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Summary 

Persistent infections with high-risk human papillomavirus (HPV) types, such as HPV16 and 

HPV18, are the major risk factor for the development of cervical cancer. The global incidence 

of cervical cancers is expected to rise in the next decades. Therefore, a better understanding 

of critical parameters determining the malignant phenotype of HPV-positive cancer cells, as 

well as the development and improvement of therapeutic strategies for cervical cancer 

treatment, is highly warranted. The extent of hypoxia in solid cancers can critically affect 

tumor aggressiveness and their therapy response. Besides chronic hypoxia, cycling hypoxia 

(cycH) is a prevalent but much less investigated form of tumor hypoxia, in which cancer cells 

are exposed to recurrent phases of hypoxia and reoxygenation. Importantly, cycH may lead 

to a particularly aggressive and therapy-resistant cellular phenotype. The effects of cycH in 

cervical cancer cells were thus far unknown.  

The results of this thesis reveal distinct effects of cycH on the phenotype of HPV-positive 

cancer cells. Unlike under chronic hypoxia, cervical cancer cells under cycH maintain HPV 

E6/E7 oncogene expression and function. In addition, they exhibit an increased resistance to 

radiotherapy, as well as to pro-senescent and pro-apoptotic chemotherapy. Interestingly, the 

resistance of cervical cancer cells to the pro-apoptotic effects of Cisplatin, the key 

chemotherapeutic drug for cervical cancer treatment, is particularly pronounced in cells 

treated under cycH, exceeding even their increased resistance under chronic hypoxia. 

Proteome analyses reveal that cervical cancer cells exposed to cycH exhibit a unique 

proteome signature, which includes a significant downregulation of luminal lysosomal 

proteins, such as the potentially pro-apoptotic Cathepsins B and L. Additionally, a reduction 

in autophagic flux under cycH is detectable. Comprehensive analyses of the differential 

susceptibility of cervical cancer cells to Cisplatin treatment under different oxygen conditions 

were performed. Whereas they did not provide evidence that this phenomenon is linked to 

the observed lysosomal alterations, they revealed that the Caspase 8-linked activation of the 

pro-apoptotic BH3 interacting domain death agonist (BID) protein plays a crucial role. Under 

cycH, Cisplatin-treated cells generate much less truncated BID protein, the active form of 

BID, resulting in impaired mitochondrial outer membrane permeabilization and pro-apoptotic 

Cytochrome c release. In summary, these results show that cycH profoundly influences the 

phenotype of HPV-positive cancer cells, including the virus/host cell crosstalk, the proteomic 

signature, and key cellular processes such as the composition of lysosomal contents or 

autophagy regulation. Furthermore, cycH critically alters the therapeutic susceptibility in that 

cervical cancer cells exposed to cycH are especially resistant to Cisplatin and thus could 

represent a particularly challenging cellular subpopulation for cervical cancer chemotherapy. 
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Zusammenfassung 

Persistierende Infektionen mit onkogenen Typen humaner Papillomaviren (HPV), wie HPV16 

und HPV18, sind Hauptrisikofaktoren für die Entstehung von Zervixkarzinomen. Die 

weltweite Inzidenz von Zervixkarzinomen wird vermutlich zukünftig weiter steigen. Daher ist 

ein besseres Verständnis der kritischen Parameter, die für den malignen Phänotyp HPV-

positiver Tumorzellen verantwortlich sind, sowie die Verbesserung von Therapiestrategien 

dringend erforderlich. Tumorhypoxie kann die Aggressivität von Tumoren und ihre 

Therapieresistenz steigern. Neben der chronischen Hypoxie ist die zyklische Hypoxie (cycH) 

eine prävalente, aber viel weniger untersuchte Form der Tumorhypoxie, bei der Tumorzellen 

rekurrenten Phasen von Hypoxie und Reoxygenierung ausgesetzt sind. CycH wird mit einem 

besonders aggressiven und therapieresistenten Phänotyp in Verbindung gebracht. Die 

Auswirkungen auf HPV-positive Tumorzellen waren bisher nicht erforscht.  

Die Ergebnisse dieser Arbeit decken distinkte Effekte von cycH auf den Phänotyp von HPV-

positiven Tumorzellen auf. Anders als unter chronischer Hypoxie erhalten HPV-positive 

Zellen unter cycH die Expression und Funktion der HPV E6/E7-Onkogene aufrecht. Darüber 

hinaus zeigen die Zellen unter cycH eine erhöhte Resistenz sowohl gegenüber Bestrahlung, 

als auch gegenüber pro-seneszenter und pro-apoptotischer Chemotherapie. Die Cisplatin-

Resistenz von Zervixkarzinomzellen ist unter cycH besonders ausgeprägt und übersteigt 

sogar die Resistenzsteigerung unter chronischer Hypoxie. Proteomanalysen zeigen, dass 

Zervixkarzinomzellen unter cycH eine spezifische Proteom-Signatur aufweisen, die sich u. a. 

durch eine signifikante Herunterregulierung luminaler lysosomaler Proteine, wie der 

potenziell pro-apoptotischen Cathepsine B und L, auszeichnet. Zudem ist eine Verminderung 

des autophagischen Flusses unter cycH zu beobachten. Experimentell ergab sich kein 

Anhalt dafür, dass die von den Sauerstoffbedingungen abhängige differentielle 

Empfindlichkeit von HPV-positiven Tumorzellen gegenüber Cisplatin mit den beobachteten 

lysosomalen Veränderungen zusammenhängt. Vielmehr zeigt sich, dass hierfür die 

Caspase 8-vermittelte Aktivierung des pro-apoptotischen BID-Proteins eine zentrale Rolle 

spielt. Zellen, die unter cycH mit Cisplatin behandelt werden, weisen vergleichsweise nur 

sehr geringe Mengen an trunkiertem BID, der aktiven Form von BID, auf, was in einer 

ineffizienten Permeabilisierung der äußeren Mitochondrienmembran und einer stark 

reduzierten Freisetzung von Cytochrom c resultiert. Zusammenfassend zeigt diese Arbeit, 

dass cycH zu ausgeprägten und spezifischen phänotypischen Veränderungen in HPV-

positiven Zellen führt. Die Ergebnisse weisen zudem darauf hin, dass Zervixkarzinomzellen 

unter cycH eine besonders herausfordernde Zellpopulation für die therapeutische 

Wirksamkeit von Cisplatin darstellen könnten.   
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1 Introduction 

1.1 Human papillomaviruses and cancer 

Cancer is a global health burden and a leading cause of death worldwide.1 In 2020, 

19.3 million new cancer cases and nearly 10 million cancer-related deaths were estimated, 

with a rising trend attributed to changes in demographics and lifestyle.2 Risk factors for the 

development of cancer are, apart from genetic predispositions and ageing, mainly behavioral 

and environmental factors, such as smoking, alcohol consumption, obesity, exposure to UV 

light, chemical mutagens or radiation, as well as infection and inflammation.3 Infectious 

agents contribute to a significant proportion of cancer cases, with approximately 13% of 

cancer cases in 2018 attributed to infections with, for instance, Human Papillomaviruses 

(HPVs), Helicobacter pylori, Hepatitis B and C Virus or Epstein-Barr Virus.4 HPV infections, 

in particular, are responsible for approximately 4.5% of the cancer burden worldwide and 

cause various anogenital cancers, including cervical, anal, penile, vaginal, and vulvar 

cancers, as well as an increasing number of head and neck cancers.4,5 

 

1.1.1 HPV classification 

Human papillomaviruses are a group of small DNA viruses characterized by a non-

enveloped icosahedral capsid. HPVs belong to the family of Papillomaviridae and primarily 

infect epithelial cells in the skin and mucosal tissues.6 HPVs are commonly spread during 

sexual contact; however, most HPV infections remain asymptomatic and are efficiently 

cleared by the host immune system within approximately two years.7,8  

HPVs display great genomic diversity and to date, more than 200 different HPV genotypes 

have been identified.9,10 HPVs are classified into five phylogenetic HPV genera based on the 

sequence of their capsid protein-coding L1 genes: alpha-papillomaviruses, beta-

papillomaviruses, gamma-papillomaviruses, mu-papillomaviruses, and nu-papilloma-

viruses.9,11 Additionally, the HPV genotypes are further categorized into low-risk and high-risk 

HPV types based on their association with clinical outcomes.6 Low-risk HPV types, for 

instance HPV6 or HPV11, can cause benign lesions, such as cutaneous or anogenital warts. 

In contrast, persistent infections with high-risk HPV types are a substantial risk factor for 

carcinogenesis.6,12 Among the high-risk HPV types, twelve are classified as carcinogenic: 

HPV16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, and 59.8 Additionally, there are several other 

HPV types that are considered possibly carcinogenic in rare cases.8  
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1.1.2 HPV genome organization and life cycle 

HPVs possess a circular, double-stranded DNA genome with an approximate size of 

8 kilobase (kb) pairs. Among the various HPV genotypes, the HPV16 genome is of particular 

interest. It consists of eight open reading frames (ORFs) that encode six early genes (E1, E2, 

E4, E5, E6, and E7) and two late genes (L1 and L2), which are expressed at different stages 

of the viral life cycle in the differentiating epithelium (Figure 1).6 The long control region 

(LCR), also known as the upstream regulatory region (URR), contains the origin of replication 

and transcription factor binding sites. The expression of HPV genes is tightly regulated by 

early and late promoters (HPV16: P97 and P670) as well as post-transcriptional messenger 

RNA (mRNA) splicing.6,8,13  

The viral gene products can be further divided into highly conserved core proteins and 

accessory proteins that exert more diverse, HPV-type dependent functions.8 The core 

proteins E1 and E2 are mainly involved in viral genome replication and transcriptional 

regulation. L1 and L2 code for the structural major and minor capsid proteins, respectively, 

and are responsible for capsid assembly, formation of viral particles and delivery of the viral 

genome.6 The accessory proteins E4, E5, E6 and E7 promote different stages of the viral life 

cycle, modify the infected host cell, and enable evasion of host immune defenses. HPV E4 

protein is involved in genome amplification as well as the release and transmission of virions 

from epithelial cells.14 In the case of high-risk HPV types, E5, and particularly E6 and E7 are 

the responsible oncoproteins that promote the initiation and progression of HPV-induced 

carcinogenesis.15 The HPV E5 protein contributes to the transformation process and 

malignant progression by stimulating growth factor receptors, such as epidermal growth 

factor receptor (EGFR), or by downregulating major histocompatibility complex class I 

(MHC-I) receptors, supporting immune evasion.16–18 Additionally, E5 has been shown to 

prevent apoptosis, e.g. by decreasing Fas receptor expression and by inducing proteasomal 

degradation of the pro-apoptotic BAX protein (see chapter 1.2).19,20 The major viral 

oncoproteins, HPV E6 and E7, directly contribute to carcinogenesis by interfering with key 

cellular regulatory pathways, such as the Retinoblastoma protein (pRb) and p53 tumor 

suppressors, and ensuring the maintenance of the transformed phenotype (see 

chapter 1.1.5).21 
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During HPV infection, viral particles enter the epithelial tissue through microlesions and infect 

replicating keratinocytes located in the basal layer (Figure 2).8,22,23 First, the viral L1 protein 

binds to heparan sulphate proteoglycans (HSPGs) on the surface of the host cell. This 

interaction induces a conformational change in the viral capsid, exposing the L2 protein, 

which is then cleaved by furin proteases.6,24 Subsequently, the virus enters the host cell 

through endocytosis and undergoes uncoating. The viral genome is then delivered into the 

nucleus, where the early proteins E1 and E2 induce the replication of low copy number 

genomes and the maintenance of 50-100 episomal viral DNA copies within each infected 

basal keratinocyte.6 The further progression of the productive HPV life cycle depends on the 

replication and differentiation status of the host keratinocytes.25 Eventually, the infected host 

cells migrate from the basal layer to the mid and upper epithelial layers, cease dividing and 

differentiate into mature keratinocytes. This transition allows HPVs to exploit the cellular 

machinery for their own replication and survival.24  

In the mid epithelial layers, the expression of the viral oncoproteins E6 and E7 is induced and 

thus promotes extensive viral genome amplification as well as continuous cellular 

proliferation (Figure 2).23 The E6 oncoprotein plays a role in inhibiting apoptosis (see chapter 

1.1.5) and promoting cell survival by targeting and degrading tumor suppressor proteins, 

such as p53. E7 disrupts the normal cell cycle regulation by binding and inactivating pRb.21 

At a later stage, excessive levels of E2 protein repress the early promoter in oncogenic HPV 

types, resulting in reduced expression of E6 and E7, which allows for further differentiation of 

Figure 1. HPV genome organization.  

The genome of high-risk HPV16 consists of six early ORFs, namely E1, E2, E4, E5 (green), E6, and E7 (red) and

two late ORFs (L1 and L2, blue). Viral gene expression is regulated by the early (P97) and late (P670) promoters

during different stages of epithelial cell differentiation. LCR, long control region. 
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the host cell.13,24 In the mid to upper epithelial layers, increased expression of the E4 protein 

and the late viral proteins L1 and L2 facilitates assembly and release of new virions that can 

infect other host cells and initiate another productive infection cycle (Figure 2).8,23 

Importantly, the progress and completion of the viral life cycle also depends on the site of 

infection and the presence of external co-factors such as cytokines and hormones.25 

 

 

1.1.3 Cervical cancer 

The connection between HPV infection and cervical cancer was first postulated and 

substantiated by Harald zur Hausen and his colleagues26, a discovery that was 

acknowledged by the Nobel Prize in Physiology or Medicine in 2008. Up to 99.7% of cervical 

cancer cases are caused by persistent infections with high-risk HPVs, particularly HPV16 

(~ 50-60%) and HPV18 (~ 20%).22,27 

Cervical cancer is the fourth most prevalent cancer among women worldwide, following 

breast, colorectal, and lung cancer.2 In 2020, there were more than 600,000 new cervical 

cancer diagnoses and roughly 340,000 deaths, with projections indicating a further increase 

in the coming years.2,28 The burden of cervical cancer is especially prevalent in low- and 

middle-income countries, where socio-economic conditions and health care infrastructure 

affect cancer prevention, screening, and disease management.2,4 Several cofactors, 

Figure 2. HPV life cycle and progression to invasive cancer.  

HPVs enter the epithelium through microlesions and infect keratinocytes located in the basal membrane. During

the productive HPV life cycle, the host cell differentiation controls the expression of early (E1, E2, E4, E5, E6, and 

E7) and late (L1 and L2) genes as well as the viral genome replication. The late viral genes L1 and L2 that

regulate assembly and release of virions are expressed in the upper epithelial layer. Progression to invasive

cancer is associated with an unproductive HPV life cycle that no longer generates progeny virions. HPV-positive 

cancer cells constantly express the viral oncoproteins E6 and E7, which drive continuous cell proliferation. 
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including long-term usage of oral contraception, number of childbirths, smoking, vaginal 

microbiota, and co-infections with Chlamydia and Human Immunodeficiency Virus (HIV) can 

increase the risk of persistent HPV infections and the development of cervical cancer at 

earlier age.2,29,30  

 

1.1.4 Mechanisms of HPV-associated carcinogenesis 

Most HPV infections are cleared within a period of 12 – 24 months. This clearance is 

primarily mediated by cytotoxic T cells, which recognize and eliminate infected cells.8 

However, about 10% of HPV infections persist and pose a risk for the development of 

cervical cancer.31 Of note, while a persistent HPV infection is necessary for carcinogenesis, it 

is not sufficient, as the development of cervical cancer depends on a complex interplay of 

various cofactors and molecular events.32 The latency period between HPV infection and the 

development of cervical cancer can span several decades and most cases of cervical 

cancers are diagnosed in women between the ages of 45 and 60.31 

Persistent infections with high-risk HPV types interfere with the normal regulation of cell 

growth, which leads to the formation of aberrant cells that, if left untreated, can evolve into 

precancerous lesions and, eventually, progress to invasive cancer.8 The precancerous 

lesions, also referred to as cervical intraepithelial neoplasia (CIN), are categorized into three 

grades, CIN1-3, based on their severity of dysplasia and the risk to progress into severe 

precancerous forms and invasive cancer.8,33 

Cervical cancers are classified into two major subtypes based on histomorphological 

characteristics and their origin. Squamous cell carcinomas originate from ectocervical 

squamous cells and are responsible for ~ 75% of cervical cancers. Adenocarcinomas, on the 

other hand, arise from endocervical, mucus producing glandular cells.28 

Productive high-risk HPV infections can lead to increased cell proliferation in the basal 

epithelial layers, resulting in the formation of precancerous CIN1 lesions. Further progression 

to carcinogenesis is rare and associated with an unproductive viral life cycle (Figure 2).25 In 

that case, increased expression and activity of the HPV E6 and E7 oncoproteins promote 

cellular transformation, eventually resulting in high-grade neoplasia (CIN2/CIN3) and 

invasive cancers of the cervix.6,24  

In most cases, deregulation of E6/E7 expression is associated with the integration of viral 

DNA into the host genome.34,35 The DNA integration often results in a partial loss of the HPV 

genome, including the E5 coding sequence. Furthermore, the E2 ORF gets disrupted, 

resulting in the inactivation of the transcriptional repressor protein E2. Consequently, this 
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allows for continuous and increased expression of E6 and E7 oncogenes, contributing to 

disease progression.36 Moreover, the formation of multiple or tandem repeats of viral 

integrates can form super-enhancer-like elements that further promote viral oncogene 

transcription.37 Notably, HPV16 DNA occasionally resides as episomal DNA and is less 

frequently integrated (~ 80%) compared to HPV18 DNA (~ 100%), which implies that viral 

DNA integration and the resulting inactivation of HPV E2 protein are not essential for the 

development of HPV16-associated cancers.38  

 

1.1.5 The viral E6/E7 oncoproteins 

The viral E6/E7 oncoproteins of high-risk HPV types are the major regulators of cellular 

transformation and HPV-induced carcinogenesis.21 The E6/E7 genes are transcribed as 

polycistronic transcripts from the early promoter. Transcription is under control of several 

transcription factors binding to the URR region, including for instance AP1 and SP1.39 

Alternative splicing within the E6/E7 ORFs produces multiple different E6 and E6/E7 

transcripts.40,41 Depending on the HPV type, E6 and E7 oncoproteins have a size of 

approximately 150 and 100 amino acids, respectively, and they do not encompass enzymatic 

activities. Instead, E6/E7 cause direct carcinogenesis by interacting with multiple tumor 

suppressor proteins and forming complexes with cellular proteins involved in the regulation of 

cell proliferation, senescence, apoptosis (see chapter 1.2), and genomic stability.21  

Cervical cancer cells rely on the continuous expression of E6/E7 to maintain the malignant 

phenotype and are thus referred to as “oncogene-addicted”.21 The repression of E6 in HPV-

positive cervical cancer cells induces apoptosis42,43, whereas the interference with E6/E7 

expression rapidly induces cellular senescence, an irreversible proliferative arrest.44,45 

E6 and E7 individually possess transforming potential, but their cooperative expression leads 

to significantly increased transforming activities.46 The transforming properties of E6/E7 affect 

virtually all “hallmarks of cancer”, including uncontrolled proliferative signaling, evasion of 

growth suppressors, resistance to cell death, enabling of replicative immortality, induction of 

angiogenesis, and activation of tissue invasion and metastasis.47,48  

One significant mechanism by which high-risk HPV E6 exerts its pro-tumorigenic effects is 

through the formation of a trimeric complex with p53 and the cellular ubiquitin ligase E6-

associated protein (E6AP). This complex facilitates the proteolytic degradation of p53 and 

thus prevents the induction of apoptosis or cell cycle arrest.49,50 Additionally, E6 targets 

cellular proteins containing PDZ (PSD-95/DLG/ZO-1) domains for degradation, including 

potential tumor suppressor proteins involved in cell polarity regulation such as Dlg, Scribble 
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and MAGI-1.51 E6 also stimulates telomerase activity by upregulating human telomerase 

reverse transcriptase (hTERT) and thus inhibits replicative senescence.52 

HPV E7 primarily targets the pRb protein and related pocket domain proteins such as p107 

and p130, which are crucial regulators of the cell cycle.53 E7 binds to hypophosphorylated 

pRb, leading to its degradation via the ubiquitin-proteasome pathway and thereby disrupting 

the interaction between pRb and the transcription factor E2F.53 Consequently, the induction 

of cell cycle-promoting E2F target genes such as CCNA1 (Cyclin A1) and CCNE1 

(Cyclin E1) is no longer suppressed, leading to unscheduled S-phase entry and sustained 

cell proliferation.21,53 Moreover, HPV E7 can interfere with the p53-p21-DREAM pathway by 

sequestering hypophosphorylated p107 and p130 proteins and thus preventing the formation 

of the DREAM (dimerization partner, Rb-like, E2F, and multi-vulval class B) transcriptional 

repressor complex.54 The inhibition of the DREAM complex promotes uncontrolled 

expression of cell cycle regulators and cell cycle progression.54  

In case of uncontrolled cell proliferation, the normal cellular response would involve a p53-

mediated cell cycle arrest or the induction of apoptosis. However, the E6-induced proteolytic 

degradation of p53 protects against pro-senescent and pro-apoptotic signals in HPV-positive 

cancer cells.21  

Furthermore, E6 and E7 oncoproteins have been found to impact the cellular microRNA 

network55, induce genetic instability in the host cell DNA56, and deregulate epigenetic 

reprogramming.57 

The functions of E6 and E7 and the phenotypic outcomes differ between low-risk and high-

risk HPV types and most transforming activities are exclusive for high-risk HPV types, 

underscoring their oncogenic potential.58 In low-risk HPV types, E6 lacks the PDZ ligand 

motif and exhibits weak or no interaction with p53 without inducing p53 degradation. 

Similarly, only high-risk E7 has the capability to facilitate the degradation of pRb.58  

Given the pivotal role of the E6 and E7 oncoproteins in HPV-associated carcinogenesis, they 

represent attractive targets for therapeutic interventions in HPV-associated cancers. Various 

strategies targeting E6/E7 are studied, including e.g. small interfering RNAs (siRNAs), small 

molecule inhibitors, peptide aptamers, and immunotherapeutic approaches, which, however, 

have not been successfully implemented in clinical settings so far.21  
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1.1.6 Prevention of HPV infection and HPV-associated cancer 

Prophylactic vaccinations have been proven to be highly effective in preventing the 

emergence of HPV infections, as well as HPV-related precancerous lesions, and cancers. To 

date, six prophylactic vaccines are licensed and provide protection against the most 

prevalent oncogenic high-risk HPV types.59 These vaccines use recombinantly produced 

HPV L1 major structural protein, which assembles into virus-like particles (VLPs) and 

induces the production of neutralizing antibodies.60,61 Bivalent HPV vaccines (Cervarix, 

Cecolin, Walrinvax) protect against primary infections with HPV16 and 18; quadrivalent 

vaccines (Gardasil, Cervavax) against HPV16, 18, 6, and 11; and the nonavalent vaccine 

(Gardasil 9) contains VLPs against HPV6, 11, 16, 18, 31, 33, 45, 52, and 58.4,59  

The World Health Organization (WHO) recommends vaccination for girls aged 9–14 before 

they become sexually active, as well as for teenage boys and older females when feasible.59 

These recommendations aim to provide optimal protection against HPV infections and 

associated diseases. 

However, implementing widespread vaccination programs, particularly in low- and middle-

income countries, where most cervical cancers and related deaths occur, presents significant 

challenges, including logistical constraints and financial barriers.62,63 To circumvent the loss 

of vaccine efficacy by interrupted cold chains, ongoing research attempts to generate more 

thermostable vaccines.64 Moreover, next-generation vaccines are being developed that utilize 

a highly conserved epitope of the viral L2 minor structural protein as a basis for immunization 

and thus provide a broader protection to various HPV types.63,65 

Unfortunately, prophylactic vaccinations cannot cure existing HPV infections or HPV-induced 

preneoplastic lesions and cancer. Thus, the development of a therapeutic vaccination 

against high-risk HPV types is intensely investigated (see chapter 1.1.7).61  

As the development of cervical cancer often arises more than 10 years after the initial HPV 

infection, cervical cancer screenings serve as secondary prevention measurements and 

should be performed at regular intervals. These screenings include the Papanicolaou (Pap) 

test and/or HPV testing to detect precancerous cellular changes at early stages and thus 

reduce cervical cancer incidence and mortality.8,59 

 

1.1.7 Treatment of cervical cancers 

Common treatment strategies for cervical cancers, depending on the stage of cancer 

progression, include surgery, chemotherapy, radiotherapy or chemoradiotherapy.28 Among 

these treatment options, the platinum drug Cisplatin (CDDP, see chapter 1.1.7.1) is widely 
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utilized and considered highly effective in cervical cancer treatment.66 Prolonged Cisplatin 

treatment, however, can lead to the development of drug resistance and reduced treatment 

efficacy.67 Therefore, Cisplatin is routinely combined with other chemotherapeutic agents 

such as Topotecan, Paclitaxel, 5-Fluorouracil and Bleomycin to improve the clinical 

outcome.28 Moreover, other platinum-based drugs with lower toxicity profiles, such as 

Carboplatin, are being investigated as potent alternatives to Cisplatin treatment.67 

Immunotherapies for cervical cancers are increasingly explored as promising treatment 

strategies.68 One notable immunotherapeutic approach is the use of the immune checkpoint 

inhibitor Pembrolizumab, which targets the programmed cell death protein 1 (PD-1) on 

lymphocytes. This inhibitor has been approved for the treatment of recurrent and metastatic 

cervical tumors that are positive for programmed death ligand 1 (PD-L1).68  

Another emerging and highly personalized approach for cervical cancer treatment is adoptive 

T cell therapy. This approach comprises the extraction, ex vivo expansion and reinfusion of 

tumor-infiltrating lymphocytes/T cells to efficiently target cancer cells.68  

Moreover, therapeutic vaccinations are being developed to target HPV-positive precancerous 

lesions.69 These therapeutic HPV vaccines deliver HPV-specific antigens, for instance HPV 

E6/E7 epitopes, to antigen-presenting cells that subsequently activate targeted cytotoxic and 

helper T cell responses against HPV-infected cells and hence prevent their progression to 

cancer.61,69 Several types of therapeutic HPV vaccines, including live vector vaccines, protein 

or peptide vaccines, nucleic acid vaccines, and cell-based vaccines, are tested in clinical 

trials. However, no therapeutic vaccine has been licensed so far due to limited clinical 

success.61 The investigation of combining different immunotherapies, as well as their 

integration with existing chemo- or radiotherapy approaches, aims to overcome current 

treatment limitations and resistance mechanisms. 

 

1.1.7.1 Cisplatin 

Cisplatin (cis-diamminedichloroplatinum(II), cis-[Pt(NH3)2Cl2]) is a widely used chemo-

therapeutic drug for the treatment of cervical cancer. It consists of a platinum core coupled to 

two chloride and two amine ligands. First synthesized in 1844 by M. Peyrone, it was 

approved for cancer therapy in 1987 and remains a conventional treatment option for cervical 

cancers today.70  

After cellular import, Cisplatin chloride ions are substituted by water molecules, which results 

in the formation of highly reactive electrophiles.70 This substitution occurs because 

intracellular chloride concentrations are lower compared to the extracellular environment. 
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Cisplatin then binds to the nucleophilic N7 reactive site of DNA purine bases, leading to the 

generation of both inter- and intrastrand DNA adducts.71 In a dose-dependent manner, 

Cisplatin-induced DNA damage results in cell cycle arrest and DNA repair, cellular 

senescence or apoptosis, the programmed cell death pathway (see chapter 1.2).72,73 

Severe Cisplatin-induced DNA damage primarily arises from the formation of DNA 1,2-

intrastrand d(GpG) and d(ApG) crosslinks, which promote the recruitment of damage 

recognition proteins, including the Ataxia telangiectasia and Rad3-related (ATR) kinase.73 

ATR phosphorylates Chk1, which in turn activates p53 that plays a central role in the 

response to Cisplatin.74,75 Through the transactivation of several target genes such as 

p21Waf1/Cip1, gadd45a, or pro-apoptotic bax, p53 facilitates cell cycle arrest, allowing the cells 

to repair the DNA lesions or undergo apoptosis.76,77 Furthermore, p53 induces the expression 

of specific death receptors, including Fas receptor (FasR) and death receptor 5 (DR5).78 

Hence, Cisplatin treatment can promote apoptosis induction through both the intrinsic and 

extrinsic apoptosis pathways.79 Additionally, Cisplatin treatment activates members of the 

mitogen-activated protein kinase (MAPK) pathway, including extracellular signal-regulated 

kinases (ERK), c-Jun N-terminal kinases (JNKs), and p38 kinases, which can contribute to 

the Cisplatin-induced DNA damage response or cell death.70,73,80 

Cisplatin and other conventional chemotherapeutic drugs lack the selectivity for targeting 

tumor cells, resulting in damage to healthy proliferating cells as well. Furthermore, Cisplatin-

induced nephrotoxicity and the development of Cisplatin resistance constitute major 

obstacles of cervical cancer therapy.73,81 Chemoresistance, characterized by an inability to 

induce apoptosis in tumor cells at clinically feasible drug doses, critically worsens patient 

survival and constitutes a main cause for tumor recurrence.73 Cisplatin resistance can be 

intrinsic or acquired after extended treatment, and Cisplatin-resistant tumor cells often exhibit 

cross-resistance to other platinum drugs and several unrelated anticancer treatments.73,82  

Resistance mechanisms to Cisplatin include, for instance, decreased drug uptake or 

increased drug efflux, drug inactivation and sequestration in the cytoplasm by nucleophilic 

scavenger proteins (e.g. glutathione (GSH) or metallothioneins), as well as enhanced DNA 

damage repair or defects in the pro-apoptotic signaling cascade.83 Notably, it has been 

shown that only approximately 1% of intracellular Cisplatin binds to nuclear DNA and forms 

DNA adducts.84,85 Concurrently, most of the drug is bound and inactivated by cytosolic 

proteins and thiol-containing molecules or gets sequestered in subcellular organelles such as 

lysosomes, Golgi and vesicles.84,85 Importantly, chemoresistance in tumor cells is a complex 

phenomenon characterized by the interplay of various cooperating mechanisms. 
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In cervical cancer cells, a key therapeutic resistance mechanism to pro-apoptotic Cisplatin 

treatment is the inactivation of p53 via E6/E6AP-dependent degradation.49,86 Moreover, 

E6/E7 mediate the repression of the pro-apoptotic tumor suppressor Dickkopf-1 (Dkk1), 

which is a critical determinant for the response of cervical cancer cells to Cisplatin 

treatment.87 Investigating the molecular mechanisms, particularly in HPV-positive cancer 

cells, in response to Cisplatin treatment holds promise for overcoming chemoresistance and 

improving current treatment strategies. 

