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Summary 

Oncogenic human papillomaviruses (HPVs) account for 5% of the total cancer incidence, being 

causal agents of cervical, other anogenital and oropharyngeal cancers. Innovative treatment 

options for HPV-induced cancers are thus urgently required. Metabolic alterations constitute one 

of the hallmarks of cancer, suggesting metabolic modulators such as iron chelators as a promising 

strategy for cancer therapy. In line with this, the iron chelating antifungal drug ciclopirox (CPX) 

showed promising anti-tumorigenic effects in numerous preclinical tumor models, including 

cervical cancer cells. In HPV-positive tumor cells, CPX suppresses expression of the viral E6/E7 

oncogenes and induces senescence or apoptosis. This thesis aimed to delineate the mechanisms 

underlying these anti-tumorigenic effects in cervical cancer cells and more specifically to gain 

insights into the determinants governing the switch from senescence to apoptosis.  

By analyzing data from a comprehensive proteome screen of CPX-treated HPV16-positive tumor 

cells potential pathways involved in its anti-tumorigenic capacity were identified, including the 

induction of tumor-suppressive Notch signaling and deregulation of the cellular energy 

metabolism. The latter effect could be corroborated by demonstrating that CPX represses factors 

involved in oxidative phosphorylation (OXPHOS), accompanied by an upregulation of glycolysis 

related proteins. Consequently, the anti-tumorigenic effects of CPX were strongly glucose-

dependent in that limited glucose availability facilitated the induction of apoptosis, while 

increased glucose supply prevented CPX-mediated cell death – a regulation shared by established 

OXPHOS inhibitors such as the anti-diabetic drug metformin. Instead, under glucose-replete 

conditions CPX-treated cells underwent senescence, which was not observed for metformin and 

other OXPHOS inhibitors, but for other iron chelators. Moreover, it was shown that viral E6/E7 

repression by CPX, metformin and other OXPHOS inhibitors is prevented by increasing glucose 

supply, indicating a vulnerability of HPV-oncogene expression to energy depletion. Additionally, 

experiments in E6/E7 expressing normal keratinocytes point towards a sensitizing role of the 

viral oncogenes towards CPX-treatment. Finally, it was demonstrated that CPX synergistically 

enhances the growth-suppressing effects of radiotherapy, cisplatin and glycolysis inhibitors in 

HPV-positive cancer cells. 

Collectively, the present study reveals a profound glucose-dependence of the anti-tumorigenic 

effects exerted by CPX and links its capacity to induce senescence or apoptosis to its dual role as 

an iron chelator and OXPHOS inhibitor, respectively. These results provide novel insights into the 

regulation of critical tumor-suppressive pathways in cervical cancer cells, illuminate the anti-

proliferative activities of CPX and may facilitate the development of rational combination 

therapies comprised of CPX and glycolytic inhibitors to induce metabolic synthetic lethality in 

HPV-positive tumor cells. 
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Zusammenfassung 

Onkogene humane Papillomviren (HPVs) sind verantwortlich für 5% der Krebsinzidenz und 

verursachen neben Gebärmutterhalskrebs weitere Karzinome im Anogenitalbereich sowie im 

Oropharynx. Innovative Behandlungsmöglichkeiten für HPV-positive Tumore werden dringend 

benötigt. Da Veränderungen des Zellstoffwechsels eines der zentralen Merkmale von Krebszellen 

darstellen, könnten metabolische Modulatoren rationale Behandlungsmöglichkeiten bieten. So 

weisen zahlreiche präklinische Untersuchungen auf das therapeutische Potential des 

Eisenchelators Ciclopirox (CPX) in verschiedenen Tumormodellen hin, unter anderem auch in 

Zervixkarzinomzellen. In HPV-positiven Tumorzellen unterdrückt CPX die Expression der viralen 

E6- und E7-Onkogene und induziert Seneszenz oder Apoptose. Das Ziel der vorliegenden Arbeit 

war es, die dieser Regulation zugrundeliegenden Mechanismen aufzuklären und Erkenntnisse zu 

den Faktoren zu erlangen, welche die Entscheidung von Zervixkarzinomzellen zwischen 

Seneszenz und Apoptose bestimmen. 

Die Analyse von Proteomdaten CPX-behandelter HPV16-positiver Tumorzellen ermöglichte es, 

zelluläre Prozesse zu identifizieren, welche eine Rolle für die Wachstumshemmung durch CPX 

spielen könnten. Unter anderem wurde gezeigt, dass CPX den Tumorsuppressor Notch aktiviert 

und den zellulären Energiestoffwechel dereguliert. Letzteres äußerte sich unter anderem in der 

Hemmung von Faktoren, welche in der oxidativen Phosphorylierung (OXPHOS) involviert sind, 

bei gleichzeitiger Induktion von glykolytischen Faktoren. Entsprechend zeigte sich, dass der 

Effekt von CPX stark glukoseabhängig ist – niedrige Glukosekonzentrationen begünstigten die 

Induktion von Apoptose, während hohe Glukosekonzentrationen den Zelltod verhinderten. 

Stattdessen resultierte eine Behandlung mit CPX unter höherem Glukoseangebot in der Induktion 

von Seneszenz. Andere OXPHOS-Inhibitoren, z.B. das Antidiabetikum Metformin, führten 

ebenfalls zu einem glukoseabhängigen Zelltod, konnten jedoch keine Seneszenz auslösen. 

Hingegen induzierten andere Eisenchelatoren – wie CPX – Seneszenz und bei Glukosemangel 

Apoptose. Auch die Repression der viralen E6/E7-Onkogene durch CPX, Metformin oder andere 

OXPHOS-Inhibitoren wurde durch eine gesteigerte Glukosekonzentration verhindert, was auf 

eine Abhängigkeit der HPV-Onkogene vom zellulären Energiestatus hindeutet. Zusätzlich weisen 

Experimente in E6/E7-exprimierenden immortalisierten Keratinozyten darauf hin, dass die 

HPV-Onkogene Zellen für eine CPX-Behandlung sensibilisieren. Schließlich wurde in 

Kombinationsbehandlungen gezeigt, dass CPX die wachstumshemmenden Effekte von 

Radiotherapie, Cisplatin und Glykolyse-Inhibitoren synergistisch verstärkt.  

Zusammenfassend deckt die präsentierte Arbeit eine starke Glukoseabhängigkeit der anti-

tumorigenen Effekte von CPX auf und führt die Induktion von Apoptose oder Seneszenz auf die 

Bifunktionalität von CPX als OXPHOS-Inhibitor und Eisenchelator zurück. Diese Ergebnisse geben 
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Einblicke in die Regulation wichtiger tumorsuppressiver Signalwege in Zervixkarzinomzellen, 

beleuchten die wachstumshemmenden Effekte von CPX und könnten als Basis für die Entwicklung 

rationaler Kombinationstherapien von CPX mit Glykolyse-Inhibitoren dienen, welche in HPV-

positiven Tumorzellen synthetisch letal wirken. 
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1. Introduction 

1.1  Human papillomaviruses  

Cancer is one of the leading causes of death worldwide, with incidence and mortality starkly 

rising. In 2020, 19.3 million new cases were detected and almost 10 million deaths could be 

attributed to cancer.1 Over the years numerous factors which can be associated with a higher risk 

for the development of tumors have been identified, making cancer to some extent a preventable 

disease. Next to lifestyle factors like obesity and the consumption of tobacco or alcohol, also 

environmental factors such as the exposure to ultraviolet or ionizing radiation or to chemical and 

biological carcinogens are important risk factors for cancer.2, 3 Moreover, infectious agents are 

estimated to be responsible for around 15% of new cancer cases, with particularly high incidences 

in low and middle income countries.4 The International Agency for Research on Cancer (IARC) 

classifies 11 pathogens as group 1 carcinogens, which either act directly carcinogenic or indirectly 

by inducing inflammation or enabling immune-suppression.5 Four pathogens alone, namely 

hepatitis B and C, helicobacter pylori and human papillomavirus (HPV), account for 92% of the 

cancer cases related to infectious agents.6  

 

1.1.1 The biology of HPV 

HPVs are small non-enveloped DNA viruses with a 

circular double-stranded genome, which belong to 

the taxonomic family of Papillomaviridae. The HPV 

genome consists of approximately 8000 base pairs, 

which can be divided in an early (E), a late (L) and 

a long control region (LCR) (Figure 1). The 

presence of multiple promoters and alternative 

splicing sites allow expression of a relatively high 

number of proteins from this comparatively small 

genome. The early region consists of six open 

reading frames, encoding for the non-structural 

proteins E1, E2, E4, E5, E6 and E7, whose functions 

will shortly be described in the following. Early in 

the viral lifecycle the virus-specific DNA helicase E1 

is recruited to the LCR of the viral episome by E2, enabling association with the cellular DNA 

polymerase and initiation of viral gene replication.7, 8 E2 furthermore is a key transcriptional 

regulator of HPV and controls expression of the other viral genes.7 Also the protein E5 which only 

is expressed in alpha-HPVs is important in the early infection phase. E5 promotes cell 

proliferation and is involved in immune evasion and can thus be regarded as a viral oncoprotein.9 

Figure 1| Genome organization of HPV16. 
E: early genes; L: late genes; LCR: long control 
region. Figure adopted from Herrmann, 2018.  
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However, in later phases of infection E5 is not essential anymore, thus the E5 ORF often is deleted 

in advanced cervical cancers.10 In contrast, E4 plays a crucial role in the final stages of the HPV life 

cycle and is expressed in terminally differentiated keratinocytes, where it supports genome 

amplification and assembly and assists with virus escape from the epithelial surface.11 E6 and E7, 

finally, are the major viral oncoproteins, which have transformative activity and induce cell 

immortalization.12 Because of their outstanding importance they will be described in more detail 

below. The late region encodes for the structural major (L1) and minor (L2) viral capsid proteins, 

which are expressed at the final stages of infection. The LCR, finally, does not code for proteins but 

contains elements regulating genome transcription and replication. 

 

HPVs like all papillomaviruses are characterized by a strict tropism for squamous epithelia, and 

thus exclusively infect keratinocytes of skin and mucosa.13 In order to successfully complete 

replication, HPVs need to establish a long-term persistent infection, as their life-cycle is tightly 

coupled to the differentiation and migration of their host cells towards the epithelial surface 

(Figure 2). Initial infection generally requires (micro-)wounding of the epithelial tissue, which 

facilitates access of the virus to the basal lamina, where HPV can attach to heparin sulfate 

proteoglycans (HSPGs).14 This interaction induces a conformational change of the capsid, allowing 

L2 cleavage by furin protease. The following internalization of HPVs is, in comparison to other 

viruses, an exceptionally slow process and the exact pathway is still not completely understood.15 

A reason why HPV exclusively infects cells in the basal layer might be that the viral DNA can enter 

the host cell nucleus only during mitosis.16 Therefore productive infection requires cells actively 

progressing through the cell cycle, which is not the case in the upper, differentiated layers. In the 

beginning, viral copy numbers are rather low and only in later infection phases in the upper 

Figure 2| HPV life cycle. HPVs access the basal lamina via microwounds in the epithelium. Upon HSPG 
attachment they are internalized and can establish a persistent infection. As the infected cells differentiate 
through the epithelium, first early and then late viral genes are activated. In the surface layer of the epithelium 
new virions are assembled and released. HSPG, heparin sulfate proteoglycan. Figure adapted from Herrmann, 
2018.  
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epithelial layers viral DNA is replicated at high numbers. While infected epithelial cells 

differentiate and migrate upwards through the squamous epithelium, viral gene expression 

changes from expression of early to late genes. Finally, completing the viral life cycle, new virions 

are assembled and subsequently released in the upper layers of the epidermis or mucosa. 

 

1.1.2  HPV and cancer 

Infections with HPV can cause various epithelial diseases. While so-called low-risk HPVs mainly 

cause benign lesions like warts, HPV types classified as high-risk can facilitate the development of 

anogenital and oropharyngeal cancers. In total, around 4.5% of cancer cases worldwide can be 

attributed to HPV infection, which corresponded to 690,000 cases in 2018.4 The causative role of 

HPV has been most extensively characterized for cervical cancers, which are almost exclusively 

caused by infections with high-risk HPVs.17 With approximately 570,000 cases and 311,000 

deaths in 2018, cervical cancer is the fourth most common cancer in women, with a 

disproportionately high incidence in middle to low income countries.18 Next to cervical cancer, 

also a subset of other anogenital, as well as head and neck cancers are associated with HPV 

infection (Figure 3).4 Out of the 15 types of HPV which have been classified as carcinogenic, HPV 

type 16 and 18 are responsible for 70% of cervical cancers.19 

While the infection with high-risk HPVs is a prerequisite for the development of cervical cancer, 

it is not sufficient and only a minority of infected individuals will be diagnosed with cancer at some 

point. Instead, ca. 90% of HPV infections in the cervix are cleared by the immune system in the 

first months after infection.20 If the infection persists over the course of 5-10 years, high-risk HPVs 

can induce the development of precancerous lesions called cervical intraepithelial neoplasias 

stage 1 to 3 (CIN1-3), which can finally progress to cancer. Interestingly, this often is accompanied 

by integration of the episomal viral DNA into the host genome which commonly results in loss of 

Figure 3| Cancer cases attributable to HPV in 2018. Data from Globocan 2018. 
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E2 expression and a subsequent increase of E6/E7 expression.21 The additional factors which 

determine if an infection will be cleared by the immune system or will progress into cancer are 

still not fully elucidated. Possible determinants in this context are the HPV type, the efficacy of 

cellular immune response and genome instability, which e.g. can be facilitated by E6 and E7.22 

 

The HPV oncoproteins E6 and E7 are pivotal factors mediating the transformative activities of 

HPV and their persistent expression is required for maintaining the malignant phenotype of HPV-

positive cancer cells.10, 23 Both E6 and E7 are transcribed as polycistronic transcripts from a 

common promoter in the LCR. While the E6 and E7 oncoproteins do not exert any known 

enzymatic activity, they interact with and regulate a plethora of cellular proteins and processes 

(see Figure 4 for an incomplete overview). The small, ca. 185 amino acid long HPV E6 protein 

exerts most of its effects by inducing proteasomal degradation of cellular proteins through 

forming trimeric complexes with the cellular ubiquitin ligase E6-associated protein (E6-AP).24 The 

most important E6 target for HPV-induced carcinogenesis is the tumor suppressor p53.25 E6-

mediated degradation of p53 enables the evasion of cellular checkpoints to ensure continuous cell 

proliferation and helps to block apoptosis. Furthermore, E6 oncoproteins from high-risk HPVs 

feature a PDZ-binding motif at their C-terminus, which facilitates binding to and degradation of 

numerous cellular PDZ-domain containing proteins.26 Additionally, E6 was shown to inhibit 

apoptosis via p53-independent mechanisms by inducing degradation of pro-apoptotic proteins 

like Bax and Bak and inhibiting tumor necrosis factor receptor 1 (TNFR1).27-29 Moreover, high-

risk HPV E6 proteins activate expression of telomerase reverse transcriptase (TERT), which is 

essential for the immortalization of HPV-infected cells.30  

Figure 4| Overview of cellular interaction partners of HPV E6 and E7. The E6 and E7 oncoproteins interact with 
numerous cellular proteins and contribute to oncogenic transformation. Among others, they facilitate 
immortalization of the infected cell, contribute to immune evasion and inhibition of apoptosis, induce genomic 
instability and lead to cell cycle deregulation and enhanced proliferation.  
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HPV E7 is a small, approximately 100 amino acid long protein. Similar to E6, E7 can target 

numerous cellular substrate for proteasome-mediated degradation via a cullin-2 ubiquitin-ligase 

complex.31 The most prominent targets of E7-mediated degradation are the pocket proteins pRb 

(Retinoblastoma protein), p107 and p130.32 In healthy, non-infected cells pRb negatively 

regulates the cell cycle by complexing E2F transcription factors and thus inhibits transition to 

S-phase. In HPV-infected cells, in contrast, binding of E7 to pRb facilitates the release of E2F, which 

then promotes transcription of cyclin E, cyclin A and p16INK4A and consequently enables 

progression to S-phase, bypassing the G1/S transition checkpoint.33 Furthermore, E7 inhibits 

cyclin-dependent kinase (CDK) inhibitors like p21Cip1/Waf1 and p27Kip1 and by binding to pocket 

proteins, disrupts the DREAM (dimerization partner, Rb-like, E2F and MuvB) complex, which 

further promotes cell cycle progression.34, 35 Interestingly, E7 also causes an increase of p53 

protein levels, which however is counteracted for by the action of E6, as described above.36 As a 

further mechanism promoting carcinogenesis, both E6 and E7 have been reported to contribute 

to immune evasion. The viral oncoproteins interfere for example with activation of JAK-STAT 

signaling, reduce activity of NF-κB signaling, hinder induction of interferon regulatory factors 

(IRFs) and inhibit the cytosolic DNA sensor STING.37 Moreover, E6 and E7 facilitate genomic 

instability via different mechanisms38, 39 and both oncoproteins have been shown to induce 

chromosomal alterations40. Furthermore, E7 interacts with γ-tubulin, leading to centriole 

amplification. 22, 41 22, 4122, 41 The high genomic instability of HPV-infected cells might contribute to 

the acquisition of additional mutations, which can eventually lead to the development of cancer. 

Further processes influenced by E6/E7 include cell invasion, deregulation of cellular energetics, 

epigenetic regulation, angiogenesis and promotion of inflammation.42  

Ablation of E6 expression by different means such RNAi or blocking peptides leads to efficient 

induction of apoptosis, while simultaneous suppression of E6 and E7 leads to rapid induction of 

senescence.23, 43-45 This makes the viral E6/E7 oncogenes promising targets for the therapeutic 

intervention in HPV-induced cancers. Attempts underwent in this direction so far include the use 

of small molecule inhibitors, RNA interference, inhibitory peptides or immunotherapeutic 

approaches.46 

 

1.1.3 Prevention and therapy of HPV-induced cancers  

Prevention is better than cure – while cervical cancer in early stages is comparably well treatable, 

it is preferable to act in time and prevent either the progression of lesions to neoplasms 

(secondary prevention) or even better to prevent infection with high-risk HPVs upfront (primary 

prevention). A big advance in this respect has been made by establishing effective screening 

programs, which starkly reduced mortality by cervical cancer. For a long time the gold standard 

for screening was the Pap test (named after its inventor George Papanicolaou), which is now more 
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and more being replaced by or complemented with more sensitive and specific methods like 

liquid-based cytology and testing for HPV DNA/RNA.47  

A further major step in the fight against cervical and other HPV-associated cancers was the 

development of effective vaccines targeting high-risk HPV types. Currently, three vaccines are 

commercially available, which all are based on virus-like particles (VLPs) and consist of 

inactivated, recombinant HPV capsid proteins. While Cervarix® (GlaxoSmithKline) only protects 

against the two most common high-risk HPV types 16 and 18, Gardasil® (MSD Vaccins) 

additionally offers protection against type 6 and 11, and the newest vaccine, Gardasil® 9 (MSD 

Vaccins) protects against nine types (6, 11, 16, 18, 31, 33, 45, 52 and 58). These prophylactic 

vaccines have proven extremely efficient at preventing infection with HPVs and development of 

pre-neoplastic lesions.48, 49 Thus HPV vaccinations have become routine for pre-adolescents in 

many countries. In Germany the Robert Koch Institute (RKI) recommends the vaccination for 9-14 

year old girls and since 2018 also for boys of the same age. While in countries with high 

vaccination rates, HPV incidence is decreasing, the vaccination coverage in less developed 

countries is still insufficient.50 A further issue regarding these vaccines is that they only act in a 

prophylactic manner and are not effective against already persisting HPV-infections. Thus, intense 

research is ongoing on the development of therapeutic vaccines which target E6 and E7.51 

Therapeutic options for cervical cancer depend mainly on the stage of disease. Precancerous 

lesions will usually be removed surgically, while in advanced stages radical hysterectomy will be 

complemented with adjuvant radiotherapy or concurrent chemo-radiotherapy.52 The standard 

chemotherapy for treatment of cervical cancers are primarily platinum-based drugs like cisplatin, 

but can also include the nucleoside analog gemcitabine or further drugs like the angiogenesis 

inhibitor bevacizumab, the mitotic inhibitor paclitaxel or combinations thereof.53 Moreover, also 

immunotherapeutic approaches showed promising results and the PD-1 (programmed cell 

death 1) inhibitor pembrolizumab has been approved by the FDA for use in advanced cervical 

carcinoma.54  

 

1.2  Iron  

Iron is an essential micronutrient for almost all organisms, acting as crucial cofactor for a plethora 

of cellular processes. In most cases, iron exerts its functions being incorporated in hemes or in 

iron sulfur (Fe-S) clusters. The human body contains 2-4 g of iron, of which around 2.5 mg per day 

are required for the synthesis of hemoglobin to replenish erythrocytes.55, 56 Other iron-dependent 

processes include DNA synthesis and repair, since certain DNA polymerases and helicases require 

iron for their enzymatic activity.57 Furthermore, ribonucleotide reductase (RR), the enzyme 

catalyzing the conversion of ribonucleoside di- or triphosphates (rNDPs/rNTPs) into deoxy-

ribonucleoside di- or triphosphates (dNDPs/dNTPs) requires iron to stabilize the catalytically 
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active tyrosyl radical.58 Iron also is crucial for further processes including cellular respiration (see 

1.5), epigenetic regulation or oxygen metabolism. In most of these processes iron functions as 

electron acceptor and donor in redox reactions, switching between its ferric (Fe3+) and ferrous 

(Fe2+) states. This transition metal property, however, also is the reason behind the toxic effects 

that iron can exert. Namely, iron salts catalyze the Fenton reaction59, which results in the 

production of reactive oxygen species (ROS) that can be toxic to the cell and are linked to 

carcinogenesis: 

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒3+ + 𝑂𝐻− + 𝐻𝑂•  (1) 

𝐹𝑒3+ + 𝐻2𝑂2 → 𝐹𝑒2+ + 𝐻+ + 𝐻𝑂𝑂•  (2) 
_______________________________________________________________ 

2 𝐻2𝑂2 → 𝐻𝑂• + 𝐻𝑂𝑂• + 𝐻2𝑂   (1+2) 

 

1.2.1 Iron metabolism 

Since iron plays both essential and toxic roles in the organism, its levels have to be delicately 

balanced and thus are tightly regulated both on a systemic and cellular level. Systemically, iron 

levels are primarily controlled on the level of intestinal absorption via duodenal enterocytes and 

by mobilization of iron from storage tissues such as macrophages and the liver. Interestingly, 

there is no defined pathway for the excretion of iron. As iron is very efficiently recycled in the 

body e.g. via phagocytosis of erythrocytes, only 1-2 mg are excreted per day which have to be 

replenished by dietary iron.56 If there is a systemic excess of iron it is mainly stored in the liver, 

bound to the iron storage protein ferritin. Systemic iron metabolism is mainly regulated by the 

small hepatic peptide hormone hepcidin (also known as Hamp1 or Leap1).60 Hepcidin controls 

saturation of transferrin with iron by inducing degradation of the iron exporter ferroportin 

(FPN1), which leads to a decrease of iron release from storage tissues.61 Hepcidin itself is 

regulated by a wide range of external and internal stimuli. While an increase in iron levels and 

inflammatory signals positively regulate hepcidin, increased erythropoietic demand and hypoxia 

reduce hepcidin levels.62 

Also on cellular level, iron metabolism is a finely orchestrated process (see overview in Figure 5). 

In order to maintain circulating iron in a soluble form, it is bound to transferrin, a glycoprotein 

possessing two high-affinity binding sites for ferric iron. Diferric transferrin can form a complex 

with the transferrin receptor (TfR1, in specialized cells also TfR2), which is expressed on the 

plasma membrane of most cells.63 This complex is then internalized via clathrin-dependent 

endocytosis and upon acidification of the endosome undergoes conformational changes which 

triggers the release of iron. In the endosome, ferric iron is reduced by metalloreductases of the six 

transmembrane epithelial antigen of prostate (STEAP) family and subsequently the divalent metal 

transporter 1 (DMT1) transports the ferrous iron into the cytosol, where it feeds into the labile 
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iron pool (LIP). Alternatively to this transferrin cycle, DMT1 can also take up non-transferrin 

bound iron64 and further transferrin-independent pathways for iron uptake exist, which however 

are less well characterized. Within the cytosol, iron can be directly utilized and be incorporated 

into cytosolic iron-containing proteins or it can be transported to the mitochondria, which are a 

center of iron homeostasis where synthesis of heme and Fe-S clusters takes place.65, 66 A fraction 

of the labile iron also is transported into the nucleus, where it is essential for e.g. DNA synthesis. 

Excess iron is stored bound to ferritin, an iron-storage protein composed of 24 light and heavy 

chain subunits, which can contain up to 4500 iron atoms.67, 68 In case of iron overload or increased 

systemic demand, iron can be exported from the cell via the membrane transporter FPN1 and is 

subsequently oxidized by the ferroxidases ceruloplasmin (Cp) or hephaestin to ferric iron, which 

again can be loaded onto transferrin.69, 70  

As mentioned earlier, FPN1 is inhibited by hepcidin to ensure systemic iron homeostasis. Cellular 

iron homeostasis in contrast, is mainly controlled via the IRE-IRP system. The iron regulatory 

proteins 1 and 2 (IRP1/2) are able to sense cellular iron levels and to regulate expression of 

proteins involved in iron metabolism (Figure 6).71 When cellular iron levels are high, both IRP1 

Figure 5| Cellular iron metabolism. Diferric transferrin binds to TfR, the complex is endocytosed and upon 
acidification of the endosome, ferric iron (dark red) is released. After reduction by STEAP, DMT1 transports the 
ferrous iron (light red) into the cytosol, where it feeds into the LIP. Iron can be directly utilized in cytosolic 
proteins, in the nucleus or in mitochondria. Excess iron is stored bound to ferritin or exported from the cells by 
FPN1. Iron levels are regulated by hepcidin, which induces FPN degradation via the IRE/IRP system. Cancer cells 
deregulate iron metabolism by changing expression of numerous proteins, as marked by turquoise arrows. Cp, 
ceruloplasmin; DMT1, divalent metal transporter 1; FPN, ferroportin; IRP1/2, iron regulatory protein 1/2; LIP, 
labile iron pool; ROS, reactive oxygen species; Tf, transferrin; TfR1, transferrin receptor 1; STEAP, six 
transmembrane epithelial antigen of the prostate protein. Figure adapted from Herrmann, 2018. 
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and 2 are inactive. The multifunctional protein IRP1 then binds a 4Fe-4S cubane cluster and acts 

as cytosolic aconitase, a citric acid cycle enzyme which catalyzes the isomerization of citrate to 

isocitrate.72 IRP2 interacts with the iron sensing F-box protein FBXL5 and is proteolytically 

degraded by the SCF E3 complex, when iron levels are high.73 In contrast, under iron deplete 

conditions, IRP1 and 2 are active and by binding to iron responsive elements (IREs) regulate the 

expression of iron-dependent proteins. IREs are highly conserved cis-regulatory hairpin 

structures, which can be found in the 3’ or 5’ UTR of mRNAs coding for iron-regulated proteins 

such as ferritin or TfR. When IRP1/2 bind to single IREs localized in the 5’ UTR, translation 

initiation is inhibited and thus protein synthesis is blocked.74 Such single 5’ UTR IREs are for 

example present in the mRNAs encoding for ferritin, FPN1 or mitochondrial aconitase, which are 

not needed when iron levels are low.75 In contrast, when IRPs bind to multiple IREs present in the 

3’ UTR, endonucleolytic cleavage and subsequent degradation of these mRNAs is prevented. Such 

3’ IREs can be found for example in TFR or DMT1 mRNAs.76 Thus, when iron levels are low, more 

TfR is expressed and more iron is imported, while storage in ferritin and export via FPN1 are 

reduced.  

