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It's gonna take a lot to drag me away from you 

There's nothing that a hundred men or more could ever do 

I bless the rains down in Africa 

Gonna take some time to do the things we never had – ooh oh 
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1 Abstract 

This work investigated the influence of the CRISPR/Cas9 mediated knockout of 

5-lipoxygenase (5-LO) on different adherent tumour cell lines derived from solid tumours. 

For this, the 5-LO expressing tumour cell lines HCT-116, HT-29, and U-2 OS were 

transiently transfected using a plasmid carrying the CRISPR/Cas9 complex sequence to the 

ALOX5 gene. Subsequently, cells were selected using Puromycin and analysed via Western 

blotting and DNA Sanger sequencing. Cells that were transfected with a control plasmid 

missing the guide RNA sequence, were used as a control for all experiments. 

Differential gene expression analysis, performed after next-generation RNA sequencing, 

revealed that the expression of various genes was altered after the knockout of 5-LO. In 

HCT-116 cells, 28 genes were expressed differentially in all 5-LO knockout single-cell 

clones, while in HT-29 cells the expression of 18 genes and in U-2 OS cells of 234 genes 

was influenced by the knockout of 5-LO. These findings were validated by real-time qPCR. 

A lot of the genes that were influenced by the 5-LO knockout are known to be connected 

to epithelial-mesenchymal-transition (EMT), a process necessary for tumour metastasis. 

The results from RNA sequencing were the starting point for further investigations. 

In the following, different aspects of the tumour cell lines were examined. In HT-29, as 

well as in U-2 OS cells, it was shown that knockout of the 5-LO resulted in impaired cell 

proliferation. Also, the formation of three-dimensional tumour spheroids was altered. In 

HT-29 cells, the knockout of 5-LO increased the number of cells in spheroids. In contrast, 

in U-2 OS cells, the number of cells per spheroid was decreased, even though the diameter 

of the spheroids was increased, due to more loosely packed spheroids. The difference 

between 5-LO positive and negative U-2 OS cells became even more obvious after 

embedding the spheroids in an artificial extracellular matrix. In that scenario, cells lacking 

the 5-LO formed smaller spheroids that did not have the same ability to grow into the 

extracellular matrix as 5-LO positive cells did. Also, directed cell migration was strongly 

influenced by the knockout of 5-LO. In both, HCT-116 and U-2 OS cells, directed cell 

migration towards a serum gradient was increased in 5-LO knockout single-cell clones. 

Pharmacological inhibition of the enzyme was used to investigate, whether canonical or 

non-canonical functions were responsible for the previously mentioned effects. 

Therefore, vector control cells were treated with the 5-LO inhibitors Zileuton and 

CJ-13610 in different concentrations. Interestingly, only some of the effects mediated by 

the complete knockout of 5-LO could be reproduced by inhibiting the enzyme, leading to 

the suggestion, that canonical, as well as non-canonical functions of 5-LO, play a role in 

these tumour cells. 

To conclude, it was shown in this study, that 5-LO affects various cellular functions when 

expressed in adherent tumour cell lines. These cell line-dependent effects result in altered 

gene expression, enhanced proliferation, and spheroid formation, as well as impaired cell 

motility, and can be mediated by enzymatic activity as well as other non-canonical 

functions. 
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2 Introduction 

 

2.1 Lipoxygenases 
 

Lipoxygenases (LOs) are non-haem iron-carrying enzymes that stereo-selectively 

introduce molecular oxygen to polyenoic fatty acids possessing a 1-cis,4-cis-pentadiene 

system (1). Six different lipoxygenase genes are known in humans, originally named after 

their site of reaction with arachidonic acid: ALOX5, ALOX12, ALOX12B, ALOX15, ALOX15B, 

and ALOXE3. The ALOX5 gene is located on chromosome 10 and will be surveyed in more 

detail later in this chapter. All other ALOX genes can be found clustered on chromosome 

17 (2).  

Besides arachidonic acid other polyunsaturated fatty acids (PUFAs) like linoleic acid, 

eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) can serve as a substrate for 

lipoxygenases (3). Free fatty acids are preferred over esterified and cause the need for 

liberation from e.g., membrane phospholipids by enzymes like cytosolic phospholipase A2 

(cPLA2) (4) and other phospholipases. 

All LOs have a close homologue structure consisting of one polypeptide that is organized 

in two different domains. The N-terminal domain is responsible for the enzymatic activity 

as well as binding of membranes and by this the cellular localization while the C-terminal 

domain is the catalytic domain in which the non-heme iron ion is located (5). 

ALOX12 encodes for 12-LO, the first lipoxygenase discovered in humans in 1974 (6), which 

is predominantly found in platelets and is therefore referred to as platelet-type 12-LO (7). 

Besides its distinction in platelets, it can also be found in the skin (8) just like ALOX12B 

and ALOXE3. ALOX12B encodes for the 12R-LO which contrary to all other LOs produces 

the respective R product instead of S enantiomers (9). This enzyme is co-expressed in the 

skin with the epidermis-type lipoxygenase 3 (eLO3) encoded by the ALOXE3 gene and both 

enzymes are involved in epidermal development and water homeostasis (10) (11). 

12/15-LO, encoded by the ALOX15 gene, can be found in macrophages, eosinophils, and 

epithelial cells of the respiratory tract (12) (13) (14) while 15-LO2, encoded by the 

ALOX15B gene, is found in M2 macrophages as well as lung, prostate, skin, and cornea 

(15) (16). 

 

2.2 5-Lipoxygenase 
 

5-Lipoxygenase (5-LO) is the key enzyme in the formation of pro-inflammatory 

leukotrienes (LTs) (17) and other bioactive lipid mediators like 5-oxo-ETE (18) or - in 

cooperation with other lipoxygenases - specialized pro-resolving mediators (SPMs) like 

lipoxins and resolvins (19). It is predominantly expressed in different immune cells like 
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mast cells, macrophages, and granulocytes and is located in the soluble compartment of 

either the nucleus or the cytosol. Two different phosphorylation sites are determining for 

cellular localization. Protein kinase A-mediated phosphorylation at Ser523 leads to 

cytosolic localization and by this inhibits 5-LO activity (20) while the phosphorylation of 

Ser271 inhibits the nuclear exports and results in contrary effects (21). Upon activation by 

different stimuli, 5-LO translocates to the nuclear envelope where it forms a complex with 

Ca2+-activated cPLA2 and the 5-LO activating protein (FLAP). This complex releases 

arachidonic acid from phospholipids in the nuclear membrane and subsequently catalyses 

a two-step reaction. In the first step, oxygen is introduced to the fatty acid in a 

dioxygenation reaction to yield the intermediate product 5(S)-hydroperoxy-6,8,11,14-

eicosatetraenoic acid (5-HpETE). In the second step, this intermediate gets dehydrated to 

form the highly unstable epoxide leukotriene A4 (LTA4). Subsequently, LTA4 can in the 

following either be hydrolysed by LTA4-hydrolase (LTA4H) receiving LTB4 or, to receive the 

so-called cysteine-containing leukotrienes LTC4, LTD4 and LTE4, gets conjugated to 

glutathione by LTC4-synthase (LTC4S) (22).  

 

Figure 2.1 Leukotriene biosynthesis mediated by 5-lipoxygenase. Figure taken and modified 

from (3). GPx: Glutathione peroxidase, 5-HEDH: 5-hydroxyeicosanoid dehydrogenase 

 

2.2.1 Expression of 5-LO 

 

ALOX5, the gene encoding for human 5-LO, can be found on chromosome 10, covers a 

range of 71.9 kbp, and is organized in 14 exons separated by 13 introns. The mature 5-LO 

protein has a molecular weight of 78 kDa and consists of 673 amino acids. Alternative 

splicing can result in different isoforms of the enzyme and until now at least seven 

isoforms could be characterized although some of the physiological functions remain to 

be identified (23) (24). By containing eight GC boxes, the promoter that regulates ALOX5 

gene expression is a GC-rich promoter and therefore transcription factors like SP1 can 

regulate its activity (25). It was shown that in myeloid cells not expressing 5-LO, DNA-
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methylation is responsible for silencing the gene (26). Mutations can occur in the 

promoter region of 5-LO that either delete parts of the GC-rich elements or integrate 

another GC-box and lead to alterations in pathophysiological processes like asthma (27) 

or atherosclerosis (28). Vitamin D was found to be another regulator of 5-LO expression 

as multiple vitamin-D-response elements have been identified in different loci, one of 

them located in intron 4 (29). Additionally, it has been shown that 1,25(OH)2D3 – the 

biologically active form of vitamin D – in combination with TGF-β increases 5-LO enzyme 

expression up to 100-fold in the monocytic cell line Mono Mac 6 (30). Other known 

enhancers of enzyme expression besides p53, which will be discussed later, are Smad3 

and Smad4 which are downstream effectors of TGF-β signalling (31). This regulation takes 

place in the distal part of the gene in exons 10-14. Phorbol-12-myristate-13-acetate 

(PMA), dimethyl sulfoxide (DMSO), interleukin-3 (IL-3) and granulocyte-macrophage 

colony-stimulating factor (GM-CSF) as well as AP-2, c-myc, EGR-1 and -2, NF-κB, and the 

nuclear receptors RXRα and RORα have been described to regulate 5-LO expression (32) 

(25) (33) (34) (35). 

 

2.2.2 5-LO structure 

 

The first crystal structure of mammalian LOs was solved in 1997 from rabbit 15-LO (36). 

For a long time only homology models were available for human 5-LO (37), but in 2011 

the structure of a mutant form of 5-LO - the so-called stable 5-LO - could be crystallised. 

In this mutant form, several amino acids are deleted or substituted to stabilise the 

structure (38). Due to the different alterations, it is questionable whether native 5-LO 

crystals would look the same but nevertheless, it is the best approximation to the actual 

crystal structure of human 5-LO known so far.   

Like all known lipoxygenases the 5-LO protein consists of an N-terminal C2-like domain 

(amino acids 1-114) built-up of eight β-sheet structures and a bigger C-terminal domain, 

structured in α-helices and containing the catalytic domain with a non-heme iron ion in 

its centre (39) (40). 

The C2-like domain is responsible for Ca2+-mediated membrane binding and therefore 

covers the membrane-binding region as well as the Ca2+-binding site. The three 

tryptophan residues W13, W75 and W102 were shown to be responsible for the 

membrane interaction (41) (42). Residues N43, D44 and E46 mediate the Ca2+-binding via 

ion interactions (39).  

The catalytic domain contains three histidine residues (H367, H372 and H550) and the 

carboxylate residue of the terminal isoleucine (I673) that lock the central iron in its distinct 

position (38) (43). Two ATP binding sites can be found in the enzyme, one situated in the 

C2-like domain and one near the catalytic domain (amino acids 73-83 and 193-209) (44). 

Two aspects are interesting about the ATP binding of 5-LO. Although two different binding 

sites were identified in the enzyme, 5-LO only binds ATP in an equimolar ratio and after 

the binding of ATP, no hydrolysis delivering energy to the enzyme is required to raise 

enzymatic activity.  
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2.2.3 Regulation and stimulation of 5-LO activity 

 

Various factors are described to regulate 5-LO enzyme activity. One of those is its cellular 

localisation. 5-LO can be found in the cytosol as well as in the nuclear compartment 

depending on the cell type and status of activation. In resting peritoneal macrophages, 

monocytes and peripheral eosinophilic and neutrophilic granulocytes, 5-LO is primarily 

localised in the cytoplasm (45) (46) while in mast cells and alveolar macrophages it is 

evenly distributed between the nucleus and the cytoplasmic compartment (47) (48) (49). 

Nevertheless, this distribution underlies rapid changes due to different biological 

processes. Nuclear localisation of 5-LO was shown to lead to a stronger enzymatic activity 

and by this higher amounts of leukotrienes (50) (51) (52). Only in eosinophil granulocytes, 

nuclear import of 5-LO leads to a decrease in LTC4 synthesis (46). Given the fact that LTC4-

synthase is almost exclusively found on the cytosolic side of the nuclear envelope, this 

seems to be plausible (53). Different stimuli can lead to nuclear import of 5-LO, among 

these are activation of neutrophils as well as differentiation of mast cells and 

macrophages. Nuclear import sequences can be found at R112, K158 and R518 (54) (55). 

Those sequences can be activated individually but yield the greatest effect if activated 

simultaneously (56). Besides nuclear import - and thereby activating - sequences, several 

export sequences are known as well. Phosphorylation at Ser271, initiated by p38 MAPK 

signalling, leads to nuclear export resulting in cytosolic localisation and thereby inhibits 

5-LO activity in most cells (57) (58) while phosphorylation at serine 523 mediated by PKA 

inhibits the nuclear import of 5-LO resulting in impaired activity as well (59). Another 

phosphorylation site at Ser663 has been described but could not be validated by MS 

analysis so far (60). Besides, the presence of substrates or small molecules like Ca2+ and 

ATP as well as the redox tonus of the cell strongly influences the product formation of 

5-LO. 

 

Mechanisms that stimulate 5-LO enzyme activity besides its cellular localisation are 

known as well. Upon activation with different stimuli, the 5-LO translocates to the nuclear 

membrane where a complex with FLAP and cPLA2 is formed and the enzymatic cascade 

gets started. Among those stimuli are N-formylmethionyl-leucyl-phenylalanine (fMLP), a 

chemotactic peptide known to activate polymorph nuclear leukocytes (PMNL) and 

macrophages, platelet-activating factor (PAF) and ionophore A23187. All those effectors 

lead to Ca2+-influx which in the following mediates the translocalisation of 5-LO (61). In 

homogenates of human PMNL, it was shown that 1-Oleoyl-2-acetyl-sn-glycerol (OAG) in 

vitro can strongly increase 5-LO product formation. These effects could be completely 

reversed in the presence of Ca2+ and membrane phospholipids (62). 5-LO inhibition can 

be mediated by sphingosine-1-phosphate (S1P) which administers anti-inflammatory 

regulation in this way (63).  
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Figure 2.2 Localization and activation of 5-LO. Figure taken and modified from (22). 

 
 

2.3 Leukotrienes and other lipid mediators 
 

Leukotrienes (LTs) are potent lipid mediators active in the immune system that execute 

their effects by binding to G-protein-coupled receptors (BLT1/2 and CysLT1/2) located in 

the cellular membrane of their target cells (64). Through this, LTs initiate and advance 

inflammation and are important players in host defence reactions. On the other hand, 

they also participate in the genesis and progression of pathophysiological incidents like 

allergic conditions or chronic inflammatory diseases. Multiple factors can influence the 

tightly regulated biosynthesis of those mediators. Enzymatic activity of all proteins 

involved in the synthesis of the different leukotrienes - 5-LO, cPLA2, FLAP, LTA4H and LTC4S 

- can be controlled via phosphorylation leading to an increase or a decrease in the product 

formation respectively, depending on the site of phosphorylation (65) (66) (67). On the 

other hand, malnutrition and the immune deficiency caused by HIV infection were shown 

to lead to decreased leukotriene formation and resulted in impaired immune reactions to 

host infections (68) (69) (70) (71) (72). 

Leukotrienes were shown to influence different pathological processes and diseases 

located in the respiratory tract like asthma (73) (74) (75) (76), pulmonary hypertension 

(77) and fibrosis (78), or systemic inflammatory conditions like arthritis (79), chronic 

inflammatory bowel diseases (80), osteoporosis (81), and psoriasis (82). Additionally, 

plaque formation of foam cells can be driven by LTs resulting in atherosclerosis (28) (83) 

(84). Besides, there is evidence that 5-LO activity and its products are connected to 
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carcinogenic events originating from different tissues like the bladder (85), colon (86), 

lung (87), pancreas (88) (89), and prostate (90). Also, it was shown that 5-LO influences 

leukemic stem cell maintenance in BCR-ABL-induced chronic and acute myeloid 

leukaemia (91) (92).  

 
  

2.3.1 Leukotriene B4 

 

Leukotriene B4 is an effective chemotactic agent and plays a significant role in the 

activation and recruitment of monocytes, eosinophils and neutrophils (93) (94) (95). This 

leukocyte recruitment is necessary for the extravasation of immune cells into the inflamed 

tissue in the innate immune response. LTB4 recruits neutrophil granulocytes and in later 

stages of inflammation also eosinophil granulocytes (96). Also, the liberation of 

superoxide and lysosomal enzymes such as lysozyme and β-glucuronidase from PMNL, 

helping to fight intruders, is triggered (97) (98). In B-lymphocytes, LTB4 mediates the 

liberation of IgM, IgG and IgE and by this, also contributes to the adaptive immune 

response (99) (100) (101). In addition, peroxisome proliferator-activated receptor α 
(PPARα) can be activated in different immune cells by LTB4 (102).  

LTB4 mediates its effects via BLT1 and BLT2, two G-protein coupled receptors (GPCR; Gq 

or Gi) (103) (104). Its affinity to BLT1 is 20-fold higher than to BLT2. BLT1 is predominantly 

found on the cell surface of leukocytes and to a lesser extent in the spleen, thymus, and 

bone marrow (105). Upon activation, BLT1 mediates chemotaxis and was shown to be 

connected to pathophysiological processes like anaphylaxis, bronchial asthma, 

atherosclerosis, and ischemic reperfusion injury (106). Complete genomic knockout of 

BLT1 in mice reversed all LTB4-mediated effects in neutrophil granulocytes proving its 

involvement in those pathological processes (107) (108).  

On the contrary, BLT2 is expressed ubiquitously and can be found on the surface of a 

variety of cells. Here, it can also mediate its effects upon activation with 12-(S)-HpETE, 12- 

and 15-(S)-HETE (109). Besides LTB4 and the other lipids of the leukotriene cascade, the 

BLT2 receptor is mainly activated by 12-hydroxyheptadecatrienoic acid (12-HHT) that is 

produced by activated platelets and macrophages (110). 

 

2.3.2 Cysteinyl leukotrienes  

 

Cysteine-containing leukotrienes execute their effects mostly in the respiratory system. 

They are among the strongest known bronchoconstrictors (111) (112) (113) and increase 

the mucus secretion (114) (115) (116) as well as capillary permeability of blood vessels 

(94). Also, cysteinyl leukotrienes are known to control ongoing fibrosis and increasing 

vascularisation of the tracheae, which is connected to the disease progression of asthma 

(117).  
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All cysteinyl leukotrienes can bind to the two receptors CysLT1 and CysLT2 which also 

belong to the GPCR family (Gq/Gi/0, depending on the cell type) (118) (119). CysLT1 is 

expressed on the surface of eosinophil granulocytes, monocytes, macrophages, and in the 

smooth muscles of the respiratory system (120) (121) (122) (123). CysLT2 expression is 

widely spread in the body and can be found on eosinophil granulocytes, peripheral 

monocytes, macrophages, and endothelial cells (124) (125) (126) as well as in the heart, 

the adrenal gland and the brain (119) (127) (128). Activation of both receptors leads to 

recruitment of macrophages and proliferation of smooth muscle cells as well as fibrosis, 

while only CysLT1 activation mediates bronchoconstriction, maturation of dendritic cells 

and blood vessel impairment (124) (125) (129). 

 

2.3.3 5-oxo-ETE  

 

5-oxo-ETE is formed in platelets and leukocytes by 5-hydroxyeicosanoid dehydrogenase 

(5-HEDH) through oxidation of 5-(S)-HETE. Intracellular NADP+ levels regulate 5-oxo-ETE 

synthesis. Oxidative stress and superoxide anions mediate the degradation of NADPH to 

NADP+ which increases levels of 5-oxo-ETE (130) (131). 5-oxo-ETE is a chemoattractant for 

neutrophil and eosinophil granulocytes and mediates Ca2+-mobilisation, integrin 

expression and actin polymerisation by activation of the OXE-receptor (132) (133). This 

receptor also belongs to the family of GPCR and is predominantly expressed on monocytes 

as well as neutrophil and eosinophil granulocytes (134) (135). 

 
 

2.4 Pharmacological targeting of 5-LO: 5-LO inhibitors and CysLT1-

antagonists  
 

As it was shown that 5-LO and the 5-LO products participate in different diseases, 

inhibiting the enzyme itself, or FLAP and other components of the 5-LO machinery, as well 

as antagonising the respective receptors was thought to be an interesting therapeutic 

option. 5-LO inhibitors can be divided into three classes: iron ligand, redox-active and non-

redox inhibitors. Iron ligand inhibitors mediate their function by forming a chelate 

complex with the central iron of the enzyme. BW A4C inhibits 5-LO in granulocytes with 

an IC50 value of 40 nM (136) while its successor Zileuton mediates the same effects in a 

concentration of 0.6 µM (137). Redox-active inhibitors like AA-861 also use the central 

iron ion as a target by reducing it from Fe3+ to Fe2+. This mechanism results in high 

promiscuity as they have an impact on all redox-sensitive structures. Also, they can induce 

the formation of reactive oxygen species (ROS) and by this, influence the redox tonus of 

the cells (138). Non-redox active inhibitors directly interact with the enzyme by displacing 

arachidonic acid from its active site. ZD2138 and ZM230487 inhibit the enzyme with IC50 

values of 20 or 50 mM, respectively (139). As the presence of hydroperoxides like 13(S)-

Hydroperoxy-(9Z,11E)-octadecadienoic acid (13(S)-HpODE) strongly impairs the activity of 

said structures, no approval was achieved for the inhibitory drugs. Until today, the 5-LO 

inhibitory drug Zileuton is the only FDA-approved drug for the pharmacological treatment 
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of asthma, and therefore its usage is limited to the US. In Europe, no 5-LO inhibitor has 

been approved by now. All drugs tested so far failed due to severe side reactions or weak 

efficacy (140) (141) (142). 

Antagonising the CysLT1 receptor showed more promising results. By now, three different 

drugs have been approved for the treatment of asthma; montelukast (143), zafirlukast 

(144) (145) and pranlukast (146) (147).  

In isolated leukocytes, the FLAP inhibitors MK-886, MK-0591 and BAY X1005 all showed 

promising results but failed in vivo (148) (149) (150).  

 

2.5 Cancer 
 

The terminus ‘cancer’ covers all types of abnormal, neoplastic malignancies from different 

types of tissues. Nearly all types of tissues can develop such malignancies and some 

tissues even multiple different types. While most cancers are denominated by their sites 

of origin like colorectal cancer or pancreatic cancer, different types of cancer can also be 

determined by the cells or tissue they arose from (151) (152). Carcinomas sprouting from 

epithelial cells are by far the most frequent type of cancer and can be subdivided into 

adenocarcinomas (origin from mucus- or fluid-producing cells), basal cell carcinomas, 

squamous cell carcinomas and transitional cell carcinomas usually descend from the 

urogenital tract. Sarcomas are malignancies of bones and other connective tissues like 

muscles, tendons, fat or blood vessels. Uncontrolled cell growth of B- or T-lymphocytes 

are called lymphoma, while leukaemia, the most common cancer in children, originates 

from blood cell forming bone marrow and is characterized by large numbers of non-

functional leukocytes. Leukaemia can be separated into acute and chronic forms and 

depending on the cells of origin in myeloid and lymphoblastic leukaemias with acute 

lymphoblastic leukaemia (ALL) being the most frequent one (153). Multiple myelomas are 

neoplasia of plasma cells while melanomas originate from melanocytes.  

Today, cancer-related deaths are the second most common course of death in Germany 

with almost 240,000 cases per year and only diseases of the coronary system outperform 

this. In 2018, more than half a million people got diagnosed with cancer (154). Globally, 

this number even exceeds 9 million new cases per year (155). The cumulative incidence 

worldwide to evolve cancer during a lifespan of 74 years is for both sexes combined about 

20% and in highly developed industrial countries in Eastern Europe even about 25%, 

meaning that every 4th person in Germany is likely to develop cancer throughout their 

lifetime. In males, lung and prostate cancers are the most common types of cancer, while 

females predominantly suffer from breast cancer, followed by colorectal and lung cancer. 

These numbers show strong evidence of the need for new therapeutic opportunities and 

fundamental research in the field of malignant neoplasia.  
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Figure 2.3 Incidence and mortality of cancer in 2020. Figure taken and modified from (155). 

 

In 2000, Hanahan et al. postulated in ‘Cell’, that even though more than 100 types of 
cancers and many different subtypes are known so far, cancer always maintains an 

alteration of cell proliferation and homeostasis and can be determined by six distinct 

hallmarks; self-sufficiency in growth signals, insensitivity to growth-inhibitory 

(antigrowth) signals, evasion of programmed cell death (apoptosis), limitless replicative 

potential, sustained angiogenesis, as well as tissue invasion and metastasis (Figure 2.3) 

(156). In general, these properties can be gained by mutations either in tumour 

suppressor genes and/or in proto-oncogenes. Usually, numerous of those mutations 

occur in one cell and cumulatively lead to tumourigenesis (157). As the integrity of DNA is 

one of the best-protected features within each cell, a first mutation at some point of the 

DNA surveillance and repair machinery - known as ‘genomic instability’ - is of need, if 

tumourigenesis is to take place (158).  
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Figure 2.4 The hallmarks of cancer. Figure taken from (156). 

