells (Figure 28a,b).  

 

Figure 28 Thiazolides induce G1 cell cycle arrest in CRC cell lines. 

a Contour plot of flow cytometric cell cycle analysis in LS174T, Caco-2 and HCT116 cells after 24 h of 
treatment with DMSO control (ctrl), RM4819 20 µM, NTZ 20 µM, nocodazole (Noc) 150 ng/ml, cisplatin 
10 µg/ml (LS174T and Caco-2) or 20 µg/ml (HCT116) and b relative quantification. Bar graph represents 
the mean ± SD of 3 independent experiments, Two-way ANOVA with Dunnett´s multiple comparison 

test. p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), p ≤ 0.0001 (****). 
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A similar effect could be observed for NTZ-treated Caco-2 and HCT116 cells, whereas 

only minor differences in cell cycle distribution were detected in NTZ-stimulated 

LS174T cells. Interestingly, in Caco-2 cells, in addition to the G1 accumulation, an 

increased population of cells in S phase in the absence of EdU incorporation (Sno prol) 

was noticed. To further investigate this atypical behavior, nocodazole (150 ng/ml for 

12h) was used to synchronize Caco-2 cells in the G2M phase (Figure 29a). 

 

Figure 29 RM4819 impairs G1/S transition in synchronized Caco-2 cells 

a Effect of nocodazole (150 ng/ml; 12 h) on the G2M synchronization of Caco-2 cells. b Representative 
contour plots of cell cycle analysis in G2M synchronized Caco-2 cells treated with RM4819 (20 µM) or 
DMSO control (ctrl) for indicate timed points. 

After removal of nocodazole block, synchronized Caco-2 cells were treated with 

medium control or 20 µM RM4819, and bidimensional cell cycle analysis was 

performed after 9, 12, 24 and 48 h post-treatment. As expected, cells accumulated in 

G1 phase until 24 h, however, after 48 h a partial progression into S phase was 

detectable (Figure 29b), suggesting that some cells were able to escape the G1 arrest 

and slowly progress/arrest into S phase. Again, an almost complete inhibition of EdU 

incorporation was noticed. In line with the strong accumulation in G1 phase, in all cell 

lines a strong decrease in Cyc E1 and B1 expression was noticed after treatment with 

RM4819 (Figure 30).  

 

Figure 30 Treatment with thiazolides reduces Cyc E1 and Cyc B1 protein level 

Representative immunoblots of Cyclin B1 (cyc B1), Cyclin E1 (Cyc E1) and tubulin in Caco-2, LS174T, 
HCT116 cell lines after 24 h of treatment with DMSO control (ctrl), RM4819 20 µM, NTZ 20 µM, 
nocodazole (Noc) 150 ng/ml, cisplatin (Cis) 10 µg/ml (LS174T and Caco-2) or 20 µg/ml (HCT116) 
Tubulin was used as loading control. Representative results from 3 independent experiments are shown. 
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Indeed, Cyc E1 and B1 levels were reduced in NTZ-treated Caco-2 and HCT116 cells, 

whereas no significant changes appeared in NTZ-treated LS174T cells (Figure 30), 

consistent with the apparent inability of NTZ at 20 µM to promote any effects in this 

cell line. Thus, both thiazolides revealed a strong inhibition of proliferation by blocking 

cells in the G1 phase, independently of apoptosis induction. Moreover, the strong 

differences in activity of 20 µM RM4819 compared to equal concentrations of NTZ in 

LS174T cells suggested that the bromo-thiazolide could have a different and/or more 

potent effect than the parent compound NTZ. To test for a potency-offset, LS174T cells 

were treated with 40 µM NTZ. Interestingly, at this concentration NTZ treatment also 

resulted in a strong G1 arrest, time-dependent induction of apoptosis and decreased 

clonogenicity, comparable to the RM4819-induced anti-cancer effects at 20 µM (Figure 

31). Thus, RM4819 and NTZ appear to act in a comparable manner, yet with different 

potencies. 

 

Figure 31 Effect of different NTZ concentrations on colony formation, cell cycle 

and apoptosis in LS174T cells.  

a Colony formation assay of LS174T cells treated for 24, 48 and 72 h with indicated concentrations of 
NTZ or DMSO control (ctrl). b Representative contour plots of flow cytometric cell cycle analysis in 
LS174T treated as in a. c Quantification of data shown in b. d Flow cytometric analysis of cell death 
measured by annexinV staining in LS174T treated as in a. Bar graph represents the mean of triplicates 
± SEM of a single experiment. 
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3.3.2 Thiazolide-induced G1 arrest is not mediated by the p53/p21 

axis 

Cellular stress and damage often results in cell cycle arrest, and depending on a 

cellular interpretation of the nature and extent of the insult, may ultimately promote cell 

survival or cell death. Thus, a deeper insight of thiazolides’ mode of action is crucial to 

understand how the anti-proliferative activity can be turned into cytotoxicity. We 

therefore aimed to systematically investigate the mechanism underlying RM4819 and 

NTZ-induced G1 arrest focusing on the key regulators of the G1/S transition. 

CycD/CDK4 and CycE/CDK2 complexes critically control G1/S transition by inhibiting 

the E2F-repressor protein Rb, thereby promoting the transactivation of genes required 

for S phase entry (Hauck and von Harsdorf 2005). Cyc/CDK complexes are tightly 

controlled by their negative regulators CDKIs. Among them, p21Cip1/WAF1 strongly 

inhibits G1/S transition, as observed for example during the DNA damage-induced G1 

arrest downstream of p53 family-mediated pathways (El-Deiry 2016). Thus, 

immunoblots for p53, p73 and p21 were used to assess the activation of p53 family/p21 

pathway in CRC cell lines upon treatment with RM4819 or NTZ. Caco-2 cells have a 

point mutation in p53 (E6 codon 204: Glu to Stop) resulting in no detectable p53 protein 

(Y. Liu and Bodmer 2006), suggesting that p53 is not involved in downstream signaling 

after treatment with thiazolides. Interestingly, Caco-2 cells showed a clear reduction, 

rather than upregulation/stabilization, of p73 protein and no increase in p21 level within 

72 h of thiazolides´ treatment (Figure 32a, left panel). In the LS174T and HCT116 cells, 

which contain wild type p53, neither a p53 stabilization nor p73 and/or p21 upregulation 

could be detected upon treatment with NTZ or RM4819 whereas a clear activation of 

the p53/p21 pathway could be observed upon treatment with cisplatin (Figure 32a, right 

panel; Figure 32b). In addition, assessment of DNA strand breaks by fluorimetric 

analysis of DNA unwinding (FADU) revealed no evidences for RM4819-induced DNA 

damage in LS174T cells (Figure 32c). 
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Figure 32 RM4819 does not induce DNA damage-mediated p53 activation  

Immunoblots of p73, p53, p21 protein from a Caco-2 and LS174T and b HCT116 cells upon treatment 
with DMSO control (ctrl), RM4819 20 µM, NTZ 20 µM, cisplatin 10 µg/ml (LS174T and Caco-2) or 20 
µg/ml (HCT116) for a 24, 48, 72 h and b 24 h. c Fluorimetric analysis of DNA unwinding (FADU) of 
LS174T cells treated for 1, 4 and 16 h with indicated concentrations of RM4819. Staurosporine (STS) 
was used as positive control for DNA damage induction. Bar graph represents the mean ± SD of 3 
independent experiments 

To further exclude a role of p53 in thiazolide-induced G1 arrest, wild type HCT116 cells 

were compared to CRISPR/Cas9-generated p53 knockout cells. The p53 knockout 

was confirmed by immunoblot demonstrating the absence of p53 protein in p53 

knockout cells, while parental HCT116 cells showed a robust induction of p53 upon 

treatment with cisplatin (Figure 33a). Subsequently, parental and p53 knockout 

HCT116 cells were treated with RM4819 or NTZ for 24 h, and cell cycle distribution 

was analyzed. A comparable accumulation of cells in G1 phase and reduction in S 

phase was observed in both cell lines, indicating that p53 is not involved in thiazolide-

induced G1 arrest (Figure 33b,c). Surprisingly, we also observed that HCT116 p53 

knockout cells were more sensitive to thiazolide-induced cell death than parental cells 

(Figure 33d). These results suggested that p53 might play a role in thiazolide-induced 

apoptosis, however, the p53/p21 axis appeared to be not relevant for thiazolide-

induced G1 cell cycle arrest.  
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Figure 33 p53 deletion does not prevent thiazolide-induced G1 arrest in HCT116 

cells.  

a Immunoblot of p53 and tubulin in HCT116 p53 knockout (p53-/-) and HCT116 parental (p53+/+) cell 
lines after 24 h of treatment with cisplatin 20 µg/ml for knockout validation. b Representative contour 
plots of flow cytometric cell cycle analysis in p53-/- and p53+/+ HCT116 cells after 24 h of treatment with 
DMSO control (DMSO), RM4819 20 µM, NTZ 20 µM or cisplatin 20 µg/ml. c Quantification of flow 
cytometric cell cycle analysis and d quantification of cell death measured by annexinV positive cells of 
p53-/- and p53+/+ HCT116 cells after 24 h of treatment with DMSO control (ctrl), RM4819 20 µM, NTZ 20 
µM or cisplatin 20 µg/ml. Bar graph represents the mean ± SD of 3 independent experiments, Two-way 

ANOVA with Dunnett´s multiple comparison. p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), p ≤ 0.0001 (****). 

3.3.3 Thiazolide-induced G1 arrest is mediated by c-Myc/p27 axis 

Next to p21 also p27 Kip1 is a member of the Cip/Kip family of CDKIs that inhibit G1/S 

transition upon nutrient deprivation or lack of mitogenic stimuli (Chu, Hengst, and 

Slingerland 2008). We therefore determined whether the cytostatic effect of thiazolides 

was mediated by p27. RM4819 increased p27 levels time dependently in Caco-2 and 

LS174T cells, while NTZ increased p27 levels in Caco-2 cells, in line with its efficacy 

to induce G1 arrest (Figure 34a). In contrast to p21, which is mainly transcriptionally 

regulated, p27 protein levels are primarily controlled by p27 degradation. SKP2 is part 

of the SCFSKP2 ubiquitin ligase complex that mediates p27 ubiquitination and therefore 

degradation. Furthermore, Cyc/CDK2 complex-mediated p27 phosphorylation is 

essential for SCFSKP2 recognition. Since c-Myc regulates the expression of CycE, 

SKP2 and E2F, it indirectly, but strongly, regulates p27 protein stability (Hydbring, 
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Castell, and Larsson 2017). Therefore, we determined whether thiazolide-triggered 

p27 stabilization could be due to an effect on the c-Myc oncogene. Immunoblots of c-

Myc in thiazolide-treated Caco-2 and LS174T cells revealed a time-dependent 

reduction of c-Myc protein (Figure 34b), which correlates with the observed p27 

stabilization (Figure 34a).  

 

Figure 34 Thiazolides stabilize p27 via reduction of c-Myc protein translation. 

a Immunoblots of p27 and b c-Myc in Caco-2 and LS174T cell lines upon treatment with DMSO control 
(ctrl), RM4819 20 µM or NTZ 20 µM for 24, 48, 72 h. Tubulin was used as loading control. Representative 
results from 2 independent experiments are shown. Densitometric analysis is reported as ratio protein 
of interest/tubulin relative to Ctrl. c Immunoblots of c-Myc protein in Caco-2 and LS174T cells treated 
with DMSO control (ctrl), RM4819 (20 µM) or NTZ (20 µM) together with cycloheximide (CHX, 20 µM) 
for indicated time points. Densitometric analysis is reported as ratio c-Myc/tubulin relative to Ctrl. d 
Immunoblots of c-Myc protein in Caco-2 and LS174T cells treated with DMSO control (ctrl), RM4819 20 
µM or NTZ 20 µM in presence or absence of MG132 5 µM for 8 h. Representative results from 3 
independent experiments are shown in c and d. 

To assess whether this decrease of c-Myc protein was due to altered protein stability, 

the kinetics of c-Myc decay were analyzed. Cycloheximide treatment revealed that 

neither RM4819 nor NTZ accelerated c-Myc turnover (Figure 34c). Furthermore, 

inhibition of c-Myc degradation by the proteasome inhibitor MG132 could only partially 

prevent the loss of cellular c-Myc protein in Caco-2 and LS174T cells treated with 

RM4819 or NTZ for 8 h (Figure 34d). Thus, both thiazolides did not alter c-Myc protein 

stability. Moreover, no significant reduction of c-Myc mRNA level could be detected in 

Caco-2 and LS174T cells upon treatment with RM4819 or NTZ (Figure 35a), while a 

strong decrease in mRNA for the c-Myc target genes Cyc E1 and Cyc D1 could be 

observed (Figure 35b,c). These results suggested that thiazolides do not impair c-Myc 

gene transcription. 
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Figure 35 Thiazolides do not alter c-Myc mRNA level. 

mRNA level of a c-Myc, b Cyc E1 and c Cyc D1 analyzed by qPCR after 6 h of treatment with DMSO 
control (ctrl), RM4819 20 µM or NTZ 20 µM. Bar graph represents the mean ± SEM of a representative 
from 2 independent experiments.  