1.2.2 Iron and cancer 

Epidemiological studies have provided clear evidence for a positive association between 

increased body iron levels and cancer.77, 78 Consistent with this, individuals living with hereditary 

hemochromatosis, a condition causing excessive iron overload, show an increased risk for 

hepatocellular and other carcinomas and also other iron overload disorders are associated with 

an increased cancer risk.79-81 This carcinogenic effect of iron is likely mediated via direct and 

indirect mechanisms. On the one hand, non-transferrin bound iron can cause DNA damage 

indirectly due to the production of ROS via the Fenton reaction (see above).82 Iron also can directly 

support cell proliferation through various routes. For example, ribonucleotide reductase, the 

enzyme catalyzing the rate-limiting step in DNA synthesis depends on iron for its catalytic 

Figure 6| The regulatory IRE-IRP system. In iron-replete cells, IRPs are inactive. IRP1 binds a cubane cluster and 
acts as aconitase, while IRP2 is degraded via the proteasome. Under iron deplete conditions, IRPs bind to IREs 
in the UTR of target gene mRNAs. Binding to 5’ IREs blocks their translation, thus ferritin and ferroportin are 
downregulated. Binding to 3’ IREs blocks degradation of the respective mRNAs, thus TfR is upregulated. Figure 
modified from Herrmann, 2018. 



Introduction 

 

12 
 

function and also cell cycle control and cellular energy generation are reliant on iron. Thus, it is 

not surprising that tumor cells have higher requirements for iron and deregulate several proteins 

to increase intracellular iron levels (see turquoise arrows in Figure 5). In order to enhance iron 

uptake, TfR is often overexpressed in cancers and could thus represent a potential target in cancer 

therapy.83, 84 Also STEAP, DMT1 and lipocalin 2 (LCN2) are overexpressed in cancer cells, further 

stimulating iron uptake.85-88 Additionally, tumor cells typically reduce iron storage via ferritin, 

which leads to an increase of intracellular available iron and stimulates proliferation.89 

Furthermore, cancer cells increase metabolically available iron by limiting iron efflux from the 

cell. To this end, levels of FPN1 are decreased either directly or via deregulation of hepcidin.90, 91 

Collectively, these cancer-associated alterations of the cellular iron metabolism lead to an 

increased intracellular iron availability, which allows tumor cells to maintain accelerated 

proliferation rates. 

 

1.2.3 Iron chelators as potential chemotherapeutics 

The increased dependence on iron makes cancer cells “iron addicted” and renders them more 

sensitive to the effects of iron depletion. Thus it is not surprising that compounds acting as iron 

chelators possess potential as cancer therapeutics. Chemically, iron chelators can be classified as 

bidentate, tridentate or hexadentate ligands, depending on how many of the six coordination sites 

of iron can be occupied by one molecule (Figure 7). Due to its chemical properties iron preferably 

binds to oxygen and nitrogen donor atoms of its ligands, but sometimes also sulfur functions as 

electron donor.  

Some iron chelators have been in clinical use for a longer time. For instance deferasirox (DFX), 

deferoxamine (DFO, also desferrioxamine), and deferiprone (DFP) are used for the treatment of 

iron overload disorders such as β-thalassemia, hereditary hemochromatosis, sickle cell disease or 

myelodysplastic syndromes, while ciclopirox (CPX) is used to treat topical fungal infections.92, 93 

More recently, intense effort has been made in repurposing iron chelators for cancer therapy. 

Several structurally unrelated iron chelators have demonstrated antitumor activity in preclinical 

and partly also in clinical studies (see incomplete overview in Table 1).  

Figure 7| Iron coordination by chelators. Iron chelators can be classified as bi-, tri- or hexadentate, depending 
on how many of the coordination sites of iron they occupy.  
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Table 1| Overview of iron chelators with anti-tumorigenic potential.  

Chelator Chemical name Denticity Studies  References 

Ciclopirox  
(CPX) 

6-Cyclohexyl-1-hydroxy-4-methyl-1H-
pyridin-2-one 

bidentate 
preclinical, 
clinical 

94-96 

Deferasirox 
(DFX) 

4-[3,5-Bis-(2-hydroxy-phenyl)-[1,2,4]triazol-
1-yl]-benzoic acid 

tridentate 
preclinical, 
clinical 

97, 98 

Deferoxamine 
(DFO) 

N-[5-[[4-[5-[acetyl(hydroxy)amino] 
pentylamino]-4-oxobutanoyl]-
hydroxyamino]pentyl]-N'-(5-aminopentyl)-
N'-hydroxybutanediamide 

hexadentate 
preclinical, 
clinical 

99-101 

Dp44mT Di-pyridylketone thiosemicarbazone  tridentate preclinical 102, 103 

Triapine  
(3-AP) 

3-aminopyridine-2-carboxaldehyde 
thiosemicarbazone  

tridentate 
preclinical, 
clinical 

104-107 

VLX600 
6-Methyl-3-((2Z)-2-(1-(2-
pyridinyl)ethylidene)hydrazino)-5H-
[1,2,4]triazino[5,6-b]indole 

tridentate 
preclinical, 
clinical 

108, 109 

 

DFO was the first iron chelator which has been evaluated in regard of potential antitumor effects. 

While it has demonstrated in vitro activity against neuroblastoma and leukemia101, 110, its clinical 

use is limited due to its hydrophilicity. As DFO possesses a low membrane permeability it mostly 

chelates extracellular iron only and cannot be administered orally but only intravenously.111 

Furthermore, DFO is rapidly excreted and has a short plasma life, thus high doses are needed. DFX 

in contrast is highly cell permeable, which makes it a pharmacologically more favorable agent 

compared to DFO and was the first approved orally available iron chelator. It has shown profound 

anti-tumorigenic activities in vitro97, 112 and could also be effective in vivo98. Also iron chelators 

from the thiosemicarbazone class, such as triapine (3-AP) and Dp44mT have potential as anti-

tumorigenic agents.113 3-AP has proven effective in blood cancers, but not in solid tumors.104, 105 

Dp44mT is a demethylated derivative of 3-AP with a strongly increased potency and has shown 

good efficacy in animal studies.102 Also new classes of iron chelator with improved properties are 

being developed, for example the iron chelator VLX600 was shown to be more potent in reducing 

tumor cell growth compared to established iron chelators.108 However, a first clinical phase I study 

in refractory advanced solid tumors could not prove its efficacy.109 In general, clinical studies 

found mild to moderate side effects for most iron chelators, with dose-limiting gastrointestinal 

toxicity and fatigue as primary symptoms.  

The biological effects of iron chelators on tumor cells are complex and multifaceted. Numerous 

cellular pathways have been linked to their anti-tumorigenic actions. One important mechanism 

of action is the induction of cell cycle arrest via targeting RR, cyclin D, CDK2 and further cell cycle 

regulatory proteins.114 Iron chelators also induce expression of N-myc downstream regulated 

gene 1 (NDRG1), which represses invasion and epithelial-mesenchymal transition (EMT) and 

could inhibit metastasis of cancers.115 Also numerous signaling pathways, such as 
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PI3K/AKT/mTOR signaling, TGF-β signaling and STAT3 signaling are modulated by iron 

chelation.116 

 

1.2.4 The iron chelator ciclopirox 

One possibility to improve safety and efficacy of iron chelators for cancer treatment is to use an 

alternative route of administration. Topical application in this respect could be advantageous as 

it reduces systemic side effects and enables treatment with higher drug doses. This could be an 

interesting approach for easily accessible cancers or pre-neoplasias situated in skin and mucosa, 

such as cervical cancers and CINs. Ciclopirox (CPX, IUPAC name 6-cyclohexyl-1-hydroxy-4-

methyl-2(1H)-pyridone)) is a topically available bidentate iron chelator from the hydroxyl-

pyridonone family (see structure in Figure 8A). CPX has a high affinity for polyvalent metal 

cations, it preferentially binds ferric iron but also binds to other divalent and trivalent metal ions 

such as Al3+, Zn2+, Mg2+, Ca2+, Cu2+ and Mn2+.117, 118 It is mainly used in the form of its olamine salt, 

which increases the water solubility but does not change its pharmacological properties.93 The 

term CPX in the following will be used both for ciclopirox and ciclopirox olamine. CPX as a 

lipophilic molecule can penetrate the cell membrane and thus mainly chelates intracellular iron, 

which is in contrast to DFO and other iron chelators.118, 119  

CPX has been used clinically since the early 1980s as a topical antifungal agent for the treatment 

of superficial mycoses of skin, mucosa and nails.93 For this application, it is sold under many brand 

names and is available in numerous different formulations, e.g. as cream, suspension, gel, 

shampoo or nail lacquer.93 The mechanism behind the antifungal action of CPX is not fully 

elucidated yet, but differs from other antimycotic agents and is probably related to its iron 

chelating properties.120 Amongst others, CPX has been shown to target metabolic processes, 

induce ROS and inhibit DNA repair and cell division in yeast.121, 122 More recently, CPX has gained 

considerable interest for the treatment of other disorders in humans, such as inflammatory and 

cardiovascular diseases, diabetes, acquired immune deficiency syndrome (AIDS) and cancer 

(reviewed in Shen and Huang, 2016123). The advantage of repurposing a drug for new medical 

uses lies in the drastically reduced development time and costs and the fact that such compounds 

already have undergone rigid safety evaluations.  

During the last years, CPX was investigated in numerous types of cancer and has proven profound 

anti-tumorigenic effects.124 Promising results could be shown in in vitro models of cervical 

cancer125, pancreatic cancer126, colorectal cancer127, neuroblastoma128 and further cancer types. 

Also first animal trials showed its efficacy in acute myeloid leukemia and breast cancer.95, 96 

Finally, the first clinical trial using CPX as an anti-tumorigenic oral agent was started in 2009 in 

patients with relapsed or refractory hematologic malignancies.129 Two out of 24 patients showed 

hematologic improvements and CPX was generally well tolerated, however gastrointestinal 
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toxicities limited the maximum dose and serum half-life was quite short with less than 6 h. More 

recently, clinical trials have been initiated in bladder cancer patients employing a parenterally 

applicable CPX derivate, which has improved pharmacological properties, with promising first 

results.130 

Mechanistically, CPX targets multiple molecular pathways, which can mostly be attributed to the 

chelation of intracellular iron, see overview in Figure 8B. A main anti-tumorigenic effect is the 

repression of cell proliferation, e.g. by inhibition of RR.95 CPX also induces cell cycle arrest in G1/S 

phase, mediated via downregulation of cyclins A, B1 and D, inhibition of CDK4 and 6 and 

downregulation of pRb.96, 127, 131 Also inhibition of the iron-dependent enzyme deoxyhypusine 

hydroxylase (DOHH), which normally catalyzes hypusination of the eukaryotic translation 

initiation factor 5A (eIF5A) plays a role in CPX-mediated growth inhibition.132 Furthermore, CPX 

induces apoptosis by inhibiting the anti-apoptotic proteins BCL-XL, BCL-2 and survivin.96, 126 

Another potential anti-tumorigenic mechanism is the inhibition of migration and invasion via 

downregulation of N-cadherin, matric metalloproteinases (MMPs) and Snail.133 Additionally, the 

recently shown inhibition of mitochondrial oxidative phosphorylation (OXPHOS) by CPX might 

play a role in inhibiting tumor cell growth.108, 127 Further anti-tumorigenic activities of CPX could 

include inhibition of Wnt signaling94, 131 and histone demethylases128, induction of endoplasmatic 

reticulum (ER) stress127 and autophagy134, and inhibition of mTOR signaling135. 

 

1.3 Notch signaling pathway  

A novel potential target of CPX, which was identified in the present thesis is Notch1. In mammals 

there are four Notch paralogs (Notch1-4), which are large transmembrane proteins and are at the 

core of an evolutionary conserved and ubiquitous intercellular communication pathway, which is 

implicated in regulatory processes including development, EMT, cell proliferation and 

apoptosis.136 Furthermore, aberrant Notch signaling plays a role for several genetic diseases and 

Figure 8| Anti-tumorigenic effects of ciclopirox. (A) Chemical structure of ciclopirox olamine. (B) Cellular 
pathways and processes targeted by CPX that are relevant for its anti-tumorigenic effects.  
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is of importance for different types of 

cancer.137. Before the Notch receptor can be 

expressed at the cellular membrane, it 

undergoes several posttranslational 

modifications and is maturated in the Golgi by 

cleavage at site 1 (S1) through a furin-like 

convertase.138 The canonical Notch signaling 

pathway (as depicted in Figure 9) is activated 

upon binding of the Notch receptor to a ligand 

from a neighboring cell139, which leads to a 

conformational change of Notch, exposing a 

cleavage site (S2) for ADAM metallo-

proteases140. The resulting Notch extra-

cellular truncation (NEXT) fragment can 

undergo a third proteolytic cleavage by the 

γ-secretase complex at site 3 (S3), which leads 

to liberation of the Notch intracellular domain (NICD).141 NICD then translocates to the nucleus, 

where it associates with the DNA-binding protein CSL (CBF1, Suppressor of Hairless, Lag1), the 

transcriptional coactivator Mastermind (MAM) and additional factors to transcriptionally activate 

target gene expression.139  

Recent studies found mutations in Notch genes in numerous types of cancers142 and both hyper- 

and hypo-activation of the Notch signaling pathway have been implicated with cancer. Thus it 

depends on context and cell type if Notch acts as tumor suppressor or as oncogene.143, 144 In some 

cancers like T-cell acute lymphoblastic leukemia (T-ALL) and triple-negative breast cancer 

Notch1 activates oncogenic Myc signaling145 and enhances the PI3K-Akt pathway146. Moreover, 

there is evidence for Notch acting as a promotor of metastasis/EMT147, 148 and chemotherapy 

resistance149. In contrast, a tumor-suppressive role for Notch was identified for example in 

squamous cell carcinomas (SCCs), which often feature loss-of-function mutations of Notch 

signaling components.150 

 

1.4  Senescence and apoptosis 

Recent work from our group showed that CPX acts anti-tumorigenic in cervical cancer cells and 

blocks proliferation of HPV-positive cells by inducing cellular senescence and apoptosis.125 While 

apoptosis is known as programmed cell death, senescence is typically defined as a permanent 

growth arrest, where cells maintain their metabolic activity.151, 152 Both senescence and apoptosis 

can occur in response to different stressors and both possibly evolved as anti-tumorigenic 

Figure 9| Notch signaling pathway. Ligand binding 
induces cleavage of Notch receptor at S2 and S3. The 
liberated intracellular domain (NICD) travels to the 
nucleus where it with co-activators drives target gene 
transcription. NICD, Notch intracellular domain.  
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mechanisms to hinder damaged cells from further proliferation.153 Surprisingly, the knowledge 

about what determines if a certain stressor preferably induces senescence or apoptosis is still 

relatively sparse.  

 

1.4.1 Senescence  

Normal, non-transformed cells do not proliferate indefinitely, instead after a limited number of 

divisions they adapt a permanent state of cell cycle arrest, in which they are still metabolically 

active but do not divide anymore. This phenomenon was first described in 1961 by Leonard 

Hayflick and Paul Moorhead and coined cellular senescence.151 From an evolutionary perspective 

senescence probably developed as a safeguard mechanism, protecting the body from cancer 

induction by arresting damaged cells. However, with prolonged life span senescence also has 

harmful effects as it contributes to aging.154 Most disadvantageous effects of senescence are 

caused because senescent cells secrete a mixture of inflammatory cytokines, growth factors and 

proteases, collectively termed the senescence-associated secretory phenotype (SASP).155, 156 

These secreted proteins alter the tissue microenvironment and, in a paracrine manner, promote 

processes such as cell proliferation or cell motility and thus can exert pro-tumorigenic effects.155  

Senescence can occur either as a response to acute stress, such as DNA damage, oxidative stress 

or oncogene activation (premature senescence), or as a consequence of continuous passaging of 

cells or aging (telomere-initiated senescence).157 Telomeres are special nucleoprotein structures 

protecting the ends of chromosomes.158 Human cells usually have telomeres of 5-15 kb length. 

Because standard DNA polymerases are unable to fully replicate DNA ends, normal, mortal cells 

(not expressing telomerase) lose 50-200 bp of telomeric DNA during each cell cycle.159 Eventually, 

one or more telomeres become too short which triggers a DNA damage response (DDR) to which 

cells react by inducing senescence.160 Also DNA damage caused by other stressors such as 

chemotherapeutic drugs or radiation can initiate senescence in tumor cells which makes 

senescence a desired outcome for cancer therapy.161, 162 Other possible inducers of senescence are 

mitochondrial malfunction, leading to excessive ROS production, oncogene activation or 

activation of tumor suppressors.163, 164 

Different stressors activate different pathways leading ultimately to the induction of senescence 

(see overview in Figure 10). These pathways are often interconnected and activated in parallel. 

The two main pathways, however, are the p53-p21 and the p16-pRb tumor suppressor 

pathways.165 Cellular stress leads to p53 activation, which induces the CDK inhibitor p21, causing 

cell cycle arrest partly via activating pRb.166, 167 Active, hypo-phosphorylated pRb then binds to 

E2F proteins and thus inhibits cell cycle progression.168 pRb can also be activated by the CDK 

inhibitor p16 (INK4A), which is expressed from the CDKN2A locus, together with p14 (ARF). In 

contrast to p21, the mechanisms leading to p16 induction are still not well understood.169 The p53 
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and p16 pathways are connected, but can 

also independently induce senescence. 

There is even the possibility to induce 

senescence independent of both of these 

pathways.170, 171  

A main inducer of senescence is DNA 

damage eliciting a prolonged DDR. DNA 

damage is detected by a variety of sensor 

proteins, which induce activation of the 

upstream protein kinases ataxia 

telangiectasia mutated (ATM) and ATM 

and Rad-3 related (ATR).172 Downstream 

protein kinases like checkpoint kinase 1 

and 2 (CHK1/2) propagate the signal and 

activate the p53 arm of senescence. These 

kinases also lead to stabilization of the 

transcription factor GATA4, which is 

under normal conditions degraded via 

p62-mediated autophagy.173 GATA4 in 

turn activates NF-κB, which has a crucial role in initiating the SASP. Also increased ROS production 

can trigger a senescence response by activation of p16 and p53 via p38.174, 175 Furthermore, many 

oncogenes induce senescence via p16, for example oncogenic forms of proteins in the Ras 

signaling pathway.171, 176, 177 

Notably, in HPV-positive tumor cells the viral oncoproteins E6 and E7 effect several of the 

pathways involved in senescence. Firstly, E7 inactivates pRb, thereby releasing E2F, which leads 

to uncontrolled cell cycle progression.32 pRb inactivation also results in an overexpression of p16, 

which is thus often used as a diagnostic marker for HPV-infection.178, 179 Secondly, in HPV-positive 

cells p53 is not repressed via ARF and HDM2 but by a unique pathway via E6 and E6AP.180 

Therefore, E6/E7 repression in HPV-positive tumor cells leads to effective induction of 

senescence by activating the p53 and pRb pathways181, 182 with p21 playing a major role in this 

process183.  

 

1.4.2 Apoptosis  

Unlike senescence, apoptosis does not induce an inflammatory response and might thus be the 

preferable way of inactivating cancer cells. Apoptosis is a form of programmed cell death and as 

such is a highly orchestrated process leading to the orderly removal of damaged cells.184 

Figure 10| Molecular pathways involved in senescence 
induction and how they are altered by HPV E6/E7. For more 
details, please see text.  
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Morphologically, apoptosis is characterized by cell shrinkage, chromatin condensation, plasma 

membrane blebbing, extracellular exposure of phosphatidylserine and DNA fragmentation.184 

Apoptosis can be triggered by various internal and external signals, such as genotoxic stress or 

death-inducing ligands. There are two major cellular signaling pathways through which apoptosis 

is executed, the intrinsic and the extrinsic pathway. These pathways are interconnected and both 

culminate in the activation of caspases, specialized cysteine-aspartic proteases that execute the 

apoptotic program by cleaving a set of effector proteins.185 Caspase targets involve apoptotic 

factors, structural proteins, DNA repair proteins and cell cycle related factors.186 

The intrinsic pathway of apoptosis is triggered by cellular stresses such as DNA damage, metabolic 

stress or microtubule damage. Stress sensors like p53 or AKT activate BH3 proteins, which 

stimulate the death agonists BAK and BAX.187 Activation of these proteins promotes mitochondrial 

outer membrane permeability (MOMP), allowing release of cytochrome c and Smac/DIABLO 

(second mitochondria derived activator of caspases/direct IAP binding protein with low PI).188 

Cytochrome c then induces a conformational change in Apaf-1, allowing its oligomerization to 

form the apoptosome.189 This complex cleaves and activates the initiator caspase-9, which in turn 

cleaves and activates the effector caspases-3 and -7.185 

The extrinsic pathway of apoptosis is initiated via death receptors, such as Fas, TNFR1/2 and 

death receptors 4 and 5 (DR4/5) upon binding of extracellular death ligands like FasL, TNF and 

TNF-related apoptosis-inducing ligand (TRAIL).186 This interaction leads to the recruitment of 

adaptor proteins such as Fas-associated protein with death domain (FADD) and initiator 

caspase-8 to facilitate formation of the death-inducing signaling complex (DISC).190 In some cells, 

activated caspase-8 then directly induces activation of the effector caspases-3 and -7. In other 

cells, caspase-8 stimulates activation of the BH3 only protein BID, which then activates the 

intrinsic apoptotic pathway via BAX and BAK, leading to activation of effector caspases through 

the mitochondrial pathway.191 

Apoptosis often is deregulated in tumor cells and evasion of apoptosis is one of the hallmarks of 

cancer.192 Many anticancer treatments, including chemo- and radiotherapy aim to trigger 

apoptosis in cancer cells, e.g. by inducing DNA damage, and a multitude of approaches to directly 

activate the apoptotic pathway are in development.193  

 

1.5  Cellular energy metabolism 

Multiple cellular processes contribute to the generation of energy, which is needed in anabolic 

processes to synthesize biomolecules, perform mechanical work and actively transport molecules. 

Larger molecules such as carbohydrates, fatty acids and amino acids are first broken down to 

smaller units, such as monosaccharides, which then can feed into energy producing pathways. The 
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major ATP-generating pathways are glycolysis and oxidative phosphorylation (OXPHOS), which 

will be described in detail below. 

 

1.5.1 Glycolysis 

During glycolysis glucose and other monosaccharides are catabolized to pyruvate and the 

released energy is stored in the form of ATP and NADH. Glycolysis can be divided into two phases: 

in the preparatory phase energy in the form of 2 molecules ATP is invested, while in the pay-off 

phase 4 molecules ATP and 2 molecules NADH are produced. Thus, the net yield of glycolysis is 

2 ATP and 2 NADH, which means most of the energy of glucose is still bound in pyruvate and only 

released in the second and third steps of respiration – the citric acid cycle and oxidative 

phosphorylation. Glycolysis consists of the following ten sequential reactions194: 

1) Glucose + ATP → glucose-6-phosphate + ADP 

In the first step, hexokinase (HK) phosphorylates glucose by using 1 molecule ATP. This 

reaction is irreversible and serves to activate glucose and fix it in the cell. 

2) Glucose-6-phosphate ⇄ fructose-6-phosphate 

Glucose-6-phosphate isomerase (GPI) catalyzes the reversible isomerization of glucose-6-

phosphate to fructose-6-phosphate. 

3) Fructose-6-phosphate + ATP → fructose-1,6-bisphosphate + ADP 

In a second priming reaction fructose-6-phosphate is phosphorylated using another 

molecule of ATP. This reaction is catalyzed by phosphofructokinase-1 (PFK-1), an enzyme 

underlying a complex allosteric regulation, allowing it to react to the cells energetic status. 

4) Fructose-1,6-bisphosphate ⇄ glyceraldehyde-3-phosphate + dihydroxyacetone phosphate 

Fructose-1,6-bisphosphate is cleaved into two different triose phosphates by aldolase. 

5) Dihydroxyacetone phosphate ⇄ glyceraldehyde-3-phosphate 

The enzyme triose phosphate isomerase catalyzes the interconversion of the both triose 

phosphates as only glyceraldehye-3-phosphate (GA-3P) can enter the next glycolytic step. 

6) Glyceraldehyde-3-phosphate + NAD+ + Pi 
- ⇄ 1,3-bisphosphoglycerate + NADH 

In the first reaction of the pay-off phase, GA-3P is oxidized by GA-3P dehydrogenase to 

1,3-bisphosphoglycerate (1,3-BP). 1 molecule NADH is generated per molecule GA-3P. 

7) 1,3-Bisphosphoglycerate + ADP ⇄ 3-phosphoglycerate + ATP 

The enzyme phosphoglycerate kinase transfers the phosphoryl group from 1,3-BP to ADP 

and 1 molecule ATP per molecule 1,3-BP is built. 

8) 3-Phosphoglycerate ⇄ 2-phosphoglycerate 

Phosphoglycerate mutase then promotes the reversible shift of the phosphoryl group 

between C-2 and C-3 of the glycerate. 
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9) 2-Phosphoglycerate ⇄ phosphoenolpyruvate + H2O 

In the penultimate step, enolase catalyzes the removal of one molecule water from 

2-phosphoglycerate and phosphoenolpyruvate (PEP) is produced. 

10)  Phosphoenolpyruvate + ADP → pyruvate + ATP 

Finally, pyruvate kinase catalyzes the transfer of the phosphoryl group from PEP to ADP, 

again yielding one molecule ATP per molecule PEP and producing pyruvate as the end 

product of glycolysis. 

The generated pyruvate can be reduced to lactate in order to replenish NAD+ from NADH, which 

is mainly the case under hypoxic conditions, but also common in (normoxic) cancer cells. 

Anaerobic glycolysis only utilizes about 5% of the energy contained in glucose, however, it is 

considerably faster than OXPHOS.195 Alternatively, pyruvate can be oxidized to acetyl CoA which 

is fueled into the tricarboxylic acid (TCA) cycle (also citric acid cycle or Krebs cycle). In the TCA 

cycle, pyruvate is completely oxidized to CO2 and O2, producing a greater amount of energy in the 

form of ATP and reduction equivalents. The electron carriers produced during glycolysis and TCA 

cycle can subsequently be oxidized in the mitochondrial respiratory chain, which releases energy 

that is ultimately stored in ATP (see next chapter). The formation of glucose-6-phosphate by 

hexokinase is also the starting point of the pentose phosphate pathway (PPP), which runs in 

parallel to glycolysis and produces NADPH and pentose phosphates needed for the synthesis of 

nucleic acids and several co-enzymes.196 

 

1.5.2 Oxidative phosphorylation 

Oxidative phosphorylation is the last step of cellular respiration, taking place in the mitochondria. 

Electrons from NADH and FADH2, which were produced during glycolysis and the TCA cycle are 

used to generate energy in the form of ATP. In a series of redox reactions these electrons are 

transported along the respiratory complexes I to IV of the mitochondrial electron transport chain 

(ETC), with oxygen serving as final electron acceptor (see scheme in Figure 11).194 

Complex I is comprised of the enzyme NADH dehydrogenase, which catalyzes the exergonic 

transfer of two electrons from NADH to ubiquinone via flavin mononucleotide (FMN) and seven 

Fe-S centers. During this reaction, four protons are transported from the matrix to the 

intermembrane space in an endergonic reaction. Alternatively, electrons can enter the ETC 

through complex II, where succinate dehydrogenase transfers two electrons donated from FADH2 

to ubiquinone via flavin adenine dinucleotide (FAD) and Fe-S centers. Ubiquinol (the reduced 

form of ubiquinone) carries the electrons from complex I and II to complex III, the ubiquinone 

cytochrome c oxidoreductase. Electrons are then transferred to cytochrome c which is again 

coupled to the vectorial transport of four protons per electron pair from the matrix to the 
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intermembrane space. Electron transfer takes place in a sequential manner via the so-called 

Q-cycle, which involves cytochrome b and a 2Fe-2S cluster. Finally, in complex IV, cytochrome 

oxidase transfers the electrons from cytochrome c to molecular oxygen, which is reduced to water. 

Next to the two protons needed to reduce ½ O2 to H2O, two further protons are transported 

through the membrane in this step.  

As a net reaction, two electrons from NADH are transferred to ½ molecule O2, yielding NAD+ and 

one molecule H2O. The energy of this exergonic reaction is converted to proton-motive force by 

pumping 10 protons per NADH or 6 protons per FADH2 through the membrane, building up a 

proton gradient. This electrochemical energy is then used by the enzyme ATP synthase (also 

termed OXPHOS complex V), which can synthesize one molecule ATP per four protons. The 

maximum yield that can be generated from one mole of glucose via glycolysis, TCA cycle and 

OXPHOS is 32 moles ATP. 