 

2.5.1 Self-sufficiency in growth signals 

 

In healthy tissues, cell proliferation is a tightly regulated process. Different ligands 

mediating growth signals bind extracellularly to transmembrane receptors and initiate 

intracellular signalling cascades. These ligands comprise signalling molecules like growth 

factors, components of the extracellular matrix (ECM) and cell-cell-adhesion as well 

as -interaction molecules. In some tumours, growth factor receptors fulfil the initiation of 

intracellular signalling independent of these physiological ligands. Three different 

mechanisms are known that result in growth signal autonomy. Some types of cancer cells 

can create a positive feedback loop by synthesising and secreting their own growth signals 

for autocrine stimulation to take place (159). An example are sarcomas which are known 

to produce platelet-derived growth factors (PDGFs) for such purpose (160) as well as 

TGF-α producing gliomas (161). The second point of action is the receptor itself. Often, 

growth factor receptors are tyrosine kinases and mediate their action after ligand binding 

and dimerization of the receptor by auto-phosphorylation of a tyrosine residue and 

subsequent phosphorylation and activation of different proteins of the signalling cascade. 

In cancer, those receptors can either be over-expressed resulting in hypersensitivity to 

physiological growth signals or structurally modified resulting in ligand-independent 

activation. Alterations in growth factor receptors that have been found in many types of 

tumours can be mediated by different stimuli like the human papillomavirus and are 

connected to a poor prognosis for the patients (162) (163) (164) (165). Also, the type of 

receptors expressed on the cell surface can be altered. Integrins are receptors that link 

cells to extracellular matrix structures and by this receive and cascade information from 

the cells’ environment to the inside. Subtypes preferring growth-stimulating signals are 

over-expressed in multiple types of cancers (166) (167) (168). As integrins are a broad 
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family of cellular molecules, they can pass a variety of information and participate not 

only in cell proliferation but also in resistance to apoptosis, metastasis and angiogenesis 

(169) (170) (171) (172). The third main player in the self-sufficiency of growth signals is 

the intracellular signalling cascade. Most prominent is the Ras/Raf/MEK/ERK-pathway 

that is altered in more than every 3rd tumour resulting in uncontrolled transition of growth 

signals (173) (174) (175) (176).  

 

2.5.2 Insensitivity to anti-growth signals 

 

Quiescence is a reversible cellular condition that a lot of cells exhibit due to different 

environmental influences or distinct cellular functions. In this state, cells exit the 

proliferative phase but remain ready to re-enter if needed. Usually, quiescence is 

associated with a G0-arrest mediated by different stimuli (177) (178). Those signals can 

be the privation of mitogenic factors, lacking cell adhesion as well as high cell density 

(contact inhibition). All these factors can be present in tumours, so cancer cells need to 

develop mechanisms to evade these signals. For receiving anti-proliferative signals, the 

retinoblastoma protein (pRB) and its family members p107 and p130 play a crucial role. 

Their main duty is to regulate the activity of the transcription factor E2F and by this control 

the cell cycle progression (179). pRB was the first discovered tumour suppressor and its 

loss of function accounts for 30% of all non-small cell lung cancers, 50% of multiple 

myeloma and almost all cases of small cell lung cancer and retinoblastoma in children 

(180). A potent regulator of this machinery is transforming growth factor β (TGF-β). This 
cytokine controls a multitude of cellular processes. Its anti-proliferative action is 

proceeded by mediating the dephosphorylation of pRB and p130 via p15 and p21 

upregulation and by this, reinforcing the complexation of dephosphorylated pRB with E2F 

(181) (182). In tumours, this regulatory mechanism can be dysregulated in different ways. 

TGF-β receptors (TGFBR) can be either downregulated or mutated to prevent binding and 
anti-proliferative signalling (183) (184) (185) (186). Additionally, mutations of Smad4, a 

downstream transducer of TGF-β signalling, p15 and pRB itself occur which result in 

uncontrolled proliferation and contribute to tumourigenesis (187) (188) (189) (190). 

Another process inhibiting cell proliferation is the terminal differentiation of cells that can 

be regarded as the respective opponent mechanism. Here, cells enter a post-mitotic state 

and lose their proliferative properties (191). One well-known regulator of quiescence is 

c-myc, a proto-oncogene regulating the activity of Mad/Max complexes (192) (193). These 

complexes induce final differentiation but over-expression of c-myc inhibits this 

machinery and withholds the cells in the proliferative state and by this, contributes to 

cancer initiation and progression (194) (195) (196) (197). 

 

2.5.3 Evading apoptosis 

 

Apoptosis, known as programmed cell death, is one of the most crucial physiological 

processes needed for a multitude of purposes such as embryogenesis, homeostasis, 
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proper function of the immune system, and certainly, prevention of tumourigenesis (198). 

Evading this process for the most part results in cancer. If any type of apoptosis-inducing 

signal appears, a complex machinery launches and - in a multi-step process - a cell with all 

its compartments completely disappears within less than a day. This elaborate process is 

regulated by sensor molecules and mediated by effectors with both classes providing a 

potential point of attack for tumour cells. Via the extrinsic pathway, apoptosis-inducing 

signals can be mediated by different cell surface receptors binding specific extracellular 

ligands. The tumour necrosis factor (TNF) superfamily provides different receptors that 

recognise ligands inducing apoptosis such as FasL, TNFα, Apo2L and Apo3L (199) (200) 

(201) (202). Upon binding of the specific ligands, intracellular proteins like FADD or 

TRADD, possessing a death domain, bind to the respective receptor and form a death-

inducing complex that activates procaspase-8 and initiates the subsequent cascade (203). 

Alterations in all of the previously mentioned players destabilise this tightly regulated 

process and, in most cases, contribute to malignant processes (204) (205). In contrast to 

this, apoptosis can also be mediated via the intrinsic pathway. Different stimuli act 

receptor-independently as initiators of the programmed cell death in either a positive or 

a negative fashion. Positive signals are stress sensors that recognize and circulate harmful 

processes like radiation, redox tonus, different toxins or hypoxia (206) (207) (208) (209). 

Negative signals cover the absence of certain signal molecules, cytokines or growth 

factors (210). If activated, the intrinsic apoptotic pathway acts on the mitochondria that 

subsequently release cytochrome c which activates the caspase machinery and just like 

the extrinsic pathway launches the execution pathway leading to exhaustive cell 

disaggregation. The most prominent regulator of this process is tumour suppressor p53 

also regarded as the ‘guardian of the genome’ (211). In each one of two examined 

tumours, p53 is mutated showing its relevance in apoptosis and tumourigenesis (212). 

The most recently elucidated perforin/granzyme pathway is another starting point for the 

induction of apoptosis. This pathway is initiated by cytotoxic T-cells via secretion of the 

membrane-disaggregating protein perforin and granzymes, a group of serine-protease 

enzymes able to cleave cell components (213). A crucial role of this pathway is to eliminate 

infected cells as well as an immune response to degenerated cells (214). Reduced 

expression of the components is connected to tumourous malignancies like lung cancer 

(215).  

 

2.5.4 Limitless replicative potential 

 

In 1961, gerontologist Leonard Hayflick together with cytogeneticist Paul Moorhead 

published a science revolutionising work on the cultivation of human cells. They were the 

first to discover that in contrast to cancer cells, healthy human fibroblasts stopped 

proliferating after a precise number of replications – today known as the Hayflick limit 

(216). They divided culturing of cells into three phases with phase III being characterised 

by senescence of the cells. If this state is reached once, no further proliferation could be 

induced. This heavily contradicts the unlimited capability of (cultured) cancer cells to 

divide which determines their immortality. Hayflick could also show, that this limited 
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capacity to replicate is not determined by extracellular factors but by the cell itself and 

that this feature cannot be manipulated e.g., by freezing the cell. Additionally, it was clear 

that this limitation is not time-dependent but is hooked on the number of DNA 

replications. Later it was found that the so-called telomeres communicate this effect, 

known as the end-replication problem. During DNA replication, duplication of the very 

end of the antisense strand is not thoroughly fulfilled (217). By this, with every DNA 

replication, chromosomes decrease in size (around 100 bp) which limits the number of 

possible replications as, if all of the telomeres were lost and chromosomal ends were 

unprotected, they undergo end-to-end chromosomal fusions and thus provoke cell death. 

Immortal tumour cells found a way to evade this process. An enzyme possessing reverse 

transcriptase ability called the telomerase is responsible for extending the telomeres, 

consisting in humans of plenty repeats of GGTTAG, to the chromosomes. In healthy 

organisms, this protein can only be found in germline and other stem cells providing them 

with immortality while all other cells repress its transcription by the chromatin 

environment. Though, in the great plurality of human cancers examined, telomerase 

activity could be confirmed giving the solution for the limitless replicative potential of 

tumour cells (218) (219) (220).  

 

2.5.5 Sustained angiogenesis 

 

Growing tumours face one major problem during their evolution. If the sheer mass of the 

tumour increases, fewer nutrients and oxygen are available, and distribution of these rare 

nutritive substances is hard to perform within the tumour body. In healthy tissue, no cell 

is further than 100 µm distant from a blood vessel supplying it with sufficient nutrients 

(221). In sound growing tissues this condition is ensured by tightly regulated angiogenesis, 

a multifactorial program that controls the development of new blood vessels. This process 

is initiated by cytokines like vascular endothelial growth factor (VEGF) that bind to the 

respective receptors (VEGFRs), possessing tyrosine kinase activity, on the cell surface of 

endothelial cells. Upon activation, intracellular transphosphorylation launches different 

subsequent signal cascades that result in different effects like increased vascular 

permeability and survival as well as migration and enhanced proliferation of endothelial 

cells (222). Thrombospondin-1, an ECM protein, and the main opponent of VEGF, prevents 

neovascularization by binding to CD36 receptors on the surface of endothelial cells (223) 

(224). Apart from that, other mechanisms and molecules are known that regulate 

angiogenesis in humans (225). This narrow interaction of pro- and anti-angiogenic stimuli 

ensures proper vascularisation in healthy organisms. By a multitude of tumours, this 

regulation is manipulated to ensure sufficient nutritional maintenance. Like for other 

neoplastic processes described earlier either positive regulators can be over-expressed or 

negative players downregulated. And in fact, in pancreatic, breast and hepatic cancer as 

well as other neoplasia, over-expression of VEGF could be detected and is usually 

connected to poor prognosis for the patients (226) (227) (228) (229). This elevated VEGF 

secretion of tumour cells can often be mediated after the stimulus of hypoxia and is 

carried out via the HIF-1α pathway (230). Additionally, elevated levels of VEGFRs, as well 
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as suppression of thrombospondin-1, could be elucidated as mechanisms for enhanced 

angiogenesis during tumourigenesis (231) (232) (233) (234) (235).   

 

2.5.6 Tissue invasion and metastasis 

 

Neoplasia in general can be divided into two groups: benign and malignant growth. What 

differentiates them the most, is the capability to invade other tissues and spread all over 

the body (236). While benign tumours are characterised by only one location and distinct 

borders that separate them from the surrounding tissues, malignant tumours on the 

contrary are able to leave their site of action either into the surroundings or even to other 

parts of the body worsening the prognosis drastically. In fact, about 67% of all cancer 

deaths can be correlated to metastasis that evolved from the original tumour (237). 

Drivers for this course are deficiency of oxygen and nutrients in the primary tumour mass 

that encourage tumour cells to undergo epithelial-to-mesenchymal transition (EMT) and 

spread over the body to find a new location with a sufficient supply of aforesaid matters 

(238). This process of unhitching from the tumour mass and invading new areas is an 

extremely complex process regulated by numerous factors. Changes in the expression of 

extra- and intracellular molecules are needed to perform such tasks. On the cell surface, 

cell-to-cell adhesion is mostly mediated by specialised cell adhesion molecules (CAMs) 

while adhesion to the ECM is performed by integrins (239). Besides, both types of surface 

proteins also circulate information from the cells’ environment and need to be altered for 

the cell to loosen and become independent. E-cadherin is one of the most prominent 

CAMs of epithelial cells and a well-known marker for EMT. During this multifactorial 

process, expression of E-cadherin is strongly decreased, and this loss of expression is 

present in most metastatic tumours (240). In contrast, another CAM named N-cadherin is 

upregulated during EMT which describes the ‘cadherin switch’ characteristically during 

EMT. Its function is to enhance tumour cell migration and proliferation at the new site of 

action (241). Additionally, integrin classes switch to enable cell adhesion at a different site 

with changed ECM molecules (167). Another substantial process for invading the 

surrounding tissue is the degradation of the environmental ECM that allows cells to move 

from their distinct location to another (242). By expressing different types of proteases 

and other enzymes, migrating tumour cells can overcome almost every obstacle (243). 

This expression can either be performed by the cancer cell itself or - triggered by the 

cancer cell - by cells in the tumour environment (244) (245). 

 

In 2011, Hanahan and Weinberg published an update on emerging hallmarks of cancer 

now also containing deregulation of cellular energetics, as well as avoiding immune 

destruction, and the two enabling characteristics of tumours: tumour-promoting 

inflammation and the before-mentioned genomic instability (246). 
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2.5.7 Reprogramming energy metabolism 

 

Enforced cell proliferation and tumour growth rapidly consume all nutrients available in 

the tumour surroundings. Besides the before-mentioned evading mechanisms of 

increased angiogenesis and tumour metastasis, another mechanism was clarified to solve 

this problem. In cancer cells, a change in the energy metabolism of glucose has been 

reported (247). The so-called ‘aerobic glycolysis’ produces less ATP than the physiological 
glucose metabolism but at the same time scrapes oxygen which is a valuable good. In 

addition, the decreased yield of ATP is compensated by an upregulation of GLUT1 

transporters and thereby enforced glucose uptake (248). Additionally, intermediates of 

the glycolysis have been shown to be imported into anabolic pathways supplying the cells 

with amino acids and nucleotides (249).  Besides, heterogenic tumours were identified 

that consisted of different subtypes of cells: cells performing aerobic glycolysis and 

thereby secreting lactate as a waste product and a second type of cell with altered energy 

metabolism that consumes the lactate in order to generate energy (250). This symbiosis 

is an exemplification of the rather recently elucidated model of complex tumours 

consisting of a variety of different cells (251). Another mechanism of altered cell 

metabolism can be found in cells expressing mutant isocitrate dehydrogenase 

manipulating the citrate cycle (252). 

 

2.5.8 Evading immune destruction 

 

In recent years, numerous articles were published, which discuss the connection between 

tumourigenesis and the innate and adaptive immune system. As it is known that every 4th 

tumour is associated with chronic inflammation mediated by the immune system, this 

connection seems reasonable (253). Nevertheless, the immune system seems to play a 

controversial role in cancer progression. While chronic inflammation establishes an 

improved matrix for tumourigenesis, simultaneously the immune system tries to fight 

malignancies (254). As all cells in the body are constantly monitored by the body-own 

defence mechanisms, under normal circumstances malignant cells are easily identified by 

the expression of unphysiological e.g., mutated proteins. Once intracellularly digested and 

presented in MHCΙ molecules on the cell surface, abnormal proteins are identified by 

cytotoxic T-cells and an adaptive immune response leads to the disposal of the affected 

cell (255). Tumour cells must somehow find a way, to escape this surveillance system and 

different of these ways are known by now. Mutations in the antigen-presenting MHC 

molecules and over-expression of PD-L1 (programmed cell death 1 ligand 1), a 

transmembrane protein, that binds to PD-1 (programmed cell death protein 1) receptors 

on T- and B-cells and suppresses the immune response of those cells, are ways to reduce 

the immune response (256) (257). Also, enhanced secretion of immune modulators like 

IL-10 and TGF-β have been identified as immune escape mechanisms (258) (259). 

Additionally, the tumour microenvironment can strongly influence the immune response 

to tumour cells and the presence of immunosuppressive leukocytes has been shown in 

multiple tumours (260). 
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Besides, multiple other features are known by now, that enable, support, or even 

reinforce tumourigenesis, making it one of the most complex and multifactorial biological 

processes of all. 

 

2.6 5-LO and cancer 
 

Besides all previously mentioned illnesses like asthma, atherosclerosis, fibrosis or 

systemic inflammatory diseases, there is evidence that 5-LO is also involved in 

carcinogenic events (261). Given its primary expression in leukocytes, it is no surprise that 

5-LO and its products participate in different types of leukaemia where they have an 

impact on cancer stem cells and resistance to certain therapeutic treatments (91) (262) 

(263).  

More surprisingly, it is well known that various solid tumours of different origins such as 

prostate, breast, pancreas, and colon frequently express 5-LO even though these tissues 

do not express the enzyme under physiological conditions. In the last years, more and 

more malignant tissues were identified, that express 5-LO. Here it can be found in 

different stages of the tumours from primary tumour cells to existent tumour cell lines 

(264). Additionally, 5-LO expressing tumours are distinguished by increased tumour size, 

vascularization and metastasis, a potentially poor prognosis regarding the survival 

expectancy of the patient as well as bad responsiveness to the treatment with cytostatic 

drugs (265) (266) (267) (268) (269).  

Besides the 5-LO enzyme itself, other proteins of the leukotriene cascade are elevated in 

different solid tumours. FLAP was found to be over-expressed in a multitude of epithelial 

cancer cell lines and its presence in breast cancer tissues worsened the patients’ prognosis 

just like 5-LO does (270). Expression of the BLT2 receptor in human pancreatic cancers 

(89), as well as the CysLT2 receptor in colorectal adenocarcinomas (271), was shown to 

be associated with the same challenges as the presence of LTA4-hydrolase in oral 

carcinogenesis of hamsters (272), while cPLA2 and LTC4-synthase contribute to 

malignancies of the hematopoietic system (273) (274). In neuroblastoma, the most 

common paediatric cancer type, the whole cascade of the leukotriene biosynthesis can 

be found and favours tumour progression (275). 

Ancillary, lipid mediators of the 5-LO cascade were shown to stimulate tumour cell 

viability. Treatment of pancreas carcinoma cells with 5-HETE and LTB4 leads to pro-

proliferative and anti-apoptotic effects via MAPK/Akt signalling (276) (277). The same 

effects could be observed carried out by LTD4. After treatment with this lipid mediator, in 

healthy and malignant intestinal epithelial cells enhanced proliferation and cell survival 

were shown (278) (279). Tumourigenic effects of 5-LO products could also be affirmed in 

other approaches using colon carcinoma cells (280) (281). In malignant mesothelioma, 

LTA4 and its progenitor 5-HETE acted as transcriptional regulators for VEGF and thereby 

contributed to increased angiogenesis (269). On its part, LTB4 carried out mitogenic and 

pro-metastatic effects by activation of BLT2 receptors (282).  
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Supporting these findings, in various studies, cell-cycle arrest and induction of apoptosis 

could be achieved by treating 5-LO expressing cancer cells with different 5-LO inhibitors 

(283) (88) (284) (285) (286). AA-861, a selective 5-LO inhibitor, was shown to suppress 

proliferation in leukeaemic, as well as prostate, oesophageal and breast cancer cells (287) 

(288) (289), while MK-886, a FLAP inhibitor, induces apoptosis in prostate and gastric 

cancer (290) (291) (292). Comparable results could be shown for the dual 5-LO inhibitor 

and CysLT receptor antagonist Rev-5901 which induced apoptosis in different human as 

well as rodent cell lines, and in vivo attenuated tumour growth in a mouse model (88) 

(293) (294) (275). Besides induction of apoptosis, LTB4 receptor antagonist LY293111 was 

also shown to mediate cell cycle arrest in pancreatic tumour cells (295) (296). However, 

as comparably high concentrations of the inhibitors were applied and they are known to 

mediate pleiotropic effects, it is of question if these effects are achieved only by inhibition 

of the enzymatic function of 5-LO (297) (298) (299) (300) (301) (302) (303).  

Also, 5-LO protein expression in the presented tumour cells is rather low compared to 

physiological amounts in leukocytes which is also true for the enzymatic activity. 

Nevertheless, previous studies could show, that by knocking down the 5-LO in solid 

tumour cells proliferation and viability of the cells could be altered (269) (304) (305) (306) 

(307). Since it is known that 5-LO executes various non-canonical functions independent 

of the enzymatic activity, it is conceivable that one or more of those functions or even one 

yet completely unknown new function of the 5-LO protein is accountable for these 

findings.   

 

2.7 Non-canonical functions of 5-LO: Interaction with p53, β-catenin 

and DICER and transcriptional regulation 
 

2.7.1 p53 

 

In 2004, Catalano et al. were the first to propose a connection between 5-LO and p53 

since they could show that upregulation of 5-LO resulted in the inhibition of apoptosis 

(308). This effect could also be achieved by adding 5-LO products but not with an 

enzymatically inactive mutant form of 5-LO suggesting that this regulation depends on 

the enzymatic activity of 5-LO. Vice versa, it was shown that p53 in return also regulates 

5-LO gene expression (309) (310). By binding to a transcriptional enhancer region in intron 

G of the ALOX5 gene, p53 can induce 5-LO expression. This was confirmed by using mutant 

p53 lacking the ability to bind DNA that did not enlarge 5-LO protein formation. Also, a 

co-localisation of the two proteins could be detected upon the treatment with cytostatic 

drugs and 5-LO was shown to alter the expression of p53 target genes giving rise to the 

assumption that the reciprocal regulation is far more complex than yet known (311).   
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2.7.2 β-catenin 

 

The Wnt/β-catenin signalling pathway plays an important role in various physiological and 

pathophysiological processes like proliferation, differentiation, homeostasis, apoptosis, 

and tumour initiation (312) (313). In different types of leukaemia, a dysregulation of the 

Wnt/β-catenin pathway could be observed, and this often went hand-in-hand with 

altered 5-LO expression (314). In fact, it was shown that there is a direct chaperone-like 

interaction of 5-LO and β-catenin and that this interaction hinders the proper function of 

β-catenin (262). In addition, there is evidence that in myeloid leukemic stem cells, 

knockout of 5-LO decreased β-catenin expression and prohibits chronic myeloid 

leukaemia (91).  

 

2.7.3 DICER 

 

In 1999, various interaction partners of the 5-LO could be identified, using the yeast two-

hybrid system (315). Several were further studied in the following years and one of those 

was the microRNA (miRNA) processing protein DICER (316). miRNAs are a big family of 

small non-coding RNAs executing various functions of which most are probably still 

unknown. By binding to mRNAs, they convey translational repression or degradation of 

their targets. As miRNAs perform such a heterogeneous pool of functions, it is obvious 

that a protein processing those oligonucleotides can have a great impact on cellular 

processes. In fact, it was shown, that miRNAs participate in the regulation of the immune 

system and that alterations in this machinery can result in intensified inflammation and 

neoplasia (317) (318). Given the fact that 5-LO binds and interacts with DICER and that 

DICER activity can be modified by 5-LO, 5-LO may intervene in this system as well (319). 

But since those findings are only confirmed in vitro by now, it remains of question, 

whether this interaction is relevant for physiological and pathophysiological processes. 

 

2.7.4 Transcriptional regulation 

 

Marius Kreiß, a member of our group, recently published his work in which he was able 

to show how 5-LO can act as a transcriptional regulator in monocytic cells (320). In his 

study, CRISPR/Cas was used to knockout 5-LO from Mono Mac 6 cells, a monocytic cell 

line, and RNAseq revealed numerous regulated genes. Among them, PTGS2, encoding for 

cyclooxygenase-2 and KYNU, encoding for kynureninase, were affected the most by the 

5-LO knockout. Other genes were found to be regulated that could cause alterations in 

cellular processes like immune reactions and cell adhesion, as well as proliferation and 

differentiation of the cells. As it was shown in a ChIP assay, that 5-LO interacts directly 

with the euchromatin, it was assumed, that the regulation of transcription is mediated 

either by binding to transcription factors or acetylated histones.  

 



Introduction 
 

21 
 

2.8 Short excursion: Genome editing by CRISPR/Cas technology 
 

In 2012, Emmanuelle Charpentier and Jennifer Doudna discovered a novel technique for 

genome editing (321) (322). The CRISPR/Cas technology often referred to as a ‘genomic 

scissor’, was rewarded with the Nobel Prize for chemistry in 2020. CRISPR is an acronym 

for ‘clustered regularly interspaced short palindromic repeats’ and originally this system 
is used by different bacteria and Achaea species as an immune response to viral infections. 

