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1 Introduction 

1.1 Hypoxia and cancer 

Oxygen is involved in a variety of cellular processes in eukaryotes, such as life-sustaining 

aerobic respiration. In vertebrates oxygen diffuses through membranes in the lungs and is 

transported by red blood cells, the erythrocytes, to all other organs. Oxygen acts as an electron 

acceptor during oxidative phosphorylation within the mitochondrial inner membrane, 

resulting in the synthesis of adenosine 5´-triphosphate (ATP), the coenzyme that provides 

energy to all active metabolic processes (Semenza et al., 1994). In the human body oxygen 

transport can be divided into convective and diffusive oxygen transport. Convective transport 

describes the bulk movement of oxygen within the blood circulation, which requires energy 

provided by the heartbeat. Diffusive oxygen transport refers to the passive movement down a 

concentration gradient, e.g. the capillary-intracellular oxygen tension (pO2) gradient (Dunn et 

al., 2016; Leach and Treacher, 1992). Failure of either mechanism leads to the reduction in 

the normal level of oxygen tension in tissue and occurs during acute and chronic vascular 

disease, pulmonary disease and cancer. This state is called hypoxia (Hx) and results in cell 

death unless the cells can undergo genetic and adaptive changes which is characteristic for 

tumor cells (Harris, 2002). In solid tumors hypoxia is a result of imbalanced oxygen supply 

and consumption (Vaupel et al., 2002). It can be differentiated between acute, chronic and 

anemic hypoxia. An acute (or perfusion-limited) hypoxia is a result of the insufficient blood 

flow in tissue caused by structural and functional abnormalities of tumor microvasculature 

(Brown and Giaccia, 1998). A chronic or diffusion-related hypoxia is induced by growing 

distance between expanding tumors and blood vessels (> 100-200 µm), which results in 

inadequate oxygen supply (Harris, 2002; Helmlinger et al., 1997). Another form of hypoxia, 

anemic hypoxia, is a consequence of reduced oxygen transport capacity of the blood caused 

by tumor-associated or therapy-induced anemia (Vaupel et al., 2001). Hypoxia induces a 

variety of adaptive responses in organisms at systemic and cellular levels (Bunn and Poyton, 

1996). On the one hand, adaptation includes inducted synthesis of certain proteins that enable 

cell survival. On the other hand, cells need access to an adequate supply of oxygen for long 

term survival. One of the most important responses to lowered oxygen tension is hypoxia-

induced production of erythropoietin (Epo), a hormone that stimulates the production of 

erythrocytes and thereby increases the oxygen-carrying capacity of the blood (Blanchard et 

al., 1993). Furthermore, hypoxia often leads to neovascularization caused by factors such as 
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vascular endothelial growth factor (VEGF), which acts as a hypoxia-inducible angiogenic 

factor (Shweiki et al., 1992). 

In order to survive, tumor cells use adaptation processes well-established by previous reports. 

The altered energy metabolism of cancer cells was first reported in 1924 by Otto Warburg, the 

Nobel laureate honored for discovering cytochrome c oxidase. In the presence of oxygen 

normal cells primarily convert glucose into pyruvate within the cytosol through the process of 

glycolysis and then oxidize the pyruvate in the mitochondrial tricarboxylic acid (TCA) cycle. 

During this reaction the reduced form of nicotinamide adenine dinucleotide (NADH) is 

produced which is essential for the oxidative phosphorylation with up to 36 ATPs per 

molecule glucose (Vander Heiden et al., 2009). However, under anaerobic conditions normal 

cells are limited to using only glycolysis and then converting pyruvate into lactate. This 

pathway generates only 2 ATPs per molecule glucose. In contrast to normal cells, many types 

of cancer cells mostly rely on glycolysis producing large amounts of lactate regardless of the 

availability of oxygen. This ‘aerobic glycolysis’ of cancer cells has been termed the Warburg 

effect (Warburg, 1956). Many tumors show an elevated expression of hypoxia-inducible 

lactate dehydrogenase-A (LDH-A), which is involved in interconversion between pyruvate 

and  lactate (Firth et al., 1995). Compensation of the reduced energy results in increased 

glucose consumption, which is assumed to be an adaptation to intermittent hypoxia in tumors 

(Gatenby and Gillies, 2004). It was also shown that the increase of glucose uptake correlates 

with tumor aggressiveness and poor prognosis (Younes et al., 1996). As a result, increased 

lactate production leads to acidosis which is a hallmark of hypoxia in tissues (Seagroves et al., 

2001). Furthermore, the increased glucose uptake in hypoxia is associated with increased 

expression of the glucose transporters GLUT-1 and GLUT-3, which are involved in glycolysis 

(Ebert et al., 1995; O'Rourke et al., 1996). Hypoxia also regulates cancer epigenetics and 

induces alteration of histone modifications associated with general transcriptional repression 

(Johnson et al., 2008).  

The discovery of hypoxia related molecular mechanisms was honored in 2016 with the Albert 

Lasker Basic Medical Research Award. The recipients were William Kaelin, Peter Ratcliffe 

and Gregg Semenza (Hurst, 2016). In 1992 the first description of a key protein associated 

with hypoxia, the hypoxia-inducible factor 1 (HIF-1), was published (Semenza and Wang, 

1992). It was shown that increased activity of HIF-1 is characteristic for the hypoxic 

microenvironment within solid tumors. Furthermore, HIF-1 acts as a master transcriptional 
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regulator of the adaptive response to hypoxia and is responsible for induction of glycolysis, 

erythropoiesis and angiogenesis (Talks et al., 2000; Wang and Semenza, 1993b). 

 

1.2 The HIF-1α pathway 

HIF is a dimer composed of two subunits: a 120 kDa oxygen-regulated α-subunit and a 91- to 

94 kDa β-subunit named aryl hydrocarbon receptor nuclear translocator (ARNT, also known 

as HIF-1β). Both are basic-helix-loop-helix (bHLH)-PER-ARNT-SIM (PAS) proteins (Wang 

et al., 1995; Wang and Semenza, 1995). The bHLH and PAS domains serve as recognition 

motifs for other bHLH proteins and facilitate interaction with target genes via DNA binding 

and dimerization (Murre et al., 1994). The PAS domains are located at the carboxy-terminal 

(C-terminal) end of the bHLH region and can be characterized by a homology region between 

the protein product of the D. melanogaster period clock protein (PER), ARNT and a product 

of D. melanogaster single-minded locus (SIM) (Nambu et al., 1991; Reddy et al., 1986).  

ARNT is constitutively expressed and also dimerizes with other HLH proteins, including PAS 

proteins (Rowlands and Gustafsson, 1997; Swanson and Bradfield, 1993). Three isoforms of 

the α-subunit were discovered: HIF-1α, HIF-2α and HIF-3α. HIF-1α was shown to be widely 

expressed in tissues with the highest levels in kidneys and heart, whereas nuclear 

accumulation of HIF-2α, which was initially called endothelial PAS protein 1 (EPAS1), is not 

ubiquitous and characteristic for distinct cell types, such present in kidneys, small intestines, 

endothelium, lungs and heart (Ema et al., 1997; Tian et al., 1997). However, both HIF-1α and 

HIF-2α are co-expressed in several cell types and regulate sets of target genes that partially 

overlap (Hu et al., 2003; Wiesener et al., 2003). HIF-3α is expressed in adult thymus, lungs, 

brain, heart and kidneys. However, little is known about the function of HIF-3α in tissues. 

The splice variants of HIF-3α mRNA contribute to either activation or inhibition of other HIF 

complexes. The inhibitory PER-ARNT-SIM domain protein (IPAS) is one of the alternative 

splicing products of the HIF-3α locus and has been reported to serve as a negative regulator of 

HIF-α functions (Gu et al., 1998; Makino et al., 2002).  

The highly conserved structures of HIF-1α and HIF-2α are very similar (Figure 1 A). The 

PAS domain of HIF-1α consists of two subdomains named PAS-A and PAS-B that are 

responsible for target specific protein-protein interaction by dimerization with other PAS-

containing proteins (Zelzer et al., 1997). The oxygen-dependent degradation domain (ODD), 
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which mediates proteosomal degradation, is located in the central region of HIF-1α and 

consists of approximately 300 amino acid residues (Huang et al., 1998). HIF-1α has two 

transactivation domains, the N-terminal transactivation domain (NTAD) and the C-terminal 

transactivation domain (CTAD). The CTAD recruits transcriptional regulatory proteins and its 

regulation depends on hydroxylation of an asparagine residue by the protein “factor inhibiting 

HIF-1” (FIH-1) (Lando et al., 2002). The NTAD overlaps with the ODD and its 

transcriptional activity depends on protein stability (Semenza, 2007b). The inhibitory domain 

(ID) which is located between NTAD and CTAD can repress the transcriptional activities of 

both ADs (Jiang et al., 1997). 

Under normoxic conditions the HIF-α subunits have a short half-life of 5-8 min (Berra et al., 

2001). In the presence of oxygen HIF is post-translationally modified at the proline residues 

402 and 564 by specific prolyl hydroxylase domain proteins (PHDs), which belong to the 

group of dioxygenases and require oxygen, ferrous iron and 2-oxoglutarate to maintain 

activity (Figure 1 B). The PHD family consists of three members, PHD1, PHD2 and PHD3, 

whereas mainly the loss of PHD2 leads to increased HIF-1α accumulation (Berra et al., 2003; 

Epstein et al., 2001; Ivan et al., 2001; Jaakkola et al., 2001; Kaelin and Ratcliffe, 2008; 

Metzen et al., 2003; Schofield and Ratcliffe, 2004; Semenza, 2007a). The enzymatic 

hydroxylation of HIF-α promotes the interaction of the ODD with the ß-domain of von 

Hippel-Lindau protein (pVHL) (Huang et al., 1998; Masson et al., 2001; Maxwell et al., 

1999). The product of the VHL gene (pVHL) acts as the recognition subunit of an ubiquitin 

E3 ligase complex. The pVHL complex includes elongin-C, elongin-B, Cul2 and the 

RING-H2 finger protein Rbx1. Rbx1 triggers the activation of E1 ubiquitin-activating and E2 

ubiquitin-conjugating enzymes, which mediates the ubiquitination of HIF-1α (Cockman et al., 

2000; Duan et al., 1995; Kamura et al., 2000; Lonergan et al., 1998; Ohh et al., 2000; Stebbins 

et al., 1999; Tanimoto et al., 2000). As a result, polyubiquitinated HIF-1α undergoes 

proteosomal degradation. The protein factor inhibiting HIF-1 (FIH-1) is another 

α-ketoglutarate-dependent dioxygenase, which hydrolyses HIF-1α at asparagine residue 803, 

a conserved amino acid within the CTAD of HIF-1α. This modification leads to the inhibition 

of interaction between HIF-1α and the coactivator protein p300 and cAMP response element-

binding (CREB)-binding protein (CBP) (Peet and Linke, 2006)  

During hypoxia, stabilized HIF-1α accumulates and is translocated to the cell nucleus, where 

it dimerizes with HIF-1ß and forms the transcriptionally active complex with CBP/ p300. This 

complex binds to a hypoxia-responsive element (HRE) (sequence 5´-RCGTG-3´) in the major 
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groove of the DNA double helix and activates transcription of HIF-1 target genes that are 

involved in glucose metabolism, angiogenesis, erythropoiesis and cell survival (Mole et al., 

2009; Wang and Semenza, 1993b). 

 

Figure 1:  Oxygen-dependent regulation of HIF-1  

A) Domain structure of HIF-1α. bHLH: basic-helix-loop-helix, PAS: PER-ARNT-SIM, ODD: 

oxygen-dependent degradation domain, NTAD: N-teminal transactivation domain, ID: inhibitory 

domain, CTAD: C-terminal transactivation domain  

B) HIF-1α pathway. Under normoxic conditions prolyl hydroxylase domain protein (PHD) 

hydroxylates HIF-1α at the proline residues P402 and P564 and enables interaction with von Hippel-

Lindau protein (pVHL), which is a part of the E3 ubiquitin ligase complex. Ubiquitinated (Ub) HIF-1α 

is then targeted for proteosomal degradation. Factor inhibiting HIF-1 (FIH-1) hydroxylates the 

asparaginyl residue N803 and therefore prevents recruitment of cAMP response element-binding 

(CREB)-binding protein (CBP) and 300 kDa coactivator protein (p300) under normoxia. In the 

absence of oxygen, HIF-1α is stabilized and interacts with cofactors such as HIF-1ß and CBP/p300 to 

maintain binding to the hypoxia-responsible element (HRE) which activates transcription of HIF-1α 

target genes. 

 



Introduction 

12 

 

Several other posttranslational modifications of HIF-1α are essential for regulation and 

activity. Some protein kinases were reported being involved in regulating HIF-1α either 

directly or indirectly, suggesting that phosphorylation of HIF-1α is involved in hypoxia-

dependent induction of HIF-1α stability, nuclear localization, binding to the DNA and 

transcriptional activity (Dimova et al., 2009; Kietzmann et al., 2016; Wang and Semenza, 

1993a). Human studies of patient biopsies indicate that in some tumor types, such as breast 

carcinoma and non-small-cell lung cancer, the interaction between phosphatidylinositol 

3-kinase (PI3K)/protein kinase-B (Akt) pathway and HIF-1α signaling is important for cell 

survival in hypoxia. However, these findings were not confirmed in all tumor cell lines 

(Stegeman et al., 2016). Another kinase, a polo-like kinase 3 (Plk3), which acts as a regulator 

of cell cycle progression and stress responses, has been shown to destabilize HIF-1α in vitro 

(Xu et al., 2010). Furthermore, acetylation by the arrest-defective-1 (ARD1), SUMOylation 

by small ubiquitin-related modifier-1 (SUMO-1), deSUMOylation by SUMO-specific 

protease 1 (SENP1) and S-nitrosylation have been reported to impinge on HIF-1 activity or 

stability (Bae et al., 2004; Berta et al., 2007; Carbia-Nagashima et al., 2007; Cheng et al., 

2007; Jeong et al., 2002; Li et al., 2007; Yasinska and Sumbayev, 2003). 

The regulation of glucose and energy metabolism under hypoxia is HIF-1-dependent (Figure 

2). Besides the glucose transporters GLUT1 and GLUT3, hexokinase 2 (HK2) and lactate 

dehydrogenase A (LDHA), both of which enhance the glycolytic switch from glucose to 

pyruvate, also are direct targets of HIFs (Gwak et al., 2005; Mathupala et al., 2001; Semenza 

et al., 1996). Additionally, activation of the glycolytic enzymes glucose phosphate isomerase 

(GPI), enolase 1 (ENO1), aldolase A (ALDOA), phosphoglycerate kinase 1 (PGK1), 

phosphoglycerate mutase 1 (PGAM1), 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 

4 (PFKFB4) and pyruvate kinase isozyme M2 (PKM2) have been shown to be regulated by 

HIF-1 (Hamaguchi et al., 2008; Xia et al., 2009). 

HIF-1 suppresses oxidative metabolism by transactivation of the pyruvate dehydrogenase 

(PDH) kinase isozyme 1 (PDK1). PDK1 inactivates PDH by phosphorylation and thereby 

prevents the conversion of pyruvate into acetyl-CoA and its entry into the TCA cycle. 

Furthermore, HIF-1 has been reported to induce a subunit switch from cytochrome c oxidase 

(COX) subunit 4-1 (COX4-1) to COX4-2, which improves the efficiency of electron transfer 

to oxygen and prevents an increase of ROS levels (Fukuda et al., 2007). 
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Figure 2: HIF-1α-induced activation of genes involved in different cellular processes  

In normal tissue, HIF-1α induces transcription of target genes involved in processes such as glycolysis 

and energy metabolism, apoptosis, angiogenesis and embryogenesis. GLUT: glucose transporter, 

HK2: hexokinase 2, LDHA: lactate dehydrogenase A, GPI: glucose phosphate isomerase, ENO1: 

enolase 1, ALDOA: aldolase A, PGK1: phosphoglycerate kinase 1, PGAM1: phosphoglycerate mutase 

1, PFKFB4: 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 4, PKM2: pyruvate kinase isozyme 

M2, PDK1: pyruvate dehydrogenase kinase isozyme 1, COX4-2: cytochrome c oxidase subunit 4-2, 

IGFBP-3: insulin-like growth factor binding protein-3, BNIP3: Bcl2/adenovirus E1B 19 kDa-

interacting protein 3, VEGF: vascular-endothelial growth factor, SDF1: stromal derived factor 1, 

ANGPT2: angiopoietin 2, PGF: placental growth factor, PDGFB: platelet-derived growth factor B, 

SCF: stem cell factor, TSP1/2: trombospondin 1/2 

Vascular remodeling and angiogenesis are essential processes of adaptation to hypoxic 

conditions which are controlled by HIF-1α. VEGF is activated by HIF and is known to 

stimulate neovascularization during retinal disease and tumor growth (Forsythe et al., 1996). 

Moreover, HIF-1 induces expression of further angiogenic growth factors, such as stromal 

derived factor 1 (SDF1), angiopoietin 2 (ANGPT2), placental growth factor (PGF), platelet-

derived growth factor B (PDGFB) and stem cell factor (SCF) (Ceradini et al., 2004; Kelly et 

al., 2003). The receptors of these angiogenic factors are expressed on the surface of vascular 

endothelial cells and vascular pericytes/smooth muscle cells. Additionally, activation of 

HIF-1 impairs expression of anti-angiogenic proteins such as thrombospondin-1 and -2 (TSP1 

and TSP2) which interact with the microvascular endothelial cell receptor CD36 (de Fraipont 

et al., 2001). 
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Besides angiogenesis and glycolysis, which are essential for cell survival, hypoxia can also 

induce also apoptosis and growth arrest. HIF-1 was shown to be involved in activation of 

several pro-apoptotic genes. One of these is the important tumor suppressor p53 that interacts 

with HIF-1 to activate p53-dependent apoptosis. The transcriptional activity of p53 was found 

to be activated by a dephosphorylated form of HIF-1 and leads to the activation of pro-

apoptotic proteins (An et al., 1998; Suzuki et al., 2001). One of these proteins, a B-cell 

lymphoma 2 (Bcl-2)-associated X protein (BAX), triggers the release of cytochrome c from 

mitochondria and eventually leads to apoptosis. However, it has been reported that p53 only 

accumulates in severe hypoxia and not only is HIF-dependent, but even correlates with 

replication arrest and requires an ataxia telangiectasia and Rad3-related (ATR)-signaling 

pathway (Hammond et al., 2002).  

A HIF-1α-dependent expression of the pro-apoptotic member of the Bcl-2 family, the 

Bcl2/adenovirus E1B 19-kDa interacting protein 3 (BNIP3), mediates a mitochondrial 

dysfunction and induces rather necrosis-like cell death than apoptosis, as it does not involve 

cytochrome c release or caspases (Bruick, 2000; Sowter et al., 2001; Vande Velde et al., 

2000). The typical phenotype of cellular necrosis is characterized by early plasma-membrane 

permeability, extensive cytoplasmic vacuolation and mitochondrial autophagy (Harris, 2002). 

Autophagy describes the mechanism of sequestration of cytoplasm or organelles in 

autophagic vacuoles or autophagosomes which are then degraded and potentially recycled 

(Levine and Klionsky, 2004). Cells exposed to prolonged hypoxia have been shown to use 

mitochondrial autophagy as an adaptive metabolic response to protect themselves from cell 

death (Zhang et al., 2008). 

HIF-1α is essential for the mediation of cellular and developmental oxygen homeostasis (Iyer 

et al., 1998). HIF-1α knockout mouse embryos die at an early stage and demonstrate an 

abnormal vascular development such as a complete lack of cephalic vascularization, a 

reduction in the number of somites, abnormal neural fold formation and a greatly increased 

degree of hypoxia (Ryan et al., 1998). Furthermore, the expression of PGK is dramatically 

decreased in null embryos which imply indispensability of HIF-1α in the regulation of 

embryonic expression of PGK. High levels of aerobic glycolysis are characteristic for the 

early stages of embryogenesis. The expression levels of the high affinity glucose transporters 

GLUT-1 and GLUT-3 are normally enhanced during the early organogenesis period 

(Matsumoto et al., 1995).  
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All of the aspects mentioned above demonstrate the crucial involvement of HIF-1 in 

physiological processes, such as angiogenesis, metabolism, glycolysis and embryogenesis. 

However, HIF-1 has a serious drawback: it not only supports the maintenance of normal cells, 

but also cells with alterations such as tumor cells. 

 

1.3 The role of HIF-1α in tumor biology 

In 2000, Hanahan and Weinberg defined six hallmarks of cancer in their review (Hanahan and 

Weinberg, 2000). They suggest sustained angiogenesis, tissue invasion and metastasis, 

limitless replicative potential, resistance to apoptosis, self-sufficiency in growth signals and 

insensitivity to growth suppressors. A decade later, two additional hallmarks were added to 

this list – metabolic reprogramming of energy and evading immune destruction (Hanahan and 

Weinberg, 2011). Interestingly, it has been demonstrated that all these features can be affected 

by HIF-1α. 

HIF-1α mediates maintenance of the glycolytic phenotype, activation of angiogenesis that 

induce cancer invasion, metastasis, cell proliferation and as a result promote tumor growth 

(Figure 3) (Gatenby and Gillies, 2004; Semenza, 2003). Characteristic for many solid tumors 

with poor patient prognosis is overexpression of HIF-1α (Talks et al., 2000). In vivo studies 

have demonstrated that HIF-1 influences angiogenesis and tumor growth (Carmeliet et al., 

1998; Maxwell et al., 1997; Ryan et al., 2000). Due to changes in energy metabolism, deletion 

of HIF-1α results in a reduced rate of tumor growth, elimination of increased lactate 

production and decrease of ATP levels in response to hypoxia (Seagroves et al., 2001). Loss 

of HIF-1α reduces hypoxia-induced expression of VEGF and impairs vascularization, which 

leads to development of a hypoxic microenvironment within the tumor mass (Carmeliet et al., 

1998). HIF-1α overexpression was shown to be caused by intratumoral hypoxia as well as by 

genetic alterations. One of these alterations is a loss-of-function in tumor suppressor genes, 

such as pVHL, phosphatase and tensin homolog (PTEN) and p53. The tumor suppressor p53 

has also been reported to mediate mouse double minute 2 homolog (MDM2)-mediated 

ubiquitination and proteasomal degradation of HIF-1α (Ravi et al., 2000). Moreover, the 

upregulation of HIF-1α can be induced by gain-of-function in oncogenes, which are involved 

in activation of PI3K and mitogen-activated protein kinase (MAPK) pathways (Laughner et 

al., 2001; Richard et al., 1999). A number of oncogenes, as fps, scr, ras, are involved in 
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regulation of glucose transport and upregulation of GLUT1 in tumors (Flier et al., 1987; 

Racker et al., 1985). 