 

1.5.3 Metformin and other metabolic cancer drugs 

The metabolism of tumor cells profoundly differs from that of non-transformed cells, allowing 

them to sustain high proliferation rates and resist apoptosis.197 Already in 1928, the German 

biochemist Otto Warburg observed that tumor cells perform glycolysis at a much higher rate than 

healthy cells, even in the presence of oxygen.198 This is in contrast to normal cells, where oxygen 

inhibits glycolytic flux, a phenomenon known as “Pasteur effect”.199 One explanation for this 

increased glycolysis rate is that cancer cells often grow under hypoxic conditions, forcing them to 

adapt to this hostile microenvironment by switching to an anaerobic metabolism.200 However, this 

Figure 11| The mitochondrial electron transport chain. Electrons from NADH or FADH2 are transported via a 
series of electron transporters through the OXPHOS complexes I to IV with oxygen serving as final electron 
acceptor (dark blue path). Simultaneously, protons are pumped from the mitochondrial matrix to the 
intermembrane space (turquoise paths), building up an electrochemical gradient. Inhibitors of the respective 
OXPHOS complexes are shown in red. α-TOS, α-tocopherol; NO, nitric oxide; Q, ubiquinone; Cyt C, cytochrome c.  
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does not explain why also under oxygen-replete conditions aerobic glycolysis is preferred by 

tumor cells. An alternative explanation which is broadly accepted in cancer research is that tumor 

cells use certain metabolites and intermediates of the glycolytic and PPP pathways as precursors 

for anabolic pathways, like synthesis of nucleic acids, lipids and amino acids, which compensates 

for the poor energetic balance of glycolysis.201,202  

Following Warburg’s initial theory198 it was assumed for a long time that most cancer cells have 

impaired mitochondria, explaining their preference for glycolytic energy production accompanied 

by downregulation of OXPHOS. However, there is growing evidence that in most tumor cells 

mitochondria are functional and OXPHOS contributes similarly to ATP generation in cancer cells 

as in healthy cells.203 In several cancers OXPHOS even seems to be upregulated204 and is often only 

limited by oxygen supply but not functionally impaired205. Therefore, targeting mitochondrial 

metabolism emerges as a promising option for cancer therapy at least for a subset of tumors.206 

The OXPHOS complexes can be inhibited with classical mitochondrial poisons, such as rotenone 

(complex I), antimycin A (complex III), cyanide (complex IV) or oligomycin (complex V), but there 

also are numerous inhibitors possessing clinical potential which currently are under investigation 

in vitro and in vivo.207  

A particularly interesting compound with anti-tumorigenic potential is the biguanide metformin 

(Figure 12A), which is clinically used for the first line treatment of type 2 diabetes. Metformin 

decreases blood glucose levels mainly by reducing hepatic glucose production.208 In addition to 

its antidiabetic effects, metformin was more recently recognized as a potential anticancer 

therapeutic and numerous studies have demonstrated its preventive or therapeutic potential in 

diverse cancer entities.209 This anti-tumorigenic effect is primarily caused by inhibition of 

mitochondrial complex I, which leads to an inhibition of OXPHOS and thus an increased AMP:ATP 

ratio, which activates the energy sensor AMP-activated kinase (AMPK) via liver kinase B1 (LKB1) 

(see overview in Figure 12B).208 AMPK controls many metabolic processes and inhibits e.g. fatty 

acid synthesis and gluconeogenesis, thus reducing glucose production.210 A major target of AMPK 

is mammalian target of rapamycin complex I (mTORC1), which can also be inhibited by metformin 

Figure 12| Anti-tumorigenic effects of 
metformin. (A) Chemical structure of 
metformin. (B) Metformin primarily 
exerts anti-tumorigenic potential by 
inhibiting OXPHOS complex I, leading to 
reduced cellular ATP levels and activation 
of AMPK, which reduces glucose 
production. AMPK can also activate p53, 
contributing to apoptosis induction. 
Furthermore, Metformin inhibits 
mTORC1 in an AMPK-dependent or 
independent manner, thus repressing 
protein synthesis and cell growth.  
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in an AMPK-independent manner via inhibition of the PI3K-AKT signaling pathway211 or 

repression of Rag GTPases212. Thus, mTORC1 is a key target of metformin in respect to its anti-

tumorigenic effects, its inhibition leading to impaired protein synthesis and reduced cell growth. 

Apart from mTORC1, AMPK can phosphorylate and activate p53 which can exert further anti-

proliferative and pro-apoptotic effects.213 Indirectly, also the reduction of glucose and insulin 

levels by metformin might contribute to suppressing tumor growth. In cervical cancer, the effect 

of metformin is still under debate. While it was shown to reduce mortality in diabetic cervical 

cancer patients214, another study could not identify such effects of metformin215.  

Besides metformin several other OXPHOS inhibitors possess potential for chemotherapy (see 

Figure 11). For example, BAY89-2243, IACS-010759 and ME-344 are high affinity complex I 

inhibitors, which are still under development.207 Few compounds target complex II, the most 

promising probably is α-tocopherol (α-TOS), a vitamin E analogue.216 Complex III can be targeted 

for example with the antimalarial drug atovaquone which has shown efficacy in preclinical 

studies217, and complex IV is inhibited by arsenic trioxide, an FDA approved drug for the treatment 

of acute promyelocytic leukemia that was reported to reduce hypoxia and sensitize cells to 

radiation.218, 219  

Alternatively, also other metabolic pathways such as PPP or glycolysis may be targeted for cancer 

therapy. One glycolysis inhibitor studied in this context is 2-deoxy-D-glucose (2-DG), which is 

phosphorylated by hexokinase, producing 2-deoxyglucose-6-phosphate, which cannot be 

metabolized further and thus competitively inhibits hexokinase.220 Other drugs targeting HK are 

3-bromopyruvate and lonidamine, which also inhibits OXPHOS complex II but could not 

demonstrate sufficient efficacy in clinical trials.221. While some glycolysis inhibitors showed 

promising results in preclinical trials, they turned out to be toxic when used in higher 

concentrations and thus their clinical success has been limited.222-224 However, as part of 

combination therapies these compounds might still be a promising option as they were shown to 

sensitize tumor cells to chemo- and radiotherapy.225, 226 
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1.6 Research objectives 

The iron chelator ciclopirox is an antimycotic drug, which has shown promising anti-tumorigenic 

potential in multiple tumor types and thus is under discussion of being repurposed for cancer 

therapy. Previous work from our group could demonstrate that iron depletion exerts profound 

anti-tumorigenic effects in HPV-positive cervical cancer cells in that it efficiently downregulates 

the viral E6/E7 oncogenes and strongly represses cell proliferation.125, 227 Interestingly, after 

shorter treatment periods CPX mainly induces senescence, while prolonged treatment results in 

induction of apoptosis. 

The present study aims to gain insights into the mechanisms behind these anti-tumorigenic effects 

of CPX. In detail, the following aspects should be elucidated: 

 

(I) Which molecular pathways underlie the phenotypic responses of cervical cancer cells 

towards CPX?  

 Data from a proteome screen of CPX-treated HPV16-positive cervical cancer cells will be 

analyzed for potentially involved pathways and compared to proteome screens of 

hypoxic cells or cells treated with the metabolic drug metformin. A particular focus will 

be set on factors linked to the cellular energy metabolism. Further, it will be assessed if 

the Notch signaling pathway contributes to the anti-tumorigenic effects of CPX. 

(II) Which factors determine the switch between induction of senescence or apoptosis upon 

CPX treatment? 

Since CPX may profoundly affect glucose metabolism, the influence of glucose 

concentrations on these different phenotypic outcomes will be elucidated. Moreover, the 

expression of factors impaired in senescence and apoptosis will be investigated and 

candidates regulating the therapeutic outcome will be identified. In this context, the 

effects of CPX will also be compared to those of established OXPHOS inhibitors such as 

metformin and to those of other iron chelators. 

(III) Can CPX enhance the effects of radio- and chemotherapy?  

To this end, CPX treatment of cervical cancer cells will be combined with irradiation or 

cisplatin as well as with metabolic modulators. Subsequently, effects of the different drug 

combinations on cellular proliferation will be evaluated and analyzed for functional 

cooperativity.  

  

Overall, this thesis aims to provide new insights into the anti-tumorigenic mechanisms of the iron 

chelator ciclopirox, which may serve as a basis for developing innovative treatment strategies for 

the therapy of HPV-induced neoplasias. 
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2. Results 

2.1  Proteome analyses of CPX-treated cells  

Previous work from our group showed that the iron chelator ciclopirox exerts profound anti-

tumorigenic effects in HPV-positive tumor cells, which include inhibition of cell proliferation, 

downregulation of the viral E6/E7 oncogenes and induction of senescence or apoptosis.125, 227, 228 

Furthermore, a growing body of literature has investigated CPX in different preclinical tumor 

models and demonstrated that it exerts anti-tumorigenic effects in a broad range of cancer 

entities.95, 126, 128, 131, 229 With the aim to gain more insights into these anti-tumorigenic mechanisms 

exerted by CPX, comprehensive proteome analyses were conducted227, comparing the global 

protein expression of HPV16-positive SiHa cells treated with CPX or EtOH as solvent control under 

normoxic (21% O2) or hypoxic (1% O2) conditions. Under normoxia, 5919 proteins were detected 

in total, out of which 301 were significantly downregulated (log2 fold change, log2FC ≤ -1, p-value 

≤ 0.01) while 91 were significantly upregulated (log2FC ≥ 1, p-value ≤ 0.01) by CPX treatment 

(Figure 13A). This relatively high number of differentially regulated proteins is in accordance with 

a growing body of literature, highlighting a variety of cellular processes and pathways that are 

influenced by CPX. In Figure 13B a heat map is depicted which contains a selection of factors 

associated with cancer and metabolism that were identified in the proteome analyses and their 

regulation by CPX both under normoxia and hypoxia. Furthermore, for comparison also proteome 

analyses of cells treated with metformin230, an OXPHOS inhibitor and antitumor agent (see 1.5.3), 

were included.  

As can be expected for an iron chelator, CPX regulates the protein levels of a number of factors 

involved in iron metabolism. Furthermore, several of the hits might be of interest for the anti-

tumorigenic activities, as they are involved in relevant processes like cell proliferation and 

migration, in apoptosis and senescence, in energy metabolism or in therapy resistance.  

Strikingly, many proteins are regulated similarly by CPX treatment and under hypoxia. This 

suggests that the expression is modulated via hypoxia inducible factor 1α (HIF-1α), which is also 

upregulated by CPX and other iron chelators.117 CPX treatment under hypoxic conditions results 

in a similar but less pronounced regulation than under normoxia, consistent with the observation 

that CPX exerts a decreased efficiency under hypoxia.228 Furthermore, some factors are regulated 

similarly by metformin treatment as by CPX treatment, which could point to a role of OXPHOS 

inhibition in regulation of these proteins.  

In order to validate the results from proteomics by an independent method, protein expression of 

several hits was assessed by immunoblot in both HeLa and SiHa cells after 8, 24 or 48 h of CPX 

treatment (Figure 14).  
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Figure 13| Proteome analyses of differentially expressed proteins under CPX treatment. (A) The proteome of 
SiHa cells treated with 10 µM CPX for 48 h was compared to the proteome of solvent control (EtOH) treated 
cells via TMT-mass spectrometry (sample preparation was performed by Julia Braun, proteome analyses were 
performed by Bianca Kuhn). Log2-fold change (log2FC) values of all proteins detected in the screen are plotted 
against –log10(p-value). Significantly decreased proteins (log2FC ≤ 1, p-value ≤ 0.01) are marked in red, 
significantly increased proteins (log2FC ≥ 1, p-value ≤ 0.01) are marked in blue. (B) Heat map comparing factors 
from the proteome analyses in (A) with further proteome analyses of SiHa cells cultured for 48 h under hypoxia 
(1% O2) with or without 10 µM CPX and cells treated with 7.5 mM metformin for 24 h. Log2FC values of a 
selection of proteins of interest is depicted. Color scale is shown at the top. Missing values: NA, not available.  
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In general, all results from the screen could be confirmed both in HeLa and SiHa cells. The tumor 

suppressor RhoB (Ras homolog family member B) is upregulated upon CPX treatment, as is the 

iron-regulated growth and metastasis suppressor NDRG1. In contrast, CPX downregulates the 

TWEAK (tumor necrosis factor like weak inducer of apoptosis)-receptor Fn14 (Fibroblast growth 

factor-inducible 14), a protein involved in numerous tumor-relevant processes like proliferation, 

migration and EMT. Also expression of the transcription factor STAT3 (signal transducer and 

activator of transcription 3) and ID1, a protein involved in growth and senescence control, is 

decreased after CPX treatment.  

 

2.2 CPX regulates cellular energy metabolism  

Next, the proteome data was analyzed via gene set enrichment analysis (GSEA) to identify cellular 

pathways which are differentially regulated under CPX treatment. As expected, CPX was found to 

influence a wide variety of processes. Among the strongest downregulated gene sets were 

processes like translation (initiation) and ribosome biogenesis, and also iron-sulfur cluster 

binding, nucleotide metabolism and mTOR signaling were downregulated by CPX, which fits to 

experimental observations made before in our and other groups. Many of the strongest 

upregulated gene sets include factors involved in the cellular response to hypoxia, consistent with 

the induction of HIF-1α by CPX. Further interesting positively enriched gene sets are related to 

extracellular matrix organization, sumoylation or the DREAM pathway. 

Moreover, it was found that under CPX treatment gene sets including proteins involved in 

oxidative phosphorylation are negatively enriched (e.g. “GO_oxidative_phosphorylation”, Figure 

15A, gene symbols and log2FC values in Table S1). This downregulation of OXPHOS is consistent 

with the fact that the mitochondrial respiratory complexes comprising the ETC are dependent on 

iron atoms as electron acceptors and donors.231 Probably in order to compensate for the reduced 

energy production via OXPHOS, cells upregulate glycolysis upon CPX treatment, as indicated by 

Figure 14| Validation of 
proteomics hits. Protein levels of 
CPX-regulated factors identified 
in the proteome screen were 
analysed by immunoblot in HeLa 
and SiHa cells treated with 10 µM 
CPX or EtOH as solvent control 
for 8, 24 or 48 h. Log2FC values 
from the proteome analyses are 
given for comparison. β-Actin, 
representative loading control.  
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positive enrichment of glycolysis-related gene sets (e.g. “GO_glycolytic_process”, Figure 15A, gene 

symbols and log2FC values in Table S2). These findings are corroborated by immunoblot analyses, 

assessing the protein expression of several factors involved in OXPHOS or glycolysis (Figure 15B). 

Upon CPX treatment the expression levels of the OXPHOS enzymes NADH:Ubiquinone 

oxidoreductase core subunits S1 and S2 (NDUFS1, NDUFS2; OXPHOS complex I) and cytochrome c 

oxidase subunits 6B1 and 4 (COX6B1, COX4; OXPHOS complex IV) are decreased in HeLa and SiHa 

cells. Conversely, expression levels the glycolytic enzymes hexokinase I and II (HKI, HKII), 

phosphofructokinase (PFKP) and glucose-6-phosphate isomerase (GPI) are increased by CPX. 

Interestingly, in SiHa cells the upregulation of PFKP is not as pronounced as in HeLa cells and GPI 

even is initially downregulated and upregulated only after 72 h. This cell type dependence could 

be due to metabolic differences between the cell lines. 

These observations indicate that the anti-tumorigenic effects induced by CPX might (at least 

partly) be caused by OXPHOS inhibition and subsequent energy depletion, which cells aim to 

compensate with an increased glycolysis rate. To test if CPX upregulates glycolysis, glucose levels 

Figure 15| CPX upregulates factors involved in OXPHOS and downregulates factors involved in glycolysis. (A) 
Data from the proteome screen in Figure 13 was analyzed via gene set enrichment analysis (GSEA). Enrichment 
plots of the gene sets “GO_glycolytic_process” and “GO_oxidative_phosphorylation” are shown. NES, 
normalized enrichment score; FDR, false discovery rate; F-WER, family-wise error rate. (B) Immunoblot analyses 
of HeLa or SiHa cells treated for 24, 48 or 72 h with 10 µM CPX (+) or EtOH (-) as solvent control. Protein levels 
of exemplary factors involved in OXPHOS or glycolysis were assessed. NDUFS1 and NDUFS2, NADH:Ubiquinone 
oxidoreductase core subunits S1 and S2; COX6B1 and COX4, cytochrome c oxidase subunits 6B1 and 4; HKI and 
HKII, hexokinase I and II; PFKP, phosphofructokinase, platelet isoform; GPI, glucose-6-phosphate isomerase; 
β-Actin, representative loading control. 
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were measured in the medium of HeLa cells treated with CPX or solvent control while cultured in 

medium containing either glucose levels physiological for human serum (1 g/L) or increased 

glucose levels (4.5 g/L) for 12, 24 or 48 h. The glucose measurements were performed in 

cooperation with Barbara Leuchs, DKFZ, Heidelberg. Surprisingly, there can be no difference 

detected and glucose levels decrease at a constant rate in treated and untreated cells (Figure 16A). 

However, when comparing the cell count which was determined in parallel, it can be observed 

that untreated cells continue proliferating, while the number of treated cells stays constant 

(Figure 16B). Thus under CPX treatment a lower number of cells consumes the same amount of 

glucose as a higher number of untreated cells. This becomes obvious when normalizing the 

consumed glucose to the cell number (Figure 16C). In light of these considerations CPX does 

indeed seem to enhance glycolytic rates.  

 

2.2.1 Increased glucose levels partially revert anti-tumorigenic effects of CPX 

The presented data indicates that CPX decreases energy production via OXPHOS, which the cells 

attempt to compensate for by increasing glycolysis. This raises the question if the CPX-induced 

effects are affected by differences in glucose supply. To test this, cells were treated with CPX in 

medium containing varying glucose concentrations. Standard cell culture medium containing 

Figure 16| CPX-treated cells exhibit an increased glucose consumption. (A) HeLa mKate2 cells were treated 
with 10 µM CPX or EtOH as solvent control in medium containing 1 g/L or 4.5 g/L glucose. After 12, 24 and 48 h 
glucose concentrations in the cell culture medium were measured using a Cedex Bio Analyzer. (B) In parallel to 
(A), cell counts were determined every 4 h via live-cell imaging. (C) Glucose consumption derived from (A) was 
normalized to cell counts from (B) to obtain the relative glucose consumption per cell. 
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glucose levels of 1 g/L was compared to medium containing increased levels of glucose (4.5 g/L) 

or reduced levels of glucose (0.33 g/L) and to glucose deficient medium (0 g/L). Interestingly, it 

was found that increased glucose levels protect cells from the anti-tumorigenic effects induced by 

CPX. In immunoblot analyses, it could be shown that increasing glucose levels to 4.5 g/L 

counteracts both upregulation of the apoptosis marker cleaved PARP and downregulation of E7 

protein levels by CPX (Figure 17A). Also at mRNA level increased glucose levels protect cells from 

CPX-mediated E6/E7 downregulation (Figure 17B).  

 

Figure 17| Increased glucose availability counteracts E6/E7 downregulation by CPX. (A) Immunoblot analyses 
of PARP (upper bands), cleaved PARP (lower bands) and HPV18 or HPV16 E7 expression levels in HeLa or SiHa 
cells treated with 10 µM CPX or solvent control (EtOH) for 48 or 72 h in the presence of the indicated amounts 
of glucose. β-Actin, loading control. Glc, glucose. (B) qRT-PCR analyses of HPV18 or HPV16 E6/E7 mRNA levels 
after treatment of HeLa or SiHa cells with 10 µM CPX for 24, 48 or 72 h at 1 g/L or 4.5 g/L glucose in the medium. 
Expression levels were normalized to control cells for each time point and are depicted as log2 fold changes. 
Error bars represent standard deviations of 3 independent experiments. Asterisks indicate statistically significant 
differences compared to EtOH-treated cells. n.s., non-significant; * = p ≤ 0.05; ** = p ≤ 0.01, *** = p ≤ 0.001.  
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Decreased cleavage of PARP indicates that CPX-induced apoptosis can be counteracted by 

increasing glucose supply. In order to investigate this by an independent method, numbers of dead 

cells were determined in live-cell imaging experiments over a period of 144 h (Figure 18A). When 

cells were treated with CPX in medium containing 1 g/L glucose, cell death is induced after 

Figure 18| Increased glucose availability protects cells against CPX-induced apoptosis. (A) For quantification 
of cell death, HeLa mKate2 or SiHa mKate2 cells were treated for 144 h with 10 µM CPX under varying glucose 
levels in the presence of 100 nM IncuCyte® Cytotox Green Reagent. An image was acquired every 4 h and dead 
cells were quantified as green counts per well and normalized to the cell confluence in percent. Exemplary 
images after 120 h treatment are shown. Viable cells can be identified by red labeled nuclei, dead cells fluoresce 
green due to Cytotox activation. Scale bars: 400 µm. (B) The percentage of TUNEL positive cells was determined 
in SiHa cells treated for 72 or 96 h with solvent control or 10 µM CPX under the indicated glucose levels. Average 
values of three replicates are shown, error bars represent standard deviations. Asterisks indicate statistically 
significant differences between samples connected by horizontal lines. n.s., non-significant; * = p ≤ 0.05; *** = 
p ≤ 0.001. (C) Representative images of the TUNEL assays in (B), depicting cells after 96 h of CPX treatment. Scale 
bars: 50 µm. Glc, glucose.  
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72-96 h, which can be completely prevented when cells are cultured in medium containing 4.5 g/L 

glucose. This is also demonstrated in exemplary images taken after 120 h: CPX-treated cells under 

1 g/L glucose have lost membrane integrity and fluoresce green due to DNA binding of the Cytotox 

dye, while at the same time they have lost the red staining for viable cells. Under increased glucose 

concentrations (4.5 g/L) in contrast, cells remain viable as indicated by the red fluorescent nuclei 

and absence of green fluorescence. In line with this glucose dependency, reduced concentrations 

of glucose (0 g/L or 0.33 g/L) lead to an earlier and more pronounced induction of cell death by 

CPX. Finally, TUNEL assays detecting apoptosis-induced DNA strand breaks were performed in 

CPX-treated SiHa cells. Also the results from this assay support the previous finding that increased 

glucose levels counteract apoptosis induction by CPX since the number of TUNEL positive cells is 

strongly reduced under 4.5 g/L glucose (Figure 18B, C).  

This poses the question which fate cells undergo instead of apoptosis when treated with CPX 

under glucose-replete conditions. Growth curves illustrating viable cell count reveal that cells 

treated with CPX at 4.5 g/L glucose do not proliferate anymore but instead cell numbers stay 

constant over several days (Figure 19A). In contrast, under lower glucose levels the number of 

viable cells decreases over time as cells die (please compare with Cytotox assays in Figure 18A). 

With colony formation assays (CFAs) the ability of single cells to grow into colonies after a specific 

treatment can be determined. When comparing colony formation capacity upon CPX treatment 

for 72 or 96 h under different glucose concentrations, no increased outgrowth of colonies could 

be observed under increased glucose levels (Figure 19B, upper panels). In SiHa cells there was 

even an increase in colony number under reduced glucose concentrations (0 and 0.33 g/L), while 

HeLa cells showed a non-linear dependency of colony formation capacity on glucose 

concentrations, with a minimum of colony outgrowth at 1 g/L. 

Morphologically, CPX-treated cells cultured at 4.5 g/L glucose exhibit a typical senescent 

phenotype, with an enlarged and flattened shape and cytoplasmic extensions. Positive staining for 

the senescence marker senescence-associated β-galactosidase (SA-β-gal) corroborates that CPX 

induces senescence under these experimental conditions after 48 (not shown), 72 or 96 h of 

treatment (Figure 19B, lower panels). Cells cultivated under lower glucose concentrations or in 

the absence of glucose (0 to 1 g/L glucose) also senesce in response to 48-72 h of CPX treatment, 

however after prolonged treatment they increasingly undergo apoptosis as demonstrated earlier. 

This is supported by the decreased number of surviving cells visible after 96 h of treatment. In 

strong contrast, cells cultured under glucose-replete conditions are protected from CPX-induced 

apoptosis and retain a senescent phenotype also after prolonged treatment.  
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Figure 19| Inhibition of cell proliferation by CPX is glucose-dependent. (A) Growth curves of HeLa mKate2 or 
SiHa mKate2 cells that were treated with 10 µM CPX under varying glucose concentrations. Every 4 h over the 
course of 120 h the number of viable cells was determined by counting red objects. (B) Colony formation assays 
(upper panels) or senescence assays (lower panels) of HeLa and SiHa cells treated with 10 µM CPX or EtOH as 
solvent control for 72 or 96 h under the indicated glucose concentrations. Subsequently cells were split and 
grown in CPX-free medium containing 1 g/L glucose. Colony formation assays were fixed and stained after 
12 days, SA-β-gal assays were performed after 4 days. Sale bars: 200 µm. 
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2.2.2 Effect of glycolysis inhibition on the glucose-mediated apoptosis protection  

The data presented above indicates that increased levels of glucose can prevent CPX-induced 

apoptosis by allowing enhanced rates of glycolysis, which protects cells from death due to energy 

depletion. This would suggest that inhibition of glycolysis should revert the protective effect of 

increased glucose supply. To test this, glycolytic enzymes were downregulated via RNA 

interference while treating cells with CPX under 1 g/L or 4.5 g/L glucose. Downregulation of HKII, 

but not of PFKP or GPI restores sensitivity to CPX-induced apoptosis under 4.5 g/L glucose, as 

indicated by induction of the cleaved forms of PARP and caspase-9 (Figure 20A). Even 

Figure 20| Influence of glycolysis inhibition on the protective effects exerted by increased glucose levels. 
(A, C) Immunoblot analyses of HeLa cells treated with CPX or EtOH for 72 h in medium containing 1 g/L or 4.5 g/L 
glucose under concomitant downregulation of the enzymes HKII, PFKP, GPI or G6PD with siRNA. cl. Casp-9, 
cleaved caspase-9. G6PD, glucose-6-phosphate dehydrogenase; β-Actin, representative loading control. (B) 
Schematic representation of the intersection of glycolysis and the pentose phosphate pathway (PPP). TCA cycle, 
tricarboxylic acid cycle. 
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simultaneous downregulation of both PFKP and GPI, which should inhibit glycolysis more 

efficiently cannot resemble the effect of HKII inhibition.  

As seen in Figure 20B, HKII acts upstream of the intersection of glycolysis and the pentose 

phosphate pathway (PPP). Thus it was investigated if PPP inhibition would revert the protective 

effect of increased glucose levels by inhibiting glucose-6-phosphate-dehydrogenase (G6PD), the 

enzyme catalyzing the first and rate-limiting step of the PPP. However, also G6PD silencing could 

not reproduce the effect of HKII inhibition (Figure 20C). This suggests that the PPP is not relevant 

for the protective effect of increased glucose levels against CPX-induced apoptosis. Thus it 

remains to be elucidated what causes the discrepancy between inhibition of HKII and PFKP or GPI. 

 

2.3  Insights into senescence and apoptosis induction by CPX 

While many established chemotherapeutic drugs induce apoptosis and/or senescence, only little 

is known about the factors determining this therapeutic outcome. The data presented above 

suggests glucose availability as a key determinant of this fate decision in CPX-treated cervical 

cancer cells. Thus, especially in regard of glucose dependence, it is of high interest to yield further 

insights on the one hand into CPX-induced senescence and on the other hand into the mechanisms 

governing the switch between senescence and apoptosis. 

 

2.3.1 CPX-induced senescence is irreversible 

Senescence is typically defined as a permanent growth arrest, however according to more recent 

results232, senescence rather can be regarded as a dynamic state and escape from senescence is 

possible. Furthermore, also diverse senescence-like states such as dormancy exist, which share 

many features with and are not always easy to discriminate from “real” senescence.  