Charpentier and Doudna managed to modify this system so that nowadays it can be used 

to easily modify the DNA of all kinds of species. 

In bacteria, former overcome virus infections lead to the incorporation of viral DNA into 

the host bacterial DNA. These viral sequences are clustered in a so-called CRISPR array 

and separated by palindromic sequences (323) (324). Once translated to RNA, a complex 

of an endonuclease and RNase III leads to the segmentation of this RNA molecule into 

small sections (325). Each section now contains one specialized RNA sequence able to 

recognize virus DNA called crispr RNA (crRNA) in a complex with the tracrRNA (trans-

activating RNA), a second RNA molecule able to bind an endonuclease, and said 

endonuclease Cas9 (for CRISPR-associated protein 9). These complexes can specifically 

recognize and cut DNA from already known viruses (326) (327). 

Gene technology uses this system in a modified manner. crRNA and tracrRNA are fused 

to one chimeric RNA molecule - the so-called guide RNA (gRNA) - that can bind a specific 

DNA locus as well as the needed Cas9 enzyme (328). The Cas enzyme is a two-domain 

endonuclease and by this, leads to double-strand breaks of the DNA (329). For 

recognition, the gene locus must possess a PAM (protospacer-adjacent motif) sequence 

consisting of an NGG sequence at its 3’-site to activate the Cas9 enzyme. The induced 

double-strand break is recognized by repair machineries and either homology-directed 

repair (HDR) or non-homologous end joining (NHEJ) is the result (330). NHEJ can result in 

small mistakes like the insertion, deletion, or substitution of one or more bases and, in 

the case of a frameshift mutation, can lead to the production of nonsense-mRNA 

or -proteins and their subsequent degradation (331). On the other hand, HDR can be used 

for the insertion of a desired sequence into the DNA by providing a template sequence 

(332). 
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Figure 2.5 CRISPR/Cas9 mechanism. Figure taken from (333). HNH and RuvC are distinct nuclease 

domains. 

 

In this work, CRISPR/Cas technique was used to knock out one specific gene - the 

5-lipoxygenase - to investigate the function of the said gene but this technique can have 

a variety of different applications. CRISPR/Cas technology simplifies the modulation of 

cellular models as well as transgenic animal models for research purposes and by this, is 

a major intensifier for fundamental research in genetic diseases (334). In biological 

approaches, it can be used to enhance, accelerate and facilitate yields of food production 

or extraction of biological materials for all kinds of purposes addressing some of the 

biggest current challenges of mankind (335) (336). While drug development is already one 

of the multiple fields of application, a promising perspective orientation is an application 

as a therapeutic treatment for genetic disorders (337).  



Previous work and aim of the study 

23 
 

3 Previous work and aim of the study 

 

3.1 5-LO activity in HCT-116, HT-29, and U-2 OS cells is impaired even 

though the complete LT biosynthesis machinery is expressed 
 

Previous work of our group evaluated the expression of 5-LO in solid tumour cell lines 

from different origins. Here, the two colorectal cancer cell lines HCT-116 and HT-29, as 

well as the osteosarcoma cell line U-2 OS and the pancreatic cell line Capan-2 all showed 

expression of 5-LO even though healthy tissue samples of the same origin do not express 

any 5-LO enzyme (338). 

 

Figure 3.1 5-LO expression in tumour cell lines derived from solid malignancies. Capan-2 and 

Panc-1: pancreatic carcinoma, HT-29, CaCo-2, HCT-116, and SW1222: colon carcinoma, HepG2: 

hepatocellular carcinoma, HeLa: cervix carcinoma, LNCaP, and DU-145: prostate carcinoma, A549: 

alveolar carcinoma, U-2 OS: osteosarcoma, A498: kidney carcinoma. One representative blot from 

three individual experiments is shown. 
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During her bachelor's and following master’s thesis, Tamara Göbel adopted this topic and 

investigated the expression of the whole leukotriene synthesis machinery. Besides 5-LO, 

all other enzymes and proteins needed for the biosynthesis of leukotrienes were 

expressed which was confirmed either at mRNA or at protein level.  

 

Figure 3.2 Analysis of the leukotriene machinery. (A) mRNA expression of ALOX5 and LTC4-

synthase (LTC4S) in HCT-116, HT-29, U-2 OS, and Capan-2 cells. (B) Protein expression of 5-LO, FLAP, 

cPLA2, and LTA4-hydrolase in the four cell lines. One representative gel, respectively blot, from three 

individual experiments is shown. 
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Since the presence of all enzymes necessary for LT formation was assured, the actual 

activity of the LT cascade was measured. Intact cells, cell homogenates, and 100,000 x g 

supernatants were used and 5-HETE and LTB4 were quantified. For all four cell lines, lipid 

mediator production was the lowest in stimulated intact cells, while cell homogenates 

and moreover using the 100,000 x g supernatants led to higher amounts of formed lipid 

mediators. Except for Capan-2 cells, LTB4 could hardly be measured in any cellular state. 

5-HETE production was rather low in intact cells but could be increased by disrupting cell 

integrity. As a reference, polymorph nuclear leukocytes (PMNL) were used as they are 

known to possess a strong 5-LO activity. In those, disruption of the cells led to no increase 

in the enzymatic activity. 

 
Figure 3.3 Lipid mediator formation in solid tumour cell lines. Comparison of LTB4 and 5-HETE 

formation in intact cells, cell homogenates, and 100,000 x g supernatants (S100) of human PMNL, 

HT-29, HCT-116, U-2 OS, and Capan-2 cells. The cells were incubated in PGC buffer supplemented 

with 20 µM AA and 1 mM Ca2+. For the formation of 5-LO products, the intact cells were stimulated 

with Ca2+ ionophore (A23187, 2.5 μM). The broken cell preparations received 1 mM ATP instead. 

The samples were then incubated for 10 minutes at 37 °C and lipid mediator formation was 

analysed by LC/MS-MS. The values represent the mean + SD of 3-11 independent experiments. 

Intact: intact cells, hom: cell homogenates, S100: 100,000 x g supernatants. 
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As it is known that cellular localization is a potent regulator of the 5-LO activity, 

immunostainings of 5-LO were prepared and examined via confocal microscopy. In the 

two colorectal cancer cell lines HT-29 and HCT-116, 5-LO was almost exclusively located 

in the cytosolic compartment while U-2 OS and Capan-2 cells showed a completely even 

distribution of 5-LO between cytosolic and nuclear compartments. 

 
Figure 3.4 Cellular localisation of 5-LO in 5-LO expressing tumour cells. Immunostaining and 

confocal microscopy analysis of cellular localization of 5-LO and FLAP in HT-29, HCT-116, U-2 OS, 

and Capan-2 cells. DAPI was used for nuclear staining. Images were acquired by a Leica TCS-SP5 

confocal microscope (Leica, Wetzlar, Germany) and elaborated using LAS X software (Leica, 

Wetzlar, Germany). One representative picture from three individual experiments is shown. 
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3.2 Aim of this study 

All in all, it was shown that all chosen solid tumour cell lines express the complete 

leukotriene cascade but produce only small amounts of lipid mediators. 

Since decent levels of 5-LO protein are expressed in all investigated tumour cell lines, 

these findings lead to the assumption, that 5-LO expression provides some benefit for 

those tumour cells. As only small amounts of the lipid mediators are measured, this 

beneficial function is most probably independent or at least partly independent from the 

formation of such lipids. Until now, little is known about the functional consequences of 

5-LO expression in solid tumour cells. All conducted studies so far used different 

knockdown techniques to investigate functions of 5-LO in tumour cells, but all commonly 

used knockdown technologies share the disadvantage of a small leftover enzyme 

expression that could be enough for at least non-canonical functions of 5-LO.  

Therefore, this study aimed to: 

➢ Generate different 5-LO expressing cell lines carrying a complete genomic 

knockout of 5-LO 

➢ Verify the knockout on DNA and protein level  

➢ Investigate differential gene expression induced by the knockout of 5-LO  

➢ Examine functional consequences in the cell lines caused by altered gene 

expression or other mechanisms mediated by the 5-LO knockout 
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4 Materials and methods 

 

The following chemicals were used for this work. 

Table 4.1 Chemicals 

Chemicals Supplier 

1,4-Diazabicyclo[2.2.2]octan (DABCO) Carl Roth, Karlsruhe, Germany 
2-Propanol VWR International, Radnor, USA 
5-Fluorouracil (5-FU) Sigma-Aldrich, St. Louis, USA 

Acetic acid 
PanReac AppliChem ITW Reagents, 
Darmstadt, Germany 

Acrylamide 4K solution, (30%) Mix 
37.5:1 

PanReac AppliChem ITW Reagents, 
Darmstadt, Germany 

Actinomycin D (ActD) Sigma-Aldrich, St. Louis, USA 
APS (Ammonium peroxydisulfate) Carl Roth®, Karlsruhe, Germany 
Bromophenol blue Merck KGaA®, Darmstadt, Deutschland 
BSA (Bovine Serum Albumin) Sigma-Aldrich, St. Louis, USA 

Chloroform 
PanReac AppliChem ITW Reagents, 
Darmstadt, Germany 

Crystal violet Merck KGaA®, Darmstadt, Deutschland 
4',6-Diamidino-2-phenylindol (DAPI) Sigma-Aldrich, St. Louis, USA 

Dimethylsulfoxide (DMSO) 
PanReac AppliChem ITW Reagents, 
Darmstadt, Germany 

Ethanol (EtOH) ROTIPURAN® Carl Roth®, Karlsruhe, Germany 
Ethylenediaminetetraacetic acid (EDTA) Merck KGaA®, Darmstadt, Deutschland 
Etoposide (Eto) Sigma-Aldrich, St. Louis, USA 

Glycerol 
PanReac AppliChem ITW Reagents, 
Darmstadt, Germany 

Glycine 
PanReac AppliChem ITW Reagents, 
Darmstadt, Germany 

HCl (Hydrochloric acid)   VWR International, Radnor, USA 
Methanol (MeOH) VWR International, Radnor, USA 
Mowiol® 4-88 Carl Roth, Karlsruhe, Germany 
N,N,N’,N’-Tetramethylethylenediamine 
(TEMED) 

PanReac AppliChem ITW Reagents, 
Darmstadt, Germany 

NaOH (Sodium hydroxide) pellets VWR International, Radnor, USA 

NP-40 (IPEGAL CA-630) 
PanReac AppliChem ITW Reagents, 
Darmstadt, Germany 

Paraformaldehyde (PFA) Sigma-Aldrich, St. Louis, USA 
Ponceau S Merck KGaA®, Darmstadt, Deutschland 
Propidium iodide (PI) Sigma-Aldrich, St. Louis, USA 

Puromycin 
Enzo Life Sciences GmbH, Lörrach, 
Germany 

Sodium acetate (NaAc) Carl Roth®, Karlsruhe, Germany 

Sodium chloride (NaCl) 
PanReac AppliChem ITW Reagents, 
Darmstadt, Germany 
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Sodium dodecyl sulfate (SDS) 
PanReac AppliChem ITW Reagents, 
Darmstadt, Germany 

Tris-HCl 
PanReac AppliChem ITW Reagents, 
Darmstadt, Germany 

Triton® X-100 
PanReac AppliChem ITW Reagents, 
Darmstadt, Germany 

Trypan blue 
gibco©by life technologies™, Thermo 
Fisher 
Scientific Waltham, USA 

Tween® 20 
PanReac AppliChem ITW Reagents, 
Darmstadt, Germany 

UltraPure™ Agarose Thermo Scientific™, Waltham, USA 
UltraPure™ Distilled Water Thermo Scientific™, Waltham, USA 
β-Mercaptoethanol Sigma-Aldrich, St. Louis, USA 

 

The following devices, equipment, and instruments were used for this work. 

Table 4.2 Devices, equipment, and instruments 

Device Manufacturer 

Bürker counting chamber 
Paul Marienfeld GmbH & Co.KG, Lauda-
Königshofen, Germany 

Centrifuge 5424 R Eppendorf AG, Hamburg, Germany 
CO2 Incubators, CB 210 E3 BINDER GmbH, Tuttlingen, Germany 

FACSDiva™ flow cytometer BD™ Biosciences, Franklin Lakes, USA 

FACSVerse™ flow cytometer BD™ Biosciences, Franklin Lakes, USA 
FCAP Array™ Software (version 3.0) BD™ Biosciences, Franklin Lakes, USA 
FlowJo software (version 10) BD™ Biosciences, Franklin Lakes, USA 
GraphPad Prism (version 8.00) GraphPad Software, San Diego, USA 
HERAEUS LaminAir® HB 2448 Thermo Scientific, Waltham, USA 
Heraeus Multifuge X3 FR Thermo Scientific, Waltham, USA 
HERAsafe™ HS 18 Thermo Scientific, Waltham, USA 
i-control™ software for Tecan readers Tecan Trading AG, Männedorf, Switzerland 

Illumina NextSeq 2000 Sequencing 
System 

Illumina Inc., San Diego, USA 

LAS X software Leica, Wetzlar, Germany 

Leica TCS-SP5 confocal microscope Leica, Wetzlar, Germany 

MicroAmp fast 96-well reaction plates Applied Biosystems™, Forster City, USA 
MIDI 1 Electrophoresis Unit Carl Roth GmbH & Co. KG, Karlsruhe, 

Germany 
Mini Trans-Blot® Electrophoretic 
Transfer Cell 

BIO-RAD, Hercules, USA 

Mini-PROTEAN Tetra Cell BIO-RAD, Hercules, USA 

NanoDrop™ 2000 spectrophotometer Thermo Scientific, Waltham, USA 

Odyssey® 9120 Infrared Imaging System LI-COR Biosciences, Bad Homburg, 
Germany 

Odyssey® nitrocellulose membranes LI-COR Biosciences, Bad Homburg, 
Germany 

PeqSTAR 96 Universal Gradient Peqlab Biotechnologie GmbH, Erlangen, 
Germany 
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Power PAC 300 BIO-RAD, Hercules, USA 
PowerPac Basic Power Supply BIO-RAD, Hercules, USA 

QuantSeq Bluebee data platform Lexogen GmbH, Vienna, Austria 
Qubit 4 Fluorometer Thermo Scientific, Waltham, USA 

Sanger sequencing Microsynth AG Balgach, Switzerland 

Sigma 3K30 Sigma Laborzentrifugen GmbH, Osterode, 
Germany 

Sonoplus HD 200, sonotrode MS72 BANDELIN electronic GmbH & Co. KG, 
Berlin, Germany 

StepOnePlus™ Real-Time PCR System Applied Biosystems, Foster City, USA 

Tecan infinite® M200 plate reader Tecan Trading AG, Männedorf, Switzerland 

Trans-Blot® Turbo™ Transfer 

System #1704150 

BIO-RAD, Hercules, USA 

Varifuge 3.0RS Heraeus Holding GmbH, Hanau, Germany 
Vortex-Genie® 2 Scientific Industries Inc., Bohemia, USA 
Zeiss Axio Vert.A1 microscope Carl Zeiss AG, Oberkochen, Germany 
Zeiss LSM 780 Carl Zeiss AG, Oberkochen, Germany 
Zen black software (version 2.0) Carl Zeiss AG, Oberkochen, Germany 
Zen blue software (version 2.6) Carl Zeiss AG, Oberkochen, Germany 

 

The following kits and reagents were used for this work. 

Table 4.3 Kits and reagents 

Kit/Reagent Manufacturer 

10x Annexin V binding buffer BD™ Biosciences, Franklin Lakes, USA 
Agilent High Sensitivity DNA Kit Agilent Technologies Inc., Santa Clara, USA 
Agilent RNA 6000 Nano Kit Agilent Technologies Inc., Santa Clara, USA 
Annexin V – (FITC/APC) BD™ Biosciences, Franklin Lakes, USA 
BD FACSFlow™ BD™ Biosciences, Franklin Lakes, USA 
CBA Human Fractalkine Flex Set BD™ Biosciences, Franklin Lakes, USA 
CBA Human MCP-1 Flex Set BD™ Biosciences, Franklin Lakes, USA 
Calcein-AM Merck KGaA®, Darmstadt, Deutschland 
Cell proliferation reagent WST-1 Sigma-Aldrich, St. Louis Missouri, USA 
CellTiter-Glo® 3D Cell Viability Assay Promega Corporation, Madison, USA 
cOmplete™ Mini, EDTA-free Protease 
Inhibitor Cocktail 

Roche Diagnostik GmbH, Mannheim, 
Germany 

DNase I, RNase-free 
Thermo Scientific™, Waltham 
Massachusetts, USA 

DuoSet ELISA Ancillary Reagent Kit 2  R&D Systems Inc., Minneapolis, USA 
EveryBlot blocking buffer BIO-RAD, Hercules, USA 

Fc blocking reagent 
Miltenyi Biotec B.V. & Co. KG, Bergisch 
Gladbach, Germany  

Gel Loading Dye, Purple (6X) 
New England BioLabsRInc., Ipswich 
Massachusetts, USA 

GeneRuler 100 bp DNA Ladder 
Thermo Scientific™, Waltham 
Massachusetts, USA 

High-capacity RNA-to-cDNA™ Kit 
Thermo Scientific™, Waltham 
Massachusetts, USA 

Human PDGF-AA DuoSet ELISA  R&D Systems Inc., Minneapolis, USA 
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Human Soluble Protein Master Buffer 
Kit 

BD™ Biosciences, Franklin Lakes, USA 

Lipofectamine LTX with Plus Reagent 
Thermo Scientific™, Waltham 
Massachusetts, USA 

Matrigel® Corning Incorporated, New York, USA 

PageRuler™ Prestained Protein Ladder 
Thermo Scientific™, Waltham 
Massachusetts, USA 

PhosSTOP™, Phosphatase Inhibitor 
Cocktail 

Roche Diagnostik GmbH, Mannheim, 
Germany 

Phusion® High-Fidelity DNA polymerase New England Biolabs, Ipswich, USA 

Pierce™ BCA Protein Assay Kit 
Thermo Scientific™, Waltham 
Massachusetts, USA 

PowerUP SYBR Green mix 
Thermo Scientific™, Waltham 
Massachusetts, USA 

QuantSeq 3’mRNA-Seq Library Prep Kit 
FWD for Illumina 

Lexogen GmbH, Vienna, Austria 

RiboRuler High Range RNA Ladder 
Thermo Scientific™, Waltham 
Massachusetts, USA 

RNase A, DNase and protease-free (10 
mg/mL) 

Thermo Scientific™, Waltham 
Massachusetts, USA 

RNeasy Plus Kit Qiagen Inc., Germantown, USA 
RSB buffer  Illumina Inc., San Diego, USA 

TGF beta-2 Human ELISA Kit 
Thermo Scientific™, Waltham 
Massachusetts, USA 

Trans-Blot Turbo RTA Mini 0.2 µm 
Nitrocellulose Transfer Kit, for 40 
blots #1704270 

BIO-RAD, Hercules, USA 

TRIzol™ Reagent Invitrogen™, Carlsbad, USA 
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4.1 Cell culture 
 

4.1.1 Cell culture material 

 
 

The following media and reagents were used for cell culture work. 

Table 4.4 Cell culture media and chemicals 

Media and Reagents Supplier 

DMEM, no phenol red 

gibco© by life technologies™, Thermo 
Fisher Scientific, Waltham, USA 
 

DMEM, powder, high glucose, pyruvate 
Dulbecco’s Phosphate-Buffered Saline 
(PBS) 
Dulbecco's Modified Eagle Medium 
(DMEM) 
Fetal bovine serum (FBS) 
Fetal bovine serum (FBS) Capricorn Scientific GmbH, Ebsdorfergrund, 

Germany 
McCoy's 5A (Modified) Medium 

gibco© by life technologies™, Thermo 
Fisher Scientific, Waltham, USA 
 

Opti-MEM™ Reduced Serum Medium 
Penicillin-Streptomycin (10,000 U/mL)  
Sodium Pyruvate (100 mM) 
StemPro™ Accutase™ Cell Dissociation 
Reagent 
Trypsin/EDTA Solution (TE), 0.5% (10x) 

 

The following material was used for cell culture work. 

Table 4.5 Cell culture material  

Cell culture material Supplier 

8-well Nunc™ Lab-Tek™ II CC2™ Chamber 
Slide System 

Thermo Scientific™, Waltham 
Massachusetts, USA 

96-Well black bottom plate 
Thermo Scientific™, Waltham 
Massachusetts, USA 

Bio-One ThinCert™ Tissue Culture 

Greiner Bio-One International GmbH, 
Kremsmünster, Austria 
 

CELLSTAR® Cell culture flasks 250 mL, 75 
cm2 
CELLSTAR® Cell culture flasks 50 mL, 25 
cm2 
CELLSTAR® Cell culture flasks 650 mL, 175 
cm2 
CELLSTAR® Multiwell plates 12-well 
CELLSTAR® Multiwell plates 24-well 
CELLSTAR® Multiwell plates 6-well 
CELLSTAR® Multiwell plates 96-well 
CELLSTAR® Reaction tubes 15 mL blue  
CELLSTAR® Reaction tubes 50 mL blue 
Cell strainer EASYSTRAINER KLEIN, 20 µm 
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Corning 96-well Spheroid Microplates  

Corning Incorporated, New York, USA 
Costar® Stripette® 10 mL 
Costar® Stripette® 25 mL 
Costar® Stripette® 5 mL 
Costar® Stripette® 50 mL 

Coverslips 
Thermo Scientific™, Waltham 
Massachusetts, USA 

Culture-insert 2-well system for 24-well 
plates 

ibidi GmbH, Gräfelfing; Germany 

FACS tubes ratiolab GmbH, Dreieich, Germany 

Microcentrifuge tube 1,5 mL 
nerbe plus GmbH & Co. KG, 
Winsen/Luhe, Germany 

Reaction tubes 2 mL 
Greiner Bio-One International GmbH, 
Kremsmünster, Austria 

Universal Fit Pipet Tips 10, 100, 1000 µL Corning Incorporated, New York, USA 

 

4.1.2 Cell lines 

 

All cell lines used were human adherent cell lines derived from different solid tumours 

and obtained from DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen) 

or ATCC (American Type Culture Collection; U-2 OS). They were cultured at 37°C in a 

humidified 5% CO2 atmosphere and split twice a week. Splitting and seeding were 

performed under a laminar flow hood. 

Table 4.6 Cell lines 

Cell line Tissue Tumour type Cell culture medium 

HT-29 Colon Adenocarcinoma McCoy's 5A (Modified) Medium 
supplemented with 10% (v/v) fetal bovine 
serum, 100 µg/mL penicillin-streptomycin, 
and 1 mM sodium pyruvate 

HCT-116 Colon Carcinoma Dulbecco's Modified Eagle Medium 
(DMEM) supplemented with 10% (v/v) 
fetal bovine serum, 100 µg/mL penicillin-
streptomycin, and 1 mM sodium pyruvate 

U-2 OS Bone Osteosarcoma Dulbecco's Modified Eagle Medium 
(DMEM) supplemented with 10% (v/v) 
fetal bovine serum, 100 µg/mL penicillin-
streptomycin, and 1 mM sodium pyruvate 

Capan-2 Pancreas Adenocarcinoma McCoy's 5A (Modified) Medium 
supplemented with 10% (v/v) fetal bovine 
serum, 100 µg/mL penicillin-streptomycin, 
and 1 mM sodium pyruvate 

HeLa Cervix Adenocarcinoma Dulbecco's Modified Eagle Medium 
(DMEM) supplemented with 10% (v/v) 
fetal bovine serum, 100 µg/mL penicillin-
streptomycin, and 1 mM sodium pyruvate 
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4.2 Generation of 5-LO knockout cells 
 

 

Figure 4.1 Schematic display of the generation and validation of the 5-LO knockout cells. 

 

4.2.1 Transfection 

 

To perform the 5-LO knockout, cells were transiently transfected using Lipofectamine LTX 

with Plus Reagent with two different CRISPR/Cas-plasmids (pLentiCRISPRv2-5LO-1 and -2, 

Addgene plasmid #52961, Figure 4.2) carrying a gRNA sequence directed to exon 2 

(sequence on target: TGGATCACCGGCGATGTCGAGG) or exon 6 (sequence on target: 

GTGTTGATCCGGCGCTGCAC) of the ALOX5 gene and a Puromycin resistance provided by 

Dr. Duran Sürün (Technical University Dresden). An empty vector control plasmid missing 

the gRNA sequence (pLentiCRISPRv2-NTC1) was used to generate control cells for all 

experiments. 