We therefore investigated whether the observed decrease of c-Myc protein could be 

due to a direct effect of thiazolides on c-Myc protein synthesis. Several studies already 

reported the possibility to target c-Myc translation in colorectal cancer via inhibition of 

the mTORC1 pathway (Castell and Larsson 2015). Thus, we monitored the effect of 

RM4819 and NTZ on mTORC1 activity via regulation of the direct downstream targets 

of mTORC1: the eukaryotic initiator factor 4E (eIF4E) binding protein 1(4EBP1) and 

the ribosomal subunit S6 kinase (S6k or p70S6k). Indeed, immunoblots for activated 

p70S6K (p-p70S6K) and inhibited (phosphorylated) 4EBP1 (p-4EBP1) showed 

decreased phosphorylation in RM4819-treated Caco-2 and LS174T cells, and in NTZ-

treated Caco-2 cells already after 4 h of treatment, revealing a strong mTORC1 

inhibition. Moreover, NTZ at concentrations that did not result in cell cycle arrest, 

clearly did also not affect the mTORC1 pathway (Figure 36). These results suggested 

that thiazolide-induced G1 arrest is mediated by mTOR inhibition, and therefore c-Myc 

depletion-induced p27 stabilization.  
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Figure 36 Thiazolides inhibit mTOR pathway 

Immunoblots of p-p70S6K and p-4EBP1 in Caco-2 and LS174T cells upon treatment with DMSO control 
(ctrl), RM4819 20 µM or NTZ 20 µM for 2, 4, 6 h. Tubulin was used as loading control and representative 
results from 3 independent experiments are shown. 

Inhibition of mTORC1 pathway in condition of starvation or low nutrients is strongly 

associated with induction of autophagy (Rabanal-Ruiz, Otten, and Korolchuk 2017). 

Interestingly, autophagy can be a double-edged sword for tumors: although it 

constrains tumor initiation in normal tissue by regulating DNA damage and oxidative 

stress, some tumors rely on autophagy for promotion and maintenance, allowing 

survival despite environmental stress and providing intermediates for cellular 

metabolism (Levy, Towers, and Thorburn 2017). Autophagy can also be induced in 

response to chemotherapeutics, thus acting as a drug-resistance mechanism (Y.-J. Li 

et al. 2017).  

In this study we reported that Caco-2 cells show sensitivity to the antiproliferative effect 

of thiazolides however without undergoing apoptosis (Figure 26a). Therefore, we 

speculated that this behavior could be explained by the activation of autophagy upon 

mTOR inhibition. To determine whether thiazolides induce autophagy in Caco-2 cells, 

we monitored p62 and LC3BII flux upon RM4819 or NTZ treatment in presence or 

absence of the well-known autophagy inhibitors Bafilomycin A1 or Chloroquine. 

Surprisingly, a strong reduction of p62 and LC3BII flux was associated with thiazolide 

treatment, suggesting that RM4819 and NTZ inhibit autophagy rather than inducing it 

(Figure 37a,b).  
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Figure 37 Thiazolides do not induce autophagy-dependent G1 arrest 

a Immunoblots of p62 and LC3B in Caco-2 cells upon treatment with DMSO control (ctrl), RM4819 
20 µM or NTZ 20 µM in presence or absence of Bafilomycin (Baf) 20nM for 24 h. b Immunoblots of 
PARP, p62 and LC3B in Caco-2 cells upon treatment with DMSO control (ctrl), RM4819 20 µM or NTZ 
20 µM 24 h in presence or absence of Chloroquine (CQ) 20 µM for 48 h. c Quantification of flow 
cytometric cell cycle analysis and d quantification of cell death measured by annexinV positive cells of 
Caco-2 treated as in b. Bar graph represents the mean ± SEM of triplicates from a single experiment. 
In a and b tubulin was used as loading control and representative results from 2 independent 
experiments are shown. 

Interestingly, NTZ was recently reported to induce G1 arrest via inhibition of late stage 

autophagy in glioblastoma cell lines. Wang and colleagues showed that combined 

treatment with chloroquine aggravated NTZ-induced G1 arrest compared to thiazolide 

treatment alone, thereby enhancing NTZ cytotoxicity (X. Wang et al. 2018).Therefore, 

we addressed the question whether this could be the case for colorectal cancer cells 

as well. Interestingly, additional inhibition of autophagy by chloroquine upon RM4819 

or NTZ did not affect thiazolide–induced G1 arrest (Figure 37c). Moreover, 

choloroquine co-treatment did not reverse Caco-2 resistance to thiazolide-induced 

cytotoxicity (Figure 37d). Hence, in colorectal cancer cell lines thiazolide-induced G1 

arrest is not mediated by autophagy. 
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3.3.4 RM4819 and NTZ induce energy stress by targeting oxidative 

phosphorylation  

Inhibition of the mTOR pathway has been previously linked to alterations of 

mitochondrial respiration via activation of the serine/threonine kinase AMP-activated 

protein kinase (AMPK) in low energy conditions (Y. Zhu et al. 2018). Therefore, we 

evaluated whether RM4819-mediated mTOR inhibition was related to reduced 

mitochondrial respiration and associated signaling pathways. 

 

Figure 38 RM4819 and NTZ induce energy depletion directly targeting 

mitochondrial oxidative phosphorylation 

a Immunoblots of p-AMPK in Caco-2 and LS174T cell lines upon 24, 48, 72 h of treatment with DMSO 
control (ctrl), RM4819 20 µM or NTZ 20 µM. Tubulin was used as loading control. Representative results 
from 2 independent experiments are shown. Densitometric analysis is reported as ratio p-AMPK/tubulin 
relative to Ctrl 24 h. b ATP level and c relative lactate secretion of LS174T and Caco-2 cells after 8 h of 
treatment with DMSO control (ctrl), RM4819 20 µM, NTZ 20 µM or rotenone 1µM. Bar graph represents 
the mean ± SD of 2-3 independent experiments. Each data point represents an independent experiment.  

Indeed, increased AMPK phosphorylation (p-AMPK) was observed in both cell lines 

treated with RM4819 and in NTZ-treated Caco-2 cells (Figure 38a). In line with 

increased AMPK activation, decreased intracellular ATP levels were observed after 

treatment with thiazolides (Figure 38b). A strong compensatory increase in lactate 

secretion (proxy for compensatory glycolysis) was observed for both cell lines treated 

with either thiazolide, or the mitochondrial complex I inhibitor rotenone used as a 

positive control (Figure 38c). This suggested that thiazolides may cause impairment of 
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mitochondrial respiration and associated mTOR-dependent inhibition of protein 

translation. 

To further elucidate thiazolide-induced impairment of energy generation, cellular 

oxygen consumption rate (OCR, measure for mitochondrial activity) and extracellular 

acidification rate (ECAR, measure for glycolytic activity) were measured using a 

Seahorse analyzer before and after injection of RM4819, NTZ or DMSO control. 

Directly after injection, RM4819 (20 µM) caused about 60% reduction of OCR in both 

LS174T and Caco-2 cells. In contrast, NTZ (20 µM) led to a minor increase in OCR in 

Caco-2 cells, but almost to a duplication of OCR in LS174T cells (Figure 39a). After 

2 h of treatment with NTZ, OCR gradually decreased to about control level in LS174T 

cells and to about 40% of control in Caco-2 cells, while the inhibitory effect of RM4819 

remained stable (Figure 39b). In line with an impairment of mitochondrial respiration, 

NTZ and RM4819 strongly increased compensatory glycolysis (ECAR) in Caco-2 and 

LS174T cells (Figure 39c,d). 

 

Figure 39 Thiazolides impair mitochondrial oxidative phosphorylation 

a Representative oxygen consumption rates and c representative extracellular acidification rates of 
LS174T and Caco-2 cells before and after injection of DMSO control (ctrl), RM4819 20 µM, NTZ 20 µM. 
b, d relative quantification at 120 min of a,c. Bar graph represents the mean of independent experiments 
± SD. Each data point represents an independent experiment. 

As a reference, the effect of the mitochondrial uncoupler FCCP was also assessed in 

Caco-2 cells. We could show a bell-shaped response directly after injection of 

increasing concentrations of FCCP: while low concentrations (0.1 µM) affected 

respiration only minimally, high concentrations (4 µM) reduced it. However, in an 

optimal concentration range (0.5 µM), FCCP increased respiration (as expected from 

an uncoupler) (Figure 40a). A similar response curve was observed directly after 
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injection of increasing concentrations of NTZ, confirming its uncoupling activity (Figure 

40b). To assess differences in potency between RM4819 and NTZ, both substances 

were tested in a dose-response experiment for their effect on the OCR of Caco-2 cells 

(Figure 40c,d). A 25% reduced respiration was observed already at 5 µM RM4819, but 

approx. 20 µM NTZ were needed to achieve the same effect. We therefore concluded 

that RM4819 was approx. 4-times more potent in inhibiting mitochondrial respiration.  

 

Figure 40 Thiazolides mimic FCCP on mitochondrial respiration. 

Oxygen consumption rates of Caco-2 cells directly after injection of DMSO control (ctrl) or increasing 
concentrations of a FCCP or b NTZ. Oxygen consumption rates of Caco-2 cells ca. two hours after 
injection of DMSO control (ctrl) or increasing concentrations of c NTZ or d RM4819. Representative 
results from 2 independent experiments are shown as mean of triplicates ± SEM. 

3.3.5 Both thiazolides are mitochondrial uncouplers but RM4819 

also inhibits MRC complex III 

Since RM4819 is structurally only minor modified from NTZ, we investigated whether 

this modification caused the loss of NTZ’s uncoupling activity. To directly assess 

mitochondrial function, the cellular membrane of LS174T and Caco-2 cells was 
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permeabilized with digitonin, making their mitochondria accessible without affecting 

them.  

 

Figure 41 RM4819 but not NTZ strongly inhibits mitochondrial respiratory chain 

complex III 

a Coupling efficiency assay and b mitochondrial respiratory chain (MRC) complex inhibition assay in 
LS174T and Caco-2 cells treated with DMSO control (ctrl), RM4819 20 µM or NTZ 20 µM. Bar graph 
represents the mean of independent experiments ± SD. Each data point represents an independent 
experiment. One-way ANOVA with Dunnett´s multiple comparison. p ≤ 0.05 (*), p ≤ 0.01 (**), 

p ≤ 0.001 (***), p ≤ 0.0001 (****). Crystal violet-based proliferation assay of c LS174T and d Caco-2 
cells treated with DMSO control (ctrl), FCCP 1µM, Antimycin A (AA) 1µM, or combination of FCCP and 
AA for 6, 24 and 48 h. Representative results from 2 independent experiments are shown as mean ± 
SEM. e Contour plots of flow cytometric cell cycle analysis in LS174T and Caco-2 cells after 24 h of 
treatment as in c,d. f Relative quantification of e. Representative results from 2 independent 
experiments are shown. Bar graph represents the mean of triplicates ± SEM. 

Upon oligomycin treatment, mitochondrial respiration was decreased, because of 

mitochondrial coupling. After treatment with RM4819 or NTZ, respiration increased 

about 4-fold in LS174T and Caco-2 cells, indicating that both thiazolides were 
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mitochondrial uncouplers (Figure 41a). Since for RM4819, unlike for NTZ, no increase 

in respiration could be observed at any tested concentration (Figure 40d), we tested 

both thiazolides on their effects on the mitochondrial respiratory chain complexes I-IV. 

NTZ (20 µM) didn’t affect the activity of any of them, both in LS174T and Caco-2 cells. 

However, RM4819 (20 µM) clearly reduced complex III activity by ca. 50 % in both 

LS174T and Caco-2 cells, while not affecting the other complexes (Figure 41b). 

Although mitochondria-targeting agents have been proposed recently for their use in 

anti-cancer therapy (B. Yan, Dong, and Neuzil 2016), the underlying molecular 

mechanisms of their anti-tumor activities are still under investigation. To assure that 

the G1 cell cycle arrest was a direct consequence of the impaired mitochondrial 

respiration, we investigate whether the uncoupler FCCP, the complex III inhibitor 

antimycin A (AA), or a combination of both could mimic the effects of NTZ or RM4819. 

Indeed, only the combination of FCCP and AA could mimic the impairment of 

proliferation (Figure 41c,d) and the G1 arrest (Figure 41e,f) shown earlier in this study 

for RM4819 (Figure 28a,b) in both cell types. Interestingly, FCCP alone was not 

sufficient to reduce the proliferation of LS174T cells, as also observed for NTZ. Thus, 

the mechanistic mimicry of RM4819 by simultaneous treatment of cells with FCCP and 

AA resulted in the same phenotypic response, strongly supporting that RM4819-

induced inhibition of mitochondrial respiration and associated shutdown of translation 

is the underlying cause of thiazolide-induced cell cycle arrest in CRC cell lines. 