 

Figure 3: The role of HIF-1α in tumor progression.  

Scheme is representing several pathways of cancer cells which are regulated by HIF-1α with examples 

of direct target genes. GLUT-1: glucose transporter 1, PDK1: pyruvate dehydrogenase kinase isozyme 

1, Oct4: octamer-binding transcription factor 4, VEGF: vascular endothelial growth factor, iNOS: 

inducible nitric oxide synthase, MMP-9: matrix metalloprotease 9, IL-6: interleukin 6, Cox-2: 

cyclooxygenase 2, IGF-2: insulin-like growth factor 2, TGF-α: transforming growth factor alpha, 

CAIX: carbonic anhydrase 9, BCL-xL: B-cell lymphoma-extra large 

In several tumors an overexpression of HIF-1α correlates with overexpression of tumor 

growth factors. In colon cancer and 25-40 % of all invasive breast cancer the demonstrated 

upregulation of HIF-1α was associated with upregulation of insulin growth factor-2 (IGF-2), 

which was found to facilitate activation of cell survival pathways (Mancini et al., 2014; 

Richardson et al., 2011). Transforming growth factor alpha (TGF-α), which is elevated in 

many tumor types and induces cell motility, was also demonstrated to interact with HIF-1α 

(Fanelli et al., 2012; Gunaratnam et al., 2003; Tarhini et al., 2014). 

Besides the HIF-1α-dependent activation of metabolism proteins, such as GLUT-1/3 and 

PDK1, hypoxia-induced alteration of cell metabolism includes the regulation of glycogen and 

lipid metabolism. HIF-1α induces an activation of fatty acid binding protein 3 and 7 (FABP3, 

FABP7) and adipophilin (ADRP). FABP3, FABP7 and ADRP are essential for reduced 
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nicotinamide adenine dinucleotide phosphate (NADPH) production and survival under 

hypoxic conditions. In vivo studies have shown that loss of FABP3 and FABP7 impairs tumor 

growth (Bensaad et al., 2014). In some tumor cells, the overexpression of carbon anhydrase 

isoform IX (CAIX) was demonstrated to be regulated by HIF-1α. CAIX contributes to the 

acidification of the tumor microenvironment leading to a poor response to chemo- and 

radiotherapies (Hussain et al., 2007; Potter and Harris, 2004; Thiry et al., 2006). The cross-

talk between apoptosis and HIF-1α is very controversially discussed in the literature. In 

several tumor cells, HIF-1α was demonstrated to be involved in the activation of some pro-

apoptotic factors, such as BNIP3 (Farrall and Whitelaw, 2009). However, HIF-1α also has 

been demonstrated also to contribute to an activation of anti-apoptotic proteins, such as B-cell 

lymphoma extra-large (BCL-xL) and a member of the inhibitor of apoptosis protein Survivin 

(Chen et al., 2009; Sun et al., 2014) 

Uncompromised function of the immune system normally prevents tumor development. The 

immune system can recognize tumor cells because of tumor-specific antigens and induce 

killing of the cancer cells. However, this process of immune surveillance can be defeated by 

cancer cells using the so-called immunoediting, resulting in the selection of tumor cells, 

which are able to avoid or suppress the immune response (Dunn et al., 2002; Swann and 

Smyth, 2007). Hypoxia has been shown to play a significant role in protecting tumors from 

the immune system by contributing to immune suppression in several ways.  

Hypoxic areas in solid tumors often include necrotic cells, which release proinflammatory 

mediators that in turn recruit inflammatory cells to the tumors (Mantovani et al., 2008). 

Additionally, oncogenes such as Ras and Myc induce transcription of certain genes leading to 

increased recruitment of immune cells (Soucek et al., 2007; Sparmann and Bar-Sagi, 2004). In 

some cancer types the crosstalk between nuclear factor kappa B (NF-κB) and HIF-1α has 

been demonstrated to enhance an inflammatory response by inducing transcriptional 

activation of pro-inflammatory genes such as cyclooxygenase 2 (COX-2), interleukin 6 

(IL-6), matrix metalloprotease 9 (MMP-9) and inducible nitric oxide synthase (iNOS) 

(Bruning et al., 2012; D’Ignazio et al., 2017). The resulting tumor-associated inflammatory 

response is involved in tumor growth, angiogenesis, metastasis, and remodeling of the tumor 

microenvironment (TME). The TME or tumor stroma contains cancer associated fibroblasts 

(CAFs), vascular cells including endothelial cells, and immune cells. The immune 

components of TME are composed of tumor infiltrating lymphoid cells (TILs) and myeloid 
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cells. Myeloid cells can be differentiated in tumor-associated macrophages (TAMs), myeloid-

derived suppressor cells (MDSCs) and dendritic cells (DCs) (Kumar and Gabrilovich, 2014).  

HIF-1α induces the expression of VEGF in tumors, which acts as a chemokine for myeloid 

cells, such as TAMs. Activation of TAMs is essential for maintenance of tumor-promoting 

chronic inflammation, immune suppression and metastasis (Condeelis and Pollard, 2006). In 

addition, regulation of function and differentiation of tumor MDSC has been demonstrated to 

depend on HIF-1α expression that leads to the suppression of antigen-nonspecific T cell 

activity and differentiation of tumor MDSC to TAMs (Corzo et al., 2010). HIF-1α has been 

shown to act as a negative regulator of T cells (Lukashev et al., 2006). The decrease of tumor 

cell susceptibility to cytotoxic T lymphocyte-mediated lysis is associated with the influence of 

HIF-1α (Noman et al., 2009). Furthermore, in vivo studies have demonstrated that the balance 

between pro-inflammatory TH17 and anti-inflammatory regulatory T cell (Treg) differentiation 

is regulated in a HIF-1α-dependent manner by enhancing TH17 and attenuating Treg 

development (Dang et al., 2011). The activation of DCs in tumor tissue correlates with the 

accumulation of HIF-1α and its glycolytic target genes (Jantsch et al., 2008).  

HIF-1α also contributes to the development of a heterogeneous TME by supporting the 

activation of cancer stem cells (CSC), a subset of cancer cells with infinite self-renewal 

properties and unlimited proliferation (Lan et al., 2018; Liang et al., 2012). Accumulation of 

these pluripotent cells correlates with a post-treatment relapse and spreading of new tumors 

(Chen et al., 2012). HIF-1α regulates the activity of several transcriptional factors, which are 

essential for CSC formation, such as Notch and octamer-binding transcription factor 4 (Oct4), 

because they regulate CSC self-renewal and pluripotent properties (Keith and Simon, 2007; 

Mimeault and Batra, 2013). Moreover, HIF-1α has been shown to be unregulated in CAFs, 

which are a major component of the tumor stroma and promote tumor growth, metastasis, 

therapy resistance and poor prognosis (Martinez-Outschoorn et al., 2014; Petrova et al., 

2018). 

Tumor metastasis has been shown to be linked with hypoxia and HIF proteins (Rofstad et al., 

2010; Voss et al., 2011). The process of metastasis includes an endothelial cell hypoxic 

response which is critical for the fate of the tumor. Endothelial cells play the role of a natural 

barrier to the tumor cells in their migration toward other organs, and alteration of their 

function favors metastatic dissemination. The endothelial response to hypoxia includes the 

regulation of nitric oxide (NO) induction (Branco-Price et al., 2012). The activation of iNOS 

increases the NO levels in the tissue. Expression of iNOS in the endothelium mediates a 
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vascular dysfunction (Gunnett et al., 2005). Endothelial cell-derived NO has been shown to 

mediate angiogenesis and recruitment of mural cells, such as pericytes and vascular smooth 

muscle cells, which are essential for vascular morphogenesis (Kashiwagi et al., 2005). Loss of 

HIF-1α in endothelial cells reduces NO synthesis and migration of tumor cells through the 

endothelial layer, and therefore decreases the metastatic rate. Interestingly, HIF-2α provides 

the opposite effect in tumor cells by induction of arginase 1 (ARG1) expression, which 

inhibits NO (Branco-Price et al., 2012).  

Initiation of metastasis requires invasion, which is enabled by epithelial-mesenchymal 

transition (EMT), a process of differentiation of epithelial cells, which lose their polarity and 

junctions, into motile mesenchymal cells (Lamouille et al., 2014; Thiery et al., 2009). HIF-1 

is involved in the induction of EMT by activating factors, such as Snail, Slug, Twist and zinc 

finger E-box binding homeobox 1 (ZEB1) (Yang et al., 2008; Zhang et al., 2013a; Zhu et al., 

2013). Furthermore, HIF-1 represses the expression of E-cadherin, which is important for 

adherent junction formation (Krishnamachary et al., 2006). In some cancer types EMT was 

associated with activation of the PI3K/Akt pathway that mediated HIF-1α activation (Jiao and 

Nan, 2012). 

TME has been shown to contribute to the radioresponsiveness of tumors. Hypoxia, as well as 

the response of stromal and endothelial cells are involved in the undesirable survival of tumor 

cells after irradiation (Joyce and Pollard, 2009; Karar and Maity, 2009). Enhanced 

radioresistance of tumor cells is one of the major reasons of therapeutic failure during the 

radiation treatment of cancer patients. 

 

1.4 HIF-1α-mediated radioresistance of cancer cells 

Radiation treatment is one of the major therapeutic approaches for cancer treatment. After the 

discovery of X-rays in 1895 by Wilhelm Conrad Röntgen a lot of research was done to 

achieve a sophisticated treatment with ionizing radiation (IR) for killing tumor cells and 

sparing normal tissue. X- and γ-rays produce fast recoil electrons that can directly ionize the 

target molecule or interact with water surrounding the DNA to produce free radicals which 

break chemical bonds in the DNA and lead to DNA damage (Hall and Giaccia, 2012). 

However, radiotherapy often fails to achieve a complete remission. Poor prognosis of cancer 

patients including tumor recurrence and metastasis is in part a result of radioresistance of 

tumor cells.  
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Radioresistance has been shown to be characteristic for hypoxic regions in solid tumors 

(Brizel et al., 1997). Radiation preferentially targets well-oxygenated tumor cells because 

sensitivity to radiation requires oxidation, and this is why oxygenated cells are 2.5- to 3-times 

more sensitive than hypoxic cells (Gray et al., 1953). This physiological principle is known as 

the oxygen enhancement effect. After the death of oxygenated radiosensitive cells oxygen 

diffuses to the surviving hypoxic regions, leading to the reoxygenation of hypoxic tumor cells 

(Moeller and Dewhirst, 2006). Reoxygenation induces oxidative stress and formation of ROS, 

which in turn may be involved in the stabilization of normoxic HIF-1α. Additionally, ROS 

may contribute to the stabilization of HIF-1α by generation of NO in TAMs and 

S-nitrosylation of HIF-1α (Li et al., 2007; Moeller et al., 2004). Accumulation of HIF-1α can 

be supported by the PI3K/Akt pathway in a glucose- and reoxygenation-dependent manner in 

irradiated tumors (Harada et al., 2009). Therefore, radiation treatment potentially leads to the 

upregulation of HIF-1α in tumors. 

Moreover, radiation treatment has been shown to elevate translation of downstream HIF-1α 

signals, such as VEGF and CAIX (Moeller et al., 2004). VEGF expression induces 

angiogenesis, which improves oxygenation within tumors. However, the elevated expression 

of VEGF also supports endothelial cell (EC) resistance (Gorski et al., 1999). Tumor 

endothelial vasculature has been demonstrated to protect tumors from ionizing radiation 

(Garcia-Barros et al., 2003). Inhibition of HIF-1α results in an inhibition of tumor 

vascularization (Moeller et al., 2005). Furthermore, HIF-1α is involved in repopulation of 

radio-surviving tumor cells. Perinecrotic tumor cells from the hypoxic areas which survive 

radiation treatment have been suggested to translocate to the proximal regions of tumor blood 

vessels in a HIF-1α-dependent manner. As HIF-1α is involved in induction of cell migration, 

upregulation of HIF-1α after radiation treatment supports the EMT and translocation of cells 

(Harada et al., 2012). These radio-surviving cells are then responsible for tumor recurrence 

and metastasis after radiation treatment. In addition, IR-induced HIF-1α upregulation 

correlates with generation and radioresistance of CSCs. CSCs are involved in providing 

radioresistance through the activation of DNA repair pathways (Bao et al., 2006).  

The radiosensitivity of cells depends on the distribution of cells going through the cycle. Cells 

are more radioresistant in late S phase when they rapidly proliferate and in early G1 phase, if 

the cells are very slowly proliferating (Hall and Giaccia, 2012). Hypoxia induces the 

expression of cell cycle regulators (Box and Demetrick, 2004; Gardner et al., 2001). HIF-1α 

has been shown to be essential for cell cycle arrest, as hypoxia induces HIF-1α-dependent 
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enhancement of cyclin-dependent kinase (CDK) inhibitors p21 and p27 expression (Goda et 

al., 2003). Furthermore, HIF-1 has been suggested to promote cell cycle arrest by 

antagonizing Myc activity which leads to activation of p21 even in the absence of hypoxia 

(Koshiji et al., 2004).  

The effect of HIF-1α upregulation on radiosensitivity is complex. On one hand, HIF-1α acts 

as an anti-apoptotic factor and increases radioresistance of tumor cells by vascular protection 

(Akakura et al., 2001; Xia et al., 2018). On the other hand, HIF-1α also demonstrates pro-

apoptotic features and can favor radiosensitivity in tumor cells. HIF-1α induces 

phosphorylation of p53 in the irradiated cells, which promotes apoptosis (Moeller et al., 

2005). Additionally, HIF-1α enhances metabolism and proliferation of cancer cells which 

leads to radiosensitization of the irradiated cells. Furthermore, it is known that chronic, but 

not acute hypoxia increases cellular radiosensitivity by inhibiting the expression of genes 

involved in DNA damage repair (Bristow and Hill, 2008; Chan et al., 2008). In general, it has 

been assumed that the effect of HIF-1α stabilization on promoting radioresistance outweighs 

enhanced radiosensitivity. 

 

1.5 HIF-1α and DNA damage response  

Cells have evolved distinct mechanisms for DNA repair depending on the extent of damage. 

Mismatches, insertion or deletion of DNA sequences are processed by the mismatch repair 

(MMR), while chemical alterations of DNA bases are corrected by base excision repair (BER) 

(David et al., 2007; Jiricny, 2006). Nucleotide excision repair (NER) is responsible for 

correction of more complex helix-distorting base lesions, such as pyrimidine dimers and 

intrastrand crosslinks (Batty and Wood, 2000). IR leads to the oxidation of DNA bases and 

induces single-strand and double-strand DNA breaks (DNA SSBs and DNA DSBs). Whereas 

SSBs are processed by single-strand break repair (SSBR), four mechanisms are involved in 

the DSBs repair: non-homologous end joining (NHEJ), alternative-NHEJ (alt-NHEJ), single-

strand annealing (SSA) and homologous recombination (HR). Alt-NHEJ and SSA are thought 

to operate as a backup for HR and NHEJ, therefore it is anticipated that HR and NHEJ are the 

most important mechanisms for the repair of DSBs (Frankenberg-Schwager et al., 2009; 

Iliakis et al., 2015). 
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Formation of the DSBs causes the activation of PI3K-like kinases, including ataxia 

telangiectasia mutated (ATM), ATR and DNA-dependent protein kinase (DNA-PK), which in 

turn phosphorylate the histone protein H2AX among other DNA repair proteins (Figure 4) 

(Rogakou et al., 1998; Stiff et al., 2004; Stiff et al., 2006). The phosphorylated form of 

H2AX, γH2AX, acts as a marker of DNA damage at nascent DSB sites. It has been found, 

that γH2AX co-localizes with several proteins involved in the DSB repair, such as breast 

cancer protein 1 (BRCA1), Nijmegen breakage syndrome protein 1 (NBS1), p53 binding 

protein 1 (53BP1) and mediator of DNA damage checkpoint (MDC1) (Kobayashi, 2004), 

which are involved in initiation of DNA damage repair (DDR). The activation of BRCA1, 

53BP1 and MDC1 by phosphorylation occurs in an ATM-dependent manner (McKinnon, 

2004).  

 

Figure 4: Initial response to ionizing radiation (IR)-induced DNA double-strand breaks (DSB) 

In response to the DSB the kinases ATM, ATR and DNA-PK are activated. ATM undergoes 

autophosphorylation and phosphorylates the histone protein H2AX (γH2AX) which is essential for the 

tethering of other repair factors. Binding of the MRE11-RAD50-NBS1 complex recruits BRCA1, 

MDC1 and 53BP1 to the DSB site. These proteins co-localize with γH2AX and are phosphorylated in 

an ATM-dependent manner. DSB repair choice is regulated by the cell-cycle-dependent antagonistic 

process: 53BP1 mediates end protection and favors NHEJ, whereas BRCA1 mediates end resection 

and HR. ATM: ataxia telangiectasia mutated, ATR: ataxia telangiectasia and Rad3-related, DNA-PK: 

DNA-dependent protein kinase, DNA-dependent protein kinase, BRCA1: breast cancer 1, MDC1: 

mediator of damage checkpoint 1, 53BP1: p53-binding protein 1, P: phosphorylation, NHEJ: non-

homologous end-joining, HR: homologous recombination. 
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NHEJ operates in all cell cycle phases and is very fast, but also error-prone (Rothkamm et al., 

2003). The double-stranded DNA end-binding protein heterodimer Ku, containing Ku70 and 

Ku80, binds with a high affinity to the ends of DSBs, thereby protecting the DSB ends from 

end resection (Figure 5) (Walker et al., 2001). Ku recruits DNA-PKs to the DSB site and 

stimulates its activation (Singleton et al., 1999). After binding to DNA, DNA-PK 

autophosphorylates and activates ARTEMIS, which is critical for hairpin opening and 

overhang processing (Goodarzi et al., 2006; Ma et al., 2002). Members of the DNA 

polymerases, pol µ and pol λ, are recruited by the Ku to the DNA for gap-filling in non-

compatible DSBs (Capp et al., 2006; Capp et al., 2007). The DNA-PK dissociates then from 

the blunt ends providing space for further processing factors. In addition, Ku has been shown 

to recruit XLF to the DSB site which in turn stimulates X-ray cross complementing 4/DNA 

Ligase 4 (XRCC4/LIG4)-mediated joining of DSBs (Wang et al., 2004; Yano et al., 2008). 

XRCC4 activates LIG4, thus initiating the ligation step (Grawunder et al., 1997). 

 

Figure 5: Non-homologous end-joining (NHEJ) 

Rapid recruitment of Ku to the DSB protects ends from resection and is an initial step of NHEJ. The 

Ku/DNA complex activates DNA-PK. DNA-PK-dependent phosphorylation of ARTEMIS induces 

initial processing, followed by ligation of broken ends after recruitment of the XRCC4/LIG4/XLF 

complex. XRCC4: X-ray repair cross complementing 4, LIG4: DNA ligase 4, XLF: XRCC4-like 

factor 
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Another important DDR mechanism, HR, is most important in late S and G2 phases of the cell 

cycle and has a high fidelity (Rothkamm et al., 2003). A complex Mre11-Rad50-NBS1 

(MRN) recognizes a DSB and stabilizes it (Figure 6). Therefore, the Mre11 directly binds 

NBS1, DNA and Rad50. Rad50 contains an ATPase that interacts with Mre11 and thereby 

stimulates DNA binding and DNA end processing by Mre11 (Williams et al., 2007). NBS1 

interacts with ATM and C-terminal binding protein-interacting protein (CtIP) which regulates 

the initiation of the end resection generating 3´single-stranded DNA (ssDNA) overhangs 

(Iijima et al., 2008). DSB resection stimulates the accumulation of replication protein A 

(RPA) which stabilizes ssDNA regions (Wold, 1997). In the next step BRCA2 is recruited to 

the DSB through BRCA1 and facilitates the loading of RAD51 monomers onto ssDNA 

replacing RPA (Prakash et al., 2015). The accumulation of RAD51 monomers leads to the 

formation of RAD51 nucleoprotein filaments which can be visualized as sub-nuclear RAD51 

foci by immunofluorescence microscopy (Haaf et al., 1995). The RAD51 filaments invade 

into the homologous sequence of the sister chromatid and form a displacement loop structure, 

following restoration of DNA integrity by DNA synthesis (West, 2003). DNA end resection is 

induced in the S and G2 phases of the cell cycle, when sister chromatids are available as a 

template for HR, providing a predominantly error-free repair. HR undergoes cell-cycle 

regulation and can be positively regulated by CDK by phosphorylation of NBS1 and CtIP, 

however the CDK-mediated phosphorylation of BRCA2 negatively regulates HR repair 

(Esashi et al., 2005; Falck et al., 2012; Yu and Chen, 2004). ATM protein kinase activates 

CtIP via phosphorylation (Shibata et al., 2011).  

Furthermore, the choice between NHEJ and HR depends on the interplay between 53BP1 and 

BRCA1 (Bakr et al., 2016). 53BP1 is a DNA-damage response protein and is essential for 

maintaining genomic stability promoted NHEJ by enhancing chromatin mobility (Dimitrova 

et al., 2008). BRCA1 interacts with RAD51 and promotes accurate DSB repair during HR 

(Boulton, 2006; Durant and Nickoloff, 2005). It has been demonstrated that ATM-dependent 

resection can be inhibited by 53BP1 in G1 phase thereby favoring the repair by NHEJ, while 

BRCA1 can remove 53BP1 from replication-associated breaks (Bunting et al., 2010; Isono et 

al., 2017).  