All three cell lines were seeded in 6-well plates (HCT-116: 6.25*105 cells/well, HT-29: 

7.5*105 cells/well, 6.7*105 cells/well). After 24 hours of adhesion, 3.75 µg/well plasmid 

DNA was added to the plus reagent in Opti-MEM™ Reduced Serum Medium, mixed with 

equal amounts of LTX reagent in Opti-MEM™, and left for 30 minutes. Cells were washed 

twice with the medium and incubated with the DNA/LTX-mix suspended in Opti-MEM™ 

for 6 hours at 37°C, 5% CO2 in a humidified atmosphere. The DNA/LTX mix was discarded 

and complete growth medium without antibiotics was added. After 24 hours medium was 

renewed again and cells were kept for another 48 hours at 37°C, 5% CO2 in a humidified 

atmosphere.  
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Figure 4.2 Plasmid map of pLentiCRISPRv2-5LO-1. 

 

4.2.2 Puromycin selection and limiting dilution 

 

72 hours after transfection, Puromycin (HT-29: 2 µg/mL, HCT-116, U-2 OS: 10 µg/mL) was 

added to eliminate all cells not carrying the plasmids. As a control untransfected cells were 

seeded and treated with Puromycin in the same manner. After 72 hours of incubation at 

37°C, 5% CO2 in a humidified atmosphere supernatants were discarded, cells were washed 

twice with PBS, detached using TE, and counted. Subsequently, cells were diluted in 

complete growth medium to receive a suspension containing 1200 cells/mL. In a second 

dilution step, 200 µL of the cell suspension were further diluted in 12 mL medium, 

resulting in statistically 2 cells in each 100 µL of the suspension. Cells were seeded in a 

96-well plate (100 µL/well) and left for 3 weeks at 37°C, 5% CO2 in a humidified 

atmosphere. Cells carrying the control vector were used as mixed clones and no further 

dilution and selection were performed. 
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4.2.3 Single clone picking 

 

Plates were examined and all wells only containing one colony were chosen for further 

procedure. The medium was discarded, cells were washed twice with PBS and 100 µL 

StemPro™ Accutase™ was added to detach the single clones. Single-cell clones were 

transferred to one well of a 24-well plate and incubated at 37°C, 5% CO2 in a humidified 

atmosphere. Cultures were further expanded until cells were ready for analysis. 

 

4.2.4 Characterisation of 5-LO knockout on protein level  

 

4.2.4.1 Preparation of cell lysates 

 

Cells were detached using TE, centrifuged (2,000 x g, 5 min, 4°C), and washed twice using 

ice-cold PBS. After each washing step the cell suspensions were centrifuged (2,000 x g, 

5 min, 4°C) and the supernatants were discarded. Finally, the cell pellets were 

resuspended in lysis buffer (composition see Table 4.7) containing protease and 

phosphatase inhibitors (cOmplete™ Mini, EDTA-free Protease Inhibitor Cocktail, 

PhosSTOP™, Phosphatase Inhibitor Cocktail) and incubated for 15 minutes on ice. Next, 

the lysates were frozen at -20°C, quickly thawed, and homogenized using ultrasonication 

(10% pulse, 3 times for 10 sec). Homogenates were centrifuged (10,000 x g, 10 min, 4°C) 

to remove the debris, supernatants were transferred to new tubes and protein 

concentrations were determined. 

 Table 4.7 Composition of cell lysis buffer 

Lysis Buffer 

Tris-HCl (pH 7.4) 20 mM 
NaCl 150 mM 
EDTA 2 mM 
Triton-X 100 1% 
NP-40 0.5% 
Water ad 100 mL 

 

 

4.2.4.2 Determination of protein concentrations 

 

Protein concentrations were determined using the bicinchoninic acid (BCA) method 

employing the Pierce BCA Assay Kit. For this purpose, cell lysates were diluted at 1:10, the 

assay was conducted according to the manufacturer’s protocol and absorbance was 
measured at 562 nm using a Tecan M200 plate reader. 
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4.2.4.3 SDS-PAGE and Western blotting 

 

For SDS-PAGE, 10% polyacrylamide gels were used (composition see Table 4.8). Protein 

lysates were diluted with water to a final concentration of 1-3 µg/µL, mixed with 

5x loading buffer (table 4.9, plus 10% β-mercaptoethanol), and incubated for 5 minutes 

at 96°C.  

22 µL of the samples were loaded in the gel pockets and proteins were separated by 

electrophoresis in SDS running buffer (composition see Table 4.9, 10 min, 80 V followed 

by 80-95 min, 130 V). For size determination 1 μl of PageRuler™ Prestained Protein ladder 

was used, and recombinant 5-LO served as a positive control. Afterwards, the separated 

proteins were blotted onto nitrocellulose membranes in transfer buffer (Table 4.10; 

225 mA, 80 min).  

To prevent unspecific antibody binding membranes were incubated in blocking buffer for 

1 hour at room temperature and afterwards incubated with the respective antibodies 

(Table 4.11). Antibodies were diluted in blocking buffer and membranes were incubated 

overnight at 4°C or 3 hours at room temperature. Following that, membranes were 

washed three times with TBS/Tween (0.1%) and one time using pure TBS (Table 4.12). 

Secondary antibodies were diluted in blocking buffer and membranes were incubated for 

one hour at room temperature under light protection. After incubation membranes were 

washed three times with TBS/Tween (0.1%) and once with TBS. Scanning was performed 

with an Odyssey Infrared Imaging System. 

Table 4.8 Composition of 10% SDS-gel 

10% SDS-gel 

Running gel (10%) Stacking gel (4%) 

30% AA/Bis-AA (37.5:1) 333.36 µL 30% AA/Bis-AA 
(37.5:1) 

133.39 µL 

Tris-HCl (pH 8.8) 253.29 µL Tris-HCl (pH 6.8) 252.03 µL 
SDS 10% (v/v) 10 µL SDS 10% (v/v) 10 µL 
TEMED 1.14 µL TEMED 1.5 µL 
APS 10.29 µL APS 6 µL 
Water ad 1000 µL Water  ad 1000 µL 

 

Table 4.9 Composition of loading buffer and SDS running buffer 

5x loading buffer 

Tris-HCl (pH 6.8) 250 mM 
EDTA 5 mM 
Glycerol 50% (v/v) 
SDS 10% (w/v) 
Bromophenol blue 0.05% (w/v) 
Water ad 100 mL 

 

 

 

SDS running buffer 

Tris-HCl 25 mM 
Glycine 192 mM 
SDS 3.5 mM 
Water ad 1000 mL 
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Table 4.10 Composition of transfer buffer 

Transfer buffer 

Tris-HCl 24.8 mM 
Glycine 192 mM 
Methanol 20% (v/v) 
Water ad 1000 mL 

 

Table 4.11 List of antibodies 

Antigen Company Clonality Species Dilution 

5-Lipoxygenase  
(66326-1-lg) 

Proteintech, Manchester, 
United Kingdom 

monoclonal mouse 1:2000 

5-Lipoxygenase  
(ab169755) 

Abcam, Cambridge, 
United Kingdom 

monoclonal rabbit 1:1000 

5-Lipoxygenase 
(160402) 

Cayman Chemical, Ann 
Arbor, USA 

polyclonal rabbit 1:1000 

5-Lipoxygenase  
(610695) 

Becton Dickinson BD 
Biosciences, Franklin 
Lakes, USA 

monoclonal mouse 1:1000 

β-actin 
 (I-19, sc-1616) 

Santa Cruz Biotechnology, 
Dallas, USA 

polyclonal goat 1:5000 

β-actin  
(C-2, sc-8432) 

Santa Cruz Biotechnology, 
Dallas, USA 

monoclonal mouse 1:2000 

IRDye 800CW  
anti-rabbit 

LI-COR Biosciences, 
Lincoln, USA 

 donkey 1:15000 

IRDye 800CW  
anti-mouse 

LI-COR Biosciences, 
Lincoln, USA 

 donkey 1:15000 

IRDye 680 LT  
anti-mouse  

LI-COR Biosciences, 
Lincoln, USA 

 donkey 1:15000 

IRDye 680 LT  
anti-goat 

LI-COR Biosciences, 
Lincoln, USA 

 donkey 1:15000 

 

Table 4.12 Composition of TBS buffer 

TBS buffer 

Tris-HCl (pH 7.4) 50 mM 
NaCl 100 mM 
Water ad 1000 mL 

 

 

4.2.5 Characterisation of 5-LO knockout on DNA level 

 

4.2.5.1 DNA isolation and sequencing 

 

Complete knockout of the ALOX5 gene on all two, respectively three, alleles was assured 

by sequencing of genomic DNA. Therefore, cells were detached using TE, counted, and 

107 cells were centrifuged, the supernatant was discarded, and cells were resuspended in 
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1 mL of TRIzol reagent. Subsequently, DNA was isolated according to the manufacturer’s 
protocol, and parts of exon 2 or exon 6 of the ALOX5 gene (depending on the CRISPR/Cas 

guide RNA used) were amplified using polymerase chain reaction (PCR) technique 

(primers see Table 4.13, composition and program see Table 4.14). The resulting PCR 

products were purified, and DNA sequences were analysed by Sanger sequencing using 

the respective forward primers. 

Table 4.13 Primers for validation of genomic knockout of 5-LO 

  
Binding 

site 
sequence Tm[°C] manufacturer 

HW_001 fwd exon 6 GGCCAGCTCAGGTATGATGA 59.4 

Eurofins 
Genomics 
GmbH, 
Ebersberg, 
Germany 

HW_002 rev exon 6 CTGCAGTTAGCGTCTTGGTG 59.4 
HW_3 fwd exon 2 ACAAAGGCTCAGGAGACCAC 59.4 
HW_4 rev exon 2 GAACTTTCGGTTCTTGGGAAGC 60.3 
HW_5 fwd exon 2 CATTGTGGGGATCCACTGTCA 59.8 
HW_6 rev exon 2 AGGAGAACAGGCAATCAGGC 59.4 
HW_7 fwd exon 2 GGTCGTAGCACTGAGCCTTG 61.4 
HW_8 rev exon 2 TACAGTGCTTTGAGGACAGGAA 58.4 

 

Table 4.14 Composition of PCR mix and PCR program for validation of genomic knockout of 5-LO 

PCR Mix 

dNTP mix (10 mM) 1 µL 
Template gDNA 0.25 µg 
Forward primer 2.5 µL 
Reverse primer 2.5 µL 
5x Phusion buffer 10 µL 
Phusion polymerase 0.5 µL 
Water ad 50 µL 

 

4.3 RNA sequencing 
 

RNA sequencing was performed with the kind help of Marius Kreiß (our group) and Silvia 

Rösser from the group of Dr. Tobias Schmid at the department of Patho Biochemistry, 

University Hospital Frankfurt. 

 

4.3.1 RNA isolation 

 

As RNA with excellent quality is required for RNA sequencing, total RNA from 5*106 cells 

per cell line was isolated with the RNeasy Plus Kit from Qiagen according to the 

manufacturer’s manual. This kit also supplies additional columns for gDNA separation, so 
it is not required to enzymatically deplete DNA. Concentration of RNA samples was 

determined using a NANODROP2000 spectrophotometer. RNA was stored at -20°C until 

further use. 

PCR program 

98°C 30 sec  

35 
cycles: 

98°C 10 sec 

 69°C 15 sec 
 72°C 30 sec 
72°C 5 min  
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4.3.2 RNA quality control 

 

RNA samples were diluted to a concentration of 200 ng/µL and quality control was 

performed on the Agilent 2100 bioanalyzer using the Agilent RNA 6000 Nano Kit according 

to the manufacturer’s protocol.  

 

4.3.3 Library preparation and amplification 

 

To generate an Illumina compatible library of sequences close to the 3’-end of 

polyadenylated RNA, RNA samples were diluted to a concentration of 100 ng/µL and 

library preparation was performed with the QuantSeq 3’mRNA-Seq Library Prep Kit FWD 

for Illumina by Lexogen according to the manufacturer's protocol.  

The optimal number of PCR cycles for the end-point PCR during the library amplification 

was determined by RT-qPCR. Therefore, a real-time qPCR master mix was added to all 

RNA samples, and 35 cycles of PCR with the subsequent program were executed (Table 

4.15, primers see Table 4.16). To calculate the optimal number of cycles, the number of 

cycles to receive 50% of the maximum signal was determined and √3 cycles were 

subtracted as the 10-fold amount of RNA would be used for the end-point PCR. Library 

amplification was now performed as prescribed in the QuantSeq user’s manual. 

 

Table 4.15 Composition of real-time qPCR mix and qPCR program for determination of optimal 

cycle number 

 

 

 

 

 

Table 4.16 Primers for Qantseq library generation 

 sequence manufacturer 

MK_LexLib_qPCR_fwd ACACGACGCTCTTCCGATCT Eurofins Genomics GmbH, 
Ebersberg, Germany MK_LexLib_qPCR_rev AGACGTGTGCTCTTCCGATCT 

 

 

 

 

Real-time qPCR mix 

PowerUP SYBR Green 10 µL 

Fwd primer 0.06 µL 

Rev primer 0.06 µL 

Water 8.75 µL 

cDNA 1.13 µL 

Real-time qPCR program 

98°C 30 sec  

35 cycles: 98°C 10 sec 

 65°C 20 sec 

 72°C 30 sec 

72°C 1 min  

 



Materials and methods 

42 
 

4.3.4 Library quality control  

 

Quality control of DNA library samples was performed again on the Agilent 2100 

bioanalyzer using the Agilent High Sensitivity DNA Kit according to the manufacturer’s 
protocol.  

4.3.5 RNA sequencing 

 

As an equimolar mixture of all DNA libraries was needed for RNA sequencing, in a first 

step DNA concentrations were measured with the Qubit fluorometer according to the 

‘Qubit 4 Fluorometer User Guide’. All libraries were mixed according to the average library 
size and concentration and diluted with RSB buffer (Illumina) to a final concentration of 

750 pM. 20 µL of this library mix sample were loaded to the Illumina NextSeq 2000 

Sequencing System. 10 cycles for each index sequence and 50 cycles for the actual RNA 

sequencing were passed. 

Analysis was performed with the help of the QuantSeq Bluebee data platform as well as 

the RSem platform. All genes yielding a log2-fold change higher than 1 and an adjusted 

p-value smaller than 0.05 were regarded as differentially expressed. Raw data are 

available under NCBI Sequence Read Archive (accession numbers GSE197947, link 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE197947). 

 

4.4 RNA isolation and real-time qPCR 
 

On behalf of generating samples for real-time PCR, 106 cells were lysed in 1 mL TRIzol 

reagent, and RNA was isolated according to the manufacturer’s protocol. In the last step, 
RNA was resuspended in 50 µL of ultrapure water and RNA concentration was determined 

using a NANODROP2000 spectrophotometer. 

 

4.4.1 RNA integrity 

 

To ensure RNA integrity has been maintained, 1 µg of RNA was transferred to a reaction 

tube and RNase-free water was added to receive a total volume of 2 µL. Next, 2 µL of 

RiboRuler loading dye were added and the samples were incubated for 10 minutes at 

70°C. Samples then were loaded on a 1% agarose gel containing ethidium bromide and 

separated for 45 minutes at 100 V. RNA integrity was assured by the presence of two 

distinct bands for the 18S and 28S ribosomal subunit. 

 

 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE197947
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4.4.2 DNA depletion 

 

To remove all remaining genomic DNA, 2 µg of the RNA samples were transferred to a 

reaction tube and 1 µL 10x reaction buffer with MgCl2 for DNAseI as well as 2 µL DNAseI 

were added, and the mixture was filled with water to receive a total volume of 10 µL. All 

samples were vortexed and incubated at 37°C for 30 minutes followed by the addition of 

1 µL EDTA (50 mM) and another incubation for 10 minutes at 65°C. To precipitate the 

residing RNA, 1.1 µL 3 M NaAc and 55 µL 100% EtOH were added to the DNAseI digestion 

and stored overnight at -20°C. The precipitate was purified by centrifugation (12,000 x g, 

30 min, 4°C), a washing step with 500 µL ice-cold ethanol (70%), and another 

centrifugation (12,000 x g, 15 min, 4°C). Finally, the RNA pellet was resuspended in 50 µL 

ultrapure water and RNA concentration was measured with a NanoDrop 2000 

spectrophotometer. 

 

4.4.3 cDNA synthesis 

 

In a final step, mRNA was reverse transcribed to cDNA with the ‘high capacity RNA-to-

cDNA-Kit’. 2 µg purified RNA were mixed with 10 µL 2x RT buffer, 1 µL reverse 

transcriptase enzyme, and filled with water to a final volume of 20 µL. This mix was 

incubated at 37°C for 60 minutes followed by heat inactivation of the enzyme for 

5 minutes at 95°C.  

 

4.4.4 Real-time qPCR 

 

For further analysis, cDNA was diluted at 1:10 to yield a final concentration of 10 ng/µL. 

Real-time qPCR was performed in MicroAmp fast 96-well reaction plates on a 

StepOnePlus™ Real-Time PCR System with PowerUp SYBR green fluorescent dye, using 

specific primers for the different targets (composition and program see Table 4.17, 

primers see Table 4.18). Data were normalized to ACTB and the respective controls using 

the 2−ΔΔCT method. All samples were measured in technical triplicates per run. 

 

Table 4.17 Composition of real-time qPCR mix and RT-qPCR program  

Real-time qPCR mix 

PowerUP SYBR Green 5 µL 

Fwd primer 0.05 µL 

Rev primer 0.05 µL 

Water 3.9 µL 

cDNA (10 ng/µL) 1 µL 

 

 

Real-time qPCR program 

95°C 10 min  

40 cycles: 95°C 15 sec 

 60°C 1 min 
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Table 4.18 Primers used for real-time qPCR  

Gene 
GeneID 

(NCBI) 
Primer Sequence (5' → 3') fwd Primer Sequence (5' → 3') rev 

ABCC2 1244 CCCTGCTGTTCGATATACCAATC TCGAGAGAATCCAGAATAGGGAC 

ACKR3 57007 CTATGACACGCACTGCTACATC CTGCACGAGACTGACCACC 

ACTB 60 AGAGCTACGAGCTGCCTGAC AGCACTGTGTTGGCGTACAG 

ADGRG1 9289 GAGCCCTCAGAACATCAGCC AGAGGTCAGTTTCGACTCCAG 

ADGRL3 23284 TGAGTCCGACCACCAATCTG TCATACACTACAAATCCTGTGCC 

ADGRL4 64123 CTCAGTCCTGTGGCGAAAATG GGTTACTGCTGGATCTGAAGC 

ADIRF 10974 CAGGAAACCATCGACAAGACTG TCATTTCAGGAGGCCGAATTTTT 

AKAP12 9590 GAGATGGCTACTAAGTCAGCGG CAGTGGGTTGTGTTAGCTCTTC 

ALDH1L1 10840 AGATTGCAGTGATTGGACAGAG CCAAAGCCTGGTATTTTGCCA 

APOBEC3C 27350 CTTGGTTCTGCGACGACATAC TCCTGGTAACATGGATACTGGAA 

APOBEC3F 200316 TTTCTCGTCGGAATACCGTCT CAAAGGGGCTACTGAGCACTT 

APOBEC3G 60489 GCATCGTGACCAGGAGTATGA GTCAGGGTAACCTTCGGGT 

ANK3 288 GAAGATGCAATGACCGGGGA CTAAAGCCCATGTAACCCTCTG 

ARHGEF4 50649 ACCATCTTCGGGAACATCGAG CTGGAAGTCGGCTTGATGCT 

ARPC3 10094 GTGCAATTCCAAAAGCCAAGG GGCTCTCATCACTTCATCTTCC 

ASXL3 80816 AACACCCCAACTCACCAATGA CATTCAGACAGGCTAATGGAGAG 

ATP11C 286410 TGGAGAAGAGAAACGAGTTGGC GGGCTAGTTGGTGTGTCTACT 

BCL2A1 597 TACAGGCTGGCTCAGGACTAT CGCAACATTTTGTAGCACTCTG 

BHLHE41 79365 TTAACCGCCTTAACCGAGCAA AGTGGAACGCATCCAAGTCG 

BMPR1B 658 CTTTTGCGAAGTGCAGGAAAAT TGTTGACTGAGTCTTCTGGACAA 

BST2 684 CACACTGTGATGGCCCTAATG GTCCGCGATTCTCACGCTT 

C1orf198 84886 GTTCAGTATCTCCGCCCTATCC GGGTCAGCGACTGGAACTC 

CCL2 6347 CAGCCAGATGCAATCAATGCC TGGAATCCTGAACCCACTTCT 

CDH6 1004 AGAACTTACCGCTACTTCTTGC TGCCCACATACTGATAATCGGA 

CFI 3426 GGTGAGGTGGACTGCATTACA CCTCCCACAATTCGTTTCCTTC 

CHN1 1123 CCAACTTTATGTGGGGTCTCATT TTGACATGCTTCAAGTCTGGC 

CNN1 1264 CTGTCAGCCGAGGTTAAGAAC GAGGCCGTCCATGAAGTTGTT 

COL8A1 1295 GGGAGTGCTGCTTACCATTTC AGCGGCTTGATCCCATAGTAG 

COL20A1 57642 TGGTGATTCTGGTGACGGAC CACCCACAGCGAAGACGTT 

CPA4 51200 AGGTGGATACTGTTCATTGGGG TTGCTGATCTCGTCTCCATTTC 

CRAT 1384 GTACCACAGTGACGGGACAC CCGGTTCACCTTGTCTTTGAT 

CSAG1 158511 GAGACCAGGTGGACTGGAGTA TCTTGGGAACCTCTTTGGTGT 

CX3CL1 6376 ACCACGGTGTGACGAAATG TGTTGATAGTGGATGAGCAAAGC 

DDIT4 54541 TGAGGATGAACACTTGTGTGC CCAACTGGCTAGGCATCAGC 

DMKN 93099 CAGAGCGGAGAGGAAAGCAC GCCTCACTGACTTTAGAGCCAG 

DOCK4 9732 ATGTGGATACCTACGGAGCAC CCAATTTCCAATGACAGGCCATA 

DRAXIN 374946 CATTGCCCTACCCCGAGAAG CCCTGCGTCTCTTGTGCTC 

DSC2 1824 CCAATTCCTTGTTCGATGCTAGA GGCCGTGTCAGATTGAACC 

EDN2 1907 CGTCCTCATCTCATGCCCAAG AGGCCGTAAGGAGCTGTCT 

ETV1 2115 CTGAACCCTGTAACTCCTTTCC AGACATCTGGCGTTGGTACATA 

EVI2A 2123 GAAGCAATGGCGATTTTCTGG TTGCATCACTAGGTTGGGTCC 

FAP 2191 ATGAGCTTCCTCGTCCAATTCA AGACCACCAGAGAGCATATTTTG 

FAM78A 286336 AGCTCAGCATCGAGGTGAAC GTTGGCATTGGGCTTGACC 

FGD4 121512 TCTCATCAGTCGCTTTGAAGGA GGGTTCTAGGAGCATTTAGGTTC 

FMNL2 114793 CAGGGAGCATGGATTCGCAG TCAGGAGGTAGGTTCATAGCATT 

FOXA2 3170 GGAGCAGCTACTATGCAGAGC CGTGTTCATGCCGTTCATCC 
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GALM 130589 CCAGTTCTCGCGCATCAGT GCCATCCAGGGTGTATGTCA 