3.3.6 Thiazolides inhibit the proliferation of intestinal tumoroids, 

but not normal intestinal organoids  

The potential use of thiazolides in the therapy of CRC will largely depend on its 

selectivity for tumor cells, while preventing side effects on normal tissue cells, such as 

the intestinal epithelium. Whereas the use of NTZ in the treatment of intestinal 

infections has already confirmed a good safety profile, it is currently not known how 

selective thiazolides are for CRC tumor cells versus normal intestinal epithelium. We 

thus set out to analyze the effect of RM4819 and NTZ on 3D organoids of murine 

colonic tumors or normal intestine. Tumoroids derived from DSS/AOM-induced colonic 

tumors in C57BL/6 wild type mice were compared to intestinal organoids generated 

from normal colonic mucosa. The microscopic examination of the tumoroids 

morphology showed the typical balloon-like structure of tumor organoids, while normal 

intestinal organoids grew with typical crypt/villus structures (Figure 42a,c). 

Interestingly, while treatment with the thiazolides RM4819 and NTZ resulted in a 

significantly reduced growth of tumoroids, the growth of normal intestinal organoids 

was completely unaffected (Figure 42b,d). Whereas growth rates were reduced, there 

was no obvious increase of thiazolide-induced cell death upon treatment of tumoroids. 
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In marked contrast, cisplatin treatment resulted in the massive induction of cell death 

and associated growth reduction in both, tumoroids and normal intestinal organoids 

(Figure 42b,d). Thus, RM4819 and NTZ, unlike the classical chemotherapeutic drugs 

cisplatin, show a high selectivity for transformed tumor cells, while sparing normal 

tissue cells. 

 

Figure 42 RM4819 and NTZ strongly inhibit the proliferation of colon cancer 

tumoroids without altering intestinal organoids growth.  

Representative microscopy images of a mouse intestinal organoids and c mouse intestinal tumoroids at 
day 3 of treatment with DMSO control (ctrl), RM4819 20 µM, NTZ 20 µM, cisplatin 20 µg/ml. 
Scale  bar =  200 µm. b,d Quantification of MTT-based viability assay of respectively a,c. Bar graph 
represents the mean ± SD of 3 independent experiments. 

3.3.7 N-acetyl cysteine synergizes with RM4819 to induce 

apoptosis in 2D and 3D colorectal tumor systems. 

It was previously reported that thiazolide-induced cell death is significantly enhanced 

upon co-treatment of cells with N-acetylcysteine (NAC), which is a precursor molecule 

in the synthesis pathway of GSH (A. Brockmann et al. 2015). In contrast to LS174T 

cells which strongly respond to RM4819-induced apoptosis, in our study Caco-2 cells 

appeared rather insensitive to the cytotoxic effect of RM4819. Interestingly, 

combinatory treatment with NAC resulted in a significant induction of apoptosis 

represented by increased PARP cleavage whereas the single compounds did not 

(Figure 43).  
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Figure 43 NAC synergizes with RM4819 to induce apoptosis in CRC cells 

Immunoblots of PARP protein from LS174T and Caco-2 treatment with DMSO control (ctrl), RM4819 
20 µM, cisplatin 10 µg/ml in presence or absence of NAC 10 mM for 24 h. Representative results from 
2 independent experiments are shown. 

Additionally, crystal violet-based proliferation assay of Caco-2 and LS174T cells 

confirmed that thiazolides benefit from co-treatment with NAC resulting in an increased 

antiproliferative effect, whereas NAC reduced the anti-cancer effect of cisplatin (Figure 

44). Interestingly, NAC seems to exert an antiproliferative effect similar to thiazolide 

also when used as single treatment, suggesting a potential activity of NAC itself on cell 

cycle profile of cancer cells. Thus, we addressed the question whether NAC could 

impair cell cycle progression of CRC cell lines and if co-treatment with NAC could result 

in an enhanced RM4819-induced G1 cell cycle arrest. 

 

Figure 44 NAC enhances the antiproliferative effect induced by thiazolides 

Crystal violet-based proliferation assay of Caco-2 and LS174Tcells treated with DMSO control (ctrl), 
RM4819 20 µM, NTZ 20 µM or cisplatin 10 µg/ml in presence or absence of NAC 10mM for 6, 24, 48 or 
72 h. Representative results from 3 independent experiments are shown as mean ± SEM. 
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Surprisingly, Edu-DAPI-based cell cycle analysis revealed no effect of NAC on cell 

cycle profiles neither alone nor in combination with RM4819 after 24 h of treatment 

whereas it was able to reverse cisplatin-induced G2M arrest (Figure 45a,b). A similar 

scenario was confirmed upon 48 h of co-treatment with NAC and RM4819, suggesting 

that NAC does not affect thiazolide-induced G1 arrest in LS174T (Figure 45c,d). 

 

Figure 45 NAC does not affect RM4819-induced G1 arrest 

a Contour plots of flow cytometric cell cycle analysis in LS174T cells after 24 h of treatment with DMSO 
control (ctrl), RM4819 20 µM or cisplatin 10 µg/ml and b relative quantification. Bar graph represents 
the mean ± SEM of a single experiment. c Contour plots of flow cytometric cell cycle analysis in LS174T 
cells after 48 h of treatment with DMSO control (ctrl) or RM4819 20 µM and d relative quantification. Bar 
graph represents the mean ± SEM of a single experiment.  

Although the reason for the enhanced cytotoxicity observed upon co-treatment with 

RM4819 and NAC is still unclear, we proceeded to investigate whether this synergistic 

effect could be confirmed on 3D tumoroids derived from tumors isolated from Apcmin 

mice. Tumoroids were treated with RM4819 or cisplatin, alone or in combination with 

NAC and induction of apoptosis was assessed qualitatively by PI/Hoechst staining. 

The microscopic examination of the tumoroids morphology showed that NAC strongly 

affects the size of tumoroids already when used as single treatment. Interestingly NAC 

treatment did not induce apoptosis as shown by the absence of PI positive cells. 

Moreover, RM4819 seemed to only slightly affect tumoroids viability. However, 

combination of RM4819 and NAC resulted in a prominent induction of apoptosis as 

a

b

c

d
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shown by increased number of PI positive cells and decreased MTT reduction (Figure 

46a,b). Altogether, these results confirm the promising potential of the NAC-thiazolide 

combinatory therapy for the treatment of CRC.  

 

Figure 46 RM4819 and NAC synergistic effect on intestinal tumoroids 

a Representative microscopy images of mouse intestinal tumoroids at day 4 of treatment with DMSO 
control (ctrl), RM4819 20 µM or cisplatin 20 µg/ml in presence or absence of NAC 10 mM treatment. 
Scale bar = 400 µm. b Quantification of MTT-based viability assay of a. Bar graph represents the mean 
± SEM of a single experiment. 

 

 

 

 

 

  



DISCUSSION AND OUTLOOK 

69 

 

4 DISCUSSION AND OUTLOOK 

CRC is the third leading cause of cancer-related deaths worldwide (IARC, Cancer 

Surveillance Section, WHO, 2018). Chemotherapy remains fundamental to treat 

advanced CRC stages, however chemotherapeutic resistance and severe side effects 

are a crucial issues to be solved (De Mattia, Cecchin, and Toffoli 2015). GSTP1-

targeting agents (inhibitors and pro-drugs) are a promising approach to drive tumor 

selectivity and overcome pharmacoresistance as the enzyme GSTP1 is overexpressed 

in several tumor types, including CRC, where it drives chemotherapeutics resistance 

(Dong et al. 2018).  

In this study, we focused our attention on the thiazolide RM4819, a novel anti-cancer 

agent able to target GSTP1. Our investigation focused on how RM4819 interacts with 

GSTP1, whether it cooperates with other GSTs and on the mechanism that from 

RM4819:GSTP1 interaction leads to cell death induction. The next sections will discuss 

the most relevant conclusions of these attempts. 

4.1 RM4819: a GSTP1-activated prodrug? 

In this study, we provided evidences that RM4819 undergoes GSTP1-mediated 

glutathionylation in Caco-2 cells. To our knowledge, no previous work reported the 

conjugation of a thiazolide compound to GSH in any cellular system, thus our data 

evidences at first that the thiazolide RM4819 is a substrate for GSTP1. Interestingly, 

GSTP1-mediated glutathionylation of RM4819 could have two different outcomes. On 

one hand, according to the well-established function of GSTP1 to detoxify 

chemotherapeutic drugs (S. Li et al. 2017), RM4819:GSH conjugate could represent 

the detoxified specie of the thiazolide, prone to be exported out of the cells. On the 

other hand, RM4819:GSH adduct could be the active metabolite able to exert the anti-

cancer effect shown by thiazolides. In this case, RM4819 would be bioactivated by 

GSTP1 via glutathionylation, which is a mechanism already reported for other 

substances (D. S. Hamilton et al. 2002; Ramsay and Dilda 2014). The second scenario 

is the more likely to happen as depletion of GSTP1 has been reported to desensitize 

cancer cells to thiazolide, while GSTP1 overexpression increases thiazolide 

effectiveness in inducing cell death (Sidler et al. 2012). Nonetheless further studies are 

required in order to clarify whether the here discovered RM4819:GSH adduct is the 

active pro-apoptotic compound. In this regard, the chemical synthesis of the 

RM4819:GSH adduct should be the next step. Since GSTP1 activity is required for 

thiazolide-induced apoptosis in colorectal tumor cells (Muller et al. 2008) and GSTP1 
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is postulated to induce the coupling of RM4819 to GSH, GSTP1-depleted Caco-2 cells 

should show sensitivity to the chemically-synthesized RM4819:GSH conjugate, while 

being resistant to RM4819 treatment itself. This experiment will demonstrate that 

thiazolides act as GSTP1-activated prodrugs, explaining additionally the selectivity for 

tumors showed by this class of compounds in the study of Müller and colleagues 

(Muller et al. 2008) and in the organoids´section of the present thesis. In our study the 

use of the alkyne modified derivative of RM4819, AM-RM4819, strongly mediated the 

success of the metabolomic approach. Besides showing an apoptosis-inducing activity 

similar to RM4819, AM-RM4819 has the advantage to allow its streptavidin-beads-

based affinity purification. Indeed, this property could be further employed in the study 

of the anti-cancer mechanism of thiazolides. In fact, once synthesized, the AM-

RM4819:GSH specie could be used to investigate the direct cellular target(s) of the 

thiazolide:GSH conjugate in any cellular system, including CRC cell lines. Hence, AM-

RM4819 represents an interesting strategic tool that could shed light on the anti-cancer 

mechanism of thiazolide downstream of GSTP1-thiazolide interaction. 

4.2 Role of GSTA1 and GSTM3 in RM4819-induced cell death  

Although GSTP1 plays a crucial role in thiazolide-induced cell death, our study 

revealed that the enzyme GSTA1 has the ability to mediate the anti-cancer effect of 

the thiazolide RM4819 in Caco-2 and HepG2 cells. On the contrary, ectopic 

overexpression of GSTM3 in IHH cells did not influence RM4819-induced cell death, 

suggesting that the enzyme GSTM3 does not play a role in the anti-cancer effect of 

the thiazolide in those cell lines. The finding that not only GSTP1 but also GSTA1 

overexpression enhances RM4819-induced cell death represent an additional point of 

strength for this class of compounds to fight pharmacoresistance. In fact, it was 

recently highlighted that GSTA1 is the key GST responsible for the cisplatin resistance 

of common types of solid cancers (Zou et al. 2019). Moreover, increased level of 

GSTA1 has been reported in cancer type in which GSTP1 seems to not be deregulated 

(e.g. gastric cancer) (B. Wu and Dong 2012). As such, the ability of RM4819 to be 

activated not only by GSTP1 but also by GSTA1 could extend the activity of thiazolides 

to a broader range of chemotherapeutic resistant tumors.  

Nevertheless, some of our preliminary results needs to be technically improved. The 

efficiency of siRNA-mediated GSTA1 knockdown in HepG2 cells could be improved 

by, for instance, extending the transfection time to a longer period (48 h or 72 h) or 

increasing the concentrations of siRNAs used. For these experiments, stable or 

inducible Crispr/Cas knockout system could also be considered to maximize GSTA1 

protein depletion instead of a transient siRNA silencing. Furthermore, single and 
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double GSTA1 and/or GSTP1 silencing should be performed in parallel to clarify 

exactly the involvement of each GST isoform in thiazolide-induced cell death. 

Moreover, the flow cytometric analysis of RM4819-induced apoptosis in HepG2 cells 

transfected with control siRNA (Figure 25d) reported a minor sensitivity to cell death 

induction after 24 h of RM4819 treatment. This result does not reflect the strong 

concentration-dependent decrease in viability observed via standard MTT-based 

viability assay in RM4819-treated HepG2 cells (Figure 25a). It might highlight that 

RM4819 exerts antiproliferative effect prior induction of apoptosis, aspect already 

reported in this study for several CRC cell lines (see next paragraph for discussion of 

this point). Hence, the experiments of GSTA1 overexpression and silencing in 

respectively IHH and Caco-2/HepG2 cell lines should be repeated in order to detect 

concurrently apoptosis induction and cell cycle profile via Edu-DAPI-AnnexinV flow 

cytometric analysis upon RM4819 treatment. This approach will allow to clarify whether 

GSTA1 mediates induction of apoptosis and/or inhibition of proliferation upon 

treatment with RM4819 and when these effects takes place respectively.  