Hypoxia can trigger the ATR checkpoint and induce a G1 and an intra-S phase arrest (Bristow 

and Hill, 2008). Activation of ATR also induces phosphorylation of p53 and γH2AX in 

response to hypoxia (Hammond et al., 2003). In addition, hypoxia induces a phosphorylation 

of CHK2 in an ATM-dependent manner that leads to the initiation of the signaling cascade 
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resulting in cell cycle arrest in G2 phase (Freiberg et al., 2006). Moreover, hypoxia-induced 

activation of ATM was suggested to mediate the phosphorylation of HIF-1α at S696 and its 

stabilization (Cam et al., 2010). HIF-1α has been shown to be involved in mechanisms of 

DDR, such as NHEJ, by activation of DNA-PK and Ku70/80 (Wirthner et al., 2008). HIF-1α 

also downregulates the Myc-activated gene BRCA1, although an overexpression of HIF-1α 

has been demonstrated in BRCA1 related tumors (Koshiji et al., 2004; van der Groep et al., 

2008). In general, HIF-1α-dependent mechanisms maintain genomic instability and are crucial 

for DDR, but there are still a lot of aspects of these interactions that remain unclear. 

 

Figure 6: Homologous recombination (HR) 

A MRN complex composed of Mre11, RAD50, and NBS1 binds to the DSB and together with CtIP 

and BRCA1 mediates the initiation of DSB end resection in an ATM-dependent manner. The resulting 

ssDNA open ends are coated by RPA. BRCA1 recruits BRCA2 to DSB site, which in turn mediates 

replacing of RPA through RAD51 monomers on ssDNA ends. RAD51 filaments induce a strand 

invasion into homologous DNA sequences and DNA synthesis. ATM: ataxia telangiectasia mutated, 

CtIP: C-terminal binding protein-interacting protein, RPA: replication protein A 
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2 Aim of the study 

In the last decades the research concerning HIF-1α has demonstrated that HIF-1α is a crucial 

factor in the regulation of tumor progression via a broad range of mechanisms. HIF-1α is 

involved in the IR-induced increase of radioresistance that leads to cancer recurrence and poor 

prognosis for cancer patients. There are indications that HIF-1α activity is increased after 

radiation treatment and promotes low radiation sensitivity. Thus, HIF-1α is accepted as a 

promising target molecule for cancer therapy. Of date, the interaction of HIF-1α with other 

molecules involved in radioprotection of tumor cells is very often discussed, although the 

exact mechanism remains highly controversial and unclear. Recently, the contribution of 

TME to radioresponsiveness also came into focus. Therefore, one of the paramount tasks of 

HIF-1α research is the identification of further interactions with the DDR molecules and 

influence of the surrounding stromal cells on the HIF-1α signaling in tumors. It is essential to 

understand how the complex mechanisms including HIF-1α-mediated protection of stromal 

endothelial cells, HIF-1α signaling in irradiated tumor cells and interaction with TME 

converge to bring about a change in tumor radiosensitivity.  

The first aim of this study was to clarify the effect of HIF-1α deficiency on radiosensitivity in 

vitro. Therefore, doxycycline-inducible HIF-1α knockdown cells were generated for the 

investigation of proliferation, long term survival and apoptosis after IR. In addition, it was 

particularly important to determine how HIF-1α signaling affects DNA repair. For this 

purpose, the recruitment of DDR proteins involved in the response to IR, NHEJ and HR, was 

investigated in HIF-1α-depleted cells. 

The next aim was to investigate an effect of surrounding microenvironment on HIF-1α 

signaling in tumor cells and the effect of this interaction on the radiation sensitivity in vivo. 

Firstly, the effect of HIF-1α depletion in tumors on radiosensitivity was investigated in a 

allograft mouse model with wild-type C57BL/6 mice. Secondly, using a floxed HIF-1α allele 

in combination with a ubiquitously expressed tamoxifen-inducible recombinase Cre-ER(T2) 

HIF-1α conditional knockout mice were generated. A murine xenograft model with a HIF-1α 

knockout was used to investigate whether HIF-1α elimination in surrounding stroma cells 

simultaneously with tumor cells affects the radiosensitivity of tumors. Thus, we intended to 

determine an effect of interaction between stromal and tumor cells on the HIF-1α signaling 

pathway and radiation sensitivity. 
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3 Material and methods 

3.1 Material 

3.1.1 Reagents and kits 

Table 1: Reagents and kits  

Reagent/Kit Company 

BaseScope
TM 

 Assay Kit ACDBio (Newark, USA) 

BCA Protein Assay Kit Thermo Fisher Scientific (Waltham, USA) 

Direct PCR Kit  highQu (Kraichtal, Germany) 

Dual-luciferase reporter assay system Promega (Madison, USA) 

MESA Green qPCR
TM

 Mastermix Plus for SYBR 

Assay 
Eurogentec (Liège, Belgium) 

QuantiTect Reverse Transcription Kit Qiagen (Hilden, Germany) 

ReliaPrep
TM 

RNA Tissue Miniprep System Promega (Madison, USA) 

SuperSignal West Femto Maximum Sensitivity 

Substrate  
Thermo Fisher Scientific (Waltham, USA) 

Trans-Blot
®
 Turbo

TM
  RTA Transfer Kit Bio-Rad (Munich, Germany) 
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3.1.2 Technical devices 

Table 2: Technical devices  

Device Company 

Cellometer
TM

 Auto T4 Nexcelom Bioscience (Lawrence, USA) 

Dounce tissue grinder set  Sigma-Aldrich (Munich, Germany) 

FACS Canto II BD Biosciences (Franklin Lakes, USA) 

Fusion-FX7 chemoluminescence documentation 

system 
Peqlab (Erlangen, Germany) 

Gelelectrophoresis chamber Bio-Rad (Munich, Germany) 

GloMax luminometer Promega (Madison, USA) 

Hypoxic chamber Toepffer Lab System (Göppingen, Germany) 

C1000 Touch Thermal Cycler CFX96 Real-Time 

System 
Bio-Rad (Munich, Germany) 

Light Microscope ScanScope Leica biosystems (Wetzlar, Germany) 

Microm HM 340E Microtome Thermo Fisher Scientific (Waltham, USA) 

Synergy HT Multi-Detection Microplate Reader BioTek (Bad Friedrichshall, Germany) 

Take3 Micro-Volume Plate BioTek (Bad Friedrichshall, Germany)  

Thermal cycler T100 Bio-Rad (Munich, Germany) 

Trans-Blot Turbo Transfer System Bio-Rad (Munich, Germany) 

Typhoon 9400 fluorescence imager  GE Healthcare (Amersham, UK) 

X-Ray research irradiator cabinet RS320 Xstrahl Ltd (Camberley, UK) 

X-ray research irradiator cabinet X-RAD 320 Precision X-Ray (North Branford, USA) 

Zeiss LSM 710 confocal microscope Carl Zeiss (Oberkochen, Germany) 
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3.1.3 Buffers and media 

Table 3: Buffers and media  

Buffer/Medium Concentration Ingredients 

PBS 138 mM  

8.1 mM 

2.7 mM  

1.5 mM   

Tris (pH 7.4) 

Na2HPO4 

KCl 

KH2PO4 

TBS 20 mM  

137 mM  

Tris (pH 7.4)  

NaCl 

TBS-T 1x  

0.05 % (v/v)  

TBS 

Tween 20 

RIPA lysis buffer 50 mM  

150 mM  

1 % (v/v)  

0.5 % (w/v)  

Tris HCl (pH 7.4) 

NaCl 

NP-40 

sodiumdesoxycholate 

Stacking gel buffer  

(5 %) 

5 % (w/v) 

125 mM 

0.1 % (w/v) 

0.05 % (w/v) 

0.1 % (v/v) 

Acrylamide 

Tris (pH 6.8) 

SDS 

APS 

TEMED 

Separating gel buffer 5-12.5 % (w/v) 

375 mM 

0.1 % (w/v) 

0.05 % (w/v) 

0.05 % (v/v) 

Acrylamide 

Tris (pH 8.8) 

SDS 

APS 

TEMED 

Running buffer 

(for SDS-PAGE) 

25 mM 

0.192 M 

0.1 % (w/v) 

Tris (pH 7.4) 

Glycine 

SDS 

SDS sample buffer 62,5 mM 

2 % (w/v) 

3 % (v/v) 

10 % (v/v) 

0.25 mg/ml 

25 mM 

Tris (pH 7.4) 

SDS 

ß-mercaptoethanol 

Glycerol 

Bromophenol blue 

DTT 
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TAE 40 mM 

20 mM 

1 mM 

Tris (pH 7.4) 

Acetic acid 

EDTA 

Hypotonic citrate buffer 0.1 % (w/v) 

0.1 % (v/v) 

20 µg/ml 

Sodium citrate 

Triton-X100 

Propidium iodide 

FACS buffer 0.5 % (w/v) 

20 µg/ml 

 

BSA 

Propidium iodide 

PBS 

Coomassie Brilliant Blue 

solution 

0.1 % (w/v) 

5 % (v/v) 

45 % (v/v) 

Coomassie Brilliant Blue 

Acetic acid 

Methanol 

ACK buffer 0.155 M 

10 mM 

0.1 mM 

NH4Cl 

KHCO3 

EDTA 

Agarose gel (3 %) 3 % 

75 ml 

Agarose 

TAE 

Caspase lysis buffer  

pH 7.3 

50 mM 

150 mM 

1 % ‘(v/v) 

Tris (pH 7.4) 

NaCl 

NP-40 

Caspase substrate buffer 20 mM 

100 mM 

10 % (w/v) 

0.1 % (w/v) 

10 mM 

66 µM  

HEPES 

NaCl 

Saccharose 

CHAPS 

DTT  

DEVD-AMC 

4 % PFA 

pH 7.4 

4 % (w/v) 

1x 

1 M 

PFA 

PBS 

NaOH 

PFGE lysis solution 

pH 7.6 

10 mM 

100 mM 

50 mM 

2 % (w/v) 

0.2 mg/ml 

Tris 

EDTA 

NaCl 

N-lauroylsarcosin 

Protease A 

PFGE washing solution 

pH 7.6 

10 mM 

100 mM 

50 mM 

Tris 

EDTA 

NaCl 
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PFGE RNase solution 

pH 7.6 

10 mM 

100 mM 

50 mM 

0.1 mg/ml 

Tris 

EDTA 

NaCl 

RNaseA 

PFGE serum-free HEPES-

buffered medium 

5 mM 

20 mM 

NaHCO3 

HEPES serum-free medium 

PFGE 5x TBE 890 mM 

890 mM 

10 mM 

Tris 

Boric acid 

EDTA  

DEPC water 

(1 h at 37 °C incubation) 

0.1 % (v/v) DEPC 

A. dest 

10x MOPS buffer 0.2 M 

50 mM 

10 mM 

 

MOPS 

Sodium acetate 

EDTA 

DEPC water 

RNase decontamination 

solution (15 min at 100 °C 

incubation) 

0.1 M 

1 mM 

 

NaOH 

EDTA 

DEPC water 

1 % RNA gel 1 % (w/v) 

 

10 % 

2,5 % (v/v) 

0.003 % (v/v) 

Agarose 

A. dest 

10x MOPS buffer 

Formaldehyde 

SYBR-Safe 
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3.1.4 Cell lines 

Table 4: Cell lines used for this study 

Strain Origin Medium Characteristics Reference 

B16F10 

murine 

metastatic 

melanoma 

DMEM high 

glucose 

(Gibco, Life 

Technologies) 

C57BL/6J mouse strain; adherent 

spindle-shaped and epithelial cells; 

dark brown medium by high level of 

confluence due to melanin production 

ATCC 

#CRL-6475 

HCT116 

human 

colorectal 

carcinoma 

McCoy´s 5A 

(PAN 

Biotech) 

adherent epithelial cells; mutation in 

codon 13 of the ras proto-oncogene 

ATCC 

#CCL-247 

HEK293T 

human 

embryonic 

kidney 

DMEM high 

glucose 

adherent, oval to fibroblastoid cells; 

highly transfectable, carrying a 

plasmid containing the mutant of SV-

40 T-antigen 

DSMZ 

#ACC-635 

Lewis Lung 

Carcinoma 

(LLC1) cells 

murine 

lung 

carcinoma 

DMEM high 

glucose 

C57BL mouse strain; adherent and 

suspension cells form multilayers; 

highly tumorigenic, but weakly 

metastatic (Bertram and Janik, 1980) 

ATCC 

#CRL-1642 

 

3.1.5 Plasmids, shRNA sequences, and PCR oligonucleotides 

All short hairpin ribonucleic acid (shRNA) sequences and plasmids used in this study are 

listed in Table 5 and 6, respectively. 

Table 5: shRNA sequences  

shRNA Characteristics Reference 

shHIF-1α 

TGGATAGCGATATGGTCAATG 

corresponding to nucleotides 2030-2050 

of mouse HIF-1α mRNA 

(GenBank acc. no. 

NM_010431) 

shscrambled 
CCTAAGGTTAAGTCGCCCTCG 

non-coding scrambled shRNA  
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Table 6: Plasmids  

Plasmid Characteristics Reference 

pLKO.1  constitutive pLKO.1 vector #10879, Addgene 

pLKO.1  

Tet-On 

lentiviral tetracycline (Tet)-inducible 

pLKO-shRNA vector 
#21915, Addgene 

pLKO.1  

shscrambled 

pLKO.1 control plasmid containing 

unspecific shRNA sequence 
#1864, Addgene 

pLKO.1 

shscrambled Tet-On 

lentiviral Tet-inducible pLKO.1 vector 

containing unspecific shRNA sequence 
#21915, Addgene 

pGLHIF1.3 
firefly luciferase containing 3 copies of 

the HRE  
(Kvietikova et al., 1995) 

pGL4.74hR 
renilla reporter as a control for 

transfection efficiency 
E6921, Promega 

CMV-sport6-mHIF2α 
constitutive expression vector containing 

murine HIF-2α sequence 
GenomeCube 

pcDNA3 control plasmid   

 

All oligonucleotides used for polymerase chain reaction (PCR) and quantitative PCR (qPCR) 

are listed in Table 7 and Table 8 and were purchased from Sigma (USA).  

Table 7: PCR primers used for mouse genotyping 

Primer Sequence 5´-3´ 
fragment length 

[bp] 
Tann [°C] 

Rosa26-Cre-ER for 

Rosa26-Cre-ER rev 

TGAGCTACACCAGAGACGGA 

TTGGCAGAACGAAAACGCTG 
120 (knock-in) 65 

mHIF-1α_E2seq for 

mHIF-1α_E2seq rev 

CTAGTACTAGATAACCAGTG 

GGTAAACCAAAACAACTTAC 

1405 (wt) 

681 (E2 junction) 
50 

mHIF-1α_flox for 

mHIF-1α_flox rev 

GGAGCTATCTCTCTAGACC  

GCAGTTAAGAGCACTAGTTG 

200 (HIF-1α wt) 

250 (HIF-1α
fl/fl

) 
57 
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Table 8: Primer used for qPCR gene expression assay 

Primer Sequence 5´-3´ fragment length [bp] 

RT_mHIF-1α for 

RT_mHIF-1α rev 

GAAATGGCCCAGTGAGAAA  

CTTCCACGTTGCTGACTTGA  
119 

RT_mGLUT-1 for 

RT_mGLUT-1 rev 

GGATCCCAGCAGCAAGAAGGT  

TAGCCGAACTGCAGTGATCC  
81 

RT_VEGF for 

RT_VEGF rev 

AATGCTTTCTCCGCTCTGAA  

GATCATGCGGATCAAACCTC  
143 

RT_mBNIP3 for 

RT_mBNIP3 rev 

CCCAGACACCACAAGATACCA  

CTTCCTCAGACAGAGTGCTGTT  
81 

RT_mB2M for 

RT_mB2M rev 

GGCTCACACTGAATTCACCC  

ATGTCTCGATCCCAGTAGACG  
102 

 

3.1.6 Antibodies 

The primary and secondary antibodies used in this study are listed in Table 9 and Table 10 

with the molecular weight (MW) of their target protein and dilution applied for Western blot 

(WB), immunofluorescence staining (IF) and immunohistochemistry (IHC). 

Table 9: Primary antibodies 

Antibody MW [kDa] Host Catalog number, company Dilution 

53BP1 220 rabbit NB100-304, Novus (USA) 1:10000 (IF) 

HIF-2α 110 rabbit NB100-122, Novus (USA) 1:1000 (WB) 

mHIF-1α 110 mouse 
10006421, Cayman Chemical 

Company (USA) 

1:1000 (WB) 

1:100 (IHC) 

PARP-1  
116 

89 cleaved 
rabbit 9542S Cell Signaling (USA) 1:1000 (WB) 

RAD51 43 rabbit ab-1, Calbiochem (Germany) 
1:1000 (WB) 

1:200 (IF) 

ß-actin 24 mouse ab6276, abcam (UK) 1:6000 (WB) 

γH2AX 15 rabbit #2577, Cell Signaling (USA) 
1:1000 (WB) 

1:800 (IF) 
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Table 10: Secondary antibodies 

Antibody Host Specificity Catalog number, company Dilution 

IgG/HRP goat anti-mouse P0447, Dako (Denmark) 1:3000 (WB) 

IgG/HRP goat anti-rabbit P0448, Dako (Denmark) 1:3000 (WB) 

IgG Alexa 488 goat anti-rabbit A11070, Invitrogen (Germany) 1:500 (IF) 

IgG Alexa 488 goat anti-mouse A11017, Invitrogen (Germany) 1:500 (IF) 

IgG Alexa 594 goat anti-mouse A11005, Invitrogen (Germany) 1:500 (IF) 
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3.2 Methods in vitro 

3.2.1 Cell culture conditions  

The cell lines listed in Table 4 were cultivated in a humidified atmosphere composed of 5 % 

CO2 in air. All media were supplemented with 100 U/ml penicillin, 100 µg/ml streptomycin 

(Pen/Strep) and 10 % fetal bovine serum (FBS), all components were purchased from Thermo 

Fisher/Life Technologies (Darmstadt, Germany). After reaching 70-80 % confluence cells 

were passaged to maintain an adherent monolayer of cells. Cells were detached from the 

dishes by treatment with 0.25 % trypsin/EDTA solution, centrifuged at room temperature for 

3 min at 280 times gravity ( x g) and seeded at a ratio of 1:10 into new culture flasks. 

3.2.2 Cryopreservation of cell lines  

For long-term storage cells were cryopreserved. After trypsinization and centrifugation, the 

cells were resuspended in FBS with 10 % DMSO and transferred into cryotubes, which were 

then immediately placed in an isopropanol-filled freezing jar and stored at -80 °C and stored 

in liquid N2 the following day.  

3.2.3 Lentiviral particle production in HEK293T cells 

For the production of lentiviral particles 7.5-8 x 10
5
 of HEK293T cells were transferred into a 

25 cm
2
 flask. During overnight incubation the cells reached 50-70 % confluence. The 

transfection mixture contained 500 µl serum-free DMEM, 6 µg of pLKO.1 vector (expressing 

the shRNA) or 6 µg of pWPXL GFP (control vector), 4 µg psPAX2 (the packaging plasmid) 

and 2 µg pMD2.G (the envelope vector). GeneJuice (Novagen, Darmstadt, Germany) was 

used as a transfection reagent in a ratio of 3:1 (µl reagent per µg DNA). The transfection 

mixture was added dropwise to the cell culture medium. After further incubation for 48-60 h 

the supernatant was collected by filtering through a 0.45 µm filter. The virus containing 

supernatant was either used immediately for transduction of target cells or stored at -80 °C. 

3.2.4 Lentiviral transduction of cells 

The knockdown (KD) cell lines LLC shHIF-1α Tet-On, B16F10 shHIF-1α Tet-On and 

HCT116 shHIF-1α were generated by transduction with lentiviral particles expressing shHIF-

1α or non-coding scrambled shRNA (shscr) cloned into a tetracycline (Tet)-inducible pLKO-

shRNA vector or a constitutive pLKO.1 vector as a control. For transduction, 2 ml of the viral 

supernatant was added to 2 x 10
5
 cells and seeded into a 25 cm

2
 flask. Next, 8 µg/ml 
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polybrene (hexadimethrine bromide) were added to enhance the efficiency of the cell 

transduction. Then, the virus solution was replaced with full growth medium and transduced 

cells were selected with puromycin for at least 3 days. After selection, the cells were 

cultivated in full growth medium without selection pressure und used for further experiments. 

Gene knockdown was induced by addition of 250 ng/ml doxycycline (Dox) (Ratiopharm, 

Ulm, Germany) for 72 h. For in vivo experiments LLC cells were transduced with virus 

containing pLKO.1 vector with Emerald green fluorescent protein (EmGFP) fused to the 

blasticidin (bsd) resistance gene (EmGFP-Bsd) that generated shHIF-1α GFP and 

shscrambled (shscr) GFP cells. Stability of the knockdown was controlled by WB and 

luciferase assay. 

3.2.5 Radiation exposure and hypoxic treatment of cell cultures 

Cells were irradiated with an X-ray irradiating machine X-RAD 320 (Xstrahl Ltd) operated at 

320 kV, 12.5 mA with a 1.65 mm aluminium filter at a distance of 50 cm. Hypoxic treatments 

were performed in an airtight chamber (Toepffer Lab System) filled with a humidified 

mixture of 1 % O2, 5 % CO2, and balance N2. For irradiation of hypoxic cells the culture 

flasks and plates were tightly sealed with parafilm in the hypoxic chamber and transported to 

the irradiation machine. After irradiation, the cells were immediately placed back into the 

hypoxic chamber.  

3.2.6 Transfection of cells 

Transient transfection was conducted using the transfection reagent Viafect (Promega, 

Madison, USA) in a ratio of 3:1 (µl reagent per µg DNA) as recommended by the 

manufacturer. Overexpression of mHIF-2α was achieved by transient transfection with 500 ng 

of the plasmid CMV-sport6-mHIF2α, using 500 ng of the empty vector pcDNA3 as a 

transfection control.  