Therefore, to investigate if CPX-induced senescence is reversible, cells were released from 

treatment after 48 or 72 h and cell numbers were determined over several days via live-cell 

imaging. As can be seen in Figure 21A, cells treated with CPX for 72 h do not resume proliferation 

after release from treatment. In HeLa cells released from treatment after 48 h a minor amount of 

proliferation can be observed, indicating that after this treatment period not all cells are senescent 

yet, which is in accordance with the CFAs shown in Figure 19B. In SiHa cells also upon release 

after 48 h treatment no proliferation is observable, indicating a stable growth arrest. In contrast 

to CPX, the OXPHOS inhibitor metformin only induces a reversible growth arrest, allowing cells to 

resume proliferation as soon as they are released from treatment (Figure 21B).230  

Thus, these results indicate that CPX-induced senescence is indeed irreversible, at least in the 

analyzed time frame. 
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To further investigate release from CPX treatment, cells were treated with CPX for 72 h at 1 g/L 

or 4.5 g/L glucose and subsequently released from treatment for further 24-96 h (see scheme in 

Figure 22A). Positive staining for SA-β-gal after 72 h of release confirms the induction of 

senescence (Figure 22B). Interestingly, many of the CPX-induced changes on protein expression 

are reversible upon release from treatment (Figure 22C). While cleaved PARP, indicative of 

apoptosis induction, is upregulated in cells harvested directly after 72 h CPX treatment at 1 g/L 

glucose, the cleaved product decreases after releasing the cells in CPX-free medium for 24-96 h. 

p53 and p21 are initially downregulated after treatment, but get strongly induced upon release 

from treatment, consistent with their important roles in senescence. Similarly, E7 downregulation 

is reversible on both protein level and mRNA level (Figure 22D). Increased glucose levels (4.5 g/L) 

mostly counteract the CPX-induced alterations on protein level, but also under these conditions 

the regulation of e.g. E7 or p21 upon release is similar as under 1 g/L glucose. These results show 

that certain proteins such as factors implicated in DNA damage repair are only regulated 

transiently upon CPX treatment, which is however sufficient to initiate downstream signaling 

cascades such as sustained p53-p21 signaling.  

Figure 21| CPX induces an irreversible, metformin a reversible growth arrest. Cell counts of HeLa and SiHa cells 
treated with 10 µM CPX (A) or 2.5 mM metformin (Met) (B) were recorded over 132 h. Cells were either 
continuously cultured in medium containing drugs (red or blue circles) or released from treatment by changing 
to drug-free medium after 48 h (red or blue diamonds) or 72 h (red or blue triangles). The respective control 
cells were continuously grown in the absence of CPX or metformin, also with medium change after 48 h or 72 h, 
respectively. CPX treatment was performed at 1 g/L glucose, metformin treatment at 0.33 g/L glucose. Dashed 
vertical lines mark the time points for medium exchange after 48 h or 72 h. Figure (B) is modified from Hoppe-
Seyler, Herrmann et al., 2021. 
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Figure 22| Release from CPX treatment. (A) Scheme of the experimental setup: cells were treated with 10 µM 
CPX for 72 h under in medium containing 1 g/L or 4.5 g/L glucose. Subsequently cells were released from 
treatment in CPX-free medium containing 1 g/L, which was renewed daily and harvested after 0-96 h. 
Alternatively, cells were split for senescence assays after treatment. (B) SA-β-gal assays were performed after 
release for 72 h. Scale bars, 200 µm. (C) Immunoblot analyses of (cleaved) PARP, p53, p21 and E7. β-Actin or 
Vinculin, representative loading controls. (D) Relative mRNA expression levels of HPV18 or HPV16 E6/E7 
corresponding to the protein analyses in (C).  
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2.3.2 CPX-dependent regulation of factors involved in senescence and apoptosis  

In order to gain deeper insights into CPX-induced senescence and apoptosis induction and the 

switch between these states, the regulation of potential senescence- and apoptosis-involved 

factors was investigated under 1 g/L and 4.5 g/L glucose. On protein level, glucose-dependent 

differences in the CPX-mediated regulation of several factors involved in senescence and/or 

apoptosis can be observed (Figure 23). In line with the results described in 2.2.1, apoptotic 

markers, such as cleaved PARP and cleaved caspase-9 are induced upon CPX treatment at 1 g/L 

glucose, but not at 4.5 g/L glucose. Similarly, also E7 downregulation is counteracted by increased 

levels of glucose. In contrast, markers of DNA damage such as the phosphorylated forms of p53 

(P-Ser15) and RPA32 (P-Ser33) are upregulated by CPX independent of the glucose concentration. 

Also downregulation of p62 (SQSTM1), which is regarded as crucial step for SASP development173, 

occurs in a glucose-independent manner. In contrast, protein levels of p53, p21 and E2F1 are 

repressed upon CPX treatment at 1 g/L glucose, while increased glucose levels (4.5 g/L) 

counteract this downregulation. These three factors are involved in senescence (and apoptosis) 

regulation and thus could be interesting candidates for investigating their role in the glucose-

dependent switch from senescence to apoptosis upon CPX treatment.  

Hence it was tested if silencing of either E2F1, p21 or p53 can push cells treated with CPX under 

increased glucose supply from a senescent towards a more apoptotic response. Knockdown of 

Figure 23| Regulation of senescence and apoptosis-related factors by CPX under different glucose conditions. 
Immunoblot analyses of HeLa or SiHa cells treated for 24, 48 or 72 h with 10 µM CPX (+) or solvent control (-) in 
medium containing 1 g/L or 4.5 g/L glucose. cl. Casp-9, cleaved caspase-9. Vinculin, representative loading 
control. 
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neither of the factors did increase PARP cleavage compared to control siRNA, indicating that 

silencing of E2F1, p21 or p53 cannot re-sensitize cells to CPX-induced apoptosis under conditions 

of glucose abundance (Figure 24A). 

  

Figure 24| (see legend on next page) 
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Accordingly, in live-cell imaging experiments no cell death can be detected in cells treated with 

CPX under 4.5 g/L glucose, despite knockdown of E2F1, p21 or p53 (Figure 24B). In contrast, at 

1 g/L glucose in the medium CPX induces cell death after 72-96 h, again independent of E2F1, p21 

or p53 expression. Also senescence induction is not impaired by downregulation of any of the 

three proteins, despite their central roles in this pathway. In HeLa cells, no differences can be 

observed in senescence assays and CFAs, while in SiHa cells E2F1 or p21 silencing even leads to 

an increase in surviving senescent cells and colony outgrowth (Figure 24C). In conclusion, none 

of the investigated proteins seems to be crucial for the glucose-dependent senescence-to-

apoptosis switch under CPX treatment, at least not as an isolated factor.  

Furthermore, qRT-PCR analyses indicate that regulation of senescence-associated genes upon 

CPX treatment at the transcript level occurs mostly independent of glucose concentration (Figure 

25). The SASP factors IL1A and IL6 are upregulated, as are the pro-senescent factors CDKN1A 

(p21) and SERPINE1 (PAI-1), while the anti-senescent factors ID1 and CCNB1 (Cyclin B1) are 

downregulated upon CPX treatment, with only subtle differences between the two glucose 

concentrations. 

(see figure on previous page) 
Figure 24| Influence of E2F1, p21 and p53 on CPX-induced senescence and apoptosis. (A) Immunoblot analyses 
of HeLa or SiHa cells transfected with the indicated siRNAs and treated for 48 or 72 h with 10 µM CPX or solvent 
control (EtOH) in medium containing 4.5 g/L glucose. β-Actin, representative loading control; Glc, glucose. 
(B) Cytotoxicity assays of HeLa mKate2 or SiHa mKate2 cells that were transfected with the indicated siRNAs and 
treated for 144 h with 10 µM CPX in medium containing 1 g/L or 4.5 g/L glucose in the presence of 100 nM 
IncuCyte® Cytotox Green Reagent. Images were acquired every 4 h and dead cells were quantified as green 
counts per well and normalized to the cell confluence in percent. (C) Concomitant senescence assays and CFAs 
to (A). Cells were split after 48 or 72 h and cultured in drug free medium (1 g/L glucose) for 4 days before 
performing SA-β-gal assays or for 12 days before fixing and staining colonies. Scale bars, 200 µm. 
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Figure 25| CPX-mediated regulation of senescence-associated factors on mRNA level. qRT-PCR analyses 
determining relative mRNA expression levels of senescence associated factors in HeLa (left panels) or SiHa (right 
panels) cells after 24, 48 or 72 h treatment with 10 µM CPX at 1 g/L or 4.5 g/L glucose. Expression levels were 
normalized to control (EtOH) treated cells for each time point and are depicted as log2 fold changes. Error bars 
represent standard deviations of 3-4 independent experiments. Asterisks indicate statistically significant 
differences compared to EtOH-treated cells. n.s., non-significant; * = p ≤ 0.05; ** = p ≤ 0.01, *** = p ≤ 0.001. 
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2.3.3 Comparison of CPX with other OXPHOS inhibitors  

In order to investigate if the glucose-dependent regulation of senescence and apoptosis induction 

is linked to the capacity of CPX to inhibit oxidative phosphorylation, the effects caused by CPX 

treatment were compared to those of established inhibitors of OXPHOS. Metformin, which is a 

widely used anti-diabetic, inhibits mitochondrial complex I and has potential to be repurposed as 

cancer therapeutic. Interestingly, like CPX also metformin efficiently suppresses E6 and E7 

protein levels, which can be counteracted by increasing glucose supply (Figure 26A). This glucose 

dependence is corroborated by growth curve analyses: whereas metformin under increased 

glucose concentrations (4.5 g/L) causes hardly any growth inhibition, at lower glucose levels 

(1 g/L or 0.33 g/L) metformin strongly suppresses proliferation of HPV-positive tumor cells 

(Figure 26B).  

For investigation of apoptosis induction rotenone and antimycin A were included, two well-

characterized OXPHOS inhibitors which are specific for complex I or III, respectively, but which 

may not be used clinically. Like CPX, the three other OXPHOS inhibitors induce apoptosis in HPV-

positive tumor cells, as indicated by an increase in PARP cleavage and induction of cytotoxicity. 

Rotenone and metformin treatment in medium containing 1 g/L glucose leads to the induction of 

PARP cleavage which – analogous to CPX – can be counteracted by increased glucose supply 

Figure 26| Metformin glucose-dependently represses E6/E7 and inhibits proliferation of cervical cancer cells. 
(A) Immunoblot analyses of HPV18 or HPV16 E7 and E6 in HeLa or SiHa cells treated with the indicated doses of 
metformin for 24 h. Vinculin, representative loading control. Figure (A) is modified from Hoppe-Seyler, 
Herrmann et al., 2021. (B) Growth curves of HeLa mKate2 or SiHa mKate2 cells treated with 2.5 mM metformin 
in presence of the indicated glucose levels. Over the course of 120 h every 4 h viable cell count was assessed. 
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(4.5 g/L) (Figure 27A). While antimycin A also induced PARP cleavage in HeLa cells at 1 g/L 

glucose, this could not be observed in SiHa cells, possibly due to the fact that prolonged treatment 

with this drug downregulates total PARP levels due to unknown reasons.  

 

  

Figure 27| OXPHOS inhibitors glucose-dependently induce apoptosis in cervical cancer cells. (A) Immunoblot 
analyses of (cleaved) PARP and HPV18 or HPV16 E7 levels in HeLa or SiHa cells after 48 or 72 h of treatment with 
the indicated OXPHOS inhibitors at 1 g/L or 4.5 g/L glucose in the medium. The following drug concentrations 
were used: 10 µM CPX, 5 nM (HeLa)/10 nM (SiHa) antimycin A, 20 nM rotenone, 2.5 mM (HeLa)/7.5 mM (SiHa) 
metformin. Vinculin, representative loading control. (B) HeLa mKate2 or SiHa mKate2 cells were treated for 
144 h with the indicated drugs under varying glucose levels in the presence of 100 nM IncuCyte® Cytotox Green 
Reagent. Via live cell imaging, green counts indicating dead cells were quantified every 4 h and normalized to 
cell confluence. The following drug concentrations were used: 10 nM antimycin A, 20 nM rotenone, 2.5 mM 
(HeLa)/5 mM (SiHa) metformin. 
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The glucose dependency of antimycin A, rotenone and metformin can also be observed by 

monitoring the induction of cytotoxicity under varying glucose concentrations. All three OXPHOS 

inhibitors induce cell death under 1 g/L glucose, which can be accelerated by further limiting 

glucose availability (0 g/L or 0.33 g/L) (Figure 27B). In contrast, under glucose-replete conditions 

(4.5 g/L) hardly any induction of cell death can be detected, analogous to CPX (Figure 18A). 

Moreover, as seen for CPX and metformin, also antimycin A and rotenone suppress expression of 

E7 protein, which again is delayed by increasing glucose availability (Figure 27A).  

In respect to senescence induction, clear differences between CPX and the other tested OXPHOS 

inhibitors were observed. As seen before (Figure 19), CPX treatment leads to efficient induction 

of senescence independent of glucose concentrations, as indicated by many cells exhibiting 

morphological signs of senescence and staining positive for SA-β-gal activity. In contrast, after 

treatment with antimycin A, rotenone or metformin only few cells stain SA-β-gal positive at 1 g/L 

glucose and no SA-β-gal positive cells can be detected under 4.5 g/L glucose (Figure 28A).  

Figure 28| (see legend on next page) 
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CFAs corroborate this lack of senescence induction, as cells treated with the three compounds 

under glucose-replete conditions (4.5 g/L) are not or only mildly impaired in their colony forming 

capacity (Figure 28B). Also growth curves performed at 4.5 g/L glucose show that cells treated 

with antimycin A, rotenone or metformin grow nearly unrestricted for about 72 h, until glucose 

availability is decreased and proliferation is halted (Figure 28C). In contrast, CPX-treated cells are 

not able to form colonies or proliferate even under glucose-replete conditions.  

Collectively, these results indicate that apoptosis induction by CPX likely is mediated via OXPHOS 

inhibition, whereas the induction of senescence is probably independent of the OXPHOS inhibiting 

capacity.  

 

2.3.4 Comparison of CPX with other iron chelators 

To further investigate the mechanism behind the glucose dependence of senescence or apoptosis 

induction, CPX was compared to the two structurally unrelated iron chelators DFX and DFO. As 

seen for CPX and the other OXPHOS inhibitors, also DFX and DFO induce apoptosis at 1 g/L glucose 

as indicated by PARP cleavage (Figure 29A) and in cytotoxicity assays (Figure 29B), which can be 

counteracted by increasing glucose supply (4.5 g/L). This is plausible, as iron chelators generally 

also inhibit OXPHOS. Notably and in contrast to antimycin A, rotenone and metformin, treatment 

with DFX, DFO or CPX results in induction of senescence also in glucose-replete conditions, as 

characterized by positive SA-β-gal staining and corroborated by a decreased colony forming 

capacity (Figure 29C).  

Thus, both the induction of senescence and apoptosis by CPX are probably dependent on its 

capacity to chelate intracellular iron.  

  

(see figure on previous page) 
Figure 28|The capacity of CPX to induce senescence under increased glucose availability is not shared by other 
OXPHOS inhibitors. (A) Senescence assays of HeLa or SiHa cells treated with the indicated OXPHOS inhibitors 
for 72 h at 1 g/L or 4.5 g/L glucose in the medium. Before SA-β-gal assays were performed, cells were released 
in drug-free medium containing 1 g/L glucose for 4 days. The following drug concentrations were used: 10 µM 
CPX, 2 nM (HeLa)/5 nM (SiHa) antimycin A (AA), 20 nM rotenone (Rot), 2.5 mM (HeLa)/7.5 mM (SiHa) metformin 
(Met). Scale bars: 200 µm. (B) Concomitant CFAs to (A), cells were released for 11 days before fixing and staining 
colonies. (C) Growth curves of HeLa mKate2 or SiHa mKate2 cells treated with the indicated drugs in medium 
containing 4.5 g/L glucose, corresponding to Cytotox measurements in Figure 27. Over the course of 120 h every 
4 h viable cell number was determined by counting red fluorescent cells.  
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Figure 29| (see legend on next page) 
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2.4 CPX regulates Notch signaling  

One of the highest ranked differentially regulated proteins (log2FC = +2.0) from the proteome 

screen was Notch1, which is of particular interest given the glucose dependence of CPX, since 

Notch has been shown to activate glycolysis and induce a Warburg phenotype.233 Depending on 

the cellular context, Notch1 can be regarded as tumor suppressor or oncogene, however in 

epithelial tissues including squamous cell carcinoma (SCC) it is commonly believed to act tumor-

suppressive150. This indicates that upregulation of Notch signaling could play a role for the anti-

tumorigenic effects of CPX.  

Consistent with the proteomics results, also in immunoblot analyses an upregulation of Notch1 

intracellular domain (NICD), the active, cleaved form of Notch1, could be observed after 24 or 48 h 

CPX treatment (Figure 30A). Over time, NICD levels in untreated cells increase, probably due to 

the increase in cell confluence. Also on mRNA level NOTCH1 was upregulated by CPX as 

demonstrated by qRT-PCR analyses (Figure 30B).  

Further analyses were performed in SiHa cells, as this cell line was used for the proteome 

measurements and also exhibits higher Notch1 expression levels than HeLa. To ensure 

functionality of the Notch signaling pathway, protein levels of Notch1 and NICD were assessed via 

immunoblot in cells treated with CPX and/or DAPT (N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-

(see figure on previous page) 
Figure 29| Iron chelators induce apoptosis in a glucose-dependent manner and act pro-senescent under 
increased glucose availability. (A) Immunoblot analyses of (cleaved) PARP and HPV18 or HPV16 E7 in HeLa or 
SiHa cells treated with iron chelators at 1 g/L or 4.5 g/L glucose in the medium for 48 or 72 h. β-Actin, loading 
control. (B) Cytotox assay of HeLa mKate2 or SiHa mKate2 cells treated with DFX or DFO over the course of 144 h 
under the indicated glucose concentrations. Green object counts indicating dead cells were assessed every 4 h 
and normalized to cell confluence in percent. (C) Senescence assays and CFAs of HeLa or SiHa cells treated with 
the indicated iron chelators for 72 h under 1 g/L or 4.5g/L glucose. Cells were released in drug-free medium for 
further 4 days before performing SA-β-gal assays or for 13 days before fixing and staining colonies. Scale bars: 
200 µm. The following drug concentrations were used: 10 µM CPX, 50 µM DFX, 100 µM DFO.  

Figure 30| CPX upregulates Notch1. (A) Immunoblot analyses of Notch1 intracellular domain (NICD) and HPV18 
or HPV16 E7 in HeLa or SiHa cells after treatment with 10 µM CPX (+) or EtOH (-) as solvent control for 24, 48 or 
72 h. Vinculin, loading control. (B) Expression levels of NOTCH1 mRNA upon treatment with 10 µM CPX for 
24-72 h were determined via qRT-PCR. Mean log2FC values relative to EtOH-treated cells are depicted. Error 
bars represent standard deviations of 3 independent experiments. 
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phenylglycine t-butyl ester) (Figure 31A). DAPT is a γ-secretase inhibitor and prevents cleavage 

of Notch1 at S3 to release the NICD. As expected, it was observed that CPX upregulates protein 

levels of Notch1 and the NICD and that DAPT treatment prevents S3-cleavage of Notch1 and thus 

NICD is not induced anymore.  

To investigate whether Notch1 upregulation by CPX is mediated via iron deprivation, cells were 

treated with different iron chelators (CPX, DFO and DFX) or an excess of iron in the form of iron 

sulfate (FeSO4) or ferric ammonium citrate (FAC) was added together with CPX. Immunoblot 

analyses show that iron chelators in general upregulate Notch1 and NICD and that the CPX-

mediated upregulation can be rescued by supplementing iron (Figure 31B). Also on mRNA level, 

NOTCH1 and the Notch1 target genes HEY1 and HEY2 are induced by treatment with different iron 

Figure 31| CPX activates Notch signaling in an iron-dependent manner. (A) Immunoblot analyses of Notch1, 
NICD and HPV16 E7 in SiHa cells treated for 24 h with 10 µM CPX and 5 µM DAPT as indicated. β-Actin, 
representative loading control. (B) Protein levels of Notch1, NICD and HPV16 E7 were determined in SiHa cells 
upon treatment with 10 µM CPX, 50 µM DFO, 50 µM DFX and/or iron supplementation with 6.67 µM FAC or 
6.67 µM FeSO4. β-Actin, representative loading control. (C) Relative mRNA expression levels of NOTCH1, HEY1 
and HEY2 corresponding to the 48 h time point in (B).  
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chelators and this upregulation can again be counteracted by supplementation of iron (Figure 

31C). These results indicate that CPX induces Notch1 signaling in SiHa cells in an iron-dependent 

manner. 

However, when expanding the investigations to further HPV-positive cell lines it emerged that 

Notch regulation by CPX is more complex and strongly cell line-dependent. While on mRNA level 

NOTCH1 and its target genes were at least weakly upregulated in six different tested cell lines, 

Notch1 and NICD protein levels were upregulated in three of the cell lines but downregulated in 

the other three cell lines. Interestingly, the 300 kDa uncleaved Notch1 precursor was upregulated 

in all cell lines where it was detectable. These results indicate a cell type-dependent heterogeneity 

of the Notch1 response towards CPX and are summarized in Table 2.  

Table 2| Cell line-dependent effects of CPX on Notch1 signaling. ↑, upregulated; ↓, downregulated; →, 
unchanged.  

Cell line HPV type 
Notch1 

protein 

Uncleaved Notch1 

precursor protein 

NICD 

protein 

NOTCH1 

mRNA 

Target gene 

mRNA 

SiHa 16 ↑ undetectable ↑ ↑ ↑ 

MRI-H186 16 ↑ ↑ ↑ ↑ → 

HeLa 18 
first ↑ 

later ↓ 
undetectable 

first ↑ 

later ↓ 
↑ ↑ 

ME180 68 ↓ ↑ → ↑ → 

CaSki 16 ↓ ↑ ↓ ↑ ↑ 

SW756 18 ↓ ↑ ↓ ↑ ↑ 

 

To assess whether the upregulation of Notch signaling is of functional relevance for the anti-

proliferative effect of CPX, Notch1 was silenced by siRNA during CPX treatment or Notch signaling 

was inhibited with DAPT. In colony formation assays (Figure 32) no difference in colony formation 

capacity between cells with inhibited or active Notch1 signaling can be observed, indicating that 

Notch1 does not play a pivotal role for the 

effects induced by CPX in HeLa and SiHa cells. 

 

 

 

 

Figure 32| Notch inhibition does not counteract growth 
inhibition by CPX. Colony formation assays of HeLa or 
SiHa cells treated for 72 h with 10 µM CPX, either in 
combination with 5 µM DAPT or DMSO as solvent control, 
or transfected with a control siRNA or siRNA against 
Notch1. Cells were split and grown in CPX-free medium 
for 13 days before fixation and staining.  
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2.5 Influence of HPV-status and tumor-status on CPX efficacy 

As shown in this thesis and in other work from our group125 CPX downregulates the viral E6/E7 

oncogenes, which is typically associated with the induction of senescence in HPV-positive tumor 

cells23. This raises the question if the downregulation of E6/E7 renders HPV-positive cells 

particularly sensitive to CPX, compared to HPV-negative tumor cells. Furthermore, it should be 

addressed how specific CPX acts on tumor cells compared to non-transformed cells. This is an 

issue for many classical chemotherapeutics, because while these compounds preferentially target 

proliferating cells, which makes fast-dividing tumor cells more vulnerable to the therapy, also 

normal cells can be affected.  

 

2.5.1 Effect of CPX in HPV-positive vs. HPV-negative cell lines 

As a first step to address the aforementioned questions, IC50 values (half-maximal inhibitory 

concentrations) were determined for CPX in a panel of HPV-positive or negative cell lines 

established from cervical or head and neck cancer. Therefore, the cells were treated with varying 

doses of CPX and cell proliferation was recorded over 5 days via live-cell imaging (as exemplified 

for SiHa cells in Figure 33A). The area under the curve (AUC) of the generated proliferation curves 

was used to calculate IC50 values as shown in Figure 33B. 

In Table 3 the IC50 values for 6 cell lines are shown, representing average values of at least 3 

independent experiments. Regardless of the HPV status or histological origin of the tumor cells, 

the calculated IC50 values lie around 1 µM, suggesting that the HPV status is not a major 

determinant for their sensitivity to CPX. 

 

 

Figure 33| Determination of IC50 values for CPX via live-cell imaging. (A) SiHa mCherry H2B cells were treated 
with the indicated doses of CPX and cell numbers were determined every 4 h over a period of 120 h via live-cell 
imaging. (B) Dose response curve using the area under the curve (AUC) from (A) as input. A standard curve was 
fit to the data in order to obtain the IC50 value for CPX. 
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Table 3| IC50 values for CPX in HPV-positive or negative cell lines.  

Cell line HPV status Origin IC50 [µM] Standard dev. [µM] n 

C33a - cervix 0.94 0.04 3 

CaSki 16 cervix 0.87 0.10 4 

FaDu - hypopharynx 0.63 0.13 4 

HeLa 18 cervix 1.78 0.15 5 

SiHa 16 cervix 0.76 0.14 5 

UDSCC2 16 hypopharynx 0.72 0.14 5 

 

2.5.2 Effect of CPX in keratinocytes vs. keratinocytes expressing E6/E7  

In order to more directly investigate the influence of the HPV-oncogenes on sensitivity to CPX 

treatment, immortalized human keratinocytes (normal oral keratinocytes, NOKs) were compared 

to NOKs expressing E6/E7234. Wild type NOK cells, NOK cells transduced with an HPV16 or HPV18 

E6/E7-expressing lentiviral vector (NOK 16E6/E7, NOK 18E6/E7) or NOK cells transduced with 

the corresponding empty control vector (NOK pWPI) were treated with CPX for 24-72 h. On 

protein level it was observed that NOK cells expressing E6/E7 show higher levels of PARP 

cleavage after 48 or 72 h of CPX treatment compared to non-transduced or control vector-

transduced NOKs, indicating an increased induction of apoptosis (Figure 34A). 

Figure 34| CPX-treatment of normal oral keratinocytes (non-)expressing E6/E7. Normal oral keratinocytes 
(NOKs) and NOKs lentivirally transduced with an HPV16 or HPV18 E6/E7 expression plasmid or the control vector 
(pWPI) were treated with 10 µM CPX for 24, 48 or 72 h. (A) Protein levels of PARP (upper band) and cleaved 
PARP (lower band), 16E6, 16E7, 18E6 or 18E7 were analysed in immunoblot. β-Actin, loading control. (B) Relative 
mRNA expression levels of HPV16 or HPV18 E6/E7 and TFR1 after treatment with 10 µM CPX for 24 or 48 h in 
NOK 16E6/E7 and NOK 18E6/E7 cells.  
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CPX treatment also increases expression of transferrin receptor 1 (TFR1) mRNA (Figure 34B), 

indicating depletion of intracellular iron. Interestingly – like in HPV-positive tumor cells – CPX is 

able to downregulate the lentivirally expressed E6/E7 on protein (Figure 34A) and mRNA level 

(Figure 34B). 

Subsequently, the apoptosis induction by CPX was investigated in more detail in NOK cells 

expressing either HPV16 E6/E7 or the corresponding control vector. In TUNEL assays, a higher 

percentage of cells is apoptotic upon CPX treatment in the HPV16 E6/E7 expressing cells 

compared to the vector control (Figure 35A and B). This is corroborated by detection of 

caspase-3/7 activation via live-cell imaging. Also in this assay, the HPV16 E6/E7 expressing NOKs 

Figure 35| E6/E7 expression sensitizes NOK cells to apoptosis induction by CPX. (A) Representative images of 
TUNEL assays in NOK pWPI and NOK 16E6/E7 cells with 10 µM CPX or EtOH as solvent control for 96 h. Scale 
bars: 50 µm. (B) Quantification of the percentage of TUNEL positive cells after 72 or 96 h treatment with 10 µM 
CPX. Average values from 3 independent experiments and the corresponding standard deviations are shown. 
(C) NOK pWPI and NOK 16E6/E7 cells were treated with 5 or 10 µM CPX or EtOH as solvent control in the 
presence of 5 µM IncuCyte® Caspase-3/7 reagent for apoptosis detection. Every 2 h over the course of 120 h the 
green object count, indicating apoptotic cells with activated caspase-3/7, was determined and normalized to 
the cell confluence in percent. (D) Immunoblot analyses of (cleaved) PARP and HPV16 E7 protein levels in NOK 
16E6/E7 and SiHa cells treated with the indicated CPX concentrations for 72 h. β-Actin, loading control. 
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undergo apoptosis more rapidly than the control cells (Figure 35C). Taken together, these results 

suggest that E6/E7 expression sensitizes keratinocytes to CPX-induced apoptosis.  