 

1.2 Cell death 

Cell death is a crucial biological process that is essential for the proper functioning and 

development of living organisms. In general, cell death can occur through regulated 

pathways, characterized by structured molecular signaling cascades, or through accidental 

mechanisms, which occur spontaneously and uncontrolled.88–90 Over time, various types of 

cell death pathways have been described, including apoptosis, necrosis, pyroptosis, 

ferroptosis, entosis, lysosome-dependent cell death, and autophagy-dependent cell death.90 

Importantly, these cell death pathways interact and cross-regulate each other, contributing to 

the complexity of the overall cell death process.89,90  

 

1.2.1 Apoptosis 

Apoptosis, a form of programmed cell death, is evolutionary conserved across species and 

plays a key role in health and disease.91 Apoptotic cell death is essential during development 

and for cellular homeostasis, as well as for the clearing of infected cells and cells with 

irreparable DNA damage.92 Consequently, deregulation of the apoptotic process can result in 

severe pathological consequences.92 

Tumor therapies preferentially induce apoptosis, as it, in contrast to necrosis, does not 

induce an inflammatory response.89,92,93 However, cancer cells often evade apoptosis, and 

upregulate anti-apoptotic proteins, including B-cell lymphoma 2 (BCL-2), BCL-xL, or inhibitor 

of apoptosis protein (IAP) to support survival.48 

Apoptosis is characterized by distinct morphological features, including cell and nuclei 

shrinkage, chromatin condensation, membrane blebbing, and the formation of apoptotic 

bodies that are subsequently cleared through phagocytosis.94 Biochemical changes during 

apoptosis involve the translocation of phosphatidylserine from the inner to outer layer of the 

cell membrane, DNA fragmentation and caspase activation.94 Caspases, the major executors 

of apoptosis signaling, are cysteine-aspartic proteases that cleave a variety of apoptotic 
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effector proteins, leading to cell death.95 Caspases are initially expressed as catalytically 

inactive zymogens and become activated in response to apoptotic stimuli through sequential 

proteolytic cleavage. During apoptosis, caspases are functionally distinguished as initiator 

caspases (Caspase 8, 9, 10) and executioner or effector caspases (Caspase 3, 6, 7).95  

Apoptosis can be induced through the extrinsic and the intrinsic pathway, depending on the 

apoptotic stimulus (Figure 3).79,92 The extrinsic or death receptor pathway is activated when 

extracellular ligands bind to death receptors, such as Fas ligand (FasL) binding to Fas 

receptor, tumor necrosis factor alpha (TNFα) binding to TNF receptor 1/2 (TNFR1/2), or TNF-

related apoptosis-inducing ligand (TRAIL) binding to DR4 or DR5.96–99 Subsequently, the 

death receptors oligomerize, recruit adaptor proteins to their cytoplasmic domain (e.g. FADD 

to Fas/FasR) and induce the formation of a death-inducing signaling complex (DISC) that 

allows the activation of initiator Caspases 8 and 10.100 Procaspase 8 and 10 are then 

activated through autocatalytic cleavage and either directly cleave effector Caspases 3 and 7 

or activate the intrinsic apoptosis pathway by cleaving the BH3 interacting domain death 

agonist (BID) protein, which belongs to the BCL-2 protein family (Figure 3).101,102  

The intrinsic or mitochondrial pathway is primarily induced via DNA damage, oxidative stress, 

or nutrient withdrawal.92 This pathway involves the induction of mitochondrial outer 

membrane permeabilization (MOMP) and the release of Cytochrome c (Cyt c) into the 

cytosol which is finely regulated by the expression and interactions of members of the BCL-2 

protein family (Figure 3).103,104 Proteins of the BCL-2 family are subdivided in the pro-

apoptotic pore-formers BAX and BAK, pro-apoptotic BCL-2 homology 3 (BH3)-only proteins 

(e.g. BAD, BID, BIM) and anti-apoptotic factors (e.g. BCL-2 or BCL-xL).105 The ratio of pro-

apoptotic BAX and its anti-apoptotic opponent BCL-2 decisively affects the fate of the cell 

and the progression of apoptosis.105 Cellular stressors or DNA damaging agents such as 

Cisplatin can activate the p53-dependent expression of bax or induce BCL-2 cleavage.77,106 

Activation of BAX and BAK allows their oligomerization and the formation of pores in the 

mitochondrial outer membrane, resulting in MOMP and the release of the pro-apoptotic 

factors Cyt c, second mitochondria-derived activator of caspase (Smac), Omi/HTR2 and 

apoptosis inducing factor (AIF) from the mitochondrial intermembrane region into the 

cytosol.107–109 Cytosolic Cyt c oligomerizes with apoptotic protease activating factor 1 

(APAF1), dATP and Procaspase 9 to form the apoptosome, which enables autoproteolytic 

cleavage and activation of Caspase 9. This activation subsequently leads to the cleavage of 

downstream Caspases 3, 6 and 7.110–112 Smac and Omi/HTR2 interfere with IAPs and 

prevent their negative regulation of caspase activation.113,114 

Consequently, both extrinsic and intrinsic apoptosis pathways eventually activate the effector 

Caspases 3, 6, and 7.95,115 Among a variety of substrates, these caspases then cleave and 
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inactivate the poly (ADP-ribose) polymerase (PARP) protein, which is involved in DNA repair 

and transcriptional regulation, and thus promote DNA fragmentation.115,116 Accordingly, 

cleavage of caspases and PARP (resulting in 89 and 24 kDa fragments) are widely 

recognized as reliable markers for the induction of apoptosis.111,116,117 

 

Figure 3. Extrinsic and intrinsic apoptosis pathway.  

The extrinsic apoptosis pathway is induced by death ligands, like FasL, binding to death receptors, such as Fas 

receptor, leading to the formation of an intracellular signaling complex with death receptor adaptor proteins (e.g. 

FADD). This complex activates Procaspases 8 and 10, which in turn activate executioner Caspases 3 and 7, and 

trigger apoptosis. The intrinsic apoptosis pathway is induced by the activation of pro-apoptotic BH3-only proteins 

and the inhibition of anti-apoptotic BCL-2 proteins, for instance by DNA damage or cytotoxic drugs. This pathway 

involves the recruitment of pore forming proteins BAX and BAK to the mitochondria and the induction of MOMP, 

leading to the release of Cytochrome c and Smac. The apoptosome, composed of APAF1, Cytochrome c, and 

Caspase 9, activates Caspase 9, allowing subsequent activation of Caspases 3 and 7, and apoptosis induction. 

Cytosolic Smac can inhibit X-linked inhibitor of apoptosis (XIAP), which otherwise interferes with the activation of 

Caspase 3 and 7. The extrinsic and intrinsic apoptosis pathways are interconnected through the Caspase 8-

mediated cleavage of BID. The generated truncated BID (tBID) facilitates the recruitment of BAX and BAK to the 

mitochondrial membrane. Additionally, certain pro-apoptotic stresses can also induce lysosomal membrane 

permeabilization and the release of lysosomal proteases, such as cathepsins, into the cytosol. Cathepsins can 

stimulate the apoptosis cascade by cleaving BID, BCL-2 homologues, XIAP or procaspases. 
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1.2.2 Role of BID in apoptosis signaling 

BID plays a crucial role in the apoptosis signaling, connecting the extrinsic, death-receptor-

initiated apoptosis and the intrinsic, mitochondrial apoptosis pathways.101,118,119 As a member 

of the BH3-only family, BID interacts with and inhibits anti-apoptotic BCL-2 family 

members.105 Of note, bid expression is transcriptionally regulated by p53 and is induced in 

response to DNA damage.120 

During apoptosis, BID gets activated, primarily through cleavage by Caspase 8 

(Figure 3).101,121 The truncated BID (tBID) protein translocates to and inserts into the 

mitochondrial membrane, where it recruits inactive, cytosolic BAX.107,122,123 Subsequently, 

tBID triggers a conformational change in BAX, allowing its oligomerization and its insertion 

into the outer mitochondrial membrane, resulting in the release of Cyt c.107,122,123 Recently, 

tBID was shown to promote MOMP also independently of BAX and BAK.124 In addition, BID 

is targeted and cleaved by other intracellular proteases in response to cellular stress, for 

instance by Caspases 10, 2 and 3, granzymes, calpains or cathepsins that are leaking into 

the cytosol after lysosomal damage.125–131 Interestingly, full-length BID may also translocate 

to mitochondria and exhibit pro-apoptotic functions without undergoing proteolytic activation, 

for instance during anoikis, a form of cell death triggered by the disruption of cell-matrix-

interactions.132 

In cervical cancer cells, BID is essential for Fas/CD95 and TRAIL-induced apoptosis but is 

also involved in DNA damage-induced apoptosis by Etoposide, Oxaliplatin and 

Doxorubicin.133 Therefore, abnormal expression or activation of BID within cancer cells can 

affect the apoptosis signaling and subsequently influence the efficacy of chemotherapy. 

 

1.3 Lysosome biology and lysosomal functions in cancer cells 

Lysosomes are membrane-bound organelles that contain more than 60 different hydrolytic 

enzymes (e.g. proteases, lipases, glycosidases, phosphatases, nucleases, and sulfatases) 

with the ability to break down diverse biomolecules including proteins, lipids, carbohydrates, 

and nucleic acids.134 The acidic lysosomal lumen with pH 4.5–5 ensures optimal enzyme 

activity and is generated by the ATP-dependent activity of the vacuolar H+ ATPase 

(V-ATPase) proton pump on the lysosomal transmembrane.135,136 

Lysosomes are essential for the maintenance of cellular homeostasis and the catabolism of 

cargo from endo- or phagocytosis, as well as for the degradation of damaged proteins and 

organelles during autophagy (see chapter 1.4).134 Furthermore, lysosomes are important 

signaling hubs, for instance for the nutrient sensing mechanistic target of rapamycin (mTOR) 
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complex 1 (mTORC1) and participate in cell growth and energy metabolism.137 Additionally, 

lysosomes are involved in plasma membrane repair, cellular stress responses, several cell 

death pathways, and in the defense against invading pathogens.134 

Lysosomal enzymes are synthesized as precursor proteins at the rough endoplasmic 

reticulum (ER) and undergo a complex trafficking and sorting process through the Golgi 

apparatus, the trans-Golgi network and transport vesicles to reach the lysosomes 

(Figure 4).138 This trafficking involves the mannose-6-phosphate (M6P) pathway.138 

Mechanistically, M6P residues are added to the lysosomal precursor enzymes in the Golgi, 

involving the catalytic activities of N-acetylglucosaminyl-1-phosphotransferase (GNPTAB) 

and uncovering enzyme (UCE).139–141 The M6P-tagged precursor enzymes are recognized by 

M6P receptors (MPR), either by the cation-dependent CD-MPR (46 kDa) or the cation-

independent CI-MPR/IGF2R (300 kDa). The MPRs are located in the trans-Golgi network 

and in endosomes and ensure the vesicular transport to the lysosomes.138,142 Both MPRs 

have distinct and shared M6P-containing targets and are essential for the complete targeting 

of all lysosomal enzymes.143 Several lysosomal proteins are proteolytically cleaved in the 

acidic environment of the endosomes, and are then processed into their mature, active forms 

within the lysosomes.144  

Lysosomal dysfunctions caused by genetic mutations, reduced lysosomal enzyme activities, 

impaired acidification or defective lysosomal membrane integrity are linked to several 

malignancies, including cancer (see chapter 1.3.1-1.3.2).145–147 Therefore, lysosomes are 

increasingly investigated as therapeutic targets in cancer cells.147–150 

 

1.3.1 Cathepsins 

Cathepsins are a group of important lysosomal proteases that belong to the papain family.151 

Based on their catalytic sites, cathepsins are classified as serine (Cathepsins A and G), 

cysteine (Cathepsins B, C, F, H, K, L, O, S, V, X, W) and aspartic (Cathepsins D and E) 

proteases.151,152 Among these, Cathepsin B (CTSB), Cathepsin L (CTSL) and Cathepsin D 

(CTSD) are the most abundant lysosomal proteases.151 

Cathepsins are synthesized as immature, inactive proenzymes, which are subsequently 

sorted to the lysosomes via the M6P pathway. Within the lysosomes, they undergo 

processing to their mature, active forms (Figure 4).138 The final activation of cathepsins in the 

lysosomes is either an auto-catalytic process (e.g. for CTSB, H, L, S, K) or trans-catalytic 

with the assistance of other lysosomal proteases (e.g. for CTSC, D, X).151  
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Alterations in the lysosomal pH can critically influence the activation and function of 

cathepsins. Interestingly, even though cathepsins are most active at lysosomal pH of 4–5, 

several cathepsins have been shown to exert their proteolytic activity also at higher pH, 

allowing them to function also outside of the endo-/lysosomal compartments.151,153,154 In 

addition to the pH-dependent regulation, cathepsin activities are also controlled by 

endogenous protein inhibitors such as stefins, cystatins, and kininogens. These inhibitors 

reversibly regulate cathepsin activities, particularly when small amounts of lysosomal 

enzymes leak into the cytosol.151,152  

Lysosomal cathepsins are crucially involved in various cellular processes, including protein 

turnover, autophagy, and cellular homeostasis. Additionally, depending on the cathepsin type 

and the cellular context, cathepsins can exhibit diverse physiological and pathological 

functions when they localize to different cellular compartments such as the nucleus, 

mitochondria, or cytoplasm, or when they are secreted into the extracellular space.151,152 For 

instance, secreted cathepsins are involved in the degradation of extracellular matrix (ECM) 

components, which facilitates tumor invasion and metastasis into surrounding tissues.155 

Figure 4. Transport and maturation process of cathepsins.  

Cathepsins are synthesized in the endoplasmic reticulum as inactive pre-pro-cathepsins, consisting of signal

peptide, prodomain, light chain, and heavy chain. Removal of the signal peptide generates pro-cathepsin

intermediates, which are tagged with mannose-6-phosphate (M6P) residues and bind to M6P receptors in the

trans-Golgi network. Pro-cathepsins are then transported to early and late endosomes, dissociate from the M6P

receptor, and are processed in the acidic environment of the endosomes. In the lysosome, cathepsins are

cleaved, either auto- or trans-catalytically, into their active, double-chain form. Precursor cathepsins can also be

released via secretory vesicles into the extracellular space. 
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Intracellular cathepsins, on the other hand, can modulate immune responses and antigen 

processing, mediate inflammatory responses via inflammasome activation, regulate 

chemokine activity, promote angiogenesis, and participate in apoptosis signaling.151 Thus, 

abnormal cathepsin localization, expression, and activity levels have been linked to 

pathological changes and contribute, among others, to cancer progression.151,155,156  

 

1.3.2 The role of lysosomes and cathepsins in cell death 

Lysosomal stress and lysosomal membrane permeabilization (LMP) can trigger the induction 

of several cell death pathways, including apoptosis, lysosome dependent cell death (LDCD), 

necrosis, pyroptosis, and ferroptosis.148,150 Upon LMP, lysosomal content, including hydrolytic 

enzymes, is released into the cytosol. The severity of lysosomal rupture determines the 

cellular fate.148 While minor LMP can be compensated by endolysosomal damage-response 

mechanisms, moderate LMP leads to an increased release of lysosomal enzymes and the 

induction of controlled cell death pathways.150,157 Complete lysosome rupture results in 

uncontrolled necrosis.148  

Apoptotic stimuli by certain chemotherapeutic drugs can induce LMP, leading to the release 

of cathepsins into the cytoplasm.148,150,158 The released cytosolic cathepsins, for instance 

Cathepsins B, D or L, can trigger and enhance pro-apoptotic signaling by cleaving 

procaspases, BID, or BCL-2 homologues, and thereby promoting the release of 

mitochondrial Cyt c (Figure 3).125,126,158–160  

As cathepsins released during LMP can facilitate both caspase-dependent apoptosis as well 

as caspase-independent LDCD or necrosis, their role in cell death regulation is complex and 

critically depends on the cellular context, the types of cathepsins involved and the LMP-

inducing stimulus.158–161  

 

1.4 Autophagy 

Autophagy is a cellular process that is essential for maintaining cellular homeostasis by 

degrading and recycling unnecessary or damaged proteins and organelles through the 

lysosomal pathway.162 The recycled biomolecules can be used for metabolic processes and 

new biosynthesis.162 Various stress conditions, including nutrient starvation, oxidative and 

heat stress, increase cellular autophagy levels to allow adaptation and survival.163 Thereby, 

the regulation of mTOR and AMP activated protein kinase (AMPK) signaling is critical, as 

active mTORC1 inhibits early steps of autophagy, while active AMPK promotes 

autophagy.164 Multiple forms of autophagy that are regulated by distinct molecular 
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mechanisms can be distinguished, including for instance macroautophagy, microautophagy, 

and chaperone-mediated autophagy.162  

Macroautophagy, which will be referred to as ‘autophagy’ hereafter, is characterized by the 

formation of a double-membrane structure, the autophagosome, which engulfs cellular 

contents. Subsequently, the autophagosome fuses with the lysosome to degrade its cargo.163 

Mechanistically, autophagy is characterized by sequential processes of (step i) initiation, 

(step ii) nucleation, (step iii) phagophore expansion and autophagosome maturation, (step iv) 

autophagosome-lysosome fusion, (step v) cargo degradation and amino acid/peptide 

generation.163,165 During the entire process, autophagy-related genes (ATGs) tightly control 

the proceeding of the distinct autophagy steps.165  

Upon mTORC1 inactivation, the Unc-51-like kinase 1 (ULK1) complex is activated (step i) 

and recruits components of the class III phosphatidylinositol 3-kinase (PI3K) complex to the 

phagophore assembly site. The class III PI3K complex then induces phosphatidylinositol 3-

phosphate (PI3P) synthesis at the ER for the formation of the phagophore membrane 

(step ii). Subsequently, two ubiquitin-like conjugation systems, the ATG12-ATG5-ATG16 

complex and the ATG8 system (also known as microtubule-associated light chain 3, LC3) 

control the elongation of the phagophore (step iii). During autophagosome maturation, LC3 

gets cleaved by ATG4, generating LC3-I, and is conjugated to phosphatidylethanolamine in 

the phagophore membrane, forming LC3-II. LC3-II then sequesters autophagic cargo by 

recognizing autophagic receptors, for instance p62/SQSTM1, before the autophagosomal 

membrane is sealed and fused with lysosomes to autophagolysosomes (step iv). Lysosomal 

hydrolases degrade the autophagic cargo and the recovered amino acids, fatty acids etc. are 

released into the cytosol and recycled for novel biosynthesis (step v).163,165  

In the context of cancer, autophagy can exert both pro- and antitumorigenic functions, 

depending on the cellular context.166,167 During the early stages of cancer, autophagy can 

suppress tumorigenesis. In established cancers, however, autophagy facilitates survival of 

tumor cells in response to metabolic or therapeutic stress.166,167 Given the significance of 

autophagy in cancer, there is increasing interest in targeting and modulating autophagy as a 

therapeutic strategy for cancer patients. Studies have shown promising synergistic effects 

when combining autophagy modulation with chemotherapeutic agents in different types of 

cancer.166,168 Autophagy inhibition alleviates tumor growth and sensitizes cancer cells to 

cytotoxic treatment.168 However, the dual role of autophagy also implies therapeutic 

limitations that need to be carefully considered and evaluated. Thus, investigations of 

autophagy modulation in combination with chemotherapeutic agents provide valuable new 

insights for cancer treatment strategies.166,168  
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1.5 Tumor hypoxia 

A main feature of the tumor microenvironment in solid cancers is the presence of tumor 

hypoxia.169–171 Hypoxic tumor subregions are characterized by low oxygen partial pressure 

ranging from < 0.1 mm Hg (anoxia) to 15 mm Hg, which corresponds to an oxygen 

concentration below 2%.171–173  

It is important to note that most in vitro research conducted under standard cell culture 

conditions at 20–21% O2 (“normoxia”) does not accurately reflect the physiological oxygen 

levels in organs. For example, in the healthy uterine cervix, the median oxygen levels range 

from 5–6% (“physoxia”), while cervical cancers exhibit a median oxygen concentration of 

only 1.2%.173  

Two major forms of tumor hypoxia are distinguished: chronic hypoxia and cycling hypoxia 

(cycH) (Figure 5).169 Chronic hypoxia arises after prolonged oxygen deficit lasting multiple 

hours to days. Due to diffusion limitations, cancer cells that are not in spatial proximity to 

blood vessels (distance > 70 µm) receive insufficient nutrients and oxygen.169,170 Cycling 

hypoxia, on the other hand, results from perfusion limitations of poorly structured, and often 

functionally impaired tumor microvessels.169,174,175 Periodic occlusions of these vessels, for 

instance by blood cell aggregates, followed by subsequent reperfusions, expose nearby 

tumor cells to repetitive cycles of hypoxia (H) and reoxygenation (R) (H-R cycles). The H-R 

cycles vary in duration and frequency and can range from minutes to days.175,176  

Figure 5. Chronic and cycling hypoxia are two types of tumor hypoxia. 

Left: Chronic hypoxia is caused by diffusion limitations. Tumor cells with enlarged distances (> 70 µm) from blood 

vessels receive insufficient oxygen and become hypoxic. Right: Cycling hypoxia results from repetitive perfusion

limitations of blood vessels, e.g. by red blood cell aggregates. Nearby tumor cells are exposed to fluctuating

cycles of hypoxia and reoxygenation. Red: oxygenated tumor cells, blue: hypoxic tumor cells. 
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In response to limited oxygen supply, tumor cells undergo various adaptive changes in 

cellular processes. These adaptations include metabolic reprogramming and a switch from 

oxygen-dependent oxidative phosphorylation to increased anaerobic glycolysis177, the 

stimulation of angiogenesis178, as well as increased invasion and metastasis179. Moreover, 

hypoxia increases genomic instability180, downregulates DNA repair mechanisms180, 

suppresses apoptosis181 and senescence182, and contributes to an immunosuppressive 

tumor microenvironment.183 These adaptations ultimately contribute to the selection of a 

more aggressive and therapy-resistant tumor cell subpopulation. 

 

1.5.1 Hypoxia-induced alterations of cellular pathways 

1.5.1.1 Hypoxia-inducible factors (HIFs) 

HIFs are master regulators of many hypoxia-induced changes in gene expression. They are 

heterodimeric transcription factors composed of a stably expressed HIF-β subunit and an 

oxygen-regulated α subunit, HIF-1α, HIF-2α, or HIF-3α.184 The genes encoding HIF-α 

subunits are constantly transcribed and translated but are stabilized only under hypoxic 

conditions.185 Under normoxia, prolyl hydroxylases (PHDs) and the von-Hippel-Lindau (VHL) 

tumor suppressor protein, that function as E3 ubiquitin ligase complex, facilitate 

hydroxylation and subsequent ubiquitination and proteolytic degradation of HIF-α subunits, 

respectively.184–186 In addition, factor-inhibiting HIF-1 (FIH1) hydroxylates an asparagine 

residue of HIF-1, hindering the recruitment of transcriptional coactivators.187,188  

Under hypoxic conditions, the lack of oxygen and cellular metabolites, particularly iron and 

α-ketoglutarate, impede the activity of FIH1 and PHD and prevent HIF-α hydroxylation and 

degradation.186,188 Consequently, HIF-α and HIF-β subunits dimerize and translocate into the 

nucleus, where they form a complex with the coactivators CREB-binding protein (CBP) and 

p300.185 The HIF complexes then bind to hypoxia responsive elements (HREs) with the 

consensus sequence 5′ RCGTG 3′ and induce the transcription of target genes.189 HIFs 

regulate the expression of more than a hundred target genes that are involved in glucose 

transport, metabolism, and angiogenesis, among others.185,190 Under certain circumstances, 

HIF-α expression and stabilization can occur also via oxygen-independent mechanisms, for 

instance by oncogenic signaling, genetic alterations of the VHL gene or by mutations in the 

Wnt/β-catenin signaling pathway.185 

Among the HIF-α subunits, HIF-1α and HIF-2α are the main mediators of the HIF 

transcriptional program. Despite their structural and functional similarities, HIF-1α and HIF-2α 

can exhibit distinct but complementary transcriptional regulations upon binding to the same 

HRE.191 The divergence in target gene regulation can be attributed to differences in time- and 
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oxygen-dependent stabilization kinetics as well as interactions with transcription factors and 

coregulators.192,193 While HIF-1α predominantly governs metabolic reprogramming in 

response to acute hypoxic stress, HIF-2α is stabilized at higher relative O2 concentrations 

(~ 5%) and rather influences extracellular remodeling and angiogenesis.191,194 

 

1.5.1.2 N-myc downstream regulated gene 1 (NDRG1) 

NDRG1 is ubiquitously induced in response to cellular stress conditions such as hypoxia, 

DNA damage, hormone responses, cellular growth arrest, and cellular differentiation in 

various human tissues and cancers.195 NDRG1 is a highly conserved, predominantly 

cytosolic protein with a molecular weight of 43 kDa. The protein belongs to the α/β hydrolase 

superfamily, however, it does not possess hydrolytic catalytic activity.196  

The expression of NDRG1 is regulated at the transcriptional, post-transcriptional, and 

translational level.195,197 Multiple effectors are known to influence intracellular NDRG1 levels, 

including e.g. N-myc and c-myc.198 Hypoxic upregulation of NDRG1 expression can be 

induced by the HIF-1 complex binding to one of the three HREs upstream of the NDRG1 

promoter or by HIF-independent mechanisms, for instance via EGR1 or AP1.199–202 

Moreover, other factors including p53, PTEN, iron depletion and heavy metal ions can 

promote transcriptional upregulation of NDRG1.203–206 Post-translationally, NDRG1 is 

phosphorylated at multiple serine and threonine residues by serum/glucocorticoid regulated 

kinase 1 (SGK1), which primes for phosphorylation by glycogen synthase kinase 

(GSK-3β).207,208 Additionally, NDRG1 has potential phosphorylation sites for calmodulin 

kinase 2, protein kinase A, and protein kinase C.209,210 In addition to its predominantly 

cytoplasmic localization, NDRG1 can also localize to the nucleus, the plasma membrane and 

adherens junctions.197 Phosphorylation, localization, and direct binding of effector molecules 

determine the function of NDRG1; however, its specific mechanism of action remains 

elusive.211–213 

The role of NDRG1 in different tumors is strongly dependent on the specific cancer type. In 

brain, breast, pancreas, colorectal, and prostate cancers, NDRG1 possesses anti-oncogenic 

functions and acts as metastasis suppressor.214 Anti-oncogenic NDRG1 activity is exerted by 

interference with various signaling pathways including the nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) pathway, the PI3K/AKT/mTOR signaling, the 

Ras/Raf/MEK/ERK pathway, the transforming growth factor-β (TGF-β) network as well as 

Wnt signaling.215  

In contrast, in liver, kidney, ovarian, and cervical cancers, NDRG1 expression has been 

linked to poor prognosis, increased invasion and tumor growth in vitro and in vivo.216–219 
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In cervical cancer, elevated levels of NDRG1 have been associated with enhanced 

angiogenesis and resistance to chemoradiotherapy.217,220 Given the multitude of cancer cell 

type-specific functions, further in-depth research on NDRG1 in cervical cancer is required. 