3.2.7 Dual-Luciferase reporter assay 

To test the efficiency of the HIF-1α knockdown in vitro, 6 x 10
4
 cells were seeded in 24-well 

plates. After 24 h the cells were transfected with 500 ng of the hypoxia-responsive firefly 

luciferase reporter plasmid pGLHIF1.3 which contains 3 copies of a HRE and 100 ng of the 

pGL4.74hR renilla reporter as a control for transfection efficiency. The transfection reagent 

Viafect (Promega) was used. 4 h after transfection, the cells were placed in the hypoxic 

chamber and incubated for another 24 h. Whole cell extracts were prepared using a passive 



Material and methods 

38 

 

lysis buffer from the Dual-Luciferase Reporter Assay System (Promega) as recommended by 

the manufacturer. Firefly and renilla luciferase activities were detected with a GloMax 

luminometer (Promega). The ratio between renilla and firefly luciferase allows comparison of 

the expression levels of HIF-1α between separately transfected samples.  

3.2.8 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

For the preparation of whole cell lysates the cells were seeded in 6-well plates. After reaching 

70-80 % confluence the cells were scratched from the well and washed with ice-cold PBS. 

The cells were then lysed in radioimmunoprecipitation assay (RIPA) lysis buffer containing 

proteinase/phosphatase inhibitors for 30 min at 4 °C. After centrifugation for 3 min at 4 °C 

and 19064 x g the supernatant was collected and stored at -80 °C. The protein concentration 

of cell extracts was determined using a BCA Protein Assay Kit (Thermo Fisher Scientific) in 

96-well plates as recommended by the manufacturer. Bovine serum albumin (BSA) was used 

as a standard. After incubation for 20 min at 37 °C the absorbance of the samples was 

measured spectrophotometrically at 562 nm. Equal amounts of protein (10-20 µg) were mixed 

with SDS sample buffer and 1 µl DTT and boiled for 5 min at 95 °C. Cell lysates were then 

separated by gel electrophoresis using reducing 5 – 12.5 % separating SDS gels with 5 % 

stacking gels. SDS-PAGE was run at 120 V for approximately 1 h.  

3.2.9 Western blotting (WB) 

Protein transfer was performed using a Trans-Blot Turbo Transfer System with Trans-Blot
®
 

Turbo
TM

 ready-to-assemble (RTA) Transfer Kit (Bio-Rad) as recommended by the 

manufacturer. The PVDF membrane was blocked with 5 % BSA in TBS-T for 1 h at room 

temperature and incubated with a primary antibody overnight. The HRP-conjugated 

secondary antibody was detected with SuperSignal West Femto Maximum Sensitivity 

Substrate (Thermo Fisher Scientific) using a Fusion FX7 chemoluminescence documentation 

system (Peqlab). 

3.2.10 Cell cycle distribution 

Cell cycle distribution was measured by fluorescence-activated cell sorting (FACS) analysis 

using only the cell nuclei. Therefore, the cell lysis was performed by incubation of 2 x 10
5 

cells in 200 µl hypotonic citrate buffer for 30 min at 4 °C. After centrifugation, the cells were 

resuspended in 350 µl FACS buffer. Samples were analysed by flow cytometry with a FACS 

Canto II (BD Biosciencies) counting 10000 nuclei per sample. Data analysis was performed 
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by discrimination gating of phycoerythrin (PE)-area versus PE-width in linear area with BD 

FACSDiva software. 

3.2.11 Colony formation assay 

The clonogenic assay was used to monitor cell survival after exposure of cells to increasing 

doses of radiation. Cells were seeded in T25 flasks, incubated for 48 h with Dox and then 

exposed to hypoxia for 24 h in the presence of Dox. After IR with 0-10 Gy, cells were 

incubated in Hx for another 24 h. After the incubation, the cells were trypsinized and seeded 

in 6-well plates at various densities (100-6400 cells per well). Following 7-10 days of 

incubation under normoxic conditions, the colonies were fixed with 0.25 % 

paraformaldehyde, permeabilized with 70 % ethanol and stained with Coomassie Brilliant 

Blue solution. Colonies of more than 50 cells were counted with ImageJ using a colony area 

plug-in. Survival fractions (SF) were quantified as number of colonies divided by the plating 

efficiency multiplied with the number of cells seeded. 

3.2.12 Caspase assay 

Caspase-3 activity was measured for quantification of apoptosis. The assay is based on the 

caspase-3 specific cleavage reaction of caspase-3 substrate N-acetyl-Asp-Glu-Val-Asp 

(DEVD) from N-acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (DEVD-AMC), which 

leads to the release of fluorescent 7-amino-4-methylcoumarin (AMC). Thus, the fluorescence 

intensity of AMC correlates with the activity of caspase-3 (Garcia-Calvo et al., 1999). 

Cells were lysed in caspase lysis buffer containing protease and phosphatase inhibitors. After 

incubation on ice for 45 min and a subsequent centrifugation step for 3 min at 4 °C and 

19064 x g the protein concentration of the supernatant was measured using a BCA Kit 

(Thermo Fisher Scientific). 10-20 µg of protein were incubated with 66 µM DEVD-AMC and 

10 mM DTT in caspase substrate buffer at 37 °C. Release of fluorescent AMC was measured 

every 10 min at an excitation wavelength of 360 nm and emission of 460 nm for 2.5 hours. 

The results from the linear range of the reaction were used for analysis. 

3.2.13 Immunofluorescent staining  

To study the nuclear localization of DNA repair proteins, 5 x 10
3
 LLC cells were seeded onto 

glass coverslips coated with rat collagen-I (Biozol, Eching, Germany). After Dox and Hx 

treatment and exposure to 5 Gy IR, the cells were fixed with 1 % paraformaldehyde for 

10 min at the indicated time points. Cells were washed with PBS, incubated at room 
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temperature in 0.2 % Triton-X100 for 5 min, washed again, and incubated with PBS 

containing 2 % BSA for 1 h at room temperature or overnight at 4 °C. Cells were then 

incubated with a primary antibody diluted as indicated in Table 9 with the addition of 2 % 

BSA for 1.5 h, washed, and incubated in a 1:500 dilution of an appropriate secondary 

antibody labelled with a fluorescent dye. After washing, the cells were counterstained with 

1.5 µM Hoechst 33342 (Sigma-Aldrich, Munich, Germany) suspended in PBS and mounted 

with coverslips using mounting medium (Dako, Santa Clara, USA). Images were taken using 

a Zeiss LSM 710 confocal microscope with a 63x/1.4 oil immersion lens (under the control of 

ZEN software). Automated image analysis was processed with the open source software Cell 

Profiler. 

3.2.14 Pulsed field gel electrophoresis  

Cells were irradiated with 20 Gy and trypsinized at the indicated time points. All steps were 

performed in a cold chamber at 4 °C. The cells were resuspended in PFGE serum-free 

HEPES-buffered DMEM medium. 6 x 10
6
 cells were mixed with an equal volume of 1 % 

warm (50 °C) low melt agarose (Bio-Rad, Munich, Germany). The cell suspension was filled 

into 3 mm thin glass tubes, cooled down on ice, pulled out from the tubes and cut into plugs 

that had a length of 5 mm. The agarose cell plugs were incubated in PFGE lysis buffer with 

freshly added 0.2 mg/ml protease A for 1 h at 4 °C and then for 18 h at 50 °C. Next, the plugs 

were washed with PFGE washing buffer for 1 h at 37 °C and digested with washing buffer 

with freshly added 0.1 mg/ml RNAseA for 1 h at 37 °C. Subsequently, the plugs were 

prestained with 2 µg/ml ethidium bromide suspended in washing buffer for 2 h at 37 °C. The 

cell plugs were then placed into the slots of a 0.5 % agarose gel and covered with a 1 % 

standard agarose gel. PFGE was run in 0.5 x TBE at 8 °C for 40 h with a pulsed electric field 

at 50 V (1.25 V/cm) for 900 s in the forward direction and 200 V (5.00 V/cm) for 75 s in the 

reverse direction. The gel was then scanned using a fluorescence imager Typhoon 9400. The 

fraction of DNA release was analysed by ImageQuant 5.2. 

  



Material and methods 

41 

 

3.3 Methods in vivo 

3.3.1 Ethic statement 

All animal experiments were carried out in accordance with the guidelines of the National 

Institutes of Health. Animal protocols were approved by the State Office of North Rhine-

Westphalia for Nature, Environment and Consumer Protection (Landesamt für Natur, Umwelt 

und Verbraucherschutz, LANUV) with reference numbers Az. 87-51.04.2010.A343 and Az. 

84-02.04.2015.A243. 

3.3.2 Mouse keeping and breeding 

All mice were kept under controlled conditions in the central animal facility (Zentrales Tier-

Laboratorium, ZTL) of the University Hospital Essen. Food and water were provided ad 

libitum. Not more than 5 animals were kept together in an individually ventilated cage (IVC) 

(Sealsafe Blue Line) with a constant temperature of 20 °C and 12 h day-night rhythm. 

C57BL/6 mice were obtained from Harlan (Horst, Netherlands). B6.129-Hif1a
tmRsjo

/J or HIF-

1α
flox

 mice were originally generated by the research team of Randall S. Johnson (University 

of San Diego, California, USA) and distributed by Jackson Laboratory (Bar Harbor, USA, 

JAX stock #007561), and are carrying a loxP-flanked exon 2 of HIF-1α (Ryan et al., 2000). 

Homozygous HIF-1α
flox

 mice (HIF-1α
fl/fl

)
 
are viable, fertile, normal in size and do not display 

any gross physical or behavioral abnormalities. 

C57BL/6-Gt(ROSA)26Sor
tm9(Cre/ESR1)Arte

 or ROSA26Cre-ER mice were used in co-operation 

with the team of E. Gulbins (University Hospital Essen). These mice were originally 

developed by Artemis Pharmaceuticals (now Taconic, Germany) by a targeted knock-in 

mutation of the high affinity CreER
T2

 into the Gt(ROSA)26 locus. CreER
T2

 was developed by 

fusion of the bacteriophage P1 (Cre) gene to the high affinity estrogen receptor gene ESR1 

and is expressed ubiquitously under the control of the Gt(ROSA)26Sor reporter (Seibler et al., 

2003).  

ROSA26Cre-ER mice (homozygous for the knock-in gene, ki/ki) were crossed with 

HIF-1α
flox

 mice (homozygous for the transgene, fl/fl) to generate the heterozygous F1 progeny 

(HIF-1α
fl/wt

Cre-ER
ki/wt

), which were crossed again with homozygous HIF-1α
fl/fl

 mice. The F2 

progeny with a HIF-1α
fl/fl

Cre-ER
ki/wt

 genotype were selected and used for cross-breeding with 

homozygous HIF-1α
fl/fl

 mice. The F3 progeny contained approximately 50 % of 
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HIF-1α
fl/fl

Cre-ER
ki/wt

 (heterozygous for the Cre-ER knock-in) and 50 % of 

HIF-1α
fl/fl

Cre-ER
wt/wt

 (negative for the Cre-ER knock-in) (Figure 7). 

 

Figure 7: Scheme for mouse breeding.  

Homozygous ROSA26Cre-ER mice were crossed to homozygous HIF-1α
fl/fl

 mice to generate the 

heterozygous F1 progeny (HIF-1α
fl/wt

Cre-ER
ki/wt

). The Exon 2 of HIF-1α
fl/fl

 mice is flanked with loxP 

sites, ROSA26Cre-ER mice have a mutated estrogen receptor which can be activated by treatment 

with the synthetic estrogen receptor antagonist tamoxifen. HIF-1α
fl/wt

Cre-ER
ki/wt

 mice from F1 

generation, as well as HIF-1α
fl/fl

Cre-ER
ki/wt

 mice from the F2 generation were cross-bred with 

homozygous HIF-1α
fl/fl

 mice to obtain the HIF-1α
fl/fl

Cre-ER
ki/wt

 and HIF-1α
fl/fl

Cre-ER
wt/wt

 mice in the 

F3 generation. 

 

3.3.3 Genotyping of animals 

3.3.3.1 DNA extraction from ear biopsy 

Genotyping of mice was performed using ear biopsies which were a product of ear punching 

for mouse identification. DNA extraction from ear biopsies were performed with Direct PCR 

Kit (highQu) by addition of 20 µl lysis buffer, 10 µl protease buffer and 70 µl nuclease-free 

water to the sample as recommended by the manufacturer. For lysis, the samples were 

incubated for 5 min at 75 °C on a shaker. After the incubation, the protease was inactivated by 

heating the samples to 95 °C for 10 min. The samples with genomic DNA were then diluted 

1:10 in nuclease-free water and stored at -20 °C until further examination.  
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3.3.3.2 End-point PCR for genotyping 

The amplification of DNA fragments for mouse genotyping was performed using the Direct 

PCR Kit. A mixture of oligonucleotides (forward and reverse, 1 µM each), 2x Red Tag 

Mastermix, nuclease-free water and 1 µl of extracted genomic DNA solution were placed in 

the PCR cycler. The settings for the PCR were: 1x (initial denaturation: 2 min, 95 °C), 40 

cycles of: denaturation (15 sec at 95 °C), annealing (15 sec at 55-65 °C (depending on the 

length of the amplicon)) and extension (90 sec at 72 °C).  

For the analysis of Cre-ER knock-in genotype, ROSA26-Cre-ER oligonucleotides were used. 

Determination of heterozygous or homozygous status of HIF-1α
flox

 mice was performed using 

mHIF-1α_flox primer (see Table 7). Analysis of tamoxifen-induced excision of exon 2 of 

HIF-1α was performed by end-point PCR with mHIF-1α_E2seq primers (see Table 7). The 

PCR product was additionally analysed by sequencing (LGC Genomics, Berlin, Germany). 

3.3.3.3 Agarose gel electrophoresis 

The length of PCR products was analyzed by DNA fragment separation using agarose gel 

electrophoresis. An agarose gel was prepared by dissolving 3 % agarose powder in TAE 

buffer. SYBR Green nucleic acid stain was added to the gel for DNA staining. Gel 

electrophoresis was run in  TAE at room temperature for 45 min at 75 V. The DNA fragments 

were then visualized using a Fusion-FX7 system (Peqlab).  

3.3.4 Administration of tamoxifen  

Tamoxifen (Tam) was dissolved in corn oil and 10 % of ethanol with a final concentration of 

80 mg/ml and incubated overnight on a shaker at 37 °C. The aliquots were stored at -20 °C for 

up to 4 weeks. For oral administration the solution was thawed at 37 °C and 4 mg or 50 µl 

were administered to the mice by a feeding needle for 5 consecutive days. Analysis of the 

efficiency of tamoxifen-induced recombination was performed 2 weeks after treatment. 

3.3.5 Tumor injection 

Before injection, excess fur was shaved from the left flanks of recipient mice. The mice were 

then given a subcutaneous injection of 150 µl matrigel (BD Biosciences, Franklin Lakes, 

USA) containing 5x 10
5
 LLC shHIF-1α GFP or LLC shscr GFP cells in the left flank. 
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3.3.6 Irradiation of animals  

Mice were irradiated with the X-ray research irradiator cabinet RS320 operated at 300 kV, 

10 mA at a distance of 50 cm and 1.733 Gy/min. During the irradiation mice were 

anesthetized with a mixture of 100 mg/kgmouse ketamine and 5 mg/kgmouse xylazine in NaCl 

and placed in irradiation protection containers made of brass (Figure 8). These protection 

containers were designed to shield the whole mouse body from radiation, except for the flank 

tumors which protrude from the special aperture of the container. Additionally, the 6 mm 

thick upper cover made of lead was placed on the containers to assure best possible protection 

of the mice from X-rays. 

 

 

 

Figure 8: In vivo setup for irradiation of animals.  

The radiation containers were optimized for the appropriate size of the aperture (a=22 mm, b=21 mm). 

Four containers were fixed on the radiation plate and covered with a lead plate. Anaesthetized mice 

were placed in the containers so that only the tumors which were protruding through the aperture were 

irradiated. 

 

a 
b 
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3.3.7 Monitoring of tumor growth and tumor removal 

Tumor growth was monitored every 2 days by exact measurement of the length, width and 

depth of tumor using a digital caliper. The tumor volume was calculated as 
length×width×depth

2
. 

After an ulceration of a tumor or after reaching 20 days post tumor injection the mice were 

sacrificed by cervical dislocation. Approximately 1 h before euthanizing, mice were given an 

i.p. injection of pimonidazole (60 µg/kgmouse). Pimonidazole is a 2-nitroimidazole that is 

reductively activated specifically in hypoxic cells and forms stable adducts with thiol groups 

in proteins and amino acids (Varia et al., 1998). Therefore, pimonidazole is a hypoxia marker 

as it is directly correlated to the extent of hypoxic regions in the tumor. After tumor excision, 

one third of the tumor was immediately placed into liquid nitrogen and stored at -80 °C for 

further analysis by qPCR or WB. The remaining part of the dissected tumor was fixed with 

4 % PFA overnight at 4 °C for paraffin embedding. 

3.3.8 Isolation of murine splenocytes 

Mice were sacrificed and spleens were removed and washed in chilled PBS. The spleen was 

sliced into fragments with scissors and placed in a 70 µl strainer attached to a 50 ml conical 

tube. Using the plunger end of a syringe, the spleen was pressed through the strainer. The cell 

solutions were centrifuged at 280 x g for 4 min. For the lysis of erythrocytes, cell pellets were 

resuspended in 1 ml of ACK buffer and incubated on ice for 5 min. The reaction was then 

stopped by addition of 9 ml PBS, followed by centrifugation and resuspension in 10 ml RPMI 

medium supplemented with 10 % FBS and 100 µg/ml Pen/Strep. 

3.3.9 Immunohistochemistry (IHC) 

After fixation with 4 % PFA overnight at 4 °C the tumors were dehydrated through graded 

alcohols (two changes of 70 % ethanol, 2 changes of 96 % ethanol, 2 changes of isopropanol, 

for 1 h each) and cleared with xylene (2 changes, first overnight, second for 1 h). 

Subsequently, the tissue samples were incubated in paraffin (two changes for 1 h each) and 

embedded in a paraffin block. The paraffin tissue block can either be stored at room 

temperature for years or directly used for IHC to visualize expression of specific proteins in 

the context of tissue morphology. Paraffin-embedded tumors were cut into 4-5 µm sections 

with a microtome. Antibody staining requires the removal of paraffin and rehydration of the 

samples. For deparaffination the slides were placed in 2 containers of xylene for 5 min each. 

The tissue was rehydrated through graded alcohols (100 %, 100 %, 70 %, 50 % ethanol) for 
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3 min each. PFA fixation of tissue leads to the development of protein cross-links, which can 

mask the epitopes. Therefore, a heat-induced antigen retrieval was performed with citrate 

buffer for 20 min at 95 °C to recover antigen reactivity and to improve protein detection 

(Yamashita, 2007). To avoid high background staining, endogenous peroxidases were 

quenched by incubation in 3 % H2O2 for 20 min and washed with TBS. Using a hydrophobic 

pen a circle around the sample was drawn to decrease the volume of antibody solution. To 

prevent non-specific binding of the antibody, the slides were blocked in antibody diluent 

solution with 2 % BSA for 1 h at room temperature in a humidified chamber. Then, the slides 

were stained with primary antibody for 2 h at room temperature or overnight at 4 °C in a 

humidified chamber. After a washing step with TBS, the slides were stained with the 

secondary HRP-linked antibody for 2 h at room temperature in a humidified chamber. 

Subsequently, the slides were stained with diaminobenzidine (DAB) chromogen for 10-60 s 

and counterstained with hematoxylin for 20 s. After dehydration through graded alcohols 

(50 %, 70 %, 100 %, 100 % ethanol) for 3 min each and incubation in xylene twice for 5 min 

each, the coverslips were mounted onto the slides using Entellan (Merck), carefully avoiding 

any introduction of bubbles. Slides were analyzed using a ScanScope light microscope (Leica 

Biosystems). 

3.3.10 RNA isolation 

The most crucial requirement for RNA isolation is a ribonuclease-free (RNase-free) 

environment. RNAses are difficult to inactivate and may obscure the results. To prevent 

RNase contamination, sterile techniques, reagents and disposable plasticware were used and 

gloves were worn at all time. All surfaces were cleaned with RNase decontamination solution 

and diethyl pyrocarbonate (DEPC) water was used for dilution steps. 

The isolation of RNA from tumor tissue was performed as recommended by the manufacturer 

of ReliaPrep RNA Tissue Miniprep System (Promega). Briefly, LBA buffer with 

1-thioglycerol (LBA-TG) was added to the frozen tissue which was then extensively 

homogenized with a dounce tissue grinder set. After a centrifugation step at 14 000 x g for 

3 min, the eluate was transferred to a new tube. Following an incubation with 100 % 

isopropanol for 5 s, the lysate was transferred into a minicolumn which was placed in a 

collection tube and centrifuged at 14 000 x g for 1 min. The RNA wash solution was added to 

the minicolumn and centrifuged twice for 15 s and 30 s. Then the minicolumn was transferred 

to a new collection tube and washed again. Finally, the total RNA was eluted from the column 

by addition of nuclease-free water and centrifugation at 14 000 x g for 1 min. The RNA 
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samples were stored at -80 °C. The concentration of RNA was determined using the Take3 

Micro-Volume Plate and the Synergy HT Multi-Detection Microplate Reader (Biotek). The 

purity of the RNA after isolation was analysed using RNA gel electrophoresis. 2 µg of RNA 

with 2x RNA loading buffer were placed into the slots of a 1 % RNA gel. Gel electrophoresis 

was run in 1x MOPS buffer at room temperature for 1 h at 100 V. The RNA was then 

visualized using a Fusion-FX7 system (Peqlab). 