A further interesting observation is that the percentage of apoptotic cells in NOK cells (regardless 

of E6/E7 expression) is significantly lower than in HPV16-positive SiHa cells (please compare 

Figure 35B with Figure 18, 1 g/L glucose). After 96 h of CPX treatment, only 6% of NOK pWPI and 

11% of NOK HPV16 E6/E7 cells are TUNEL positive, compared to nearly 40% of SiHa cells. 

Similarly, also immunoblot analysis of cleaved PARP indicates that SiHa cells are more sensitive 

to CPX than NOKs (Figure 35D). In SiHa cells, lower CPX concentrations (2 and 5 µM) are sufficient 

to induce PARP cleavage after 72 h of treatment, while in NOK HPV16 E6/E7 cells only treatment 

with a higher CPX concentration (10 µM) results in PARP cleavage.  

Collectively, these findings indicate that E6/E7 expression could indeed increase sensitivity to 

CPX and show furthermore that HPV-positive tumor cells are more vulnerable towards CPX 

treatment than non-transformed keratinocytes expressing E6/E7. 

 

2.5.3 Effect of CPX in primary cells 

Subsequently, the effects of CPX were investigated in two primary keratinocyte isolates, one 

derived from ectocervix and one from foreskin. Also in these cells, TUNEL assays were performed 

after 72 or 96 h of CPX treatment. Compared to SiHa cells or NOKs, virtually no TUNEL positive 

cells (< 2%) can be detected in the primary isolates treated with CPX (Figure 36A and B). 

Figure 36| CPX only weakly induces apoptosis in primary keratinocytes. (A, B) TUNEL assays were performed 
in two primary keratinocyte isolates from ectocervix or foreskin after treatment with EtOH or 10 µM CPX for 72 
or 96 h. (A) shows exemplary images, (B) quantification of the percentage of TUNEL positive cells from one 
experiment. Scale bars: 50 µm. (C) Primary ectocervix keratinocytes were treated with 5 or 10 µM CPX in the 
presence of 5 µM IncuCyte® Caspase-3/7 reagent for apoptosis detection. The number of apoptotic cells was 
determined every 2 h over 120 h by counting green objects and normalized to the cell confluence in percent.  
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In addition, a caspase activation assay was conducted in the primary ectocervical cells. While 5 µM 

CPX are not sufficient to induce apoptosis, 10 µM CPX lead to an activation of caspase-3/7, 

indicating at least a small amount of apoptosis induction (Figure 36C). Due to these inconclusive 

results further research is needed to investigate the effect of CPX on non-malignant cells. 

 

2.6  Combination therapies with CPX 

Compared to cancer therapies using single agents, therapies combining two or more drugs are 

often advantageous, as they may allow to reduce the respective doses of the single drugs leading 

to reduced side effects. Thus it is of high interest to investigate if CPX can enhance the effect of 

other treatments for HPV-positive cancers. At present, the routine treatment for locally advanced 

cervical cancer is concurrent chemoradiotherapy, which combines radiation with a platinum-

containing chemotherapeutic drug.52 Hence, combination therapies of CPX with radiotherapy or 

with cisplatin (cis-diamminedichloroplatinum(II), CDDP) were investigated in HPV-positive 

tumor cells. As first experiments already had indicated that CPX has the potential to enhance 

efficacy of these therapies228, investigations were expanded in order to quantify the combinatorial 

anti-tumorigenic effects. 

 

2.6.1 CPX synergizes with radiation 

Clonogenic assays allow to determine the ability of single cells to undergo “unlimited” division. As 

hypoxic tumors are known to be more resistant towards radiotherapy, the combinatorial effect of 

CPX and radiotherapy was assessed under both normoxic (21% O2) and hypoxic (1% O2) 

conditions. In both HeLa and SiHa cells CPX enhances the effect of radiation and further reduces 

clonogenicity compared to only radiation (Figure 37), which indicates a synergistic effect. As 

expected, under hypoxia cells were more resistant towards radiation, resulting in a higher 

surviving fraction (SF) compared to normoxia. However, also under hypoxic conditions additional 

Figure 37| CPX acts synergistically with radiation under normoxia and hypoxia. HeLa or SiHa cells were 
irradiated with a dose of 0-8 Gy and concomitantly treated with 5 µM (HeLa) or 2 µM (SiHa) CPX under normoxic 
(21% O2) or hypoxic (1% O2) conditions for 72 h. After two weeks, colonies containing ≥50 cells were counted 
and the surviving fraction was calculated. Error bars represent standard deviations of 3 (HeLa) or 4 (SiHa) 
independent experiments. 
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treatment with CPX decreased the SF of radiated cells. These results suggest that CPX 

synergistically enhances the effect of radiotherapy in HPV-positive tumor cells both under 

normoxia and hypoxia.  

 

2.6.2 CPX cooperates with cisplatin 

Next to radiotherapy, also the combination of CPX with cisplatin (CDDP) was examined. As seen 

in live-cell imaging experiments analyzing the number of viable cells over time, low doses of CPX 

or CDDP applied as single agents inhibit cell proliferation to some degree, however the 

combination of CPX plus CDDP is more effective and completely prevents proliferation, indicating 

a cooperation between the drugs (Figure 38A). In order to quantify the combinatorial effect of CPX 

with CDDP, the combination index (CI) was assessed according to the Chou-Talalay method235. 

Therefore, viable cell counts were assessed via live-cell imaging over the course of 5 days upon 

treatment with varying doses of CPX or CDDP or a combination (with constant ratio) of both drugs. 

Fraction affected (Fa) vs. CI plots show that CPX and CDDP act additive to slightly synergistic in 

HPV-positive tumor cells, with a better effect at higher doses, as indicated by a CI < 1 (Figure 38B).  

 

Figure 38| CPX cooperates with cisplatin. HeLa mKate2 or SiHa mKate2 cells were treated with varying doses 
of CPX and CDDP in a constant drug ratio over the course of 120 h and every 4 h viable cell count was assessed 
via live-cell imaging. (A) Exemplary growth curves with the indicated doses of CPX and CDDP. (B) Fraction 
affected (Fa) vs. combination index (CI) plots based on viable cell count were created using the CompuSyn 
software. Data from one representative experiment is shown, respectively.  
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Interestingly, also the OXPHOS inhibitor metformin shows a cooperative effect with both radiation 

and cisplatin as indicated by clonogenic assays and 3D-cell culture experiments performed with 

HeLa cells, respectively (Figure 39A and B).  

 

2.6.3 CPX synergizes with glycolysis inhibitors  

Next to radiation and cisplatin, also the combination of CPX with inhibitors of glycolysis was 

investigated. The rationale behind this approach is the assumption that combined treatment with 

an OXPHOS inhibitor like CPX and a glycolysis inhibitor should lead to energetic depletion, 

hindering cell proliferation and inducing cell death. This could allow a significant dose reduction 

of both drugs. One glycolysis inhibitor which is currently also investigated as a potential 

anticancer agent is the pyruvate analogue dichloroacetate (DCA). By inhibiting pyruvate 

dehydrogenase kinase (PDK1) this drug induces a shift of pyruvate metabolism from glycolysis 

towards OXPHOS, leading to a reversal of the Warburg effect.236  

Notably, CPX and DCA exert profound synergistic effects in cervical cancer cell lines. In 

immunoblot analyses it can be observed that low doses of both drugs do not have significant 

effects on PARP cleavage and E7 protein levels, while their combination leads to an increase in 

cleaved PARP (only in HeLa cells) and downregulation of E7 (Figure 40A). Interestingly, the 

regulation of p53 differs between HeLa and SiHa cells. Single treatment with DCA upregulates p53, 

while single treatment with CPX weakly downregulates p53 in both cell lines. The combination 

treatment leads to p53 upregulation in HeLa, but downregulation in SiHa cells, potentially 

explaining the difference in PARP cleavage.  

 

Figure 39| Metformin cooperates with radiation and cisplatin. (A) HeLa cells were irradiated with a dose of 
0-8 Gy and concomitantly treated with 2.5 mM metformin for 48 h. Colonies were counted two weeks later 
and SF calculated. Error bars represent standard deviation from 3 independent experiments. (B) The size of 
HeLa spheroids was determined upon treatment with metformin and/or CDDP over a period of 8 days.  
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Figure 40| CPX synergizes with glycolysis inhibitors, but not OXPHOS inhibitors. (A) Immunoblot analyses of 
(cleaved) PARP, p53 and HPV18 or HPV16 E7 levels in HeLa or SiHa cells after 48 h of treatment with the indicated 
doses of CPX and DCA. β-Actin, loading control. (B) Growth curves of HeLa mKate2 or SiHa mKate2 cells treated 
with the indicated doses of CPX and DCA. Red object count indicating viable cells was assessed every 4 h over a 
period of 120 h via live-cell imaging. (C) HeLa mKate2 or SiHa mKate2 cells were treated with varying doses of 
CPX and the indicated OXPHOS or glycolysis inhibitors in a constant ratio over the course of 120 h and every 4 h 
viable cell count was assessed. Fraction affected (Fa) vs. combination index (CI) plots were created using the 
CompuSyn software, based on viable cell count. Data from one representative experiment is shown, 
respectively.  
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Live-cell imaging analyses confirm the cooperative effect for CPX and DCA, here already very low 

doses of both drugs in combination are sufficient to strongly inhibit proliferation (Figure 40B). CI 

values for this combination were determined as described above for the combination of CPX with 

CDDP. Fa-CI plots indicate that the combination of CPX with DCA is indeed synergistic (CI < 1) over 

a broad concentration range (Figure 40C, upper left panels). These analyses were then extended 

to further combinations of CPX with other glycolysis inhibitors (2-deoxy-D-glucose, 2-DG; 

6-aminonicotinamide, 6-AN) or OXPHOS inhibitors (antimycin A; rotenone; metformin). 

Consistent with its OXPHOS inhibiting activity, CPX not only synergizes with DCA but also with the 

glycolysis inhibitors 2-DG and 6-AN (CI < 1). In contrast, the combination of CPX with the OXPHOS 

inhibitors antimycin A, rotenone and metformin showed at most additive effects (CI around 1) 

(Figure 40C).  
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3. Discussion 

Despite the existence of prophylactic vaccines, HPV-induced cancers of the cervix and head and 

neck region will remain a substantial clinical burden for decades to come. Thus, there is an urgent 

need for more specific and innovative treatment strategies.237 

Metabolic drugs, targeting tumor specific metabolic alterations, are under intense research as 

potential anticancer agents. Ciclopirox, a topical antimycotic drug, has been identified as an iron 

chelator decades ago. As tumor cells rely on iron more heavily compared to normal cells, CPX has 

been investigated as an anticancer agent for several years and has proven antitumor efficacy in 

numerous preclinical and also first clinical studies.124 More recently, CPX was shown to alter the 

cellular energy metabolism by inhibiting oxidative phosphorylation, which might add to its anti-

tumorigenic potential.  

Previous studies from our group have demonstrated that CPX downregulates viral E6/E7 

oncogene expression and strongly inhibits proliferation of HPV-positive cancer cells by induction 

of senescence and apoptosis.125, 227, 228 These promising results warrant further exploration of the 

anti-tumorigenic effects of CPX in cervical cancer cells. Hence this thesis investigated potential 

mechanisms implicated in this anti-tumorigenic action and revealed, inter alia, a strong glucose 

dependence of the CPX-induced effects which could have profound clinical implications and allow 

the development of rational combination therapies with glycolysis inhibitors. 

 

3.1 Mechanistic insights into the anti-tumorigenic effects of CPX 

As an iron chelator, CPX influences and regulates numerous cellular pathways and mechanisms. 

This was corroborated by our proteome analyses in SiHa cells, in which CPX significantly up- or 

downregulated 392 of the 5919 detected proteins. In other words, after 48 h of CPX treatment, 

6.6% of all detected proteins were increased or decreased more than twofold. To gain more 

insights into how CPX regulates expression of these proteins, the CPX-induced changes on 

proteome composition were compared to those induced by hypoxia or the OXPHOS inhibitor 

metformin. 

CPX and hypoxia both increased expression of the HIF-1α transcription factor, roughly by a factor 

of two. This is supported by several publications showing that HIF-1α is upregulated upon iron 

chelation.117, 238 Under normoxic conditions HIF-1α is constantly targeted for degradation by the 

von Hippel-Lindau tumor suppressor (pVHL), which binds to HIF upon hydroxylation by prolyl 

hydroxylase 2 (PHD2).239, 240 PHDs are dependent on oxygen and iron, thus under normoxic, iron-

replete conditions HIF-1α is hydroxylated and degraded, while hypoxia or iron depletion lead to 

its stabilization. HIF-1 is the master transcriptional regulator of the cellular hypoxia response and 

as such regulates numerous proteins and processes. As the proteome screen revealed an 

overlapping regulation of many proteins under hypoxia and iron depletion, it can be hypothesized 
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that a subset of the observed alterations is mediated via HIF-1α. For example the growth and 

metastasis suppressor NDRG1 is upregulated both by hypoxia and CPX. It has been shown 

previously that iron chelators like DFO can increase NDRG1 expression via HIF-1α-dependent and 

independent pathways241, 242, which may inhibit TGF-β induced EMT, decrease cell viability, 

reduce migration and induce apoptosis243, 244. In contrast, hypoxia also activates factors and 

pathways which enhance migration, invasion and EMT, e.g. Snail, Twist, Wnt, TGF-β or hedgehog 

signaling.245 Some of these pathways, like TGF-β signaling are regulated in a similar manner by 

CPX, however other pathways like Wnt signaling are regulated contrarily by CPX. Due to this 

differential findings, it would be of interest to investigate the effects of CPX on migration, invasion 

and EMT. In preliminary scratch assays, however, no clear influence of CPX on the migration of 

cervical tumor cells could be observed, yet it would be desirable to evaluate these processes with 

other methods such as transwell assays or the analysis of EMT markers.  

In contrast to CPX, the antidiabetic drug metformin, which is an inhibitor of OXPHOS complex I 

slightly downregulated HIF-1α in the proteome screen, which is supported by literature 

demonstrating that metformin and other OXPHOS inhibitors can target HIF-1 and alleviate 

hypoxia.204, 246, 247 It is interesting to note that in this context the induction of HIF-1α due to the 

iron chelating properties of CPX is dominant over a potential HIF-1α downregulation due to its 

OXPHOS inhibiting properties. In contrast, several cancer-related proteins were regulated in a 

similar manner by CPX and metformin, indicating that regulation of those factors could be 

mediated by inhibition of OXPHOS. Interestingly, despite being an OXPHOS inhibitor metformin 

did in contrast to CPX not or only weakly regulate expression of the proteins comprising the 

mitochondrial ETC complexes. 

 

A further protein which was upregulated in the screen by both CPX and hypoxia is Notch1. 

Hypoxia and iron chelators were previously shown to upregulate Notch, probably also via 

HIF-1.248 Conversely, Notch also can upregulate HIF-1α via STAT3, suggesting an interdependence 

of both pathways.249 On a side note, data from our lab demonstrated that CPX strongly 

downregulates STAT3 by decreasing its protein stability250, thus this feedback loop should not be 

functional under CPX treatment. Notch signaling is required for the hypoxic stimulation of EMT 

and for maintaining cells in a dedifferentiated state under hypoxia.251, 252 Furthermore, Notch can 

induce oncogenic Myc and PI3K-Akt signaling, increase glucose transporter expression and 

enhance chemotherapy resistance, which has led to the classification of Notch as an oncogene in 

several cancers such as AML and ALL.142 However, more recent research showed that the effects 

of Notch are strongly cell- and context-dependent and established Notch as a tumor suppressor 

in other cancers including SCC, small-cell lung cancer, some types of glioma and hepatocellular 

carcinoma.150 In these types of cancer, strategies to activate Notch signaling constitute an 
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interesting therapeutic option and according drugs are under development.150 However, such 

treatments only possess potential for tumors in which the Notch cascade is still functional and not 

for cancers with e.g. Notch loss-of-function mutations.150 The role of Notch in HPV-positive 

cancers is still somewhat controversial. The majority of conducted studies shows that Notch1 

signaling suppresses the growth of cervical cancer cells253-255, however, also the opposite effect 

has been observed256, 257. Furthermore, there are studies reporting that Notch1 inhibits E6/E7 

expression via AP-1 suppression258 and vice versa E6 can downregulate Notch1259, 260, arguing for 

a tumor-suppressive role of Notch1 in HPV-positive cancers.  

Interestingly, Notch overexpression leads to a glycolytic switch, inducing a Warburg phenotype 

due to transcriptional upregulation of metabolic regulator genes and vice versa a disturbed 

cellular metabolism modulates Notch signaling.  

Due to the potential anti-tumorigenic function of Notch in cervical cancers, it is of interest to 

investigate the effect of CPX on Notch signaling. Consistent with studies showing upregulation of 

Notch in early stages of cervical cancer but downregulation in later stages261, only low levels of 

Notch could be detected in all tested cervical cancer cell lines. Nonetheless, Notch signaling 

seemed to be functional in cervical cancer cells as γ-secretase inhibition by DAPT prevented Notch 

cleavage and CPX not only activated Notch1, but also expression of its target genes HEY1 and 

HEY2. The upregulation of Notch signaling by CPX can probably be attributed to its iron chelating 

properties as it could be counteracted by supplementation of iron and also treatment with the 

iron chelators DFX and DFO enhanced Notch1 signaling, consistent with the hypothesis that this 

regulation is mediated via HIF-1α. However, the effects of CPX on Notch signaling were found to 

be rather inconsistent across a panel of six cervical SCC cell lines. On mRNA level, NOTCH1 and its 

target genes were upregulated at least slightly in all tested cell lines, however on protein level 

Notch1 was upregulated only in half of the cell lines, but downregulated in the other half. It is not 

clear what determines this cell line specificity, however it is not surprising when considering the 

highly converse roles of Notch signaling in different types of cancers and also between different 

studies on the same cancer type. In this context a recent study by Weir and colleagues130 is of 

interest, who investigated the effect of fosciclopirox, a CPX prodrug, in bladder cancer. While in 

their system CPX also increased Notch1 protein levels, it suppressed activation of Notch signaling 

by inhibition of the γ-secretase complex. However, this study did not examine if the Notch 

inhibitory effect of CPX is relevant for its anti-tumorigenic actions. In the present work, inhibition 

of Notch signaling via siRNA or with the small molecule DAPT could not rescue growth inhibition 

after CPX treatment, suggesting that the upregulation of Notch1 by CPX is not of particular 

functional relevance for its anti-tumorigenic effects. 
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In general, it probably will be fairly difficult to trace back certain anti-tumorigenic effects of CPX 

to the regulation of only one protein or pathway. Our proteome screen demonstrated that CPX 

influences the expression of hundreds of proteins, among them transcription factors like HIF-1α, 

STAT3 or JUN, thus regulating a plethora of cellular processes. Most of these effects are probably 

due to the iron-chelating properties of CPX and will be observed as well with other iron chelators. 

Despite these limitations it is still worthwhile to closer investigate pathways regulated by CPX, as 

this may for example allow to identify sub-populations of tumors or certain types of cancers, 

which could be particularly sensitive to CPX treatment. Furthermore, a better knowledge of the 

CPX-regulated factors might facilitate discovery and development of rational combination 

treatments. In this context, it would for example be interesting to closer investigate, which effects 

are mediated via HIF-1α. This could experimentally be addressed by inhibiting HIF-1α during CPX 

treatment or by comparing the effects of CPX with cobalt chloride, which is commonly used as 

hypoxia mimetic as it inactivates PHDs by replacing Fe2+ with Co2+ and should thus mimic the 

effect of iron chelation on HIF-1α. Depending on these results, it could be beneficial to combine 

CPX with a HIF-1α inhibitor262 in order to mitigate pro-tumorigenic effects such as invasion and 

metastasis which are mediated via HIF-1α. 

 

3.2  Glucose dependence of CPX 

Tumor cells typically rewire certain metabolic processes, which allows them to strive in a 

nutrient-poor environment. Thus, a deregulated cellular metabolism is considered one of the 

hallmarks of cancer.263 The most prominent metabolic alteration featured by tumor cells is their 

increased glycolysis rate even under oxygen-replete conditions, which is commonly known as 

Warburg effect. Interestingly, oncogenic HPVs can increase the rate of aerobic glycolysis and thus 

contribute to the Warburg effect. This is mediated by the viral E6/E7 oncogenes, which promote 

glycolytic flux by enhancing expression of HKII via c-Myc264 and increasing activity of pyruvate 

kinase M2265. Despite this glycolysis promoting function of E6/E7, HPV-positive HeLa and SiHa 

cells were demonstrated to exhibit an oxidative phenotype and are sensitive to lactate 

signaling266-268, thus they should be sensitive to OXPHOS inhibition as well.  

While Warburg initially hypothesized that defect mitochondria are causal for the increase in 

glycolysis observed in many tumor cells, this has been disproven in the meantime. Instead, it has 

turned out that many cancer cells rely on OXPHOS to a similar rate than normal cells and can also 

enter a hybrid state, where both the oxidative and glycolytic state coexist.269  

During OXPHOS electrons are transferred from electron donors provided via the TCA and 

glycolysis to oxygen as electron acceptor. These electrons are transported along the mitochondrial 

respiratory complexes in a series of redox reactions, allowing to convert the released energy to an 

electrochemical proton gradient. The OXPHOS complexes contain numerous iron-sulfur 
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complexes, in which iron acts as electron acceptor and donor by switching between its ferric (Fe3+) 

and ferrous (Fe2+) states.231 Cytochromes are another type of electron carrier in the ETC, which 

use iron coordinated in the form of hemes as redox centers.194 Iron depletion was shown to induce 

downregulation of mitochondrial transcript and protein levels and thus reduce oxidative 

capacity.270 This is in line with the results from our proteome screen upon CPX treatment. GSEA 

analyses revealed that CPX downregulates proteins involved in OXPHOS, among them many 

proteins comprising the mitochondrial ETC complexes, which could also be confirmed in 

immunoblot analyses. A particular strong downregulation was observed for subunits of complex I, 

which is in accordance with a study by Rensvold et al. reporting that the iron chelator DFO mainly 

downregulates complexes I and II, which each contain multiple iron-sulfur clusters. This 

downregulation is achieved via a decrease in transcription of genes encoding mitochondrial 

proteins.271  

Thus, it is little surprising that a number of studies has provided evidence that iron depletion leads 

to a downregulation of energy production via OXPHOS. Already in 1999 a study by Oexle et al. 

showed that the iron chelator DFO does not only inhibit the TCA cycle, but also decreases oxygen 

consumption in a leukemic cell line.272 This was confirmed by experiments by Yoon and 

colleagues, which investigated the effect of DFO treatment in “Chang hepatocytes”, a cell line 

which was meanwhile demonstrated to be HeLa cells. The authors could show that DFO reduces 

cellular ATP levels by half and inhibits the activity of mitochondrial complex II, but not 

complex I.273 Inhibition of mitochondrial respiration probably is a common effect of iron chelators 

and a recent study from 2020 provides evidence that also CPX inhibits OXPHOS, decreases 

expression of several subunits from complex I and III and induces ROS production in colorectal 

cancer cells.127 Furthermore, the authors report that CPX promotes glycolysis, glucose uptake and 

lactate production.  

Consistently, the proteome screen performed in the present work also revealed an upregulation 

of glycolytic enzymes and of factors involved in the PPP, which was verified by immunoblot 

analyses. This indicates that cells attempt to compensate for the decreased energy production via 

OXPHOS with an increased activity of glycolysis and PPP. The ability to switch between glycolytic 

and oxidative energy production is characteristic for tumor cells, which exhibit a high metabolic 

plasticity allowing them to adapt to different microenvironments and nutrient sources to ensure 

sufficient energy supply.274  

One would expect that due to the increased rate of glycolysis, CPX-treated cells consume a higher 

amount of glucose. Thus, glucose levels in the medium of CPX-treated and untreated cells were 

determined. An issue that needs to be considered in this context is that CPX-treated cells, in 

contrast to untreated cells, do not proliferate anymore. To account for this, the consumed glucose 

was normalized to the number of cells to determine the glucose consumption relative to cell count. 
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By doing so, the initial assumption could be confirmed, as CPX-treated cells indeed consumed 

more glucose per cell.  

Upregulation of glycolysis by CPX could not only be an attempt of treated cells to compensate for 

decreased OXPHOS activity but could also independently be regulated via HIF-1α. Under hypoxic 

conditions, HIF-1α promotes a switch from oxidative to glycolytic metabolism by increasing 

expression of glucose transporters and glycolytic enzymes.275 Additionally, HIF-1α activates PDK1 

and lactate dehydrogenase A (LDHA), thus pyruvate is not further metabolized via the TCA cycle 

but converted to lactate.275  

 

The upregulation of glycolysis upon CPX treatment allows cells to meet their energetic demand 

independent of OXPHOS. Thus, increased levels of glucose, enabling enhanced flux through the 

glycolytic pathway protect cells against CPX-induced cell death. Consequently, it was 

hypothesized that glycolysis suppression should revert this protective effect. While HKII 

knockdown indeed restored sensitivity to CPX-induced apoptosis under increased glucose levels, 

downregulation of PFKP and/or GPI could not replicate this effect. Hexokinase catalyzes the 

phosphorylation of glucose to glucose-6-phosphate, which can either be further processed in the 

glycolytic pathway by PFK-1 or alternatively be shuttled towards the PPP. To test if inhibition of 

PPP is relevant for the observed apoptosis induction upon HKII knockdown, G6PD which catalyzes 

the first and rate-limiting step of PPP276 was silenced while cells were treated with CPX in glucose-

abundant conditions. However, this did not re-sensitize cells towards apoptosis induction, 

suggesting that the PPP is not relevant for the glucose-dependent protection against CPX-induced 

apoptosis.  

Another possible explanation for the observed differences is that PFKP and GPI knockdown is not 

as effective in inhibiting glycolysis as HKII knockdown and thus less efficient in depleting cells of 

energy. Three enzymes, namely hexokinase, phosphofructokinase and pyruvate kinase, catalyze 

irreversible steps during glycolysis and are known to be regulatory enzymes. It would be of 

interest to also investigate the effect of pyruvate kinase knockdown to determine if the observed 

sensitization by HKII is due to glycolysis inhibition or constitutes a HKII specific effect. 

Furthermore, to directly analyze the effects of knockdown of either glycolytic enzyme on the 

glycolysis rate, measuring extracellular acidification rate (ECAR) should be insightful.  

Notably, besides its involvement in glycolysis, HKII, when associated with mitochondria, also 

functions to protect cells from apoptotic stimuli277, which could also explain the increased 

apoptosis upon HKII knockdown. If the pro-apoptotic effect upon HKII silencing was due to the 

mitochondrial function of HKII, it should be mimicked by dissociating HKII from mitochondria. In 

preliminary experiments, however, the drugs clotrimazole or methyl jasmonate, which detach 

HKII from the voltage-dependent anion channel in the mitochondrial membrane, could not restore 
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sensitivity to CPX-induced apoptosis under glucose-replete conditions. Thus, more research is 

needed to further resolve the effects of HKII and glycolysis inhibition on the regulation of CPX-

induced apoptosis.  