Moreover, the role of GSTA1 in thiazolide-induced MAPK activation as well as 

upregulation of the BH3-only protein Bim and Puma should be assessed, as 

involvement of these pathways has been previously reported in CRC cell lines that 

overexpress mainly GSTP1 (Sidler et al. 2012; A Brockmann et al. 2015). In this 

regard, HepG2 cells represent the more appropriate system in which these 

experiments should be performed, as naturally enriched of GSTA1.  

Last but not least, it should be pointed out how GSTA1 interacts with thiazolides to 

induce cell death. Similar to GSTP1, GSTA1 plays an important role in the 

biotransformation of xenobiotics via glutathionylation and has inhibitory function on 

JNK activity (B. Wu and Dong 2012; Adnan, Antenos, and Kirby 2012). Hence, the anti-

cancer mechanism induced by thiazolide through GSTA1 could follow a similar 

pathway as the one activated upon GSTP1. This should be proved by employing the 

(AM-)RM4819:GSH conjugate in GSTA1-depleted HepG2 cells. In this scenario, the 

induction of apoptosis by this adduct independently of GSTA1 and the insensitivity to 

the thiazolide alone will prove that RM4819 is also a GSTA1-activated pro-drug.  

4.3 The anti-cancer effect of thiazolides: apoptotis, cell 

cycle and beyond 

Although thiazolides represent promising candidates for anti-tumor therapy, the 

cascade of molecular events activated by GSTP1-RM4819 interaction and induction of 

cell death remain elusive to large extent. For instance, thiazolides seem to act 
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predominantly on proliferating cells as inhibition of cell cycle was shown to reduce 

cytotoxicity upon treatment with RM4819 (Muller et al. 2008). Nonetheless, the link 

between induction of apoptosis and need of proliferating cells has never been 

investigated. Interestingly, we found that RM4819 and its parent compound NTZ 

arrested Caco-2, LS174T and HCT116 CRC cell lines in the G1 phase of the cell cycle. 

Additionally, our study suggests that the cell cycle arrest is a first response activated 

by cancer cells to cope with thiazolide-induced cellular stress, which may or may not 

result in induction of cell death. In fact, beside the cytostatic effect of thiazolides 

affected indistinctly all cell lines investigated, the induction of apoptosis resulted to be 

different for each CRC cell line. 

Interestingly, the ability of NTZ to inhibit cell cycle progression was recently reported 

in glioblastoma cell lines and it has been linked to inhibition of autophagy (X. Wang et 

al. 2018). Combining RNA-sequencing technique and bioinformatic analysis, NTZ-

induced cell cycle arrest in glioma cells has been ascribed to the upregulation of the 

tumor suppressor ING1, due to NTZ-mediated inhibition of late-stage autophagy and 

consequent decrease of ING1 post-translational degradation. In fact, similarly to the 

autophagy inhibitors bafilomycin A1 and chloroquine, NTZ impaired late-staged 

acidification of autophagosomes in lysosomes with increased expression of p62 and 

LC3 II (X. Wang et al. 2018). Moreover, in glioblastoma cells combination of NTZ and 

chloroquine synergistically aggravated G1 phase arrest and resulted in an enhanced 

cytotoxic effect compared to NTZ treatment itself (X. Wang et al. 2018). Thus, we 

wondered whether autophagy could be responsible for thiazolide-induced G1 arrest in 

CRC cell lines as well. Although treatment with thiazolides showed a tendency to inhibit 

autophagy, combined treatment with chloroquine did not enhance thiazolide-induced 

cytostatic effect or thiazolide-induced apoptosis. These results demonstrated that 

autophagy is not involved in the G1 arrest induced by thiazolides in CRC cell lines, 

although highlighting a possible inhibition of the autophagic process that could be 

worth to investigate further. To our knowledge, no previous studies investigated the 

effect of RM4819 or NTZ on autophagy in colorectal tumor systems. Moreover, the 

current literature regarding the effect of thiazolides on the autophagic process is 

controversial. Despite Xang et al. reported NTZ inhibition of late stage autophagy in 

glioblastoma cells, NTZ ability to stimulate autophagy was recently shown in primary 

cortical astrocytes (Fan et al. 2019) and, of notice, represents the mechanism by which 

NTZ exerts cytotoxic effect against Mycobacterium tuberculosis (Lam et al. 2012).  

Additionally, our investigation of thiazolide-induced G1 arrest showed that this 

impairment of cell cycle progression is independent of the DNA damage-activated 

p53/p21 axis. Nonetheless, p53 seems to play a role in thiazolide-induced apoptosis 

as p53-/- HCT116 cells showed increased sensitivity to cell death induction upon 

treatment with thiazolides compared to the parental p53wt HCT116 cells. These 
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findings are of great clinical relevance as TP53 mutation occurs in approximately 40%-

50% of sporadic CRC and patients with mutant p53 are often resistant to conventional 

chemotherapy (Hientz et al. 2016; Oh et al. 2019). These patients could benefit of a 

treatment with thiazolides as these drugs do not require p53-driven pathways but rather 

profit of p53 depletion. Although the mechanisms by which p53 loss enhances 

thiazolide-induced apoptosis is at present unclear and no other studies are available 

on this topic, our findings propose thiazolides as interesting candidates to target 

chemotherapy-resistant p53 mutant CRCs. 

According to our results, the impairment of the G1/S transition triggered by thiazolides 

in CRC cell lines seems to rely on the decreased translation of the c-Myc oncogene 

and consequent stabilization of the c-Myc-target p27. The c-Myc oncoprotein 

potentially regulates the transcription of at least 15% of the entire genome, thus 

orchestrating a broad range of biological functions such as cellular proliferation, 

differentiation and survival (Dang et al. 2006). Indeed, c-Myc is a major driver of cellular 

proliferation not only due to the activation and induction of CDKs and Cycs (mainly 

CycE and cycD) but also through direct and indirect negative regulation of CDKIs 

including p27 (Garcia-Gutierrez, Delgado, and Leon 2019). Deregulation of c-Myc 

occurs in more than half of all human tumors and often correlates with aggressive 

disease, resistance to therapy and poor prognosis (Eilers and Eisenman 2008). Thus, 

c-Myc is a desired however so far ‘undruggable’ target for treatment of cancer, 

especially for CRC where nearly 100% of tumors shows changes in c-Myc 

transcriptional targets (Carethers and Jung 2015). An interesting strategy to inhibit 

oncogenic c-Myc is to target c-Myc mRNA translation by suppressing protein synthesis 

via inhibition of the mTOR pathway (Castell and Larsson 2015). Interestingly, we 

reported that NTZ and RM4819 inhibit mTORC1-mediated phosphorylation of the 

downstream targets 4-EBP1 and p70S6K, inhibition that well correlated with the 

decrease in c-Myc protein level and consequent increase of p27 protein. For instance, 

LS174T cells treated with NTZ 20 µM showed unperturbed level of 4EBP1 

phosphorylation, c-Myc and p27 protein suggesting a normal cell cycle progression. In 

fact, NTZ at the concentration of 20 µM is unable to induce cell cycle arrest in LS174T 

cells. Moreover, our hypothesis that thiazolides induce G1 arrest through the mTOR/ 

c-Myc axis is supported by the fact that the canonical mTOR inhibitor rapamycin has 

been already reported to induce c-Myc dependent G1 cell cycle arrest (Chatterjee et 

al. 2015). Nevertheless, further experiments could be performed in order to prove the 

cause-consequence relationship between thiazolide-perturbed mTOR/Myc/p27 axis 

and thiazolide-induced cell cycle arrest. For instance, we recommend transient or 

stable p27 silencing to demonstrate that p27 is the CDKI that drives thiazolide-induced 

G1 arrest. According to our hypothesis, p27 knockout or knockdown cells should be 

unable or significantly less able to halt cell cycle progression when treated with 
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thiazolides and thus, maybe more prone to undergo apoptosis lacking the possibility to 

arrest cell cycle in such a stressed condition. Moreover, a more detailed analysis of 

the effect of thiazolides on c-Myc/p27 axis could be performed. Although c-Myc 

represses CDKN1B (p27 coding gene), its effect on p27 protein level is mainly post-

translational and indirect. In fact, c-Myc positively regulates the expression of CycE 

and SKP2 proteins, which participate, respectively, in the inactivation of nuclear p27 

by site-specific phosphorylation at threonine 187 (Thr-187) and subsequent ubiquitin-

mediated proteasomal degradation (Hydbring, Castell, and Larsson 2017). Thus, 

antibodies specific for phospho-p27 (Thr-187) or anti-ubiquitin could be used to show 

respectively reduction of p27 phosphorylation or decreased ubiquitination pattern in 

thiazolide-treated cells. Furthermore, restoration of c-Myc protein level after thiazolide-

induced c-Myc decrease could theoretically represent an attractive strategy to confirm 

the role of c-Myc protein in stabilizing p27 and inducing cell cycle arrest upon treatment 

with thiazolides. However, standard inducible-overexpression systems rely on protein 

translation, being therefore useless in a contest of shut down of the translational 

machinery consequent to mTOR inhibition. A more applicable approach would consist 

of increasing c-Myc expression prior to thiazolide treatment. However, it has to be 

considered that cancer cells show elevated level of c-Myc protein already at basal 

conditions. Thus, a highly efficient transfection system and a tight titration of thiazolides 

represent crucial parameters to be considered in order to highlight significant 

differences in the sensitivity of these c-Myc overexpressing cells to thiazolide-induced 

cytostatic effect. In addition, the inhibition of protein synthesis that we postulated due 

to thiazolide-triggered mTOR inhibition could be directly assessed performing specific 

assays able to monitor de novo protein synthesis as, for instance, the polysome-

profiling assay. This technique is used to measure mRNAs association with ribosomes 

based on sucrose-gradient separation of translated mRNAs, which are associated with 

polysomes whereas untranslated ones are not (Chassé et al. 2017). However, other 

techniques could be employed such as the ribopuromycylation assay. This assay 

allows to assess by microscopy or flow cytometry the incorporation of an alkyne analog 

of puromycin, O-propargyl-puromycin (OP-puro), into nascent proteins (Jing Liu et al. 

2012). Puromycin is an aminonucleoside antibiotic that blocks protein synthesis in both 

prokaryotes and eukaryotes, by causing premature termination of nascent polypeptide 

chains (Nathans 1964). Puromycin mimics an aminoacyl-tRNA molecule and binds to 

the acceptor site of translating ribosomes, which leads to the formation of an amide 

bond between the C terminus of the nascent polypeptide chain and the primary amine 

group of puromycin (Nathans 1964). Similarly, OP-puro forms covalent conjugates with 

nascent polypeptide chains and can be visualized or captured by copper(I)-catalyzed 

azide-alkyne cycloaddition using fluorochrome-associated azide (Jing Liu et al. 2012). 
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These assays will unravel whether thiazolides decrease the cellular translatome as 

suggested by the mTOR inhibition observed in this work. 

Although unrelated to cell cycle arrest, interestingly, the effect of NTZ on c-Myc protein 

level and mTOR inhibition in CRC cell lines was already reported (Senkowski et al. 

2015). The HTS-based screening performed by Senkowski and colleagues briefly 

reported thiazolides-induced mTOR inhibition, however no detailed studies directed to 

investigate the effect of NTZ on c-MYC transcription/ translation/ post-translation/ 

degradation were addressed. In fact, in that work the authors focused on the 

investigation of NTZ ability to uncouple mitochondrial oxidative phosphorylation 

mentioning, as consequence, mTOR inhibition and decreased c-Myc protein level 

(Senkowski et al. 2015). In our study we investigated whether thiazolides-mediated G1 

arrest could be a consequence of a primary mitochondria-directed effect. To our 

knowledge, no data concerning the effect of RM4819 on mitochondrial oxidative 

phosphorylation were available and thus, we investigated simultaneously the effects of 

RM4819 and NTZ on oxidative phosphorylation via the SeaHorse analyzer. 

Interestingly, although the structures of the two thiazolides differ only minimally (Table 

3), RM4819 and NTZ possess a similar but not identical spectrum of activities on 

mitochondria. Both substances uncouple mitochondrial respiration, thus reconfirming 

what has been previously reported for NTZ (Senkowski et al. 2015). However, RM4819 

has an additional and unique inhibitory activity of mitochondrial complex III, which 

further increases its mitochondria-targeting anti-cancer effect compared to NTZ. To our 

knowledge, there are no uncouplers or complex III inhibitors with proven cytostatic 

activity in cancer cells. Thus, we evaluated the effect of the well-known mitouncoupler 

FCCP and the complex III inhibitor Antimycin A (AA) on cell cycle progression of CRC 

cells. Interestingly, a similar G1 cell cycle arrest was revealed by NTZ to FCCP and 

RM4819 to combination of FCCP and AA, supporting the hypothesis that the cytostatic 

effects of thiazolides result from the upstream perturbation of mitochondrial respiration. 