GPR132 29933 AAAACGGTTACAATGGAAACGC GAAGGACACGTTGTTGCAGG 

HAS2 3037 CTCTTTTGGACTGTATGGTGCC AGGGTAGGTTAGCCTTTTCACA 

HES7 84667 CGGGATCGAGCTGAGAATAGG GCGAACTCCAATATCTCCGCTT 

HIST1H2AC 8334 CTCGCGCCAAAGCGAAATC CTGCGTAGTTGCCTTTACGGA 

HSPA1A 3303 ACCTTCGACGTGTCCATCCTGA TCCTCCACGAAGTGGTTCACCA 

HSPB2 3316 ACCGCCGAGTACGAATTTG GAGGCCGGACATAGTAGCCA 

IFI44 10561 ATGGCAGTGACAACTCGTTTG TCCTGGTAACTCTCTTCTGCATA 

IFI44L 10964 AGCCGTCAGGGATGTACTATAAC AGGGAATCATTTGGCTCTGTAGA 

IGFBP7 3490 CGAGCAAGGTCCTTCCATAGT GGTGTCGGGATTCCGATGAC 

IGFL1 374918 CACAAGAGATGTGGGGACAAG CACTGCGACAAAGCCTGTCA 

IGFL3 388555 TGCTGTCCCGAGTCTTTTGG ATGGGAGATAAGTGACACTGAGA 

ITGA2 3673 CCTACAATGTTGGTCTCCCAGA AGTAACCAGTTGCCTTTTGGATT 

KCNB1 3745 GAGTCCTGGTGATTGCTCTTC CTCTCGCCGTTTGATTGCTTT 

LAMA4 3910 GTGTAGGAATTGCTTACGCAACA GCTAACCGCAGGTCATCAGT 

LAMC2 3918 GACAAACTGGTAATGGATTCCGC TTCTCTGTGCCGGTAAAAGCC 

LEMD1 93273 ATTGCAGAACCAACTTGAGAAGC CGCGCAGTAGTCTCTCTCTT 

LIMS2 55679 GCACCGGCACTATGAGAAGAA ACGGGCTTCATGTCGAACTC 

LIPH 200879 GTCAAGATCAGACGCAGAAGAA TTTCCTTGTGTAGAGCATCAGC 

LLGL2 3993 CGGGACCTGTTCCAGTTTAAC CGTCACAGCGTTGTTCTCC 

LMAN1 3998 AGTGTAGGAGATCGAGAGCTAAG AGTTCTTGTTGAGTAATCTGCCC 

LSP1 4046 AGGACCGAGTCCCTAAACCG CTGGGTGTATTGTTCCAGCCA 

LY6K 54742 ACGGACGAGGGTGACAATAGA CCGCTATAACGCAGTATGGC 

MAP2K6 5608 GAAGCATTTGAACAACCTCAGAC CCTGGCTATTTACTGTGGCTC 

MGST1 4257 ATTGGCCTCCTGTATTCCTTGA GTGCTCCGACAAATAGTCTGAAG 

MISP 126353 TCCCAGTCATCTGATCTGCTG ATCTGGCGTTGGGGAGAAGA 

MLLT3 4300 CAGATTCTGAAGAACTCTCAGCC GGTGGTGCGCTAGAAAAACTTT 

MOB3B 79817 CGGATCAACCTCATCTATGGC CACCCACGCATGTTGGAAATA 

MYL2 4633 TTGGGCGAGTGAACGTGAAAA CCGAACGTAATCAGCCTTCAG 

NAV1 89796 GCCTCAGACAATCTCAGTTCAG ACCACTGTCGTACTCCAGTTTT 

NOSTRIN 115677 CAGAAAGACACAGCAGCGTTA CAGAAGATGCCTTGCTCACAATA 

NOV 4856 CACGGCGGTAGAGGGAGATAA TGGGCCACAGATCCACTTTTC 

OSCAR 126014 CGCTTGGAGATTTGGACTTTTCA GCAGCGGTAAATTCCCCCTT 

PAM 5066 TACCACCAGACCCGTAGTTCC GTTTAGGTGTAACCCCAGGCA 

PAX7 5081 TCCAAGATTCTTTGCCGCTAC GGTCACAGTGCCCATCCTTC 

PBX1 5087 CATGCTGTTAGCGGAAGGC CTCCACTGAGTTGTCTGAACC 

PDE4B 5142 AGATGAGCCGATCAGGGAAC CCTGTCTTTCTGGGTAGGAGA 

PDGFA 5154 GCAAGACCAGGACGGTCATTT GGCACTTGACACTGCTCGT 

PDLIM1 9124 GACACACTTGGAAGCTCAGAAC GTAAAGGGCATGGCACTTCG 

PDLIM5 10611 AATCCCACCTAAACGCCCAC GACGTGAAGGGGTATCTTTTCC 

PLAC1 10761 AGTTCACCTACCGTGTTACTGA AGCACATGACACTGGGATCAC 

PLAC8 51316 GTGTGACTGTTTCAGCGACTG CTGCAACTTGACACCCAAGG 

PRR16 51334 ACAGCTCCAAAACGGACACG AATAAGCGGTGCATTAGCCTG 

PRSS33 260429 GCATGTCCAGTCGGATCGTT GCACCCTTACTCCTTGTAGCG 

RIPOR2 9750 GAAAATTCCTCCGCTCTCAAGA TTCAAGGCCCTGTAGACTTCT 

RGS4 5999 ACATCGGCTAGGTTTCCTGC GTTGTGGGAAGAATTGTGTTCAC 

RGS16 6004 ATCAGAGCTGGGCTGCGATA CAGGTCGAACGACTCTCTCC 

RIPOR2 9750 GAAAATTCCTCCGCTCTCAAGA TTCAAGGCCCTGTAGACTTCT 

RPS4Y1 6192 TGGATGCTTGACAAACTAACGG AGGAAGACGATCAGAGGAAGAC 
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S100A4 6275 GATGAGCAACTTGGACAGCAA CTGGGCTGCTTATCTGGGAAG 

SEMA3A 10371 GTGCCAAGGCTGAAATTATCCT CCCACTTGCATTCATCTCTTCT 

SELENBP1 8991 TCATCTCCTCTCGCATCTATGTG AAGGCCAGTTCGCACTTGG 

SERPINF1 5176 TCATTCACCGGGCTCTCTACT GGGCAGTGACCGTGTCAAG 

SLC1A3 6507 AGCAGGGAGTCCGTAAACG AGCATTCCGAAACAGGTAACTTT 

SLC6A17 388662 CCTGGAGTGAATGTCCTGTCG GAGGGAGCTGAAATACATCACC 

SLC25A25 114789 TGACCATCGACTGGAACGAGT ACATCAAAGATCGTGGAATGCTT 

SLFN5 162394 GAGTGTGTTGTAGATGCAGGAA ACTGCTCGCAGGATGATTTCA 

SLITRK6 84189 ATCACGACCTTTCCAACTAAGC ATAGCATTGGTAAGCCCAGAAAA 

SNX13 23161 GGGGTTTAGTGGTTACTCTCCT CCTGGCTTCCCGTTTCATTTC 

SPANXB1 728695 AATGAGGCCAACAAGACGATG CTCCTCCATTTGGTCGGGG 

SPP1 6696 CTCCATTGACTCGAACGACTC CAGGTCTGCGAAACTTCTTAGAT 

SRGN 5552 AGGTTATCCTACGCGGAGAG GTCTTTGGAAAAAGGTCAGTCCT 

STARD5 80765 CCGGGAAGGCAATGGAGTTT TCATCCCACTTCACTCGTAGG 

SULT1A1 6817 GCCTTCTACGCCGGTATGAG AGACCACCATATAGGTGTTCCA 

SYT8 90019 GCACCACAGCTATACCTGGG CCACGGACTCCTTGTCCCT 

TGFB2 7042 CAGCACACTCGATATGGACCA CCTCGGGCTCAGGATAGTCT 

TMEM40 55287 CAGAGCAACCGGAAAACATCG TCATCCTTCAAAACGTCAGGC 

TMEM154 201799 GGTCCTCTTACTTTTATCCGTGG ACTTTCACGTTTTCACTTCCCAG 

TMEM200A 114801 GCAACTGGTGGAGTGATAACTG TGCCACGAACAACCACAACA 

TNFAIP6 7130 TTTCTCTTGCTATGGGAAGACAC GAGCTTGTATTTGCCAGACCG 

TOX 9760 CCCCATGAACCATAATGGCCT CCCAGCATATTGGAGACTGTGA 

TRABD2A 129293 CAAGCCCCAACAAAGCGAG ACATGGATTGTGCCAAAGAAGTA 

TRBC2 28638 CCCAGGATAGGGCCAAACC TCATAGAGGATGGTGGCAGACA 

UTSB2 257313 ATCTGTGCATGGACGACCATA GGTCAGTGTTGAAAGGTCTTTGG 

VGF 7425 GGAACTGCGAGATTTCAGTCC GTGCGGGTTTCCGTCTCTG 

XYLT1 64131 GAAGCCACCGAGTAGACAGAA GGGCTGGTCATACTTGGTCTC 

ZC4H2 55906 AGATCAAGGCTCGTTTGAAGG GATCAGTCGGAGTTCCTCCAC 

ZNF260 339324 ATGTGGTAAAGTGTGCTCTCG GGTGTCTGATGATGGTTGGCA 

ZNF419 79744 GTAGGACTGCTCAGTTCAAACAT ACAGTTACTACACCCGTAAGGC 

ZNF420 147923 ATGGCTCGGAAATTAGTGATGTT AAGTCCTTACTTGCACACCTTG 

ZNF605 1002896
35 

AACATTGTTCATGTAGGACTGCG TGGGTTCTGCCAGGTTTGATA 

ZNF608 57507 AATTGATTTGGACGCTGATTTGG CCGGACCTCCACAATCCTTG 

ZNF615 284370 TCCTGCTGAAGCAAGATTGTG GCAGAGTTCTTTAGGCCAGAG 

ZNF618 114991 TGCCGAGCAAGGAACGATG GCATTCGTAAGACCCAAGGG 

 

Primer sequences originated from PrimerBank database (339) and primers were 

purchased from Eurofins Genomics GmbH (Ebersberg, Germany). 

 

 

 

 

 



Materials and methods 

47 
 

4.5 Cellular assays 
 

4.5.1 Cell morphology 

 

Possible influences of the 5-LO knockout on the cell morphology were evaluated after 

seeding 1*105 cells in 6-well plates followed by an incubation period of 48 hours at 37°C, 

5% CO2 in a humidified atmosphere. Pictures were taken using a Zeiss Axio Vert.A1 

microscope and examined using the Zen blue software. 

 

4.5.2 Cell proliferation  

 

The influence of the 5-LO knockout on cell proliferation rates was evaluated by seeding 

cells in complete growth medium with a density of 1*105 cells per well (24-well plate) in 

technical triplicates followed by an incubation period of 24, 48, 72, and 96 hours at 37°C, 

5% CO2 in a humidified atmosphere. After the respective period, cells were detached using 

TE and counted manually using a Bürker counting chamber after staining with trypan blue 

solution [0.4% (w/v)]. 

 

4.5.3 Two-dimensional colony forming assay 

 

The capacity to establish single-cell colonies in a two-dimensional environment was 

measured in 6-well plates. For this, 400 cells/well were seeded in complete growth 

medium and incubated at 37°C, 5% CO2 in a humidified atmosphere as technical 

triplicates. After 7 days, the medium was discarded, wells were washed with PBS, and 

colonies were fixed with 100% methanol for 15 minutes. Methanol was then discarded, 

plates were dried for 5 minutes, and colonies were stained with Ponceau red [0.1% (w/v) 

Ponceau S in 5% acetic acid] for 10 minutes. The dye was removed and wells were washed 

with PBS until all free dye was gone. After that, plates were dried at room temperature, 

and colonies were counted manually. 

 

4.5.4 Three-dimensional colony forming assay 

 

2-fold concentrated DMEM was mixed with 1% agarose solution and the wells of a 24-well 

plate were covered with 300 µL of this mixture. Now, 5000 cells were diluted in 600 µL of 

2-fold DMEM and mixed with 600 µL 0.6% agarose solution. 300 µL of the cell suspension 

were each transferred to 3 pre-covered wells. After 15 minutes agarose layers were 

covered with 0.5 mL of medium and kept at 37°C, 5% CO2. After three weeks of incubation, 

the medium was discarded and 0.5 mL crystal violet solution [0.004% (w/v) crystal violet 

in 2% ethanol/PBS] were added to stain the colonies for a period of 24 hours. Colonies 

were counted manually.  
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4.5.5 Spheroid formation 

 

Spheroid formation was carried out in Corning 96-well Spheroid Microplates. For this 

purpose, 1*105 cells were suspended in 1 mL complete growth medium and 100 µL of this 

suspension were added to each well. The microplates were kept at 37°C, 5% CO2 in a 

humidified atmosphere for a total of 15 days, and pictures were taken each day to monitor 

spheroid growth using a Zeiss Axio Vert.A1 microscope. The diameter of the spheroids 

was measured employing the Zen blue software (version 2.6).  

4.5.5.1 Number of cells per spheroid 

 

To elucidate the number of cells in each spheroid, 3 spheroids per cell line were harvested 

after 7 days of incubation from the low attachment plate, washed with PBS, and 

disaggregated by incubation in StemPro™ Accutase™ for 30 minutes at room 

temperature. Afterwards, spheroids were ultimately cleaved, and the suspension 

homogenised by pipetting up and down. Cells were counted manually with a Bürker 

counting chamber after staining with trypan blue solution [0.4% (w/v)]. 

 

4.5.5.2 Cell survival in spheroids 

 

The viability of cells in spheroids was examined using the CellTiter-Glo® 3D Cell Viability 

Assay according to the manufacturer’s protocol. 

 

4.5.5.3 Spheroid outgrowth 

 

Spheroids were formed as described in chapter 4.5.4 and kept for 4 days at 37°C, 5% CO2 

in a humidified atmosphere. Matrigel® was thawed overnight at 4°C and 100 µL of 

Matrigel® embedding the spheroids were added to each well using a frozen pipette tip. 

Plates were incubated for 15 minutes at 37°C for the gel to solidify and afterwards covered 

with 50 µL of fresh complete growth medium and further incubated at 37°C, 5% CO2 in a 

humidified atmosphere. Pictures were taken daily for 19 days using a Zeiss Axio Vert.A1 

microscope. The diameter of the spheroids was measured employing the Zen blue 

software (version 2.6). 
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4.5.6 FACS analysis 

 

4.5.6.1 Tumour stem cell markers 

 

For FACS analysis of cell surface markers, cells were seeded with a density of 1*106 cells 

per well in a 6-well plate and incubated for 24 hours at 37°C, 5% CO2 in a humidified 

atmosphere. In the next step, the medium was removed, and cells were washed with PBS 

followed by cell detachment with TE for 10 minutes. 2 mL medium were added and the 

cell suspension was transferred to a 15 mL reaction tube. The samples were now 

centrifuged (5 min, 2,000 x g), the supernatant was aspired, and the cells were 

resuspended in 1 mL of PBS and transferred to a FACS tube. 

For cell surface staining, cells were resuspended in 30 µL of BSA/PBS [0.5% (w/v)] after 

another centrifugation step and incubated for 10 minutes at room temperature. Now, 

20 µL of BSA/PBS containing a 1:200 dilution of the respective FACS antibodies (Table 

4.19) were added and incubated for 30 minutes on ice. In the last step, 350 µL of the 

PBS/BSA mixture was added, all samples were centrifuged (5 min, 2,000 x g, 4°C) and the 

supernatants were discarded. Cells were suspended in 500 µL BSA/PBS and measured by 

flow cytometry using a BD FACSVerse™ flow cytometer. Data were analysed using the 

FlowJo software (version 10).      

Table 4.19 FACS antibodies  

Antigen Company Clonality Species Dilution 

CD24-FITC Miltenyi Biotec B.V. & 
Co. KG, Bergisch 
Gladbach, Germany  

monoclonal rec. human 1:200 

CD44-VioBlue® monoclonal rec. human 1:200 

CD133/2-APC monoclonal rec. human 1:200 

 

4.5.6.2 Annexin V/PI staining 

 

Cells were seeded in 6-well plates with a density of 2*105 cells per well and incubated for 

24 hours at 37°C, 5% CO2 in a humidified atmosphere. After this period, the medium was 

changed and cells were incubated with 0.1% DMSO (as control), Actinomycin D (5, 10 nM), 

Etoposide (20, 40 µM), or 5-FU (50 µM) for 48 hours under given conditions. Next, the cell 

culture medium was removed and collected in tubes, cells were washed with PBS while 

collecting the washing buffer and detached using TE. Ice-cold PBS was added to the wells 

and the cell suspension was transferred to the respective tubes. The tubes were 

centrifuged (1,200 x g, 5 min, 4 °C) and the supernatant was discarded. Cells were 

resuspended in ice-cold PBS and transferred to a FACS tube. Again, the tubes were 

centrifuged (1,300 x g, 6 min, 4°C) and the supernatant was discarded. 100 µL of a binding 

buffer as well as 3.5 µL Annexin V reagent and 3.5 µL PI (50 µg/mL) were added to each 

tube and incubated for 15 minutes at room temperature in the dark. Afterwards, 400 µL 

of a binding buffer/PBS mix were added to each tube, and samples were measured 

immediately by flow cytometry using a BD FACSVerse™ flow cytometer. Data were 

analysed using the FlowJo software (version 10). 
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4.5.6.3 Cell cycle analysis 

 

For cell cycle analysis, 3*106 cells were seeded in 10 cm dishes in a serum starvation 

medium containing 0.5% FCS and incubated for 24 hours at 37°C, 5% CO2 in a humidified 

atmosphere. After this period, the medium was replaced by complete growth medium. 

After another 6 hours of incubation, cells were detached, separated using a cell strainer, 

and fixed with 80% ethanol. 2*106 cells were washed and resuspended in 500 µL staining 

buffer (PBS, 0.1% Triton-X-100), treated with 10 µg RNase A and 10 µg propidium iodide 

for 30 minutes, and measured by flow cytometry (BD FACSVerse™). Data were analysed 

using the FlowJo software (version 10). 

 

4.5.6.4 Cytometric bead assay (CBA) for fractalkine and MCP-1 

 

Secretion of fractalkine and MCP-1 from cells grown in monolayer was assessed by 

seeding 1*105 cells in a 24-well plate. After 3 days of incubation at 37°C, 5% CO2 in a 

humidified atmosphere, the medium was changed and a total volume of 1 mL starvation 

medium containing no FBS was added, followed by an incubation of 24 hours. After this 

period, 500 µL of the supernatants were transferred to a reaction tube and centrifuged 

for 5 minutes at 2000 x g to remove cells and debris from the supernatant. 100 µL of each 

sample were analysed using a bead-based immunoassay (cytometric bead array - CBA, BD 

Biosciences). Human fractalkine and MCP-1 Flex Sets were used, and the assay was 

performed according to the manufacturer‘s manual. Data analysis was performed with 
FCAP Array™ software (version 3.0, BD™ Biosciences). 

 

4.5.7 Confocal microscopy 

 

8*104 cells were seeded in an 8-well Nunc™ Lab-Tek™ II CC2™ Chamber Slide System and 

allowed to attach for 24 hours in complete growth medium at 37°C, 5% CO2 in a humidified 

atmosphere. After this period, the supernatant was discarded, and cells were fixed using 

a 4% PFA/PBS solution for 30 minutes. After several washing steps with PBS, 

blocking/permeabilization solution (1% BSA, 0.2% Triton-X-100 in PBS) was added to each 

well and left for 1 hour at room temperature. Cells again were washed three times with 

PBS and incubated for 1 hour with the respective primary antibodies in PBS containing 

0.1% BSA and 0.2% Triton-X-100 (antibodies see Table 4.20) and, after additional three 

washing steps with PBS, for another hour with secondary antibodies (also see Table 4.20). 

Nuclear staining was carried out with DAPI solution (1 mg/mL DAPI, diluted 1:1000 in PBS) 

and after the final washing steps, slides were covered with Mowiol® mounting solution 

(Table 4.21 Composition of Mowiol® mounting solution) and capped with a cover slip that 

was sealed after additional 10 minutes. Images were acquired using a Zeiss LSM 780 

confocal microscope under identical conditions for pinhole opening, laser power, 

photomultiplier tension, and layer number. During data elaboration with Zen black and 

Zen blue software, identical parameters were applied for all samples. 
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Table 4.20 Antibodies for confocal microscopy 

Antigen Company Clonality Species Dilution 

Ki-67 Santa Cruz 
Biotechnology, 
Dallas, USA 

monoclonal mouse 1:50 
Cytokeratin-20 monoclonal mouse 1:50 

EpCAM [AUA-1] Abcam, 
Cambridge, 
United Kingdom 

polyclonal rabbit 1:50 
CDX1 monoclonal rabbit 1:50 

Anti-mouse Alexa Fluor® 
647 

Thermo 
Scientific™, 
Waltham, USA 

 donkey 1:2000 

Anti-rabbit Alexa Fluor® 488  donkey 1:2000 
 
Table 4.21 Composition of Mowiol® mounting solution 

Mowiol® mounting solution 

Mowiol® 4-88 2.4 g 
Glycerol 6 g 
Tris-HCl (pH 8.5, 0.2 M)  12 mL 

DABCO 0.1% (w/v) 
Water 6 mL 

 

 

4.5.8 WST-1 cell viability assay 
 

To evaluate the influence of different conditions and the treatment with cytostatic drugs 

on cell viability of all cell lines a WST-1 assay was performed. To do so, cells were seeded 

with a density of 3*104 cells per well each in a 96-well plate in 100 µL of complete growth 

medium and incubated at 37°C, 5% CO2 in a humidified atmosphere for 24 hours. To assess 

the influence of cytostatic drugs, cells were treated with the cytostatics in different 

concentrations (Actinomycin D: 3.5, 7, 10, and 14 nM, Etoposide: 10, 20, 40, and 50 µM) 

using DMEM medium without phenol-red. Cells treated with DMSO served as a negative 

control. Plates were incubated for 48 hours at given conditions and then 10 µL of WST-1 

reagent were added to each well. After one more hour of incubation at 37°C, absorbance 

was measured at 450 nm and 620 nm with a Tecan Infinite® M200 plate reader. 

 

4.5.9 Transwell assay/directed cell migration 
 

Cells were detached using TE, counted, and resuspended in a medium containing 0.5% 

FCS to receive a cell suspension of 1*106 cells/mL. 400 µL of this cell suspension were 

transferred to the upper chamber of a Bio-One ThinCert™ Tissue Culture Insert for 12-well 

plates. The bottom chamber of the 12-well plate was filled with 1.2 mL of complete 

growth medium containing 10% FCS. After 3 hours (U-2 OS) or 24 hours (HCT-116 and 

HT-29) of incubation at 37°C, 5% CO2 in a humidified atmosphere, the medium was 

removed from the lower chamber and replaced by 900 µL medium containing 0.5% FCS 

medium and 8 µM of Calcein-AM followed by an additional incubation of 45 minutes. 
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Subsequently, the cell suspension from the upper chamber was removed and the 

chambers were incubated in 1 mL TE for 10 minutes to detach all cells on the bottom side 

of the membrane. 200 µL of the cell suspension were transferred to a black 96-well plate 

and fluorescence was measured at 485 nm/520 nm using a Tecan Infinite® M200 plate 

reader.  

 

4.5.10 Transwell invasion assay 
 

The invasion assay was performed in the same manner as the transwell assay (4.5.9), only 

before the addition of the cell suspension, membranes were covered with 100 µL of 

Matrigel® (thawed overnight at 4°C and handled using frozen pipette tips) and incubated 

for 15 minutes at 37°C for the Matrigel® to solidify. For all three cell lines, plates were 

incubated for 24 hours at 37°C, 5% CO2 in a humidified atmosphere. 

 

4.5.11 Wound closure assay 
 

4.9*104 cells were seeded in complete growth medium in both chambers of an ibidi® 

culture-insert 2-well system for 24-well plates and incubated at 37°C, 5% CO2 in a 

humidified atmosphere. After 24 hours of adherence, inserts were removed, and cells 

were covered with medium. In the following, pictures were taken using a Zeiss Axio 

Vert.A1 microscope.  

 

4.5.12 Enzyme-linked immunosorbent assay (ELISA) for TGF-β2 and PDGF-AA 
 

Secretion of TGF-β2 from cells grown in monolayer was assessed by seeding 3*105 cells in 

a 24-well plate in a total volume of 2 mL medium followed by incubation at 37°C, 5% CO2 

in a humidified atmosphere for 72 hours. After this incubation period, 500 µL of the 

supernatants were transferred to a reaction tube and centrifuged for 5 minutes at 

2,000 x g to remove cells and debris from the supernatant. As TGF-β2 normally is 
expressed in a latent complexed form, it is necessary to cleave this bond to measure free 

TGF-β2 (340) (341). Therefore, 40 µL 1 M HCl was added to 200 µL of the purified 

supernatants and incubated for 10 minutes. Afterwards, the samples were neutralized by 

the addition of 40 µL NaOH (1 M), and 200 µL of each sample were transferred to the pre-

coated ELISA plate of the TGF beta-2 Human ELISA Kit and incubated overnight at 4°C 

while gently shaking. The following assay was conducted as prescribed in the 

manufacturer’s manual. 

Secretion of PDGF-AA from cells grown in monolayer was assessed by seeding 1*105 cells 

in a 24-well plate. After 3 days of incubation at 37°C, 5% CO2 in a humidified atmosphere, 

the medium was changed and a total volume of 1 mL starvation medium containing no 

FBS was added, followed by an incubation of 24 hours. After this period, 500 µL of the 

supernatants were transferred to a reaction tube and centrifuged for 5 minutes at 
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2000 x g to remove cells and debris from the supernatant. 100 µL of each sample were 

used and the assay was conducted as prescribed in the manufacturer’s manual. 