3.3.11 Reverse transcription of RNA 

Reverse transcription (RT), a process of generating complementary DNA (cDNA) from an 

RNA template, is required prior to the quantitative PCR (qPCR) gene expression assay. In 

order to obtain accurate results by qPCR genomic DNA (gDNA) must be eliminated. RT of 

RNA samples was performed as recommended by the manufacturer of QuantiTect Reverse 

Transcription Kit (Qiagen). Briefly, for gDNA elimination 2 µg of RNA, 4 µl gDNA Wipeout 

Buffer and DEPC water with a total volume of 28 µl were incubated for 2 min at 42 °C. 

Subsequently, 28 µl of template RNA was mixed with 2 µl RT Mastermix, 2 µl RT buffer and 

2 µl RT primers for cDNA synthesis. RT was performed by incubation at 42 °C for 20 min, 

followed by heat-treatment at 95 °C for 3 min to inactivate the RT enzyme. The cDNA 

samples were stored at -20 °C or used for qPCR. 

3.3.12 qPCR gene expression assay 

The essential difference of qPCR compared to standard PCR is the measurement of a 

fluorescent reporter dye which increases in line with the sample amount. This reaction was 

also named ‘real-time’ because of the live monitoring of the reaction progress. Quantitative 

PCR gene expression assay was performed as recommended by the manufacturer of MESA 

Green qPCR
TM

 Mastermix Plus for SYBR Assay (Eurogentec). Briefly, 5 µl (50 ng) of cDNA 

was mixed with 10 µl 2x reaction buffer, oligonucleotides (see Table 8, forward and reverse, 

0.6 µl each) and DEPC water with a total volume of 20 µl. The 96-well plate was placed into 

a C1000 Touch Thermal Cycle CFX96 Real-Time System with the following settings: 5 min 

at 95 °C, 45 cycles with 95 °C for 15 sec and 60 °C for 1 min, 30 cycles melting curve from 

65 °C for 5 sec +1°C/cycle. RT_mB2M (ß2-microglobuline) was used as a housekeeping gene 

for qPCR, as it has a most stable expression level among frequently used reference genes 

(Matsuzaki et al., 2015). The oligonucleotides for genes of interest (GOFs) were used as listed 

in Table 8. The threshold cycle (ct) is defined as a cycle at which the fluorescence level 

reaches a certain amount. The ct values of control RNA samples were analyzed by qPCR 
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simultaneously with the target gene. The expression value of the target gene was normalized 

to the ct value for B2M using the ΔΔct method. The log base 2 of this value (2
-ΔΔct

) was used 

to determine the expression fold change (Livak and Schmittgen, 2001). 

2−∆∆𝑐𝑡 = 2−(∆𝑐𝑡(𝐺𝑂𝐹𝑠𝑎𝑚𝑝𝑙𝑒−𝐵2𝑀𝑠𝑎𝑚𝑝𝑙𝑒)−∆𝑐𝑡(𝐺𝑂𝐹𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐵2𝑀𝑐𝑜𝑛𝑡𝑟𝑜𝑙)) 

The specificity of PCR products was controlled by analysis of the melting curves of the 

products. 

3.3.13 Statistical analysis 

All statistical analyses were performed using Graphpad Prism 6 and one-way or two-way 

analysis of variance ANOVA with post-hoc Bonferroni test. Data are presented as mean ± 

standard deviation (SD), significance is presented as * p<0.05, ** p<0.01, *** p<0.001.  
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4 Results 

4.1 In vitro 

4.1.1 Generation of a doxycycline-inducible HIF-1α KD 

Previous studies have indicated the involvement of HIF-1α in adaptation and survival of cells 

under hypoxic conditions and its interaction of proteins which are involved in DNA damage 

repair (Rohwer et al., 2013). In this study, the effect of HIF-1α on radiation sensitivity and 

cell survival was first analyzed in vitro. For this reason, a doxycycline-inducible (Dox) 

HIF-1α knockdown (KD) was generated in LLC cells using a lentiviral approach (LLC 

shHIF-1α Tet-On). The advantage of the Dox-inducible system is that it can be induced with a 

high temporal precision avoiding the adaptation of cells. The efficacy of the HIF-1α KD was 

analyzed by WB with a HIF-1α antibody, which demonstrated a significant decrease of 

HIF-1α protein amount in the cells 72 h after treatment with Dox and 12 h Hx  (Figure. 9 A). 

An additional KD test was performed using a luciferase assay where a firefly luciferase was 

under control of three HREs. The data demonstrated reduction to approximately 20 % of 

HIF-1α activity after Dox treatment under hypoxic conditions (Figure 9 B). Both results 

showed a significant reduction in HIF-1α after KD. 

 

Figure 9: Generation of doxycycline-inducible HIF-1α knockdown (KD) in Lewis Lung 

Carcinoma (LLC) cells  

A) HIF-1α WB displayed a reduction of the protein amount 72 h after Dox-treatment and 12 h Hx 

incubation. B) Luciferase assays demonstrated HIF-1α activity normalized to hypoxic cells without 

Dox treatment.  
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For further experiments, it was essential to prove the suitability of the KD tool and to 

investigate whether Dox treatment has an impact on cell cycle distribution. We used LLC 

cells tranduced with lentiviral particles which led to production of shRNA that targeted 

HIF-1α (shHIF-1α) for KD and LLCs transduced with non-target shscrambled RNA (shscr) 

with a Dox-inducible (Tet-On) promoter or a constitutively active shRNA expressing system 

to examine unspecific effects of Dox treatment. The possible alterations in the cell phenotype 

were analyzed by FACS after staining the cells with PI. The cell cycle distribution of cells 

treated with Dox did not show any differences compared to untreated cells, demonstrating that 

treatment with Dox alone did not affect the cells (Figure 10). Therefore, this HIF-1α KD tool 

was used for further in vitro experiments. 

 

Figure 10: Analysis of unspecific effects of Dox treatment on cell cycle distribution of LLC cells  

LLC cells with HIF-1α KD (shHIF-1α) and a non-target shRNA (shscr) with a constitutive or a Dox-

inducible (Tet-On) system were treated for 72 h with Dox. FACS data with PI stained cells were 

analyzed based on distribution of the cells in the G2, S and G1 phase. The data demonstrated that Dox 

treatment did not affect the cell cycle in an unspecific way. 

In addition, LLC cells were chosen for further experiments because of another special feature: 

previous results of our group demonstrated that HIF-2α is not expressed in LLC cells, neither 

on the protein nor on the mRNA level (data not shown), which makes these cells most 

suitable for our investigation of the specific role of HIF-1α in response to radiation treatment.  
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4.1.2 Effect of HIF-1α knockdown on apoptosis after IR 

In previous studies HIF-1α was described as a mediator of radioresistance in cancer cells. 

Thus, in this study the effect of HIF-1α on radiosensitivity was first investigated by analysis 

of apoptosis after irradiation of the cells. LLC cells have been reported to be highly 

radiosensitive, hence the radiation dose of 5 Gy was chosen for IR treatment. 

To investigate the effect of HIF-1α KD on apoptosis, WB was performed using a poly [ADP-

ribose] polymerase 1 (PARP-1) antibody which detects endogenous levels of full length 

PARP-1, as well as the large PARP cleavage fragment. PARP-1 is involved in the process of 

apoptosis and acts as a substrate for caspase-3 and caspase-7. Thus, PARP-1 cleavage 

fragments serve as a signature of apoptotic cell-death inducing proteases (Chaitanya et al., 

2010). Apoptosis was investigated in LLC HIF-1α KD cells after 48 h Hx and 5 Gy IR. The 

data demonstrated an increased PARP cleavage in HIF-1α-depleted cells within the first 8 h 

after IR (Figure 11 A). Interestingly, the HIF-1α KD cells showed a moderate induction of 

PARP cleavage without radiation treatment. 

To confirm these results, the analysis of pro-apoptotic caspase-3 activity was performed by 

caspase-3 assays. The samples were treated with Dox for 72 h, incubated for 48 h under Hx 

and then collected during the 24 h after IR with 5 Gy. The analysis of caspase-3 activity 

demonstrated an increase of apoptosis in HIF-1α KD cells after IR (Figure 11 B). Caspase-3 

activity was already increased after HIF-1α KD without radiation treatment; a stronger effect 

was detected 8 h after IR.  

To better understand the mechanism behind the demonstrated increase of apoptosis in HIF-1α 

depleted cells, cell cycle distribution was also analysed after radiation treatment in HIF-1α 

KD (Figure 11 C). PI staining and subsequent FACS analysis demonstrated a detectable 

increase (approximately 10 %) in the G2 population 6 h after irradiation with 5 Gy in cells 

incubated for 24 h in Hx. Furthermore, there was an increase of the G1 population 24 h after 

IR. Importantly, the cell cycle distribution between HIF-1α-depleted and Dox-untreated cells 

remained unchanged. 
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Figure 11: Apoptosis and cell cycle distribution after IR in LLC HIF-1α KD cells  

A) PARP-1 WB was performed to investigate the apoptosis. Cells were incubated 48 h in Hx and 

irradiated with 5 Gy. The data displayed an increased PARP-1 cleavage, a marker for cell death, in the 

HIF-1α-depleted cells. B) Activity of apoptotic caspase-3 was measured in the HIF-1α KD cells during 

first 24 h after 48 h incubation under Hx and 5 Gy IR. The data demonstrated an increase of caspase-3 

activity in HIF-1α KD cells. C) FACS analysis of the PI staining demonstrated an unchanged cell 

cycle distribution between HIF-KD and Dox-untreated cells. 

To examine whether the demonstrated increase of apoptosis in HIF-1α KD cells is cell-line 

specific, the caspase-3 assay was also performed with murine B16F10 cells with Dox-

inducible HIF-1α KD (B16F10 shHIF Tet-On) and human HCT116 with a constitutive HIF-

1α KD (HCT116 shHIF-1α). These cells were treated in the same way as the LLC cells, 

except for the radiation dose. Melanoma cells B16F10 are highly radioresistant and were 

irradiated with 20 Gy; irradiation of these cells with 5 Gy did not induce any response. 

HCT116 were usually irradiated with 10 Gy, which consistently induced a substantial 

response. Interestingly, the analysis of caspase-3 activity did not demonstrate a significant 
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difference in HCT116 HIF-1α deficient cells after Hx for 36 h and IR, while B16F10 cells 

with HIF-1α KD displayed an increase 24 h after IR (Figure 12).  

 

Figure 12: Effect of HIF-1α KD on apoptosis in HCT116 and B16F10 cells  

Analysis of caspase-3 activity in A) human HCT116 cell with a constitutive HIF-1α KD (shHIF-1α 

and shscr as a control) and in B) murine B16F10 cells with Dox-inducible HIF-1α KD (shHIF-1α Tet-

On) was performed after incubation under Hx for 36 h and irradiation with 10 Gy for HCT116 and 

20 Gy for B16F10 cells. The data did not demonstrate a significant difference in caspase-3 activity in 

HIF-1α depleted cells.  

These results implie that HIF-1α KD effect on apoptosis was specific for HIF-2α deficient 

LLC cells. To prove this hypothesis, the LLC cells with HIF-1α KD and induced 

overexpression of HIF-2α were investigated. The LLC HIF-1α KD cells were transfected with 

the pCMV-sport6-mHIF-2α plasmid or the empty vector pcDNA3 as a transfection control. 

The efficacy of the transfection and HIF-2α overexpression was analyzed by HIF-2α WB that 

demonstrated an increased amount of HIF-2α in the cells transfected with an overexpression 

plasmid (Figure 13 B). In addition the untreated control cells displayed the absence of HIF-2α 

in LLC cells, confirming the previous findings of our group. Afterwards, the effect of HIF-1α 

KD and HIF-2α overexpression in LLC cells were analyzed with respect to apoptosis. 

Therefore, the caspase-3 assay was performed after Hx for 48 h and irradiation with 5 Gy. 

Cells were analyzed 8 h after IR, because previous data (Fig. X) demonstrated the highest rate 

of caspase-3 activity for LLC cells at this time point. The data from Figure 13 A displayed a 

significant increase of caspase-3 activity in the irradiated cells with HIF-1α KD compared to 
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the non-irradiated group, confirming the previous results. However, the overexpression of 

HIF-2α did not affect the caspase-3 activity in the cells. 

 
Figure 13: Effect of HIF-2α overexpression on the apoptosis in LLC cells  

A) LLC HIF-1α KD cells were transfected with pCMV-sport6-mHIF2a plasmid. After Hx for 48 h and 

irradiation with 5 Gy cells were analyzed by caspase-3 assay at a time point of 8 h after IR. The 

caspase-3 activity in the cells with HIF-2α overexpression did not differ from the control cells. B) 

HIF-2α WB was performed to examine the efficacy of cell transfection with CMV-sport6-mHIF-2α 

plasmid. The specific HIF-2α band was detected at 118 kDa in lysates from cells with HIF-2α 

overexpression, * unspecific band 

 

4.1.3 Effect of HIF-1α KD on the long term cell survival 

To analyze the effect of HIF-1α depletion on cell survival beyond 24 h, the clonogenic 

survival assay with delayed plating was performed (Figure 14). This assay measures the 

ability of the single cell to repair the induced DNA damage and proliferate to a cell colony. 

LLC HIF-1α KD cells were incubated for 12 h in Hx, irradiated with 0-10 Gy, afterwards 

incubated again in Hx for 24 h and then seeded at various densities. HIF-1α KD cells 

demonstrated a decrease in the mean survival fraction after irradiation with 6 Gy or higher 

doses, with a significant difference (p < 0.05) at 6 Gy.  
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Figure 14: Impact of HIF-1α depletion on long term survival in LLC cells  

A) Colony formation assay was performed with HIF-1α KD cells after incubation for 12 h in Hx, IR 

with 0-10 Gy, 24 h Hx and then seeding the cells at the indicated cell densities. Graph demonstrated a 

decreased survival of HIF-1α depleted cells with a significant difference after irradiation with 6 Gy 

10 days after seeding. B) The representative picture showed the cell colonies of performed assay after 

IR with 6 Gy. 

The data showed a decrease in cell survival and indicated that HIF-1α KD affects the DDR 

mechanisms by preventing a successful repair and/or ongoing proliferation of the irradiated 

cells. The next task of this study was to investigate the effect of HIF-1α on the repair of IR-

induced DSBs. 

4.1.4 Alterations in DNA repair mechanism in HIF-1α KD cells 

There is evidence that hypoxia mediates an alteration of the DDR and repair abilities of cells 

causing genomic instability followed by an increase of cell radioresistance by radiation 

treatment (Bristow and Hill, 2008). Furthermore, some studies indicate the interaction of 

HIF-1α with factors which are involved in DDR and checkpoint control (Rohwer et al., 2013). 

To prove this hypothesis, we first investigated an effect of HIF-1α KD on IR-induced DNA 

damage itself by investigating the formation of DSBs using γH2AX, which is activated and 

phosphorylated on the DSB site in response to IR. Therefore, the kinetics of γH2AX 

activation was monitored by WB and immunofluorescence staining. WB demonstrated an 

elevated protein level of phosphorylated H2AX during the first 6 h after IR with 5 Gy in the 

HIF-1α KD cells that were previously incubated under Hx for 24 h (Figure 15 A). This effect 

was even stronger after incubation of cells under Hx for 48 h (Figure 15 B). In addition, the 
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quantification of immunofluorescence staining of γH2AX ionizing radiation-induced foci 

(IRIF), which is a more precise method, demonstrated a significant increase of γH2AX foci 

per cell in HIF-1α KD cells in the first hour after IR with 5 Gy (Figure 15 C-D). 

 

Figure 15: Activation of the DNA damage marker γH2AX in LLC HIF-1α KD cells 

A-B) γH2AX WB demonstrated an increased amount of γH2AX protein in HIF-1α KD cells during 

the first 6 h after IR with 5 Gy. C) Immunofluorescence staining of γH2AX ionizing radiation-induced 

foci (IRIF) kinetic was performed after 24 h Hx and IR with 5 Gy. Quantification of γH2AX IRIF per 

cells and D) corresponding images displayed an enhanced activation of γH2AX by HIF-1α KD cells in 

the first hour after IR.  
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Figure 16: Effect of HIF-1α KD on non-homologous end-joining (NHEJ) in LLC cells 

A) DNA repair kinetics were measured by PFGE in the first hours after IR. The remaining DNA 

damage is presented as dose equivalent (DEQ) expressed in Gy as a function of time. HIF-1α depleted 

cells demonstrated unchanged repair kinetics compared to the control cells. B-C) Immunofluorescence 

staining of 53BP1 IRIF analysis was performed after 48 h Hx and IR with 5 Gy. Quantification of 

53BP1 IRIF per cell and the corresponding images showed an unchanged recruitment of 53BP1 after 

HIF-1α KD. 

These results pointed out that the depletion of HIF-1α affects DNA damage repair after IR by 

increasing the number of DSBs. Next, it was important to clarify which mechanism of DDR is 

mostly impaired by HIF-1α KD. Two mechanisms are essential for DSB repair: NHEJ and 

HR. NHEJ is a fast mechanism occurring in the first hours after IR. Therefore, fast DNA 

repair kinetics of the first 4 h was analyzed using PFGE. The fraction of DNA release after IR 

was plotted in a graph, presenting dose equivalent (DEQ), which describes the remaining 

DNA damage expressed in Gy as a function of time (Figure 16 A). The regression curves of 
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HIF-1α KD and uninduced LLC cells did not demonstrate significant differences. Thus, the 

repair kinetics of the cells remained unchanged after HIF-1α depletion.  

For further investigation, kinetics of 53BP1 recruitment, a crucial marker for NHEJ, were 

analyzed by counting 53BP1 IRIF after 48 h of Hx and IR with 5 Gy (Figure 16 B-C). The 

results of 53BP1 IF staining correlated well with the PFGE data showing an unchanged 

amount of 53BP1 IRIF after HIF-1α KD. 

 

Figure 17: Effect of HIF-1α KD on homologous recombination (HR) in LLC cells 

A) The kinetic of the HR protein RAD51 was measured by quantification of RAD51 IRIF after 48 h 

Hx and IR with 5 Gy. RAD51 IRIF per cell and B) Cell nuclei displayed an increased amount of 

RAD51 recruitment during the first 3 h after IR in HIF-1α depleted cells. 

Another DSB repair mechanism termed homologous recombination (HR) was investigated by 

quantification of RAD51 IRIF kinetics after 48 Hx and IR with 5 Gy (Figure 17 A-B). The 

number of RAD51 foci per cell and images of cell nuclei demonstrated an elevated amount of 

RAD51 IRIF in the HIF-1α KD cells. Thus, the recruitment of RAD51, one of the essential 

proteins of HR, was significantly enhanced in the HIF-1α depleted cells in the first 3 h after 

IR.  

These experiments were performed to understand the mechanism of HIF-1α-mediated 

radioresistance in vitro. In the next step, this mechanism was investigated in a substantially 

more complex, but physiologically more relevant model: in vivo experiments with mice.  
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4.2 In vivo 

4.2.1 Effect of HIF-1α KD on radiosensitivity of tumors in an allograft model with wild-

type C57BL/6 mice  

To investigate HIF-1α KD effect on radiosensitivity of tumors in vivo, the allograft model 

with wild-type (wt) C57BL/6 mice was used. The experimental setup consisted of LLC cells 

with a lentiviral HIF-1α KD, which were injected into the flank of the mice. After reaching a 

certain size at day 10, the tumors were irradiated and afterwards the tumor size was monitored 

until the end of the experiment.  

 

Figure 18: Analysis of HIF-1α KD efficacy in LLC shHIF-1α cells 

A) HIF-1α WB showed a decrease of protein amount by shHIF-1α cells compared to shscr after 12 h 

incubation under Hx (1 % O2). B) HIF-1α activity was assessed by luciferase assay. Values were 

normalized to hypoxic LLC shscr cells. The data demonstrated an approximately fivefold decrease of 

HIF-1α activity after incubation under Hx. 

The first step was the generation of the LLC cells with a HIF-1α KD. Previous results of our 

group demonstrated that the Dox-inducible system has several disadvantages in mouse 

models, such as low control of Dox consumption in drinking water, effect on macrophages 

and hemorrhagic phenotype of tumors (Mersch, 2015). For this purpose, LLC cells with a 

constitutive HIF-1α KD were generated. Analysis of HIF-1α KD efficacy was performed by 

HIF-1α WB and luciferase assays that demonstrated a decrease of HIF-1α protein amount in 

the cells after 12 h Hx and impaired HIF-1α activity. After incubation under Hx luciferase 

activity was reduced to 20 % of the control level, respectively (Figure 18).  

Next, it was necessary to determine the number of tumor cells most appropriate for tumor cell 

injections. Previous results of our group demonstrated that tumors which developed after 
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injection of 10
7
 cells showed rapid growth and ulcerated very often. Therefore, the amount of 

injected cells was optimized by injection of 5x10
5
, 10

6
, 5x10

6
 and 10

7
 LLC shscr cells per 

animal into the flank of wt mice (Figure 19). The monitoring of tumor growth demonstrated 

that by of injection 5x10
5
 cells per mouse the tumors grew more slowly with less ulcerations 

and thus could be analyzed for a longer period compared to the other cell numbers. The 

increase of tumor growth in mice injected with 5x10
5
 cells began at day 10, which made this 

time point the most appropriate for irradiation in further experiments.  

 

Figure 19: Optimization of tumor cell mass for tumor injection  

Control cells (LLC shscr) were injected into the flank of wt mice. The concentrations of 5x10
5
, 10

6
, 

5x10
6
 and 10

7
 cells per 150 µl injection were tested with n=5 animals per group. The tumor growth 

was measured every second day. The group with the initial cell amount of 5x10
5
 allowed the longest 

observation period. 

For the investigation of the HIF-1α KD effect on radiosensitivity and tumor growth, the mice 

were injected with LLC shHIF-1α or LLC shscr as a control and 10 days later irradiated (+IR) 

with 15 Gy (Figure 20 A). Furthermore, two non-irradiated groups (-IR) with injected LLC 

shHIF-1α or shscr were used as a control of the effect of HIF-1α KD alone in tumors. 