Interestingly, mitochondria targeting agents – mitocans - are emerging as a promising 

therapeutic strategy to fight cancer targeting mainly cancer stem cells (CSCs). CSCs 

are tumor-initiating cells capable of self-renewing and multi-lineage differentiation, 

often responsible for treatment failure and cancer relapse (Y. Zhu et al. 2018). Recent 

studies have highlighted that CSCs, unlike mature cancer cells, strongly rely on energy 

production by mitochondrial oxidative phosphorylation, thus highlighting the 

outgrowing relevance of mitochondria-targeting drugs (B. Yan, Dong, and Neuzil 

2016). However, development of new mitocans is challenged by the fact that also 

normal cells rely on mitochondria for ATP production, although to a different degree, 

therefore offering a critical window of opportunity. In this regard, repositioning of an old 

drug with a good safety profile could circumvent this issue (S. E. Weinberg and 

Chandel 2015). This is the case of the antidiabetic drug metformin, which is currently 
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being repurposed for anti-CSC therapy due to its inhibitory activity on mitochondrial 

complex I (Fontaine 2018). Interestingly, metformin shows the ability to inhibit cell cycle 

progression in G1 phase downstream of c-Myc/mTOR axis (Mogavero et al. 2017; 

Shen et al. 2018). In fact, it was recently reported via polysome profiling and 

ribopuromycylation assay that metformin blocks c-Myc protein synthesis in CRC cell 

lines via mTOR-4EBP1 signaling (Shen et al. 2018). Thus, similarly to metformin, NTZ 

and RM4819 should be proposed for anti-CSC therapy as new tumor-selective 

mitocans. 

Additionally, we here showed that both thiazolides have a very good safety profile as 

thiazolides potently inhibited the proliferation of organoids from intestinal tumors, yet 

did not affect the growth of organoids from primary intestinal crypts. Although 

redundant for NTZ, as its favourable safety profile of no significant drug-related safety 

issues is well documented by years of post-marketing experience, RM4819 required 

this preliminary evaluation as no in vivo toxicological data are so far available for this 

thiazolide. Interestingly, RM4819 treatment of organoids and tumoroids confirmed the 

tumor selectivity of the effect already reported in 2D systems where RM4819-induced 

cell death was restricted to tumor cells and very limited in primary untransformed cells 

(Muller et al. 2008). While this selectivity is encouraging for the potential use of 

thiazolides in the clinics, it is not fully explained and needs to be further clarified. One 

potential underlying reason may be related to the observation that thiazolides-induced 

cytotoxicity requires proliferating cells. As the proliferative potential of tumor cells is 

much higher than that of primary tissue cells, where only the stem and progenitor cells 

proliferate, the impact of thiazolides may be less pronounced in primary tissue cells. 

However, this would not explain why the growth of normal intestinal organoids was not 

affected by treatment with thiazolides, even though these 3D cultures contain a high 

number of proliferating cells. Interestingly, in this study we investigated the hypothesis 

that thiazolides act as a GSTP1-prodrug and this could explain why tumoroids and 

normal intestinal organoids respond differentially to thiazolides´ treatment. Thus, it is 

of great interest to merge the discovery of the mitochondrial-targeting effect triggered 

by thiazolides with the solid knowledge of the GSTP1 involvement. Accordingly, 

several open questions remain to be solved. First, it should be clarified whether GSTP1 

plays a role in the inhibition of oxidative phosphorylation, and therefore in the G1 cell 

cycle arrest triggered by thiazolides. In fact, it could also be possible that the 

mitochondria-directed activity of thiazolides is independent of GSTP1, being therefore 

inhibition of proliferation and induction of apoptosis two parallel pathways responsible 

together for the anti-cancer effect of thiazolides. To shed light on this issue, the effect 

of RM4819 and NTZ on mitochondrial oxidative phosphorylation and cell cycle 

distribution should be assessed in conditions of silenced or depleted GSTP1. These 

experiments will clarify whether GSTP1 mediates the anti-cancer effect of thiazolides 
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before or after the mitochondrial step. In case that GSTP1 depletion or silencing 

prevents the perturbation of mitochondrial oxidative phosphorylation triggered by 

thiazolides, it should then be investigated whether the postulated thiazolide:GSH 

adduct may be directly responsible for the inhibition of mitochondrial activity and 

consequent cell cycle arrest induced by thiazolides. To resolve these issues, the 

synthesis of GSH:RM4819 conjugate will then be crucial as the ability of this adduct to 

target mitochondria oxidative phosphorylation should be determined in GSTP1-

depleted cancer cell systems. However, in the scenario of GSTP1 loss, it should be 

considered that depletion of GSTP1 might additionally activate JNK pathways due to 

the release of the inhibitory effect that GSTP1 exerts on the activity of this MAPK (Adler 

et al. 1999). Thus, cell cycle and cell death data should be critically analyzed 

accordingly. Altogether, these experiments will confirm whether GSTP1 bioactivates 

thiazolides to form a mitocans able to induce cell cycle arrest and, in some cellular 

conditions, apoptosis. 

Interestingly, the well-known involvement of the MAPK JNK and p38 in the anti-cancer 

effect of thiazolides should be integrated in the mode of action proposed above. In fact, 

Brockman et al. reported that JNK and p38 are crucial to mediate thiazolide-induced 

cell death as single or combined pharmacological inhibition of these MAPKs strongly 

prevent thiazolide-induced apoptosis to occur (A Brockmann et al. 2015). However, 

how these proteins are activated upon treatment with thiazolides needs to be 

investigated. In fact, it is so far unknown whether JNK and p38 might play a role also 

in thiazolide-induced cell cycle arrest downstream of the mitochondria-directed effect. 

Several options needs to be considered. For instance, GSTP1 is a well-known 

regulator of JNK activation (Adler et al. 1999) and thus, thiazolides acting as GSTP1 

substrates could favour the dissociation of the JNK:GSTP1 complex, thus activating 

JNK. This mechanism of action has already been reported for the novel GSTP1-

inhibitor NBDHEX, which shows the ability to induce cell cycle arrest, apoptosis and 

inhibition of late-stage autophagy in a JNK-dependent manner (Figure 47) (Palumbo 

et al. 2016; A. De Luca et al. 2014; Sha et al. 2018). Thus, it is reasonable to investigate 

in more detail the effect of thiazolide on GSTP1:JNK interaction.  



DISCUSSION AND OUTLOOK 

78 

 

 

Figure 47 Overview of NBDHEX anti-cancer mechanism of action. 

NBDHEX causes the dissociation of both the GSTP1-1:TRAF2 and the GSTP1-1:JNK complexes and 
triggers the activation of the MAPK signaling pathway. It induces apoptosis and cell cycle arrest via the 
phospho-activation of JNK and p38 and their downstream targets including c-Jun, ATF2, and p53. 
Besides, JNK can participate in impairing autophagy. In addition, the possibility that NBDHEX directly 
activates p38 through the imbalance of the intracellular redox state cannot be excluded, in which case, 
cells died by necrosis. Source: Huan-huan Sha 2018 

However, other mechanisms of activation could take place simultaneously. For 

instance, ROS production is a well-established activator of JNK and p38 MAPKs 

(Rezatabar et al. 2019). Additionally, both p38 and JNK has been already associated 

with induction of cell cycle arrest in different cancer systems (Jiang, Wang, and Hu 

2017; X. Liu et al. 2019; Q. Zhu et al. 2019; J. He et al. 2017; Juszczak et al. 2016; L. 

Wang et al. 2019; H. Wang et al. 2019). Thus, activation of these stress signaling 

pathways could be driven by an increase of mitochondrial ROS production consequent 

to the perturbations of mitochondrial oxidative phosphorylation ascribed to 

thiazolides.This could contribute to arrest cells in G1 phase of the cell cycle together 

with the mTOR/c-Myc axis. In order to clarify this issue, detailed measurement of 

intracellular ROS upon treatment with thiazolides and evaluation of thiazolides-

triggered cell cycle arrest in conditions of JNK and p38 inhibition or silencing should 

be performed. However, this explanation will be in contrast with the observation that 

co-treatment with the ROS scavenger and glutathione precursor NAC enhances 

instead of diminishing thiazolide-induced cell death. Thus, a careful investigation of the 
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topic should be performed considering the fact that increased intracellular level of GSH 

enhances GSTP1-mediated glutathionylation reaction, thus decreasing the amount of 

free GSH able to act as ROS scavenger. 

The above-mentioned observation that thiazolide-induced cell death is significantly 

enhanced upon co-treatment of cells with NAC is a distinct and interesting aspect of 

the anti-cancer effect of thiazolides. In line with the hypothesis proposed in the present 

thesis of thiazolides acting as GSTP1-activated prodrugs, the enhanced cytotoxicity 

shown upon RM4819-NAC co-treatment could indicate that by increasing the 

intracellular GSH levels more thiazolides can be conjugated to GSH, thus resulting in 

more cell death in CRC cell lines. If this is the case, according to the proposed model 

of thiazolides as GSTP1-activated mitocans responsible for cytostatic and cytotoxic 

effect, NAC co-treatment should enhance thiazolide-induced cell cycle arrest. 

However, the results presented in this thesis showed that the usage of this antioxidant 

in combination with thiazolides does not interfere with the ability of RM4819 or NTZ to 

arrest cell cycle progression. However, proliferation studies revealed that NAC strongly 

impaired cancer cell proliferation already as single treatment suggesting that NAC 

might target crucial cellular pathways on its own. Of note, the antiproliferative effect of 

NAC was observed monitoring cell number over time (3 days) by crystal violet-based 

proliferation assay in Caco-2 and LS174T cells whereas flow cytometric cell cycle 

analysis was performed only in LS174T cells and did not show any sign of cell cycle 

arrest. This inconsistency has to be solved by, for instance, analysing the effect of co-

treatment with NAC-thiazolide on cell cycle profile after prolonged treatment (3 days) 

in LS174T and in Caco-2 cells. In fact, the Caco-2 cell system was the most responsive 

to the combinatory treatment thiazolide-NAC. Interestingly, Caco-2 cells showed a 

strong sensitivity to the induction of apoptosis upon co-treatment, although being 

resistant to RM4819 or NAC single treatment. Thus, NAC-thiazolide co-treatment 

showed the ability to turn the cytostatic effect of thiazolides into cytotoxicity in Caco-2 

cells. Nonetheless, a more extensive study aimed to unravel the mechanism of this 

synergistic cell death induction is needed, considering also the possibility that it could 

be a consequence of additive antiproliferative effects exerted by each compound 

independently to the other.  

Athough further investigations are required to highlight the mechanism by which NAC 

enhances the anti-cancer effect of thiazolides, NAC-thiazolide co-treatment is very 

promising for clinical application. In fact, NAC is a well-known anti-oxidant and has 

been used for many years in Europe as a mucolytic drug (Kalyuzhin 2018). Because 

of its anti-oxidant potential, several studies pointed out NAC as a promising cancer 

chemopreventive agent (van Zandwijk 1995). Moreover, NAC has been shown to 

reduce cisplatin-associated side effects in animal models and preliminary clinical 

studies in cancer patients are emerging (Visacri et al. 2019). However, oncologists are 
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reluctant to use antioxidant supplements in combination with chemotherapy as it may 

reduce the therapeutic effect of chemotherapeutics. The use of thiazolides in 

combination with NAC-supplemented standard chemotherapy could solve this issue. 

In fact, thiazolides will consume GSH for their bioactivation reducing the amount of free 

GSH that could be used to detoxify standard chemotherapeutics like cisplatin. Due to 

the cancer selectivity shown by thiazolides, this action will take place only at the site of 

the tumors, allowing chemotherapeutics detoxification in healthy quickly proliferating 

cells, and thus preventing the side effects of conventional chemotherapy. Accordingly, 

in our opinion, the synergistic induction of apoptosis upon co-treatment with NAC and 

thiazolides should be the next focus for thiazolides anti-cancer research and careful in 

vivo studies are highly recommended. 