 

4.6 Long-term treatment with 5-LO inhibitors 
 

To evaluate whether possible effects of the knockout of 5-LO are due to enzymatic activity 

or other non-canonical functions, vector control cells were treated with the 5-LO 

inhibitors Zileuton and CJ-13610. As it is possible for mechanisms that take some time to 

carry out their functions to be involved, cells were pre-incubated with the inhibitors 

before the actual experiments. For this purpose, cells were split as usual but 5 different 

conditions were applied. While control cells were seeded as usual in 10 mL complete 

growth medium containing 0.1% DMSO, for inhibitor treatments 10 µL of the respective 

inhibitor dilutions (Table 4.22) were added. Cells were incubated as usual for 3 to 4 days 

at 37°C, 5% CO2 in a humidified atmosphere. After this incubation cells were either 

harvested and lysed (RNA isolation and real-time qPCR, 4.5) or seeded for proliferation 

assay (4.5.1), spheroid formation (4.5.4), or transwell migration assay (4.5.8). In case cells 

were seeded for further procedure, respective amounts of the inhibitors, or 0.1% DMSO 

respectively, were added to yield final concentrations of desire.  

 Table 4.22 Long-term inhibitor treatment of cell culture  

Inhibitor Concentration of dilution Final concentration 

Zileuton 
10 mM 10 µM 
3 mM 3 µM 

CJ-13610  
3 mM 3 µM 
0.3 mM 0.3 µM 

 

 

4.7 Re-expression of 5-LO in 5-LO knockout cells 
 

4.7.1 Transfection 

 

For re-expression of 5-LO in 5-LO knockout cells, cells were transiently transfected using 

Lipofectamine LTX with Plus Reagent with a sleeping beauty plasmid carrying a modified 

ALOX5 gene (pSB-bi-GH-mod5LO, Addgene plasmid #60514, Figure 4.3), as well as a 

Hygromycin resistance sequence, and a second plasmid carrying the transposase 

(pSB100x_amp) friendly provided by Marius Kreiß as well as Eric Kowarz from the institute 

of pharmaceutical biology, Goethe University. An empty control plasmid lacking the 

ALOX5 sequence (pSBbi-GH) served as a control for all experiments. 

Single-cell clones from each cell line were chosen (HCT-116: F5 + G6, HT-29: F4 + G6, U-

2 OS: C4) and cells carrying the vector control were used as controls. Next, cells were 

seeded in 6-well plates (HCT-116: 6.25*105 cells/well, HT-29: 7.5*105 cells/well, 
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6.7*105 cells/well). After 24 hours of adhesion, 1.9 µg/well pSB-bi plasmid and 0.1 µg 

transposase plasmid were added to plus reagent, mixed with equal amounts of LTX 

reagent, and left for 30 minutes. Cells were washed twice and incubated with the 

DNA/LTX-mix suspended in Opti-MEM™ Reduced Serum Medium for 16 hours.  

  

Figure 4.3 Plasmid map of pSB-bi-GH-mod5LO.  

 

 

4.7.2 Hygromycin selection  

 

The DNA/LTX mix was discarded and complete growth medium containing Hygromycin 

for selection purpose was added (HCT-116, U-2 OS: 500 µg/mL, HT-29: 1000 µg/mL). As 

control untransfected cells were seeded and treated with Hygromycin in the same 

manner. After 72 hours medium and dead cells were discarded and new medium 

containing Hygromycin was added. This procedure was repeated over the next two weeks. 

All left cells were detached using TE and transferred to cell culture flasks. Successful 

knock-in of 5-LO was evaluated via Western blotting. 
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4.8 Statistical analysis 
 

All data are presented as mean + SEM or mean + SD depending on the performed assay. 

Statistical analysis was performed with GraphPad Prism version 8.00. Data were subjected 

to an unpaired t-test with Welsch correction or one-way ANOVA coupled with Dunnett's 

post-test for multiple comparisons. 
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5 Results 

5.1 Generation and confirmation of the 5-LO knockout in HCT-116, 

HT-29, and U-2 OS cells 

During preliminary work, the four cell lines HCT-116, HT-29, U-2 OS and Capan-2 were 

identified as 5-LO expressing solid tumour cell lines (Figure 3.1). Since transfection in 

Capan-2 cells was not successful, these cells were excluded from this study and only 

HCT-116, HT-29, and U-2 OS were further processed. The CRISPR/Cas system was used to 

eliminate 5-LO from different 5-LO-expressing tumour cell lines. Therefore, cells were 

transiently transfected with a plasmid coding for the CRISPR/Cas9 machinery. A 

specialized guide RNA directs the Cas9 enzyme to either exon 2 or exon 6 of the ALOX5 

gene. Here, the Cas9 enzyme cuts the DNA. Intracellular DNA polymerases try to rectify 

this problem, and by this, mistakes in the repair mechanism occur that lead to small 

mutations and in the best case to a frameshift resulting either in a premature stop codon 

and mRNA degradation or to a dysfunctional protein that also gets decomposed. As a 

control treatment, plasmids missing the guide RNA sequence were used. After 

transfection, cells were left for 72 hours to enable expression and work of the 

CRISPR/Cas9 system. Puromycin was used for selection purposes as the used plasmids 

also contained a Puromycin resistance sequence. Surviving cells were diluted and seeded 

in a 96-well plate to generate single-cell clones. This assured that only cells containing a 

complete knockout of the 5-LO were used for further consideration as for single-cell 

clones the knockout could be validated on the genomic level. After 3 weeks single-cell 

clones were picked, raised, and analysed. 

For this purpose, cells were lysed, and protein expression was measured using Western 

blot technique (Figure 5.1). More than 25 single-cell clones from each of the three cell 

lines were picked and analysed. Of those, only about 20% showed no 5-LO band during 

Western blot analysis. Those clones were further analysed. 
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Figure 5.1 Investigation of 5-LO protein level in HCT-116, HT-29, and U-2 OS single-cell clones 

analysed by Western blotting. Recombinant human 5-LO was used as a positive control. 

M: marker, r5-LO: recombinant human 5-LO, wt: wildtype cells VC: vector control. 5-LO antibodies 

from different manufacturers were used causing the band patterns. 
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To validate the complete knockout of the ALOX5 gene, single-cell clones showing no 5-LO 

band in Western blot analysis were lysed in TRIzol® and genomic DNA was isolated. For 

sequencing, a certain genomic section around the complementary guide RNA sequence 

was amplified using different primer pairs (Figure 5.2), purified by agarose gel 

electrophoresis, and sequenced using Sanger sequencing. 

 

Figure 5.2 gRNA sequences in exon 2 and exon 6 and respective primer sequences. gRNA 

sequences (purple) in exon 2 (top) and exon 6 (bottom), primer pairs 1/2 (exon 6, turquoise), 

3/4 (exon 2, green), 5/6 (exon 2, yellow) and 7/8 (exon 2, red). 
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All HCT-116 clones were transfected using the guide RNA binding in exon 2. Analysis of 

the DNA sequence of 5-LO knockout clone F5 showed the desired result of two 

overlapping signals, where neither resembled the wildtype sequence (Figure 5.3 B). On 

one allele, deletion of 19 bases could be ascertained while on the other allele 7 bases 

were substituted by 9 different ones. On both alleles, the mutations caused a frameshift, 

and the complete knockout could be proven.  

For clone G6 also no wildtype sequence was detectable but nevertheless, validation of 

the sequencing data occurred to be a bit more difficult. After amplifying the DNA region 

of interest by PCR, products were analysed and purified using gel electrophoresis. 

Thereupon, it became obvious that for primer pair 7/8 two bands occurred from one 

sample with a big size difference (Figure 5.3 D) raising the assumption that on one allele 

a big part of the gene was missing. Both bands were purified and sequenced individually 

(Figure 5.3 C). In fact, on one allele 583 bases containing almost all of exon 2 were deleted 

probably leading to a missense protein. The second allele showed an alteration of 

100 bases that were deleted and replaced by 3 different ones. Again, both cases resulted 

in a complete knockout of the 5-LO enzyme.  

Analysis of the HCT-116 clone H11 (Figure 5.3 E) revealed a third possible outcome. 

Sequencing of the DNA did not show overlapping signals, but the single sequence was not 

the wildtype sequence anyway since 7 bases were missing. No matter which primers were 

used and how far from the gRNA binding site DNA was analysed, no second sequence was 

found. This leads to two different options, either both alleles are mutated in the same 

manner resulting in identical signals, or the missing part of DNA is even bigger than 

analysed. In both cases, no functional protein would result so a complete knockout can 

be considered certain. 
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Figure 5.3 5-LO knockout in HCT-116 cells. (A) Validation of 5-LO KO on protein level in HCT-116 

single-cell clones analysed by Western blotting. Recombinant human 5-LO was used as a positive 

control. M: marker, r5-LO: recombinant human 5-LO, wt: wildtype cells, VC: vector control. (B) Top: 

Comparison of the sequencing data from vector control transfected HCT-116 cells with the HCT-116 

KO clone F5 showing sequence alterations on both alleles. Bottom: Analogy of DNA wildtype 

sequence with both alleles of HCT-116 KO clone F5 carrying frameshift mutations. The gRNA binding 

site is marked in purple. Allele 1: Deletion of 19 bases (dark blue); Allele 2: Substitution of 7 bases 

(ATGTCGA) by 9 different bases (GGTCAAACT) (green). (C) Comparison of the sequencing data from 

vector control transfected HCT-116 cells with the HCT-116 KO clone G6 showing sequence 

alterations on both alleles. The gRNA binding site is marked in purple. Allele 1: Deletion of 583 bases 

(top); Allele 2: Substitution of 100 bases by 3 different bases (bottom). (D) Agarose gel of PCR 

products using HCT-116 clone G6 as a template with different primer pairs. (E) Top: Comparison of 

the sequencing data from vector control transfected HCT-116 cells with the HCT-116 KO clone H11 

showing sequence alterations. Bottom: Analogy of DNA wildtype sequence with both alleles of 

HCT-116 KO clone H11 carrying frameshift mutations. The gRNA binding site is marked in purple. 

Allele 1: Deletion of 7 bases (dark blue); Allele 2: Deletion of 7 bases (green).  
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Evaluation of HT-29 clones occurred to be more explicit (Figure 5.4). While single-cell 

clone F4 was generated directing the CRISPR/Cas9 machinery to exon 2, genomic 

sequences of clones A2 and G6 were altered in exon 6.  

Sequencing of clone F4 (Figure 5.4 B) revealed a deletion of 2 bases on one allele and a 

deletion of 36 bases on the other allele. Even though this does not lead to a frameshift on 

the second allele, the complete absence of any 5-LO band on protein level led to the 

assumption that those 13 missing amino acids were enough to cause a probably misfolded 

or at least dysfunctional protein that gets degraded immediately.  

For clone A2 (Figure 5.4 C) a deletion of 16 bases on one allele and a deletion of 5 bases 

on the other alleles could be ascertained while the two deletions of clone G6 

(Figure 5.4 D) only covered 1 respectively 2 bases. In both cases, frameshifts were the 

result, assuring the complete knockout of the 5-LO gene. 
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Figure 5.4 5-LO knockout in HT-29 cells. (A) Validation of 5-LO KO on protein level in HT-29 single-

cell clones analysed by Western blotting. Recombinant human 5-LO was used as a positive control. 

M: marker, r5-LO: recombinant human 5-LO, wt: wildtype cells, VC: vector control. (B) Top: 

Comparison of the sequencing data from vector control transfected HT-29 cells with the HT-29 KO 

clone F4 showing sequence alterations on both alleles. Bottom: Analogy of DNA wildtype sequence 

with both alleles of HT-29 KO clone F4 carrying mutations. The gRNA binding site is marked in 

purple. Allele 1: Deletion of 2 bases (dark blue); Allele 2: Deletion of 36 bases (green). (C) Top: 

Comparison of the sequencing data from vector control transfected HT-29 cells with the HT-29 KO 

clone A2 showing sequence alterations on both alleles. Bottom: Analogy of DNA wildtype sequence 

with both alleles of HT-29 KO clone A2 carrying frameshift mutations. The gRNA binding site is 

marked in purple. Allele 1: Deletion of 16 bases (dark blue); Allele 2: Deletion of 5 bases (green). (D) 

Top: Comparison of the sequencing data from vector control transfected HT-29 cells with the HT-

29 KO clone G6 showing sequence alterations on both alleles. Bottom: Analogy of DNA wildtype 

sequence with both alleles of HT-29 KO clone G6 carrying frameshift mutations. The gRNA binding 

site is marked in purple. Allele 1: Deletion of 1 base (dark blue); Allele 2: Deletion of 2 bases (green). 
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As U-2 OS cells are described to be hypertriploid, a successful knockout of the 5-LO on all 

three alleles was much harder to perform. Additionally, the validation of the knockouts 

could not be easily done with three overlapping sequences which resulted in poor quality 

of the sequencing and made the distinct assignment of the sequences hard to do. This 

resulted in only two 5-LO knockout single-cell clones. Anyway, it was assured that none 

of the resulting signals corresponds to the wildtype sequence (Figure 5.5 B, C).  

For clone C4 a possible interpretation of the sequences hypothesizes a deletion on all 

three alleles of 18, 18, and 20 bases. Here again, the absence of any 5-LO protein in 

Western blot analysis led to the assumption that all resulting protein was degraded.  

For clone H5 it is likely that on one allele 7 bases were deleted while on the second allele 

34 bases were substituted by 19 different ones and on the third allele 28 bases were 

substituted by 26 different ones. In all cases, no functional protein was the result. 
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Figure 5.5 5-LO knockout in U-2 OS cells. (A) Validation of 5-LO KO on protein level in U-2 OS single-

cell clones analysed by Western blotting. Recombinant human 5-LO was used as a positive control. 

M: marker, r5-LO: recombinant human 5-LO, wt: wildtype cells, VC: vector control. (B) Top: 

Comparison of the sequencing data from vector control transfected U-2 OS cells with the U-2 OS KO 

clone C4 showing sequence alterations on all three alleles. Bottom: Analogy of DNA wildtype 

sequence with all three alleles of U-2 OS KO clone C4 carrying mutations. The gRNA binding site is 

marked in purple. Allele 1: Deletion of 18 bases (dark blue); Allele 2: Deletion of 18 bases (green); 

Allele 3: Deletion of 20 bases (yellow). (C) Top: Comparison of the sequencing data from vector 

control transfected U-2 OS cells with the U-2 OS KO clone H5 showing sequence alterations on all 

three alleles. Bottom: Analogy of DNA wildtype sequence with all three alleles of U-2 OS KO clone 

H5 carrying frameshift mutations. The gRNA binding site is marked in purple. Allele 1: Deletion of 7 

bases (dark blue); Allele 2: Substitution of 34 bases by 20 different ones (green); Allele 3: 

Substitution of 28 bases by 28 different ones (yellow).  
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5.2 Influence of 5-LO KO on cell morphology 

The first step in the evaluation process of the newly generated 5-LO knockout cells was to 

investigate obvious changes in the cell morphology. Therefore, cells were grown under 

standard cell culture conditions and pictures were taken at about 70% confluency 

(Figure 5.6). No visible differences in the cell morphology could be detected for any of the 

generated cell lines, but while passaging the cells over time, it became obvious that the 

confluency of the cells did differ although all cells from one cell line were split in the same 

manner. This was to be examined more closely by performing a cell proliferation assay. 

Comparing the different cell lines revealed big differences in the cell phenotypes. HCT-116 

cells were strongly proliferating with a doubling time of 25 hours and possessed a 

fibroblast-like phenotype with weak adherence to the culture flask (342) (343). HT-29 and 

U-2 OS, on the contrary, both had a doubling time of 40-60 hours with a more 

differentiated, epithelioid phenotype and adherence to the flask surface was stronger 

(344) (345) (346) (347).  

 
Figure 5.6 Cell morphology of HCT-116, HT-29, and U-2 OS vector control-treated cells and 5-LO 

knockout single-cell clones. Cell morphology was evaluated after seeding 1*105 cells in 6-well 

plates followed by an incubation period of 48 hours at 37°C, 5% CO2 in a humidified atmosphere. 

Pictures were taken at 20x magnification using a Zeiss Axio Vert.A1 microscope and examined using 

the Zen blue software.  
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5.3 Knockout of 5-LO alters gene expression in HCT-116, HT-29, and 

U-2 OS cells 

To globally investigate gene expression and find possible differences between 5-LO 

positive and knockout cells, RNA sequencing was determined as the method of choice. 

RNA was isolated from the cells and a corresponding DNA library containing small parts 

of all mRNAs was produced. Short index sequences unique for all samples as well as 

adapter molecules necessary for binding the Illumina flow cell were attached to all library 

molecules. Libraries were amplified and mixed equimolarly to yield one sample that was 

loaded to the flow cell. 10 cycles each for both index sequences and 50 cycles sequencing 

the first 50 bases of each library molecule were carried out. 

Sequencing data were aligned to the human genome (Hg38) and differential expression 

analysis (DEA) was performed using the Lexogen Bluebee platform as well as RSem 

platform to identify all genes that were up- or downregulated in 5-LO knockout cells 

compared to the 5-LO-containing counterparts. DEA results of all 3, respectively 2, 

knockout clones were compared and genes that occurred in all knockout clones were 

chosen for further investigations (Figure 5.7 A).  

In HCT-116 cells, 28 genes were regulated by the 5-LO knockout in all clones (Figure 5.7 B). 

15 of the genes that were altered by the 5-LO knockout were upregulated, 11 genes were 

downregulated and for the two genes NPM1P21 and SEMA3A the type of regulation was 

depending on the single-cell clone.  

In HT-29 cells, 18 genes were expressed differently when comparing 5-LO positive and 

negative cells and while most of the differentially expressed genes in the HT-29 cell line 

were downregulated, also clonal differences played a bigger role here as 6 of the 

investigated genes were downregulated in clone F4 and clone A2 clone but upregulated 

in clone G6.  

In U-2 OS cells, the by far biggest number of differentially expressed genes was found with 

234 genes occurring at the intersection of DEA results for the two 5-LO knockout clones. 

Of those, about 2/3 of the genes were downregulated by the 5-LO knockout. Also, clonal 

effects among the two single-cell clones played a role and resulted in a contrary regulation 

for 18 genes.  

Interestingly none of the found genes occurred in more than one of the parental cell lines 

and regulation patterns differed as well.  
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Figure 5.7 Genome-wide RNA sequencing and differential expression analysis after 5-LO KO. (A) 

Venn diagrams of differentially expressed genes in HCT-116 (red), HT-29 (blue), and U-2 OS (green) 

single-cell clones. (B) Results of the RNA sequencing are depicted as heat maps that display the 

genes differentially expressed per cell line compared to the respective empty vector control: 

HCT-116 (top left), HT-29 (top right), U-2 OS (bottom). The genes upregulated compared to vector 

control cells are marked red while downregulated genes are marked in blue. 
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Pathway analysis using the Enrichr platform was carried out, to find the first indication of 

the possible effects these gene alterations could have on the cell lines, and different 

pathways were suggested to be influenced (Figure 5.8). Depending on the used database 

HCT-116 gene expression alterations influence responses to hostile infections, different 

metabolic mechanisms, and angiogenesis. In HT-29 cells, transcription, as well as different 

signalling pathways, were most likely to be influenced. As the number of altered genes 

was the highest in U-2 OS cells, it is not surprising that the number of influenced pathways 

was the highest here as well. Prominent cancer-related mechanisms like regulation of 

extracellular matrix, adhesion, and epithelial-mesenchymal-transition occurred as hits for 

the pathway analysis. All those findings gave a first hint on the direction of further 

investigations. Additionally to the Enrichr pathway analysis, literature was searched for 

cellular mechanisms in which the differentially expressed genes played a role (Table 5.1). 

 

 

Figure 5.8 Enrichment pathway analyses after genome-wide RNA sequencing of 5-LO KO cells.  

Gene set enrichment analysis of the sequencing data of HCT-116 (A), HT-29 (B), and U-2 OS (C) cells 

was performed employing the NCATS BioPlanet 2019 and GSEAs MSigDB Hallmark 2020 tools. 
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Table 5.1 Comprehensive overview of the differentially expressed genes per cell line grouped 

according to their involvement in cellular processes important for tumourigenesis. Genes involved 

in more than one process are listed several times.  

 

Epithelial-mesenchymal-

transition 
Migration 

HCT-116 

DSC2  ARPC3 PBX1 S100A4 

FOXA2  DSC2 PDLIM5 SEMA3A 

PBX1  FOXA2 RPS4Y1 TGFB2 

S100A4  NOSTRIN   

TGFB2     
      

HT-29 

AKAP12  AKAP12   

DMKN  DMKN   

TRABD2A  NAV1   

  TRABD2A        
      

U-2 OS 

ACKR3 MIR205HG ACKR3 IFI44 PLAC1 

ADGRG1 MUC15 ADD2 IFI44L PLAC8 

AREG MUC4 ADGRG1 IGFBP7 PLXNA4 

BCL2A1 NOV AREG IL17RC PRR16 

BHLHE41 NTRK3 ARHGEF4 ITGA2 RGS16 

CCL2 PAM BCL2A1 ITGB1BP1 RGS4 

CDH6 PARD6A BHLHE41 KCNB1 RHOF 

CHN1 PAX7 BST2 LAMA4 RIPOR2 

CNN1 PDE4B CCL2 LAMC2 SELENBP1 

CPA4 PDGFA CDH6 LEMD1 SERPINF1 

CRYAB PLAC1PLAC8 CDKL1 LIPH SHKBP1 

CST6 PRR16 CHN1 LRRC32 SLC2A1-AS1 

CX3CL1 RGS16 CNN1 LSP1 SLFN5 

DES RGS4 CRYAB MAGEA10 SPANXB1 

DOC2B RHOF CST6 MAP2K6 SPANXC 

DRAXIN SELENBP1 CX3CL1 MAPK9 SPP1 

ETV1 SERPINF1 DDIT4 METRN SRGN 

FAP SHKBP1 DES MGST1 ST6GAL1 

FMNL2 SLC2A1-AS1 DOC2B MIR205HG STUB1 

HAS2 SLFN5 DRAXIN MUC15 SYT8 

IGFBP7 SPANXB1 DYSF MUC4 TADA1 

ITGA2 SPP1 EDN2 MYL2 TGM1 

LAMA4 ST6GAL1 EGLN3 NDUFS3 THSD7A 

LAMC2 STUB1 EPPK1 NELL1 TMEM130 

LEMD1 TGM1 ETNK2 NINJ2 TNFAIP6 

LIPH THSD7A ETV1 NOV TNFRSF9 

MAGEA10 TNFAIP6 EVI2A NTRK3 TOX 

MAP2K6 VGF FAM3A PAM TSHZ2 

MGST1 WNT5B FAP PARD6A UNC5C 

  FMNL2 PAX7 VGF 

  GADL1 PDE4B WNT5B 

  GPR132 PDGFA XKR4 

  HAS2 PICSAR ZFP82 

  HOXC11   
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Extracellular 

matrix/adhesion 
Transcription 

G-protein 

signalling 

Cytoskeleton 

organisation 

HCT-116 

DSC2 APOBEC3C  ARPC3 

TGFB2 APOBEC3G  S100A4 

S100A4 ZNF419  TGFB2 

 ZNF608       
     

HT-29 

DMKN ZNF260 AKAP12 CSAG1 

 ZNF420  NAV1 

 ZNF605   

 ZNF615   

 ZNF618   
     

U-2 OS 

ADAMTSL5 HES7 ADGRG1 ADD2 

BST2 MLLT3 ADGRL3 AMN1 

CDH6 TSHZ2 ADGRL4 ANK3 

COL20A1 ZFP14 ARHGEF4 ARHGEF4 

COL22A1 ZFP82 CHN1 CNN1 

COL5A3 ZNF566 DOCK4 DES 

COL8A1 ZNF788 GLP2R DNAH2 

CST6 ZNF793-AS1 KNDC1 DRAXIN 

FAP  OR51B5 EPPK1 

HAS2  PARD6A FGD4 

ITGA2  PMVK FMNL2 

ITGB1BP1  RASGRP4 KIAA1211 

LAMA4  RGS16 LLGL2 

LAMC2  RGS4 LSP1 

MUC15  RHOF MISP 

MUC4  RIPOR2 MYH16 

NINJ2   MYL1 

NOV   MYL2 

PARD6A   PARD6A 

PCDHA12   PLXNA4 

PCDHB12   RHOF 

SPP1   SNX13 

SRGN   THSD7A 

STUB1   TNNT2 

TGM1   UNC5C 

TMTC2    

TNFAIP6    

XYLT1        

    

    

    

    
    

 

 

 

 

To validate findings from RNA sequencing, isolated RNA from all knockout cells was 

reverse transcribed to cDNA and subjected to qPCR analysis investigating the expression 

of most of the identified genes. ACTB was used as a housekeeping gene and data were 

analysed using the 2-ΔΔCT method normalized to ACTB and the respective vector control 

cells. 
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As predicted from RNA sequencing results, most of the target genes regulated in HCT-116 

cells were upregulated in the 5-LO knockout single-cell clones (Figure 5.9). The strongest 

upregulation occurred for gene APOBEC3G with a 10- (clone G6) to 60-fold (clones F5 and 

H11) upregulation of mRNA expression levels. TGFB2 and FOXA2 showed a moderate 

upregulation with a 10- to 20-fold increase of mRNA depending on the single-cell clone as 

well as NOSTRIN where mRNA amount was about 10-fold higher in all knockout clones 

than in the vector control-treated cells. Moderate upregulation of RNA levels in all clones 

was also detectable for PDLIM5, the two zinc finger protein-coding genes ZNF608 and 

ZNF419, S100A4, the two APOBEC subfamilies 3C and 3F, and SLC1A3. An upregulation in 

clones F5 and G6 of SEMA3A mRNA levels but downregulation in clone H11 could be 

validated. While RNA expression of DSC2, ABCC2, and ARPC3 was not altered in the 

knockout clones, about 2-fold downregulation of PBX1 and LMAN1 mRNA levels for all 

knockout clones could be detected. The strongest downregulation was measured for the 

gene expression of ribosomal protein S4 Y-linked 1 (RPS4Y1), a component of the 40S 

subunit of cytosolic ribosomes.  