 

1.5.2 Hypoxia and cancer therapy 

Tumor hypoxia critically influences tumor development, angiogenesis, and metastasis. 

Furthermore, hypoxic tumors exhibit increased resistance to chemo- and radiotherapy and 

are associated with poor clinical prognosis.169,171 The hypoxia-linked therapy resistance can 

be attributed to several factors. Firstly, many chemotherapeutic drugs require molecular 

oxygen for their efficacy, making them less effective under hypoxic conditions.221 Secondly, 

inadequate tumor vascularization can hinder the proper delivery of drugs to hypoxic cells and 

the upregulation of drug efflux transporters under hypoxia further diminishes intracellular 

concentrations as well as the effectiveness of chemotherapeutic agents.221 Thirdly, due to 

their low proliferation rates, cells under hypoxia are less susceptible to chemotherapeutic 

drugs that commonly target highly proliferative cells.221 Furthermore, hypoxia has a 

radioprotective effect and prevents radiotherapy-induced DNA damage, as the permanent 

fixation of DNA lesions is dependent on oxygen. Consequently, cells under hypoxia require 

2.5–3 times higher radiation doses compared to cells under normoxia to achieve comparable 

therapeutic effects.222  

The challenges associated with treating hypoxic tumor cells have led to the development of 

hypoxia-activated prodrugs and small molecule inhibitors specifically targeting hypoxia-

induced molecular targets.223 These approaches aim to overcome the limitations posed by 

tumor hypoxia and improve the efficacy of cancer treatments. 

 

1.5.3 Hypoxia in HPV-positive cancers 

In cervical cancers with a median oxygen concentration of 1.2%, tumor hypoxia is a 

significant challenge for tumor therapy and negatively affects patient prognosis.169 In addition 

to general cellular adaptations to a hypoxic tumor environment, HPV-positive cancer cells 

exposed to hypoxia induce unique alterations regarding the virus/host cell crosstalk.224,225 

Under chronic hypoxia (1% O2, 24 h), HPV-positive cancer cells strongly repress the viral 

E6/E7 oncogene expression, a phenomenon that can be reversed through reoxygenation.225 

Hypoxic repression of E6/E7 expression requires the hypoxia-induced activation of the 

PI3K/AKT signaling pathway (Figure 6).226 The upstream activators of AKT, namely PI3K and 

mTORC2, phosphorylate both isoforms of AKT, AKT1 and AKT2. Consequently, 



Introduction 

23 

phosphorylated AKT mediates the repression of HPV E6/E7 oncogenes under hypoxic 

conditions, which occurs, at least in part, at the transcriptional level.226 Of note, 

unphysiologically high medium glucose concentrations (4.5 g/L) can counteract the 

downregulation of HPV E6/E7 under chronic hypoxia.225  

In contrast to experimental silencing of E6/E7 under normoxia, e.g. by RNA interference 

(RNAi), the repression of E6/E7 under chronic hypoxia does not lead to a reconstitution of 

p53 and does not induce cellular senescence.225 Instead, the cells enter a state of dormancy 

characterized by a temporary growth arrest, which can be overcome by reoxygenation.225 

These observed phenotypic differences can be attributed, in part, to impaired mTORC1 

signaling under chronic hypoxia. Intact mTORC1 signaling is crucial for the "geroconversion" 

of transiently arrested cells into irreversibly arrested senescent cells.182,227 Thus, hypoxic 

inhibition of mTORC1 signaling allows HPV-positive cancer cells to evade efficient 

senescence induction and provides resistance to pro-senescent chemotherapies 

(Figure 6).224,225 

Figure 6. Virus/host cell crosstalk in HPV-positive cancer cells under normoxia and chronic hypoxia. 

Under normoxia (21% O2), continuous expression of HPV E6/E7 oncoproteins drives the malignant phenotype of

HPV-positive cervical cancer cells. HPV E7 targets pRb and related pocket proteins p107 and p130, leading to

their proteasomal degradation. Consequently, E2F transcription factors are released and activate the transcription

of cell cycle promoting genes, such as Cyclin A/E, allowing sustained cell cycle progression. Simultaneously,

HPV E6, in combination with E6-associated protein (E6AP), induces the proteasomal degradation of p53 and

thereby protects against pro-apoptotic stimuli. In contrast, under chronic hypoxia (1% O2), the E6/E7 oncogene

expression is repressed via the PI3K/mTORC2/AKT pathway. Upon E6/E7 repression, hypoxic cells induce a

dormant state and reversibly inhibit cell proliferation. Hypoxic impairment of mTORC1 signaling allows HPV-

positive cervical cancer cells to evade senescence induction. 
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The hypoxia-induced changes in HPV-positive cancer cells thus could have a substantial 

impact on their clinical behavior and particularly on their response to specific antiviral 

approaches. In addition to the general immunosuppressive effects of hypoxia, the repression 

of E6/E7 oncoproteins could pose a challenge for immunotherapeutic approaches targeting 

E6/E7-derived peptides as the presentation of viral antigens on the cellular surface might be 

impeded.21,224 Moreover, the hypoxia-mediated suppression of viral oncogenes could protect 

hypoxic HPV-positive cancer cells from potential E6/E7 inhibitors. Furthermore, the 

reversible growth arrest of cervical cancer cells under hypoxia raises the possibility that 

dormant hypoxic tumor cells may favor tumor recurrence after reoxygenation, for instance 

after therapeutically induced tumor shrinkage and access to improved oxygenation.21,224,225 

Hence, further investigations of hypoxia-induced molecular changes in HPV-positive cancer 

cells are required to improve our insights into the process of HPV-associated carcinogenesis 

and to possibly provide a basis for future therapeutic strategies. 

 

1.5.4 Cycling hypoxia 

In hypoxic tumor regions, cancer cells are exposed to both chronic hypoxia and cycH 

(Figure 5).169,174,228 However, the effects of cycH and continuous oxygen fluctuations on 

cancer cells are much less investigated compared to chronic hypoxia. In a xenograft mouse 

model analyzing HPV16-positive cervical cancer cells (SiHa), the presence and 

spatiotemporal characteristics of cycH were evidenced and highlight the therapeutic 

relevance of cycH for cervical cancer.228 

 

1.5.4.1 Kinetics of cycH in tumors 

The kinetics and distribution of cycH within solid tumors are complex. Fluctuations of oxygen 

supply are attributed to changes in erythrocyte flow, perfusion limitations, as well as the 

formation of new vascular networks.175 Consequently, the frequency and duration of hypoxic 

cycles can range from two to five cycles per hour to slow fluctuations over multiple hours or 

days.175 CycH occurs in networks of microvessels and both short-term and long-term cycH 

coincide in tumor entities.176,229 Variations in blood flow and resulting differences in oxygen 

fluctuation magnitudes are dependent on tumor type, sites of tumor growth as well as tumor 

histology.229,230 For instance, connective tissue surrounding microvessels may stabilize blood 

flow and oxygen partial pressure and protect tumor tissue from extensive cycH.231 Thus, 

cervical cancer xenografts with higher fractions of connective tissue-associated blood 

vessels show reduced oxygen fluctuation frequency and relative amplitude in comparison to 

melanoma xenografts with low connective tissue fractions.231  
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The countless variations in cycH parameters pose a challenge to accurately mimic cycH 

in vitro, compare existing studies, and draw universal conclusions.232  

 

1.5.4.2 CycH-associated cellular changes 

There is increasing evidence suggesting that cycH and chronic hypoxia have distinct effects 

on gene regulatory networks and signaling pathways.175,230,232,233 Specifically, the 

reoxygenation periods during cycH activate processes that go beyond the adaptation to 

chronic hypoxia. For instance, it is widely accepted that upon reperfusion of hypoxic tumor 

regions, cells can restore signaling pathways related to cell proliferation and ATP-consuming 

processes, like protein synthesis.175 Furthermore, cycH reoxygenation phases can promote 

the generation of reactive oxygen species (ROS) production (up to 100-fold higher than basal 

levels), leading to increased oxidative stress and DNA damage compared to chronic hypoxia, 

which eventually selects for a more stress-resistant surviving cell subpopulation.175,234–238 

Interestingly, cycH also has characteristic and distinct effects on HIFs compared to chronic 

hypoxia. HIF-1α is increasingly stabilized during hypoxic phases of cycH after repeated H-R 

cycles, exceeding the corresponding levels observed under chronic hypoxia, even though it 

is completely degraded during each cycH reoxygenation period.236,239–241 The cycH-induced 

HIF-1α stabilization is likely attributed to post-translational modifications or ROS-dependent 

mechanisms.236,239,240,242 

Phenotypically, cycH has been linked to proangiogenic effects, the selection of cancer stem 

cells, enhanced epithelial-mesenchymal transition (EMT), cancer cell migration, invasion and 

metastasis, as well as tumor-promoting inflammation.239,240,243–245 Furthermore, cycH is 

attributed to increased chemo- and particularly radioresistance of endothelial cells and 

several cancer cell lines.236,239,246–249 It is important to note that the responses to cycH are 

likely dependent on the cell type, the duration and number of H-R cycles, and the oxygen 

concentrations applied. Nonetheless, cancer cells under cycH appear to constitute a unique 

subset of cells that may be associated with a more aggressive malignant phenotype and 

increased therapy resistance, even compared to chronic hypoxia.175,230,232 Consequently, 

cells exposed to cycH may contribute to rapid tumor repopulation and tumor growth between 

treatments.175,230,232  

  



Introduction 

26 

1.6 Research objectives 

Tumor hypoxia critically determines the behavior of cancer cells, including their response to 

chemo- and radiotherapy. In HPV-positive cancer cells, chronic hypoxia leads to distinct 

effects on the virus/host cell crosstalk, resulting in E6/E7 repression, and allows their evasion 

from pro-senescent chemotherapy. CycH is a second major form of hypoxia, which is much 

less investigated, but may be associated with particularly pronounced therapy resistance.  

The aim of this thesis is to explore the so far unknown effects of cycH on the phenotype and 

the virus/host cell interactions in HPV-positive cervical cancer cells, addressing the following 

questions: 

(1) Does cycH affect expression and function of the viral E6 and E7 oncogenes? 

Investigations will include comparative analyses of HPV-positive cervical cancer cells 

cultivated under cycH versus normoxia, physoxia, and chronic hypoxia, regarding (i) the 

effects on E6/E7 expression at the protein and transcript level, (ii) the regulation of critical 

cellular targets (e.g. p53, pRb) for HPV-induced cell transformation, and (iii) the effects of 

cycH on cell proliferation and cell cycle regulation. 

(2) What are global effects of cycH in HPV-positive cancer cells? Quantitative proteome 

analyses will be performed to characterize cycH-linked alterations of the protein 

composition in HPV-positive cervical cancer cells, compared to normoxia, physoxia and 

chronic hypoxia. This approach will be followed by detailed functional analyses of factors, 

which may show substantial differences in their expression levels under cycH compared 

to physoxia.  

(3) Do cervical cancer cells under cycH differentially respond to radio- and chemotherapy 

compared to treatment under normoxia, physoxia and chronic hypoxia? Here, the 

response to γ-irradiation, pro-senescent chemotherapy with Etoposide as well as pro-

apoptotic chemotherapy with Cisplatin, the key chemotherapeutic drug used for cervical 

cancer treatment, will be investigated under different oxygen conditions.  

(4) If cycH increases the resistance to pro-apoptotic Cisplatin treatment, it will be attempted 

(i) to decipher the underlying molecular mechanism by modifying expression (e.g. by 

RNAi) or function (e.g. by small molecule inhibitors) of factors, which are critical for their 

enhanced therapy resistance and (ii) to re-sensitize cervical cancer cells to Cisplatin. 

Overall, it is hoped that these investigations will provide first insights into the phenotypic 

effects of cycH in cervical cancer cells and may serve as a basis for the development of 

strategies against a cell population, which could be particularly problematic for cancer 

therapy. 
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2 Results 

2.1 Virus/host cell crosstalk in HPV-positive cervical cancer cells under cycH 

2.1.1 HPV oncogene expression is maintained under cycH 

The expression of the hypoxia-regulated HIF-1α and HIF-2α proteins, as well as the 

HPV E6/E7 oncoproteins, was analyzed in cervical cancer cells under different oxygen 

conditions. HPV16-positive SiHa and CaSki cells and HPV18-positive HeLa cells were 

exposed for 24 h to 21% O2 (normoxia), 5.5% O2 (physoxia), 1% O2 (chronic hypoxia) or 

cycH, consisting of H-R cycles of 1 h at 1% O2 (hypoxic phase, H phase) and 1 h at 

5.5% O2 (reoxygenation phase, R phase) to mimic the in vivo oxygen conditions of 

cervical cancers during cycH as close as possible (Figure 7A).  

Incubation under cycH induced a marked stabilization of HIF-1α and HIF-2α protein levels 

during the H phases of cycH in all tested cell lines (Figure 7B). In SiHa and HeLa cells, 

HIF-1α protein levels under cycH exceeded the corresponding levels under physoxia and 

chronic hypoxia, which is consistent with previous studies in other cellular models.236,239,241 

The levels of HIF-2α were most pronounced during the H phase of cycH in HeLa and 

CaSki cells (Figure 7B). However, during the R phase of cycH, HIF-1α and HIF-2α protein 

levels visibly declined in all cell lines (Figure 7B). This finding indicates that HIF-α subunits 

are rapidly stabilized in H phases of cycH followed by a quick oxygen-dependent 

degradation in R phases of cycH. Thereby, HIF-1 and HIF-2 target genes could be 

intermittently activated in H phases of cycH and allow adaptation to the fluctuations in 

oxygen supply. 

Intriguingly and in striking contrast to the repression of HPV E6/E7 oncoprotein levels 

under chronic hypoxia, that was described before225, E6 and E7 protein levels were largely 

retained in SiHa, CaSki and HeLa cervical cancer cells under cycH, both in the H and R 

phases (Figure 7B). Additionally, there were no significant changes in HPV E6/E7 

expression under cycH at the transcriptional level in SiHa and HeLa cells, in contrast to 

the strong downregulation observed under chronic hypoxia (Figure 7C). These 

observations indicate that the cellular phenotype of HPV-positive cervical cancer cells 

induced under cycH differs not only from normoxia and physoxia, but also from chronic 

hypoxia. 
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2.1.2 E6/E7 retain their transforming activities under cycH 

To functionally characterize the sustained expression of the HPV oncogenes under cycH, 

RNAi-mediated gene silencing targeting all E6/E7 transcript classes was performed.43 

Immediately after transient siRNA transfection, SiHa and HeLa cells were exposed to 

cycH and harvested after 48 h or 72 h, respectively.  

Similar to the observations under normoxia, repression of E6/E7 under cycH led to an 

increase in p53 levels and its downstream effector p21, as well as a decrease in 

phosphorylated pRb levels and its downstream target E2F1 (Figure 8). Hence, I could 

Figure 7. HPV oncogene expression is largely maintained under cycH. 

(A) Treatment scheme for cycling hypoxia (cycH) incubations. Cells were exposed to repetitive cycles of 1 h at

1% O2 (H phase) and 1 h at 5.5% O2 (R phase). Cells were harvested after 24 h at the end of the H and the R 

phase, as indicated by arrows, if not stated otherwise. (B) Immunoblot analyses of HPV E6, HPV E7, HIF-1α

and HIF-2α protein levels in HPV16-positive SiHa and CaSki and HPV18-positive HeLa cells incubated under 

21% O2, 5.5% O2, 1% O2 or cycH for 24 h. β-Actin, α-Tubulin, representative loading controls. (C) qRT-PCR 

analyses of E6/E7 mRNA levels in SiHa and HeLa cells cultured under 21% O2, 5.5% O2, 1% O2 or cycH for 

24 h. Individual data points as well as mean expression levels relative to the expression under normoxia are

shown (log2). Error bars depict standard deviation from biological replicates (n = 3) and asterisks indicate 

statistically significant changes as determined by one-way ANOVA (***, p < 0.001). 
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evidence that, under cycH, the HPV E6 and E7 proteins retain their well-characterized 

effects on the critical transformation targets p53 and pRb.44,50 This observed maintenance 

of viral oncogene expression, which also remains functionally active, represents a 

significant difference between cycH and chronic hypoxia in cervical cancer cells. 

 

 

 

 

 

 

 

 

 

 

 

2.1.3 Cervical cancer cell proliferation is reduced under cycH 

Next, I analyzed the cellular proliferation and cell cycle distribution of SiHa and HeLa cells 

cultivated under normoxia, physoxia, chronic hypoxia or cycH for up to 72 h (Figure 9A 

and 9B). Under normoxia and physoxia, both cell lines showed comparable and 

continuous proliferation. In line with previous studies225, chronic hypoxia inhibited the 

proliferation of HPV-positive cervical cancer cells, coinciding with the repression of the 

viral E6/E7 oncogenes (Figure 9A). Interestingly, incubation under cycH also induced a 

cellular growth arrest after 48 h in SiHa and HeLa cells that was, however, somewhat 

delayed compared to cultivation under chronic hypoxia (Figure 9A). Notably, a delayed 

downregulation of HPV E7 protein levels was observed in SiHa cells after 72 h under 

cycH, which correlated with the proliferative arrest (Figure 9C).  

Figure 8. E6/E7 retain key transforming activities under cycH. 

SiHa and HeLa cells were transfected with E6/E7-targeting siRNAs (si16E6/E7 or si18E6/E7, respectively) or

control siRNA (siCtr) under 21% O2 or under cycH and harvested 48 h (SiHa) or 72 h (HeLa) post-transfection.

Cells exposed to cycH were harvested at the end of the H and R phases, respectively. Immunoblot analyses

show HPV E6, HPV E7, p53, p21, phosphorylated (P-)pRb, pRb and E2F1 protein levels. α-Tubulin and

Vinculin, representative loading controls. Tx, transfection; mc, medium change; diff., different. 
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Cell cycle analyses revealed a largely comparable cell cycle distribution after 72 h under 

chronic hypoxia and cycH in SiHa cells, characterized by a considerable reduction of cells 

in S phase compared to normoxia and physoxia (Figure 9B, upper panel). In HeLa cells, 

only chronic hypoxia led to a strong decrease in the cell population in S phase. 

Intriguingly, however, both chronic hypoxia and cycH caused an increase of HeLa cells in 

G2/M phase compared to normoxia and physoxia, suggesting a G2/M phase arrest under 

both hypoxic conditions (Figure 9B, lower panel). These findings indicate that after 

prolonged incubation for 72 h, cervical cancer cells under cycH eventually exhibit a 

phenotype similar to cells under chronic hypoxia in terms of proliferation and cell cycle 

distribution.  

However, the dynamics of HIF-1α expression and the activity of the mTOR pathway, 

which are critically involved in hypoxic adaptation and cell growth250,251, differ noticeably 

between chronic hypoxia and cycH, even after prolonged treatment. Under chronic 

hypoxia, HIF-1α levels were most pronounced after 24 h and subsequently decreased, 

while under cycH, HIF-1α stabilization in the H phases progressively increased over the 

monitored time course of 72 h (Figure 9C). Furthermore, the activation of mTORC1 

downstream targets eukaryotic translation initiation factor 4E binding protein 1 (4E-BP1), 

p70S6 kinase (p70S6K), and the ribosomal protein S6 was inhibited under chronic 

hypoxia as evidenced by their reduced phosphorylation after 48 h, consistent with 

previous studies.225,252 Similarly, a reduction in activated mTORC1 targets was observed 

in the H phases of cycH after 48 h. In contrast, increased levels of phosphorylated 

(P)-p70S6K, P-S6 and P-4E-BP1 were detected in each R phase of cycH, suggesting a 

rapid repression and activation of mTORC1 activity during the H-R phases of cycH 

(Figure 9C). The reduced levels of phosphorylated mTORC1 targets after 48 – 72 h under 

normoxia and physoxia were most probably due to nutrient limitations resulting from 

sustained cell proliferation of these cells (Figure 9A and 9C).  

Taken together, prolonged cultivation of cervical cancer cells under cycH attenuates 

proliferation, which coincides with a delayed reduction in HPV oncoprotein levels. 

Moreover, compared to chronic hypoxia and physoxia, cycH differentially affects HIF-1α 

and mTORC1 pathways, reflected by increased HIF-1α stabilization in the H phases of 

cycH and a cycH phase-dependent activation of mTORC1 targets. Given that HIF-1α and 

mTOR signaling are crucial for the cellular response to oxygen and nutrient 

availability250,251, respectively, these observed changes under cycH may contribute to the 

adaptive mechanisms of cervical cancer cells in response to fluctuating oxygen levels. 
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Figure 9. CycH induces a cellular growth arrest. 

(A) Proliferation of SiHa and HeLa cells grown under 21% O2, 5.5% O2, 1% O2 or cycH. The initial cell counts 

(time point 0) are set at 1.0. Relative cell counts at the indicated time points are depicted with standard 

deviations of biological replicates (SiHa n = 3, HeLa n = 2). (B) Corresponding cell cycle analyses of SiHa and 

HeLa cells cultivated under different oxygen conditions for 72 h. The percentages of cell populations in G0/G1, 

S and G2/M phases, respectively, are depicted. (C) Time kinetics of HPV16-positive SiHa cells cultured for 

72 h under 21% O2, 5.5% O2, 1% O2 or cycH. Immunoblot analyses of HIF-1α, HPV16 E7, phosphorylated 

(P-)p70S6K (T389), P-S6 (S235/236) and P-4E-BP1 (S65) protein levels are shown. Vinculin, representative 

loading control. 
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2.2 Stress granules are formed under chronic hypoxia but not under cycH 

A potential adaptation to various environmental stress stimuli, e.g. by hypoxia, oxidative or 

heat-shock stress, and viral infections, is the formation of stress granules (SGs).253,254 SGs 

are dynamic, membrane-less structures composed of proteins and mRNA molecules that 

assemble in the cytoplasm in response to stress-induced translational inhibition.253,255 

Interestingly, HIF-1α and mTOR signaling, which both show differential regulation under 

cycH compared to normoxia, physoxia or chronic hypoxia, have been implicated in SG 

formation.256,257 SGs formed under hypoxia act as storage sites for mRNAs, allowing cells 

to quickly adapt to hypoxic conditions and resume protein synthesis upon reoxygenation 

when SGs disassemble.258 Additionally, SG formation may enhance drug resistance.258 

Previous studies have suggested that cycH promotes dynamic assembly and 

disaggregation of SGs, enabling the storage of HIF-1 regulated transcripts, energy 

preservation, and recovery from oxidative insults.237,256 

Therefore, I investigated SG formation under different oxygen conditions in SiHa cervical 

cancer cells. Sodium arsenite (Ars) treatment causes severe oxidative stress and induces 

pronounced SG formation under normoxia254, as detected in immunofluorescence staining 

for eukaryotic translation initiation factor 3 subunit B (eIF3B), a component of the 

preinitiation complex and a reliable SG marker (Figure 10).254 Consistent with other 

studies, SiHa cells cultured under chronic hypoxia for 48 h showed an increased 

emergence of SGs compared to cells under normoxia.258 Strikingly, however, no SG 

formation was observed under cycH, neither during the hypoxic nor the reoxygenation 

phase (Figure 10). This finding suggests that the hypoxic insult under cycH is not 

sufficient to induce translational inhibition required for SG formation. It is possible that the 

duration of the (hypoxic) cycle phases may play a pivotal role in SG assembly. 

Collectively, the presented data provide no evidence that the cycH conditions used in this 

study facilitate SG formation.  
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2.3 The effects of cycH on therapy responses of cervical cancer cells 

2.3.1 Cycle phase of cycH determines the sensitivity of cervical cancer cells to 

radiotherapy 

Next, I investigated the response of cervical cancer cells to anticancer therapies under 

different oxygen conditions. Radiotherapy plays an important role for the treatment of 

advanced cervical carcinoma.28 However, hypoxic tumor cells constitute a particularly 

radioresistant cell population because the lack of oxygen hampers the fixation of radiation-

induced DNA damage.169 Previously, several studies have shown that cycH can further 

enhance the radioresistance of certain cancer cells compared to chronic hypoxia.236,239,249 

Thus, I tested the response of HPV-positive HeLa cervical cancer cells to γ-irradiation 

under different oxygen conditions, including cycH for the first time. HeLa cells were 

cultivated under normoxia, physoxia, chronic hypoxia, or cycH for 24 h followed by 

Figure 10. Stress granules are formed under chronic hypoxia but not under cycH. 

SiHa cells cultivated under 21% O2, 1% O2 or cycH for 48 h were stained for the SG marker eIF3B and

analyzed by fluorescence microscopy. Normoxic cells treated for 45 min with 0.5 mM sodium arsenite (Ars) 

served as positive control for SG formation. Nuclei are counterstained with DAPI. For better visualization,

eIF3B-stained image sections of cells under chronic hypoxia and cycH are further magnified and displayed 

with adjusted brightness. Representative images of three independent experiments are shown. Scale bar: 

20 µm. mc, medium change; diff, different. 
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irradiation under their respective oxygen conditions. Subsequently, the cells were replated 

at defined cell numbers for clonogenic survival assays under normoxia (Figure 11). 

Upon irradiation with 6 Gy, HeLa cells cultivated under chronic hypoxia or in the H phase 

of cycH exhibited strongly increased colony formation capacity compared to cells 

irradiated under normoxia, physoxia, or in the R phase of cycH (Figure 11). This finding 

highlights the crucial role of oxygen concentration during irradiation in determining the 

cellular response of cervical cancer cells to radiotherapy. Low oxygen concentrations, as 

present under chronic hypoxia or in the H phase of cycH, impede the fixation of radiation-

induced DNA damage, while higher oxygen concentrations render cells more susceptible 

to radiation-induced DNA damage, proliferative arrest, and cell death.259 Consequently, 

cycH affects the response of cervical cancer cells to radiotherapy depending on the 

oxygen concentrations of the respective H-R cycle phase.   

Figure 11. Chronic hypoxia and H phase of cycH protect against γ-irradiation. 

Clonogenic survival of HeLa cervical cancer cells after γ-irradiation (γ-IR) treatment under different (diff.) 

oxygen conditions. HeLa cells cultivated under 21% O2, 5.5% O2, 1% O2 or cycH for 24 h were irradiated with 

6 Gy under the respective oxygen conditions. Cells exposed to cycH were irradiated either in the H (1% O2) or 

in the R (5.5% O2) phase. After irradiation, 5000 cells were replated and cultured under normoxia. Colony

formation assays (CFAs) after radiation treatment were fixed and stained 12-13 days after replating. 

Representative CFAs of three independent experiments are shown. mc, medium change. 
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2.3.2 Cervical cancer cells under cycH can evade senescence induction despite 

remaining mTOR activity 

Several chemotherapeutic drugs are able to induce cellular senescence, an irreversible 

growth arrest.260–262 Previous work of our group has shown that the induction of 

senescence upon treatment with the topoisomerase II inhibitor Etoposide is differentially 

regulated in HPV-positive cancer cells treated under normoxia or chronic hypoxia in that 

the hypoxic impairment of the mTOR signaling pathway allows the cells to evade from 

efficient senescence induction.225 Active mTOR signaling is better maintained under cycH 

compared to chronic hypoxia, as evidenced by the presence of the phosphorylated 

mTORC1 targets p70S6K, S6, and 4E-BP1, especially in the R phases of cycH, in SiHa 

and HeLa cells (Figure 9C; Figure 12A).  

Based on these differences in mTOR activity, I investigated the response of HPV-positive 

cancer cells to pro-senescent chemotherapy under cycH in more detail. SiHa and HeLa 

cells were treated with Etoposide under different oxygen conditions and monitored for 

typical morphological signs of senescence and their colony formation capacity upon drug 

release and reoxygenation. Of note, Etoposide treatment of cells under physoxia, chronic 

hypoxia or cycH was conducted after 18 h preincubation under the respective oxygen 

conditions (Figure 12B). 

SiHa and HeLa cells under normoxia and physoxia efficiently induced senescence in 

response to Etoposide treatment, reflected by the presence of enlarged and flattened 

senescent cells staining positive for the well-established senescence marker senescence-

associated β-Galactosidase (SA-β-Gal) (Figure 12C). In contrast, many cells treated 

under chronic hypoxia lacked the phenotypic characteristics of cellular senescence, 

consistent with previous observations.225 Interestingly, when treated under cycH, SiHa and 

HeLa cells showed slightly more enlarged SA-β-Gal-positive cells compared to cells 

treated under chronic hypoxia. However, a substantial number of cells treated with 

Etoposide under cycH also managed to evade senescence induction (Figure 12C).  