 

3.3  Induction of senescence and apoptosis by CPX 

As shown in this thesis and also in previous work from our group, CPX treatment of cervical cancer 

cells can result in both induction of senescence, an irreversible growth arrest, or induction of 

apoptosis, a form of programmed cell death.125 It was observed that this outcome mainly depends 

on treatment duration: while shorter CPX treatment of 48-72 h programs cells to induce 

senescence, prolonged treatment of 72-96 h or longer results in the induction of apoptosis. The 

capacity to induce both senescence and apoptosis is not unique to CPX but can be observed for 

many established chemotherapeutics as well. However, the factors determining if a 

chemotherapeutic drug rather induces senescence or apoptosis are still mainly elusive. Possible 

determinants are the amount and type of DNA damage induced, but also molecular pathways like 

the p53-p21 axis and PI3K-AKT-mTOR signaling can have implications on the therapeutic 

outcome.153 While mild or short-term stress rather induces senescence, more severe DNA-damage 

preferentially triggers apoptosis induction, suggesting treatment time and dose as important 

factors. Also the particular cell type may influence the response to a treatment – while most cells 

in principle are capable of both responses, some cells like fibroblasts or epithelial cells 

preferentially undergo senescence, whereas others like lymphocytes rather undergo apoptosis 

upon DNA damage.153  

Data obtained in this thesis suggests the energetic status of cells as a novel determinant of cell fate 

decision after treatment with the iron chelator CPX. As long as glucose is abundant, CPX 

preferentially induces senescence in cervical cancer cells and consequently increased glucose 

levels efficiently protect cells from CPX-induced apoptosis. In contrast, when glucose availability 

is limited apoptosis induction is facilitated. This is in agreement with the fact that senescent cells 

are highly energy-consuming and rely more heavily on glycolysis.278 Senescent cells remain 

metabolically active and typically exhibit an increased glucose utilization and higher ATP 

production. This renders senescent cells particularly vulnerable to inhibition of glycolysis by 

genetic or pharmacological means.279 The combination of CPX with glycolysis inhibitors could in 

this respect be doubly effective: on the one hand the simultaneous inhibition of OXPHOS and 

glycolysis deprives cells of energy, on the other hand CPX induces senescence, which should make 

the cells vulnerable to glycolytic inhibition.  

Elucidation of the molecular factors determining the glucose-dependent switch between CPX-

induced senescence and apoptosis would be of great interest. Promising candidates in this respect 

might be the tumor suppressor p53 and its transcriptional target p21, which are at the core of the 
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senescence signaling network. Both p53 and p21 are initially induced upon CPX treatment and are 

downregulated after prolonged treatment, which can be counteracted by increased glucose 

concentrations. Thus it could be hypothesized that sustained activation of the p53-p21 pathway 

under high glucose levels keeps cells in a senescent state, while downregulation under glucose 

deprivation leads to induction of apoptosis. This would be consistent with studies showing that 

chemotherapies induce senescence in p53 wild type cells, whereas p53 mutation or deletion shifts 

the response from senescence to apoptosis induction.280, 281 

An interesting study in this context by Yao et al. investigated the effects of the drug pseudolaric 

acid B, which also induces both senescence and apoptosis. In this case, the treatment outcome was 

linked to glucose consumption and p53 status. While treatment of p53 wild-type cells 

preferentially resulted in senescence accompanied by an increase in glucose consumption, the 

absence of p53 enhanced apoptosis induction while decreasing glucose utilization.282 In the case 

of CPX, however, p53 status is probably not a decisive factor, as both senescence and apoptosis 

can be induced in “p53 null” HeLa cells and p53 mutant cells as well.125 This is also supported by 

experiments conducted in this thesis, where p53 knockdown neither did prevent senescence 

induction, nor could revert the protective effect of increased glucose concentrations against CPX-

induced apoptosis. Similarly, also p21 knockdown was not effective in tipping the balance from 

senescence to apoptosis under increased glucose conditions. This is in contrast e.g. to cells treated 

with topoisomerase inhibitors, where p21 disruption shifts the cellular response from senescence 

to apoptosis.283  

Another factor, which was regulated in the same manner as p21 and p53 is the transcription factor 

E2F1, which acts downstream of pRb and promotes cell cycle progression. E2F1 has been 

identified as an important regulator of the DNA damage response, which after activation by ATM 

or ATR induces expression of DNA damage repair genes.284 Interestingly, some studies show that 

E2F1 overexpression induces senescence285, 286 while others report that E2F1 overexpression 

programs cells to undergo apoptosis via p53-dependent and independent pathways.287, 288 

Furthermore, E2F1 is also implicated in metabolic reprogramming of cancer cells by enhancing 

glycolysis and repressing oxidative phosphorylation.289 Due to this multifaceted role of E2F1, it 

was tested if E2F1 plays a role in the senescence vs. apoptosis decision upon CPX treatment. 

However, like p21 and p21 also E2F1 knockdown did not influence senescence or apoptosis 

induction.289  

As silencing of E2F1, p21 or p53 partly affected the protein levels of the other factors, respectively, 

it might be that several redundant pathways exist, which would have to be targeted in 

combination to observe effects on the induction of senescence and apoptosis. Moreover, it will be 

worthwhile to explore other pathways implicated in metabolism as possible determinants for the 

glucose-dependent induction of senescence or apoptosis. In this context, AMPK and HIF1α could 
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be interesting candidates. These master regulators of OPXHOS and glycolysis are at the core of a 

metabolic regulatory network, controlling the uptake and utilization of glucose.290 As mentioned 

before, CPX and other iron chelators strongly upregulate HIF-1α, which promotes glycolysis and 

reduces mitochondrial metabolism. HIF-1α furthermore impacts many senescence promoting 

pathways and can prevent senescence induction.291, 292 AMPK, known as a central energy sensor, 

was on the one hand shown to counteract senescence induction293-295, on the other hand sustained 

activation of AMPK is a hallmark of senescence296-298. 

Overall, further elucidating the underlying pathways of the glucose-dependent response to CPX 

treatment could provide valuable insights into the general regulation of senescence and apoptosis.  

 

As both senescence and apoptosis irreversibly block the growth of cancer cells, one might 

question if and why it matters if a chemotherapeutic drug induces senescence or apoptosis. Both 

senescence and apoptosis probably evolved as mechanisms to prevent tumorigenesis by 

hindering damaged cells from proliferating, and as such in principle can both be regarded as a 

desirable outcome of anticancer therapy. However, this perception is under debate, as it became 

clearer over the last years that induction of senescence can also exert various adverse effects. On 

the one hand, senescence turned out to be not as irreversible as originally thought, but instead 

may represent an opportunity for tumor cells to escape therapy. After enduring in a dormant state 

for years some senescent cells may potentially re-enter the cell cycle resulting in tumor 

recurrence.299 On the other hand, senescent cells secrete certain pro-inflammatory factors 

including chemokines, cytokines and matrix metalloproteases, collectively known as senescence-

associated secretory phenotype or SASP.155 The SASP can vary depending on the pro-senescent 

stimulus and cell type and is only expressed when senescence is triggered by DNA damage but not 

when senescence is caused by overexpression of p16 or p21.155 As shown in this work, CPX 

treatment induces expression of SASP factors, such as IL6 and IL1α in HPV-positive tumor cells, 

consistent with the observed induction of the DNA damage markers phospho-p53 (S15) and 

phospho-RPA32 (S33) in CPX-treated cells.  

The secreted SASP factors allow senescent cells to communicate with surrounding cells and can 

have both beneficial and deleterious effects. Notably, the SASP of senescent tumor or stromal cells 

can exert growth-promoting effects on neighboring cells300, 301 and enhance invasion302 and 

metastasis of surrounding tumor cells303. Moreover, senescent cells typically exert an increased 

resistance towards apoptosis-inducing stimuli, such as chemotherapy, an effect which can further 

be enhanced via the SASP in an autocrine and paracrine manner.304, 305 

A growing body of literature demonstrates that the protein kinase mTOR is implicated in SASP 

expression and is responsible for some of its pro-tumorigenic effects.306 In general, mTOR 

inhibition counteracts induction of senescence, which has also been shown to be the case in HPV-
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positive cancer cells under pro-senescent treatment.307 Interestingly, CPX like other iron chelators 

is an mTOR inhibitor and thus induces senescence in an mTOR-independent manner.125 This poses 

the question if the SASP expressed by CPX-treated cells differs from the SASP induced by other 

treatments and may be less tumorigenic.  

However, senescence and the SASP also confer certain advantages to the organism. SASP factors 

recruit immune cells and elicit an immune response against the senescent cells and thus 

contribute to tumor clearance.308 This positive effect is further enhanced by the fact that senescent 

cells can reinforce senescence-associated cell cycle arrest in an autocrine and paracrine manner, 

thus establishing a self-amplifying secretory network, which facilitates targeting of further, 

initially non-senescent tumor cells.309  

The double-edged role of senescence for cancer induction can be understood by the evolutionary 

theory of antagonistic pleiotropy, which describes that a process can be on the one hand beneficial 

early in life, but on the other hand become detrimental later in life.310, 311 In sight of this theory, 

cellular senescence might protect young organisms against premature onset of carcinogenesis, 

but contribute to aging or exert tumorigenic effects in old organisms when senescent cells 

accumulate. This increasingly becomes a problem when lifespans are prolonged. In an attempt to 

alleviate the deleterious effects of senescent cells, major research is undertaken to develop 

senolytic drugs, capable of the selective removal of senescent cells from the tumor 

microenvironment.312 These drugs could also aid in alleviating certain adverse effects of 

chemotherapy, as recent research showed that cells induced to senesce by chemotherapeutic 

agents contribute to common chemotherapy side effects such as cardiac dysfunction, bone 

marrow suppression, chemotherapy-induced fatigue and cancer recurrence.313 Eliminating these 

therapy-induced senescent cells in mice could ameliorate some of the adverse reactions. 

 

With the aim to gain mechanistic insights into the induction of senescence and apoptosis by CPX, 

the OXPHOS inhibitors metformin, antimycin A and rotenone were investigated for their potential 

to induce senescence or apoptosis under different glucose concentrations. Analogous to CPX these 

drugs induce apoptosis in a glucose-dependent manner in that limiting glucose availability 

facilitates apoptosis induction while increasing glucose supply protects cells against the pro-

apoptotic effect. These results indicate that the pro-apoptotic activity of CPX is exerted via its 

capacity to block OXPHOS.  

In contrast, the pro-senescent activity of CPX is probably independent of OXPHOS inhibition. 

Treatment with metformin, antimycin A or rotenone resulted in comparable, low efficacies of 

senescence induction at 1 g/L glucose, but all these three established OXPHOS inhibitors were in 

contrast to CPX not effective in inducing senescence under increased glucose levels. Interestingly, 

in live-cell imaging experiments it could be shown that metformin treatment only results in a 
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reversible growth inhibition as cells could resume proliferation after releasing them from 

treatment. This argues against the induction of senescence, which is classically defined as 

irreversible growth arrest. Moreover, we found that metformin impairs senescence induction 

through E6/E7 inhibition or etoposide treatment in HPV-positive cancer cells.230 In contrast to 

metformin, CPX induces an irreversible growth arrest, consistent with the definition of 

senescence. 

Contrarily to the OXPHOS inhibitors metformin, antimycin A and rotenone, other iron chelators, 

such as DFX and DFO share both the pro-apoptotic and pro-senescent activities of CPX. Alike CPX 

they efficiently induce senescence also under glucose-replete conditions, indicating that CPX-

induced senescence depends on its iron chelating capacity.  

Several studies have shown that OXPHOS inhibitors and other mitochondrial perturbations can 

induce a specific type of senescence coined mitochondrial dysfunction-associated senescence 

(MiDAS), potentially via ROS induction or activation of AMPK.298 Vice versa, senescent cells are 

characterized by mitochondrial changes, including enhanced ROS generation and increased 

mitochondrial biogenesis, pointing to an intricate bidirectional relationship between 

mitochondria and cellular senescence.314 Accordingly, Yoon and colleagues report that the iron 

chelator DFO induces senescence by causing mitochondrial dysfunction and induces an altered, 

elongated mitochondrial morphology.273  

As CPX in contrast to other OXPHOS inhibitors also induces senescence under increased glucose 

levels, mitochondrial dysfunction is probably not the main trigger for senescence upon CPX 

treatment. Previously, CPX was shown to induce DNA damage125, 315 and results from the present 

thesis confirm that CPX upregulates DNA damage markers also under increased glucose supply. 

This indicates that CPX mediates senescence induction via a DNA damage-dependent pathway, 

which also fits to the observed downregulation of p62. The ubiquitin-binding protein p62 is 

central for autophagy and is inhibited upon DNA damage via ATM and ATR.173 This leads to 

stabilization of the transcription factor GATA4, which is normally targeted for autophagic 

degradation by p62. GATA4 then activates IL1α, which finally leads to SASP induction as 

confirmed by an increase of IL1A and IL6 mRNA levels upon CPX treatment.  

However, it is not yet fully elucidated how CPX induces DNA damage. One option reported by Shen 

et al. is the CPX-mediated degradation of Cdc25A, which is associated with DNA damage.315 

Alternatively, the inhibition of RR by CPX could also result in DNA damage, as this may lead to an 

insufficient supply with dNTPs during DNA replication. Consistently, knockdown of the RR 

subunit M2 was previously shown to induce a DNA damage response, resulting in senescence.316  

To gain more insights into the CPX-induced senescence, it would be of high interest to further 

investigate the underlying mechanisms and elucidate the roles of mitochondrial dysfunction and 

DNA damage pathways. As MiDAS is characterized by a distinct SASP compared to other types of 
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senescence inducers298, lacking pro-inflammatory factors depending on IL1R, investigating the 

SASP composition of CPX-induced senescent cells under varying glucose concentrations could 

give important insights on this. Interestingly, the mTOR inhibitor rapamycin reduces the IL1R-

dependent arm of the SASP by inhibiting translation of IL1α298, thus CPX as an mTOR inhibitor 

could probably reproduce this effect. It would also be informative to include metformin-treated 

cells in these analyses, as metformin can inhibit the SASP by interfering with IKK/NF-κB 

activation.317 

 

It is well established that the E6 and E7 oncoproteins can modulate the senescence and apoptosis 

response of HPV-positive tumor cells. More specifically, cells undergo apoptosis when E6 alone is 

suppressed in the presence of E7, due to reactivation of p53 signaling. In contrast, inhibition of E7 

alone or combined repression of both E6 and E7 leads to rapid induction of senescence, which is 

probably related to reactivation of the p53 and pRb pathways and dependent on mTOR 

signaling.12  

Interestingly, not only CPX but all OXPHOS inhibitors investigated in this thesis did repress E6/E7 

expression, which could be counteracted by increased glucose supply. Similarly, also the hypoxia-

mediated downregulation of the HPV-oncogenes can be rescued through increased glucose 

availability307, indicating that expression of E6/E7 is coupled to the host cell’s energetic status. 

Release experiments support this notion, as cells released from CPX treatment and cultured in 

fresh medium re-express E6/E7, even though they are stably arrested in a senescent state. 

Accordingly, also short-term treatment with the glycolysis inhibitor 2-DG was previously shown 

to reversibly suppress transcription of E6/E7 and inhibit cell growth.318 The mechanisms behind 

this metabolic regulation of E6/E7 are not well characterized yet. While hypoxic E6/E7 

downregulation is mediated via the PI3K/mTORC2/AKT signaling pathway319, E6/E7 repression 

upon metformin treatment is independent of AKT, but can be reversed by PI3K inhibition230 and 

CPX-mediated E6/E7 inhibition does neither rely on AKT or PI3K (J. Braun, unpublished data). 

Elucidation of these mechanisms might provide valuable insights into the cellular regulation of 

E6/E7 expression and even might create opportunities to therapeutically manipulate the 

respective pathways. 

As E6/E7 inhibition induces senescence and CPX represses E6/E7, an obvious assumption would 

be that CPX induces senescence via E6/E7 downregulation. However there are several hints that 

argue against this explanation. Firstly, while increased glucose levels counteract E6/E7 

downregulation, they do not impact senescence induction upon CPX treatment. Secondly, the 

other OXPHOS inhibitors investigated in this thesis also repress E6/E7, however they do not lead 

to a robust senescence response. Finally, CPX also induces senescence in HPV-negative cell lines 
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and in p53-negative cells125, 133 thus excluding E6-mediated p53 reconstitution as senescence 

trigger.  

 

3.4 Tumor specificity of CPX 

While E6/E7 do not seem to play a crucial role in CPX-induced senescence, it is still of interest 

whether E6/E7 expression influences sensitivity of cells to CPX-induced proliferation inhibition 

or apoptosis induction. A similar selective sensitivity towards CPX treatment has been shown by 

Yang et al.128 in neuroblastoma cells, which are 200-fold more sensitive to CPX compared to 

normal fibroblasts. The authors of this study demonstrate that CPX inhibits KDM histone 

demethylases, on which Myc-driven neuroblastoma depend in order to inhibit tumor-suppressive 

pathways and activate oncogenic signaling. Furthermore, CPX via KDM4B suppression inhibits the 

Myc signaling pathway, which may explain the increased sensitivity (roughly by factor 4) of Myc-

dependent neuroblastoma cells compared to non MYCN-amplified neuroblastoma. 

To test, if E6/E7 expression plays a role for the sensitivity of cancers towards CPX, the IC50 values 

of HPV-positive or negative cervical cancer and HNSCC cells were determined in the present 

thesis. Cervical SCCs are virtually all HPV-positive, with the C33a cell line being a rare example of 

an HPV-negative cervical cancer cell line. The IC50 value determined for CPX in C33a cells was 

similar to that of the HPV16- or HPV18-positive SiHa, CaSki and HeLa cell lines. In contrast to 

cervical SCCs, HNSCCs can be subdivided into HPV-positive and HPV-negative cases. Thus the 

HPV-negative HNSCC cell line FaDu was compared to the HPV16-positive HNSCC cell line UDSCC2. 

Also these two cell lines, showed no difference in sensitivity to CPX and exhibited a very similar 

IC50 values of less than 1 µM. Thus, investigations in these exemplary cell lines do not allow to 

deduce an influence of the HPV-status on CPX-sensitivity. 

Apart from the difference in HPV-status, these cell lines harbor numerous other differences 

between each other, including deregulations of p53, which could overshadow a possible influence 

of the oncogenes on treatment response towards CPX. Thus, in order to more directly investigate 

the influence of E6/E7 expression on CPX-sensitivity, immortalized human keratinocytes (NOKs) 

were compared to NOKs stably expressing the HPV16 or HPV18 E6 and E7 oncogenes234. While 

CPX treatment in NOKs expressing E6/E7 induced PARP cleavage, indicative for apoptosis 

induction, no cleaved PARP could be detected in the wild type or vector control NOKs. Also TUNEL 

assays and live-cell imaging experiments of CPX-treated NOK cells corroborated the increased 

pro-apoptotic effect of CPX in NOKs expressing HPV16 E6/E7, indicating that expression of the 

viral E6/E7 oncogenes indeed renders keratinocytes more sensitive towards CPX-induced 

apoptosis. To further reinforce these findings, it would be interesting to investigate the 

consequences of restoring E6/E7 expression in HPV-positive cells under CPX treatment.  
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Another interesting observation made in the NOK cells is that CPX efficiently downregulates the 

lentivirally expressed E6/E7 on mRNA and protein level. This is intriguing as it implies that E6/E7 

downregulation by CPX is independent of the viral promoter or cis-regulatory elements in the 

upstream regulatory region (URR) of the HPV genome, which usually regulate E6/E7 

transcription.320 Previous work has shown that CPX reduces E6/E7 protein stability228, which 

could explain the decrease on protein level. However, no influence on mRNA stability could be 

found in these studies228, thus reduction of E6/E7 transcript levels could be a consequence of a 

reduced transcription rate. 

 

Toxicities due to the targeting of non-malignant cells could constitute a potential limitation in the 

use of iron chelators for cancer therapy. Like many other chemotherapeutic drugs, iron chelators 

such as CPX preferentially damage fast-proliferating tumor cells, which have particularly high 

requirements for iron.321 However, also non-malignant but particularly iron-dependent or fast-

proliferating tissues like the bone marrow or gastrointestinal tract can be affected by these 

therapies, explaining common side effects and toxicities associated with chemotherapies. Thus, 

the tumor cell specificity of CPX is an important issue to consider as it determines a possible 

therapeutic window. One hint on this may be deduced from the comparison of HPV16 E6/E7 

expressing NOK cells with HPV16-positive SiHa cells. These cell lines have similar proliferation 

rates and also a potential influence of E6/E7 can be excluded by this model. In TUNEL assays, four 

times more apoptotic cells could be detected in SiHa cells than in HPV16 E6/E7 expressing NOKs. 

Furthermore, in SiHa cells lower levels of CPX were sufficient to induce PARP cleavage in 

comparison to NOK cells. Thus, these results indicate that HPV-positive cervical cancer cells are 

more sensitive to iron chelation with CPX than (E6/E7-expressing) non-transformed 

keratinocytes.  

Furthermore, the effect of CPX on primary cells, namely two keratinocyte isolates derived from 

ectocervix or foreskin, was investigated. In TUNEL assays hardly any apoptotic cells could be 

observed after four days of CPX treatment. In contrast, live-cell imaging analyses revealed that in 

cells subjected to 10 µM CPX caspase-3/7 was activated, indicating the induction of apoptosis. The 

dynamics of caspase activation however did strikingly differ from what is observed after CPX 

treatment in cancer cells. While in HPV-positive tumor cells, CPX normally leads to a steep 

increase of caspase activation after 72-96 h, in the primary cells caspases were activated earlier 

and more continuously. Thus, to elucidate the effects of CPX on primary cells, further 

investigations are required.  

Additionally, one has to keep in mind that primary cells and NOKs cannot be compared directly to 

tumor cell lines, as they for example are cultured in different media containing different 

concentrations of iron. However, as the keratinocyte growth medium contains less iron due to the 
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absence of FCS, this rather supports the notion that non-transformed cells are less sensitive 

towards CPX than HPV-positive cancer cells.  

 

3.5  CPX in combination therapies  

Cancer therapies based on the combination of multiple compounds can be advantageous 

compared to the use of single agents. The coordinated action of the combined agents may allow to 

reduce the doses of the single drugs, thus mitigating potential side effects and decreasing the risk 

of emerging drug resistances. An ideal drug combination exerts a synergistic or more-than-

additive anti-tumorigenic effect, however, also an additive combination may be valuable in light 

of the before-mentioned benefits. Additionally, the combined drugs should have minimal overlap 

in their toxicity spectra and show no cross-resistance.322 Finally, the optimal doses and treatment 

schedules have to be determined in order to provide patients with an ideal combination 

treatment.  

Due to the described advantages of combination therapies, this thesis investigated the 

combination of CPX with other treatment regimens. Standard treatment options for patients with 

cervical carcinoma include surgery for early stages, radiation for early to advanced stages and 

cisplatin or other chemotherapeutic agents for advanced stages, or combinations of these 

regimens.52 Therefore, it first was investigated if CPX can enhance the effects of radiotherapy in 

HPV-positive tumor cells. Indeed, in clonogenic assays a profound synergistic effect of CPX and 

irradiation was observed. This was the case not only under normoxic but also under hypoxic 

conditions, which is of special interest as cervical tumors often contain hypoxic regions and it is 

well-known that hypoxia reduces the efficacy of radiotherapy323. Mechanistically, the observed 

cooperative effect could be explained by inhibition of the RR by CPX: due to the excessive DNA 

damage conferred by radiation, cells are particularly dependent on the DNA building blocks 

produced by RR, which also is consistent with a study showing the upregulation of RR after 

radiation of cervical cancer cells324. Accordingly, other RR inhibitors like the iron chelator 3-AP or 

hydroxyurea are potent radiosensitizers.325, 326 

Next to CPX also the combination of metformin and irradiation synergistically inhibited the 

growth of HPV-positive tumor cells, thus possibly also the OXPHOS inhibitory effect of CPX plays 

a role in the cooperation with radiation. Indeed there is a growing body of literature 

demonstrating a radiosensitizing effect of metformin, which can partly be ascribed to inhibition 

of mitochondrial complex I.327 The OXPHOS inhibition by CPX and metformin could also alleviate 

tumor hypoxia by decreasing oxygen consumption and thus contribute to sensitizing hypoxic cells 

to radiotherapy.  
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While the combination of CPX and radiation so far has not been investigated in other studies, 

several publications examined combinations of CPX with chemotherapeutic agents with 

promising results, as summarized in Table 4. Interestingly, the authors proposed diverse 

mechanisms to which they attributed these cooperative effects, ranging from inhibition of Wnt or 

mTOR signaling to decreasing levels of ferritin or RR inhibition.  

Table 4| Overview of preclinical studies investigating CPX in combination therapies.  

Cancer  Agent(s)  Effect Suggested mechanism Reference 

ALL Rapamycin Enhancement  Downregulation of ferritin by CPX 328 

ALL Dexamethasone Synergistic 
Inhibition of β-catenin/c-Myc 
signaling 

131 

AML Parthenolide  Enhancement mTOR inhibition by CPX  135 

AML  Cytarabine  Synergistic RR inhibition 95 

AML Daunorubicin  Additive - 95 

CML Imatinib  Synergistic 
Inhibition of eIF5A hypusination 
by CPX 

132 

Glioblastoma  Bortezomib  Synergistic  
ROS-mediated JNK/p38 MAPK and 
NF-κB signaling  

133 

Myeloma (murine) 
Doxorubicin 
Rituximab  
Bortezomib 

No cooperation - 94 

Myeloma (murine) 
Lenalidomide 
Thalidomide  

Cooperative  Wnt inhibition 94 

Pancreatic cancer Gemcitabine  Enhancement  ROS production 126 

 

As shown in live-cell imaging experiments conducted in the present thesis, CPX also enhanced the 

growth inhibitory effect of cisplatin on HPV-positive tumor cells. Quantification of the 

combinatorial effect confirmed a moderate synergism of the both drugs in HeLa and SiHa cells. 

Tumor cells exhibit a high metabolic flexibility, thus a strong reliance on OXPHOS or glycolysis 

does not equal to dependence on this energetic pathway, but instead cells may switch to 

compensatory bioenergetic pathways.329 To prevent this evasion mechanism, glycolysis and 

OXPHOS can be inhibited simultaneously, which should lead to cell death by energy depletion. 

This is an example for metabolic synthetic lethality or anti-austerity, a concept describing that the 

simultaneous targeting of several metabolic pathways trigger metabolic stress and results in a 

lethal phenotype.330 Furthermore, combining glycolysis and OXPHOS inhibitors could allow a dose 

reduction of the single compounds and thus decrease toxic side effects, which currently limit the 

use of glycolysis inhibitors as single agents.331 Several studies have investigated such potential 

combination therapies, examples include the combination of glucose deprivation and complex I 

inhibition332, combining 2-DG with several OXPHOS inhibitors333-335 or a treatment with DCA and 

arsenic trioxide336.  
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Following this concept, this thesis investigated potential combination therapies of CPX with 

glycolysis inhibitors. Indeed, CPX acted synergistically with all glycolysis inhibitors tested. The 

strongest synergism could be achieved by combining CPX with DCA. Already low doses of each 

compound could in combination induce apoptosis, repress viral oncogene expression and strongly 

inhibit proliferation of cervical cancer cells. DCA is a small molecule, which is clinically used for 

the treatment of lactic acidosis and inherited mitochondrial diseases337, 338 and has proven 

anticancer activity in vitro and in vivo339-342. It acts by reverting the Warburg effect via inhibition 

of pyruvate dehydrogenase kinase and consequent increase of pyruvate dehydrogenase activity, 

resulting in a switch of pyruvate metabolism from glycolysis towards OXPHOS.236 In clinical trials, 

however, it could not meet expectations, mainly due to dose-limiting toxicities340, thus co-

administering it with OXPHOS inhibitors such as CPX could be an interesting option. These 

promising results suggest the combination of iron chelation with glycolysis inhibition as a novel 

therapeutic approach for cancer therapy. CPX in this respect offers a potential advantage 

compared to classical OXPHOS inhibitors as it acts via multiple additional mechanisms, leading to 

a multifaceted cellular response which complicates the development of resistances. 

 

3.6  Clinical aspects 

A major finding of the present work is that glucose availability critically shapes the therapeutic 

response of cervical cancer cells to CPX. While under lower glucose concentrations cells primarily 

die via apoptosis, under increased glucose concentrations cells survive and are arrested in a state 

of senescence. Due to the aforementioned deleterious effects exerted by senescent cells, these 

different treatment responses might be of clinical importance. Generally, glucose is known to be 

heterogeneously distributed in tumors, similar to oxygen its levels decrease with increasing 

distance from blood vessels. Therefore, glucose distribution strongly depends on factors like 

tumor size and vascularization. Typically, glucose concentrations in the tumor interstitium are 

considerably lower than in normal tissues343, which should enhance CPX efficacy. However, due 

to the metabolic heterogeneity of cancer cells, there will probably be zones with low and high 

glucose concentrations in tumors. Furthermore, drugs or disorders such as diabetes can lead to a 

hyperglycemic state344 and in the tumor microenvironment diverse types of cells compete for 

different nutrients345. Further in-depth studies on the influence of other nutrients and metabolites 

on the senescence and apoptosis induction by CPX would be of interest in this context. An 

important limitation of the standard cell culture model used in this thesis is that glucose 

concentrations decrease over time, while physiologic glucose concentrations are held rather 

constant. Thus, certain aspects can only be addressed in in vivo models. 