Tumor volumes were compared at day 22 and demonstrated that there were significant 

differences between well-growing –IR and slow-growing +IR tumor groups (Figure 20 B). 
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However, there was no difference in tumor growth between tumors with shHIF-1α and shscr 

cells within -IR and +IR groups. Figure 20 C presents the approximate size of the non-

irradiated tumors without ulceration at the last day of the experiment. At the end of the 

experiment, mice were sacrificed and tumors excised for further analyses, such as 

quantification of RNA levels of HIF-1α and its targets in tumors by real-time qPCR and 

protein expression by IHC. 

To ensure the quality of purified RNA for further quantification of mRNA levels, the RNA 

isolation from tissue was optimized. As RNAs are very sensitive to degradation, it was 

essential to find an appropriate isolation protocol for RNA isolation of mouse tumors. Figure 

21 A showed a denaturing agarose gel with clear 18S and 28S ribosomal RNA (rRNA) bands 

without degradation smear in the RNA samples isolated with a commercial ReliaPrep
TM 

RNA 

Tissue Miniprep System (Promega) from mouse tumors. The gel indicated a high RNA 

integrity. The optimization of RNA isolation and high RNA purity allowed the performance 

of qPCR for mRNA level quantification. Using qPCR primer pairs for HIF-1α and its target 

GLUT-1, the tumor samples were analyzed (Figure 21 B). The results indicated that the 

relative mRNA levels of HIF-1α and GLUT-1 were not changed after HIF-1α KD or after IR. 

However, due to tumor ulcerations and a small size of irradiated tumors only a small number 

of samples was available for this experiment which resulted in a high standard deviation of 

the relative mRNA levels. 

Next, the immunohistochemical analysis of HIF-1α protein expression was performed with 

mouse tumors. Paraformaldehyde-fixed, paraffin-embedded tumors were cut into 4-5 µm 

thick sections, which were stained with a HIF-1α antibody and counterstained with 

haematoxylin (Figure 22). The results of HIF-1α IHC demonstrated a wide distribution of 

HIF-1α in all sections. Tumors with initial injection of HIF-1α KD cells did not display the 

expected decrease of HIF-1α expression, as well as irradiated tumors did not show an 

enhanced HIF-1α expression, which has been reported in the literature. 

Our next hypothesis was that during tumor growth the tumor stroma, including immune and 

endothelial cells from surrounding tissue, could infiltrate the tumor and compensate the lack 

of HIF-1α function of the injected tumor cells. Therefore, for the next experiments a new 

setup which allowed HIF-1α deficiency not only in tumors but also in the whole mouse body 

was essential. For this purpose, a mouse with a ubiquitous inducible HIF-1α knockout was 

generated.  
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Figure 20: Tumor growth in an allograft model with C57BL/6 wt mice after 15 Gy IR  

A) Mice were injected with 5x10
5
 cells, the tumors were irradiated with 15 Gy at day 10. The 

experiment consisted of four groups: irradiated tumors with shHIF-1α or shscr and, as a control, two 
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non-irradiated groups with shHIF1-1α or shscr (n=5 animals per group). The tumor growth was 

measured every second day. B) Analysis of tumor growth at day 22 demonstrated that non-irradiated (-

IR) groups have a significant increase of tumor growth compared to the irradiated groups (+IR). The 

tumors with shHIF-1α did not differ from shscr cells in –IR and +IR groups. C) Representative picture 

of a mouse with subcutaneous tumor at the end of the experiment.  

-IR shHIF-1α: non-irradiated tumor with shHIF-1α LLC cells, -IR shscr: non-irradiated tumor with 

LLC shscr cells, +IR shHIF-1α: irradiated tumor with LLC shHIF-1α cells, +IR shscr: irradiated 

tumor with LLC shscr cells. 

 

Figure 21: Analysis of HIF-1α and GLUT-1 mRNA expression in mouse tissue  

A) Agarose gel with RNA samples demonstrated clear bands of 28S and 18S ribosomal RNA (rRNA) 

without signs of degradation. B) Quantification of qPCR performed with the RNA from mouse tumors 

demonstrated unchanged relative mRNA levels of HIF-1α and its target GLUT-1 in tumors with 

HIF-1α KD or IR compared to the untreated samples. –IR shHIF-1α: non-irradiated tumor with 

shHIF-1α LLC cells (n=2), -IR shscr: non-irradiated tumor with LLC shscr cells (n=2), +IR 

shHIF-1α: irradiated tumor with LLC shHIF-1α cells (n=2), +IR shscr: irradiated tumor with LLC 

shscr cells (n=3). 
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Figure 22: Representative images of immunochistochemical analysis of HIF-1α expression 

Paraffin-embedded mouse tumors were cut into 4-5 µm sections. The tissue was stained with a HIF-1α 

antibody (brown) and counterstained with hematoxylin (blue). Immunochistochemical analysis of 

HIF-1α demonstrated widespread HIF-1α protein expression regardless of HIF-1α KD of initially 

injected cells or radiation treatment. –IR shHIF-1α: non-irradiated tumor with shHIF-1α LLC 

cells, -IR shscr: non-irradiated tumor with LLC shscr cells, +IR shHIF-1α: irradiated tumor with 

LLC shHIF-1α cells, +IR shscr: irradiated tumor with LLC shscr cells. 
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4.2.2 Generation of a mouse model with tamoxifen-inducible HIF-1α knockout  

As global HIF-1α knockout with homozygous deletion results in embryonic death (Iyer et al., 

1998; Ryan et al., 1998), mice with a conditional knockout (KO) of HIF-1α were used for this 

study. For this reason, two mouse strains were cross bred: Cre-ER
ki/ki

 and HIF-1α
fl/fl

. In 

HIF-1α
fl/fl

 mice the second exon (E2) of HIF-1α is flanked by loxP sites. E2 encodes the 

helix-loop-helix/PAS motif and is essential for HIF-1α DNA binding and dimerization with 

ARNT following transcriptional activation (Jiang et al., 1997). Cre-ER
ki/ki

 mice carry the 

knock-in (ki) mutation of the Cre recombinase fused to the mutated estrogen receptor, which 

can be activated by the estrogen receptor ligand tamoxifen (Tam). Thus, after administration 

of Tam the cross-bred HIF-1α
fl/fl

Cre-ER
ki/wt

 mice lack E2, therefore functional activity of 

HIF-1α is prevented (see Material and Methods 3.3.2). 

 

Figure 23: Representative example of mouse genotyping  

The mice were genotyped for Cre-ER knock-in (ki) using Rose26-Cre-ER primer. The wt allele did 

not give rise to any PCR products; the ki allele led to production of a PCR fragment with a size of 

120 bp. The genotyping for exon 2 (E2) demonstrated a shortened fragment in the 

HIF-1α
fl/fl

Cre-ER
ki/wt

 (Cre(ki)) mice after Tam treatment compared to the HIF-1α
fl/fl

Cre-ER
wt/wt

 (Cre(-)) 

mice, indicating an excision of E2. 
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To delineate whether the Tam treatment was successful, the mice were genotyped by end-

point PCR. Figure 23 displayed a representative example of the genotyping procedure. The 

primer pair ROSA26-Cre-ER was used for Cre-ER genotyping and generated a 120 bp 

fragment in case of Cre-ER
ki/wt

 (Cre(ki), mouse 2) and no fragments for Cre-ER
wt/wt

 (Cre(-), 

mouse 1). Next, the HIF-1α
fl/fl

 E2 genotyping with the mHIF-1α_E2seq primer pair was 

performed to prove that E2 is excised after Tam administration. The mHIF-1α_E2seq forward 

primer binds the sequence in the intron 1 and mHIF-1α_E2seq reverse primer binds in intron 

2 of HIF-1α. The PCR results from the samples which were taken before Tam administration 

gave rise to an amplicon of approximately 1400 bp in both animals. After treatment with Tam, 

samples from animals were collected and genotyped again. The PCR product size of mouse 1 

remained at the same length of 1400 bp, while the fragment of mouse 2 was approximately 

700 bp shorter which is caused by deletion of exon 2. Therefore, these data demonstrated that 

Tam application induced E2 excision in the HIF-1α
fl/fl

Cre-ER
ki/wt

 mice and that this mouse 

model can be used for further studies. 

In addition, it was important to clarify the effect of E2 excision on protein structure of 

HIF-1α. In silico analysis of the mRNA sequence of HIF-1α from (GenBank AH006789.2) 

showed that E2 contains 191 nucleotides (Figure 24). As a result, deletion of exon 2 is 

expected to lead to a frame shift and termination of translation due to a stop codon at the 

beginning of exon 3.  

To prove this assumption, sequencing of the PCR products was performed. Therefore, RNA 

was isolated from the spleen, bone-marrow derived macrophages (BMDM), brain and kidney 

from Cre(ki) and Cre(-) mice. These RNA samples were transcribed to cDNA that, in turn 

was used for end-point PCR with the mHIF-1α_E2seq primer pair. The PCR products were 

then sequenced by the sequencing service LGC Genomics. The DNA sequences were 

translated to amino acid sequences. Translated amino acid sequences are presented in Table 

11, sequences from BMDM samples are displayed as a representative result. The start codon 

(Met) initiates translation of the protein (marked in red). While the sequences of the Cre(-), 

theoretical and BMDM sample, demonstrated translation of the full length HIF-1α protein, 

sequences of the Cre(ki) 
 
show a stop codon after 16 amino acids.   
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Sequence of HIF-1α from exon 1 to exon 3 

exon 1:  

  1 cgcgaggact gtcctcgccg ccgtcgcggg cagtgtctag ccaggccttg acaagctagc 

 61 cggaggagcg cctaggaacc cgagccggag ctcagcgagc gcagcctgca cgcccgcctc 

121 gcgtcccggg ggggtcccgc ctcccacccc gcctctggac ttgtctcttt ccccgcgcgc 

181 gcggacagag ccggcgttta ggcccgagcg agcccggggg ccgccggccg ggaagacaac 

241 gcgggcaccg attcgccatg gagggcgccg gcggcgagaa cgagaagaaa aa 

 

exon 2: 

 
  1 gatgagttct gaacgtcgaa aagaaaagtc tagagatgca gcaagatctc ggcgaagcaa 

 61 agagtctgaa gttttttatg agcttgctca tcagttgcca cttccccaca atgtgagctc 

121 acatcttgat aaagcttctg ttatgaggct caccatcagt tatttacgtg tgagaaaact 

181 tctggatgcc g 

 

exon 3: 

 
  1 gtggtctaga cagtgaagat gagatgaagg cacagatgga ctgtttttat ctgaaagccc 

 61 tagatggctt tgtgatggtg ctaacagatg acggcgacat ggtttacatt tctgataacg 

121 tgaacaaata catggggtta actcag 

 

Sequence of HIF-1α from exon 1 to exon 3 after  E2 excision  

exon 1:  

  1 cgcgaggact gtcctcgccg ccgtcgcggg cagtgtctag ccaggccttg acaagctagc 

 61 cggaggagcg cctaggaacc cgagccggag ctcagcgagc gcagcctgca cgcccgcctc 

121 gcgtcccggg ggggtcccgc ctcccacccc gcctctggac ttgtctcttt ccccgcgcgc 

181 gcggacagag ccggcgttta ggcccgagcg agcccggggg ccgccggccg ggaagacaac 

241 gcgggcaccg attcgccatg gagggcgccg gcggcgagaa cgagaagaaa aa 

 

exon 3: 
 

  1 gtggtctaga cagtgaagat gagatgaagg cacagatgga ctgtttttat ctgaaagccc 

 61 tagatggctt tgtgatggtg ctaacagatg acggcgacat ggtttacatt tctgataacg 

121 tgaacaaata catggggtta actcag 

 

Figure 24: Theoretical HIF-1α mRNA sequence from exon 1 to exon 3.  

The mRNA HIF-1α sequence from GenBank (AH006789.2) demonstrated, that exon 2 (E2) shares its 

first and last base triplets with exon 1 and exon 3 (overlapping triplet in green), respectively. After 

excision of E2 the sequence of triplets is disordered indicating a frame shift with premature 

termination of translation. 

These data confirmed that HIF-1α KO is induced by administration of Tam in the generated 

mouse model making this model suitable for further experiments. Still, a few animals 

demonstrated abnormality by PCR genotyping (Figure 25). While samples from Cre(ki) and 

Cre(-) mice displayed fragments with 700 bp (E2 excision) and 1400 bp (E2 not excised) 

length, respectively, approximately 10 % of the animals with the Cre(-) genotype 

demonstrated E2 excision. These animals were not used for further experiments. 
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Table 11: HIF-1α amino acid sequence 

The cDNA from HIF-1α
fl/fl

Cre-ER
ki/wt

 (Cre(ki)) and HIF-1α
fl/fl

Cre-ER
wt/wt

 (Cre(-)) mouse organs were 

sequenced and translated in amino acid sequences. Amino acid sequences of bone-marrow derived 

macrophages (BMDM) samples were shown. Theoretical and mouse sample sequences of the 

HIF-1α
fl/fl

Cre-ER
ki/wt

 genotype demonstrated a stop codon after 16 amino acids. 

HIF-1α sequence from 

Cre(-) mice, E2 not excised 

HIF-1α sequence from  

Cre(ki) mice after E2 excision 

Theoretical: 

R G L S S P P S R A V S S Q A L T S Stop P E 

E R L G T R A G A Q R A Q P A R P P R V P G 

G S R L P P R L W T C L F P R A R G Q S R R 

L G P S E P G G R R P G R Q R G H R F A Met 

E G A G G E N E K K K Met S S E R R K E K 

S R D A A R S R R S K E S E V F Y E L A H Q 

L P L P H N V S S H L D K A S V Met R L T I 

S Y L R V R K L L D A G G L D S E D E Met 

K A Q Met D C F Y L K A L D G F V Met V L 

T D D G D Met V Y I S D N V N K Y Met G L 

T Q 

R G L S S P P S R A V S S Q A L T S Stop P E 

E R L G T R A G A Q R A Q P A R P P R V P G 

G S R L P P R L W T C L F P R A R G Q S R R 

L G P S E P G G R R P G R Q R G H R F A Met 

E G A G G E N E K K K W S R Q Stop R Stop 

D E G T D G L F L S E S P R W L C D G A N R 

Stop R R H G L H F Stop Stop R E Q I H G V 

N S 

 

Analysis of mouse samples:  

R G H R F A Met E G A G G E N E K K K Met 

S S E R R K E K S R D A A R S R R S K E S E 

V F Y E L A H Q L P L P H N V S S H L D K A 

S V Met R L T I S Y L R V R K L L D A G G L 

D S E D E Met K A Q Met D C F Y L K A L D 

G F V Met V L T D 

R G H R F A Met E G A G G E N E K K K W S 

R Q Stop R Stop D E G T D G L F L S E S P R 

W L C D G A N R Stop R R H G 

 

 

In addition, the swelling of the scrotum in male animals was observed during the monitoring 

of animals after Tam treatment (Figure 26). However, this side effect of Tam did not cause 

any pain for the animals and, therefore, did not compromise the experiments. 
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Figure 25: Genotyping phenomenon 

Animals with Cre-ER
ki/wt

 (Cre(ki)) genotype had the shortened fragment of HIF-1α PCR after 

treatment with Tam. Cre-ER
wt/wt

 mice (Cre(-)) demonstrated an unchanged long fragment of HIF-1α 

without E2 excision (+E2). However, a few animals with wt genotype also demonstrated an excision 

of E2 (-E2). 

 

 

Figure 26: Side effect of Tam in male animals  

Treatment with Tam caused a scrotum swelling in male mice but no obvious phenotypic changes in 

females. 
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4.2.3 Effect of HIF-1α depletion on radiosensitivity of tumors in an allograft model with 

Tam-inducible HIF-1α KO mice  

To distinguish between injected LLC cells and stroma cells in tumors, the LLC shHIF-1α 

GFP cells were generated and analyzed for HIF-1α KD efficacy. The data from the luciferase 

assay demonstrated an 80 % decrease of HIF-1α activity in shHIF-1α GFP cells after 

incubation in Hx (Figure 27). 

 

Figure 27: Analysis of HIF-1α KD efficacy in LLC shHIF-1α GFP cells  

Luciferase assays demonstrated reduced HIF-1α activity when the values were normalized to hypoxic 

LLC shscr GFP cells. The data demonstrated that HIF-1α activity in shHIF-1α GFP cells was reduced 

to 20 % after incubation under Hx. 

For investigation of the effect of HIF-1α depletion in tumor and stroma cells on 

radiosensitivity and tumor growth, the Tam-inducible allograft model with HIF-1α KO was 

used. For induction of the HIF-1α KO in the mice, animals were treated with Tam. Two 

weeks later, the mice were injected with LLC shHIF-1α GFP and shscr GFP as a control. The 

tumors were irradiated 10 days later with 15 Gy and their size was measured every second 

day. For better visualization, the data with the tumor volume at day 10 and day 20 is shown 

(Figure 28). Analysis of tumor volume at day 20 demonstrated a significant difference 

between non-irradiated and irradiated tumor groups. Furthermore, the non-irradiated groups 

demonstrated an interesting effect: tumors with HIF-1α KD cells in HIF-1α KO mice (-IR 

Cre(ki) shHIF-1α) and tumors with control shscr cells in HIF-1α KO mice (-IR Cre (ki) shscr) 

showed a significantly decreased volume compared to the tumors with HIF-1α KD cells in a 

wt mice (–IR Cre(-) shHIF-1α). At the end of the experiment, mice were sacrificed and 

tumors excised for the further quantification analysis of mRNA levels. 



Results 

71 

 

 

Figure 28: Analysis of tumor growth after irradiation with 15 Gy  

HIF-1α
fl/fl

Cre-ER
wt/wt

 (Cre(-)) and HIF-1α
fl/fl

Cre-ER
ki/wt

 (Cre(ki)) mice were treated with Tam and 

2 weeks later injected with 5x10
5
 LLC shHIF-1α GFP or shscr GFP cells. The tumors were irradiated 

with 15 Gy at day 10 after tumor cell injection. The data demonstrate tumor volume at day 10 shortly 

before IR and at day 20. –IR Cre(-) shHIF-1α: non-irradiated tumor with LLC shHIF-1α cells in 

HIF-1α
fl/fl

Cre-ER
wt/wt

 mice (Cre(-)), -IR Cre(-) shscr: non-irradiated tumor with LLC shscr cells in 

Cre(-) mice, –IR Cre(ki) shHIF-1α: non-irradiated tumor with LLC shHIF-1α cells in HIF-

1α
fl/fl

Cre-ER
ki/wt

 (Cre(ki)), -IR Cre(ki) shscr: non-irradiated tumor with LLC shscr cells in Cre(ki) 

mice, +IR Cre(-) shHIF-1α: irradiated tumor with LLC shHIF-1α cells in Cre(-), +IR Cre(-) shscr: 

irradiated tumor with LLC shscr cells in Cre(-) mice, +IR Cre(ki) shHIF-1α: irradiated tumor with 

LLC shHIF-1α cells in Cre(ki) mice, +IR Cre(ki) shscr: irradiated tumor with LLC shscr cells in 

Cre(ki) mice 
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Figure 29: Analysis of mRNA levels of HIF-1α and its targets in mouse tissue 

Quantification cDNA generated from mouse tumors demonstrated unchanged relative mRNA levels of 

HIF-1α and its targets GLUT-1, VEGF and BNIP3 in tumors with HIF-1α KD or IR compared to the 

untreated samples as analyzed by qPCR. –IR Cre(-) shHIF-1α: non-irradiated tumor with LLC 

shHIF-1α cells in HIF-1α
fl/fl

Cre-ER
wt/wt

 mice (Cre(-)) (n=3), -IR Cre(-) shscr: non-irradiated tumor 

with LLC shscr cells in Cre(-) mice (n=3), –IR Cre(ki) shHIF-1α: non-irradiated tumor with LLC 

shHIF-1α cells in HIF-1α
fl/fl

Cre-ER
ki/wt

 (Cre(ki)) (n=6), -IR Cre(ki) shscr: non-irradiated tumor with 

LLC shscr cells in Cre(ki) mice (n=3), +IR Cre(-) shHIF-1α: irradiated tumor with LLC shHIF-1α 

cells in Cre(-) (n=5), +IR Cre(-) shscr: irradiated tumor with LLC shscr cells in Cre(-) mice (n=4), 

+IR Cre(ki) shHIF-1α: irradiated tumor with LLC shHIF-1α cells in Cre(ki) (n=5), +IR Cre(ki) 

shscr: irradiated tumor with LLC shscr cells in Cre (ki) mice (n=6) 
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The mRNA levels of HIF-1α and its targets VEGF, GLUT-1 and BNIP3 were quantified by 

qPCR (Figure 29). The data demonstrated that the relative mRNA levels of all four target 

genes were not changed regardless of HIF-1α KD in tumors, irradiation or HIF-1α KO in 

mice. The results also showed a high standard deviation due to a small number of samples per 

group, notably in the non-irradiated groups. 

The results from previous in vivo experiments demonstrated that after 15 Gy IR all tumors 

stopped growing, making further analysis of the HIF-1α depletion effect in irradiated groups 

impossible. For this reason, the next mouse experiment was performed with 7.5 Gy IR 

(Figure 30). After treatment with Tam and tumor injection, mice were irradiated at day 10 

with 7.5 Gy and monitored for the next ten days. In contrast to the previous experiment, the 

tumor growth data did not demonstrate a significant difference between irradiated and non-

irradiated groups. Moreover, the non-irradiated control group -IR Cre(-) shscr showed a 

significant decrease of tumor volume compared to the group with HIF-1α KD tumors in 

HIF-1α KO mice (–IR Cre(ki) shHIF-1α) group. These data are in contrast to the results of the 

previous experiment. 