 
 

Figure 5.9 RT-qPCR analysis of differentially expressed genes in HCT-116 cells. mRNA expression 

of differentially regulated genes in HCT-116 5-LO knockout clones. Gene expression was normalized 

to ACTB (housekeeping gene) and the corresponding vector control cells (2-ΔΔCT method). Data are 

presented as mean + SEM of 3 independent experiments. Asterisks indicate significant changes vs. 

vector control cells *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 



Results 

75 
 

In HT-29 cells, 2 different mRNA expression patterns were most prominent (Figure 5.10). 

Evaluation of gene expression for NAV1, DMKN, AKAP12, TRABD2A, ZC4H2, and ZNF618 

showed a decrease in mRNA expression in the knockout clones F4 and A2, while there was 

an increase in mRNA expression in clone G6. For the second pattern, very strong 

downregulation of mRNA expression for the four zinc finger protein-coding genes ZNF605, 

ZNF615, ZNF420, and ZNF260 as well as for CSAG1 and ATP11C in all three knockout clones 

could be detected. In that case, the mean mRNA level of the investigated genes was 

decreased from 74-fold (CSAG1) to more than 1000-fold (ZNF260). Expression of 

LINC00665 and UTS2B RNA was only moderate but significantly downregulated in all 

knockout clones.  

 
 
Figure 5.10 RT-qPCR analysis of differentially expressed genes in HT-29 cells. mRNA expression of 

differentially regulated genes in HT-29 5-LO knockout clones. Gene expression was normalized to 

ACTB (housekeeping gene) and the corresponding vector control cells (2-ΔΔCT method). Data are 

presented as mean + SEM of 3 independent experiments. Asterisks indicate significant changes vs. 

vector control cells *p ≤ 0.05, *p ≤ 0.01, ***p ≤ 0.001. 
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234 genes were found for U-2 OS cells that were differentially expressed, but not all of 

them were validated by qPCR analysis (Figure 5.11). As already mentioned, about one-

third of all genes that were differentially expressed were upregulated in the 5-LO 

knockout cells. The strongest upregulation of mRNA levels was measured for EDN2, 

HSPB2, IGFL1, and LLGL2. Here, depending on the single-cell clone, mRNA levels were up 

to 15- to 30- fold higher in cells lacking the 5-LO than in the 5-LO-containing counterparts. 

For SPANXB1, CRAT, RIPOR2, MYL2, PLAC1, and PLAC8 mRNA expression was 5 to 10 times 

higher in the knockout cells and genes like MISP, TMEM40 and LIMS2 still showed a 2- to 

5-fold increase in mRNA levels. However, a lot more genes were down- than upregulated 

in the knockout cells. While many genes were moderately downregulated by 2- to 5-fold 

like BCL2A1, DRAXIN, CCL2, or CHN1, for some genes stronger downregulation was 

investigated. Most prominent were GPR132 and SELENBP1. Here mRNA expression in the 

knockout clones was 50-fold lower compared to the vector control carrying cells. A strong 

downregulation could also be examined for the genes TNFAIP6, SLITRK6, and TRBC2 which 

showed average downregulation of about 20-fold. mRNA levels of the target genes RGS16, 

CFI, BST2, SERPINF1, ETV1, IFI44, LAMA4, FMNL1, and SRGN were at least 10 times lower 

than in 5-LO expressing cells. 
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Figure 5.11 RT-qPCR analysis of differentially expressed genes in U-2 OS cells. mRNA expression 

of differentially regulated genes in U-2 OS 5-LO knockout clones. Gene expression was normalized 

to ACTB (housekeeping gene) and the corresponding vector control cells (2-ΔΔCT method). Data are 

presented as mean + SEM of 3 independent experiments. Asterisks indicate significant changes vs. 

vector control cells *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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5.4 Knockout of 5-LO influences tumour cell proliferation, viability, 

and responsiveness to cytotoxic treatments 

For investigation of the influence of the 5-LO knockout on the cell proliferation rate, cells 

were seeded, incubated, detached, and counted after 24, 48, 72, and 96 hours 

(Figure 5.12). While for HCT-116 cells no difference in cell numbers for 5-LO positive or 

negative cells was detectable, for HT-29, as well as for U-2 OS cells, a decrease in cell 

numbers for all knockout clones could be examined. HT-29 5-LO knockout cells in the 

mean showed a 50% decrease in the cell number already after 48 hours, a 55% decrease 

after 72 hours, and after 96 hours a decrease of around 65%. For U-2 OS cells, the cell 

number of 5-LO knockout cell clones was decreased on average to 75% of the respective 

control cells after 48 hours and to around 70% after 72 and 96 hours. 

 

Figure 5.12 Influence of 5-LO knockout on cell proliferation. Cell proliferation of 5-LO KO cells 

compared to vector controls in HCT-116, HT-29, and U-2 OS cells. Data are presented as mean ± SD 

from 3 independent experiments. Asterisks indicate significant changes vs. vector control-treated 

cells *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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Several studies showed that 5-LO expressing tumours are distinguished by impaired 

responsiveness to the treatment with cytostatic drugs compared to 5-LO negative 

tumours (308) (264) (266). For this reason, the influence of 5-LO knockout on the overall 

cell viability as well as cell survival after the treatment with cytostatic drugs was tested. 

To investigate this, a WST-1 cell viability assay was performed. In addition, to analyse the 

cells more precisely FACS analysis after Annexin V/PI staining was conducted.  

While untreated HT-29 cells showed no difference in the overall cell viability for any of 

the 5-LO knockout clones (Figure 5.13, middle left), in HCT-116 and U-2 OS cells, a large 

variability of the cell viability between the 5-LO knockout single-cell clones was 

determined, leading to the assumption that cell viability here underlies clonal regulation.  

In HCT-116 cells, the same clonal effects could be detected after the treatment with the 

cytostatic drugs Actinomycin D (ActD) and Etoposide (Eto), resulting in a strong decrease 

in the cell viability for single-cell clone G6 after the treatment with low doses of ActD, 

while after the treatment with higher doses of ActD, the cell viability of clones H11 and 

F5 was strongly increased compared to the vector controls (Figure 5.13, top right). 

Interestingly the treatment of HCT-116 cells with higher doses of Eto lead to inverted 

results.  

Treating HT-29 cells with higher doses of Eto seemed to affect 5-LO positive cells more as 

all three knockout clones showed a higher survival rate which was even significant in the 

case of clones A2 and G6.  

Meanwhile, U-2 OS 5-LO knockout cells showed stronger responsiveness to the treatment 

with ActD resulting in significantly lower cell viability for both knockout clones.  

However, determining the state of cell death by FACS analysis (Figure 5.14) suggested that 

in HCT-116 cells the knockout of 5-LO led to weaker responsiveness to the treatment with 

any of the cytostatic drugs as the number of living cells was always the smallest in the 

5-LO positive vector control-treated cells. HT-29, as well as U-2 OS cells, showed no 

difference in the distribution between living, apoptotic and necrotic cells in this setup. 
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Figure 5.13 Influence of 5-LO knockout on cell viability and responsiveness to the treatment with 

cytostatic drugs. (A) Cell viability of the 5-LO KO clones was assessed after 72 hours using the WST-1 

assay. Viability is depicted as % of vector control. (B) Cell viability of 5-LO KO clones and vector 

control cells after treatment with the cytotoxic drugs Actinomycin D (3.5, 7, 10, 14 nM) and 

Etoposide (10, 20, 40, 50 µM) for 48 h. Cell viability was assessed using the WST-1 assay. Data are 

depicted as % of DMSO-treated control and presented as mean + SD from 3 independent 

experiments. Asterisks indicate significant changes vs. vector control-treated cells *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001.  
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Figure 5.14 FACS analysis of HCT-116, HT-29, and U-2 OS cells after the treatment with cytostatic 

drugs. Cell death analysis of 5-LO KO clones and vector control cells treated with Actinomycin D 

(5, 10 nM), Etoposide (20, 40 µM), or 5-fluorouracil (50 µM) after 48 hours. DMSO-treated samples 

were used as a negative control. Cell death was analysed via flow cytometry after 

Annexin V/propidium iodide staining. Data are presented as mean + SD from 3 independent 

experiments. Asterisks indicate significant changes vs. vector control-treated cells *p ≤ 0.05, **p ≤ 
0.01, ***p ≤ 0.001. ActD: Actinomycin D, Eto: Etoposide, VC: vector control, 5-FU: 5-fluorouracil. 
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5.5 Knockout of 5-LO alters colony formation and 3D growth of HCT-

116, HT-29, and U-2 OS cells 

The ability to form colonies when seeded at low density can also be used for the 

characterisation of tumour cells. Therefore, cells were seeded at low density in each well 

of a 6-well plate and incubated for one week. Next, colonies were fixed, stained using 

Ponceau red (HCT-116, HT-29) or crystal violet solution (U-2 OS) and the number of 

colonies was examined (Figure 5.15).  

Despite the status of 5-LO, there was no difference in the number of colonies in HCT-116 

and HT-29 cells.  

In U-2 OS 5-LO knockout cells, the number of colonies formed in this setting was slightly 

but not significantly decreased to, depending on the single-cell clone, 60-80% of the 

respective 5-LO positive counterparts. 
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Figure 5.15 Two-dimensional colony formation of HCT-116, HT-29, and U-2 OS cells. 400 cells were 

seeded into 6-well plates and incubated at 37°C, 5% CO2 in a humidified atmosphere for one week. 

The number of colonies formed after 7 days was assessed after Ponceau red or crystal violet 

staining. Data are depicted as % of vector control and presented as + SD of 3 independent 

experiments. 
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A similar setting was used for the soft agar 3D-colony-forming assay. Here the cells were 

seeded in liquefied agar solution and left for 3 weeks.  

No U-2 OS cells - neither 5-LO positive nor 5-LO knockout cells - were able to grow in this 

environment.  

HCT-116 5-LO knockout cells showed an increase in the number of colonies depending on 

the single-cell clone of 120 to 220% of the respective control but not in a significant 

manner (Figure 5.16).  

In HT-29 cells no difference in the number of colonies formed in soft agar was detectable. 
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Figure 5.16 Soft agar three-dimensional colony formation of HCT-116 and HT-29 cells. 5,000 cells 

were seeded in 6-well plates in a layer of soft agar. After three weeks, the colonies formed were 

stained with crystal violet and counted. U-2 OS cells did not form any colonies under these 

conditions. Data are depicted as % of vector control and presented as mean + SD of 3 independent 

experiments. 
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As conventional 2D cell culture shows limitations in transferability to physiological 

processes, effects of the 5-LO knockout on 3D growth and the ability to form spheroids 

were examined next. Cells were seeded in low-attachment plates to force the growth of 

multicellular spheroids. Now size, appearance, the number of cells per spheroid, and cell 

survival in spheroids were investigated.  

Spheroids consisting of HCT-116 cells showed the largest size of all spheroids with a 

medium diameter of 900 µm on day 4. After 7 days it was detected that spheroid integrity 

was not maintained any longer as loose cells on the surface were spotted (Figure 5.17 A). 

This was observed for all types of HCT-116 cells.  

HT-29 spheroids were slightly smaller but also more stable as cells on the surfaces merged 

to a more solid formation and it took at least 11 days for the spheroids to lose their 

compact round shape and release cells from the core part (Figure 5.17 D). In both cases, 

5-LO positive cells did not show any difference in the behaviour compared to the 5-LO 

knockout cell clones.  

However, for U-2 OS cells it was visible from day one that cells appeared differently. 

U-2 OS spheroids were by far the smallest and while 5-LO positive vector control cells 

formed a solid and denser spheroid, both knockout cell clones only were able to form 

loose cell gatherings with no distinct outline that were highly unstable (Figure 5.17 G). 

This can also be seen by assessing the spheroid diameters that are significantly larger for 

both knockout clones even though none of these cells are bigger nor did the spheroids 

consist of a larger number of cells (Figure 5.17 H).  

7 days after the initial seeding of the cells, spheroids were disaggregated and the number 

of cells in each spheroid was counted. In HCT-116 cells neither the number of living nor 

the total number of cells was influenced by the knockout of 5-LO (Figure 5.17 C). This was 

different for HT-29 cells, where the number of living as well as the total number of cells 

was elevated in all 5-LO knockout clone spheroids from 120 to 160% of the control cells 

(Figure 5.17 F). In U-2 OS cells contrary effects of the 5-LO knockout could be detected as 

the number of cells per spheroid was decreased to about 50% of the 5-LO positive 

counterparts (Figure 5.17 I). 
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Figure 5.17 Appearance, size, and composition of spheroids formed by HCT-116, HT-29, and U-2 

OS cells. For spheroid formation, 1*104 cells were seeded in each well of a low-attachment 96-well 

plate and incubated at 37°C, 5% CO2 in a humidified atmosphere. (A) HCT-116 spheroids incubated 

for 5, 7, 9, and 11 days. Pictures were taken at 5x magnification using a Zeiss Axio Vert.A1 

microscope and examined using the Zen blue software. (B) Diameter of spheroids measured over a 

period of 11 days. Data are presented as mean ± SD of 3-9 independent experiments. (C) Number 

of living (left) and total (right) cells per spheroid depicted as % of the corresponding vector control. 

Data are presented as mean + SD of 3 independent experiments. (D) HT-29 spheroids incubated for 

5, 7, 11, and 15 days. (E) Diameter of spheroids measured over a period of 15 days. Data are 

presented as mean ± SD of 3-9 independent experiments. (F) Number of living (left) and total (right) 

cells per spheroid depicted as % of the corresponding vector control. Data are presented as mean 

+ SD of 3 independent experiments. (G) U-2 OS spheroids incubated for 3, 6, 10, and 14 days. (H) 

Diameter of spheroids measured over a period of 14 days. Data are presented as mean ± SD of 3-9 

independent experiments. (I) Number of living (left) and total (right) cells per spheroid depicted as 

% of the corresponding vector control. Data are presented as mean + SD of 3 independent 

experiments. Asterisks indicate significant changes vs. vector control cells *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001. 

 

Overall cell viability using ATP as a surrogate parameter in spheroids was examined using 

the Promega CellTiter-Glo® 3D Cell Viability Assay. Here, a slight decrease in the cell 

viability in spheroids formed by HT-29 5-LO knockout cells compared to the vector control 

cells was revealed. In HCT-116 and U-2 OS 5-LO knockout cells, cell viability was 

determined by clonal effects as for HCT-116 clones F5 and G6, as well as U-2 OS clone H5 

the viability was slightly decreased while an increase was detectable for the rest 

(Figure 5.18). 

 

  
Figure 5.18 Cell viability in spheroids of HCT-116, HT-29, and U-2 OS cells. Cell viability in spheroids 

was assessed by the CellTiter-Glo® 3D cell viability assay. Viability is depicted as % of vector control. 

Data are presented as mean + SD of 3 independent experiments 
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To investigate the influence of the 5-LO knockout on spheroid outgrowth, spheroids 

incubated for four days were embedded in Matrigel®, an artificial extracellular matrix that 

allows an even more complex 3D growth of the cells. The size and appearance of the 

spheroids were examined over a period of 19 days.  

Among the three parental cell lines, HCT-116 cells showed the highest increase in the size 

of the spheroids over time and embedding in Matrigel® led to the evolution of a spiked 

spheroid surface outgrowing into the extracellular matrix. Only knockout clone G6 

showed a significantly increased size of the spheroids while clones F5 and H11 resembled 

the vector control-treated cells (Figure 5.19 A, B).  

HT-29 cells evolved a bubble-shaped surface after the addition of an artificial extracellular 

matrix but no differences in shape and size among the 5-LO positive and negative cells 

were detectable (Figure 5.19 C, D).  

Similar to the already assessed conventional spheroid formation, this was different for 

U-2 OS cells. By embedding the spheroids in Matrigel®, 5-LO positive, as well as 5-LO 

knockout cells, were able to evolve the typical spheroid structure, but 5-LO positive vector 

control cells formed spheroids of about twice the size of 5-LO knockout cells 

(Figure 5.19 E, F). Also, on the surface of spheroids formed by 5-LO-containing cells 

(wildtype as well as vector control-treated), tube-like structures started to emerge and 

grow into the extracellular matrix (Figure 3.19 G, marked by arrows). This effect was 

completely absent for both 5-LO knockout cell clones. 
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Figure 5.19 Assessment of spheroid outgrowth into the extracellular matrix. 1*104 cells were 

seeded in low-attachment plates and incubated at 37°C, 5% CO2 in a humidified atmosphere. After 

four days, Matrigel® was added and spheroids were further incubated. (A) HCT-116 Spheroids 

incubated in Matrigel® for 1, 4, 8, and 11 days. (B) Diameter of HCT-116 spheroids measured over 

a period of 14 days. (C) HT-29 spheroids incubated in Matrigel® for 1, 3, 7, and 11 days. (D) Diameter 

of HT-29 spheroids measured over a period of 18 days. (E) U-2 OS spheroids incubated in Matrigel® 

for 1, 8, 11, and 17 days. (F) Spheroids incubated in Matrigel® for 8 days, arrows mark the 

outgrowing structures from U-2 OS wildtype (wt) and vector control-treated cells. (G) Diameter of 

U-2 OS spheroids measured over a period of 14 days. Data are presented as mean ± SD of 3-9 

independent experiments. Asterisks indicate significant changes vs. vector control cells *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001. Pictures were taken at 5x or 2.5x (only HCT-116, 8 + 11 days) 

magnification using a Zeiss Axio Vert.A1 microscope and examined using the Zen blue software. 
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5.6 Knockout of 5-LO strongly increases directed cell migration in 

HCT-116 and U-2 OS cells  

Many of the regulated genes that were found with RNA sequencing are known to be 

connected to epithelial-mesenchymal-transition (EMT). For this reason, the mRNA 

expression of genes that are used as common EMT markers was analysed by real-time 

qPCR (Figure 5.20).  

In HCT-116 cells, only SNAI2 expression was slightly altered. Here mRNA levels in all three 

5-LO knockout clones were decreased to about 50% of the respective vector control cells.  

In HT-29 cells, CDH2 and SNAI2 were upregulated in all knockout clones, even if this was 

not significant.  

U-2 OS cells revealed contradictory regulation for CDH2 and SNAI1 for the two knockout 

clones and no regulation of the other two genes. 

 

Figure 5.20 RT-qPCR analysis of CDH1, CDH2, SNAI1, and SNAI2 in HCT-116, HT-29, and U-2 OS 

cells. mRNA expression of EMT marker genes in HCT-116, HT-29, and U-2 OS 5-LO knockout clones. 

Gene expression was normalized to ACTB (housekeeping gene) and the corresponding vector 

control cells (2-ΔΔCT method). Data are presented as mean + SD of 3 independent experiments. 

Asterisks indicate significant changes vs. vector control cells *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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Directed and undirected cell migration was explored next. For directed cell migration, cells 

were seeded in the upper compartment of a transwell chamber in a serum-deprived 

medium. The lower compartment contained 10% FCS and migration towards the serum 

gradient was assessed. After a defined period (HCT-116 + HT-29: 24 hours, U-2 OS: 

3 hours) medium from the lower chamber was replaced by a serum-deprived medium 

containing the esterified fluorescent dye Calcein-AM and incubated for 45 minutes. 

Subsequently, cells that migrated through the membrane to the bottom side were 

detached using TE, and the fluorescence of the cell suspension was measured 

(Figure 5.21 A). Despite their 5-LO status, all U-2 OS cells were much more mobile than 

the two colorectal cancer cell lines and so incubation time was kept shorter.  

Signal intensity in all three HCT-116 knockout clones was increased to 200 to 300% of the 

respective control, meaning that 2 to 3 times more cells were able to migrate towards the 

chemoattractant if they lacked 5-LO. While HT-29 cells showed no differences in the 

directed cell migration, also 50% more U-2 OS cells not expressing 5-LO were able to 

migrate through the membrane. 

When a layer of Matrigel® on top of the membrane was added to the experimental setup 

to mimic invasion into the extracellular matrix, no differences in the migration ability of 

5-LO positive and negative cells could be examined for any of the cell lines (Figure 5.21 B).  

 
Figure 5.21 Directed cell migration and invasion of HCT-116, HT-29, and U-2 OS cells. (A) Directed 

cell migration towards a serum gradient was measured in a transwell assay for 3 h (U-2 OS) or 24 h 

(HCT-116, HT-29). (B) For investigations on invasive properties of the cells, migration through 

Matrigel® was measured. Data are depicted as % of vector control and presented as mean + SD 

from 3-5 independent experiments. Asterisks indicate significant changes vs. vector control-treated 

cells *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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The influence on undirected cell migration - known as haptotaxis - was assessed by 

performing a wound closure assay (Figure 5.22). For that, cells were seeded in both 

chambers of a cell culture insert and after reaching confluency the insert was removed 

resulting in a precise gap between the two cell fields. Now cells were able to close this 

gap by moving or growing toward each other. Interestingly, the time it took for the cells 

to close this gap was very different between the three cell lines.  

 

As already learned from the transwell assay, U-2 OS cells are extremely mobile adherent 

cells and in a time course of 13 - 16 hours, the gap was closed. Nevertheless, this was true 

for all types of U-2 OS cells regardless of their 5-LO status.  

 

For HCT-116 cells it took about 66 hours to close the gap again showing the enhanced 

motility for U-2 OS cells. Also, taking a closer look after this time course suggests that the 

closing of the gap for HCT-116 cells was rather due to proliferation than to active 

movement as the gap, even though it is closed, was still visible with cell masses 

surrounding it.  

 

HT-29 cells are hardly moving at all as it took them more than 120 hours to close the gap. 

But here again, no difference could be detected for the 5-LO knockout clones compared 

to the vector control-treated cells.  
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Figure 5.22 Wound closure in 5-LO KO cells. Closing of an artificial wound gap yielded by seeding 

4.9*104 cells in 2-well culture-inserts. Cells were allowed to attach for 24 h, inserts were removed, 

cells were washed carefully with PBS to remove all unattached cells, and finally covered with fresh 

medium. Pictures were taken at 2.5x magnification in the following using a Zeiss Axio Vert.A1 

microscope and examined using the Zen blue software. 
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5.7 Cell cycle analysis of 5-LO knockout HCT-116, HT-29, and U-2 OS 

cells 
 

Dependency of the cell cycle on 5-LO KO was analysed in the different cell lines by 

incubating cells in a starvation medium for 24 hours followed by an incubation period of 

6 hours in complete growth medium. After this time, cells were fixed, stained, and 

analysed by flow cytometry (Figure 5.23). For none of the three investigated cell lines, any 

difference in the distribution of the cells among the different phases of the cell cycle could 

be detected. 

 
Figure 5.23 Cell cycle analysis of the 5-LO KO cells. Cells were synchronised by serum starvation in 

a medium containing 0.5% FCS for 24 h. Subsequently, the medium was changed to complete 

growth medium containing 10% FCS. After another 6 h cells were harvested, fixed, and analysed via 

flow cytometry. Data are presented as mean + SD of 3 independent experiments.  
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5.8 Influence of 5-LO knockout on mitogen and chemokine release 

from HCT-116, HT-29, and U-2 OS cells 
 

During the evaluation of RNA sequencing results, gene expression levels of different 

mitogens and chemokines were found to be regulated by the 5-LO knockout on mRNA 

level. Among them were TGFB2 (in HCT-116 cells) and PDGFA, CXC3CL1, and CCL2 (in 

U-2 OS cells). To see whether these regulations were not only limited to mRNA amounts, 

protein expression of the respective mitogens and chemokines was measured by ELISA 

(TGF-β2 and PDGF-AA) and by cytokine bead assay (CBA) using FACS analysis (fractalkine 

and MCP-1). 