Glucose levels mainly influences treatment outcomes in two ways. On the one hand, under lower 

glucose levels cells proliferate slower, rendering them less vulnerable to chemotherapies, which 
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typically primarily target proliferating cells. On the other hand, increased glucose levels were 

shown to contribute to chemoresistance and influence drug sensitivity.346-350 These divergent 

effects can also be seen in the response of HeLa cells to CPX – a minimum of colony outgrowth is 

observed under glucose concentrations corresponding to normal serum levels in humans, while 

both under lower and higher glucose supply more colonies form. Consistently, a maximum of 

PARP cleavage is induced at glucose levels, which are typical for human serum. 

Dose-limiting toxicities might constitute a major obstacle for the therapeutic application of 

metabolic inhibitors. While cancer cells undoubtedly require higher amounts of nutrients, there 

are also normal tissues with high metabolic turnover, which might be affected by these therapies. 

This problem could be resolved by using more localized treatment regimens instead of systemic 

therapies. In this context, it is beneficial that CPX can not only be administered orally but also be 

used as a topical agent. This could particularly be interesting for the treatment of HPV-linked 

(pre-)neoplastic lesions, which are typically located easily accessible in skin or mucosa. CPX could 

possibly even be applied to HPV-infected patients as a chemopreventive agent.351 According to 

literature therapeutically relevant concentrations should be achievable by topical administration 

of CPX. Upon treatment of dead human skin with 1% CPX cream, millimolar concentrations were 

reported352 and also a study performed in vivo demonstrates that topical treatment with a 1% CPX 

cream results in concentrations of 8 to 340 µM in the upper epidermis353. Moreover, vaginal 

suppositories or other drug delivery systems could enable a continuous release of CPX, 

compensating the short half-life in vivo. To evaluate the efficacy of CPX as a topical agent for the 

treatment of HPV-positive neoplasia, in cooperation with the group of Magnus von Knebel-

Döberitz (DKZF, Heidelberg) CPX is currently being tested in a 3D organotypic co-culture 

model354. 

Although possible side effects are expected to be more pronounced compared to topical 

treatment, CPX might also be administered as an oral agent. A first phase I trial in leukemia 

patients showed that oral treatment with 40 mg/m2 CPX once daily was well tolerated, while 

80 mg/m2 four times daily led to gastrointestinal toxicities.129 Apart from dose-limiting side 

effects, the short plasma half-life and low bioavailability constitute problems in utilizing CPX as 

an oral anticancer agent. Novel delivery approaches e.g. via nanoparticles or liposomes could 

circumvent these obstacles.355 As an alternative method to administer CPX, a team from the 

University of Kansas developed a prodrug called fosciclopirox, which is rapidly metabolized to 

CPX and can be formulated in aqueous solutions and thus administered parenterally.356 After the 

drug proved to be safe in a first phase I clinical study (NCT03348514), currently a phase I 

expansion study (NCT04608045) and a phase 2 clinical trial (NCT04525131) in urothelial cancer 

patients are ongoing, raising hope towards a clinical application of CPX for cancer therapy in the 

near future.  
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3.7  Conclusions  

In summary, results from this study give valuable insights into the anti-tumorigenic effects of the 

iron chelator CPX in HPV-positive tumor cells and add to the growing body of literature suggesting 

the repurposing of CPX as an anticancer agent. Analysis of proteome data of CPX-treated cervical 

cancer cells allowed the identification of pathways which might be implicated in the phenotypic 

responses of HPV-positive cells towards iron chelation. As a main finding, the induction of 

senescence and apoptosis was linked to the bifunctionality of CPX as iron chelator and OXPHOS 

inhibitor (see scheme in Figure 41). While, as previously demonstrated, iron deprivation by CPX 

is crucial for the induction of DNA damage upon treatment and consequently leads to an 

irreversible growth arrest, the further cell fate is highly glucose-dependent. As long as glucose is 

abundant, cells will survive and stably remain growth arrested in a senescent state, which is linked 

to the secretion of pro-tumorigenic and pro-inflammatory SASP factors. However, when glucose 

becomes scarce, cells will undergo apoptosis due to energy depletion, which can be attributed to 

the OXPHOS inhibiting capacity of CPX. Accordingly, other OXPHOS inhibitors such as the 

antidiabetic drug metformin share the glucose-dependent induction of apoptosis. Due to the 

potential deleterious paracrine effects of senescent cells, this differential treatment outcomes 

might have a profound impact on clinical response towards iron chelators. Finally, since glycolysis 

inhibitors can mimic the effect of glucose deprivation, it was shown that the combination of CPX 

with glycolysis inhibitors synergistically inhibits proliferation of HPV-positive tumor cells and 

could thus represent a promising strategy in the treatment of cervical cancers or pre-neoplastic 

lesions. 

Figure 41| Glucose-dependent senescence vs. apoptosis induction by CPX. Chelation of iron by CPX leads to 
DNA damage and growth arrest in HPV-positive tumor cells. CPX inhibits OXPHOS, thus when in parallel blocking 
glycolysis with chemical inhibitors or by limiting the availability of glucose, cells are deprived of energy and 
undergo apoptosis. If glucose is abundant, either by culturing cells in medium containing increased levels of 
glucose or releasing them after shorter CPX treatment, senescence, an irreversible growth arrest, is induced. 
Senescent cells remain metabolically active and secrete inflammatory factors, the SASP, through which they can 
communicate with neighboring cells.  
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4. Materials and Methods 

4.1  Reagents and materials 

Molecular biology grade reagents were applied where possible. All standard material and 

reagents for buffers and media were supplied by AppliChem (Darmstadt, Germany), BD 

Biosciences (Heidelberg, Germany), Bio-Rad (Munich, Germany), Biozym Scientific (Hessisch 

Oldendorf, Germany), Carl Roth (Karlsruhe, Germany), Corning (Corning, NY, USA), Enzo Life 

Sciences (Lörrach, Germany), Eppendorf (Hamburg, Germany), GE Healthcare (Chalfont St Giles, 

UK), Gerbu (Heidelberg, Germany), Greiner Bio-One (Kremsmünster, Austria), Merck (Darmstadt, 

Germany), New England Biolabs (NEB, Frankfurt, Germany), Nerbe Plus (Winsen, Germany), 

Promega (Madison, WI, USA), Sigma-Aldrich (St. Louis, MO, USA), Thermo Fisher Scientific 

(Waltham, MA, USA), Roche Diagnostics (Basel, Switzerland), Saliter (Obergünzburg, Germany), 

Santa Cruz Biotechnology (Dallas, TX, USA), Sartorius (Göttingen, Germany) and Vector 

Laboratories (Burlingame, CA, USA). Manufacturers of non-standard reagents are specified in the 

text. 

All buffers and solutions were prepared with distilled H2O if not stated otherwise. 

 

4.2  Cell-based methods and assays 

4.2.1 Cultivation of cells 

The cell lines used in this thesis are listed in Table 5 including their origin, HPV status and the 

medium they were cultured in. Normal oral keratinocyte (NOK) cell lines expressing HPV16 or 

HPV18 E6/E7 were generated by Dr. Ruwen Yang, AG Rösl, DKFZ, Heidelberg.234 HeLa 

mCherry H2B and SiHa mCherry H2B were generated by Dr. Joschka Willemsen, AG Binder, DKFZ, 

Heidelberg. Generation of the other mCherry and mKate2 expressing cell lines is described below. 

All other cell lines are standard cell lines. Additionally, experiments were performed with two 

isolates of primary keratinocytes, from human ectocervix and from human foreskin, which were 

cultured in Keratinocyte-SFM medium.  

If not otherwise stated, Dulbecco’s minimal essential medium (DMEM, Gibco, Thermo Fisher 

Scientific) containing 1 g/L (5 mM) glucose and 2 mM L-glutamine was used. DMEM and 

RPMI-1640 (Gibco, Thermo Fisher Scientific) were supplemented with 10% fetal calf serum (FCS, 

Gibco, Thermo Fisher Scientific), 100 U/ml penicillin and 100 µg/ml streptomycin (Sigma-

Aldrich). Stock cultures of mCherry and mKate2 transduced cells were additionally kept under 

selection with 0.5 or 1 µg/ml puromycin (Sigma-Aldrich), which was omitted during experiments. 

NOK cells were cultured in Keratinocyte-SFM (Gibco, Thermo Fisher Scientific), supplemented 

with Human Recombinant Epidermal Growth Factor (EGF 1-53) & Bovine Pituitary Extract (BPE) 

(Gibco, Thermo Fisher Scientific). As standard, all cells were cultured in a humidified incubator at 

37°C, 21% O2 and 5% CO2. For experiments under hypoxic conditions, cells were grown at 37°C, 
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1% O2 and 5% CO2 in an InvivO2 400 physiological oxygen workstation (Ruskinn Technology Ltd, 

Bridgend, UK). Stock cultures were passaged twice a week when 80-90% confluence was reached, 

using 0.25 % Trypsin-EDTA solution (Gibco, Thermo Fisher Scientific). In order to determine cell 

numbers, prior to experiments cells were counted in duplicates or triplicates by trypan blue 

technique using the Countess™ Automated Cell Counter (Invitrogen, Carlsbad, CA). 

Table 5| Cell lines used in this thesis.  

Cell line Origin and type HPV-status Medium 

C33a mCherry H2B Cervical SCC - DMEM + 1 µg/ml puromycin 

CaSki  Cervical SCC HPV16 DMEM 

CaSki mCherry H2B Cervical SCC HPV16 DMEM + 0.5 µg/ml puromycin 

FaDu mCherry H2B HNSCC - DMEM + 0.5 µg/ml puromycin 

HeLa Cervical adenocarcinoma HPV18 DMEM 

HeLa mCherry H2B Cervical adenocarcinoma HPV18 DMEM + 1 µg/ml puromycin 

HeLa mKate2 Cervical adenocarcinoma HPV18 DMEM + 1 µg/ml puromycin 

ME180 Cervical SCC HPV68 DMEM 

MRI-H186 Cervical SCC HPV16 RPMI-1640 

NOK  Normal oral keratinocytes - Keratinocyte-SFM 

NOK 16E6E7  Normal oral keratinocytes "HPV16 E6/E7" Keratinocyte-SFM 

NOK 18 E6E7  Normal oral keratinocytes "HPV18 E6/E7" Keratinocyte-SFM 

NOK pWPI  Normal oral keratinocytes - Keratinocyte-SFM 

SiHa Cervical SCC HPV16 DMEM 

SiHa mCherry H2B Cervical SCC HPV16 DMEM + 1 µg/ml puromycin 

SiHa mKate2 Cervical SCC HPV16 DMEM + 1 µg/ml puromycin 

SW756 Cervical SCC HPV18 DMEM 

UDSCC2  
mCherry H2B 

HNSCC HPV16 DMEM + 0.5 µg/ml puromycin 

 

4.2.2 Cryopreservation of cells 

For long-term storage cells were cryopreserved in liquid nitrogen. Therefore, cells were 

trypsinized, pelleted at 800 x g for 3 min and resuspended in cryo-medium (respective medium + 

30% FCS + 10% DMSO). Aliquots were transferred to cryotubes and frozen at -80°C in an 

isopropanol-filled freezing container (Nalgene, Thermo Fisher Scientific) to ensure gradual, slow 

freezing. After several days, cryotubes were transferred to liquid nitrogen.  

For thawing, cryopreserved cells were warmed in a water bath at 37°C, resuspended in fresh 

medium and seeded in a cell culture flask. The day after, when cells had settled, medium was 

exchanged to remove residual DMSO.  

 

4.2.3 Generation of mCherry and mKate2 expressing cell lines 

For live-cell imaging analyses, cells with red fluorescent nuclei were used to enable assessment of 

the cell count. IC50 measurements for CPX were performed in cell lines stably expressing a 
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fluorescently labeled version of histone H2B. These cells were generated from the standard cell 

lines by lentiviral transduction with a pMOWS hH2B mCherry vector. All other live-cell imaging 

experiments were performed with cells expressing the nuclear restricted, red fluorescent protein 

mKate2. These cell lines were generated by lentiviral transduction with the IncuCyte® NucLight 

Lentivirus Reagent (Sartorius, Göttingen, Germany) and offer the advantage that only living cells 

are labeled red, while dying cells lose their fluorescence. Lentiviral transduction was performed 

with standard cell lines, using lentivirus at a multiplicity of infection (MOI) of 3, diluted in DMEM 

supplemented with 8 µg/ml polybrene. Antibiotic selection with puromycin was applied from day 

two after transduction to remove non-transduced cells.  

 

4.2.4 3-Dimensional cell culture  

3-Dimensional tumor spheroids better resemble the tumor microenvironment as they mimic for 

example oxygen and nutrient gradients. Spheroids were grown in 96-well non-adhesive round 

bottom tissue culture dishes with polymer-coated surface to prevent cells from adhering to the 

bottom. Additionally, cells were provided with a semi-solid basis, by growing them in medium 

supplemented with 30% of methylcellulose stock solution. This solution was prepared by adding 

2.4% of sterile methylcellulose powder to preheated (60°C) DMEM without supplements. After 

stirring for 20 min an emulsion formed and an equal amount of DMEM at room temperature 

without supplements was added. Then FCS, penicillin, streptomycin and L-glutamine were added 

at standard concentrations and the solution was stirred overnight at 4°C. The resulting clear and 

viscous solution was centrifuged at 4500 g for 2 h to remove potentially undissolved 

methylcellulose powder. The supernatant was aliquoted using a syringe and stored at -20°C. 

To generate spheroids, 5000 cells per well were seeded in 96-well low attachment U-bottom 

plates (Corning Costar, USA) in 200 µl DMEM with 30% methylcellulose stock solution. After 

two days, stable spheroids had formed and were treated by removing 100 µl of the medium and 

adding 100 µl medium with drugs at twice the final concentration. Every 3 to 4 days, half of the 

medium was replaced with fresh medium containing the respective drugs. 

 

4.2.5 Transfection of synthetic siRNAs 

To silence gene expression via RNA interference (RNAi) cells were transfected with siRNAs. Cells 

were seeded at a number sufficient to reach 30-40% confluence after one day. For one 6-cm dish 

6 μl DharmaFECT I Transfection reagent (Dharmacon, Horizon Discovery, Cambridge, UK) were 

mixed with 194 µl of Opti-MEM medium (Gibco, Thermo Fisher Scientific) and incubated for 5 min 

at RT. In parallel, 2-6 µl siRNA (Silencer Select siRNA, Ambion, Thermo Fisher Scientific) were 

filled to 200 µl with Opti-MEM to yield a final siRNA concentration of 10-30 nM. The DharmaFECT 

mix was added to the siRNA dilution and the mixture was incubated for 20 min at RT. Meanwhile, 
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medium in the cell culture dishes was exchanged to 1.6 ml DMEM containing 10% FCS, but lacking 

penicillin, streptomycin and glutamine. After incubation, 400 µl transfection mix per 6-cm dish 

was added dropwise to the cells. 24 h after transfection, medium was exchanged to standard 

medium with drugs as applicable.  

Cells in 96-well plate format were reverse transfected. Per well, 0.15 µl (HeLa) or 0.1 µl (SiHa) 

DharmaFECT I were filled to 10 µl with Opti-MEM, mixed and incubated for 5 min. Meanwhile, 

0.3 µl siRNA were mixed with 9.7 µl Opti-MEM and added to the DharmaFECT mix. 20 µl of the 

final transfection mix were added to each well and incubated for 30 min at RT. Afterwards, 

6000 cells per well (in DMEM + 10% FCS) were seeded on top of the siRNA to yield a volume of 

100 µl. 24 h later, medium was exchanged to standard medium with or without treatments.  

Sequences for all siRNAs used are listed in Table 6. As control a non-targeting siRNA (siContr1) 

was used, which is designed to contain at least 4 mismatches to all known human genes.  

Table 6| siRNAs used in this thesis.  

Target transcript Name Sequence 

- siContr1 CAGUCGCGUUUGCGACUGG 

CDKN1A siP21  CAAGGAGUCAGACAUUUUA 

E2F1 siE2F1_2 GUCACGCUAUGAGACCUCA 

G6PDH siG6PDH_2 CAGAUACAAGAACGUGAAG 

GPI siGPI CUGGGUAUCUGGUACAUCA 

HK2 
siHK2 CCTGGGTGAGATTGTCCGT 

siHK2_2 CACGATGAAATTGAACCTG 

NOTCH1 siNotch1-1 GGAGCAUGUGUAACAUCAA 

PFKP siPFKP CGGGCAACCUGAACACCUA 

TP53 siP53 GACUCCAGUGGUAAUCUAC 

 

4.2.6 Treatment of cells with chemotherapeutics  

The chemotherapeutics and chemical compounds used for treatment of cells are listed in Table 7 

with their respective supplier and solvent. Typically, cells were treated one to two days after 

seeding with a simultaneous change of cell culture medium and the respective solvents were used 

as controls as indicated. The maximum of solvent concentration was 0.1%, which was tested to 

not be toxic to the cells.  

Table 7| Chemical compounds used in this thesis.  

Compound Abbreviation Supplier Solvent 

2-Deoxy-D-glucose 2-DG Sigma-Aldrich DMEM 

6-Aminonicotinamide 6-AN Cayman Chemical, Ann Arbor, MI DMSO 

Antimycin A AA Sigma-Aldrich EtOH 

Ciclopirox olamine CPX Santa Cruz Biotechnology, Dallas, TX EtOH 

Cisplatin CDDP Sigma-Aldrich 0.9% NaCl 
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Deferasirox DFX LKT Laboratories, St. Paul, MN DMSO 

Deferoxamine mesylate DFO Sigma-Aldrich H2O 

Ferric ammonium citrate FAC Sigma-Aldrich H2O 

Ferrous sulfate FeSO4 Sigma-Aldrich H2O 

Metformin Met Enzo Life Sciences, Lörrach, Germany DMEM 

N-[N-(3,5-Difluorphenacetyl)- 
L-alanyl]-S-phenylglycin- 
tert-butylester 

DAPT Hölzel Diagnostika, Köln, Germany DMSO 

Rotenone Rot MP Biomedicals, Santa Ana, CA DMSO 

Sodium dichloroacetate DCA Santa Cruz Biotechnology DMEM 

 

4.2.7 Irradiation of cells 

Cells were irradiated with the indicated doses of γ-rays using a Gammacell® 40 Exactor Low Dose 

Rate Research Irradiator (Best Theratronics, Ottawa, Canada) with a Caesium-137 source at a 

constant rate of 0.933 Gy/min. Cells under hypoxic conditions were transported and irradiated in 

airtight boxes (LocknLock, Seoul, South Korea). Controls were sham-irradiated.  

 

4.2.8 Live-cell imaging  

All live-cell imaging experiments were performed in an IncuCyte® S3 system (Essen Bio Science, 

Sartorius) using the IncuCyte® 2019B software. For HeLa, SiHa and C33a cells 3000 cells/well 

were seeded, for CaSki, FaDu and UDSCC2 4500 cells/well were seeded in 96-well plates. 

Treatments were applied two days after seeding and subsequently life-cell imaging was started. 

As a standard, four images per well were taken every 2 or 4 h at 10x magnification and average 

values from three wells are shown. 

 

4.2.8.1 IC50 calculation 

To calculate IC50 values for CPX, mCherry H2B expressing cells were treated in triplicates with 

increasing doses of CPX in 200 µl medium. Over the course of 5 days the cell number (equaling 

red object count per well) was determined every 4 h. Subsequently, cell count was plotted versus 

time and the area under the curve (AUC) was determined with SigmaPlot. To create a dose-

response curve, AUC was then plotted against the logarithm of CPX concentration and IC50 values 

were determined with SigmaPlot by nonlinear regression, using the standard curve (Four 

Parameter Logistic Curve) function (𝑓 = 𝑚𝑖𝑛 +
max −𝑚𝑖𝑛

1+(
𝑥

𝐼𝐶50
)

−𝐻𝑖𝑙𝑙𝑠𝑙𝑜𝑝𝑒). 

 

4.2.8.2 Cytotox assay 

To assess cell death, the Incucyte® Cytotox Green Reagent (Essen Bio Science, Sartorius) was 

used. This reagent includes a dye that can permeate the plasma membrane of dying cells, which 

then fluoresce green. Cells were seeded in 96-well plates and two days later 100 µl medium 



Materials and Methods 

 

92 
 

containing the respective chemotherapeutics and Cytotox Green agent at a final concentration of 

250 nM were added. Green fluorescent objects equaling dead cells were counted every 4 h over 

the course of 5 days and normalized to the cell confluence to account for differences in cell 

proliferation upon treatment.  

 

4.2.8.3 Caspase-3/7 activation assay 

Induction of apoptosis can more specifically be measured by assessing activation of caspases-3 

and -7. To this end, the IncuCyte® Caspase-3/7 Green Reagent for Apoptosis (Essen Bio Science, 

Sartorius) was used, which contains a DNA-intercalating dye coupled to a DEVD caspase 

recognition motif. The substrate is intrinsically non-DNA binding and non-fluorescent. Upon 

apoptosis induction caspases-3 and -7 are activated and cleave the reagent, so that the dye is 

released and can bind to DNA, resulting in a fluorescent signal. To conduct this assay, cells were 

treated two days after seeding by exchanging the medium to 100 µl fresh medium containing the 

respective drugs and Caspase-3/7 Reagent at a final concentration of 5 µM. Apoptosis was 

quantified over 5 days by determining the count of green fluorescent cells and normalizing it to 

cell confluence.  

 

4.2.9 TUNEL assay 

A further method to detect apoptosis is the terminal deoxynucleotidyl transferase-mediated dUTP 

nick end labeling (TUNEL) assay. One hallmark of apoptosis is the fragmentation of cellular DNA 

caused by the activation of endonucleases. These DNA double strand breaks can be detected with 

the TUNEL assay that utilizes terminal deoxynucleotidyl transferase, an enzyme which attaches 

fluorescently labeled nucleotides to the exposed 3’-hydroxyl termini. 

Cells were seeded and treated as usual in 6-cm dishes containing glass coverslips. After 3 or 4 days 

of treatment, coverslips were removed and washed in PBS. The cells were fixed for 30 min in 4% 

paraformaldehyde in PBS and washed twice with PBS. If necessary, coverslips with fixated cells 

were stored in 70% EtOH at -20°C before staining. Coverslips were then again washed in PBS and 

cells were permeabilized for 2 min at 4°C in 0.1% Triton X-100, 0.1% sodium citrate in PBS. The 

coverslips were washed twice in PBS and placed in a wet chamber before apoptotic cells were 

stained using the In Situ Cell Death Detection Kit, Fluorescein (Roche, Basel, Switzerland). 

Coverslips were incubated for 60-90 min with 25 µl TUNEL solution (1:10, enzyme solution:label 

solution) in a humidified chamber at 37°C. Coverslips were then washed two times for 10 min 

with PBS and stained with 1 µg/ml DAPI (4’,6-diamidino-2-phenylindole) for 5 min in the dark. 

Afterwards the coverslips were dipped 5 times in PBS, washed with PBS for 2x 10 min, dipped 

once in water and once in ethanol. After air-drying, the coverslips were mounted on microscope 

slides with Vectashield Antifade Mounting Medium (Vector Laboratories Inc., USA). Five to ten 
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images per coverslip were taken with a Cell Observer microscope (LED module colibri.2, 20x/0.4 

LD PlnN Ph2 DICII objective) from Zeiss (Jena, Germany) and percentage of TUNEL positive cells 

was determined using an ImageJ macro (Damir Krunic, Light Microscopy Core Facility, DKFZ) in 

relation to total cell count determined by DAPI staining. 

 

4.2.10 Senescence assay 

Senescent cells were identified by detecting activity of senescence-associated β-galactosidase 

(SA-β-gal). This assay is based on the observation that in senescent cells β-galactosidase activity 

is detectable at pH 6.0, which is in contrast to its normal activity at pH 4.0 within lysosomes.357, 358 

SA-β-gal activity was detected with the artificial chromogenic substrate X-gal (5-bromo-4-chloro-

3-indolyl β D-galactopyranoside), which results in blue staining of senescent cells. Cells were split 

after treatment at a ratio of 1:2 (treated cells) or 1:5 (untreated controls) and cultivated for 4 days 

in DMEM (1 g/L glucose) without drugs. During this time, medium was exchanged every 2-3 days. 

Cells were then washed once with PBS, fixed with 1 ml senescence assay fixation buffer (2% PFA, 

0.2% glutaraldehyde in PBS) for 3 min and washed again with PBS. Cells were incubated overnight 

in 1.5 ml of senescence assay buffer (40 mM citric acid, 150 mM NaCl, 2 mM MgCl2, adjusted to pH 

6.0 with Na2HPO4; 5 mM K3[Fe(CN6)], 5 mM K4[Fe(CN6)] and 1 mg/ml X-gal in DMF were added 

freshly) at 37°C in a wet chamber. Afterwards cells were washed once with PBS and images were 

acquired using the EVOSxl Core Cell Imaging System (Invitrogen, Thermo Fisher Scientific) with 

20x magnification.  

 

4.2.11 Colony formation assay 

Colony formation assays (CFAs) were used to assess the effect of treatments on the clonogenic 

potential of cells. Cells were seeded and two days later treated or irradiated, with concurrent 

medium change. After the indicated treatment period, cells were split in a ratio of 1:100 in fresh, 

drug-free medium (1 g/L glucose). Cells were allowed to grow into colonies for 11-13 days, during 

which medium was replaced every 3-4 days. Subsequently, cells were washed with PBS and then 

fixed and stained with 350 µl crystal violet staining solution (12 mM crystal violet, 29 mM NaCl, 

3% formaldehyde, 22% EtOH) per 6-cm dish for 5 min. After washing the dishes with water, they 

were dried overnight at 37°C. Images of the stained dishes were taken with an Epson Perfection 

4990 Photo Scanner (Epson, Suwa, Japan).  

 

4.2.12 Clonogenic assay 

The clonogenic assay represents a variation of the colony formation assay, which is preferentially 

used in radiation research and enables quantification of the surviving fraction of cells. Therefore, 

a small number of cells (100 cells for controls, increasing numbers for treated samples according 
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to the expected survival fraction) was seeded in 6-cm dishes in triplicates and grown under 

normoxic conditions for 16 h. In parallel, medium was pre-incubated under hypoxic conditions. 

On the next day when cells had attached, medium was replaced with 3 ml fresh normoxic or 

hypoxic medium and hypoxic samples were transferred to 1% O2. After 2 h, cells were treated as 

indicated and immediately afterwards irradiated with doses of 1-8 Gy. Hypoxic samples were 

irradiated under hypoxic conditions by transporting them in airtight boxes. After 2 or 3 days, 

medium was replaced with 6 ml fresh medium without drugs and cells were grown under 

normoxic conditions for 10-13 days before staining and fixing as described above for CFAs. 

Afterwards, colonies consisting of >50 cells were counted with an ImageJ Macro (written by Damir 

Krunic, Light Microscopy Core Facility) and surviving fractions (SF) were calculated as follows:  

𝑆𝐹 (%) =  
# 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑

# 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 × 𝑃𝐸 
× 100 

with plating efficiency (PE):  

𝑃𝐸 =  
# 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 𝑓𝑜𝑟𝑚𝑒𝑑 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

# 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑠𝑒𝑒𝑑𝑒𝑑 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 
 

SF was then logarithmically plotted against radiation dose and data fitted to the linear quadratic 

equation 𝑓 = 𝑒−𝛼𝐷−𝛽𝐷2
 with D indicating the radiation dose in Gy. 

 

4.2.13 Glucose measurements 

Glucose measurements were performed in cooperation with Barbara Leuchs (DKFZ, Heidelberg). 

6000 cells/well were seeded in 96-well plates and two days later cells were treated with CPX or 

EtOH as solvent control in 100 µl fresh medium containing 1 or 4.5 g/L glucose. After 0, 12, 24 and 

48 h supernatant from 4 wells per condition was removed and pooled, centrifuged for 5 min at 

1000 g and then subjected to glucose measurements. In parallel, cell counts were determined 

every 4 h with the IncuCyte® S3. Glucose concentrations were measured with a Cedex Bio 

Analyzer (Roche, Basel, Switzerland).  