Despite some variations, both mouse allograft models with the HIF-1α KO mice indicated 

significant changes in the non-irradiated tumor groups. However, the non-irradiated well-

growing tumors led to ulceration rapidly and frequently which made it necessary to sacrifice 

these mice for ethical reasons. Although 6 to 7 animals per group were used at the beginning 

for each experiment, the amount of animals was decreasing until the end of the experiment 

due to skin lesions and ulcerations. Therefore, the data from both experiments were 

summarized to analyze the tumor growth in non-irradiated tumors with a higher amount of 

animals per group (Figure 31). The tumor volume of the tumor with LLC shscr cells in 

Cre(ki) mice demonstrated a significant decrease compared to tumors with LLC shHIF-1α 

cells in Cre(-) mice. These data indicates the importance of global HIF-1α KO on the tumor 

growth in the murine allograft model. 
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Figure 30: Analysis of tumor growth after 7.5 Gy IR 

HIF-1α
fl/fl

Cre-ER
wt/wt

 (Cre(-)) and HIF-1α
fl/fl

Cre-ER
ki/wt

 (Cre(ki)) mice were treated with Tam and 2 

weeks later injected with 5x10
5
 LLC shHIF-1α GFP or shscr GFP cells. The tumors were irradiated 

with 7.5 Gy at day 10 after tumor injection. The data demonstrated the tumor volume at day 10 shortly 

before IR and at day 20.  –IR Cre(-) shHIF-1α: non-irradiated tumor with LLC shHIF-1α cells in 

HIF-1α
fl/fl

Cre-ER
wt/wt

 mice (Cre(-)), -IR Cre(-) shscr: non-irradiated tumor with LLC shscr cells in 

Cre(-) mice, –IR Cre(ki) shHIF-1α: non-irradiated tumor with LLC shHIF-1α cells in HIF-

1α
fl/fl

Cre-ER
ki/wt

 (Cre(ki)), -IR Cre(ki) shscr: non-irradiated tumor with LLC shscr cells in Cre(ki) 

mice, +IR Cre(-) shHIF-1α: irradiated tumor with LLC shHIF-1α cells in Cre(-), +IR Cre(-) shscr: 

irradiated tumor with LLC shscr cells in Cre(-) mice, +IR Cre(ki) shHIF-1α: irradiated tumor with 

LLC shHIF-1α cells in Cre(ki), +IR Cre(ki) shscr: irradiated tumor with LLC shscr cells in Cre(ki) 

mice 
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Figure 31: Analysis of tumor growth in non-irradiated tumors 

The data of tumor volume of non-irradiated tumors at day 20 were summarized from both 

experiments. Tumor volume of -IR Cre(ki) shscr group demonstrated a significant decrease compared 

to –IR Cre(-) shHIF-1α group. –IR Cre(-) shHIF-1α: non-irradiated tumor with LLC shHIF-1α cells 

in HIF-1α
fl/fl

Cre-ER
wt/wt

 mice (Cre(-)), -IR Cre(-) shscr: non-irradiated tumor with LLC shscr cells in 

Cre(-) mice, –IR Cre(ki) shHIF-1α: non-irradiated tumor with LLC shHIF-1α cells in 

HIF-1α
fl/fl

Cre-ER
ki/wt

 (ki), -IR Cre(ki) shscr: non-irradiated tumor with LLC shscr cells in Cre(ki) 

mice 
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5 Discussion 

Evidence for the involvement of HIF-1α in the induction of radioresistance of cancer cells 

accumulated over the last years. Upregulated expression of HIF-1α in tumors is often 

associated with an unfavorable prognosis for cancer patients. Several groups have reported 

that HIF-1α supports tumor growth by adaptation of cell metabolism and stimulation of tumor 

angiogenesis. Therefore, HIF-1α came into focus as an attractive target for radiation 

oncology. In order to precisely and efficiently treat cancer patients, a better understanding of 

mechanisms involved in radioresistance is needed. 

The present study was focused on the translational aspects of HIF-1α expression level during 

radiation treatment. Based on findings which indicated that HIF-1α is involved in induction of 

radioresistance in tumors (Moeller and Dewhirst, 2006), the paramount task was to identify 

further interaction of HIF-1α with the DDR molecules. Furthermore, some studies reported 

the importance of TME in tumor development and induction of radioresistance (Harada, 

2016). Therefore, the investigation whether and how surrounding stromal cells may influence 

HIF-1α signaling was also one of the tasks of this study. For this purpose, the effect of 

possible HIF-1α-mediated induction of radioresistance was investigated in vitro and in vivo by 

depletion of HIF-1α in tumor cells and a mouse model. 

 

5.1 HIF-1α deficiency increased apoptosis in LLC cells 

The impact of HIF-1α on apoptosis is controversially discussed in the literature as pro- and 

anti-apoptotic features of HIF-1α in cancer development have been described. The results of 

this study demonstrated elevated apoptosis levels after HIF-1α depletion and irradiation in 

LLC cells. Caspase-3, which is activated in apoptotic cells, showed an increased activity in 

HIF-1α KD LLC cells. In contrast, HIF-1α positive cells did not display an increase of 

apoptosis after irradiation. In line with this result, the increase of PARP-1 cleavage, which is a 

result of cell-death inducing protease activity, was also demonstrated in HIF-1α depleted 

cells. Notably, the induction of HIF-1α KD led to an increase of apoptosis even in non-

irradiated cells. 

Thus, these data underline the importance of HIF-1α in cell survival under hypoxic 

conditions, as already described in the literature (Kumar and Choi, 2015). Remarkably, LLC 

cells are HIF-2α negative, which allows specific investigation of HIF-1α effects independent 
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of possible effects of HIF-2α. This study demonstrated that in contrast to the results with LLC 

cells, the HIF-2α positive B16F10 cells with HIF-1α KD displayed an increase of IR-induced 

apoptosis only after 24 h, whereas HIF-2α positive HCT116 cells with HIF-1α deficiency did 

not demonstrate any changes in the apoptosis rate after IR at all. This observation implies that 

the demonstrated anti-apoptotic effect of HIF-1α, which is inhibited by HIF-1α depletion in 

LLC cells, is limited to specific cell lines. In addition, different cell lines may respond 

differently to graded hypoxia: mild hypoxia (1 % O2) as used in our study, severe hypoxia 

(0.01-0.1 % O2) and anoxia (0 % O2). As expertly reviewed recently, apoptotic dynamics vary 

under different hypoxic conditions and some cell lines demonstrate an increase of caspase-3 

activity under severe hypoxia or anoxia only (Zhou et al., 2015). It is important to mention 

that LLC cells are too sensitive for severe hypoxia, so that after incubation with 0.1 % O2 and 

HIF-1α depletion the cells cannot survive IR at all, thus making further analysis impossible. 

Thus, it remains to be elucidated whether the HIF-1α KD in B16F10 and HCT116 cells will 

have an effect on radiation-induced apoptosis after incubation under severe hypoxic 

conditions instead of mild hypoxia that was applied in our study.  

On the other hand, hypoxia was also described to play an anti-apoptotic role by regulating 

expression of anti- and pro-apoptotic proteins independently of HIF-1 in certain cell lines 

(Erler et al., 2004; Piret et al., 2006). For example, in a human liver cancer HepG2 cells HIF-

1α is not involved in the hypoxia-induced anti-apoptotic pathway (Piret et al., 2006). These 

may be another explanation for the variable effect of HIF-1α depletion on apoptosis in 

HCT116 and B16F10 cells, respectively. 

The effect of HIF-1α depletion on long term survival was also investigated in the cells up to 

10 days by CFA. To imitate the physiological process of reoxygenation after IR, the hypoxic 

cells were placed in a normoxic environment for 10 days after hypoxic incubation and IR. 

Due to reduced ability of colony formation, LLC cells with HIF-1α KD demonstrated an 

impaired long term survival, in particular after 6 Gy IR. As the LLC cells are very 

radiosensitive, the amount of colonies irradiated with 8 and 10 Gy was very low even in the 

HIF-1α positive cells making a comparison impossible. The outcome revealed that HIF-1α 

depletion resulted in impaired clonogenic potential of hypoxic LLC cells. 

Taken together, these in vitro data provided strong evidence that depletion of HIF-1α 

increased radiation-induced apoptosis and impairment of the clonogenic potential of LLC 

cells and thus increased radiosensititvity of the cells. However, the mechanism behind this 

effect requires further investigation. Several previous studies focused on the mechanisms of 
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HIF-1α-regulated gene expression for cell survival and apoptosis. Takasaki et al. 

demonstrated in their study on resected lung cancers that HIF-1α expression was significantly 

induced with the expression levels of anti-apoptotic proteins, such as Survivin (Takasaki et 

al., 2016). Moreover, a gastric cancer study led to the conclusion that the HIF-1α KD 

impaired the expression of Survivin, elevated expression of pro-apoptotic proteins such as 

Bax and caspase-3, and also increased radiotherapy-induced apoptosis of tumor cells (Zhao et 

al., 2016). The investigation of expression levels in our model may contribute to a better 

understanding of this mechanism.  

 

5.2 Elimination of HIF-1α increases IR-induced DSB formation and alters 

DNA repair in LLC cells 

The present study demonstrated that the protein amount of the phosphorylated H2AX form 

γH2AX, which is a marker for DSBs, is elevated in HIF-1α depleted cells. This effect was 

even stronger after longer incubation in Hx. In line with this result, an increase of the γH2AX 

IRIF formation in the first hours after IR was detectable. As the γH2AX recruitment to the IR-

induced DSBs represents a first response that activates the DDR, these results indicated that 

HIF-1α depletion in LLC cells leads to an increase of DNA damage after IR. The amount of 

IR-induced DNA damage decreases after the first 6 hours, indicating that surviving cells 

completed DNA repair. However, the significant increase of DNA damage and the previously 

discussed increase of apoptosis in the first hours after IR pointed to a possible alteration of 

DNA repair after HIF-1α depletion. 

The investigation of DNA damage repair in the first hours after IR demonstrated an 

unchanged DNA repair kinetic in the first 4 hours post-IR. The DNA repair in the first hours 

after IR is mainly affected by a fast repair mechanism termed NHEJ. Furthermore, the 

formation of 53BP1 IRIF also remained unchanged after depletion of HIF-1α in hypoxic LLC 

cells. 53BP1 is responsible for inhibition of end resection, thereby favoring the DSB repair by 

NHEJ. Another important DDR mechanism, HR, plays an important role in determining 

hypoxic cell radiosensitivity. The results of this study showed that the recruitment of the HR 

protein RAD51 is increased in the HIF-1α-deficient cells during the first hours after IR.  

Although a number of findings of the last years indicated that DNA repair proteins are 

compromised under hypoxia, the results are still controversial. Thus, the expression of NHEJ 
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proteins in hypoxic cells is under debate in the literature. Some reports corroborated our 

investigation. In several tumor cell lines NHEJ proteins, such as DNA-PK, remain unaffected 

under hypoxia (Bindra et al., 2005; Sprong et al., 2006). Gene expression studies showed 

downregulation of mRNA encoding NHEJ proteins but without significant change in protein 

content (Meng et al., 2005). A study with murine fibroblasts reported that HIF-1α KO leads to 

an increase of γH2AX, which correlates with our results, although 53BP1 foci formation was 

shown to be increased and ATM activation reduced in response to DNA damage (Wirthner et 

al., 2008). Other studies proposed an increased NHEJ under Hx: an upregulation of Ku70 and 

DNA-PK expression was demonstrated under acute hypoxia as a result of direct interaction 

with HIF-1α (Kang et al., 2008; Ren et al., 2013; Um et al., 2004). Furthermore, the level of 

HIF-1α accumulation under Hx was decreased in DNA-PK deficient cells (Bouquet et al., 

2011). 

The reported findings about HR in hypoxic cells are not less controversial. However some 

studies report hypoxia-induced downregulation of HR in tumor cells. Chronic severe hypoxia 

has been demonstrated to decrease the expression of HR proteins (Chan et al., 2008). In a 

study with prostate cancer cells the hypoxia-induced impairment of DSB repair gene 

expression was reported (Meng et al., 2005). One study in which several squamous cell 

carcinoma cell lines were used described cell-line dependent effects of hypoxia whereby 

RAD51 was downregulated and DNA-PK phosphorylation was enhanced or delayed in 

different cell lines (Hauth et al., 2017). 

In contrast to our results, in several studies hypoxia-induced HR repression including decrease 

of RAD51 and BRCA1 level was demonstrated to be independent of HIF-1α (Bindra et al., 

2005; Bindra et al., 2004). Furthermore, HIF-1α was reported to contribute to the increase of 

radioresistance by promoting the upregulation of DNA repair proteins in mouse mesenchymal 

stromal cells, while depletion of HIF-1α led to a decrease of RAD51 foci (Sugrue et al., 

2014). 

However, another model proposes that HIF-1α inhibits BRCA1 and NBS1 transcription by 

counteracting Myc activity which maintains gene expression (Hayashi et al., 2011; Yoo et al., 

2011). The study with human colon cancer cells reported that HIF-1α induces cell cycle arrest 

and inhibits BRCA1 activity indirectly by counteracting c-Myc (Koshiji et al., 2004). 

Furthermore, HIF-1α was reported to be critical for NBS1 downregulation by hypoxia (To et 

al., 2006). These results are in line with the finding from this study: if HIF-1α inhibits the HR 

proteins BRCA1 and NBS1, it is also expected to inhibit the recruitment of RAD51 to the 
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DSB sites at least indirectly. Depletion of HIF-1α may eliminate this inhibitory effect causing 

an increase of the RAD51 levels. The next question that arises is which effect an increased 

RAD51 level has on HR and genomic instability. Most of the reports agreed that increased 

level of DNA repair proteins correlates with increased DDR and, therefore, a better survival 

of the cells. However, it has also been postulated that hyperactivity of HR could also 

contribute to genetic instability by causing inappropriate recombination (Henning and 

Stürzbecher, 2003). Overexpression of RAD51 was observed in many tumors causing 

elevated rates of HR. Disruption of HR pathways can create genetic instability, one of the 

hallmarks of cancer, changing the balance between the high-fidelity HR pathway and error-

prone NHEJ pathway of DNA repair.   

The formation of RAD51 helical filaments, which are essential for searching for homology in 

duplex DNA and pairing the recombining DNA molecules, is ATP-dependent (Chi et al., 

2006; Schay et al., 2016). The hypoxia-induced downregulation of RAD51 may contribute to 

the reduction of energy consumption, which is important for cell survival under hypoxic 

conditions. Overexpression of RAD51 caused by HIF-1α deficiency may increase ATP uptake 

into the cells, so that the cells consume too much energy for HR with compromised fidelity. 

In addition, as HIF-1α has been shown to be involved in cellular metabolism and glycolysis to 

provide ATP for hypoxic cells, absence of HIF-1α may result in a decrease of ATP. Cells 

which lack energy cannot survive and undergo apoptosis. This hypothesis can explain the 

increase of apoptosis and overexpression of RAD51 in HIF-1α deficient cells after IR as 

demonstrated in the present study. Thus, further investigation is needed to unravel the effect 

of HIF-1α depletion on HR. It would be interesting to analyze ATP consumption and also 

recruitment of other proteins involved in HR and NHEJ, such as BRCA1, BRCA2, RPA, 

NBS1 and DNA-PK to confirm this hypothesis. In addition, HR analysis by sister chromatid 

exchange assay may contribute to the understanding whether HIF-1α depletion affects 

genomic instability. 

Although several studies showed that the activation of DNA repair pathways in some tumors 

contributes to radioresistance, data from our study demonstrated that activation of RAD51 in 

HIF-1α depleted LLC cells correlates with impaired survival and increased radiosensitivity. 

These results revealed that hypoxia induces several HIF-1α-dependent processes involved in 

providing radioresistance.  
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5.3 Characterization of allograft mouse models with wild-type and 

tamoxifen-inducible Cre-loxP mice  

Mouse models are an important tool for understanding the complex interaction involved in 

tumor development that cannot be completely replicated in vitro. The current models include 

xenograft and allograft mouse models. Although the xenograft models allow transplantation 

of human cell lines, the limitation of all xenograft models is that they require 

immunocompromised or immunodeficient mice thus preventing investigation of the 

interaction of the immune system with the tumor (Gómez-Cuadrado et al., 2017). Therefore, 

in this study the allograft model was used which is based on transplantation of mouse-derived 

tumor cells into immunocompetent mice therefore allowing the investigation of the immune 

system in tumor growth. 

Thus, LLC cells derived from the C57BL/6 mouse strain were injected subcutaneously into 

the flank of mice with a C57BL/6 background. The tumors were growing rapidly without 

metastases. The general problem of this model was a high rate of skin ulcerations 

approximately 10 to 15 days after tumor cell injection. As LLC cells are robustly proliferating 

cells, the tumors were growing faster than the skin could adapt, resulting in skin lesions and 

subsequent ulceration. Furthermore, some of the animals were observed to gnaw on the 

tumors, probably because of discomfort and the skin itching due to the growing tumor. 

Although most of the ulcerated tumors were non-irradiated, there were still some ulcerations 

of the irradiated slowly growing tumors. It has been reported before that radiation can cause 

acute skin reactions, such as irritation, itching and ulceration (Bray et al., 2016). 

For the investigation of an effect of surrounding microenvironment of HIF-1α signaling in 

tumor cells, mice with a HIF-1α KO were essential. Because the global HIF-1α KO was 

reported to lead to embryonic lethality (Iyer et al., 1998), mice with tamoxifen-inducible 

conditional HIF-1α KO were generated. Within this model exon 2 of the HIF-1α gene is 

flanked by LoxP sequences which are recognized by Cre recombinase. Expression of Cre 

recombinase under the control of a promoter with a mutated estrogen receptor can be 

activated by addition of the estrogen antagonist tamoxifen and leads to deletion of exon 2 

from the HIF-1α gene in the present model. The deletion of exon 2 raised the question 

whether a shortened version of the HIF-1α protein will be expressed - lacking exon 2 - or 

whether the protein is not produced at all. The analysis of the mRNA sequence and samples 

from HIF-1α
fl/fl

Cre-ER
ki/wt

 mice demonstrated, that deletion of exon 2 caused a frame shift of 
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the sequence. The theoretical amino acid sequence, which was expected by 

HIF-1α
fl/fl

Cre-ER
ki/wt

 mice according to the mRNA sequence, consists of only 16 amino acids 

followed by a stop codon. Therefore, the data indicate that the deletion of exon 2 leads to the 

complete absence of HIF-1α making it impossible to target the protein with antibodies. In line 

with our observation, the first report about HIF-1α
fl/fl

Cre-ER
ki/wt

 mice from Wang et al. 

demonstrated a complete deletion of HIF-1α in T lymphocytes according to WB data (Wang 

et al., 2011). In addition, complete absence of HIF-1α protein under hypoxic conditions was 

also observed in HIF-1α-null mouse embryonic fibroblasts generated by deletion of exon 2 

(Ryan et al., 2000). 

The use of Tam had side effects - male mice treated with Tam experienced scrotal swelling, 

possibly caused by residual estrogenic action of Tam. Other studies also reported scrotal 

swelling with histopathological changes in the testes and compromised fertility of the mice 

(Eissa et al., 2011; Patel et al., 2017; Reinert et al., 2012). Furthermore, another study 

reported tamoxifen-induced hernia development in the lower abdomen of the male mice that 

was caused by activation of MMP-2 and MMP-13 leading to decreased collage type II (Ma et 

al., 2015).  

Another phenomenon was observed during genotyping – some of the animals demonstrated a 

deletion of exon 2 although they were not containing a Cre(ki) allele. Although these animals 

were excluded from the experiments, it is still important to understand how Cre(-) animals can 

bear an excision of exon 2. Remarkably, although only one or two animals per litter 

demonstrated the deletion, this phenomenon recurred in different breeds making it obvious 

that this phenomenon has a systemic and not random character. The most plausible reason is 

that some of the animals gained the allele with E2 excision during the cross-breeding and 

passed it on the progeny. This phenomenon was reported previously for other genes by 

several research groups (He et al., 2017; Kobayashi and Hensch, 2013; Zeller et al., 2008; 

Zhang et al., 2013b). The recent article of Song and Palmiter discussed the problems of using 

the Cre-loxP system highlighting the unexpected transient expression of Cre recombinase in 

the germline or during early development as a main reason for unwanted recombination 

events (Song and Palmiter, 2018). Another less likely reason may be an accidental contact of 

one parent animal with Tam, for example by food consumption. In conclusion, it is important 

for further Cre-loxP system experiments to validate the unexpected recombination in all 

experimental animals to avoid misinterpreting data. 
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5.4 In vivo effects of interaction between stromal and tumor cells with 

HIF-1α deficiency on tumor radiosensitivity 

Tumor hypoxia with overexpression of HIF-1α is a driving factor for tumor growth and 

therapy resistance (Harada, 2011). Furthermore, the tumor microenvironment, including 

connective tissue, stromal and endothelial cells, is also involved in tumor progression and 

response towards radiotherapy (Garcia-Barros et al., 2003; Yoshimura et al., 2013). However, 

the connection between these two aspects remains largely undefined. Therefore, one of the 

aims of this study was the investigation of the effect tumor associated stromal cells may have 

on HIF-1α signaling and radioresistance of tumors. 

The analysis of tumor growth with HIF-1α depleted LLC cells in the HIF-1α positive 

microenvironment of wt mice demonstrated that HIF-1α deficiency in tumors did not affect 

tumor growth. While irradiation clearly reduced the growth of HIF-1α depleted and control 

tumors and non-irradiated tumors grew more rapidly, tumor growth of HIF-1α depleted 

tumors did not differ from HIF-1α positive tumors. In addition, as demonstrated by qPCR and 

IHC, HIF-1α mRNA and protein levels were unchanged in the HIF-1α KD tumors as 

compared to controls. Literature reports have come to variable conclusions with respect to the 

function of HIF in in vivo models: Williams et al. showed prolonged tumor growth after 

radiotherapy in a xenograft model with a tumor line that is null for HIF-1β and therefore 

unable to render a HIF-1α response (Williams et al., 2005). In addition, the xenograft study 

with HepG2 tumor cells with a HIF-1α KD had a reduced growth rate; interestingly, tumors 

with HIF-2α KD demonstrated a more moderate, but still significant attenuation of tumor 

growth (Shneor et al., 2017). What all these studies had in common was the use of 

immunodeficient mice in xenograft models instead of immunocompetent mice in our model. 