These findings were further supported by colony formation assays of SiHa and HeLa cells 

following pro-senescent chemotherapy under different oxygen conditions. Since 

senescence represents an irreversible cell growth arrest263, Etoposide-treated cells under 

normoxia and physoxia exhibited a strongly reduced colony formation capacity upon drug 

release and recultivation under standard cell culture conditions. In contrast, the colony 

formation capacities of SiHa and HeLa cells treated under chronic hypoxia or cycH were 

markedly increased compared to cells treated under normoxia or physoxia, in line with the 

notion that they evade senescence induction (Figure 12C).  
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Figure 12. Cervical cancer cells under cycH can evade Etoposide-induced senescence. 

(A) Immunoblot analyses of phosphorylated (P-)p70S6K (T389), P-S6 (S235/236) and P-4E-BP1 (S65) protein 

levels in HPV16-positive SiHa and HPV18-positive HeLa cells cultured for 24 h under 21% O2, 5.5% O2, 

1% O2 or cycH. β-Actin, representative loading control. (B) Treatment protocol for Figure 12C. Cells were 

treated for 48 h with 20 µM (SiHa) or 15 µM (HeLa) Etoposide under different (diff.) O2 concentrations, as 

indicated. Cells under cycH were treated with Etoposide in the absence or presence of the mTOR inhibitors

Rapamycin (50 nM) or KU-0063794 (5 µM). Subsequently, cells were split at defined cell numbers for 

senescence assays (SA-β-Gal staining) and CFAs and cultured under normoxia in drug-free medium. (C) 

Senescence assays (SA-β-Gal staining, blue) and corresponding CFAs of SiHa and HeLa cells treated as

described in subfigure B. Scale bar: 200 µm. Representative results of three independent experiments are 

shown. 
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To investigate the potential influence of remaining mTOR activity under cycH on the 

response of cervical cancer cells to pro-senescent chemotherapy, I combined Etoposide 

treatment with chemical mTOR inhibitors, namely Rapamycin (mTORC1 inhibitor) or 

KU-0063794 (mTORC1/mTORC2 inhibitor). Co-treatment with either mTOR inhibitor 

slightly reduced the number of SA-β-Gal-positive cells following Etoposide treatment 

under cycH, and only marginally increased the outgrowth of SiHa and HeLa cells in colony 

formation assays (Figure 12C).  

Collectively, these findings indicate that the partial reduction of mTOR activity under cycH 

is sufficient to enable HPV-positive cervical cancer cells to escape efficient senescence 

induction upon Etoposide treatment. Consequently, Etoposide-treated cells under cycH 

exhibited a similar capacity to evade pro-senescent chemotherapy as cells treated under 

chronic hypoxia. 

 

2.3.3 CycH leads to increased resistance of cervical cancer cells to Cisplatin-

induced apoptosis 

For the treatment of advanced cervical carcinomas, chemotherapy with the pro-apoptotic 

drug Cisplatin (CDDP) plays a central role.66 As cycH has been associated with a more 

aggressive cellular phenotype and increased resistance to chemotherapy175,247,248, I next 

investigated the sensitivity of HPV-positive cervical cancer cells to pro-apoptotic Cisplatin 

treatment under different oxygen concentrations. 

In line with its pro-apoptotic potential73, Cisplatin treatment under normoxia and physoxia 

led to strong cleavage of the apoptosis markers poly(ADP-ribose) polymerase (PARP) 

and Caspase 9 in SiHa, HeLa and CaSki cells (Figure 13A). In comparison, both 

apoptosis markers were moderately reduced after Cisplatin treatment under chronic 

hypoxia and further diminished under cycH in all tested cell lines. These findings imply a 

particularly reduced sensitivity to pro-apoptotic Cisplatin treatment under cycH. 

Additionally, Cisplatin treatment repressed HPV E7 protein levels under normoxia, as 

expected264, but also under physoxia and cycH in SiHa and HeLa cells (Figure 13A). 

Under chronic hypoxia, E7 expression was downregulated per se and could not be further 

reduced by the DNA damaging agent. 
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Figure 13. Cervical cancer cells under cycH show increased resistance to Cisplatin-induced apoptosis.

(A) SiHa, HeLa and CaSki cells were cultivated under 21% O2, 5.5% O2, 1% O2 or cycH and treated for 24 h 

with 30 µM (SiHa) or 15 µM (HeLa, CaSki) CDDP, as indicated. Protein levels of PARP, cleaved (cl.) PARP,

cl. Caspase 9, and HPV E7 were analyzed by immunoblots. GAPDH and α-Tubulin, representative loading 

controls. mc, medium change; diff, different. (B) Corresponding TUNEL analyses of SiHa and HeLa cells upon

treatment with 30 µM or 15 µM CDDP, respectively, under different O2 conditions. Scale bar: 50 µm (upper 

panel). The percentage of TUNEL-positive cells was calculated relative to the total number of DAPI-stained 

cells (lower panel). Mean values with standard deviations are shown (n = 15 fields of view with ≥ 50 cells from 

three independent experiments). Asterisks indicate statistical significance as determined by one-way ANOVA 

(*, p < 0.05; **, p < 0.01). 
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Further analyses using TUNEL assays were performed to quantify late-stage apoptotic 

cells following Cisplatin treatment. These TUNEL analyses corroborate the enhanced 

chemotherapy resistance of cervical cancer cells under cycH as the percentages of 

TUNEL-positive cells were significantly reduced in Cisplatin-treated SiHa and HeLa cells 

in both cycH phases, compared to normoxia, physoxia and chronic hypoxia (Figure 13B). 

Overall, these findings show that cervical cancer cells under cycH are more resistant to 

pro-apoptotic Cisplatin treatment, not only compared to cells under normoxia or physoxia, 

but also to cells under chronic hypoxia.  

To further investigate the cellular fate of Cisplatin-treated cervical cancer cells under 

different oxygen conditions, SiHa and HeLa cells were split after drug treatment and 

cultivated under normoxic conditions for subsequent senescence assays. Consistent with 

the effective induction of apoptosis after Cisplatin treatment in SiHa and HeLa cells under 

normoxia, physoxia, and chronic hypoxia, only few cells survived and stained positive for 

the senescence marker SA-β-Gal (Figure 14). In contrast, a substantial proportion of cells 

treated under cycH, rather than undergoing apoptosis, interestingly switched to a 

senescent phenotype, as evidenced by increased SA-β-Gal-positive staining (Figure 14). 

These findings further support the increased resistance of HPV-positive cervical cancer 

cells under cycH to pro-apoptotic chemotherapy compared to cells under normoxia, 

physoxia or chronic hypoxia. 

Figure 14. Cisplatin treatment under cycH induces a senescent phenotype. 

SiHa and HeLa cells were treated for 24 h with 30 µM (SiHa) or 15 µM (HeLa) CDDP under 21% O2, 5.5% O2,

1% O2 or cycH. Cells were then split, incubated under normoxia in drug-free medium and stained for SA-β-Gal

activity. Scale bar: 400 µm. Representative results of three independent experiments are shown. mc, medium

change; diff, different. 
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2.4 Proteome changes in SiHa cells under different oxygen conditions 

To gain further insights into the cellular changes under different oxygen conditions that 

may contribute to the therapy response of cervical cancer cells, I compared the proteomes 

of HPV16-positive SiHa cells cultivated for 24 h under 21% O2, 5.5% O2, 1% O2, or cycH. 

In collaboration with Dr. Bianca Kuhn & Prof. Dr. Jeroen Krijgsveld (DKFZ Heidelberg), I 

performed tandem mass tag (TMT) mass spectrometry (MS)-based quantitative proteome 

analyses. 

 

Figure 15. Proteome analysis of SiHa cervical cancer cells under different oxygen conditions. 

Mass spectrometry-based proteome analyses of SiHa cells cultivated for 24 h under 21% O2, 5.5% O2, 1% O2

or cycH (harvested in the H phase (1% O2) and in the R phase (5.5% O2)). (A) Clustering is visualized by 

t-SNE analysis of four biological replicates (different symbols) after batch correction. n = total iterations; 

s = silhouette score. (B) Differential expression analysis using Limma moderated t-statistics for the 

comparison of changes in the proteome of cells grown for 24 h under physoxia (5.5% O2) compared to 

normoxia (21% O2), in four biological replicates each. Volcano plot displaying log2 fold change (log2FC) ratios 

of protein expression (x-axis) and adjusted (adj.) p-values (−log10) (y-axis). Grey color of dots indicates non-

significantly changing protein levels, black color indicates significantly changing protein levels, with a p-value 

adjusted for multiple testing according to Benjamini-Hochberg, *adj. p ≤ 0.05 (horizontal dashed line). Selected 

proteins showing significant up- (red) or downregulation (blue) between groups are labeled. (C) Proteome

changes of SiHa cells cultivated under chronic hypoxia (1% O2) versus 21% O2 for 24 h, analyzed and 

displayed as described in subfigure B. 
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The t-distributed Stochastic Neighbor Embedding (t-SNE) analysis, which is based on a 

dimensionality reduction algorithm and clusters complex protein expression data into a 2D 

mapping265, revealed that the proteomes of SiHa cells cultivated under normoxia, 

physoxia, chronic hypoxia and cycH can be clearly distinguished (Figure 15A). On 

average, approximately 4700 proteins were detected and their levels were compared 

among the different treatment groups. 

 

2.4.1 Proteomic differences between physoxia and normoxia in SiHa cells 

2.4.1.1 Hypoxia-associated factors can be upregulated under physoxia vs. normoxia 

As a first interesting observation, I found that there were few but significant differences 

between the proteomes of SiHa cells under physoxia (5.5% O2) and normoxia (21% O2) 

(Figure 15B). This finding is of importance because standard in vitro cell culture is 

conducted at 21% O2, which does not accurately reflect the physiological oxygen levels of 

the uterine cervix (refer to chapter 1.5).173  

Under physoxia, the levels of 96 proteins were significantly increased compared to 

normoxia (adj. p-value < 0.05), but only a few proteins exhibited a strong upregulation 

(Figure 15B; log2FC > 0.58). Among the upregulated factors, the NDRG1 protein, which is 

increasingly linked to tumorigenesis195, showed the highest increase in its protein levels 

under physoxia compared to normoxia (log2FC +1.779). Interestingly, the significantly 

upregulated proteins under physoxia compared to normoxia, including LOXL2, PLOD2, 

P4HA1, SLC2A1, SERPINE1, and HK2 are primarily associated with the adaptation to 

oxygen-deprived conditions266–269 and are also significantly upregulated in cells under 

chronic hypoxia compared to normoxia (Figure 15C). Of note, chronic hypoxia induced 

more extensive proteome changes compared to cells under normoxia than observed 

under physoxia (Figure 15B and 15C). 

The levels of exemplary hypoxia-regulated proteins in cervical cancer cells under different 

oxygen conditions were visualized in a heat map in pairwise comparisons to normoxia or 

physoxia (Figure 16A). Interestingly, there is a noticeable overlap of similarly up- and 

downregulated proteins under physoxia and chronic hypoxia vs. normoxia, respectively 

(Figure 16A and 16B). In fact, 79 out of 96 significantly upregulated proteins and 42 out of 

47 significantly downregulated proteins under physoxia vs. normoxia (p < 0.05) were also 

significantly regulated under chronic hypoxia compared to normoxia (Figure 16B).  
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Figure 16. See figure legend on the next page. 
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Consistent with these observations, gene set enrichment analysis (GSEA) using the 

molecular signatures database (MSigDB) revealed a significant positive enrichment of the 

Hallmark gene set “Hypoxia” under physoxia vs. normoxia, with a normalized enrichment 

score of +2.52 (Figure 16C and 16D). Concomitantly, other hallmark gene sets such as 

“Glycolysis”, “TNFα signaling via NFκB”, and “Epithelial Mesenchymal Transition” were 

positively enriched under physoxia compared to normoxia, while “G2M Checkpoint”, “E2F 

Targets”, and “Myc Targets” were downregulated (Figure 16C). To validate the 

upregulation of hypoxia-induced genes indicated by the proteome analyses, mRNA levels 

of LOXL2, P4HA1, PLOD2, SLC2A1, HK2, and SERPINE1 were determined in SiHa cells 

under physoxia, chronic hypoxia, and cycH relative to expression levels under normoxia. 

These analyses demonstrated a gradual increase in the expression of these genes with 

descending oxygen concentrations (Figure 16E). Interestingly, most hypoxia-associated 

transcripts, except for HK2, exhibited a comparable increase under physoxia and cycH, 

irrespective of the cycH H-R phases, compared to expression levels under normoxia 

(Figure 16E). 

Collectively, these results corroborate that physoxia induces a cellular phenotype that is 

distinct from standard cell culture conditions (normoxia). 

  

Figure 16. Physoxia can promote the expression of hypoxia-linked genes. 

(A) Heatmap depicting average log2 fold changes (log2FC) of representative hypoxia-regulated proteins under

physoxia (5.5% O2) and chronic hypoxia (1% O2) in pairwise comparisons to normoxia (21% O2), as well as

under chronic hypoxia and cycH (both H and R phases) in pairwise comparison to physoxia (5.5% O2). Color

code indicates upregulation (red) and downregulation (blue). (B) Left panel: Venn diagram depicting the

overlap between the significantly upregulated proteins under 5.5% O2 or under 1% O2 vs. 21% O2 (p ≤ 0.05,

no cutoff for log2FC). Right panel: Venn diagram depicting the overlap between the significantly

downregulated proteins under 5.5% O2 or 1% O2 vs. 21% O2. (C) Gene set enrichment analysis (GSEA)

performed for SiHa cells cultivated under 5.5% O2 vs. 21% O2. Average log2FC values (n = 4) of all proteins

detected in the proteome analyses were used as input for preranked GSEA with 1000 permutations.

“Hallmark” gene sets that show significant positive or negative enrichment under 5.5% O2 vs. 21% O2 are

shown by their normalized enrichment scores (NES) (p ≤ 0.05). (D) Enrichment plot of the positively enriched

gene set “Hallmark_Hypoxia” under 5.5% O2 vs. 21% O2. FDR, false discovery rate. (E) qRT-PCR analyses of

LOXL2, P4HA1, SERPINE1, PLOD2, SLC2A1, and HK2 mRNA levels in SiHa cells cultivated under 21% O2,

5.5% O2, 1% O2 or cycH for 24 h. Mean expression levels relative (rel.) to the expression under 21% O2 are

displayed (log2FC). Standard deviations of biological replicates (n = 3) are shown and asterisks denote

statistically significant changes determined by one-way ANOVA (**, p < 0.01; ***, p < 0.001). 
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2.4.1.2 Physoxia upregulates the hypoxia-related factor NDRG1 

Next, I analyzed the regulation of NDRG1, which exhibited the strongest induction in the 

proteome analysis of SiHa cells under physoxia compared to normoxia, in more detail. 

NDRG1 has been reported to play a critical oncogenic role in the progression of cervical 

cancer, however, many of its functions remain poorly understood.218,219 

Compared to normoxia, I observed a significant upregulation of NDRG1 in SiHa cells 

under physoxia, chronic hypoxia, and cycH at the transcript level (Figure 17A). Further, 

immunoblot analyses confirmed the upregulation of NDRG1 protein levels in SiHa cells 

(Figure 17B) and showed that this regulatory phenomenon is also conserved in other 

cervical cancer cells, such as CaSki and HeLa cells (Figure 17C). Moreover, NDRG1 

protein and mRNA expression levels were also significantly increased under physoxia 

compared to normoxia in HPV-negative cells, such as A549 lung cancer cells or HCT116 

colorectal cancer cells (Figure 17D and 17E). In A549 cells, similar to the regulation 

observed in SiHa, CaSki and HeLa cells, incubation under chronic hypoxia further 

increased NDRG1 levels compared to physoxia. In HCT116 cells, however, both physoxia 

and chronic hypoxia equally increased NDRG1 protein and transcript levels (Figure 17D 

and 17E). Hence, the observed physoxia-induced upregulation of NDRG1 expression 

levels is not limited to HPV-positive cervical cancer cells and may have broader 

implications in other cell types. 

Furthermore, I investigated the subcellular localization of NDRG1, which is a main 

determinant for its interaction with other cellular factors197,213, in SiHa cells under 

normoxia, physoxia or chronic hypoxia. Consistent with the immunoblot analysis 

(Figure 17B), NDRG1 was virtually undetectable in SiHa cells under normoxia as 

observed by immunofluorescence (Figure 17F). Notably, a remarkable increase in 

cytoplasmic NDRG1 staining was observed under physoxia and chronic hypoxia 

(Figure 17F). In addition, few cells under chronic hypoxia also exhibited nuclear NDRG1 

staining (Figure 17F), as previously reported for human trophoblasts.212 Subcellular 

fractionation and immunoblot analyses of SiHa cells confirmed the predominantly 

cytoplasmic localization of NDRG1 protein under physoxia and chronic hypoxia 

(Figure 17G). Furthermore, a clear enrichment of NDRG1 levels at the organelles and at 

the plasma membrane was detected under chronic hypoxia, which was less pronounced 

or absent under physoxia (Figure 17G). These findings raise the possibility that, based on 

the differences in subcellular localization, NDRG1 could potentially exhibit distinct 

functions under physoxia and chronic hypoxia. 
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Figure 17. Physoxia and chronic hypoxia increase cellular NDRG1 levels. 

(A) qRT-PCR analyses of NDRG1 levels in SiHa cells incubated under 21% O2, 5.5% O2, 1% O2 or cycH for

24 h. Individual data points as well as mean expression levels relative (rel.) to the expression under 21% O2

are shown (log2FC). Standard deviations of biological replicates (n = 3) are depicted, and asterisks indicate

statistically significant changes as determined by one-way ANOVA (***, p < 0.001). (B) Analysis of NDRG1

protein levels by immunoblot in SiHa cells under different oxygen conditions. (C) Immunoblot analyses of

NDRG1 levels in CaSki and HeLa cells under different oxygen conditions. (D) Immunoblot analyses of NDRG1

levels in HPV-negative A549 lung cancer cells and HCT116 colorectal cancer cells. Vinculin, loading control.

(E) Corresponding NDRG1 mRNA levels under different oxygen conditions determined by qRT-PCR in A549

and HCT116 cells presented as described in subfigure A. (F) Immunofluorescence analysis of intracellular

localization of NDRG1 in SiHa cells after incubation under 21% O2, 5.5% O2 and 1% O2 for 24 h. Nuclei are

stained with DAPI. Representative images of three independent experiments are shown. Scale bar: 30 µm.

(G) Subcellular fractionation of SiHa cells cultured under 5.5% O2 or 1% O2 for 24 h. Immunoblot analyses of

NDRG1 in the total cell lysate (TCL), nucleus (NUC), cytoplasm (CYTO), organelle (ORG) and plasma

membrane (PM) fraction are shown. As controls for the individual fractions, Lamin A/C (nucleus), α-Tubulin

(cytoplasm) and E-cadherin (membrane) were used. 
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2.4.1.3 The regulation of NDRG1 expression and phosphorylation is largely 

comparable under physoxia and chronic hypoxia in cervical cancer cells 

The hypoxia-mediated upregulation of NDRG1 levels can occur via HIF-1 dependent or 

HIF-1 independent mechanisms, e.g. involving Egr1 or AP1.200–202 To investigate the 

mechanism of the physoxia-induced increase in NDRG1 levels in cervical cancer cells, I 

silenced the expression of HIF-1α and HIF-2α, individually or in combination, via RNAi. 

Interestingly, only the combined silencing of HIF-1α and HIF-2α efficiently prevented the 

upregulation of both total and T346-phosphorylated NDRG1 protein levels under physoxia 

in SiHa and HeLa cells. In contrast, individual knockdown of either HIF-1α or HIF-2α did 

not significantly reduce NDRG1 protein levels under physoxia compared to control siRNA-

transfected cells, if at all (Figure 18A). These findings indicate that NDRG1 is a 

HIF-1α/HIF-2α regulated factor, and its expression is efficiently induced by HIF activities 

under physoxia. 

Furthermore, I analyzed and compared the phosphorylation of NDRG1 under physoxia 

and chronic hypoxia in SiHa and HeLa cells. Phosphorylation of NDRG1 at Thr346 by 

SGK1 primes for subsequent phosphorylation by GSK-3β207 and is potentially required for 

critical NDRG1 functions, including its interference with NFκB signaling.208 Hence, I 

investigated the effects of different chemical inhibitors targeting components of the 

mTORC2-PDK1-SGK1 axis, mTORC1 or AKT signaling, and the effects of 

unphysiologically high glucose concentrations (4.5 g/L) on NDRG1 phosphorylation under 

physoxia and chronic hypoxia. Treatments with the mTORC1/mTORC2 inhibitor 

KU-0063794, the PDK1 inhibitor GSK2334470 and the SGK1 inhibitor efficiently reduced 

P-NDRG1 (T346) levels under both physoxia and chronic hypoxia in SiHa and HeLa cells 

(Figure 18B). By contrast, treatments with the selective mTORC1 inhibitor Rapamycin, the 

AKT inhibitor VIII or incubation under high glucose concentrations had no decreasing 

effect on P-NDRG1 (T346) levels (Figure 18B). These results indicate that the mTORC2-

PDK1-SGK1 axis is critically involved in the phosphorylation of NDRG1 at Thr346, in line 

with previous studies207,270, and that this regulation occurs not only under chronic hypoxia 

but also under physiological oxygen concentrations. 
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In conclusion, these findings demonstrate that the regulation of both total and T346-

phosphorylated NDRG1 protein levels is comparable in cervical cancer cells under 

physoxia and chronic hypoxia. Moreover, once the biological activities of NDRG1 are 

better characterized195,214, it will be interesting to investigate whether its increased 

expression under physoxia compared to normoxia may differentially affect the phenotype 

of cervical cancer cells. Of note, these NDRG1 activities would not be detectable under 

the normoxic conditions of standard cell culture. 

Figure 18. The regulation of NDRG1 expression and phosphorylation is largely comparable under

physoxia and chronic hypoxia. 

(A) SiHa and HeLa cells were transfected with control siRNA (siCtr) or siRNAs targeting HIF-1α and HIF-2α,

alone or in combination, and cultured for 24 h under 5.5% O2. Cells under normoxia (21% O2) transfected with

siCtr served as control. Immunoblot analyses of NDRG1, phosphorylated (P-)NDRG1 (T346), HIF-1α and

HIF-2α are shown. Vinculin, representative loading control. (B) SiHa and HeLa cells were treated with 50 nM

Rapamycin, 5 µM KU-0063794, 5 µM GSK2334470, 20 µM SGK1 inhibitor (inh.), 10 µM AKTi VIII, high

glucose (4.5 g/L glucose) or DMSO as solvent control (-) under 21% O2, 5.5% O2 or 1% O2 for 24 h.

Immunoblot analyses of NDRG1, P-NDRG1 (T346), P-AKT (S473) and P-S6 (S235/236) are shown. Vinculin,

representative loading control. 
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2.4.2 CycH is characterized by a unique proteome signature and downregulation 

of luminal lysosomal proteins 

SiHa cells under cycH exhibit a unique proteome signature and can be clearly 

distinguished from the other tested oxygen conditions (Figure 15A). Given the profound 

effects of cycH on the phenotype of HPV-positive cervical cancer cells and their 

therapeutic response, as shown earlier, these proteome changes may help to reveal the 

underlying molecular mechanisms.  

In differential expression analyses, using a threshold of log2FC ≥ 0.58 or ≤ 0.58 and an 

adjusted p-value of ≤ 0.05, the levels of 43 proteins were significantly changed under 

cycH (as depicted for the H phase) compared to physoxia (Figure 19A). Strikingly, I found 

that the levels of several luminal lysosomal proteins (marked in orange) were significantly 

reduced under cycH compared to physoxia, including Legumain (LGMN), Alpha-L-

fucosidase 1 (FUCA1), Hexosaminidase subunit A and B (HEXA and HEXB), Gamma-

glutamyl hydrolase (GGH) and members of the cathepsin (CTS) family, whereas the 

levels of Lysosome-associated membrane glycoproteins 1 and 2 (LAMP1 and LAMP2, 

marked in purple) remained largely unaffected (Figure 19A). Interestingly, the levels of 

luminal lysosomal proteins were also downregulated under chronic hypoxia (1% O2) 

compared to physoxia, although largely not as pronounced as observed under cycH 

(Figure 19B and 19C). 

In line with these results, GSEA using MSigDB revealed that lysosome-associated gene 

sets were significantly negatively enriched under cycH (H phase) compared to physoxia 

(Figure 19D), including the gene set “KEGG_LYSOSOME” (NES: -2.34; 

FDR q value < 0.001) (Figure 19E). Additionally, several gene sets related to vascular 

transport, active transmembrane transporter activity, and iron uptake and transport were 

positively enriched under cycH (H phase) compared to physoxia (Figure 19D).  

In summary, these findings uncover pronounced differences in global protein expression 

under cycH compared to physoxia and chronic hypoxia. Strikingly, cycH induces a 

significant downregulation of luminal lysosomal proteins in SiHa cervical cancer cells, 

which I further analyzed in the following. 
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Figure 19. CycH has a unique proteomic signature that is characterized by a significant

downregulation of luminal lysosomal proteins. 

(A) Proteome changes in SiHa cells cultivated for 24 h under cycH (H phase) compared to 5.5% O2, quantified

by mass spectrometry (n = 4). Volcano plot displaying log2 fold change (log2FC) ratios of protein levels (x-axis)

and adjusted (adj.) p-value (−log10) (y-axis). LIMMA analysis with Benjamini Hochberg correction was

performed and cutoff for significance was set to adj. p-value ≤ 0.05 (horizontal dashed line). Grey color of dots

indicates non-significantly changing protein levels, black color indicates significantly changing protein levels.

Selected hits are highlighted and categorized by color code. (B) Proteome changes in SiHa cells cultivated for

24 h under chronic hypoxia (1% O2) compared to 5.5% O2, detected and analyzed as described in

subfigure A. (C) Heat map showing log2FC values of lysosome-associated proteins that contribute to the

negative core enrichment of the gene set „KEGG_LYSOSOME“ under cycH vs. 5.5% O2. Changes in protein

expression under cycH (H and R phases) and chronic hypoxia are shown in pairwise comparisons to 5.5% O2. 
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Figure 19. Continued (D) GSEA comparing SiHa cells cultivated under cycH (H phase) vs. 5.5% O2. Average 

log2FC values (n = 4) of all proteins were used as input for preranked GSEA with 1000 permutations. Top five 

ranks of positively and negatively enriched gene sets are shown with their normalized enrichment score (NES; 

P < 0.05). Gene Ontology (GO) annotations: CC, Cellular Component; MF, Molecular Function; BP, Biological 

Process. (E) Enrichment plot of the gene set “KEGG_LYSOSOME”. FDR, false discovery rate. 

 

2.5 Effects of cycH on lysosomal pathways in cervical cancer cells 

2.5.1 The levels and total enzymatic activities of mature CTSB and CTSL are 

reduced under chronic hypoxia and cycH 

To further elucidate the potential consequences of the reduced luminal lysosomal protein 

levels in HPV-positive cervical cancer cells under cycH compared to physoxia, I focused 

on cathepsins, particularly on Cathepsin B (CTSB) and Cathepsin L (CTSL). Cathepsins 

are synthesized as immature, inactive proenzymes and are sorted to the lysosomes, 

where they are processed into their mature, active forms.138 Notably, cathepsins not only 

play a crucial role in lysosomal catabolism, but have also been associated with the 

regulation of apoptosis148,151,156, which may be interesting in view of my findings that cycH 

is linked to increased resistance towards the pro-apoptotic effects of Cisplatin.  

Incubation of SiHa and HeLa cells under chronic hypoxia or cycH only slightly affected the 

transcript levels of CTSB and CTSL, if at all, compared to normoxia (Figure 20A). 

Strikingly, however, compared to either normoxia or particularly physoxia, the levels of the 

mature protein forms of both CTSB and CTSL were strongly reduced under chronic 

hypoxia and in both cycH H-R phases (Figure 20B). Interestingly, the decrease in mature 

CTSL protein levels under cycH was also detected in HPV-negative HCT116 colorectal 

cancer cells and, to a smaller extent, in A549 lung cancer cells (Figure 20C). These 

results suggest that cycH reduces the levels of mature cathepsins across cell lines of 

different tumor entities, independent of their HPV status. 

To test whether the reduction of the mature cathepsin protein levels under cycH is 

reflected by changes in cathepsin activities, I measured the activities of CTSB and CTSL 

in cells cultivated under different oxygen conditions using fluorescently labeled substrates. 