 

4.3  Protein-based methods 

4.3.1 Harvest of cells and protein extraction 

For protein extraction, cells were harvested by scraping them in ice-cold PBS. Subsequently, the 

cell suspension was centrifuged for 15 s at 13,000 g at room temperature and the supernatant was 

discarded. Protein pellets were either frozen at -20°C until further processing or immediately 

lysed by resuspension in 20-80 µl CSK-1 lysis buffer (300 mM NaCl, 300 mM sucrose, 10 mM 

Pipes, 1 mM MgCl2, 1 mM EDTA, 0.5% Triton X-100; 1x PhosSTOP phosphatase inhibitor cocktail 

(Roche Diagnostics), 2.5 mM Pefabloc serine protease inhibitor (Merck) and 1% P8340 

phosphatase inhibitor cocktail (Sigma-Aldrich) were freshly supplemented). After incubation on 
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ice for 30 min, samples were centrifuged for 5 min at 13,000 g at 4°C. The supernatant was 

transferred to a fresh reaction tube and protein concentration was determined via Bradford assay. 

Therefore, 1 µl of lysate was added to 1 ml Bradford assay solution (BioRad, USA) in disposable 

plastic cuvettes, incubated for 5 min at room temperature and absorption at 595 nm was 

measured using a BioPhotometer D30 (Eppendorf). Protein concentrations were determined by 

comparing absorption to a standard curve generated with bovine serum albumin (BSA). 

Subsequently, lysates were diluted to the desired concentration with 4x protein loading buffer 

(250 mM Tris-HCl (pH 6.8), 40% glycerol, 20% 2-mercaptoethanol, 8% SDS, 0.008% 

bromophenol blue) and boiled for 5 min at 95°C to denature secondary structures. Protein lysates 

were stored at -80°C.  

 

4.3.2 SDS-PAGE and western blot 

Via SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) proteins can be 

separated by molecular weight or more exactly by their electrophoretic mobility. SDS-PAGE gels 

were prepared as in Table 8 using glass plates sealed with 1% agarose. Gels were installed in an 

XCell SureLockTM Mini-Cell Electrophoresis System (Life Technologies). Equal amounts of 

protein (15-30 µg per lane) were loaded next to 2 µl peqGOLD pre-stained Protein-marker IV 

(PeqLab) for size determination. The chamber was filled with tris-glycine SDS running buffer 

(2.5 mM Tris, 19.2 mM glycin, 0.1 % SDS) and gels were run at a constant voltage of 100-120 V for 

ca. 2 h.  

Table 8| Components for SDS-PAGE gels.  

Stacking gel (5%)  For 2 gels  Resolving gel (12.5%)  For 2 gels  

H2O  3.5 ml  H2O  4.5 ml  

30% Acrylamide/bisacrylamide  830 μl  30% Acrylamide/bisacrylamide  4.2 ml  

0.47 M Tris-HCl (pH 6.7)  620 μl  3 M Tris-HCl (pH 8.9)  1.2 ml  

10% SDS  50 μl  10% SDS  100 μl  

10% APS  100 μl  10% APS  10 μl  

TEMED  5 μl  TEMED  50 μl  

Afterwards, protein was transferred to an Immobilon-P PVDF membrane (Merck Millipore) via 

semi-dry electroblotting. The membrane was shortly activated in methanol and then incubated in 

Towbin transfer buffer (19.2 mM glycine, 2.5 mM Tris, 20% methanol, pH 8.3) together with 

Whatman paper. A stack was formed with four Whatman filter papers at the bottom followed by 

the PVDF membrane, then the protein gel and topped with four more Whatman filter papers. 

Electroblotting was performed in a Trans-Blot® SD Semi-Dry Electrophoretic Transfer Cell 

(BioRad) at a constant voltage of 20 V for 1 h. Afterwards the stack was disassembled and the 

membrane blocked for at least 1 h in blocking solution (0.2% Tween-20, 5% skim milk powder, 

1% BSA in PBS) to prevent unspecific binding.  
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4.3.3 Immunodetection of Proteins 

For immunodetection of proteins, the western blot membrane was incubated with the primary 

antibody diluted in blocking solution overnight at 4°C. Primary antibodies are listed in Table 9. 

The membrane then was washed 3 times for at least 10 min with PBST (0.2% Tween-20 in PBS) 

and incubated with the secondary antibody diluted in blocking solution for 1 h at room 

temperature. Secondary antibodies are listed in Table 10. After 3 more washes with PBST, target 

proteins were detected via enhanced chemiluminescence (ECL). ECL luminol and peroxide 

solutions (ECL Prime Western Blotting Detection Reagent, Cytiva or WesternBright Sirius HRP 

Substrate, Advansta) were mixed in a ratio of 1:1 and added to the membrane. The horseradish 

peroxidase (HRP) coupled to the secondary antibodies catalyzes the oxidation of luminol to 

3-aminopthalate, a reaction emitting light which was detected with the Fusion SL Gel Detection 

System (Vilber Lourmat, Eberhardzell, Germany).  

Table 9| Primary antibodies. 

Name Species Supplier # Dilution  

cleaved caspase-9 (Asp330) 
(D2D4) 

rabbit Cell Signaling 7237 1:1000 

cleaved PARP (Asp214) (19F4) mouse Cell Signaling 9546 1:1000 

COX4 (20E8C12) mouse Invitrogen A21348 1:2000 

COX6B1 (C-3) mouse Santa Cruz Biotechnology 393233 1:500 

E2F1 (KH95) mouse Santa Cruz Biotechnology 251 1:500 

Ferritin heavy chain (B-12) mouse Santa Cruz Biotechnology 376594 1:1000 

Fn14 rabbit Cell Signaling 4403 1:1000 

G6PD (G-12) mouse Santa Cruz Biotechnology 373886 1:500 

GPI (H-10) mouse Santa Cruz Biotechnology 365066 1:500 

HKI (G-1) mouse Santa Cruz Biotechnology 46695 1:500 

HKII (C-14) goat Santa Cruz Biotechnology 6521 1:200 

HPV16 E6 (clone 849) mouse Arbor Vita Corporation  1:3000 

HPV16 E7 (NM2) mouse 
kind gift of Dr. Martin Müller, 
DKFZ, Heidelberg 

 1:1000 

HPV18 E6 (clone 399) mouse Arbor Vita Corporation  1:2000 

HPV18 E7 chicken Zentgraf, DKFZ, Heidelberg  1:1000 

ID1 (B-8) mouse Santa Cruz Biotechnology 133104 1:1000 

NDRG1 (D8G9) rabbit Cell Signaling 9485 1:2000 

NDUFS1 (E-8) mouse Santa Cruz Biotechnology 271510 1:500 

NDUFS2 (B-3) mouse Santa Cruz Biotechnology 390596 1:500 

NICD (Val1744) (D3B8) rabbit Cell Signaling 4147 1:1000 

Notch1 (C-10) mouse Santa Cruz Biotechnology 373891 1:250 

p21 (C-19) rabbit Santa Cruz Biotechnology 397 1:250 

p53 (DO-1) mouse Santa Cruz Biotechnology 126 1:1000 

p62 mouse BD Pharmingen 610832 1:1000 

PFKP (F-7) mouse Santa Cruz Biotechnology 514824 1:500 

phospho-p53 (Ser15) rabbit Cell Signaling 9284 1:1000 
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phospho-RPA32 (Ser33) rabbit Bethyl Laboratories 
A300-
246A 

1:1000 

RhoB (C-5) mouse Santa Cruz Biotechnology 8048 1:250 

STAT3 (C-20) rabbit Santa Cruz Biotechnology 482 1:1000 

Vinculin (7F9) mouse Santa Cruz Biotechnology 73614 1:4000 

β-Actin (C-4) mouse Santa Cruz Biotechnology 47778 1:50,000 

  

Table 10| Secondary antibodies.  

Name Species Supplier # Dilution  

α-chicken IgG-HRP goat Santa Cruz Biotechnology 2428 1:5000 

α-goat IgG-HRP donkey Santa Cruz Biotechnology 2020 1:5000 

α-mouse IgG-HRP goat Santa Cruz Biotechnology 2005 1:5000 

α-rabbit IgG-HRP goat Santa Cruz Biotechnology 2004 1:5000 

 

4.3.4 Proteome analysis via TMT-MS 

For proteome analyses, SiHa cells were treated with 10 µM CPX or EtOH for 48 h, harvested by 

scraping in ice-cold PBS, pelleted by centrifugation and stored at -80°C until further processing 

(experiment performed by Julia Braun).  

Proteome analyses were performed by Bianca Kuhn in the group of Dr. Jeroen Krijgsveld, DKFZ, 

Heidelberg. The 10plex tandem mass tag (TMT) system from Thermo Fisher Scientific was used 

to label proteins, which allows the relative quantification of protein abundances of up to 10 

samples. A liquid chromatography mass spectrometric (LC-MS/MS) approach was applied and 

data was analyzed with Proteome Discoverer 2.1.0.81 (Thermo Fisher Scientific). The detailed 

protocol for protein sample preparation and mass spectrometry-based proteome analysis can be 

found in Bossler et al. 2019.319 The mass spectrometry proteomics data have been deposited to 

the ProteomeXchange Consortium via the PRIDE359 partner repository with the dataset identifier 

PXD011095. 

Gene set enrichment analysis (GSEA) was performed using GSEA v. 4.0.3 and MSigDB v. 7.0. 

Average log2FC values of all detected proteins from three replicates were used as input for a pre-

ranked enrichment analysis with the following settings: number of permutations, 1000; 

enrichment statistic, weighted; gene set size, min: 15, max: 500; This resulted in 12,338 gene sets 

being used in the analysis of which 1409 were significantly (p<0.05) positively enriched and 1355 

were significantly negatively enriched. 

A heat map was created by comparing the following proteome data: (1) 48 h 10 µM CPX at 21% O2 

vs. 48 h EtOH at 21% O2; (2) 48 h 10 µM CPX at 1% O2 vs. 48 h EtOH at 1% O2; (3) 48 h 1% O2 vs. 

48 h 21% O2 and (4) 24 h 7.5 mM metformin vs. 24 h untreated. All experiments were performed 

in triplicates in SiHa cells and run in one 10plex TMT MS analysis per replicate. Proteins of interest 

were manually selected and clustering was performed with the Morpheus software (Broad 
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Institute, Cambridge, MA, USA) with the following settings: hierarchical clustering; one minus 

Pearson correlation; average linkage.  

 

4.4  RNA-based methods 

4.4.1 RNA isolation  

Total RNA was isolated from cells using the PureLink™ RNA Mini Kit (Invitrogen, Thermo Fisher 

Scientific). Cells were either harvested by scraping in PBS as described in 4.3.1 followed by 

resuspension of the pellet in 600 µl lysis buffer containing 1% 2-mercaptoethanol, or cells were 

directly lysed in the cell culture dish after washing with PBS. The kit was used according to 

manufacturer’s instructions, including the optional on-column DNA digestion for 15 min using the 

PureLink DNase Set (Invitrogen, Thermo Fisher Scientific). RNA was eluted from the columns with 

20-80 µl RNase-free water and RNA concentration and quality were evaluated with the NanoDrop 

ND-1000 spectrophotometer (Peqlab). Purified RNA was stored at -80°C.  

 

4.4.2 Reverse transcription  

The extracted and purified total RNA was transcribed into cDNA using the ProtoScript® II First 

Strand cDNA Synthesis Kit (NEB). 500 ng total RNA were used as input and filled up to 3 µl with 

RNase free water. 1 µl primer mix containing random and oligo dT primers at a ratio of 1:1 was 

added. To allow RNA denaturation and primer annealing, the mixture was incubated for 5 min at 

70°C in a thermal cycler. Afterwards 5 µl 2x M-MulV Reaction mix (contains dNTPs and an 

optimized buffer) and 1 μl M-MulV Enzyme mix (contains reverse transcriptase and murine RNase 

inhibitor) were added. This 10 µl reaction mix was then incubated for 5 min at 25°C, followed by 

60 min at 42°C to facilitate cDNA transcription. A final incubation step at 80°C for 5 min was 

performed to deactivate the reverse transcriptase. The cDNA products were diluted with 40 µl 

RNase free water and stored at -20°C.  

 

4.4.3 Quantitative real-time PCR 

Expression of mRNAs was determined by quantitative real-time PCR (qRT-PCR). Therefore, 2 µl 

of the cDNA generated via reverse transcription was mixed with 7.2 µl RNase free water, 10 µl 

SYBR® Green PCR master mix (Applied Biosystems) and 0.4 µl forward and reverse primer, 

respectively. All primers were used at a final concentration of 100 nM with the exception of 

18S rRNA primers, which were used at a final concentration of 50 nM. The primer sequences used 

are listed in Table 11. All reactions were run in duplicates and an H2O control without cDNA was 

included to control for contaminations. qRT-PCRs were performed in MicroAmpTM Optical 96-Well 

Reaction Plates (Life Technologies) or PCR 96-Well TW-MT-Plates (Biozym) and run on the 

7300 Real Time PCR System (Applied Biosystems, Invitrogen) according to the PCR program in 
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Table 12. HPV16 and HPV18 E6/E7 primers recognize all three transcript classes of HPV16 

and HPV18 E6/E7, respectively. 

Table 11| Primers for qRT-PCR.  

Target gene Forward primer (5'-3') Reverse primer (5'-3') 

18S rRNA CATGGCCGTTCTTAGTTGGT ATGCCAGAGTCTCGTTCGTT 

CCNB1 GCCTCTACCTTTGCACTTCCT TGTTGTAGAGTTGGTGTCCATT 

CDKN1A GACCATGTGGACCTGTCACT GCGGATTAGGGCTTCCTCTT 

HPV16 E6/E7 CAATGTTTCAGGACCCACAGG CTCACGTCGCAGTAACTGTTG 

HPV18 E6/E7 ATGCATGGACCTAAGGCAAC AGGTCGTCTGCTGAGCTTTC 

ID1 AATCCGAAGTTGGAACCCCC GAACGCATGCCGCCTCG 

IL1A AACCAACGGGAAGGTTCTGA AGGCTTGATGATTTCTTCCTCT 

IL6 CCACCGGGAACGAAAGAGAA CGAAGGCGCTTGTGGAGAA 

SERPINE1 GACCGCAACGTGGTTTTCTC GCCATGCCCTTGTCATCAAT 

TFR1 TGCTGGAGACTTTGGATCGG TATACAACAGTGGGCTGGCA 

 

Table 12| qRT-PCR program.  

Stage 1: Primer 
annealing 

2: DNA 
denaturation 

3: Elongation 4: Dissociation 

Repetitions 1 1 40 1 

Temperature (°C) 50 95 95 60 95 60 95 60 

Time 2 min 10 min 15 s 60 s 15 s 60 s 15 s 15 s 

 

Relative expression of target genes was calculated according to the comparative Ct (2ΔΔCt) 

method360 and normalized to 18S rRNA as internal reference. Statistical analyses were performed 

after logarithmic transformation of the fold change data.  

 

4.5  Combination Index (CI) analyses 

To quantify the combinatorial effects of two drugs, combination indices (CI) were calculated 

according to the Chou-Talalay method, which is based on the median-effect equation.235 Cells were 

treated in triplicates with varying doses of single drugs or drug combinations with a constant drug 

ratio. Proliferation curves were recorded over the course of 5 days as described in 4.2.8. 

Subsequently, the area under the curve (AUC) values of the growth curves were determined using 

SigmaPlot version 14.0 (Systat Software Inc., San Jose, CA) and used as input for CI calculation 

with the CompuSyn software (ComboSyn, Inc., Paramus, NJ, USA). CI > 1, CI = 1 and CI < 1 indicate 

antagonistic, additive and synergistic effects, respectively.  

 

4.6  Statistical analyses 

Statistical tests were performed using SigmaPlot. Fold change values were analyzed after 

logarithmic transformation. For comparison of relative mRNA levels after CPX treatment, an 
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one-sample t-test was performed with a test mean of zero. Shapiro-Wilk normality analysis was 

performed with an alpha-value of 0.05. For comparison of TUNEL-positive cell percentages, a two-

sided Student´s t-test was used.  

Statistical significance was assumed for p-values ≤ 0.05 (*), ≤ 0.01 (**), ≤ 0.001 (***). 
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Appendix 

Supplemental data 

Table S1| Gene symbols and log2F values upon CPX treatment for the gene set “GO oxidative 
phosphorylation”.  

Symbol log2FC Symbol log2FC Symbol log2FC Symbol log2FC 

ATP5MC3 1,27 PGK2 0,18 SHMT2 -0,13 NDUFA12 -0,63 

ACTN3 0,67 COX4I1 0,15 UQCRC1 -0,17 NDUFA8 -0,67 

SDHAF2 0,65 ATP5F1D 0,14 MSH2 -0,20 NDUFA7 -0,73 

COQ9 0,63 UQCC2 0,14 NDUFB10 -0,20 COX7C -0,86 

PPIF 0,52 COX5A 0,11 NDUFB9 -0,22 CDK1 -0,88 

DNAJC30 0,49 PDE12 0,09 COX5B -0,26 NDUFA5 -0,89 

SURF1 0,48 NIPSNAP2 0,09 NDUFC2 -0,33 PARK7 -0,96 

COX7A2L 0,39 NDUFB6 0,06 UQCRB -0,33 NDUFS3 -1,01 

MT-ND4 0,39 CYCS 0,05 NDUFB8 -0,35 NDUFA13 -1,03 

ABCD1 0,37 NDUFAF1 0,05 COX6C -0,36 COX7A2 -1,04 

ATP5F1A 0,33 RHOA 0,01 UQCRC2 -0,38 COX6B1 -1,16 

UQCR10 0,32 NDUFB11 -0,01 UQCRFS1 -0,44 NDUFV1 -1,23 

ATP5F1C 0,32 MT-ATP8 -0,01 NDUFA9 -0,47 NDUFS8 -1,27 

ATP5F1E 0,31 NDUFB5 -0,04 CCNB1 -0,48 NDUFA4 -1,28 

SDHA 0,31 MT-ND3 -0,04 NDUFB7 -0,50 NDUFA6 -1,30 

ATP5F1B 0,27 VCP -0,05 BID -0,50 NDUFS1 -1,34 

DLD 0,27 NDUFAB1 -0,06 NDUFB4 -0,51 NDUFS5 -1,37 

MECP2 0,25 CYC1 -0,06 NDUFS2 -0,53 NDUFS7 -1,41 

STOML2 0,25 NDUFS6 -0,10 NDUFB3 -0,55 NDUFV2 -1,49 

COX15 0,24 UQCRH -0,10 NDUFA11 -0,55 NDUFA2 -1,49 

FXN 0,24 UQCRQ -0,12 NDUFA10 -0,57 NDUFS4 -1,53 

COA6 0,23 PGK1 -0,13 MT-CO2 -0,59   

 

Table S2| Gene symbols and log2FC values upon CPX treatment for the gene set “GO glycolytic process”.  

Symbol log2FC Symbol log2FC Symbol log2FC Symbol log2FC 

HK2 1,52 NUP155 0,51 PGK2 0,18 ALDOA -0,39 

PFKFB3 1,16 NUP35 0,49 NUP50 0,17 TPI1 -0,4 

HIF1A 1,05 NUP160 0,45 ZBTB7A 0,17 LDHA -0,5 

ENO2 0,76 RANBP2 0,41 NUPL2 0,12 EIF6 -0,51 

ADPGK 0,75 OGDH 0,41 NUP188 0,07 GAPDH -0,52 

HK1 0,75 SEH1L 0,4 POM121C 0,01 PFKFB2 -0,58 

NUP37 0,7 NUP43 0,4 SEC13 0 GALK1 -0,6 

ACTN3 0,67 NUP98 0,36 NUP93 -0,06 PGM1 -0,65 

NUP210 0,64 NUP214 0,32 NCOR1 -0,06 PFKM -0,65 

TPR 0,58 NDC1 0,3 PFKP -0,06 PGAM1 -0,68 

NUP153 0,57 NUP88 0,29 ALDOC -0,06 PKM -0,71 

ARNT 0,57 AAAS 0,26 PFKL -0,08 OGT -0,77 

NUP54 0,57 NUP205 0,25 PGK1 -0,13 ENO1 -0,79 
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NUP62 0,57 INSR 0,23 DHTKD1 -0,28 ECD -0,82 

NUP133 0,54 RAE1 0,2 TIGAR -0,3 GPI -0,83 

NUP107 0,54 NUP85 0,2 PRKAG1 -0,31 STAT3 -1,47 

NUP58 0,53 ENTPD5 0,18 PRKAA1 -0,36   
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Abbreviations 

1,3-BP 1,3-bisphosphoglycerate 
2-DG 2-deoxy-D-glucose 
3-AP triapine 
6-AN 6-aminonicotinamide 
AA antimycin A 
ADAM a disintegrin and metalloproteinase 
ADP adenosine diphosphate 
AIDS acquired immune deficiency syndrome 
ALL acute lymphoblastic leukemia 
AML acute myeloid leukemia 
AMP adenosine monophosphate 
AMPK 5’AMP-activated protein kinase 
APS  ammonium persulfate  
ATM ataxia telangiectasia mutated 
ATP  adenosine triphosphate  
ATR ataxia telangiectasia and Rad3 related 
AUC  area under the curve  
bp base pair 
BSA bovine serum albumin 
CDDP cis-diamminedichloridoplatinum(II), cisplatin 
CDKN1A cyclin-dependent kinase inhibitor 1 A 
cDNA  complementary DNA  
CFA colony formation assay 
CHK1/2 checkpoint kinase 1/2 
CI combination index 
CIN cervical intraepithelial neoplasia 
CML chronic myeloid leukemia 
CO2 carbon dioxide 
COX4 cytochrome c oxidase subunit 4 
COX6B1 cytochrome c oxidase subunit 6B1 
Cp ceruloplasmin 
CPX ciclopirox (olamine) 
CSL CBF1, Suppressor of Hairless, Lag1 
CT chemotherapy 
Ct cycle threshold 
DAPI 4’,6-diamidino-2-phenylindole 
DAPT N-[N-(3,5-difluorophenacetyl)-l-alanyl]- S-phenylglycine t-butyl ester 
DCA dichloroacetate 
DDR DNA damage response 
DFO deferoxamine  
DFX deferasirox 
DISC death-inducing signaling pathway 
DMEM Dulbecco’s minimal essential medium 
DMSO dimethyl sulfoxide 
DMT1  divalent metal transporter 1  
DNA deoxyribonucleic acid 
dNTP  deoxynucleoside triphosphate  
DOHH  deoxyhypusine hydroxylase  
DR4/5 death receptor 4/5 
DREAM dimerization partner, Rb-like, E2F and multi-vulval class B 
e.g.  exempli gratia  
E2F elongation factor 2 
E6AP E6-associated protein 
ECAR extracellular acidification rate 
ECL enhanced chemoluminescence  
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EDTA ethylenediaminetetraacetic acid 
eIF5A  eukaryotic translation initiation factor 5A  
EMT epithelial-mesenchymal transition 
ER endoplasmatic reticulum 
et al. et alii 
ETC electron transport chain 
EtOH ethanol  
FAD flavin adenine dinucleotide 
FADD Fas-associated protein with death domain 
FCS  fetal calf serum  
Fe2+ ferrous iron 
Fe3+ ferric iron 
FMN flavin mononucleotide 
Fn14 fibroblast growth factor-inducible 14 
FPN1  ferroportin  
G418 geniticin  
G6PD glucose-6-phosphate dehydrogenase 
GA-3P glyceraldehyde-3-phosphate 
Glc glucose 
GPI glucose-6-phosphate isomerase 
GSEA gene set enrichment analysis  
GTP guanosine triphosphate 
Gy Gray 
H2O water 
HAMP hepcidin antimicrobial peptide 
HIF  hypoxia-inducible factor 
HKI/II hexokinase I/II 
HNSCC  head and neck squamous cell carcinoma  
HPV  human papillomavirus 
HRP  horseradish peroxidase 
HSPG heparin sulfate proteoglycan 
IC50 half maximal inhibitory concentration  
IL interleukin  
IRE iron responsive element 
IRF1 interferon regulatory factor 1 
IRP iron regulatory protein 
JAK janus kinase 
kb kilo base 
kDa  kilo dalton  
LC liquid chromatography 
LCR long control region 
LDHA lactate dehydrogenase A 
LIP labile iron pool 
LKB1 liver kinase B1 
log2 binary logarithm 
log2FC log2 fold change  
MAM mastermind 
Met metformin 
MiDAS mitochondrial dysfunction-associated senescence 
MMP matrix metalloproteinase 
MOI multiplicity of infection 
MOMP mitochondrial outer membrane permeability 
mRNA  messenger RNA 
MS  mass spectrometry 
mTOR  mechanistic/mammalian target of rapamycin 
mTORC1/2  mTOR complex 1/2 
NAD/NADH nicotinamide adenine dinucleotide 
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NDRG1 N-myc downstream regulated gene 1 
NDUFS1/2 NADH:Ubiquinone oxidoreductase core subunits S1/S2 
NEXT notch extracellular truncation 
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells 
NICD notch intracellular domain 
NO nitric oxide 
NOK normal oral keratinocyte 
O2 oxygen 
OXPHOS oxidative phosphorylation 
PARP poly (adenosine diphosphate-ribose) polymerase 
PBS phosphate-buffered saline 
PCR polymerase chain reaction 
PDH pyruvate dehydrogenase 
PDK1 pyruvate dehydrogenase kinase 1 
PEP phosphoenolpyruvate 
PFA paraformaldehyde 
PFK-1 phosphofructokinase 1 
PFKP phosphofructokinase 1, platelet isoform 
PHD2 prolyl hydroxylase 2 
PPP pentose phosphate pathway 
pRb retinoblastoma protein 
PVDF polyvinylidene difluoride 
pVHL von Hippel-Lindau tumor suppressor 
qPCR quantitative real-time polymerase chain reaction 
qRT-PCR quantitative real-time reverse transcription-polymerase chain reaction 
RhoB Ras homolog family member B 
RNA ribonucleic acid 
RNAi RNA interference 
RNAse ribonuclease 
rNDP  ribonucleoside diphosphates 
rNTP ribonucleoside triphosphates 
ROS reactive oxygen species 
Rot rotenone 
RR ribonucleotide reductase  
RT radiotherapy 
SASP senescence-associated secretory phenotype 
SA-β-gal  senescence-associated-β-galactosidase 
SCC squamous cell carcinoma 
SDS  sodium dodecyl sulfate 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
SF surviving fraction 
siRNA small interfering RNA 
Smac/DIABLO second mitochondria derived activator of caspases/direct IAP binding protein with 

low PI 
STAT3 signal transducer and activator of transcription 3 
STEAP six-transmembrane epithelial antigen of prostate 
STING stimulator of interferon genes 
T-ALL T-cell acute lymphoblastic leukemia 
TCA  tricarboxylic acid  
TEMED tetramethylethylenediamine 
TERT telomerase reverse transcriptase 
TfR transferrin receptor 
TMT tandem mass tag 
TNF tumor necrosis factor 
TNFR1/2 tumor necrosis factor receptor 1/2 
TRAIL TNF-related apoptosis-inducing ligand 
Tris tris(hydroxymethyl)aminomethane 
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TS transferrin saturation 
TUNEL terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling 
TWEAK tumor necrosis factor like weak inducer of apoptosis 
UTR untranslated region 
VLP virus like particle 
X-gal 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 
α-TOS α-tocopherol  

 

The one-letter code for nucleotides was applied according to declarations by the International 

Union of Pure and Applied Chemistry (IUPAC). 

 

Units and prefixes 

Units 

Symbol Unit  

%  percent  

°C  degree Celsius  

d day 

Da  Dalton  

g  gravitational acceleration  

g  gram  

Gy Gray 

h  hour  

L liter  

M  molar  

m  meter  

min  minute  

mol  mole  

s  second  

U  enzyme activity unit  

V  volt  

 

Prefixes 

Symbol  Prefix  Factor  

p  pico  10-12  

n  nano  10-9  

μ  micro  10-6  

m  milli  10-3  

c  centi  10-2  

k  kilo  103  
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