In summary, our study described a novel mechanism of growth control by thiazolides 

in colorectal cancer cells via the inhibition of the mitochondrial respiration and 

associated cell cycle arrest. Furthermore, we showed that the thiazolide RM4819 is 

not only a mitochondrial uncoupler, but also a complex III inhibitor. Moreover, 

thiazolides appear to be selective to transformed tumor cells and able to spare primary 

tissue cells. The enzyme GSTP1, overexpressed in this cancer tissue, could drive this 

tumor specificity as 1) RM4819 requires GSTP1 enzymatic activity to induce cell death 

(Müller et al. 2008) and 2) we showed in this thesis that RM819 is glutathionylated one 

inside cells. Additionally, we confirmed the great potential of a combinatory treatment 

RM4819 and NAC, which should be further explored. Thus, given the good safety 

profile and the lack of antibiotic activity RM4819 might represent an interesting lead 

compound for the development of novel thiazolide-based therapies for the treatment 

of CRC.   
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5 MATERIALS AND METHODS 

5.1 Materials 

5.1.1 Cell lines and culture medium  

Cell Lines Culture Media & Additives 

 
 

Caco-2 wt 

(Human Colon Carcinoma-2, wild type) 

ATCCR HTB-37™ 

 
 

 
IMDM 

(Iscove's Modified Dulbecco's 

Medium; 

Sigma Aldrich) 

+ 10 % FBS (Fetal Bovine Serum) 

+ 4 mM L-Glutamine 

+ 50 μg/ml Gentamycin 

 
HCT116 

(Human Colon Carcinoma) 

University of Stuttgart 

Prof Marcus Morrison Group 

 
IMDM 

(Iscove's Modified Dulbecco's 

Medium; 

Sigma Aldrich) 

+ 10 % FBS (Fetal Bovine Serum) 

+ 4 mM L-Glutamine 

+ 50 μg/ml Gentamycin 

 

HCT116 p53 -/- 

(Human Colon Carcinoma) 

University of Stuttgard 

Prof Marcus Morrison Group 

 
IMDM 

(Iscove's Modified Dulbecco's 

Medium; 

Sigma Aldrich) 

+ 10 % FBS (Fetal Bovine Serum) 

+ 4 mM L-Glutamine 

+ 50 μg/ml Gentamycin 
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LS174T 

(Human Colon Adenocarcinoma) 

ATCC® CL-188™ 

 

IMDM 

(Iscove's Modified Dulbecco's 

Medium; 

Sigma Aldrich) 

+ 10 % FBS (Fetal Bovine Serum) 

+ 4 mM L-Glutamine 

+ 50 μg/ml Gentamycin 

 

 

HT-29  

(Human Colon Adenocarcinoma) 

ATCC® HTB-38™ 

 

IMDM  

(Iscove's Modified Dulbecco's 

Medium; Sigma Aldrich) 

+ 10% FBS (Fetal Bovine Serum) 

+ 4 mM L-Glutamine 

+ 50 µg/ml Gentamycin 

 

 

HEK293T  

(Human Embryonic Kidney 293T) 

ATCC CRL-3216 

 

DMEM  

(Dulbecco's Modified Eagle 

Medium; Sigma Aldrich) 

+ 10% FBS (Fetal Bovine Serum) 

+ 4 mM L-Glutamine 

+ 50 µg/ml Gentamycin 
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IHH 

(Immortalized Human Hepatocyte) 

University of Bern 

 
DMEM-F12  

(Dulbecco's Modified Eagle 

Medium: Nutrient Mixture F-12 

HAM; Sigma Aldrich) 

+ 10% FBS (Fetal Bovine Serum) 

+ 4 mM L-Glutamine 

+ 50 µg/ml Gentamycin 

+ 1% Penicillin Streptomycin 

(pen/strep)  

+ 0.04 µg/ml Dexamethasone  

+ 1x insulin-transferrin-selenium 

(ITS) 

Table 4 Cell lines and culture medium 

5.1.2 Organoids and tumoroids medium 

Product Supplier  (CAT. #) 

Dulbecco’s Modified Eagle’s Medium (DMEM)- 

high glucose 

Sigma Aldrich D0572 

 

Gentamicin solution Sigma Aldrich G1272 

L-Glutamine solution Sigma Aldrich G7513 

Fetal Bovine Serum (FBS) Sigma Aldrich 032M3395 

Bovine serum albumin (BSA) Sigma Aldrich 8076-3 

A83-01 (TGFβ inhibitor) Sigma Aldrich SML0788 

N-acetyl cysteine Sigma Aldrich A9165 

Nicotinamide Sigma Aldrich N0636 

PBS Sigma Aldrich RNBF0297 

B-27 Supplement (50X) serum free Fisher Scientific 17504044 

Chir99021 (GSK-3 inhibitor) Axon Medchem 1386 
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Cultrex Pathclean Reduced Growth factor BME Trevigen  3533-010-

02 

Gentamicin solution Sigma Aldrich G1272 

L-Glutamine solution Sigma Aldrich G7513 

B-27 Supplement (50X) serum free Fisher Scientific 17504044 

Chir99021 (GSK-3 inhibitor) Axon Medchem 1386 

Cultrex Pathclean Reduced Growth factor BME Trevigen  3533-010-

02 

N-2 Supplement (100X) Fisher Scientific 17502048 

Penicillin/Streptomycin (100X) PAA laboratories P11-010 

Recombinant murine EGF Peprotech 315-09 

Recombinant murine Noggin Peprotech    250-38 

TrypLETM Express (1X), no phenol red (gibco) Thermo Fisher 12604-021 

 Y-27632 Dihydrochloride (Rho kinase inhibitor) Selleckchem S1049 

Nicotinamide Sigma Aldrich N0636 

Trypsin-EDTA solution Sigma Aldrich T3924 

 Y-27632 Dihydrochloride (Rho kinase inhibitor) Selleckchem S1049 

Table 5 Organoids and tumoroids medium 

5.1.3 Antibodies 

Description Species 
Company 
(CAT. #) 

 

primary antibodies 
  

anti- cleaved caspase 3 Rabbit 
Cell signaling 
(#9661) 

anti-PARP Rabbit 
Cell signaling 
(#9532) 

anti- Cyc B1 Rabbit 
Cell signaling 
(#12231) 

anti- Cyc E1 Rabbit 
Cell signaling 
(#20808) 

anti- p53 Rabbit 
Cell signaling 
(#2527) 
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anti- p73 Rabbit 
Cell signaling 
(#14620) 

anti- p27 Rabbit 
Cell signaling 
(#3686) 

anti- pAMPk Rabbit 
Cell signaling 
(#2535) 

anti- c-Myc Rabbit 
Cell signaling 
(#13987) 

anti- p-4EBP1 Rabbit 
Cell signaling 
(#2855) 

anti- p-p70S6K Rabbit 
Cell signaling 
(#9234) 

anti-Puma Rabbit 
Cell signaling 
(# 4976) 

anti-Bim Rabbit 
Cell signaling 
(# 2819) 

anti-GSTA1 Rabbit 
Sigma Aldrich 
(#HPA004342 ) 

anti-Flag M2 Mouse 
Sigma Aldrich 
(#f1804) 

anti-GSTP1 Mouse 
Santa Cruz B. 
 (sc-66000) 

Anti-Tubulin Mouse 
Sigma Aldrich  
(# T5168) 

anti- p21 Mouse 
Santa Cruz B. 
(sc-6246) 

 

secondary antibodies 

  

Goat anti Rabbit IgG Goat 
Jackson immuno 
research 
(# 111-095-144) 

Goat anti Mouse IgG  Goat  
dianova  
(#115-035-174) 

Table 6 Antibodies 

5.1.4 siRNAs for Knockdown 

siRNA Company 

siGLO GE Healthcare Dharmacon 
siGSTA1 GE Healthcare Dharmacon 
siGSTP1 GE Healthcare Dharmacon 

Table 7 siRNAs used for knockdown  
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5.1.5 Primers for qPCR 

TARGET SEQUENCE 

hMyc for 

hMyc rev 

5'-  CAA GAG GCG AAC ACA CAA CGT CT-3' 

5'-  AAC TGT TCT CGT CGT TTC CGC AA-3' 

hCycE1 for 

hCycE1 rev 

5'-  TGA GCA ACA CCC TCT TCT GC -3' 

5'-  AGG ATA GAT TTC CTC CAT TAA CCA A-3' 

hCycD1 for 

hCycD1 rev 

5'-  GAT CAA GTG TGA CCC GGA CTG-3' 

5'-   CCT TGG GGT CCA TGT TCT GC -3' 

hb-actin for 

hb-actin rev 

5'-   CAT  GTA CGT TGC TAT CCA GGC -3' 

5'-   CTC CTT AAT GTC ACG CAC GAT-3' 

hGSTA1 for 

hGSTA1 rev 

5'- AGC CGG GCT GAC ATT CAT CT -3' 

5'- TGG CCT CCA TGA CTG CGT TA -3' 

hGSTP1 for 

hGSTP1 rev 

5'- GGA GAC CTC ACC CTG TAC CA -3' 

5'- GTC CTT CCC ATA GAG CCC AAG -3' 

hGAPDH for 

hGAPDH rev 

5'- ATG GAG AAG GCT GGG GCT CA -3' 

5'- TCT CCA TGG TGG TGA AGA CA -3' 

hGSTM3 for 

hGSTM3 rev 

5'- CGT GCG GGG AAG CTC CT -3' 

5'- ATG GCAT TGC TCT GGG TGA T -3' 

Table 8 Primers for qPCR 

5.1.6 Plasmids 

Plasmid Name Vector Insert Properties 

pcDNAgstp1-Flag                   pcDNA3.1A GSTP1 

c-terminal myc-his, FLAG-

Tag  

Antibiotic resistance: 

ampicillin (100 µg/ml) 

Predicted protein MW: 25 

kDa 

Produced in-house PCR 
cloning 
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pCMV-GSTA1 pCMV-sport6 GSTA1 

No tag  

Antibiotic resistance: 

ampicillin (100 µg/ml)  

Predicted protein MW: 

25.5 kDa 

Supplier: ThermoScientific 

pCMV-GSTM3 pCMV-Entry GSTM3 

c-terminal myc-DDK-Tag 

Antibiotic  resistance: 

kanamycin (25µg/ml) 

Predicted protein MW: 

26.4 kDa 

Supplier: OriGene 

pcDNA3.1A+   pcDNA3.1A No insert 

No tag 

Antibiotic  resistance: 

ampicillin (25µg/ml) 

In house 

Table 9 Plasmids 

5.1.7 Kits 

Name Supplier 

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific 

CellTiter-Glo® Luminescent Cell Viability Assay 

Kit  

Promega 

647 EdU Click Proliferation Kit  BD Bioscience 

Fast SYBR ® Green Master Mix Thermo Fisher Scientific 

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems ™ 

GSH/GSSG-Glo Assay Promega 

PureYield™ Plasmid Midiprep System Promega 

LAC-142  Diaglobal 

Table 10 Kits 
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5.1.8 Chemicals  

Name Supplier 

Antimycin A  Sigma-Aldrich 

Azide-PEG3-Desthiobiotin Jena Bioscience 

Bafilomycin A1 Prof. Tschan 

Chloroquine Prof. Tschan 

Cisplatin  Sigma-Aldrich 

Crystal Violet ROTH 

Cyclohexamide INC Biomedicals 

Dimethyl sulfoxide (DMSO)  ROTH 

DTT [1,4-Dithiothreitol]  Roth  

Ethacrinic acid Sigma Aldrich 

FCCP Sigma-Aldrich 

Fetal Bovine Serum (FBS) Sigma Aldrich 

Gentamicin solution Sigma Aldrich 

L-Glutamine solution Sigma Aldrich 

MG132 Selleckchem 

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium-bromid] 

Sigma-Aldrich 

N-acetyl cysteine (NAC) Sigma Aldrich 

Nocodazole Calbiochem 

Rotenone Sigma-Aldrich 

Sepharose streptavidin beads  GE Healthcare 

TriFast™  VWR 

Trypsin-EDTA solution Sigma Aldrich 

Table 11 Chemicals 
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5.2 METHODS 

5.2.1 Cell culture  

The human colon adenocarcinoma cell lines Caco-2 (ATCC HTB-37), LS174T (ATCC 

CL-188) and HT-29 (ATCC HTB-38) were obtained from the American Type culture 

Collection (ATCC) and cultured in Iscove's Modified Dulbecco's Medium (IMDM). The 

human colon carcinoma cell line HCT116 and HCT116 p53KO were kindly provided 

by Prof. Dr. Markus Morrison (Institute of cell Biology and Immunology, University of 

Stuttgart, Germany). HCT116 were routinely grown in RPMI-1640 medium. Human 

Embryonic Kidney 293T HEK293T (ATCC CRL-3216) were obtained from American 

Type culture Collection (ATCC) and cultured in Dulbecco´s Modified Eagle Medium 

(DMEM). Immortalized Human Hepatocyte IHH were kindly provided by the University 

of Bern and maintained in Dulbecco´s Modified Eagle Medium Nutrient F-12 HAM 

(DMEM-F12) supplemented with 0.04ug/ml Dexametasone and Insulin-transferrin-

selenium (ITS). All cell culture media were supplemented with 10% fetal calf serum 

(FCS), 4mM L-glutamine and 50g/ml gentamicin (all from Sigma-Aldrich, Steinheim, 

Germany). Cells were cultured at 37°C and 5 % CO2 in a humidified atmosphere and 

passaged at 80-90 % confluency every 2-3 days.  

5.2.2 Mouse intestinal organoids 

Intestinal crypts from the small intestine of 8 to 16-week old C57BL/6 wild type mice 

were isolated as described previously (Grabinger, Delgado, and Brunner 2016). 

Numbers of crypts required for further culture were centrifuged at 80 x g (3 min, 4°C) 

and the pellet was resuspended in Matrigel (BD Biosciences). 200-300 crypts were 

seeded per well in 8 μL Matrigel into a 96-well flat-bottom transparent cell culture plate 

(Sarstedt). Seeded crypts were incubated for 20 min at 37 °C to let Matrigel solidify. 