Cells under normoxia treated with protease inhibitors (PI) served as negative control. In 

line with the decrease in mature cathepsin protein levels, the total activities of CTSB and 

CTSL were strongly reduced in SiHa and HeLa cells under chronic hypoxia and cycH, 

compared to the enzyme activity under physoxia (Figure 21). In HeLa cells, the total 

CTSB and CTSL activities were also reduced under normoxia compared to physoxia 

(Figure 21). These findings indicate that chronic hypoxia and cycH can negatively affect 

the proteolytic function of cathepsins in cervical cancer cells. 
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Figure 21. Chronic hypoxia and cycH reduce the total enzymatic activity of cathepsins in cervical 

cancer cells.  

Enzymatic activities of CTSB and CTSL in SiHa and HeLa cells after 24 h under 21% O2, 5.5% O2, 1% O2 or 

cycH. Cells under normoxia treated with protease inhibitors (PI) were used as negative control. Mean activity 

levels relative to the enzyme activity under 5.5% O2 (set to 1.0) are shown. Error bars represent standard 

deviations of 3 independent experiments. Asterisks indicate statistical significance as determined by one-way 

ANOVA (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 

Figure 20. The levels of mature lysosomal cathepsins are reduced under cycH. 

(A) Cathepsin B (CTSB) and Cathepsin L (CTSL) transcript levels determined by qRT-PCR in SiHa and HeLa

cells cultivated under 21% O2, 5.5% O2, 1% O2 or cycH for 24 h. Individual data points and mean expression

levels are shown relative to the expression under 21% O2 (log2). Error bars represent standard deviations of

biological replicates (n = 3). Asterisks indicate statistical significance as determined by one-way ANOVA

(*, p < 0.05). (B) Corresponding immunoblot analyses of CTSB and CTSL in SiHa and HeLa cell lysates under

different oxygen conditions. (C) CTSL protein levels in HCT116 and A549 cells cultivated under 21% O2,

5.5% O2, 1% O2 or cycH for 24 h. Interm., intermediate cathepsin precursor. Vinculin, representative loading

control. 
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As CTSB and CTSL transcript levels were largely unaffected under chronic hypoxia and 

cycH, other reasons for the reduction in mature luminal lysosomal enzymes include for 

instance aberrant trafficking of lysosomal precursors and subsequent secretion into the 

extracellular space.138 To investigate whether different oxygen conditions affect the 

trafficking of lysosomal enzymes from Golgi to lysosomes, I investigated the secretion of 

cathepsin precursors into the extracellular space. Notably, immature CTSB and CTSL 

proenzymes were particularly enriched in the supernatant of SiHa and HeLa cervical 

cancer cells under cycH and to less extent under chronic hypoxia (Figure 22). These 

results raise the possibility that both chronic hypoxia and cycH interfere with the proper 

trafficking of lysosomal enzymes, as observed for CTSB and CTSL.  

 

Using CTSL as an example, I examined its protein levels in SiHa and HeLa cells under 

different oxygen conditions over time to gain further understanding of its regulation during 

prolonged oxygen deprivation. Under chronic hypoxia and cycH, CTSL protein levels 

progressively decreased and became barely detectable after 48 to 72 h in both cell lines, 

which is in strong contrast to the sustained CTSL protein expression under physoxia 

(Figure 23A). 

Figure 22. Levels of extracellular, immature cathepsins are increased in cervical cancer cells under 

cycH and chronic hypoxia. 

Protein levels of CTSB and CTSL in SiHa and HeLa cells cultivated for 24 h under different O2 conditions, 

analyzed by immunoblot. Secretion of immature cathepsin precursors was assessed in cellular supernatants.

Interm., intermediate cathepsin precursor; S, supernatant; L, lysate. Vinculin, representative loading control. 
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To evaluate whether the downregulation of CTSL protein levels under chronic hypoxia and 

cycH could be related to the increased glycolysis rates and limited glucose availability 

under hypoxia, I cultivated SiHa and HeLa cells in media containing different glucose 

concentrations. Strikingly, glucose withdrawal (0 g/L glucose) reduced CTSL protein levels 

under all tested oxygen conditions compared to physiologic serum glucose concentrations 

(1 g/L) (Figure 23B). In contrast, unphysiologically high concentrations of glucose (4.5 g/L) 

strongly increased the levels of precursor, intermediate and mature forms of CTSL protein 

under both chronic hypoxia and cycH (Figure 23B). 

 

In summary, both chronic hypoxia and cycH, as compared to normoxia and physoxia, 

reduced the levels of mature cathepsin proteins and the total cathepsin enzymatic activity 

in HPV-positive cervical cancer cells. In addition, the levels of extracellular, immature 

cathepsins increased under both hypoxia forms. Furthermore, the downregulation of 

cathepsin protein levels under chronic hypoxia and cycH, as demonstrated for CTSL, is 

time- and glucose-dependent, which is particularly relevant when considering the oxygen- 

and glucose-deprived environment in solid tumors.  

 

Figure 23. The downregulation of CTSL under chronic hypoxia and cycH is time- and glucose-

dependent. 

(A) Immunoblot analyses of CTSL protein levels in SiHa and HeLa cells cultivated under 5.5% O2, 1% O2 or 

cycH for 24 h, 48 h, and 72 h. (B) Immunoblot analyses of CTSL protein levels in SiHa and HeLa cells 

cultivated under different O2 conditions in the presence of the indicated amounts of glucose for 24 h. Interm., 

intermediate cathepsin precursor. Vinculin and β-Actin, loading controls. 
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2.5.2 Cisplatin-induced apoptosis in cervical cancer cells involves lysosomal 

membrane permeabilization and the release of cathepsins into the cytoplasm 

In addition to their key role in autophagy and the proteolytic degradation of lysosomal 

contents, cathepsins are involved in the regulation of cell death, depending on the 

cathepsin type and the cellular context.158 Upon lysosomal membrane permeabilization, 

cathepsins can be released into the cytoplasm and trigger pro-apoptotic signaling by 

cleaving procaspases, BID or BCL-2 homologues.158,160 Therefore, I investigated whether 

the hypoxia-linked reduction of mature and active CTSB and CTSL, which both have been 

described to possess pro-apoptotic potential125,160, may contribute to the increased 

resistance of HPV-positive cervical cancer cells to pro-apoptotic chemotherapy with 

Cisplatin, particularly under cycH. 

To examine the release of potentially pro-apoptotic cathepsins from lysosomes into the 

cytoplasm, I performed subcellular fractionation of Cisplatin-treated SiHa and HeLa cells. 

Figure 24. The cytosolic release of cathepsins in response to Cisplatin treatment is impaired under

chronic hypoxia and cycH. 

Immunoblot analyses of mature (mat.) CTSL and CTSB in total cell lysates (left panels) and cytosolic fractions 

(right panels) of SiHa and HeLa cells treated for 24 h with 30 µM (SiHa) or 15 µM (HeLa) CDDP under 

different oxygen conditions. Analysis of the lysosomal membrane marker LAMP1 shows that the cytosol is 

efficiently depleted of lysosomes. Vinculin, representative loading controls; GAPDH, loading control for HeLa 

total cell lysate. 
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Cisplatin treatment did not critically affect the levels of mature CTSL or CTSB protein in 

the total cellular lysate of SiHa and HeLa cells under any of the tested oxygen 

concentrations (Figure 24, left panels). However, Cisplatin-treated SiHa cells under 

normoxia and physoxia exhibited increased levels of mature CTSL and CTSB in their 

cytoplasm compared to untreated cells (Figure 24, right panels). This was equally shown 

for mature CTSL in HeLa cells, whereas no mature CTSB was detected in the cytosolic 

fraction of this cell line. Interestingly, the Cisplatin-induced increase of cytosolic mature 

CTSL and CTSB was strongly impaired or undetectable in cells under chronic hypoxia or 

cycH (Figure 24, right panels), indicating that the release of potentially pro-apoptotic 

cathepsins into the cytosol is strongly impeded. 

 

2.5.3 Lack of evidence that the Cisplatin response of cervical cancer cells is 

dependent on lysosomal protease activity 

Based on the striking differences observed in the cytoplasmic release of mature CTSL 

and CTSB upon Cisplatin treatment under different oxygen conditions, I assessed whether 

the activity of lysosomal proteases influences the response of HPV-positive cancer cells to 

Cisplatin. To inhibit cellular cysteine cathepsin activities, I applied the cysteine protease 

inhibitor E64 or the CTSB inhibitor CA-074-Me. E64 irreversibly inhibits several cysteine 

proteases including CTSB, CTSL and CTSK, papain, actinidin, calpain and others.271 

CA-074-Me is a potent CTSB inhibitor but also reduces CTSL activity to some extent.272 

By applying 10 µM E64 and 1 µM CA-074-Me, CTSB activity and CTSL activity were 

efficiently inhibited in SiHa or HeLa cells, respectively (Figure 25A), confirming their 

functionality in cervical cancer cells under the experimental conditions. 

Next, SiHa and HeLa cells were pre-treated with E64 or CA-074-Me for 4 h under 

normoxia, physoxia, chronic hypoxia or cycH before being exposed to pro-apoptotic 

concentrations of Cisplatin (Figure 25B). Notably, the combination of E64 or CA-074-Me 

with Cisplatin did not appreciably change the levels of the apoptosis marker cl. PARP in 

SiHa or HeLa cells under any of the tested oxygen conditions (Figure 25C). These 

findings indicate that the differences in cysteine protease activities, particularly of CTSL 

and CTSB, are not responsible for the differential response of cervical cancer cells to pro-

apoptotic Cisplatin treatment under different oxygen conditions. 



Results 

58 

 

2.5.4 CycH reduces autophagic flux in HPV-positive cervical cancer cells 

The decrease in active lysosomal enzymes observed in cervical cancer cells under 

chronic hypoxia and cycH also potentially affects other important lysosomal functions that 

could critically influence the cellular phenotype and the response to pro-apoptotic 

chemotherapy. Lysosomes play an important role in cellular signaling cascades and are 

pivotally involved in autophagy to maintain energy homeostasis.134 

Interestingly, I observed an increased accumulation of the autophagosomal marker 

protein LC3B-II in cervical cancer cells under cycH compared to normoxia, physoxia or 

chronic hypoxia (Figure 26A). Consistent with this, SiHa cells cultivated under cycH 

displayed a visibly increased amount of LC3B puncta, some of which colocalize with 

LAMP1, compared to cells under physoxia or chronic hypoxia (Figure 26B). 

To further investigate the impact of cycH on autophagic flux in cervical cancer cells, I 

treated SiHa and HeLa cells with the autophagy inhibitor Bafilomycin A1 (BafA1). BafA1 is 

a potent inhibitor of the lysosomal proton pump V-ATPase and interferes with lysosomal 

Figure 25. Cathepsin activity does not affect Cisplatin-induced apoptosis. 

(A) Enzymatic activity of CTSB in SiHa cells and of CTSL in HeLa cells after 24 h treatment with 10 µM E64 or

1 µM CA-074-Me under 21% O2, compared to control (-) (set to 1.0) (B) Scheme for combination treatment

with protease inhibitors and CDDP used in subfigure C. mc, medium change; diff, different. (C) SiHa and HeLa

cells under 21% O2, 5.5% O2, 1% O2 or cycH were pre-treated for 4 h with 10 µM E64, 1 µM CA-074-Me or

DMSO as solvent control (-) before being exposed to 30 µM (SiHa) or 15 µM (HeLa) CDDP for 24 h. Levels of

PARP and cl. PARP were analyzed by immunoblot. α-Tubulin, representative loading control. 
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acidification, which was also evidenced by the significant decline of CTSL protein levels 

(Figure 26C).273 BafA1 treatment resulted in a noticeable accumulation of LC3B-II protein 

in both SiHa and HeLa cells under normoxia and physoxia, indicating active autophagic 

flux (Figure 26C). Under chronic hypoxia, only a slight increase of LC3B-II levels was 

detected upon BafA1 treatment, indicating a reduced autophagic flux (Figure 26C). 

Strikingly, the levels of LC3B-II, which were already considerably elevated under cycH, did 

not further increase after BafA1 treatment, implying a strong reduction of autophagic flux 

under cycH (Figure 26C). Accompanying immunofluorescence analyses in HeLa cells 

confirmed the increase in LC3B puncta formation after BafA1 treatment under normoxia 

and, to less extent, under chronic hypoxia. Under cycH, LC3B staining was already 

pronounced in solvent control treated cells and only showed marginal increase after 

BafA1-mediated autophagy inhibition (Figure 26D).  

Starvation of cells, for instance by cultivating them in amino acid and serum-free medium 

such as Earle's Balanced Salt Solution (EBSS), potently induces autophagy.274 To 

analyze whether the decreased autophagic flux under cycH can be reinduced, HeLa cells 

under normoxia, chronic hypoxia or cycH were grown in EBSS for 4 h and simultaneously 

exposed to BafA1 or Chloroquine (CQ). CQ is another established autophagy inhibitor that 

increases the lysosomal pH and inhibits the fusion of autophagosomes and lysosomes.275 

Interestingly, EBSS-induced starvation increased CTSL protein levels under all tested 

oxygen conditions, although to slightly different extents (Figure 26E). Moreover, EBSS-

induced starvation at most slightly increased the autophagic flux under normoxia, as 

indicated by the analysis of LC3B-II levels after combined EBSS and BafA1 treatment 

compared to BafA1 treatment alone (Figure 26E). This finding indicates that the ‘basal’ 

autophagy levels in HeLa cells under normoxia are relatively high. Under chronic hypoxia, 

simultaneous treatment with EBSS and BafA1 visibly increased LC3B-II levels compared 

to BafA1 treatment alone (Figure 26E). Interestingly, EBSS treatment under cycH visibly 

reduced LC3B-II levels and restored autophagic flux as evidenced by a marked increase 

in LC3B-II levels after co-treatment with EBSS and BafA1 or CQ (Figure 26E).  

Taken together, these results suggest that autophagic flux is reduced in cervical cancer 

cells under hypoxic conditions compared to normoxia or physoxia. Interestingly, cervical 

cancer cells under cycH are characterized by a particular accumulation of 

autophagosome-associated LC3B protein. However, in response to amino acid and serum 

starvation, autophagic flux can be reinitated under cycH as well as under chronic hypoxia. 
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Figure 26. See figure legend on the next page. 



Results 

61 

 

2.5.5 Acidic vesicular organelles accumulate under chronic hypoxia and cycH 

To investigate the effects of cycH on acidic vesicles in more detail, I performed acridine 

orange (AO) stainings. AO is an acidotropic dye that emits green fluorescence when it 

intercalates into DNA and red fluorescence when it is trapped in acidic vesicular 

organelles (AVOs) such as endosomes and autolysosomes.276,277  

SiHa and HeLa cells cultivated under normoxia, physoxia, chronic hypoxia or cycH were 

stained with AO and analyzed by flow cytometry or fluorescence microscopy (Figure 27). 

Intriguingly, flow cytometry analyses revealed a noticeable increase in the mean red 

fluorescence intensity in SiHa cells under chronic hypoxia or cycH compared to normoxia 

and physoxia (Figure 27A, left panel). The mean green fluorescence intensity, however, 

remained relatively consistent across the different oxygen conditions (Figure 27A, right 

panel). These findings were supported by corresponding microscopy analyses that also 

showed enhanced staining of red fluorescent AVOs in SiHa cells under chronic hypoxia 

and cycH in comparison to normoxia and physoxia (Figure 27B). Similar results were 

observed in HeLa cells (Figure 27C and 27D).  

These findings suggest that cervical cancer cells under chronic hypoxia and cycH exhibit 

an increase in the number and/or the volume of AVOs, including endosomes and 

lysosomes, as compared to cells under normoxia and physoxia. Interestingly, previous 

studies have shown that a deficiency in luminal lysosomal enzyme activity and a reduction 

in autophagic flux can lead to the accumulation of acidic vesicles.278,279 This result thus 

supports the notion that lysosomal and autophagic processes may be impaired in cervical 

cancer cells exposed to hypoxic conditions. 

  

Figure 26. Autophagic flux is reduced under cycH but can be restored upon amino acid and serum

starvation. 

(A) Immunoblot analyses of LC3B protein levels in SiHa and HeLa cells cultivated under 21% O2, 5.5% O2,

1% O2 or cycH for 24 h. (B) LC3B (red) and LAMP1 (green) co-staining in SiHa cells after 72 h cultivation

under 5.5% O2, 1% O2 or cycH, analyzed by immunofluorescence. Nuclei are counterstained with DAPI. Scale

bars: 50 µm. (C) LC3B and CTSL protein levels in SiHa and HeLa cells cultured under different oxygen

conditions for 24 h, analyzed by immunoblot. Cells were treated with DMSO (-) or 100 nM BafA1 for 4 h before

harvesting. Cells under cycH were harvested in both the H or R phases. (D) Immunofluorescence analyses of

LC3B in HeLa cells treated with 100 nM BafA1 under 21% O2, 1% O2 or cycH as described in subfigure C.

Nuclei are stained with DAPI. Scale bar: 50 µm. (E) HeLa cells were cultured under 21% O2, 1% O2 or cycH

for 24 h and treated as depicted in the experimental workflow (lower panel). Cells were treated with DMSO (-),

100 nM BafA1 or 50 µM Chloroquine (CQ) and incubated in EBSS for 4 h before harvesting, as indicated. Pre,

precursor; Int., intermediate; mat. mature cathepsin form; mc, medium change; diff, different. Vinculin and

β-Actin, loading controls. 
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 Figure 27. See figure legend on the next page. 



Results 

63 

 

2.5.6 Autophagy inhibitors can sensitize cervical cancer cells to Cisplatin 

treatment 

The regulation of lysosomal function and autophagy in cancer cells recently gained the 

attention of the scientific community as promising therapeutic targets and autophagy 

modulators are increasingly explored as chemosensitizers in cancer therapy.166 Therefore, 

I next tested whether the interference with autophagy, either by chemical inhibition using 

CQ or by genetic silencing of Autophagy protein 5 (ATG5), affects the response of HPV-

positive cervical cancer cells to Cisplatin under different oxygen conditions. 

The combination of prolonged CQ treatment and Cisplatin effectively inhibited autophagic 

flux, reduced the levels of mature CTSL and increased the levels of LC3B-II under all 

oxygen conditions in both SiHa and HeLa cells (Figure 28). Furthermore, the co-treatment 

of CQ and Cisplatin strongly increased the levels of the apoptosis markers cl. PARP and 

cl. Caspase 9 under normoxia and physoxia in SiHa and HeLa cells compared to Cisplatin 

treatment alone (Figure 28). Notably, the levels of cleaved apoptosis markers were also 

elevated to a large extent in cells co-treated with CQ and Cisplatin under chronic hypoxia 

or cycH (Figure 28).  

  

Figure 27. Acidic vesicular organelles accumulate under chronic hypoxia and cycH. 

SiHa and HeLa cells were cultivated under 21% O2, 5.5% O2, 1% O2 or cycH for 24 h. Subsequently, cells 

were stained with AO for 15 min and analyzed directly by flow cytometry or fluorescence microscopy. (A)

Flow cytometry analysis of AO-stained SiHa cells under different oxygen conditions. Histograms depict the

fluorescence intensity values of red fluorescence (~ 680 nm, acidic organelles) and green fluorescence 

(~ 530 nm, nucleic acids). (B) Corresponding fluorescence microscopy of AO-stained SiHa cells. For 

better visualization of acidic vesicles, red channel images of AO-stained cells were further magnified and 

displayed in grey scale. Scale bar: 50 µm. (C) Flow cytometry analysis and (D) Fluorescence microscopy

of AO-stained HeLa cells, as further detailed in subfigures A and B. Representative images of three 

independent experiments are shown. 
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In order to inhibit autophagy more specifically, I combined an RNAi-mediated knockdown 

of ATG5 expression with pro-apoptotic doses of Cisplatin in SiHa and HeLa cells. ATG5 

plays an indispensable role in the autophagy initiation process and the extension of the 

phagophore membrane. Hence, ATG5 silencing is a common approach to genetically 

inhibit autophagy.276,280  

Consistent with the findings from the combination of CQ and Cisplatin treatment, 

repression of ATG5 strongly enhanced the pro-apoptotic effects of Cisplatin in SiHa and 

HeLa cells under all tested oxygen concentrations, as indicated by increased levels of 

cl. PARP and cl. Caspase 9 compared to control siRNA-transfected cells (Figure 29A). As 

an exception, the increase in cleaved apoptosis markers upon ATG5 knockdown was not 

detected in HeLa cells under chronic hypoxia. This discrepancy might be due to the 

effects of the transfection procedure under chronic hypoxia, as evidenced by the 

Figure 28. Chemical autophagy inhibition can sensitize cervical cancer cells to Cisplatin-induced

apoptosis. 

SiHa and HeLa cells cultivated under 21% O2, 5.5% O2, 1% O2 or cycH were pre-treated for 4 h with

50 nM CQ or DMSO as solvent control (-) and subsequently treated with 30 µM (SiHa) or 15 µM (HeLa) CDDP

for 24 h, as indicated. Immunoblot analyses show the protein levels of PARP, cl. PARP, cl. Caspase 9, CTSL

and LC3B. Pre, precursor; int., intermediate; mat. mature cathepsin form; mc, medium change; diff, different.

α-Tubulin, representative loading control. 
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increased levels of cl. PARP and cl. Caspase 9 also in control siRNA-transfected cells 

(Figure 29A). Strikingly and irrespective of efficient ATG5 depletion, Cisplatin-treated cells 

under cycH still exhibited clearly reduced levels of cleaved apoptosis markers, compared 

to cells treated under normoxia or physoxia (Figure 29A). Accompanying TUNEL analyses 

confirmed the increased sensitivity of SiHa and HeLa cells to Cisplatin-induced apoptosis 

upon ATG5 knockdown compared to control siRNA-transfected cells under the tested 

oxygen conditions (Figure 29B).  

Taken together, these results indicate cooperative pro-apoptotic effects of autophagy 

inhibition through CQ or ATG5 knockdown combined with Cisplatin treatment in cervical 

cancer cells. Importantly, autophagy inhibition can also sensitize cervical cancer cells 

under chronic hypoxia or cycH to Cisplatin treatment, suggesting a potential strategy for 

more efficient therapeutic targeting of these chemoresistant cell populations. 

Figure 29. ATG5 knockdown enhances Cisplatin-induced apoptosis in cervical cancer cells. 

(A) SiHa and HeLa cells were transfected with control siRNA (siCtr) or an ATG5-targeting siRNA (siATG5) and 

treated with 30 µM (SiHa) or 15 µM (HeLa) CDDP for 24 h under 21% O2, 5.5% O2, 1% O2 or cycH. 

Immunoblot analyses of PARP, cl. PARP, cl. Caspase 9, and ATG5 are shown. α-Tubulin, representative 

loading control. (B) Corresponding TUNEL analyses of SiHa and HeLa cells transfected with siCtr or siATG5

and treated as described in subfigure A. Nuclei are counterstained with DAPI. Scale bar: 50 µm. 

Representative images of two biological replicates yielding consistent results are shown. 
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2.6 Comparative analyses of apoptosis signaling cascades in response to Cisplatin 

treatment under different oxygen conditions 

2.6.1 Cisplatin-induced apoptosis is caspase-dependent 

To identify factors that are responsible for the reduced apoptosis induction in cervical 

cancer cells under cycH in response to Cisplatin, I next investigated the role of caspases, 

the key regulators of apoptosis signaling.95 Co-treatment with the pan-caspase inhibitor 

Z-VAD-FMK significantly reduced the levels of cl. PARP in Cisplatin-treated SiHa and 

HeLa cells under normoxia, physoxia, chronic hypoxia, and cycH (Figure 30). These 

findings indicate that caspase activity is essential for Cisplatin-induced apoptosis, even 

under conditions of oxygen deprivation.  

Additionally, I analyzed the expression of the truncated BID (tBID) protein in SiHa and 

HeLa cells after Cisplatin treatment. tBID can be generated from BID by activated 

Caspases 8 and 10 in response to apoptotic stimuli, and it promotes the pro-apoptotic 

cascade by facilitating MOMP.119 Interestingly, the levels of tBID showed a clear 

correlation with the levels of cl. PARP in Cisplatin-treated cervical cancer cells under all 

tested oxygen conditions, with the lowest tBID levels detectable under cycH. Moreover, I 

observed a similar reduction in pro-apoptotic tBID levels upon co-treatment with 

Z-VAD-FMK and Cisplatin (Figure 30).  

 

These results demonstrate that Cisplatin-induced apoptosis in HPV-positive cancer cells 

is highly dependent on caspase activity, irrespective of the present oxygen conditions. 

Furthermore, the pro-apoptotic effects of Cisplatin are associated with an increase in tBID 

levels, which are strongly reduced in Cisplatin-treated cells under cycH. 

Figure 30. Cisplatin-induced apoptosis is caspase-dependent. 

SiHa and HeLa cells cultivated under 21% O2, 5.5% O2, 1% O2 or cycH were pre-treated for 4 h with

30 µM Z-VAD-FMK and subsequently exposed to 30 µM (SiHa) or 15 µM (HeLa) CDDP for 24 h. Protein

levels of PARP, cl. PARP, BID and tBID were analyzed by immunoblots. α-Tubulin, representative loading

control. 
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2.6.2 CycH reduces MOMP induction and cytosolic Cyt c release in Cisplatin-

treated cervical cancer cells 

Following BID activation, a key event in the apoptosis cascade is the induction of MOMP 

and the cytosolic release of pro-apoptotic mitochondrial proteins, such as Cyt c.109,112 

Therefore, I next investigated the effects of Cisplatin on the induction of MOMP in SiHa 

and HeLa cells under different oxygen conditions. 

Strikingly, whereas Cisplatin treatment under normoxia, physoxia or chronic hypoxia led to 

a clear accumulation of Cyt c in the cytosol of SiHa and HeLa cells, this response was 

strongly impaired in Cisplatin-treated cells under cycH (Figure 31). 

 

Collectively, my results show that Cisplatin treatment of cervical cancer cells under cycH 

results in reduced activation of tBID, which correlates with diminished Cisplatin-induced 

MOMP and less efficient induction of apoptosis in comparison to cells treated under 

normoxia, physoxia or chronic hypoxia.  

Figure 31. Cisplatin-induced MOMP is reduced under cycH. 

Immunoblot analyses of Cyt c levels in total cell lysates (left panels) and cytosolic fractions (right panels) of

SiHa and HeLa cells treated for 24 h with 30 µM (SiHa) or 15 µM (HeLa) CDDP under the indicated oxygen

conditions. Analysis of the inner mitochondrial membrane protein NDUFS2 shows that the cytosolic fraction is

efficiently depleted of mitochondria. Vinculin and GAPDH, representative loading controls. 
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2.6.3 BID activation via Caspase 8 is critical for Cisplatin-induced apoptosis in 

cervical cancer cells under different oxygen conditions 

To further investigate the role of BID in the response of HPV-positive cervical cancer cells 

to pro-apoptotic Cisplatin treatment under different oxygen conditions, I silenced BID 

expression via RNAi in SiHa and HeLa cells. Intriguingly, BID knockdown strongly 

diminished the levels of the apoptosis markers cl. PARP and cl. Caspase 9 in Cisplatin-

treated cells under all tested oxygen conditions (Figure 32A). These results reveal that 

BID activation plays a pivotal role in the regulation of Cisplatin-induced apoptosis in HPV-

positive cervical cancer cells. 

Caspase 8 is a well-characterized upstream regulator of BID cleavage.119 Therefore, I next 

tested whether Caspase 8 is responsible for tBID activation in Cisplatin-treated cervical 

cancer cells. Transient knockdown of Caspase 8 expression using RNAi also resulted in 

decreased levels of cl. PARP and cl. Caspase 9 after Cisplatin treatment in SiHa and 

HeLa cells under normoxia, physoxia, chronic hypoxia or cycH (Figure 32B). Additionally, 

the Cisplatin-induced increase of pro-apoptotic tBID protein was reduced in Caspase 8-

depleted SiHa and HeLa cells compared to control siRNA-transfected cells under all 

tested oxygen conditions (Figure 32B).  

Collectively, these results indicate a key role of BID and Caspase 8 during Cisplatin-

induced apoptosis in cervical cancer cells.  
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The importance of BID and Caspase 8 in Cisplatin-induced apoptosis was further 

corroborated by accompanying TUNEL analyses. Silencing BID expression efficiently 

reduced the percentage of TUNEL-positive cells in Cisplatin-treated SiHa (Figure 33) and 

HeLa cells (Figure 34) under all tested oxygen conditions. Similarly, the number of 

TUNEL-positive cells after Cisplatin treatment was strongly reduced after Caspase 8 

knockdown under normoxia, physoxia or chronic hypoxia, compared to control 

siRNA-transfected cells (Figure 33, Figure 34). However, no further reduction in TUNEL-

positive cells under cycH, which were already very few, was detected.  

  

Figure 32. BID and Caspase 8 knockdown counteract Cisplatin-induced apoptosis in cervical cancer 

cells: Analysis of apoptosis markers. 