On one hand, based on the results of present study it can be assumed that stromal cells may 

compensate for the effect of HIF-1α deletion in tumor cells by infiltration of the tumors. On 

the other hand, these data may indicate that the lentiviral knockdown of HIF-1α is not stable 

in LLC over the entire experimental period, which is in pronounced contrast to the situation in 

cell culture. The HIF-1α KD test in the LLC cells demonstrated that 10-20 % of all cells still 

remained HIF-1α positive. After 3 weeks of tumor development in the mice, the HIF-1α 

positive cells possibly have a selection advantage and proliferate faster than HIF-1α KD cells. 

As a result, the tumors are potentially composed mostly of HIF-1α positive cells. 
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This far, our lentiviral HIF-1α knockdown approach could not clarify whether the knockdown 

was efficient enough to generate a significant difference, or whether stromal cells had 

compensated the effect of HIF-1α deletion in tumor cells. For further investigation of the 

latter assumption an allograft mouse model with HIF-1α deficiency was used. Therefore, 

irradiation of tumors with a high dose of 15 Gy or a milder dose of 7.5 Gy was analyzed to 

investigate whether stromal cells can modify the hypoxic condition of tumor cells and 

enhance their radiation resistance. However, the tumor volume of the irradiated groups was 

not significantly changed regardless of HIF-1α deficiency in tumors cells and HIF-1α KO in 

the mice.  

Interestingly, the non-irradiated groups demonstrated significant changes in tumor growth. 

Results of non-irradiated groups summarized from two independent experiments 

demonstrated that the mean volume of tumors with HIF-1α positive cells that grew in HIF-1α 

KO mice was significantly decreased compared to tumors with HIF-1α depleted cells that 

grew in HIF-1α positive mice. Thus, these data indicated that HIF-1α deficiency in tumor-

infiltrating stromal cells could have more impact on tumor growth than HIF-1α deficiency in 

tumor cells. The mRNA levels of HIF-1α and its target genes VEGF, GLUT-1 and BNIP3 

were not changed significantly.  However, substantial variation inside the groups makes these 

data difficult to interpret. The impact of HIF-1α in stromal cells on the tumor growth is 

discussed very controversially in the literature. Targeted deletion of HIF-1α in malignant 

epithelial cells, endothelial cells or macrophages was shown to suppress tumor growth 

(Doedens et al., 2010; Liao et al., 2007; Tang et al., 2004). However, contradictory evidence 

was reported by Kim et al., 2012 who investigated tumor growth in a murine model of 

mammary cancer and found that deletion of HIF-1α or VEGF in tumor stromal fibroblasts 

enhances tumor growth and attenuates TAM infiltration (Kim et al., 2012). 

Similarly to the in vitro data, the results from the allograft model experiments taken together 

with the previous reports indicated cell-specific and model-dependent effects of HIF-1α 

deficiency in tumor and stromal cells on tumor growth. Furthermore, additional work is 

needed to understand the effect of HIF-1α elimination on the radiosensitivity of tumors. While 

an acute hypoxic response was mainly mediated by HIF-1α activity, HIF-2α was also 

associated with chronic hypoxia (Koh et al., 2011). In contrast to HIF-1α, the significance of 

HIF-2α for radiotherapy is remarkably understudied. But there is evidence that inhibition of 

HIF-2α promotes tumor cell death and radiation responses in vitro (Bertout et al., 2009). 
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Because HIF-2α was present in the mice, this may have been a confounding factor in our 

study, which was focused on HIF-1α deletion. 

The limitation of mouse experiments was the low number of animals at the end of the 

experiment. Although the theoretical amount of animals per group was calculated by 

statistical power analysis, the unexpected high rate of ulcerations dramatically decreased the 

number of animals at the end of the experiment. The significance analysis based on the low 

number of animals is difficult to interpret.  

The in vitro investigation of this study uncovered a significant effect of HIF-1α deficiency on 

the IR-induced apoptosis and clonogenic potential. Furthermore, the observed increase of 

DNA damage and HR repair activity underlined the effectiveness of HIF-1α elimination for 

the radiosensitization of tumor cells. In vivo results are more controversial, although the data 

indicated an influence of HIF-1α deficiency in stromal cells on the tumor growth. However, 

this study does shed light on the complexity of HIF-1α-related network in tumor cells and 

surrounding tissue during irradiation that requires further in-depth investigation. 

 

5.5 Future perspectives 

HIF-1α is now accepted as a promising molecular target for the improvement of radiation 

therapy because of its involvement in the generation of tumor radioresistance. Further 

research and increased knowledge of the role of HIF-1α in tumor growth and induction of 

radioresistance may contribute to identification of improved diagnostic markers and 

development of more effective cancer treatments. 

Certainly, in vitro models cannot reproduce all physiological events occurring during tumor 

progression and only mimic some part of it. The treatment of tumor cells with Hx exposes the 

whole population of cells to hypoxia – a situation, which is atypical for tumors. The nature of 

hypoxia is heterogeneous due to the proliferation of cancer cells and simultaneous growth of 

new blood vessels which supply tumors with oxygen. Therefore, the sub-population of 

HIF-1α expressing cells is surrounded by HIF-1α negative cells in tissues. Harrison et al., 

2008 suggested an interesting in vitro model in which HIF-1α can be induced in a sub-

population of cells, allowing the separation of effects of HIF-1α from other factors which are 

also involved in the response to hypoxia (Harrison et al., 2018). The use of this approach may 
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in the future be used for investigation of radioresistance in tumor cells and the role of HIF-1α 

in hypoxic and non-hypoxic areas of tumors. 

Furthermore, in recent years the importance of three-dimensional tumor models that act as a 

bridge between monolayer in vitro and in vivo models has been recognized increasingly. 

These alternative experimental approaches, such as in vitro spheroid cultures or tissue 

engineered tumors, better recapitulate the dynamics and the heterogeneity of a tumor. 

Spheroids have many features of the tumor microenvironment, allow a higher throughput, and 

are easy to handle and less expensive. An interesting tool was engineered and presented by 

Rodenhizer et al., 2016 that allows analysis of cell metabolism and phenotype in a hypoxia 

gradient (Rodenhizer et al., 2016). The engineered tumor is assembled by rolling a single-

biocomposite sheet and makes spatial mapping of cellular metabolism possible. This model 

can be used for further investigation of the present project for investigation of apoptosis and 

DNA damage in a gradient from mild to severe hypoxia in HIF-1α deficient cells. 

Moreover, there is evidence that the regulation of some HIF-1α target proteins, such as VEGF 

and BNIP3, are not only HIF-1α-dependent (Choi et al., 2011; Namas et al., 2011). Thus, the 

analysis of further HIF-1α targets may contribute to a better understanding of the effects of 

HIF-1α deletion. Despite extensive optimization of the HIF-1α IHC it is still not sensitive 

enough for the analysis of HIF-1α expression und needs further improvement.  

To clarify whether the HIF-1α knockdown was efficient enough to generate a significant 

difference, IHC with tumor tissue using GFP antibody can be performed. GFP-labeled cells 

contain shHIF-1α and therefore are HIF-1α deficient. Furthermore, as injected LLC cells are 

HIF-2α negative, but the stromal cells from the mice remains HIF-2α positive, the IHC with 

HIF-2α antibody may demonstrate the invading cells in the tumor tissue. Moreover, for the 

processing of tumors excised from HIF-1α KO mice the recent method called RNAScope 

assay is worth considering. It is based on in situ hybridization of double Z-shaped probes to 

target RNA molecules, followed by amplification the hybridization signals with label probes 

resulting in a punctate dot signal that can be visualized with a microscope. The major 

advantage of RNAScope over IHC is the use of probes designed to be highly specific for the 

target. This method can be used for analysis of RNA level of HIF-1α and is targets to validate 

and supplement IHC. A BaseScope assay is a modification of RNAScope that allows 

detection of short target sequences, such as specific detection of the exon deletion in tissue. 

For further investigation of this project, BaseScope probes could be customized to target 
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stromal cells harbouring a deletion of exon 2 in the tumor tissue, thus they could be 

distinguished from the injected tumor cells.  

Another important aspect is the in-depth investigation of the stromal cells involved in the 

interaction in the present mouse allograft model. Using flow cytometry the differentiation and 

distribution of immune cells, fibroblasts and epithelial cells can be investigated. Furthermore, 

ex vivo co-culturing of separate stromal compartments with tumor cells under different 

hypoxic stages and irradiation doses can clarify the impact of stroma on the tumor growth and 

radioresistance. 

Presumably, the investigation of other murine cell lines in an allograft model might contribute 

to unravel the demonstrated complex interactions of tumor and stromal cells with HIF-1α 

deficiency. Furthermore, use of the cell lines for tumor growth that are not proliferating as 

rapidly and aggressively as the LLC cells, is expected to solve the problem with ulcerations of 

tumors.  

Taken together, data from previous studies and also results from this project demonstrated 

that although there is definitely an interplay between HIF-1α, DNA repair mechanisms, tumor 

growth and radioresponsiveness, the effects of HIF-1α are presumably tumor cell specific. 

This assumption bears the question whether HIF-1α is always a reasonable target for cancer 

therapy. Therefore, further investigation using other cell lines will be of particular importance. 

There is an urgent need to identify new tumor-specific biomarkers that affect the choice of 

therapy. Expanding the knowledge about special features of each cancer cell type due to the 

response to chemo- and radioresistance will allow improved application of customized 

therapeutic approaches to specifically target tumor cells and will be a further advancement for 

cancer therapy. 
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6 Summary 

Poor prognosis of many solid tumors is often associated with hypoxic regions and an 

increased level of hypoxia-inducible factor-1α (HIF-1α). Previous findings indicate that 

HIF-1α expression is relevant for radiation resistance. Furthermore, there is evidence that the 

tumor microenvironment is also involved in protecting tumor cells from radiation induced cell 

death. 

To clarify the role of HIF-1α deficiency in apoptosis, DNA damage repair and 

radiosensitization in vitro, murine Lewis Lung Carcinoma (LLC) cells with a doxycycline-

inducible knockdown for HIF-1α were used. The data provided strong evidence that depletion 

of HIF-1α increased IR-induced apoptosis and impaired clonogenic potential of LLC cells and 

thus increased radiosensitivity of the cells. Furthermore, HIF-1α deficient LLC cells 

demonstrated an IR-induced increase of DNA damage measured by γH2AX foci and 

increased recruitment of RAD51, which suggests an alteration in homologous recombination 

repair. The level of 53BP1 IR-induced foci remained unchanged, as well as fast repair kinetics 

indicating that non-homologous end joining repair capacity was not affected. Next, this study 

investigated an in vivo effect of surrounding microenvironment on HIF-1α signaling in tumor 

cells and the effect of this interaction on the radiation sensitivity. The analysis of HIF-1α 

depletion in tumors in an allograft mouse model with wild-type C57BL/6 mice demonstrated 

unchanged tumor growth regardless of HIF-1α deficiency of the tumor cells. In addition, a 

murine allograft model with HIF-1α conditional knockout was used to elucidate whether HIF-

1α simultaneous elimination in surrounding stroma cells and tumor cells affects 

radiosensitivity of the tumors. The tumor volume of the irradiated groups was not 

significantly changed regardless of HIF-1α deficiency in tumor cells and in the mice. 

However, the non-irradiated groups demonstrated that the volume of tumors with HIF-1α 

positive cells that grew in HIF-1α knockout mice was significantly decreased compared to 

tumors with HIF-1α depleted cells that grew in HIF-1α positive mice.  

In vitro results of present study indicate that inactivation of HIF-1α leads to an enhanced 

radiation sensitivity of tumor cells. The in vivo results are more controversial, although the 

data indicated an influence of HIF-1α deficiency in stromal cells on tumor growth. The 

demonstrated complexity of HIF-1α-related networks in tumor cells and surrounding tissue 

during irradiation makes HIF-1α an attractive target for further investigation to enhance the 

outcome of radiation treatment.  
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7 Zusammenfassung 

Hypoxische Bereiche mit einer erhöhten Expression des Hypoxie-induzierbaren Faktors 1α 

(HIF-1α) sind charakteristisch für viele solide Tumore. Frühere Studien haben gezeigt, dass 

die Expression von HIF-1α bei der Entwicklung einer Tumorresistenz während der 

Bestrahlungstherapie eine Rolle spielt. Außerdem wurde gezeigt, dass die Zellen aus der 

Mikroumgebung ebenfalls die Tumore vor der Bestrahlung schützen können. 

Die murine Krebszelllinie Lewis-Lungenkarzinom (engl. Lewis Lung Carcinoma; LLC) 

Zellen mit einem Doxycyclin-induzierbaren Knockdown von HIF-1α wurde bezüglich der 

Rolle von HIF-1α-Inaktivierung in der Apoptose, DNA Schadensreparatur und 

Radiosensibilisierung untersucht. Die gezeigten Ergebnisse weisen auf eine erhöhte 

Apoptoserate und Verschlechterung des klonogenen Potentials, und somit auf eine erhöhte 

Radiosensitivität bei der HIF-1α-Inaktivierung in den LLC Zellen hin. Außerdem wurde in 

der Abwesenheit von HIF-1α die Erhöhung von γH2AX und vermehrte Rekrutierung von 

RAD51 gemessen, was auf eine erhöhte Anzahl an DNA Schäden und eine veränderte 

Reparatur durch homologe Rekombination hinweist. Allerdings wurden nach der 

Inaktivierung von HIF-1α keine Veränderungen bei der Reparaturkinetik und der 53BP1 

Rekrutierung gemessen, was auf eine unveränderte Aktivität der nicht-homologen 

Endverknüpfung hinweist. Als Nächstes wurden die Effekte der Interaktion von umgebenden 

Stromazellen mit den HIF-1α inaktiven Tumorzellen auf die Radiosensibilisierung in einem 

Maus-Allotransplantations-Modell mit der Wildtyp C57BL/6-Maus untersucht. Diese 

Versuche zeigten keine Unterschiede bezüglich der HIF-1α-Inaktivierung. In einem Maus-

Allotransplantations-Modell mit einem konditionalen HIF-1α-Knockout wurde gezeigt, dass 

die Tumorgröße nach der Bestrahlung nicht von der HIF-1α-Inaktivierung in den Stroma- und 

Tumorzellen beeinflusst wird. Bei den nicht bestrahlten Gruppen war das Tumorvolumen bei 

HIF-1α positiven Tumorzellen aus der HIF-1α Knockout-Maus geringer, als bei den HIF-1α 

inaktiven Tumoren aus der HIF-1α positiven Maus. 

Insgesamt haben die in vitro Ergebnisse dieser Studie gezeigt, dass die Inaktivierung von 

HIF-1α die Radiosensibilisierung in Tumorzellen erhöht. In vivo Ergebnisse sind dagegen 

kontroverser, weisen allerdings auf den Einfluss von HIF-1α inaktiven Stromazellen auf das 

Tumorwachstum hin. Die gezeigte Komplexität des HIF-1α-abhängigen Netzwerkes in 

Stroma- und Tumorzellen während der Bestrahlung machen dieses Protein zum attraktiven 

Ziel der Forschung zur Verbesserung von Strahlentherapie.  
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9 Appendix 

9.1 Abbreviations 

53BP1 p53 binding protein 1 

ACK ammonium-chloride-potassium 

ADRP adipophilin 

Akt protein kinase-B 

ALDOA aldolase A 

alt-NHEJ alternative-NHEJ 

ANGPT2 angiopoietin 2 

ANOVA analysis of variance 

APS ammonium persulfate 

ARD1 arrest-defective-1 

ARG1 arginase 1 

ARNT aryl hydrocarbon receptor nuclear translocator 

ATM ataxia telangiectasia mutated kinase 

ATP adenosine 5´-triphosphate 

ATR ataxia telangiectasia and Rad3-related kinase 

B2M ß2-microglobuline 

BAX B-cell lymphoma 2 (Bcl-2)-associated X protein 

BCA bicinchoninic acid 

Bcl-2 B-cell lymphoma 2 

BER base excision repair 

bHLH basic-helix-loop-helix 

BMDM bone-marrow derived macrophages 

BNIP3 Bcl2/adenovirus E1B 19-kDa interacting protein 3 

BRCA1 breast cancer protein 1 

BSA bovine serum albumin 

CAFs cancer associated fibroblasts 

CAIX carbon anhydrase isoform IX 

CBP cAMP response element-binding (CREB)-binding protein 

CDK cyclin-dependent kinase 

cDNA complementary DNA 

CHAPS 3-[(3-Cholamidopropyl)dimethylammonio]-1-propane-sulfonate 

COX-2 cyclooxygenase 2 

COX4-1 cytochrome c oxidase subunit 4-1 

Cre(-) HIF-1α
fl/fl

Cre-ER
wt/wt

 

Cre(ki) HIF-1α
fl/fl

Cre-ER
ki/wt

 

CSC cancer stem cells 

CTAD C-terminal transactivation domain 

CtIP C-terminal binding protein-interacting protein 

DAB diaminobenzidine 

DCs dendritic cells 
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DDR DNA damage repair 

DEPC diethyl pyrocarbonate 

DEQ dose equivalent 

DEVD-AMC Asp-Glu-Val-Asp-7-amino-4-methylcoumarin 

DMEM Dulbecco´s modified eagle medium 

DMSO dimethylsulfoxide 

DNA-PK DNA-dependent protein kinase 

Dox doxycycline 

DSB double-strand break 

DTT dithiothreitol 

E2 exon 2 

EC endothelial cell 

EDTA ethylenediaminetetraacetic acid 

EMT epithelial-mesenchymal transition 

ENO1 enolase 1 

EPAS1 endothelial PAS protein 1 

Epo erythropoietin 

ESR1 estrogen receptor 

FABP fatty acid binding protein  

FACS fluorescence-activated cell sorting 

FBS fetal bovine serum 

FIH-1 factor inhibiting HIF-1 

gDNA genomic DNA 

GFP green fluorescent protein 

GLUT glucose transporter 

GPI glucose phosphate isomerase 

HCT human colorectal carcinoma 

HEK human embryonic kidney 

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

HIF-1 hypoxia-inducible factor 1 

HK2 hexokinase 2 

HR homologous recombination 

HRE hypoxia-responsive element 

HRP horseradisch peroxidase 

Hx hypoxia 

ID inhibitory domain 

IF immunofluorescence staining 

IGF-2 insulin growth factor-2 

IgG immunoglobulin G 

IHC immunohistochemistry 

IL-6 interleukin 6 

iNOS inducible nitric oxide synthase 

IPAS inhibitory PER-ARNT-SIM domain 

IR ionizing radiation 
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IRIF irradiation-induced foci 

KD knockdown 

ki knock-in 

KO knockout 

LDH-A lactate dehydrogenase-A 

LIG4 DNA Ligase 4 

LLC Lewis lung carcnoma 

MAPK mitogen-activated protein kinase 

MDC1 mediator of DNA damage checkpoint 

MDM2 mouse double minute 2 homolog 

MDSCs myeloid-derived suppressor cells 

MMP-9 matrix metalloprotease 9 

MMR mismatch repair 

MOPS 3-(N-morpholine)propanesulfonic acid 

MRN Mre11-Rad50-NBS1 complex 

mRNA messenger RNA 

MW molecular weight 

N asparagine 

NADH reduced form of nicotinamide adenine dinucleotide 

NADPH reduced nicotinamide adenine dinucleotide phosphate 

NBS1 Nijmegen breakage syndrome protein 1 

NER nucleotide excision repair 

NF-κB nuclear factor kappa B 

NHEJ non-homologous end joining 

NO nitric oxide 

NTAD N-terminal transactivation domain 

Oct4 octamer-binding transcription factor 4 

ODD oxygen-dependent degradation domain 

P proline 

p300 300-kilodalton coactivator protein 

PARP-1 poly [ADP-ribose] polymerase 1 

PAS PER-ARNT-SIM 

PBS phosphate-buffered saline 

PCR Polymerase chain reaction 

PDGFB platelet-derived growth factor B 

PDH pyruvate dehydrogenase 

PDK1 pyruvate dehydrogenase kinase isozyme 1 

PE phycoerythrin 

PER D. melanogaster period clock protein 

PFA paraformaldehyde 

PFGE pulsed-field gel electrophoresis 

PFKFB4 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 4 

PGAM1 phosphoglycerate mutase 1 

PGF placental growth factor 
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PGK1 phosphoglycerate kinase 1 

PHD prolyl hydroxylase domain protein 

PI propidium iodide 

PI3K phosphatidylinositol 3-kinase 

PKM2 pyruvate kinase isozyme M2 

Plk3 polo-like kinase 3 

pO2 oxygen tension 

PTEN phosphatase and tensin homolog 

PVDF polyvinylidene fluoride 

pVHL von Hippel-Lindau protein 

qPCR  quantitative polymerase chain reaction 

RIPA radioimmunoprecipitation assay buffer 

ROS reactive oxygen species 

RPA replication protein A 

RTA ready-to-assemble 

S serine 

SCF stem cell factor 

SD standard deviation 

SDF1 stromal derived factor 1 

SDS sodium dodecyl sulfate 

SENP1 SUMO-specific protease 1 

shHIF-1α shRNA that targeted HIF-1α 

shRNA short hairpin RNA 

shscr shscrambled RNA 

SIM D. melanogaster single-minded locus 

SSA single-strand annealing 

SSB single-strand break 

SSBR single-strand break repair 

ssDNA single-stranded DNA 

SUMO-1 small ubiquitin-related modifier-1 

Tam tamoxifen 

TAMs tumor-associated macrophages 

TBS Tris-buffered saline 

TCA tricarboxylic acid 

TEMED tetramethylethylenediamine 

Tet-On tetracycline-inducible 

TGF-α transforming growth factor alpha 

TILs tumor infiltrating lymphoid cells 

TME tumor microenvironment 

Treg regulatory T cell 

TSP thrombospondin 

VEGF vascular endothelial growth factor 

WB Western blot 

wt wild-type 
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x g times gravity 

XRCC4 X-ray cross complementing 4 

ZEB1 zinc finger E-box binding homeobox 1 

γH2AX phosphorylated histone protein H2AX 
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