Then, 80 μL of complete crypt culture medium per well was added dropwise (Advanced 

DMEM/F12, 0.1% BSA, 2 mM L-glutamine, 10 mM HEPES, 100 U/ml penicillin, 

100 μg/ml streptomycin, 1 mM N-acetyl cysteine (Sigma), 1 × B27 supplement, 1 × N2 

supplement (Gibco), 50 ng/ml mEGF, and 100 ng/ml mNoggin (Peprotech). hR-

spondin-1 was added as conditioned medium of hR-spondin-1-transfected HEK293T 

cells to a final volume of 25% (v/v) crypt culture medium. Organoids were cultured at 

37 °C in a 5% CO2 atmosphere for 3 days before using them for experiments.  
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5.2.3 Mouse intestinal tumoroids 

Tumor organoids were kindly provided by Dr. Asma Ahmed. Tumorigenesis was 

induced in C57BL/6 mice by the AOM/DSS colon carcinogenesis model described 

previously (Neufert, Becker, and Neurath 2007). Tumors were isolated from AOM-DSS 

treated mice as described previously (Xue and Shah 2013) In brief, tumors were 

isolated from AOM/DSS-treated mice at day 56, digested in digestion buffer (2.5% fetal 

bovine serum, Pen/Strep (PAA laboratories), 200 U/ml type IV collagenase (Sigma 

Aldrich), 125 μg/ml type 1 dispase (Corning) in DMEM) for 1 h at 37°C, washed with 

PBS and seeded in 24-well plates at a density of 15 000 cells per 50 μL BME (Trevigen) 

per well in 500 μL medium containing: Advanced DMEM/F12 medium, 0.1% BSA, 2 

mM L-glutamine, 10 mM HEPES (Sigma Aldrich), 100 U/ml penicillin/ 100 μg/ml 

streptomycin (PAA laboratories), 1mM N-acetyl cysteine (Sigma Aldrich), 1x N2, 1x 

B27 (Fisher Scientific), 50 ng/ml EGF, 100 ng/ml Noggin (Peprotech), 10 μM Y-27632 

(ROCK inhibitor; Selleckchem), 500 nM A83-01 (TGFβ inhibitor; Sigma Aldrich), 3 μM 

Chir99021 (GSK3 inhibitor; Axon Medchem), 20% R-Spondin conditioned medium and 

10 mM Nicotinamide as described previously (Canli et al. 2017). Culture medium was 

changed every 2 days. Tumoroids were cultured at 37 °C in a 5% CO2 atmosphere. 

For experiments, tumoroids were seeded in 96-well plates and treated the day after.  

5.2.4 Staining with PI and Hoechst of organoids  

Intestinal organoids were stained with PI (Sigma) and Hoechst 33342 (Thermo Fisher 

Scientific) at a final concentration of 10 µg/ml in a 96-well plate. Staining solution (dyes 

in PBS) was directly added to culturing medium after treatment. Organoids were 

stained for 30 minutes at 37°C, 5% CO2. Subsequently, fluorescence images were 

acquired via fluorescence microscopy (Zeiss). 

5.2.5 Clonogenic assay 

Colon carcinoma cell lines were treated with indicated compounds for 72 h and 

subsequently re-plated in 24-well plate as several dilutions. Thus, cells were 

maintained in culture for additional 6 days (Caco-2) or 12 days (LS174T). Colonies 

were fixed and stained with 5% Crystal Violet solution in 20 % Methanol for 15 minutes. 

Representative pictures of stained colonies were processed via ColonyArea 

plugin/ImageJ software. 
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5.2.6 Crystal violet based proliferation assay 

Caco-2 (1 000 cells/well), LS174T and HCT116 (2 000 cells/well) were seeded in 96-

well plates and treated after overnight attachment. At indicated time points, medium 

was removed and cells were stained with 5% Crystal Violet solution in 20 % Methanol 

for 15 minutes. After removal of the staining and subsequent washes, plates were let 

air-dry for at least 24h. Solubilisation was performed using 100% Methanol and 15min 

incubation with shaking. Crystal violet absorbance was detected as OD 592nm in a 

plate reader (Tecan M200 Pro). 

5.2.7 MTT-based viability assay in 3D systems 

Viability assay after 3 days of thiazolides treatment was performed via MTT assay as 

reported previously (Grabinger, Delgado, and Brunner 2016). Briefly, after induction of 

cell death, representative pictures of organoids or tumoroids were taken using Zeiss 

AxionCam camera. Afterwards, MTT solution was added to the organoid culture to a 

final concentration of 500 µg/ml for 1h at 37°C. Then, supernatant was discarded and 

20 µl of 2% SDS solution in H2O was added per well for 1h at 37°C to solubilize the 

Matrigel. Subsequently, 80 µl of DMSO per well were added for 1h at 37°C to solubilize 

the reduced MTT. Optical density was measured at 562nm in a plate reader (Tecan 

M200 Pro). Viability was calculated as MTT reduction (%) using the following formula: 

 

 MTT reduction (%) =  
100 × (�����.���� ����� −  ��!�"!#$�#� "���%)

�� &'�#$'� ���� ����� − ��!�"!#$�#� "���%

 

5.2.8 MTT-based viability assay in 2D systems 

Cell viability was measured using MTT assay. Briefly, cells were seeded into 96-well 

plates at 6-9 x 103 cells/well. After overnight attachment, cells were treated with 

RM4819 or cisplatin as control for apoptosis induction. After 24 h or 48 h, cell culture 

medium was discarded and replaced with 0.5mg/ml MTT solution, diluted in complete 

medium. Plates were incubated under cell culture condition for 2-3 h depending on the 

cell type. After MTT reduction to purple insoluble formazan, the MTT solution was 

discarded and replaced with 100 µl DMSO per well to dissolve the formazan. Plates 

were further incubated for 15 min at room temperature, light protected. After gently 

plates shaking, optical density was measured at 562nm in a plate reader (Tecan M200 

Pro). The cell death (%) was calculated using the following formula: 

 

 ()** +),-ℎ (%) =  100 − 
100 × (�����.���� ����� − ��!�"!#$�#� "���%)

�� &'�#$'� ���� ����� − ��!�"!#$�#� "���%
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5.2.9 GST specific activity assay 

The specific GST activity of whole cell lysate was measured using a multiplate reader 

(Tecan M200 Pro) by following the change of optical density at 340nm. Reaction were 

perfomed in transparent F-Bottom 96-well plate using 1 mM glutathione (GSH), 0.5 

mM 1-chloro-2, 4-dinitrobenzene (CDNB) and 12,5 or 25 µg of total protein in 0.5xPBS 

(Table 4). The molar extrinction coefficient used for CDNB was 5.3 mM-1. The specific 

enzyme activity (µmol/ min/ µg of total protein) was calculated from the linear phase of 

the reaction using the following formula: (ΔOD340/min) * Vreaction[ml] / εmM * Venz [ml] / µg 

of total protein. 

H2O 
 

1x PBS CDNB (stock 30mM) GSH (stock 30mM) Lysate vol.  Total vol.  

 

81 µl – X µl 

 

90 µl 

 

3 µl 

 

6 µl 

 

X µl 

 

180µl 

Table 12 General GST specific activity assay 

5.2.10 Flow cytometric analysis: cell cycle and (concurrent) 

apoptosis assay 

Cell cycle analysis was performed using 647 EdU Click Proliferation Kit (Cat. No 

565456, BD Bioscience). Apoptotic cell death was measured by AnnexinV-FITC 

staining alone or in combination with cell cycle analysis. Concurrent cell cycle and cell 

death analysis was performed as follows. Exponentially growing cells were treated with 

indicated compounds. One hour prior harvesting, cells were pulsed with EdU (10 µM 

final concentration). After collection via trypsinization, cell pellets were washed with 1x 

AnnexinV Binding Buffer and then resuspended with AnnexinV-FITC staining solution. 

Cell were incubated 15 minutes in the dark at 4°C. After centrifugation, cells were fixed, 

permeabilized and then incubated with Click Reaction cocktail (BD) according to 

manifacturer´s instructions. After the Click reaction, cells were stained with DAPI 

solution (final concentration 1µg/ml). After 30 minutes incubation in the darkness, 

samples were analyzed by flow cytometry for apoptosis (AnnV+) and bidimentional cell 

cycle distribution (EdU-Alexa647 and DAPI) via BD LSRFortessa (BD Bioscience). For 

cell cycle analysis, 10 000 events in single cells population (DAPI-A vs DAPI-W gate) 

were recorded. Flow cytometric data were analyzed by FlowJo software (Tree Stare, 

OR, USA). 

5.2.11 Western blotting 

Cells were seeded in 6-well plates and after overnight adherence treated as indicated. 

After respective incubation time, the supernatant was collected and the adherent cells 
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were detached using trypsin. The cells were suspended in fresh media and transferred 

into a 1.5 ml reaction tube. Then, cells were pelleted by centrifugation (400 x g for 5 

min, RT) and subsequently washed with ice-cold PBS, prior to lysis for 15 min on ice 

with Ripa buffer (150 mM NaCl, 1% NP-40, 0.5% Natriumdeoxycholate, 0.1% Sodium 

dodecyl sulfate (SDS), 50 mM Tris-HCl, pH 8.0) supplemented freshly with protease 

inhibitor cocktail. Lysates were centrifuged at 14.000 x g for 10 min at 4 °C. Protein 

concentration of whole cell lysate was assessed via Pierce™ BCA Protein Assay Kit 

(Thermo Fisher Scientific, Rockford, IL, USA). Proteins (15-30 µg) were loaded on a 

12 % SDS-PAGE and then transferred on a polyvinylidene difluoride membrane 

(Roche, Germany). After overnight incubation at 4°C with specific primary antibody and 

then the secondary antibody, proteins were visualised using ECL developing reagent 

on an Image Quant LAS 4000 (GE Healthcare, Germany). The antibodies used are 

listed in Table 6 (Materials section). 

5.2.12 Knockdown of gene expression by siRNAs 

siRNAs against hGSTP1 and hGSTA1 were purchased at Dharmacon. Transfection 

were carried in 6-well plate using Lipofectamine RNAiMax according to manufacturer´s 

instructions. 24 h after siRNA transfection cells were seeded for thiazolide stimulation. 

The siRNAs used are listed in Table 7 (Materials section). 

5.2.13 RNA extraction and quantitative real-time PCR (qPCR) 

Total RNA was isolated using TriFastTM(VWR). High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems) was used to synthesize cDNA. Real time 

quantitative PCR was performed using Fast SYBR ® Green Master Mix (Thermo 

Fisher Scientific). The housekeeping gene b-actin or GAPDH were used as an internal 

control. Nucleotide sequences of the primers used are listed in Table 8 (Materials 

section). 

5.2.14 ATP measurement 

Cellular ATP level was assessed using the CellTiter-Glo® Luminescent Cell Viability 

Assay Kit (Promega). Briefly, cells seeded in 96-well plate were treated with indicated 

compounds. After 8h of treatment, samples were processed for ATP determination 

according to manufacturer´s instructions. Luminescence was recorded using a plate 

reader (Tecan M200 Pro). 
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5.2.15 GSTP1-mediated in vitro glutathionylation assay 

The in vitro glutathionylation of RM4819 or CDNB was perfomed based on the GST 

specific activity assay (Methods 5.7) with modifications. The in vitro reaction required 

the use of a recombinant form of GSTP1 and the wild type GSTP1alleleA (GSTP1*A) 

was chosen because of the highest enzymatic activity. Reactions of in vitro 

glutathionylation were perfomed for 1h at 37°C (thermomixer) according to the 

following tables: 

Sample 
type 

H2O 
 

1x 

PBS 

DMSO CDNB 

CF= 0.5mM 

RM4819 

CF= 0.5mM 

GSH 

CF= 1mM 

RecGSTP1*A 

CF= 1µM 

Total 

vol. 

 

Blank 

 

48.2 µl 

 

70 

µl 

 

40 µl 

 

- 

 

- 

 

- 

 

1.8 µl 

 

 

180µl 

 

CDNB 

 

45.2 µl  

 

70 
µl 

 

40 µl 

 

3 µl 

 

- 

 

- 

 

1.8 µl 
 

 

180µl 

 

CDNB 

Reaction 

 

39.2 µl  

 

70 

µl 

 

40 µl 

 

3 µl 

 

- 

 

6 µl 

 

1.8 µl 

 

 

180µl 

 

RM4819 

 

 

43.7 µl  

 

70 

µl 

 

40 µl 

 

- 

 

 

4.5 µl 

 

- 

 

 

1.8 µl 

 

 

180µl 

 

RM4819 

Reaction 

 

37.7 µl  

 

70 

µl 

 

40 µl 

 

- 

 

 

4.5 µl 

 

6 µl 

 

1.8 µl 

 

 

180µl 

 

GSH 

 

42.2 µl  

 

70 

µl 

 

40 µl 

 

- 

 

 

- 

 

6 µl 

 

1.8 µl 

 

 

180µl 

Table 13 In vitro glutathionylation 

 

Sample 
type 

H2O 
 

1x 

PBS 

DMSO CDNB 

CF= 0.5mM 

RM4819 

CF= 0.5mM 

GSH 

CF= 1mM 

RecGSTP1*A 

CF= 1µM 

Protein 

Lysate 

CF=50µg 

 

RM4819 

 

 

65.5 

µl  

 

70 

µl 

 

40 µl 

 

- 

 

 

4.5 µl 

 

- 

 

 

- 

 

 

- 

 

 

RM4819 

Reaction 

 

10.8 

µl  

 

70 

µl 

 

40 µl 

 

- 

 

 

4.5 µl 

 

6 µl 

 

1.8 µl 

 

 

46.9µl 

 
CDNB 

Reaction 

 
12.3 

µl  

 
70 

µl 

 
40 µl 

 
3 µl 

 
- 

 
6 µl 

 
1.8 µl 

 

 
46.9µl 

Table 14 In vitro glutathionylation supplemented with Caco-2 protein lysate 
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5.2.16 Assessment of total intracellular GSH level 

Total intracellular GSH level were assessed using the GSH/GSSG-GloTM Assay Kit 

(Promega) according to manufacturer´s instructions. Briefly, cells seeded in 96-well 

plate were treated with indicated compounds. After indicated time of treatment, 

supernatant was removed and replaced with Total Glutathione Lysis Reagent. Luciferin 

Generation Reagent was added to all well and incubated for 15 min, RT. Luminescence 

was recorded using a plate reader (Tecan M200 Pro).  