SiHa and HeLa cells were transfected with control siRNA (siCtr) or either (A) a BID-specific siRNA (siBID) or 

(B) a Caspase 8-specific siRNA (siCASP8) and treated with 30 µM (SiHa) or 15 µM (HeLa) CDDP for 24 h 

under 21% O2, 5.5% O2, 1% O2 or cycH. Immunoblot analyses of PARP, cl. PARP, cl. Caspase 9, BID, tBID,

and Caspase 8 are shown. α-Tubulin, representative loading control. 
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Figure 33. BID and Caspase 8 knockdown counteract Cisplatin-induced apoptosis in SiHa cervical

cancer cells: TUNEL assays. 

SiHa cells were transfected with control siRNA (siCtr), a BID-specific siRNA (siBID) or a Caspase 8-specific

siRNA (siCASP8) and treated with 30 µM CDDP for 24 h under the indicated oxygen conditions. Nuclei are

counterstained with DAPI. TUNEL-positive cells were quantified relative to the total number of DAPI stained

cells from five different images per condition. Representative images of two biological replicates yielding

consistent results are shown. Scale bar: 50 µm. 
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In conclusion, these results demonstrate the important role of Caspase 8 in the activation 

of tBID in Cisplatin-treated cervical cancer cells. The generation of tBID is a critical factor 

in the induction of apoptosis in response to Cisplatin treatment, and inhibiting BID 

efficiently protected cervical cancer cells against the pro-apoptotic effects of Cisplatin. 

Therefore, the reduced tBID levels in Cisplatin-treated cancer cells under cycH may 

contribute to their chemoresistant phenotype. 

Figure 34. BID and Caspase 8 knockdown counteract Cisplatin-induced apoptosis in HeLa cervical 

cancer cells: TUNEL assays. 

HeLa cells were transfected with control siRNA (siCtr), a BID-specific siRNA (siBID) or a Caspase 8-specific 

siRNA (siCASP8) and treated with 15 µM CDDP for 24 h under the indicated oxygen conditions. Nuclei are 

counterstained with DAPI. TUNEL-positive cells were quantified relative to the total number of DAPI stained

cells from five different images per condition. Representative images of two biological replicates yielding 

consistent results are shown. Scale bar: 50 µm.
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3 Discussion 

Although effective prophylactic vaccines against oncogenic high-risk HPV types are 

available, cervical cancer is predicted to remain a major global health concern for the next 

decades, particularly in low- and middle-income countries due to low immunization 

coverage.281 Furthermore, the treatment of cervical cancers still constitutes a considerable 

therapeutic challenge and patients with advanced or recurrent cervical cancers often have 

a poor clinical prognosis.28 Thus, understanding the molecular processes that govern the 

malignant phenotype of cervical cancer cells and their response to anticancer therapy is 

fundamental. The studies performed in this thesis provide first insights into the effects of 

cycH on the phenotype of HPV-positive cancer cells, uncovering significant alterations of 

virus/host cell interactions as well as of their overall proteome signature, lysosomal 

composition, autophagy regulation, senescence and apoptosis response, and 

susceptibility to chemotherapy. 

 

3.1 Rationale for studying the effects of cycH in cervical cancer cells 

Solid tumors, including cervical cancers, often comprise hypoxic subregions with oxygen 

concentrations below 1.5-2%.171,173,282 These hypoxic regions are typically associated with 

increased resistance to chemo-, radio-, and immunotherapy, an elevated risk of tumor 

recurrence, and poor patient prognosis.169,282,283 In the last decades, substantial progress 

has been made in understanding the effects of different forms of hypoxia on tumor cells 

with the aim to improve current therapeutic strategies to target hypoxic cancer cell 

populations more efficiently.284 

Previously, our group provided evidence that chronic hypoxia (1% O2) has a strong impact 

on the phenotype of HPV-positive cervical cancer cells, leading to a state of cellular 

dormancy.224,225 This dormancy is characterized by a transient repression of the E6/E7 

oncogenes, that is in part mediated via hypoxia-induced PI3K/AKT signaling, and a 

reversible cell growth arrest, which can be reversed upon reoxygenation.225,226 

Furthermore, cells under chronic hypoxia can evade chemotherapy-induced senescence 

via hypoxia-linked impairment of mTORC1 activity and thus could provide a potent 

reservoir for tumor recurrence, e.g. following therapy-induced tumor shrinkage and 

improved access for residual tumor cells to oxygen.225  

In this thesis, I aimed to investigate the phenotypic effects of a second major form of 

tumor hypoxia, cycling hypoxia (cycH), in HPV-positive cervical cancer cells, which were 

thus far unknown. Specifically, I focused on understanding the regulation of the virus/host 
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cell crosstalk, important cancer-related signaling pathways, and the response of cervical 

cancer cells to anticancer therapy under different oxygen conditions. During cycH, 

fluctuations in tissue perfusion cause recurring variations in oxygen supply for nearby 

tumor cells.175 Intriguingly, as most cancer cells eventually undergo phases of hypoxia and 

reoxygenation, cycH is a prevalent form of hypoxia in solid tumors and is proposed to be 

the dominant form in vivo.228,285 Notably, cycH and chronic hypoxia may cause distinct 

effects on molecular signaling pathways and cycH has been associated with an even 

more aggressive tumor behavior than chronic hypoxia.175,230,232 Therefore, comprehensive 

investigations of the cellular phenotype and therapy resistance mechanisms, especially 

under cycH, are urgently required to develop novel strategies to therapeutically target 

hypoxic cell populations. 

In the in vitro experimental setup, cycH was simulated by alternating between the reported 

median oxygen concentrations of healthy cervical tissue (ca. 5.5% O2) and cervical 

cancers (ca. 1.2% O2).173 The effects of cycH on HPV-positive cancer cells were 

compared to normoxia (21% O2, standard cell culture), physoxia (5.5% O2) and chronic 

hypoxia (1% O2). Furthermore, I cultivated the cells under physiological glucose levels 

(1 g/L) and generated an oxygen-glucose deprived environment over time, which is 

characteristic for hypoxic tumor regions.286 It is important to note that in vitro cell culture 

studies have certain limitations. Firstly, cycH may not occur in consistently rhythmic 

patterns, but instead cycH is likely more variable in terms of duration and frequency. 

Secondly, the physiologic glucose supply during cycH also depends on blood perfusion 

and would thus alternate between hypoxic and reoxygenation phases. This is not covered 

in my experimental settings or other in vitro studies on cycH236,239,242,247–249, in which 

medium glucose concentrations gradually decrease over time. My studies provide a 

suitable approach to investigate cycH in cervical cancer cells within an in vitro context, but 

it is important to validate and transfer my findings to in vivo settings to support their clinical 

relevance. 

 

3.2 The virus/host cell crosstalk in HPV-positive cervical cancer cells under cycH 

Interestingly, my experiments revealed significant phenotypic effects of cycH in HPV-

positive cervical cancer cells that are distinct from the phenotypes under normoxia, 

physoxia, and chronic hypoxia. Firstly, I showed that the HPV E6/E7 oncogene expression 

is largely maintained under cycH, which strongly contrasts the efficient E6/E7 repression 

under chronic hypoxia. Moreover, the effects of E6/E7 on the regulation of the critical 

tumor suppressor proteins p53 and pRb, which are key cellular targets for the HPV-



Discussion 

77 

induced transformation process, are preserved under cycH. This latter finding suggests 

that the HPV oncogenes contribute to the phenotype of cervical cancer cells under cycH. 

As a result, cervical cancer cells under cycH, in contrast to cells under chronic hypoxia, 

may benefit from the effects of E6 and E7 on the inhibition of apoptosis and the 

maintenance of cell proliferation.21 However, I also showed that cervical cancer cells 

under cycH converge on the phenotype of cells under chronic hypoxia after prolonged 

exposure for up to 72 h, eventually resulting in the repression of viral oncoproteins and a 

decline in cell proliferation rates.  

Regarding anticancer therapies, the sustained HPV E6/E7 oncoprotein expression under 

cycH is likely relevant to therapeutic approaches that specifically aim to target E6/E7 in 

HPV-positive cancers. For example, E6/E7 inhibitors could be less effective in cervical 

cancer cells exposed to chronic hypoxia, if their therapeutic targets are not expressed225, 

whereas they could exhibit greater efficacy in cervical cancer cells under cycH, which 

maintain E6/E7 expression. Furthermore, the sustained expression of E6/E7 under cycH 

could favor the susceptibility of cervical cancer cells to immunotherapeutic strategies that 

target E6/E7-derived antigens presented on the cellular surface. In conclusion, the 

contrasting effects of chronic hypoxia and cycH on the viral E6/E7 oncoproteins show that 

the two forms of hypoxia differentially influence the virus/host cell crosstalk in cervical 

cancer cells, with distinct implications for the therapeutic success of specific antiviral 

strategies in HPV-positive cancers.  

 

3.3 Oxygen-dependent phenotypic changes in cervical cancer cells 

3.3.1 Physoxia induces the upregulation of hypoxia-associated factors 

In addition to the oxygen-dependent effects on the virus/host cell crosstalk, I discovered 

several other unexpected alterations in HPV-positive cervical cancer cells in response to 

different oxygen conditions. These include, for instance, the upregulation of factors under 

physiological oxygen conditions, which are considered to be hypoxia-induced. For 

example, the HIF targets LOXL2267 and SLC2A1268 are significantly upregulated under 

physoxia compared to normoxia, hinting at an increased HIF transcriptional activity in 

cervical cancer cells under physoxia, which is not detected when performing experiments 

under standard cell culture conditions (normoxia). Indeed, HIF-related functions depend 

on the duration and degree of hypoxia and can be detected at physiologically relevant 

oxygen concentrations.232,287 Importantly, elevated HIF signaling is a well-reported 

adaptation of tumor cells to upregulate pro-carcinogenic functions and thus could 

considerably influence tumorigenesis under physoxia.288 



Discussion 

78 

To gain further insights into physoxia-induced changes in HPV-positive cancer cells, I 

focused on NDRG1, a protein, which showed significant upregulation in cervical cancer 

cells under physoxia compared to normoxia. NDRG1 is widely considered to be a 

hypoxia-induced factor and possibly exerts oncogenic functions in cervical cancer 

cells.200,217 In specific, elevated NDRG1 levels in cervical cancer have been associated 

with unfavorable prognosis, increased invasiveness, accelerated tumor growth, and 

increased resistance to chemoradiotherapy.217,220 Therefore, NDRG1 has emerged as a 

promising therapeutic target in cancer research.214 In my study, I showed that NDRG1 

expression is already efficiently induced under physoxia in a HIF-1/HIF-2-dependent 

manner. In addition, the regulation of NDRG1 phosphorylation by SGK1 occurs similarly in 

HPV-positive cancer cells under physoxia and chronic hypoxia.  

Collectively, these results implicate a need to re-evaluate so-called ‘hypoxia-induced’ 

genes carefully, since this designation often is based on comparing their regulation under 

hypoxia versus normoxia – yet they may be already considerably induced under physoxia.  

 

3.3.2 Lysosomal alterations under cycH and chronic hypoxia 

My studies also revealed that cervical cancer cells exposed to cycH are characterized by 

a unique proteome signature, which can be clearly distinguished from the proteome of 

cells cultivated under normoxia, physoxia or chronic hypoxia. As a major difference, I 

found that the levels of luminal lysosomal proteins are significantly downregulated under 

cycH, and to a lesser extent under chronic hypoxia, compared to the proteome of cervical 

cancer cells under physoxia. This finding is striking because lysosomes are important 

signaling hubs of the cell, affecting several critical cellular pathways, such as the 

regulation of cellular catabolism and homeostasis or the induction of different modes of 

cell death, including apoptosis.134,147,148 The role of lysosomes in cancer progression and 

cell death is thus increasingly investigated, particularly regarding their potential as 

therapeutic targets in cancer cells.145,147,148  

Several recent studies investigated the effects of tumor hypoxia on lysosomes. For 

instance, hypoxia-induced extracellular acidification leads to the redistribution of 

lysosomes from the perinuclear region to the cell periphery, which contributes to the 

inhibition of mTORC1 signaling.289 Furthermore, hypoxia has been reported to inhibit 

lysosomal degradation of EGFR.290 

Based on the results of my proteome analyses, which revealed a strong reduction in the 

levels of luminal lysosomal proteins, particularly under cycH, I investigated the regulation 
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and function of the cysteine cathepsins CTSB and CTSL in more detail. CTSB and CTSL 

are key enzymes for lysosomal catabolism, but also have been suggested to exert pro-

apoptotic activity upon release from the lysosomes into the cytosol (see chapter 3.4.2.2 

for more details). 

Consistent with the reduction in mature CTSB and CTSL protein levels under chronic 

hypoxia and cycH, I observed a significant decrease in their total enzyme activities in 

cervical cancer cells under both hypoxia forms. It should, however, be noted that the 

proteolytic activity of cathepsins is not solely dependent on enzyme maturation but can 

also be influenced by factors such as pH and endogenous cathepsin inhibitors like stefins, 

cystatins, and kiniogens.151 Interestingly, I also detected an increased secretion of 

cathepsin precursor forms into the extracellular space under cycH and chronic hypoxia. 

This raises the possibility that the maturation and activity of lysosomal enzymes under 

cycH and chronic hypoxia may be influenced, at least in part, by oxygen-dependent 

effects on lysosomal protein trafficking. In line with this, other studies have reported 

altered trafficking of lysosomes and lysosomal CTSD in breast cancer cells in response to 

hypoxia and/or extracellular acidification, resulting in increased secretion of lysosomal 

enzymes.291,292 

Importantly, even though cathepsins are most active at a lysosomal pH of 4-5, several 

cathepsins can still exert proteolytic activity at higher pH levels.151 This enables 

cathepsins to function outside of the endo-/lysosomal system, for instance when they are 

released into the extracellular space.151,155 In cancer cells, extracellular cathepsins can 

contribute to ECM remodeling and the cleavage of cell adhesion molecules, promoting 

cancer cell migration and invasion.151,155 Furthermore, extracellular cathepsins can 

activate pro-inflammatory cytokines and disrupt intracellular signaling pathways by 

cleaving cell surface receptors.151,155  

Further, I found that CTSL protein levels decrease in a glucose-dependent manner in 

cervical cancer cells under cycH and chronic hypoxia. This possible connection between 

cathepsin activity and glucose availability is corroborated by similar findings in Ras-

transformed fibroblasts.293 Given the multifaceted and context-dependent functions of 

cathepsins within cancer cells, further insights in how their expression may intersect with 

hypoxia and glucose metabolism could be highly valuable. 

Collectively, these findings underscore the need for further research on the functional role 

of intra- and extracellular cathepsins in cervical cancer cells, particularly under oxygen 

deprivation, which could be of substantial relevance for tumor cell adaptation, tumor 

growth, and therapy resistance mechanisms. 
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3.3.3 Effects of cycH on autophagy in cervical cancer cells 

My results further indicated that autophagy, an important lysosomal catabolic process, is 

restrained in cervical cancer cells under cycH compared to normoxia or physoxia. This 

finding coincides with the observed reduction in mature lysosomal enzymes and their 

proteolytic function under cycH. HPV-positive cancer cells under cycH accumulated the 

autophagosomal marker protein LC3B-II and showed decreased autophagic flux 

compared to normoxia and physoxia. These observations contrast with studies that report 

an induction of autophagy under hypoxia in different cell systems, with both protective and 

detrimental effects.235,294,295 For example, autophagy has been shown to play an essential 

role in the viability of MCF-7, HT29, and U373 tumor cells under cycH by clearing damage 

induced by reactive oxygen species.235 However, it is important to consider that these 

studies were conducted in cells from different tumor entities, using different cycH setups, 

and may thus not be comparable without restrictions.  

The regulation of autophagy in response to cellular stress, including hypoxia and nutrient 

starvation, is a finely balanced process. It is worth noting that, even though autophagy 

recycles proteins and damaged organelles to restore cellular energy levels, the autophagy 

process itself is energy-dependent.296 Consequently, if the available energy resources are 

restricted, cancer cells may prioritize vital cellular functions over promoting autophagy.297 

This has been demonstrated in a recent study showing that glucose starvation blocks 

amino acid-induced autophagy in an AMPK-dependent mechanism.297 Upon stress relief 

and glucose replenishment, cells can reinitiate autophagic flux and restore cellular 

homeostasis.297 In light of these results, it could be hypothesized that cervical cancer cells 

under cycH adapt to the oxygen-glucose-deprived environment by inhibiting autophagic 

flux and thus preserve limited energy levels for other essential cellular processes. As 

autophagy can exert both tumor promoting and tumor suppressing functions depending on 

the cellular context, its contribution to the cellular phenotype of cervical cancer cells under 

cycH warrants further investigation. 

 

3.4 Response of cervical cancer cells under cycH to cancer therapy 

In previous studies, cycH has been associated with a more aggressive cellular phenotype, 

enhanced metastatic potential, and increased therapy resistance, particularly towards 

radiotherapy, in different cancer types.175,230,232 So far, the effects of cycH on the therapy 

response of HPV-positive cervical cancer cells are unknown. In my thesis, I therefore 

investigated the response of cervical cancer cells under cycH to different anticancer 

treatments, including radio- and chemotherapy. 
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3.4.1 Radiotherapy 

Radiotherapy is commonly applied to treat advanced cervical carcinomas.28 During 

radiation therapy, ionizing radiation generates free radicals, which induce DNA double-

strand breaks. Because the radical-induced DNA damage requires molecular oxygen to 

permanently ‘fix’ DNA lesions, hypoxic tumor cells are less radiosensitive than oxygenated 

tumor cells and represent a significant therapeutic challenge.222,298,299 

In this study, I demonstrated that HeLa cervical cancer cells irradiated under chronic 

hypoxia or in the hypoxic phase of cycH are more resistant to γ-irradiation treatment 

compared to cells irradiated under normoxia, physoxia or in the reoxygenation phase of 

cycH. Supposedly, the oxygen concentrations present during the hypoxic and 

reoxygenation phases of cycH appear to influence the fixation of DNA damage and thus 

the response of cervical cancer cells to γ-irradiation. These findings differ to some extent 

from other studies that generally report a radioprotective effect of cycH, compared to 

normoxia as well as chronic hypoxia, without considering the two distinct H-R phases of 

cycH.236,239,246,249 This increased radioresistance observed under cycH, also compared to 

chronic hypoxia, is suggested to be associated with the accumulation of HIF-1α and/or the 

reactive oxygen species formed under cycH.236,239,241,243,246,249,256 Importantly, the cellular 

context and the applied parameters of cycH vary among existing studies and cannot be 

directly compared. Since the observed radioprotective effects of cycH on cervical cancer 

cells do not significantly differ from chronic hypoxia, further investigation into the 

underlying mechanisms was not pursued in more depth. However, the oxygenation status 

of cells should be carefully considered for the therapeutic success of radiotherapies in 

cervical cancer patients. 

 

3.4.2 Chemotherapy 

Chemotherapeutic strategies aim to inhibit cancer cell proliferation by inducing 

senescence, which is an irreversible growth arrest, and/or apoptosis, a programmed cell 

death.79,260,262 The therapeutic outcome in cancer cells depends on the drug dose and the 

severity of DNA damage. While lower doses of chemotherapeutic agents can result in the 

induction of cellular senescence, higher doses can trigger apoptosis more efficiently.72,262 

To gain a comprehensive insight into the chemotherapy responses of HPV-positive 

cervical cancer cells, both pro-senescent and pro-apoptotic agents were tested under 

cycH and compared to their effects under other oxygen conditions.  
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3.4.2.1 Pro-senescent chemotherapy 

Senescence is a permanent cell cycle arrest in response to various stressors, including 

telomere shortening, oxidative stress, and DNA damage.263 Senescent cells cease cell 

division while remaining metabolically active and can induce a senescence-associated 

secretory phenotype (SASP) that activates an immune response and promotes the 

clearance of cancer cells.263,300 However, therapy-induced senescence in cancer cells can 

also cause detrimental effects in certain contexts, as the pro-inflammatory SASP can 

favor tumor progression, angiogenesis, and chronic inflammation. Moreover, senescent 

cells appear more resistant to pro-apoptotic stimuli.260,300 

The drug Etoposide is a reversible topoisomerase II inhibitor that is used for the treatment 

of different cancer types.301,302 Etoposide interferes with DNA replication and causes DNA 

damage, which leads to the induction of cellular senescence or apoptosis, depending on 

the drug dose.302 Previous studies of our group have demonstrated that HPV-positive 

cervical cancer cells under chronic hypoxia can escape the pro-senescent effects of 

Etoposide treatment due to the hypoxic impairment of mTORC1, which is required for an 

efficient induction of senescence.182,225 Instead of undergoing senescence, cervical cancer 

cells under chronic hypoxia enter a state of dormancy and resume proliferation upon 

reoxygenation and drug release.225 

In my experiments, I demonstrated that cervical cancer cells under cycH exhibit increased 

resistance to pro-senescent Etoposide treatment compared to cells under normoxia or 

physoxia. Notably, cells treated under cycH evade senescence induction to a similar 

extent as cells treated under chronic hypoxia. This is an interesting finding as I observed 

that mTORC1 signaling, which is a critical determinant for the conversion of transiently 

arrested cells to irreversibly arrested senescent cells227, is differentially regulated under 

chronic hypoxia and cycH. Under chronic hypoxia, mTORC1 signaling is strongly 

impaired, favoring senescence evasion225, whereas under cycH, active mTORC1 signaling 

is partially preserved in a cycH phase-dependent pattern. I found evidence of increased 

phosphorylation of the well-established markers for active mTORC1 signaling p70S6K, 

S6, and 4E-BP1 in the reoxygenation phases of cycH, which is rapidly reduced again in 

hypoxic phases of cycH. This dynamic regulation of mTORC1 activity in response to a 

fluctuating oxygen supply is corroborated by other studies.252,303 However, the residual 

mTORC1 activity under cycH is apparently not sufficient to promote the efficient induction 

of senescence in response to Etoposide treatment. Instead, cervical cancer cells under 

cycH exhibited a similar capacity to evade pro-senescent chemotherapy as cells treated 

under chronic hypoxia, where mTORC1 activity is efficiently abrogated.  
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This finding was further underlined by analyzing a combined treatment with Etoposide and 

the mTOR inhibitors Rapamycin and KU-0063794 in cervical cancer cells under cycH. 

Inhibition of the remaining mTOR activity only slightly increased senescence evasion and 

the colony formation capacities of Etoposide-treated cells under cycH, indicating that 

mTOR activity levels under cycH are already sufficiently impaired to allow for senescence 

escape. In summary, cervical cancer cells under cycH can efficiently evade 

chemotherapy-induced senescence, which supports the notion that cycH is associated 

with increased therapy resistance.247,248 

However, it should also be noted that the periodically active mTORC1 signaling observed 

under cycH could still affect the cellular phenotype, apart from the response to pro-

senescent chemotherapy. For example, mTOR signaling is important for the regulation of 

cell growth and metabolism and the investigated mTORC1 targets p70S6K, S6, and 

4E-BP1 all participate in the stimulation of mRNA translation.250 Therefore, it is possible 

that cells under cycH may take advantage of partially restored mTORC1 activity during 

reoxygenation phases to facilitate intermittent protein synthesis and thereby enhance cell 

viability. 

 

3.4.2.2 Pro-apoptotic chemotherapy 

In addition to pro-senescent chemotherapy, a preferred therapeutic outcome is the 

induction of cell death.79 Cisplatin is the main chemotherapeutic agent used in cervical 

cancer patients and possesses pronounced pro-apoptotic potential by inducing DNA 

damage through DNA inter- and intrastrand crosslinks.66,73 In the present study, I thus 

investigated the response of cervical cancer cells to Cisplatin under different oxygen 

conditions. Strikingly, I found that HPV-positive cervical cancer cells under cycH exhibit 

increased resistance to pro-apoptotic Cisplatin treatment not only compared to cells under 

normoxia or physoxia, but also compared to cells under chronic hypoxia. These results 

are corroborated by findings in glioblastoma cells showing that chemoresistance under 

cycH can exceed the resistance observed under chronic hypoxia.247,248 Furthermore, I 

observed that cervical cancer cells treated with Cisplatin under cycH eventually react with 

efficient senescence induction, while cells treated under normoxia, physoxia or chronic 

hypoxia do not enter senescence as they barely resist Cisplatin-induced apoptosis. The 

differences in senescence induction compared to Etoposide treatment could be explained 

by distinct modes of drug action. Cisplatin-induced damage persists even after treatment 

release, while Etoposide reversibly inhibits topoisomerase II. 
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Consequently, the question arose which factors may determine the particularly resistant 

phenotype of cervical cancer cells under cycH to pro-apoptotic Cisplatin treatment. Thus, I 

thoroughly evaluated potential hypotheses and functionally investigated candidate factors 

and pathways in more depth.  

Most chemotherapeutic agents, including Cisplatin, preferentially target highly proliferating 

cells.221 Therefore, the reduced cytotoxic effect of Cisplatin observed under both hypoxia 

forms could, at least in part, be attributed to the reduced proliferative capacity of these 

cells compared to normoxia or physoxia.221 However, this cannot explain the observed 

differences in apoptosis induction in Cisplatin-treated cervical cancer cells under chronic 

hypoxia and cycH, since the cells exhibit higher proliferation rates under cycH than under 

chronic hypoxia, what should make cells under cycH more susceptible to the effects of 

Cisplatin. Consequently, differences in cell proliferation alone do not suffice to explain the 

particularly pronounced chemoresistant phenotype observed in cervical cancer cells under 

cycH. 

Another important factor, which may influence the cellular phenotype of cervical cancer 

cells and their response to Cisplatin, is the expression of the HPV E6/E7 oncogenes.21 As 

found in my experiments, cervical cancer cells under cycH maintain viral E6/E7 oncogene 

expression and their canonical transforming functions, which is a major difference to cells 

under chronic hypoxia. This could be relevant since genotoxic chemotherapeutic agents, 

such as Cisplatin, can repress the HPV oncogene expression.264 Consequently, E6 can no 

longer mediate the degradation of p53, leading to an increase in p53 protein levels and 

the activation of its transcriptional target genes, such as p21 and bax, which participate in 

the regulation of cell cycle arrest and apoptosis.264,304 In the context of my study, Cisplatin 

treatment resulted in the reduction of E7 protein levels under normoxia and physoxia, in 

accordance with previous findings showing a downregulation of E6/E7 expression by a 

variety of chemotherapeutic agents.264 However, this downregulation was also observed in 

my experiments under cycH. Under chronic hypoxia, E6/E7 expression is already 

suppressed in the absence of genotoxic treatment and cannot be further reduced by 

Cisplatin. Evidently, the pronounced differences in apoptosis induction by Cisplatin 

observed under the different tested oxygen conditions were not linked to differences in 

HPV oncoprotein expression, which was downregulated under all conditions.  

An interesting finding of my proteome studies was the observation that the amounts of 

luminal lysosomal enzymes were reduced under chronic hypoxia and even more 

significantly under cycH. As mentioned above, apoptotic stimuli exerted by certain 

chemotherapeutic drugs can induce lysosomal membrane permeabilization, which leads 
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to the release of lysosomal enzymes, particularly of cathepsins, into the cytoplasm.148,150 

Cytoplasmic cathepsins can trigger and amplify cell death signaling pathways, for instance 

by cleaving pro-apoptotic BID or procaspases.158 CTSB and CTSL both have been 

described to possess pro-apoptotic potential.158–160 Therefore, I hypothesized that the 

reduction in mature cathepsin proteins and their proteolytic activity under cycH and 

chronic hypoxia could potentially contribute to the observed Cisplatin-resistant phenotype 

in comparison to cells under normoxia and physoxia. Indeed, I detected a strongly 

diminished or absent cytoplasmic release of mature cathepsins after Cisplatin treatment 

under cycH and chronic hypoxia compared to cells treated under normoxia or physoxia, 

which would be consistent with this hypothesis. However, inhibition of cathepsin activities, 

particularly of CTSB and CTSL, did not increase the resistance of cervical cancer cells to 

the pro-apoptotic effects of Cisplatin under any of the tested oxygen conditions. This 

indicates that these cathepsins do not play a decisive role for the susceptibility of cervical 

cancer cells to Cisplatin-induced apoptosis. This result differs from reports in other cancer 

cell models, indicating that the functional role of cathepsins in cell death may be cell- and 

context-dependent.160 For instance, in Cisplatin-resistant A549 lung cancer cells, 

treatment with Cisplatin and CQ led to increased LMP and enhanced cell death mediated 

by cathepsins, which was partially independent of caspases.305 Furthermore, a recent 

study has shown that Cathepsin L is involved in radiation-induced cell death in cervical 

cancer cells and SERPINB3, an intracellular cysteine protease inhibitor, protects against 

lysosomal damage and lysosome-mediated cell death.306 Therefore, it cannot be excluded 

that the significant downregulation of luminal lysosomal enzymes under cycH, not only of 

CTSB and CTSL, could still have an impact on therapy response mechanisms in HPV-

positive cervical cancer cells, beyond Cisplatin-induced apoptosis. 

My results further showed that another lysosome-associated determinant of the Cisplatin 

response in cervical cancer cells under different oxygen conditions is the regulation of 

autophagy. Autophagy can influence (chemo)therapy responses and can have both pro- 

or anti-tumorigenic effects in cancer cells, depending on various factors such as tumor 

type, microenvironment, and disease stage.166 Chemotherapeutic drugs such as Cisplatin 

can induce autophagic flux, which can affect drug efficacy and contribute to drug 

resistance.307,308 The modulation of autophagy as adjuvant therapy is thus increasingly 

investigated as a chemosensitizing approach in tumor therapy in numerous clinical 

trials.168,309 However, the dual role of autophagy in both tumor promoting and tumor 

suppressing functions represents a considerable challenge and limits its therapeutical 

exploitation.309 Previous studies have shown that the antimalarial drug Chloroquine (CQ), 

an effective inhibitor of autophagy, can enhance the effectiveness of Cisplatin treatment in 
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different tumor types, in vitro and in vivo, including cervical cancer cells.168,308,310 Since I 

detected decreased autophagic flux in cervical cancer cells under cycH compared to cells 

under normoxia and physoxia, the question arose whether this influences their response 

to Cisplatin treatment. Intriguingly, cervical cancer cells under all tested oxygen conditions 

showed enhanced induction of apoptosis after combination treatment of Cisplatin and CQ. 

The cooperative pro-apoptotic potential of autophagy inhibition and Cisplatin was further 

corroborated by combining Cisplatin treatment with the specific RNAi-mediated inhibition 

of ATG5, an important factor in the autophagic process.162,280 Importantly, my findings 

demonstrate that even cells under chronic hypoxia and cycH, which are particularly 

chemoresistant, can be re-sensitized to the pro-apoptotic effects of Cisplatin by autophagy 

inhibition through prolonged CQ co-treatment or by genetic silencing of ATG5 expression. 

Hence, the reduction of autophagic flux in cervical cancer cells under cycH per se is likely 

not the critical determinant for their increased chemotherapy resistance to Cisplatin 

compared to other tested oxygen conditions. Strikingly, however, the application of 

Cisplatin in combination with autophagy inhibitors, such as CQ, could provide a basis to 

improve established therapeutic strategies, by counteracting the increased 

chemoresistance of cancer cells exposed to chronic hypoxia or cycH. 

Evidently, the pronounced alterations in lysosomal composition under cycH did not appear 

to be a significant determinant for the apoptosis response of HPV-positive cervical cancer 

cells towards Cisplatin, at least under the experimental conditions employed in my 

studies. Therefore, I proceeded to investigate the apoptosis signaling cascade, specifically 

focusing on the role of BID in the response to Cisplatin under different oxygen conditions 

in more detail. Interestingly, my experiments revealed that the cleavage of BID upon 

Cisplatin treatment and the resulting amounts of tBID clearly correlate with the apoptosis 

induction in cervical cancer cells under different oxygen conditions. Specifically, I detected 

the lowest levels of tBID in cells treated with Cisplatin under cycH, which induce least 

apoptosis, compared to cells treated under normoxia, physoxia or chronic hypoxia. 

Consistent with the reduced amounts of tBID, Cisplatin-induced MOMP was also strongly 

reduced in cells under cycH as evidenced by a substantially decreased release of Cyt c 

into the cytosol. Furthermore, silencing of BID expression via RNAi strongly inhibited 

Cisplatin-induced apoptosis, particularly in cells treated under normoxia, physoxia or 

chronic hypoxia. These findings demonstrate that BID plays a crucial role in promoting 

pro-apoptotic signaling in HPV-positive cancer cells in response to Cisplatin. Notably, the 

activation of BID in Cisplatin-treated cervical cancer cells is dependent on caspases, as 

the pan-caspase inhibitor Z-VAD-FMK substantially diminished the generation of tBID and 

the induction of apoptosis. Moreover, specific inhibition of Caspase 8, which is a well-
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characterized activator of BID119, reduced tBID levels in Cisplatin-treated cervical cancer 

cells and enhanced their resistance to apoptosis under all tested oxygen conditions.  

BID, as an upstream regulator of MOMP and a central link between the extrinsic and 

intrinsic apoptosis cascades, has an important role in chemotherapy-induced apoptosis in 

different cellular contexts, including cervical cancer cells.119,133 In response to apoptotic 

stimuli, Caspase 8 and 10, but also Caspases 2 and 3, granzymes, calpains, and 

cathepsins can cleave and activate BID, which then recruits the pore forming proteins 

BAX and BAK to the outer mitochondrial membrane (Figure 35).101,119,123,311 Thus, while 

Caspase 8, as shown in this study, is important, it may not be solely responsible for BID 

activation in Cisplatin-treated cervical cancer cells, as different factors can cooperatively 

cleave BID in response to chemotherapeutic agents. Interestingly, positive feedback loops 

involving executioner caspases can reinforce BID cleavage, enhance MOMP, and thus 

manifest the point of no return for apoptosis.128,312,313 Therefore, BID silencing may also 

inhibit potential feedback loops, which amplify apoptosis signals and thus may 

comprehensively protect against Cisplatin-induced apoptosis.  

Collectively, these latter findings revealed that BID plays a central role in Cisplatin-

induced apoptosis in cervical cancer cells and its differential activation under different 

oxygen conditions critically determines the sensitivity of the cells to chemotherapy 

(Figure 35). Under cycH, Cisplatin-treated cells exhibit strongly reduced generation of 

tBID, which likely contributes to their chemoresistant phenotype in comparison to cells 

treated under normoxia, physoxia or chronic hypoxia. Mechanistically, the reduced 

cleavage of BID under cycH leads to attenuated MOMP and a decrease in the cytosolic 

release of Cyt c, which is a key determinant of the intrinsic apoptosis cascade and the 

subsequent activation of initiator and executioner caspases. 
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Figure 35. Proposed role of BID in Cisplatin-mediated apoptosis induction and resistance mechanisms

in cervical cancer cells under different oxygen conditions. 

Left: Under normoxia and physoxia, Cisplatin treatment induces apoptosis through both the intrinsic and the

extrinsic pathways. In the extrinsic pathway, cell death receptor signaling activates Caspases 8 and 10, which

can cleave BID to truncated BID (tBID). BID is the link between the extrinsic and intrinsic apoptosis pathway.

tBID translocates to the outer mitochondrial membrane and recruits BAX and BAK to promote mitochondrial

outer membrane permeabilization. The release of Cytochrome c (Cyt c) leads to the activation of initiator

Caspase 9 and subsequent activation of executioner caspases, such as Caspase 3 or 7. Executioner

caspases promote the induction of apoptosis by cleaving PARP, resulting in cleaved (cl.) PARP, and can

reinforce BID activation. Other factors including granzymes, cathepsins, and calpains can also activate BID

under certain circumstances and thus promote apoptosis. Right: Under cycling hypoxia (cycH), reduced

amounts of tBID are generated in response to pro-apoptotic Cisplatin treatment. Consequently, less MOMP is

induced, leading to a decreased release of Cyt c into the cytoplasm. As a result, the activation of caspases

and the induction of apoptosis are diminished in Cisplatin-treated cells under cycH, resulting in increased cell

survival. 
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Whereas my findings clearly point at a key role for BID for Cisplatin-induced apoptosis, 

they do not exclude the participation of other mechanisms in this response. Drug 

resistance often occurs multifaceted and can be influenced by various determinants, 

including drug delivery, sequestration, inactivation, and altered regulation of a variety of 

factors involved in apoptosis regulation.73,83  

Further, as mentioned above, the phenotypic response to chemotherapy can depend on 

the degree of drug-induced DNA damage.72,262 Lower doses of Cisplatin cause less 

severe DNA damage resulting in the induction of senescence, whereas higher doses 

efficiently trigger apoptosis.72 I found that cervical cancer cells treated with Cisplatin under 

cycH show increased resistance to apoptosis, but eventually react with senescence 

induction. It thus will be interesting to investigate whether they may accumulate lower 

intracellular Cisplatin concentrations, leading to reduced DNA damage, or exhibit an 

elevated threshold for Cisplatin concentrations required for efficient induction of apoptosis. 

In principle, therapy-induced senescence could be beneficial for cancer treatment by 

irreversibly blocking the proliferation of tumor cells. However, therapy-induced 

senescence can also lead to undesired effects due to the pro-inflammatory SASP of 

senescent cells, which can result in increased resistance towards pro-apoptotic stimuli, 

including chemotherapeutic agents.262,300 Hence, the senescent cervical cancer cells 

emerging from Cisplatin treatment under cycH may require targeted removal, e.g. by 

senolysis, which is the selective induction of cell death in senescent cells.262  
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3.5 Conclusion and perspectives 

Overall, my results provide novel insights into the oxygen-dependent modulation of the 

phenotype of HPV-positive cervical cancer cells, with a focus on cycH. My main findings 

reveal that cycH results in pronounced phenotypic effects, differing not only from normoxia 

or physoxia but also from chronic hypoxia. Critically affected cellular pathways include the 

response of cervical cancer cells to radiotherapy, pro-senescent and pro-apoptotic 

chemotherapy. Collectively, my findings indicate that cells exposed to cycH are 

characterized by increased resistance to the pro-apoptotic effects of Cisplatin and thereby 

could represent a particularly problematic cell population for cervical cancer therapy. 

Mechanistically, the increased resistance under cycH is linked to an impaired activation of 

pro-apoptotic BID signaling in response to Cisplatin treatment. 

The results of my thesis should also provide a basis for further investigations. For 

example, it will be interesting to further explore functional consequences of the reduced 

activity of luminal lysosomal enzymes under cycH, particularly of cathepsins, since the 

deregulation of cathepsin synthesis and function has far-reaching consequences and is 

associated with a variety of diseases (e.g. neurodegenerative or metabolic 

diseases314,315), cancer progression and drug resistance.156 Additionally, lysosomal 

dysfunctions can critically influence important cellular processes, including energy 

metabolism, degradation of endocytosed cargo, and antigen presentation.147  

Furthermore, it will be interesting to characterize the regulatory mechanisms, which act 

upstream of BID, in more detail, particularly addressing the question why cervical cancer 

cells under cycH do not efficiently generate tBID in response to Cisplatin treatment and 

thus are protected from apoptosis. Understanding the mechanisms of chemoresistance is 

pivotal for the development and refinement of therapeutic strategies for cervical cancer 

patients to target challenging and aggressive cancer cell subpopulations. Combination 

therapies that enhance BID cleavage and activation could represent a promising approach 

for efficient targeting of oxygen-deprived HPV-positive cervical cancer cells. For instance, 

a recent study demonstrated that the ectopic expression of tBID from adenoviral vectors 

could significantly increase chemotherapy-induced apoptosis in ovarian cancer cells316, 

suggesting a potential strategy to improve Cisplatin sensitivity of cervical cancer cells 

under cycH or chronic hypoxia. Additionally, it is warranted to investigate the response of 

cervical cancer cells under cycH to other chemotherapeutic agents, immunotherapy, and 

different combinatorial therapies (e.g. with autophagy inhibitors) to further increase our 

understanding of key determinants governing their therapeutic response. 
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4 Material and Methods 

4.1 Reagents  

Molecular biology grade reagents for buffers and media were purchased from AppliChem 

(Darmstadt, Germany), Applied Biosystems (Waltham, MA, USA), BD Biosciences (Franklin 

Lakes, NJ, USA), Bio-Rad (Hercules, CA, USA), Carl Roth GmbH (Karlsruhe, Germany), 

Enzo Life Sciences (Farmingdale, NY, USA), Invitrogen (Waltham, MA, USA), New England 

Biolabs (Ipswich, MA, USA), Merck (Darmstadt, Germany), Promega (Madison, WI, USA), 

Roche Diagnostics (Basel, Switzerland), Sigma-Aldrich (St. Louis, MO, USA, now Merck) 

and Thermo Fisher Scientific (Waltham, MA, USA). Manufacturers of non-standard reagents 

are specified in the text. All buffers and solutions were prepared with ddH2O if not stated 

otherwise. 

 

4.2 Cellular biology techniques  

4.2.1 Cell culture 

HPV-positive HeLa, SiHa and CaSki cervical carcinoma cells were maintained in Dulbecco’s 

minimal essential medium (DMEM, 1 g/L glucose (5 mM), Gibco, Thermo Fisher Scientific). 

HPV-negative HCT116 colorectal cancer cells were cultivated in McCoy’s 5A medium, and 

A549 lung cancer cells in RPMI 1640 medium (both Gibco, Thermo Fisher Scientific). The 

standard media were supplemented with 10% fetal calf serum (FCS, PAN-Biotech, 

Aidenbach, Germany), 100 U/mL penicillin, 100 µg/mL streptomycin and 2 mM L-glutamine 

(all Sigma-Aldrich). All cell lines were routinely tested for mycoplasma contamination and 

were authenticated within the last 3 years by single nucleotide polymorphism profiling 

(Multiplexion GmbH, Heidelberg, Germany). 

Cell stock cultures were cultivated at 37 °C and 5% CO2 at 21% O2 (“normoxia”) in a 

humidified incubator. For routine passage, cells were split every 3-4 days when reaching 80-

90% confluency, using 0.25% Trypsin-EDTA solution (Thermo Fisher Scientific) for 

detaching. Prior to cell seeding for experiments, viable cells were counted using the trypan 

blue method and the CountessTM Automated Cell Counter (Invitrogen). For most 

experiments, 6 x 105 cells were seeded in 3 mL DMEM in 6 cm dishes. 

During experiments, cells were cultivated under different oxygen conditions, as stated. 

Cultivations under physoxia (5.5% O2) and chronic hypoxia (1% O2) were performed at 37 °C 

and 5% CO2 in a humidified incubator. Cycling hypoxia (cycH) incubations with hypoxia-

reoxygenation cycles of 1 h at 1% O2 and 1 h at 5.5% O2 were performed at 37 °C and 
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5% CO2 in the InvivO2 400 physiological oxygen workstation (Ruskinn Technology Ltd. 

Bridgend, United Kingdom). The H-R cycles were conducted with an automated cycle 

programming inside the oxygen workstation. For experiments under chronic hypoxic and 

cycH conditions, pre-conditioned hypoxic medium was used. Where indicated, DMEM 

supplemented with 4.5 g/L glucose (25 mM) (Gibco, Thermo Fisher Scientific) was used to 

mimic unphysiologically high glucose conditions. 

 

4.2.2 Cryopreservation and thawing of cells 

For long-term storage, cells were trypsinized, pelleted at 800 g for 3 min and resuspended in 

cryo-medium containing 30% FCS and 10% dimethyl sulfoxide (DMSO). Cell aliquots in 

cryotubes were transferred into an isopropanol-filled freezing container (Nalgene, Thermo 

Fisher Scientific) for gradual, slow freezing over multiple days at -80 °C and finally stored in 

liquid nitrogen. 

For thawing, cells were rapidly warmed to 37 °C, resuspended in fresh culture medium and 

seeded in a cell culture flask. Fresh medium was replenished the following day to remove 

residual DMSO. 

 

4.2.3 Treatment of cells with chemical compounds  

Treatment with inhibitors or small molecule compounds was performed 1-2 days after cell 

seeding, as stated. Before treatment, cell culture medium was exchanged with normoxic or 

hypoxic preconditioned DMEM, if not stated otherwise. The compounds were added directly 

into the cell culture medium. Respective volume of solvent was added to control cells. 

Following chemicals were used for treatment: AKT inhibitor VIII (Sigma-Aldrich); 

Bafilomycin A1 (Enzo Life Sciences); CA-074-Me (Selleckchem, Houston, TX, USA); 

Chloroquine (Jena Biosciences, Germany); Cisplatin (Sigma-Aldrich); E64 (Cayman 

Chemical, Ann Arbor, MI, USA); Etoposide (Enzo Life Sciences); GSK2334470 

(MedChemExpress); KU-0063794 (Sigma-Aldrich); Rapamycin (AdipoGen, San Diego, CA, 

USA); SGK1 Inhibitor (Cayman Chemical); Z-VAD(OMe)-FMK (TargetMol Chemicals Inc, 

Boston, MA, USA). Cisplatin was dissolved in 0.9% NaCl/H2O, E64 was dissolved in H2O and 

the other drugs were dissolved in DMSO. 
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4.2.4 Transfection of synthetic siRNAs 

Gene expression was silenced via RNA interference using chemically synthesized small 

interfering RNAs (siRNAs) (Silencer® Select, Life Technologies, Thermo Fisher Scientific). 

For reverse transfection of 10 nM siRNAs, 2.5 µL of the 10 µM siRNA stock solution were 

pre-incubated with Opti-MEM medium (Gibco, Thermo Fisher Scientific) in a final volume of 

250 µL. In parallel, 5 µL LipofectamineTM RNAiMAX transfection reagent (Invitrogen) were 

mixed with Opti-MEM medium in a final volume of 250 µL and incubated for 5 min at room 

temperature (RT). The RNAiMAX mix was added to the siRNA dilutions and incubated for 

20 min at RT. 500 µL siRNA transfection mix were added per 6 cm dish. Meanwhile, cell 

stocks were trypsinized, and resuspended in DMEM containing 10% FCS but lacking 

penicillin, streptomycin and L-glutamine. Subsequently, 8 x 105 cells were seeded on top of 

the siRNA mix in a final volume of 2.5 mL and distributed gently. 24 h after transfection, 

medium was exchanged to standard cell culture medium and cells were treated as indicated.  

siRNA target sequences and used siRNA pools are listed in Table 1. For silencing of 

HPV E6/E7 expression, a pool of three different siRNAs targeting all HPV E6/E7 transcript 

classes was used to diminish off-target effects.55 The non-targeting control siRNA (siCtr) 

contains at least four mismatches to all known human genes.  

Table 1. Synthetic siRNAs. 

 

Target transcript siRNA siRNA target sequence (5’ – 3’) pool 

- siCtr CAGUCGCGUUUGCGACUGG  

ATG5 siATG5 GGAUGCAAUUGAAGCUCAU  

BID siBID CUUGCUCCGUGAUGUCUUU  

Caspase 8 siCASP8 GAUACUGUCUGAUCAUCAA  

HIF-1α siHIF-1α-1 CUAACUGGACACAGUGUGU 
siHIF-1α 

 siHIF-1α-2 CUGAUGACCAGCAACUUGA 

HIF-2α siHIF-2α-1 GCGACAGCUGGAGUAUGAA 
siHIF-2α 

 siHIF-2α-2 CAGCAUCUUUGAUAGCAGU 

HPV16 E6/E7 si16E6/E7-1 CCGGACAGAGCCCAUUACA 

si16E6/E7  si16E6/E7-2 CACCUACAUUGCAUGAAUA 

 si16E6/E7-3 CAACUGAUCUCUACUGUUA 

HPV18 E6/E7 si18E6/E7-1 CCACAACGUCACACAAUGU 

si18E6/E7  si18E6/E7-2 CAGAGAAACACAAGUAUAA 

 si18E6/E7-3 UCCAGCAGCUGUUUCUGAA 
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4.2.5 Proliferation assay 

For the analysis of cell proliferation, 2 x 105 cells (HeLa) or 3 x 105 cells (SiHa) cells were 

seeded in 6 cm dishes. Cells were cultivated under 21% O2, 5.5% O2, 1% O2 or cycH (1 h 

1% O2, 1 h 5.5% O2) and viable cell numbers were determined after 24 h, 48 h and 72 h in 

duplicates using a CellDrop Automated Cell Counter (DeNovix Inc., Wilmington, DE, USA).  

 

4.2.6 Cell cycle analysis 

In parallel to proliferation assays, cell cycle analyses were performed using flow cytometry. 

Cells grown under indicated oxygen conditions were washed with phosphate-buffered saline 

(PBS; 137 mM NaCl; 2.7 mM KCl; 4.3 mM Na2HPO4; 1.4 mM KH2PO4 (pH 7.4)) and 

trypsinized at indicated time points. Cells were centrifuged for 5 min at 1000 g, resuspended 

in 300 µL cold PBS before 900 µL ice-cold 100% EtOH were added while constant vortexing. 

Fixed cells were kept at -20 °C until further processing. Subsequently, cells were pelleted, 

resuspended in 925 µL cold PBS and stained with 25 µL of 1 mg/mL propidium iodide 

solution to reach a final concentration of 25 µg/mL. To degrade RNA, 50 µL of 10 mg/mL 

RNase were added to a final concentration of 500 µg/mL. After staining for 30 min at RT in 

the dark, cells were filtered through gaze in FACS tubes. Cell cycle distribution was analyzed 

by flow cytometry at the BD LSR Fortessa (BD Biosciences) using 600 long pass (LP) filters 

and 610/20 band pass (BP) filters and the BD FACS Diva Software version v8.0.1. Cell cycle 

phases G0/G1, S and G2/M were distinguished by manual gating. Analyses and image 

generation were performed with FlowJo version 10.8.1 (BD Life Sciences).  

 

4.2.7 Acridine orange staining 

Acridine orange (AO) staining was performed to detect acidic vesicular organelles in living 

cells cultivated under different oxygen conditions. AO hemi(zinc chloride) (Sigma 

Aldrich/Merck) was dissolved in PBS to a stock concentration of 1 mg/mL. For analysis of 

AO-stained cells by fluorescence microscopy, cells were grown on glass coverslips, 1 µg/mL 

AO was added to the cell culture medium and incubated for 20 min at 37 °C. Subsequently, 

cells were washed for 2-3 times with PBS and immediately analyzed at a Zeiss Cell Observer 

Microscope using a 40x objective. For flow cytometry analysis, cells were trypsinized, 

resuspended in 1 mL AO medium (DMEM without phenol red, supplemented with 10% FCS 

and 1.5 µg/mL AO) and stained for 15 min at RT in the dark. Then, cells were filtered in 

FACS tubes and analyzed directly at the BD LSR Fortessa (BD Biosciences). For excitation, 

the blue laser (488 nm) was used. For detection of green fluorescence, 505 LP, 530/30 BP 
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filters and for detection of red fluorescence 635 LP, 685/35 BP filters were used. Analyses 

and image generation were performed with FlowJo version 10.8.1 (BD Life Sciences). 

 

4.2.8 TUNEL assay 

Late-stage apoptotic cells can be detected by terminal deoxynucleotidyl transferase-

mediated UTP end labeling (TUNEL) assays. The terminal deoxynucleotidyl transferase 

enzyme attaches fluorescently labeled nucleotides to 3’-hydroxyl termini that are exposed 

after DNA double strand breaks.317  

Cells were grown on glass coverslips and treated as described. Cells were fixed in 

4% paraformaldehyde (PFA) in PBS for 30 min at RT, washed with PBS and stored in 

80% EtOH at -20 °C until further processing. Subsequently, cells were washed with PBS, 

permeabilized in 0.1% Triton X-100, 0.1% sodium citrate in PBS for 2 min at 4 °C and 

washed twice with PBS. TUNEL assays were performed using the “In Situ Cell Death 

Detection Kit” (Roche) according to the manufacturer's instructions. Briefly, cells were 

stained with 25 µL TUNEL solution (mix of enzyme solution:label solution = 1:10) for 

60-90 min at 37 °C in a humidified chamber in the dark. Then, cells were washed with PBS 

(2x 10 min) and nuclei were stained with 1 µg/mL DAPI (4’,6-diamidino-2-phenylindole, 

Roche) for 5 min at RT in the dark. After repeated washing with PBS (2x 10 min), coverslips 

were dipped in H2O and 100% EtOH before being air-dried. Coverslips were mounted with 

Vectashield (Vector Laboratories Inc., USA) onto microscope slides.  

Cells were imaged with a Zeiss Cell Observer Microscope using the LED module Colibri.2 

and the 20x / 0.4 LD PlnN Ph2 DICII objective. Image analysis was performed with 

Fiji/ImageJ software (NIH, Bethesda, MD, USA).318 The percentages of TUNEL-positive cells 

in relation to total cell counts (determined by DAPI staining) were quantified using an 

Fiji/ImageJ macro (gently provided by Damir Krunic, Light Microscopy Core Facility, DKFZ 

Heidelberg) from at least five images per condition. 

 

4.2.9 Immunofluorescence 

For immunofluorescence stainings, cells were seeded on glass coverslips, cultivated under 

different oxygen conditions, and treated as described. Cells were fixed with 4% PFA in PBS 

for 15 min at RT and washed twice in PBS. Subsequently, cells were first permeabilized in 

100% ice-cold methanol for 10 min at -20 °C, washed in PBS and then incubated in 

0.1% Triton X-100, 0.1% sodium citrate in PBS for 2 min at 4 °C. Cells were blocked with 



Material and Methods 

98 

3% bovine serum albumin (BSA) in PBS for 30 min and incubated with primary antibodies 

diluted in blocking buffer for 1 h at RT in a humidified chamber. After repeated washing in 

PBS, cells were incubated with the secondary antibodies diluted in blocking buffer and DAPI 

(1 µg/mL) for 30 min at RT in a humidified chamber. Cells were washed with PBS and 

mounted with Vectashield onto microscope slides as described.  

Primary antibodies were rabbit anti-LC3B (1:500, NB100-2220, Novus Biologicals LLC, 

Centennial, CO, USA), mouse anti-LAMP1 (1:200, sc-20011, Santa Cruz, Dallas, TX, USA), 

mouse anti-eIF3B (1:500, sc-374156, Santa Cruz). Secondary antibodies were goat anti-

mouse FITC-conjugate (1:400; Jackson ImmunoResearch, West Grove, PA, USA), donkey 

anti-mouse Cy3-conjugate and goat anti-rabbit Cy3-conjugate (both 1:400; Pierce 

Biotechnology, Thermo Fisher Scientific). Cells were imaged with a Zeiss Cell Observer 

Microscope using 20x or 40x objectives or a Zeiss LSM 710 ConfoCor 3 confocal microscope 

(Zeiss, Germany) using 40x or 63x, 1.40 oil objectives. 

Quantification of fluorescent signal per cell was performed using Fiji/ImageJ (NIH) 318, where 

indicated. For this purpose, the area of the fluorescent signal was normalized to the total cell 

number (determined by DAPI staining) in 3-5 randomized fields of view, containing at least 

50 cells per image. 

 

4.2.10 Senescence assay  

To analyze senescence induction in response to different stress stimuli such as pro-

senescent chemotherapy, senescent cells can be detected by their distinctive enlarged and 

flattened morphology and the activity of senescence-associated β-Galactosidase (SA-β-Gal). 

The enzymatic activity of SA-β-Gal can be observed at pH 6.0 using the chromogenic 

substrate X-Gal (5-bromo-4-chloro-3-indolyl β D-Galactopyranoside).319 Upon hydroxylation, 

X-Gal forms an insoluble blue product that is visible by bright field microscopy.  

To investigate the effects of Etoposide treatment on senescence induction under different 

oxygen conditions, cells were incubated under 21% O2, 5.5% O2, 1% O2 or cycH, in presence 

or absence of the mTORC inhibitors Rapamycin or KU-0063794, as indicated. After 24 h, 

Etoposide was added for 48 h under the respective oxygen conditions. Subsequently, cells 

were trypsinized, counted and plated at defined cell numbers into new 6 cm dishes. Cells 

were cultivated in drug-free medium under normoxia for 5-6 days for senescence assays 

(SAs) or for 10-15 days for colony formation assays (CFAs, see chapter 4.2.11). Medium 

was exchanged every 3-4 days. 
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For staining of senescent cells, the cells were washed with PBS, fixed in 1 mL senescence 

assay fixation buffer (2% formaldehyde, 0.2% glutaraldehyde in PBS) for 3 min at RT and 

washed again with PBS. Subsequently, 1.5 mL senescence assay buffer (40 mM citric acid, 

150 mM NaCl, 2 mM MgCl2, adjusted to pH 6.0 with Na2HPO4 and freshly supplemented with 

5 mM K3[Fe(CN)6], 5 mM K4[Fe(CN)6] and 1 mg/mL X-Gal in DMF) were added per 6 cm 

dish, and cells were incubated in a wet chamber for 16-24 h at 37 °C. When the chromogenic 

reaction was completed, SA buffer was replaced by PBS and images of representative cells 

were taken with a brightfield microscope (EVOS XL Core Cell Imaging System, Life 

Technologies). 