5.2.17 Pull down of AM-RM4819 metabolites (Exp3) 

Cell treatment, preparation of whole-cell lysates and acetone precipitation  

Cells were seeded in six 10 cm dishes (2.2 x 106 cells/dish) and after overnight 

adherence three dishes were treated with 30 µM AM-RM4819, while the other three 

cell dishes remained untreated. After 4 h incubation, the media was discarded and the 

cells were washed with ice cold PBS, prior to lysis in 600 μL RIPA buffer for 15 min on 

ice. The lysates were scraped from the dish surface and transferred in 1.5 ml reaction 

tubes, centrifuged at 14.000 x g for 15 min at 4 °C. The lysates were mixed with ice 

cold acetone (6-fold volume of lysate), incubated for 20 min at 4 °C and centrifuged at 

12.000 x g for 10 min at 4 °C. The pellets were discarded and the supernatants were 

concentrated under reduced pressure. The residues were dissolved in 300 µl mQ water 

each. 

Click chemistry 

The term „click chemistry“ was introduced by Sharpless in 2001 and describes 

approaches to rapidly and selectively react (‘click‘) pairs of functional groups with each 

other using mild and aqueous conditions (Kolb, Finn, and Sharpless 2001). The Cu(I)-

catalyzed Azide-Alkyne Cycloaddition (CuAAC) reaction is the most prominent 

example for click reactions, which was also employed in this project. Here, Cu(I) is 

used to catalyze the 1,3-dipolar cycloaddition of a terminal alkyne-functionalized 

molecule A with an azide-functionalized molecule B to form a 1,2,3-triazole (Figure 48)  

  

Figure 48 Principle of Cu(I)-catalyzed Azide-Alkyne Cycloaddition (CuAAC) 

reaction 

A terminal alkyne-functionalized molecule A ’clicks‘ with an azide-functionalized molecule B by the 
formation of a triazole moiety 
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In this thesis, the click reaction was performed in a total volume of 100 µl by using                                                               

Tris(3-hydroxypropyltriazolylmethyl)amine (THPTA) (10 mM) and 

Tetrakis(acetonitrile)copper(I)tetrafluoroborate (5 mM) as well as Azide-PEG3-

Desthiobiotin for the treated sample (3 mM) and untreated sample (84 µM), 

respectively. The reaction mixtures were incubated in 1.5 ml reaction tubes at 300 rpm 

for 1 h at room temperature. To stop the reaction, the lids of the reaction tubes were 

opened.  

Pull-down assay  

Sepharose streptavidin beads were washed with 1 x PBS (3 x 200 µl) and centrifuged 

(RT, 2500 rpm, 2 min) before use. The click reaction mixtures of the treated and 

untreated samples (100 µl each) were mixed with the respective amount of sepharose 

streptavidin beads (1 ml beads/ 300 nmol Azide-PEG3-Desthiobiotin) and incubated at 

600 rpm for 1 h at room temperature. After incubation, the supernatants were removed, 

the beads were washed with 1 x PBS (3 x 200 µl), centrifuged (rt, 2500 rpm, 2 min) 

and the streptavidin-desthiobiotin bound metabolites were eluted by using at least 4-

fold excess of Biotin (1 mM). After freeze-drying (Lyovac GT2, Leybold-Heraeus) the 

respective eluates the samples were dissolved in 200 µl mQ water and subjected to 

LC-MS/MS analysis (ESI MS anmaZon SL, Bruker) 

5.2.18 Lactate determination assay 

Supernatant of cells treated for 8h with indicated compounds were analyzed for lactate 

secretion using LAC-142 (Diaglobal, Berlin, Germany) according to manufacturer´s 

instructions.  

5.2.19 Assessment of oxygen consumption and acidification of 

intact cells 

For the quantification of mitochondrial respiration and glycolytic function, the oxygen 

consumption rate (OCR) and the extracellular acidification rate (ECAR) of intact 

LS174T and Caco-2 cells were determined using the Agilent Seahorse XFe24 

extracellular flux analyzer, similar as described previously (Delp et al. 2018). Cells were 

seeded in Seahorse 24 well plates at a density of 20 000 cells/well (LS174T) or 

10000cells/well (Caco-2) the day before the assay in their normal culture medium. The 

experiment was started with changing the medium to Seahorse XFbase medium, 

supplemented with 18 mM glucose, 1 mM pyruvate and 2 mM glutamine. Cells were 

allowed to adapt to the culture conditions for 1 h in a CO2-free incubator at 37 °C. The 

measurement was initiated by three basal quantifications of OCR and ECAR, of which 

the last was used for normalization. Then, the test substance or solvent control was 
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injected and OCR& ECAR data were collected for the following 2 h. The 120 min data 

was used to determine the extent of mitochondrial function impairment (drug efficacy), 

and to identify drug concentrations affecting mitochondria (potency measures). 

5.2.20 Assessment of individual mitochondrial respiratory chain 

complex activity 

The activity of mitochondrial respiratory chain (MRC) complexes I-IV (cI-cIV) was 

assessed as described previously (Salabei, Gibb, and Hill 2014) except from using 

LS174T or Caco-2 cells (seeding density of 20 000 or 10 000 per well, respectively) 

instead of LUHMES cells. Briefly, cells were permeabilized with digitonin to make the 

mitochondria accessible. The complexes were fed sequentially with specific substrates 

(pyruvate & malate-cI, succinate-cII, duroquinol-cIII, TMPD & vitamin C-cIV) and 

inhibitors (rotenone-cI, malonate-cII, antimycin A-cIII) to determine the effect of the test 

compounds on the MRC complex activity. Changes of ≤25% were considered as no 

effect range.  

5.2.21 Assessment of mitochondrial uncoupling (impairment of the 

integrity of the inner mitochondrial membrane) 

To assess the impairment of the membrane integrity of the inner mitochondrial 

membrane (IMM), cells were prepared as for the assessment of individual complex 

activities. Then, the cells were treated with the test substance and oligomycin to inhibit 

cV-mediated ATP production and therefore oxygen consumption. If the IMM was intact, 

then the proton gradient established by the respiratory chain was so high that cI-IV 

activity (OCR) became negligible. In cases of leakiness, protons continuously 

translocated back to the matrix, independent of cV activity, and the MRC consumed 

oxygen.  

5.2.22 FADU assay 

LS174T cells were seeded in FADU specific 96-well plate at the density of 20 000 cells 

per well. After overnight attachment, treatments were performed at indicated time 

points. DNA strand breaks were assessed via Fluorimetric detection of Alkaline DNA 

Unwinding (FADU) assay as described previously (Moreno-Villanueva et al. 2011). 
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5.2.23 Statistical analysis 

One-way and Two-way ANOVA with Dunnett´s or Sidak correction for multiple 

comparisons were used to assess statistical significance values (using Graph-Pad 

Prism Version 6.0), with p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), p ≤ 0.0001 (****).  
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8 APPENDIX 

8.1 Abbreviations 

Abbreviation Definition 

4EBP1 binding protein 1 
5-FU 5-fluorouracil  
AA Antimycin A  
ABC ATP-binding cassette 
acetyl-CoA acetyl coenzyme A  
ACF dysplastic aberrant crypt focus  
AMPK AMP-activated protein kinase  
AM-RM4819  alkyne-modified RM4819 
AP-1 activator protein 1 
Apaf-1 apoptotic peptidase activating factor 1  
ASK1 apoptosis signal-regulating kinase 1 
ATF2 activating factor 2  
Baf Bafilomycin  
BER base excision repair  
BSA Bovine serum albumin 
BSO Buthionine sulphoximine 
CDA cytidine deaminase 
CDK Cyclin dependent kinase 
CDKIs CDK inhibitors  
CDNB 1-chloro-2,4-dinitrobenzene  
CES carboxylesterases 
cGSTs cytosolic GSTs  
CH2THF folate 5,10-methylenetetrahydrofolate  

cI-cIV complexes I-IV 
CIN chromosomal instability  
CMS Consensus Molecular Subtype  
COMT catechol O-methyl transferase  
CRC colorectal cancer 
CSC cancer stem cells 
CuAAC Cu(I) catalyzed azide-alkyne cycloaddition  
CycD Cyclin D 
CycE Cyclin E 
DMEM Dulbecco´s Modified Eagle Medium  
DMEM-F12 Dulbecco´s Modified Eagle Medium Nutrient F-12 HAM  
DMSO  dimethyl sulfoxide  
DPD dihydropyrimidine dehydrogenase  
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dTMP deoxythymidine monophosphate 
dUMP deoxyuridine monophosphate 
e.g.  exempli gratia, for example  
EA Ethacrynic acid  
ECAR extracellular acidification rate 
EdU positive proliferating S phase  
EGF epidermal growth factor 
EGFR epidermal growth factor receptor  
EIC extracted ion chromatogram 
eIF4E eukaryotic initiator factor 4E 
EMT mesenchymal transformation  
ERK extracellular signal-regulated kinases 
FADD Fas-associated death domain 
FADU Fluorometric analysis of DNA unwinding 
FAP familial adenomatous polyposis 
FasL Fas Ligand 
FBS Fetal Bovine Serum  
FCS fetal calf serum 
gamma-GCS gamma-glutamylcysteine synthetase 
gFOBT guaiac fecal occult blood test  
GSH glutathione 
GST glutathione S-transferase 
GSTA1  glutathione-S-transferase A1 
GSTM3 glutathione-S-transferase M3 
GSTP1  glutathione-S-transferase P1 
GSTs glutathione-S-transferases 
HCV Hepatitis C Virus 
HDI human development index 
HPLC high performance liquid chromatography 
HR-ESI-MS high-resolution electrospray ionisation mass spectrometry 
HTS high throughput screening  
IMDM Iscove's Modified Dulbecco's Medium  
IMM inner mitochondrial membrane 
IST insulin-transferrin-selenium 
JNK c-jun N-terminal kinase 
LC-MS liquid chromatography–mass spectrometry 
LC-MS/MS liquid chromatography– tandem mass spectrometry 
LV leucovorin  
MAP3K mitogen-activated protein kinase kinase kinase  
MAPEGs membrane-bound microsomal GSTs 
MAPK mitogen-activated protein kinase 
mCRC metastatic CRC 
MKK mitogen-activated protein kinase kinase 
MMR DNA mismatch repair  
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MRC mitochondrial respiratory chain  
MRP multi-drug resistant protein  
MSI microsatellite instability   
MSI-H highly microsatellite instable  
MSS microsatellite stable  
MTHFR Methylenetetrahydrofolate reductase 
mTOR mammalian target of rapamycin 
mTORC1 mammalian target of rapamycin receptor complex 1 
NAC N-acetyl cysteine 
NATs N-acetyltransferases 
NER nucleotide excision repair  
NMR nuclear magnetic resonance 
NO nitric oxide 
NQO1 quinone oxidoreductase  
NTZ nitazoxanide 
OCR oxygen consumption rate 
OP-puro O-propargyl-puromycin 
p-4EBP1 phosphorylated 4EBP1  
PAD2 peptidyl arginine deiminase 2  
p-AMPK phosphorylated AMPK  
PFORs pyruvate:ferredoxin/flavodoxin oxidoreductases  
PFS progression-free survival  
PI3K Phosphoinositide 3-kinase 
POLE polymerase ε 
RCD regulated cell death  
S6k or p70S6k ribosomal subunit S6 kinase  
SLC solute carrier  
Sno prol S phase negative for EdU incorporation  
STS staurosporine 
SULTs sulfotransferases  
TGF-β  Transforming growth factor β 
TIZ tizoxanide  
TNF tumor necrosis factor  
TNF-R1 TNF receptor 1  
TNF-R2 TNF receptor 2 
TOPO topoisomerase 
TP thymidine phosphorylase 
TPMT thiopurine S-methyl transferase 
TPP thiamine pyrophosphate  
TRAF2 receptor-associated factor 2  
TS thymidylate synthase  
UGTs UDP-glucuronosyltransferases  
VEGF vascular endothelial growth factor  
VEGFR VEGF-receptor 
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8.4 LC-MS/MS Original Data of Exp3 
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8.4.2 EIC for Conjugate A: EIC 992,30 
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8.4.3 PEG-AZIDE-AM-RM4819: EIC 765,23 

 