 

4.2.11 Colony formation assay 

A colony formation assay (CFA) is an established in vitro method to determine the effects of 

ionizing radiation or chemotherapeutic drugs on the reproductive viability of cells.320 

To investigate the survival and proliferative capacity of HPV-positive cervical cancer cells 

upon drug treatment under different oxygen conditions, cells were split as described in 

chapter 4.2.10. 10-15 days after splitting, colonies were fixed and stained. For that, the cells 

were washed with PBS and simultaneously fixed and stained with 350 µL of a formaldehyde-

crystal violet solution (12 mM crystal violet, 29 mM NaCl, 3.7% formaldehyde, 22% EtOH) for 

5 min at RT. CFAs were washed with H2O and dried at 37 °C before images were taken 

using the Epson Perfection 4990 Photo Scanner (Epson, Suwa, Japan). 

 

4.2.12 Irradiation of cells 

γ-irradiation of cells was performed 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 cultivated under 21% O2, 5.5% O2, 1% O2 or cycH were 

irradiated under their respective oxygen conditions in airtight boxes (LocknLock, Seoul, 

South Korea). Controls were sham-irradiated. Subsequently, cells were trypsinized, counted 

with the CellDrop Automated Cell Counter (DeNovix Inc.) and plated at defined cell numbers 

of 1000-10000 cells per 6 cm plate for clonogenic survival assays. Cells were cultivated 

under normoxia for 10-14 days and colonies were fixed with a formaldehyde-crystal violet 

solution as described above. 
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4.3 Protein-based techniques  

4.3.1 Protein extraction from cells and preparation for immunoblot analyses 

4.3.1.1 Total cell lysate 

To extract total protein for immunoblot analyses, cells were washed with ice-cold PBS and 

lysed in 150 µL ice-cold CSK-1 lysis buffer (10 mM PIPES pH 6.8, 300 mM NaCl, 

1 mM EDTA, 300 mM sucrose, 1 mM MgCl2, 0.5% Triton X-100) that was freshly 

supplemented with 100 µL PhosSTOP phosphatase inhibitor cocktail (Roche Diagnostics), 

25 µL Pefabloc serine protease inhibitor (Merck) and 10 µL P8340 protease inhibitor cocktail 

(Sigma-Aldrich) per 900 µL CSK-1 buffer. Cells lysates were incubated for 30 min on ice and 

subsequently centrifuged at 16000 g for 5 min at 4 °C to remove cellular debris. 

Subsequently, protein concentrations were determined using the Bio-Rad Protein Assay 

(Bio-Rad, USA). For this purpose, 1-5 µL of the cell lysates were mixed with 1 mL of the 1:5 

diluted protein assay dye reagent concentrate in a cuvette (BRAND® semi-micro disposable 

cuvettes, Sigma-Aldrich) and incubated for 5 min at RT. Absorption at 595 nm was measured 

with a photometer (BioPhotometer D30, Eppendorf, Germany) and protein concentrations 

were calculated using a BSA standard curve. Protein extracts were diluted to a desired 

concentration in 4x protein loading buffer (8% SDS, 250 mM Tris-HCl, 

20% β-mercaptoethanol, 40% glycerol, 0.008% bromphenol blue), boiled at 95 °C for 5 min 

and stored at -80 °C until further analysis. 

 

4.3.1.2 Secreted proteins 

To investigate secreted proteins, cells were cultured in DMEM containing 5% FCS, 100 U/mL 

penicillin, 100 µg/mL streptomycin and 2 mM L-glutamine under different oxygen conditions 

for 24 h. The supernatants were cleared by centrifugation at 1000 g for 5 min and transferred 

to a new reaction tube. Then, the supernatants were diluted with 4x protein loading buffer 

and boiled at 95 °C for 5 min. The proteins in the supernatant were analyzed proportional to 

the protein concentration of the corresponding cell lysate.  

 

4.3.1.3 Subcellular fractionation 

For the analysis of NDRG1 subcellular localization, cells were grown in 15 cm tissue culture 

dishes and cultivated for 24 h under 5.5% O2 and 1% O2. Cells were harvested by scraping in 

PBS and subcellular fractionation was performed using the “MinuteTM Plasma Membrane 

Protein Isolation and Cell Fractionation Kit” (Invent Biotechnologies, Plymouth, MN, USA) 
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according to the manufacturer's instructions. Briefly, cell pellets were resuspended in 200 µL 

of the provided Buffer A, incubated on ice for 5-10 min and vortexed. Afterwards, the cell 

suspension was transferred to filter cartridges and centrifuged at 16000 g for 30 s to obtain 

the cell lysate containing intact nuclei, organelles, and ruptured cell membranes. Nuclei were 

pelleted by centrifugation at 700 g for 1 min. The supernatant was centrifuged at 16000 g, 

4 °C for 30 min to separate the cytosolic fraction and the total membrane fraction, containing 

organelles and plasma membranes (pellet). Subsequently, the pellet containing the total 

membrane fraction was resuspended in 200 µL of the provided Buffer B and centrifuged at 

7800 g, 4 °C for 5 min to separate the organelle membrane proteins (pellet). The resulting 

supernatant was mixed carefully with 1.6 mL cold PBS before plasma membrane proteins 

were pelleted at 16000 g, 4 °C for 30 min. All pelleted fractions were resuspended in CSK-1 

lysis buffer and processed as described in chapter 4.3.1.1. 

For the analysis of cytosolic fractions upon Cisplatin treatment, cells were grown in 15 cm 

tissue culture dishes and treated as indicated. Cells were washed twice with ice-cold PBS, 

scraped in 500 µL PBS and centrifuged at 800 g for 5 min. Afterwards, cells were 

resuspended in homogenization buffer (10 mM HEPES (pH 7.4), 250 mM sucrose, 

1 mM MgCl2, 1 mM CaCl2, 1.5 mM magnesium acetate), freshly supplemented with 

1 mM DTT, 1x PhosSTOP phosphatase inhibitor cocktail, 25 µL/mL Pefabloc and 

10 µL/mL P8340 protease inhibitor cocktail and incubated on ice for 30 min. Using a KIMBLE 

Dounce tissue grinder with a large clearance pestle (Sigma-Aldrich), cells were homogenized 

in 20 strokes, and centrifuged at 800 g for 5 min to pellet intact nuclei. The post-nuclear 

supernatant containing organelles and cytoplasmic proteins was centrifuged at 16000 g, 4 °C 

for 30 min to separate cytosolic and organelle fractions. Pelleted organelles were washed 

with PBS, centrifuged again at 16000 g, 4 °C for 30 min and finally resuspended in CSK-1 

lysis buffer. Protein concentrations for all cellular fractions were determined with Bradford 

assay and prepared for immunoblot analysis as described above. 

 

4.3.2 SDS-PAGE  

To analyze protein levels after different experimental procedures, proteins were separated by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) according to their 

molecular weight. 12.5% polyacrylamide gels were cast between two glass plates sealed 

with 1% agarose according to Table 2.  
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Table 2. Recipe for SDS polyacrylamide gels. 

Components for stacking gel  For 2 gels (5%) Components for resolving gel For 2 gels (12.5%) 

H20 3.5 mL H20 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 

 

The gels were installed into a XCell SureLockTM Mini-Cell Electrophoresis System (Life 

Technologies), filled with Tris-glycine SDS running buffer (2.5 mM Tris, 19.2 mM glycin, 

0.1% SDS). Equal amounts of protein extract (10-60 µg per lane) were loaded on the gel and 

PageRuler™ Prestained Protein Ladder (Thermo Scientific) was loaded as a size standard 

for the molecular weight. Gels were run at 90-120 V for approximately 2 h. 

 

4.3.3 Western blotting and immunodetection of proteins  

After SDS-PAGE, the separated proteins were transferred from the gel to a methanol-

activated Immobilon-P PVDF membrane (Merck Millipore, Burlington, MA USA) by semi-dry 

blotting. The PVDF membrane and Whatman filter papers were soaked with Towbin transfer 

buffer (2.5 mM Tris, 19.2 mM glycine, 20% methanol, pH 8.3). For blotting, a stack of four 

Whatman papers at the bottom (anode), PVDF membrane, protein gel and four Whatman 

papers at the top (cathode) was assembled into a Trans-Blot® SD Semi-Dry Electrophoretic 

Transfer Cell (Bio-Rad). Electroblotting was performed at 20 V for 1 h. 

Subsequently, membranes were incubated in blocking buffer (0.2% Tween-20, 5% skim milk 

powder, 1% BSA in PBS) for 1 h at RT to saturate unspecific binding sites. The membranes 

were then probed with primary antibodies diluted in blocking solution (according to Table 3) 

at 4 °C overnight. The next day, membranes were washed thrice with PBS-T 

(0.2% Tween-20 in PBS) for 10 min and incubated with the respective horseradish 

peroxidase (HRP)-conjugated secondary antibody (Table 4) diluted in blocking buffer for 1 h 

at RT. After three washes with PBS-T, proteins were detected using the principle of 

enhanced chemiluminescence (ECL). The ECL reagents WesternBright Sirius (Advansta, 

San Jose, CA, USA) or Amersham ECL Prime (Cytiva, Marlborough, MA, USA) were applied 

to the membrane according to the manufacturer’s instructions and signals were detected with 

the Fusion SL Gel Detection System (Vilber Lourmat, Eberhardzell, Germany). All 

immunoblots were performed from three independent replicates with consistent results. 
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Table 3. Primary antibodies used in this thesis. 

Primary Antibodies 

Specificity Source Dilution Molecular 
Weight 

Supplier 

4E-BP1 Phospho (S65) rabbit 1:1000 15-20 kDa Cell Signaling Technology #9451 
(Boston, MA, USA) 

AKT Phospho (S473) rabbit 1:1000 60 kDa Cell Signaling Technology #4058 

β-Actin mouse 1:50000 40 kDa Santa Cruz sc-47778 

ATG5 mouse 1:500 ~60 kDa Santa Cruz sc-133158 

BID rabbit 1:1000 22, 15 kDa Cell Signaling Technology #2002 

Cathepsin B goat 1:1000 25-30 kDa R&D Systems AF953  

(Minneapolis, MN, USA) 

Cathepsin L goat 1:1000 35 kDa R&D Systems AF952 

Caspase 8 mouse 1:2000 55, 36, 23 kDa BD Pharmingen #551242 

Caspase 9, cleaved 

(Asp330) 

rabbit 1:1000 37 kDa Cell Signaling Technology #7237 

Cytochrome c mouse 1:1000 15 kDa Santa Cruz sc-13156 

E-Cadherin rabbit 1:1000 135 kDa Cell Signaling Technology #3195 

GAPDH rabbit 1:4000 37 kDa Santa Cruz sc-25778 

HIF-1α mouse 1:500 120 kDa BD Pharmingen #610959 

HIF-2α/EPAS1 mouse 1:500 115 kDa Santa Cruz sc-46691 

HPV16E6 mouse 1:3000 14 kDa ACV #849 (Arbor Vita Corporation, 
Fremont, CA, USA) 

HPV16E7 (NM2) mouse 1:1000 16 kDa M. Müller, DKFZ, Heidelberg 

HPV18E6 mouse 1:2000 18 kDa ACV #399 

HPV18E7 chicken 1:1000 12 kDa H. Zentgraf, DKFZ, Heidelberg 

Lamin A/C mouse undiluted 70 kDa H. Zentgraf, DKFZ, Heidelberg 

LAMP1 mouse 1:500 120 kDa Santa Cruz sc-20011 

LC3B rabbit 1:2000 15, 17 kDa Novus Biologicals NB100-2220 

NDRG1 rabbit 1:2000 46, 48 kDa Cell Signaling Technology #9485 

NDRG1 Phospho (T346) rabbit 1:2000 46, 48 kDa Cell Signaling Technology #5482 

NDUFS2 mouse 1:1000 49 kDa Santa Cruz sc-390596 

p21 mouse 1:1000 21 kDa Santa Cruz sc-6246 

p53 (DO1) mouse 1:1000 53 kDa Santa Cruz sc-126 

PARP mouse 1:1000 116, 89 kDa Cell Signaling Technology #9546 

pRb mouse 1:1000 112 kDa Cell Signaling #9309 

pRb Phospho (S807/811) rabbit 1:1000 112 kDa Cell Signaling Technology #9308 

S6 Phospho (S235/236) rabbit 1:1000 32 kDa Cell Signaling Technology #2211 

S6Kinase p70 Phospho 

(T389) 

rabbit 1:1000 70/85 kDa Cell Signaling Technology #9234 

α-Tubulin mouse 1:5000 55 kDa Calbiochem CP06 

Vinculin mouse 1:4000 117 kDa Santa Cruz sc-73614 
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Table 4. Secondary antibodies used in this thesis. 

 Secondary Antibodies (HRP-coupled) 

Specificity Species Dilution Supplier 

anti-chicken IgY goat 1:5000 Santa Cruz sc-2428 

anti-mouse IgG goat 1:10000 W4021, Promega (Fitchburg, WI, USA) 

anti-rabbit IgG goat 1:10000 W4011, Promega 

anti-goat IgG donkey 1:5000 Santa Cruz sc-2020 

 

4.3.4 Cathepsin activity assays 

To measure cellular CTSB and CTSL activity levels under different oxygen conditions, cells 

were lysed with ice-cold 0.5% Triton X-100 in PBS and centrifuged at 12000 g for 5 min. 

Protein concentration was determined by Bradford assay and 200 µg cell lysates were 

diluted in cathepsin assay buffer (88 mM KH2PO4, 12 mM Na2HPO4, 1 mM EDTA (pH 6.0)) in 

a final volume of 200 µL. The samples were preincubated for 5 min at 40 °C, transferred to a 

black 96-well plate in duplicates, and mixed with 10 µM of either the CTSB substrate Z-Arg-

Arg-7-amido-4-methylcoumarin hydrochloride (C5429, Sigma Aldrich) or the CTSL substrate 

Z-Phe-Arg-7-amido-4-methylcoumarin hydrochloride (sc-3136, Santa Cruz Biotechnology). 

The enzyme activity reactions were further incubated for 75 min at 40 °C. Cleavage of 

cathepsin substrates was measured by fluorescence of free 7-amino-4-methylcoumarin with 

excitation at 355 nm and emission at 450 nm using the Mithras² LB 943 multimode 

microplate reader (Berthold Technologies, Bad Wildbad, Germany). As negative control, 

CTSB and CTSL activities were measured in cell lysates treated with HaltTM Protease 

Inhibitor Mix (Thermo Fisher Scientific). 

 

4.3.5 Tandem mass tag (TMT) mass spectrometry (MS) analyses 

To analyze global changes in the protein levels of HPV-positive SiHa cells under different 

oxygen conditions, mass spectrometry (MS)-based quantitative proteome analysis was 

performed in cooperation with Dr. Bianca J. Kuhn in the lab of Prof. Dr. Jeroen Krijgsveld 

(DKFZ, Heidelberg). Proteins were labelled with Thermo Fischer Scientific’s tandem mass 

tags (TMTs), which are isobaric tags with the same overall mass but varying distributions of 

light and heavy isotopes. The light and heavy isotopes within the tags generate unique 

reporter ions that allow simultaneous measurement of up to 10 samples (TMT10plex) using 

liquid chromatography combined with mass spectrometry (LC)-MS/MS. Relative 

quantification of protein abundances was performed by comparing the detected intensities of 

the unique reporter ions between treatment conditions. 
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For the proteome analysis, exponentially growing SiHa cells were cultivated at 21% O2, 

5.5% O2, 1% O2 or cycH (1 h 1% O2, 1 h 5.5% O2) for 24 h. Cells incubated under cycH were 

harvested at the end of both the hypoxic and the reoxygenation phase. Proteomes of four 

independent biological replicates were analyzed. To harvest, cells were scraped in 500 µL 

ice-cold PBS, pelleted by centrifugation and stored at -80 °C. 

Further sample processing and MS analysis was kindly performed by Bianca J. Kuhn using 

the following protocol:226,321 

Cell pellets were resuspended in 100 mM triethylammonium bicarbonate (TEAB, pH 8) 

containing 0.1% (w/v) RapiGest-SF (Waters, Milford, MA). Cell lysis and chromatin shearing 

was conducted using a Bioruptor Pico sonicator device (Diagenode, Denville, NJ, USA) in a 

final volume of max. 300 µL, for 15-20 cycles of 30’’/30’’ (ON/OFF) pulses at 4°C. Protein 

concentrations were determined using the PierceTM BCA protein assay according to the 

manufacturer’s instructions (Thermo Fisher Scientific). 50 µg protein per sample were 

adjusted with 100 mM TEAB to a final volume of 100 µL and disulfide bonds were reduced by 

5 mM DTT for 30 min at 60 °C. Subsequently, proteins were alkylated with 

15 mM 2-chloroacetamide for 30 min at RT, followed by proteolytic digestion with trypsin 

(sequencing grade modified, Promega) in a trypsin-to-protein ratio of 1:50 (w/w) overnight at 

37 °C, while shaking. Afterwards, samples were treated with 1% trifluoroacetic acid (pH < 2), 

incubated at 37 °C for 30-45 min to stop the digestion reaction and break down RapiGest-SF, 

and centrifuged at 20000 g for 10 min. Supernatants were transferred to new reaction tubes 

and dried in a speed vacuum concentrator. 

Next, isobaric labeling of the peptides was performed using the 10-plex TMT reagents 

according to the manufacturer’s protocol (Thermo Fisher Scientific). For this purpose, 10 μg 

of each sample were dissolved in 100 mM TEAB buffer to obtain a concentration of 1 μg/μL, 

vortexed, and incubated for 10 min at RT. TMT10-plex reagents (0.8 mg) were dissolved in 

41 μL acetonitrile (ACN, LC-MS grade). 4.1 µL of one defined TMT reagent (TMT-126, TMT-

127N, TMT-127C, TMT-128N, TMT-128C, TMT-129N, TMT-129C, TMT-130N, TMT-130C, 

and TMT-131) was combined with 10 µg of a peptide sample and incubated for 1 h at RT. 

Afterwards, the labeling reaction was quenched for 15 min using 8 μL of 5% hydroxylamine. 

Labeling efficacy was controlled for each sample by MS before the labeled samples were 

pooled in equal amounts and vacuum dried. 

For fractionation by high pH reverse phase liquid chromatography, the dried sample mix was 

dissolved in 20 mM ammonium formate (pH 10), and loaded on a 1200 Infinity HPLC system 

(Agilent, Santa Clara, CA, USA) with a Gemini C18 column (3 µm, 110 Å, 100 × 1.0 mm; 

Phenomenex, Torrance, CA, USA) using a linear 60 min gradient from 0% to 35% (v/v) ACN 
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in 20 mM ammonium formate (pH 10) at a flow rate of 0.1 mL/min. The elution of peptides 

was traced with a variable wavelength UV detector set to 254 nm. After collecting sixty 1 min- 

fractions, the fractions were pooled into twelve fractions, dried and reconstituted in 

0.1% formic acid (FA). Afterwards, the pooled fractions were injected by an Easy-nLC 1200 

nano-UPLC (Thermo Fisher Scientific) onto a trap column (Pepmap, 100 μm x 2 cm, C18, 

5 μm 100Å pores) and separated on an analytical column (PepMap RSLC, 75 μm × 50 cm, 

nanoViper, C18, 2 µM, 100Å). For the peptide separation, a multistep gradient (Solvent A: 

0.1% FA in H2O, Solvent B: 0.1% FA, 80% ACN in H2O) was applied with a gradient from 3-

8% B over 4 min, 8-10% B over 2 min, 10-32% B over 68 min, 32–50% B over 12 min and 

50-100% B over 1 min, followed by holding at 100% B for 7 min. The flow rate was set to 

300 nL/min.  

Afterwards, using electrospray ionization, the eluted peptides were electro-sprayed by 

applying 2 kV on a 10 µm Picotip coated emitter (New Objective, Littleton, MA, USA) into an 

Orbitrap Fusion™ Tribrid™ (Thermo Fisher Scientific) mass spectrometer. The Orbitrap 

Fusion™ Tribrid™ mass spectrometer operated in data-dependent mode of acquisition using 

the vendor-supplied default settings for synchronous precursor selection MS3 fragmentation. 

The obtained mass spectra were analyzed using MaxQuant Version 1.6.0.17 and protein 

identification was performed using the Andromeda search engine. Using the protein 

sequence databases UniProtKB/Swiss-Prot Homo sapiens (obtained 06.11.2020), 

UniProtKB/Swiss-Prot UP000106459 Human papillomavirus type 16 (obtained 15.05.2021), 

in combination with the contaminants.fasta, which is enabled by default in the MaxQuant 

software, peptide search was performed. Following search settings were used: digestion 

reagent was set to trypsin/P, allowing up for two missed cleavages. Carbamidomethylation of 

cysteine was set as a fixed modification, oxidation of methionine and acetylation of the 

peptide N-term were set as variable modifications. The type of quantification was set to 

‘reporter ion MS3’ and correction factors for individual 10-plex TMT-kit batch were specified 

for each channel. Precursor and product ion tolerances were set at 4.5 ppm and 20 ppm, 

respectively. Label minimum ratio count was set to 2. The FDR filter for peptides and protein 

hits was set to 1%, calculated by using the reverse decoy database. The remaining settings 

of MaxQuant were set as default. 

For further analysis, the MaxQuant output files were processed in R version 4.0.4 

(https://www.R-project.org; R Core Team 2021) operated in Rstudio version 1.1.453 

(http://www.rstudio.com; Rstudio Team 2020). Raw peptide intensities were log2-transformed 

to ensure normal distribution and median normalized. Proteins of the following categories 

were filtered out prior to differential expression analysis: only identified by site, potential 
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contaminants, and reverse. Sample clustering was evaluated using t-distributed Stochastic 

Neighbor Embedding (t-SNE). A batch effect, caused by the two TMT batches used, was 

corrected. Differential expression of proteins was tested with “linear Models for Microarray 

Data“ (limma)-moderated test statistics322 in R, with an adjusted p-value below 0.05. 

Significant events (FDR < 0.05) were identified after adjusting for multiple testing using 

Benjamini & Hochberg correction. 

The MS proteomics data have been deposited to the ProteomeXchange Consortium323 via 

the PRIDE324 partner repository with the dataset identifier PXD044908. 

Volcano plots and heatmaps showing differential expression between different oxygen 

conditions were generated using GraphPad Prism 9.5.1 (GraphPad Software Inc., CA, USA). 

Gene set enrichment analyses were performed using the gene set enrichment analysis 

software GSEA Desktop v4.1.325 Average log2 fold change values (n = 4) of all detected 

proteins were subjected to a preranked GSEA analysis against the current molecular 

signature database (MSigDB, v. 7.4). Following parameters were used: number of 

permutations, 1000; enrichment statistic, weighted; gene set size filters, min = 15, 

max = 500; normalization mode, meandiv; seed for permutation, timestamp. Top ranked 

significantly enriched gene sets were screened for further investigation. 

 

4.4 RNA-based techniques  

4.4.1 RNA extraction from cells  

To analyze mRNA expression after different experimental conditions, RNA was isolated and 

purified using the column based PureLinkTM RNA Mini Kit (Invitrogen) according to the 

manufacturer’s protocol. Briefly, to harvest RNA, cells were washed once with PBS and lysed 

in 600 µL RNA lysis buffer (Invitrogen, freshly supplemented with 100 µL β-mercaptoethanol 

per 10 mL lysis buffer). The cell lysate was resuspended and either short-term stored at 

-20 °C or directly subjected to RNA isolation. For purification of total RNA, the lysate was 

mixed with 600 µL 70% EtOH and loaded onto a provided column. DNA contaminations were 

removed using the PureLink DNase set (Invitrogen). The purified RNA was eluted from the 

column in 60-80 µL RNAse-free H2O and RNA concentration was measured with the 

NanoDrop ND-1000 spectrophotometer (Peqlab, Erlangen, Germany) at 260 nm. Purified 

RNA was stored at -80 °C until further use. 
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4.4.2 Reverse transcription 

Purified RNA was transcribed into cDNA using the ProtoScript® II First Strand cDNA 

Synthesis Kit (NEB) according to the manufacturer’s protocol. 

In brief, 500 ng purified RNA were adjusted to 3 µL with RNAse-free H2O and mixed with 

0.5 µL of oligo dT and random primers, respectively. The RNA-primer mix was denatured for 

5 min at 70 °C and kept on ice. Subsequently, 5 µL of the 2x M-MulV Reaction mix, 

containing dNTPs and an optimized buffer, and 1 µL of the 10x M-MuLV Reverse 

Transcriptase enzyme mix were added. The samples were incubated in a thermal cycler (MJ 

Research PTC-200 thermal cycler, Global Medical Instrumentation, Ramsey, MN, USA) for 

5 min at 25 °C, followed by 60 min at 42 °C to allow cDNA transcription, and 5 min at 80 °C 

to deactivate the enzyme activity. The cDNA product was filled up with 40 µL 

RNase-free H2O and stored at -20 °C.  

 

4.4.3 Quantitative real-time PCR (qRT-PCR) 

For qRT-PCR analysis, 2 µL cDNA were mixed with 10 µL SYBR™ Green PCR Master Mix 

(Applied Biosystems), 0.4 µL of forward and reverse primer, respectively (for a final 

concentration of 100 nM each), and 7.2 µL nuclease-free H20 in a 96-well plate (MicroAmpTM 

Optical 96-Well Reaction Plate, Life Technologies). Duplicate measurements were performed 

and an H2O control without cDNA template was included for each primer pair to control for 

contaminations. The qRT-PCR was run on a 7300 Real Time PCR System (Applied 

Biosystems) according to the following program (Table 5): 

Table 5. qRT-PCR program. 

Step Temperature Time  

Initiation 50 °C 2 min  

Polymerase activation 95 °C 10 min  

Denaturation 95 °C 15 s } 40 cycles 
Annealing and elongation 60 °C 1 min 

Dissociation curves 95 °C 15 s  

 60 °C 1 min  

 95 °C 15 s  

 60 °C 15 s  

 

Relative quantification of target gene expression was performed using the comparative Ct 

(2-ΔΔCt) method.326 Ct values were normalized to TMBIM6 as internal reference.327 Statistical 

analyses of fold change values were performed after logarithmic transformation. 
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Used primer sequences are listed in Table 6. Initially, all primer pairs were tested for 

adequate efficiency and screened for unspecific amplification artefacts. 

Table 6. Primer sequences used for qRT-PCR. 

Target RNA Forward (for) primer (5’-3’)  Reverse (rev) primer (5’-3’) amplicon 
length 

CTSB AGTGGAGAATGGCACACCCTA AAGAAGCCATTGTCACCCCA 72 bp 

CTSL AAACACAGCTTCACAATGGCC TTTGAAAGCCATTCATCACCTG 82 bp 

HK2 GCCCACCTACGTGTGTGCTA CACCCCACTTCCCATTCCGA 119 bp 

HPV16 E6/E7 CAATGTTTCAGGACCCACAGG CTCACGTCGCAGTAACTGTTG 125 bp 

HPV18 E6/E7 ATGCATGGACCTAAGGCAAC AGGTCGTCTGCTGAGCTTTC 247 bp 

LOXL2 ATGTCACCTGCGAGAATGGG TGCTCTGGCTTGTACGCTTT 106 bp 

NDRG1 TCTCCTCAAGATGGCGGACT TGCCATCCAGAGAAGTGACG 173 bp 

P4HA1 GGCTCTCTGGCTATGAAAATCC TCCGTGCAAAGTCAAAATGGG 150 bp 

PLOD2 TGGACTTTTGCCGTCAGGAT CCACAGCTTTCCATGACGAGT 149 bp 

SLC2A1 CTTCACTGTCGTGTCGCTGT TGAAGAGTTCAGCCACGATG 230 bp 

TMBIM6 GTGGTCATGTGTGGCTTCGT GGAAAGGCTGGATGGTCACT 200 bp 

 

4.5 Software 

Table 7. Software used in this thesis. 

Software Version Supplier 

BioRender.com 2023 BioRender, Canada 

Fusion SL Gel Detection System  15.18 Vilber Lourmat, Germany 

Fiji is just ImageJ  1.53q NIH, USA; Multiple contributors 

FlowJo 10.8.1 BD Life Sciences 

Graph Pad Prism 9.5.1 GraphPad Software 

GSEA 4.1.0 The Broad Institute, Inc., Massachusetts Institute of 
Technology and Regents of the University of California, USA 

Microsoft Office 365 ProPlus 2020 Microsoft, USA 

NanoDrop ND-1000 1.5 PEQLAB Biotechnologie GmbH, DE 

 

4.6 Statistical analyses  

Experiments were performed at least in three biological replicates, if not indicated otherwise. 

Mean values and standard deviations were calculated using Graph Pad Prism 9.5.1 

software. Statistical analyses of fold change values were carried out after logarithmic 

transformation. Statistical significance comparing the means of more than two groups was 

determined by one-way ANOVA (analysis of variance), using Graph Pad Prism 9.5.1 

software. P-values of ≤ 0.05 (*), ≤ 0.01 (**), or ≤ 0.001 (***) were considered statistically 

significant. MS data was analyzed as described in chapter 4.3.5. 
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h hour 

Hg Mercury 
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