 

5.8.1 TGF-β2  

 

For measuring TGF-β2 secretion via ELISA, 7*105 HCT-116 cells were seeded in a 24-well 

plate and incubated at standard cell culture conditions. After 72 hours, supernatants were 

collected, centrifuged to remove any leftover cells, and acid-activated. As TGF-β2 
normally is expressed in a latent complexed form, it is necessary to cleave this bond to 

measure free TGF-β2 (340) (341). In all three single-cell 5-LO knockout clones, elevated 

levels of TGF-β2 compared to the vector control cells could be detected (Figure 5.24). 

While clone G6 only expressed 170% of the TGF-β2 amounts expressed by vector control 
cells, in clones H11 and F5 TGF-β2 levels were elevated to 286% which was in the case of 

clone F5 even significant. 

 

Figure 5.24 TGF-β2 secretion in HCT-116 cells. Supernatants of HCT-116 5-LO knockout and control 

vector cells were acid-activated and TGF-β2 protein amounts were measured using ELISA method. 

Data are depicted as % of vector control and presented as mean + SD from 6 independent 

experiments. Asterisks indicate significant changes vs. vector control-treated cells *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001. 
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5.8.2 Fractalkine, MCP-1, and PDGF-AA 

 

The mitogen and chemokine expression from the different U-2 OS cell lines was measured 

in supernatants from confluent cells grown in monolayer (Figure 5.25). Besides the stress 

factor of confluent-grown cells, medium was replaced by new medium lacking FCS to 

increase cellular stress even more and cells were incubated for another 24 hours. Platelet-

derived growth factor A (PDGF-AA) secretion was measured using ELISA method and 

fractalkine and monocyte chemoattractant protein 1 (MCP-1) were quantified by a 

cytometric bead assay. For all substances, a significant reduction of the expression in both 

5-LO knockout clones was discovered. In the supernatants of clone H5, only 33-40% of the 

cytokine amounts secreted from vector control cells were measured and while only 14%, 

respectively 20%, of PDGF-AA and MCP-1 could be detected in the supernatants of clone 

C4, fractalkine expression was even below the limit of quantification. 

 

 

Figure 5.25 Fractalkine, MCP-1, and PDGF-AA secretion from U-2 OS cells. Supernatants of U-2 OS 

5-LO knockout and control vector cells were measured by ELISA (PDGF-AA) or by cytometric bead 

array (fractalkine, MCP-1). Data are depicted as % of vector control and presented as mean + SD 

from 3 independent experiments. Asterisks indicate significant changes vs. vector control-treated 

cells *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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5.9 Regulation of cellular processes by 5-LO knockout presumably is 

not connected to cancer stem cells 
 

Cancer stem cells play an important role in ongoing malignant processes as they are able, 

like normal stem cells, to give rise to a multitude of cell types important for tumour 

progression. In addition, they show stronger resistance to cytotoxic treatments and 

therefore play an important role in the relapse after such therapies. As cancer stem cells 

are strongly heterogenic, today a huge variety of cancer stem cell markers are known 

focussing on the different properties that support pathophysiological processes like 

elevated proliferation, lacking differentiation, or reinforced metabolism (348) (349). For 

this work, different types of markers were used to investigate possible incidents including 

cancer stem cells. In combination, CD24, CD44, and CD133 are common markers for 

cancer stem cells, especially used to characterise colorectal cancer (350).  

The presence of the different cancer stem cell markers expressed on the cell surface was 

investigated using FACS analysis (Figure 5.26). Cells were stained with fluorophore-

coupled antibodies and sorted by a BD FACSDiva™ in the following.  

In HT-29 cells, no differences in the expression of cell surface markers comparing 5-LO 

knockout cells with vector control cells could be detected at all.  

In HCT-116 cells, CD24 as well as CD44 expression levels were higher in two of three 

knockout clones (F5 + H11) but remained indifferent in the third clone (G6). CD133/2 

showed a moderate elevation from 140 to 170% of the mean fluorescence measured in 

the vector control in all three knockout clones.  

In U-2 OS cells, CD44 expression was only elevated in clone H5 while CD24, as well as 

CD133/2 both, were less present on the cell surfaces of both knockout clones although 

this decrease was not significant.  
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Figure 5.26 Expression of cancer cell stem markers in HCT-116, HT-29, and U-2 OS cells. FACS 

analysis of CD24, CD44, and CD133/2 cell surface markers. Data are depicted as the mean of 

fluorescence as % of vector control and presented as mean + SD from 3 independent experiments. 

Asterisks indicate significant changes vs. vector control-treated cells *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001. 
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Other markers characteristic of processes prominent in malignant cells were investigated 

by immunostainings analysed by confocal microscopy. Ki-67 is commonly used as a 

marker for proliferation since it is widely expressed during the G1-, G2-, S-, and M-phase 

in human cells but it is absent in resting cells in the G0-phase (351). Epithelial cell adhesion 

molecule (EpCAM) belongs to the superfamily of cell adhesion molecules (CAMs) and is 

expressed on epithelial cells. Here, it conveys cell-cell contacts and is an important tumour 

marker that serves as a target for antibody-mediated cancer therapy (352). Cytokeratin 

20 (CK20) is a frequently used tumour marker for colorectal carcinomas and other 

malignancies of the gastrointestinal and urogenital tract as it is commonly expressed by 

the intestinal and urogenital mucosa. In combination with Ki-67, it serves as a strong 

prognostic marker for different types of cancers (353). Homeobox protein CdX-1 is a 

transcription factor exclusively expressed in the human intestine and can be used as a 

marker for enterocyte differentiation (354). To investigate the expression and distribution 

of these markers, cells were attached to microscopy slides, stained with the respective 

primary and fluorophore-coupled secondary antibodies, and examined using a confocal 

microscope (Figures 5.27 – 5.29). 
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Ki-67 expression was detected in all HCT-116 with some single cells transmitting a 

stronger signal indicating higher Ki-67 expression. This was true for vector control cells as 

well as for the knockout clones. EpCAM expression however revealed some differences 

between 5-LO positive and negative cells. The strongest signals were detected for vector 

control-treated cells. Clones G6 and H11 showed a moderate reduction of the signal 

intensity and expression in clone F5 was the lowest. CK20 and CdX-1 distribution however 

did not alter consistently between 5-LO positive and negative cells. 
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Figure 5.27 Immunostaining of Ki-67, EpCAM, CK20, and CdX-1 in HCT-116 vector control-treated 

and 5-LO KO cells. PFA fixed cells were stained with antibodies against Ki-67, EpCAM, CK20, and 

CdX-1 and Alexa Fluor® coupled secondary antibodies. Nuclear counterstaining was performed with 

DAPI and images were acquired at 40x magnification using a Zeiss LSM 780 confocal microscope 

under identical conditions for pinhole opening, laser power, photomultiplier tension, and layer 

number. Results from one representative out of three independent experiments are shown. 
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In HT-29 cells, Ki-67 showed an uneven distribution in the vector control cells with some 

cells highly positive for expressing the protein. This was true for clones A2 and G6 as well 

while clone F4 had a more uniform distribution with weaker signals. In contrast, EpCAM 

was evenly distributed in the vector control-treated cells with strong signals on the cell 

surfaces highlighting cell-cell contacts. This pattern looks the same for clone F4 but both 

single-cell clones A2 and G6 show a stronger overall signal for EpCAM expression and also 

single cells with a higher intensity. CK20 and CdX-1 signals were rather uniformly spread 

with some cells showing a stronger expression, but this was the same in all cell types 

independent of their 5-LO status.  
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Figure 5.28 Immunostaining of Ki-67, EpCAM, CK20, and CdX-1 in HT-29 vector control-treated 

and 5-LO KO cells. PFA fixed cells were stained with antibodies against Ki-67, EpCAM, CK20, and 

CdX-1 and Alexa Fluor® coupled secondary antibodies. Nuclear counterstaining was performed with 

DAPI and images were acquired at 40x magnification using a Zeiss LSM 780 confocal microscope 

under identical conditions for pinhole opening, laser power, photomultiplier tension, and layer 

number. Results from one representative out of three independent experiments are shown. 
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Interestingly, in U-2 OS cells EpCAM was not located at the cell surface but within the 

cytosol around the nucleus of the cells. While single-cell clone C4 showed an overall 

stronger signal for EpCAM expression in all cells compared to the 5-LO positive 

counterparts, in clone H5 only some cells were highlighted by higher EpCAM expression. 

For the other three investigated markers no differences in the expression patterns were 

visible for any of the different U-2 OS cell types. 
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Figure 5.29 Immunostaining of Ki-67, EpCAM, CK20, and CdX-1 in U-2 OS vector control-treated 

and 5-LO KO cells. PFA fixed cells were stained with antibodies against Ki-67, EpCAM, CK20, and 

CdX-1 and Alexa Fluor® coupled secondary antibodies. Nuclear counterstaining was performed with 

DAPI and images were acquired at 40x (top) or 10x (bottom) magnification using a Zeiss LSM 780 

confocal microscope under identical conditions for pinhole opening, laser power, photomultiplier 

tension, and layer number. Results from one representative out of three independent experiments 

are shown. 
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5.10 Pharmacological inhibition of 5-LO only partly mimicked the 

5-LO KO 

The influence of 5-LO inhibition on mRNA expression in HCT-116, HT-29, and U-2 OS cells 

was investigated by isolating RNA from vector control cells incubated for 3 days with 

Zileuton (3 + 10 µM) and CJ-13610 (0.3 + 3 µM) in complete growth medium at 37°C, 5% 

CO2 in a humidified atmosphere. mRNA was reverse transcribed to cDNA and subjected 

to qPCR analysis investigating the expression of some of the - due to 5-LO knockout - 

differentially expressed genes. ACTB was used as a housekeeping gene and data were 

analysed using the 2-ΔΔCT method normalized to ACTB and the respective vector control 

cells.  

In HCT-116 cells, several genes were found to be differentially regulated by knocking out 

the 5-LO. The expression of some of these genes was measured after the long-term 

treatment with the 5-LO inhibitory drugs Zileuton and CJ-13610 (Figure 5.30). While gene 

expression of APOBEC3C, FOXA2, S100A4, SLC1A3, and ZNF608 was upregulated after the 

knockout of 5-LO, pharmacological inhibition of 5-LO did not lead to altered mRNA 

expression of those genes. Zinc finger protein coding gene ZNF419 was even 2-fold 

downregulated after the inhibition of 5-LO even though complete knockout of the enzyme 

led to 4-fold upregulation of ZNF419 mRNA. The same contrary effects could be detected 

for a high dose of CJ-13610 leading to downregulation of APOBEC3G mRNA levels and 

upregulation of LMAN1 expression even though results in 5-LO knockout cells were 

inverted. Also, PBX1 gene expression was increased by inhibiting 5-LO but decreased after 

knocking it out. But on the other side, for some genes effects yielded by genomic 5-LO 

knockout could be - at least to some extent - reproduced by enzymatic inhibition. 

NOSTRIN, PDLIM5, and TGFB2 mRNA levels all were upregulated around 5- to 20-fold in 

5-LO knockout cells, depending on the single-cell clone, and for NOSTRIN and TGFB2 a 

3- to 5-fold increase in mRNA expression after the treatment with both inhibitors could 

be detected which was not dose-dependent. For PDLIM5 high doses of CJ-13610 could 

even completely mimic the effects of the 5-LO knockout. The strongest downregulation 

of gene expression in HCT-116 5-LO knockout cells was detected for RPS4Y1, in the mean 

to more than 100-fold and by inhibition of the enzyme for all concentrations of the 

inhibitors a decreased mRNA level of up to 16-fold could be reproduced. 
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Figure 5.30 RT-qPCR analysis of selected differentially expressed genes in HCT-116 cells treated 

with 5-LO inhibitors in comparison to results of complete knockout of 5-LO. mRNA expression of 

differentially regulated genes in HCT-116 cells treated with Zileuton (3 + 10 µM) and CJ-13610 (0.3 

+ 3 µM) for 3 days (black and white) compared to 5-LO knockout data (red). Gene expression of 

inhibitor-treated cells was normalized to ACTB (housekeeping gene) and the corresponding DMSO-

treated vector control cells (2-ΔΔCT method). Data are presented as mean + SD of 3 independent 

experiments. Asterisks indicate significant changes vs. vector control cells *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001. 

 

In HT-29 cells, two different patterns of mRNA regulation in the knockout clones could be 

detected. AKAP12, DMKN, NAV1, TRABD2A, ZC4H2, and ZNF618 were downregulated in 

single-cell clones F4 and A2 but upregulated in clone G6. For the majority of those genes, 

no differential expression was measured by inhibition of the 5-LO (Figure 5.31). Only 
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AKAP12 and DMKN gene expression could be increased by the treatment with Zileuton 

dose-dependently. The second cluster of genes was strongly downregulated in all three 

knockout single-cell clones. For those genes, no inhibitory treatment led to comparable 

results. While pharmacological inhibition of 5-LO did not alter LINC00665 gene expression, 

high doses of CJ-13610 exhibited the same effects for regulation of UTS2B mRNA levels as 

the complete genomic knockout of the enzyme did. 

 

Figure 5.31 RT-qPCR analysis of selected differentially expressed genes in HT-29 cells treated with 

5-LO inhibitors in comparison to results of complete knockout of 5-LO. mRNA expression of 

differentially regulated genes in HT-29 cells treated with Zileuton (3 + 10 µM) and CJ-13610 (0.3 + 

3 µM) for 3 days (black and white) compared to 5-LO knockout data (blue). Gene expression of 

inhibitor-treated cells was normalized to ACTB (housekeeping gene) and the corresponding DMSO-

treated vector control cells (2-ΔΔCT method). Data are presented as mean + SD of 3 independent 

experiments. Asterisks indicate significant changes vs. vector control cells *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001. 
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In U-2 OS cells, only some of the genes that were differentially regulated by 5-LO knockout 

were investigated after the treatment with the inhibitory drugs (Figure 5.32). While gene 

expression of BCL2A1, BHLHB41, CX3CL1, DRAXIN, LAMA4, LIMS2, and SSP1 was hardly 

influenced by long-term treatment with Zileuton and CJ-13610, some knockout effects 

could also be depicted under these conditions. CCL2 gene expression was decreased in 

5-LO knockout cells and higher doses of both inhibitors could mimic these effects which 

could also be achieved for HAS2 and at least to some extent for ITGA2. A moderate 

upregulation of mRNA expression of PLAC1 after the inhibitory treatment could be shown 

as well as for COL8A1, in this case being contradictory to the knockout data.  

 

Figure 5.32 RT-qPCR analysis of selected differentially expressed genes in U-2 OS cells treated 

with 5-LO inhibitors in comparison to results of complete knockout of 5-LO. mRNA expression of 

differentially regulated genes in U-2 OS cells treated with Zileuton (3 + 10 µM) and CJ-13610 (0.3 + 

3 µM) for 3 days (black and white) compared to 5-LO knockout data (green). Gene expression of 

inhibitor-treated cells was normalized to ACTB (housekeeping gene) and the corresponding DMSO-

treated vector control cells (2-ΔΔCT method). Data are presented as mean + SD of 3 independent 

experiments. Asterisks indicate significant changes vs. vector control cells *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001. 
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The next aim was to investigate whether the attenuated cell proliferation in 5-LO 

knockout cells from both HT-29 and U-2 OS cell lines could also be achieved by inhibiting 

the 5-LO. Therefore, vector control-treated cells were incubated for 3 days with Zileuton 

(3 + 10 µM) and CJ-13610 (0.3 + 3 µM) in complete growth medium at 37°C, 5% CO2 in a 

humidified atmosphere. After this time, cells were seeded in 24-well plates with 

additional inhibitor treatment, detached using TE after 24, 48, 72, and 96 hours and 

counted manually after trypan-blue staining (Figure 5.33). 

In HT-29 cells a decrease in cell numbers for all knockout clones could be examined after 

48, 72, and 96 hours. In this new setting, only the cell number of HT-29 vector control cells 

treated with 3 µM CJ-13610 was significantly decreased after 96 hours of incubation. In 

U-2 OS cells as well, only high dose CJ-13610 treatment affected the cell proliferation, in 

this case already after 72 hours of incubation, leading to a decreased cell number of 60% 

of the DMSO-treated control for 72- and 96-hour time points. 
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Figure 5.33 Cell proliferation in HT-29 and U-2 OS vector control cells treated with 5-LO inhibitors. 

Cell proliferation in cells treated with the 5-LO inhibitors Zileuton (3, 10 µM) or CJ-13610 (0.3, 3 µM) 

compared to DMSO-treated controls in HT-29 (top) and U-2 OS (bottom) cells. Data are presented 

as mean ± SD from 3 independent experiments. Asterisks indicate significant changes vs. vector 

control-treated cells *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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The influence of 5-LO inhibition on spheroid formation was assessed as well. HT-29 and 

U-2 OS vector control-treated cells, incubated for 3 days with Zileuton (3 + 10 µM) and 

CJ-13610 (0.3 + 3 µM) in complete growth medium at 37°C, 5% CO2 in a humidified 

atmosphere, were seeded with additional inhibitor treatment in ultra-low-attachment 

plates.  

The size and appearance of HT-29 spheroids did not differ whether the cells were treated 

with inhibitors or not (Figure 5.34 A). 7 days after initial seeding, spheroids were digested 

using Accutase® and the number of cells per spheroid was counted manually using a 

Bürker chamber after trypan-blue staining. All inhibitor concentrations led to a slightly 

increased number of living as well as total cells per spheroid and again high dose CJ-13610 

treatment resulted in the strongest effects (Figure 5.34 B).  

In U-2 OS cells the biggest differences in spheroid formation in 5-LO knockout cells 

compared to 5-LO positive cells were detected. While 5-LO knockout cells were not able 

to form any kind of compact spheroid, 5-LO inhibitor-treated cells did not show any 

different behaviour compared to mock control after the seeding for spheroid formation 

(Figure 5.34 C). Contrary to HT-29 cells, the number of cells per spheroid was slightly 

decreased for the inhibitor treatments, resembling results from 5-LO knockout cells, 

where the number of cells per spheroid was also decreased in both knockout single-cell 

clones (Figure 5.34 D). 
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Figure 5.34 Spheroid formation after pharmacological inhibition of 5-LO. Three-dimensional 

growth of HT-29 and U-2 OS vector control cells treated with Zileuton (3, 10 µM) or CJ-13610 (0.3, 

3 µM) was assessed by seeding 1*104 cells in each well of a low-attachment plate and incubation 

at 37°C, 5% CO2 in a humidified atmosphere. (A) HT-29 spheroids incubated for 7 days. Pictures 

were taken at 5x magnification using a Zeiss Axio Vert.A1 microscope and examined using the Zen 

blue software. (B) Number of living and total HT-29 cells per spheroid depicted as % of the 

corresponding DMSO-treated vector control. (C) U-2 OS spheroids incubated for 7 days. Pictures 

were taken at 5x magnification using a Zeiss Axio Vert.A1 microscope and examined using the Zen 

blue software. (D) Number of living and total U-2 OS cells per spheroid depicted as % of the 

corresponding DMSO-treated vector control. Data are presented as mean + SD of 3 independent 

experiments. 
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The strongest differences from all experiments conducted with the 5-LO knockout cells 

were found in the transwell assay. Therefore, directed cell migration was examined in 

HCT-116 and U-2 OS vector control cells incubated for 3 days with Zileuton (3 + 10 µM) or 

CJ-13610 (0.3 + 3 µM) in complete growth medium at 37°C, 5% CO2 in a humidified 

atmosphere. After this initial incubation, cells were seeded in the upper chamber of a 

transwell system with an additional inhibitor treatment in a starvation medium containing 

only 0.5% FBS while the bottom chamber was filled with complete growth medium 

creating a serum gradient as a chemoattractant (Figure 5.35).  

In HCT-116 vector control-treated cells, cell motility was dose-dependently increased by 

inhibiting 5-LO with both inhibitors. While 3 µM Zileuton treatment had no effects on cell 

motility, 10 µM treatment increased the number of migrated cells to 120% of the control 

cells. CJ-13610 treatment for both concentrations elevated the level of cells in the lower 

chamber to 190% (0.3 µM) and even 220% (3 µM). Nevertheless, the whole extent of the 

5-LO knockout mediated effect could not be achieved.  

Interestingly, in U-2 OS cells none of the treatments led to an upregulation of the cell 

number in the lower compartment, while 0.3 µM of CJ-13610 even decreased the number 

of migrated cells to 80% of the mock control. 

 

Figure 5.35 Directed cell migration of HCT-116 and U-2 OS vector control cells during treatment 

with Zileuton (3, 10 µM) or CJ-13610 (0.3, 3 µM). After 3 h (U-2 OS) or 24 h (HCT-116), migrated 

cells were stained, and fluorescence of the cell suspension was measured. Data are presented as 

mean + SD from 3-5 independent experiments. Asterisks indicate significant changes vs. DMSO 

control *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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To exclude possible cytotoxic effects of the two 5-LO inhibitors, HCT-116, HT-29, and U-2 

OS vector control cells, incubated for 3 days with Zileuton (3 + 10 µM) and CJ-13610 (0.3 

+ 3 µM) in complete growth medium at 37°C, 5% CO2 in a humidified atmosphere were 

seeded for WST-1 assay again treated with an additional dose of the respective inhibitors 

(Figure 5.36). In all three cell lines, Zileuton treatment led to a dose-dependent increase 

in cell viability and while 0.3 µM treatment of CJ-13610 also slightly increased cell viability 

in all three cell lines, treatment with 3 µM of CJ-13610 decreased the viability in HT-29 

cells to 90% and in U-2 OS cells to 75% of the DMSO treated control. 

 

Figure 5.36 Influence of 5-LO inhibitors on cell viability. Cell viability of the 5-LO inhibitor-treated 

vector control cells was assessed after 72 hours using the WST-1 assay. Viability is depicted as % of 

DMSO-treated vector control and presented as mean + SD from 3 independent experiments. 

Asterisks indicate significant changes vs. DMSO-treated cells *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.  
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5.11 Re-expression of 5-LO did not reverse the knockout-mediated 

effects   
 

One of the most common ways to validate knockout effects is to re-express the target of 

interest in the knockout cells and to see whether knockout-mediated effects can be 

reversed by this. For this purpose, 5-LO knockout clones (HCT-116: F5, G6; HT-29: F4, G6; 

U-2 OS: C4) and their respective vector control-treated cells were transfected using a 

sleeping beauty plasmid carrying the coding sequence of the ALOX5 gene. For control 

purposes, the same plasmid only missing the coding sequence of 5-LO was used for all cell 

types. Hygromycin was used to select the transfected cells and the knock-in was validated 

via Western blot analysis (Figure 5.37). In all three cell lines, the re-expression of 5-LO 

could be validated for all used cell types, but by comparing 5-LO knock-in cells with 

wildtype-carrying vector control-treated cells, it becomes obvious that the amount of 

5-LO by far exceeds the physiological amount present in the tumour cells. Nevertheless, 

further experiments were conducted. 

 

Figure 5.37 Re-expression of 5-LO in HCT-116, HT-29, and U-2 OS 5-LO knockout cells and vector 

controls. Validation of 5-LO knock-in on protein level in HCT-116 (A), HT-29 (B), and U-2 OS (C) 

single-cell clones and vector controls analysed by Western blotting. Left: Low intensity showing 

successful knock-in of 5-LO. Right: High intensity showing physiological 5-LO expression in vector 

control-treated cells. Recombinant human 5-LO was used as a positive control. M: marker, r5-LO: 

recombinant human 5-LO, VC: vector control. 
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For each cell line, four, respectively five, representative genes were chosen to be validated 

via RT-qPCR. RNA from 5-LO knock-in and vector control-treated cells was isolated, 

reverse transcribed to cDNA, and subjected to qPCR analysis. ACTB was used as a 

housekeeping gene and data were analysed using the 2-ΔΔCT method normalized to ACTB 

and the respective vector control cells.  

In HCT-116 cells (Figure 5.38) the re-expression of 5-LO could neither reverse the 

upregulation of NOSTRIN mRNA levels, nor the downregulation of LMAN1. Expression of 

TGFB2 and FOXA2 could be completely normalized in knock-in clone G6 but interestingly 

this was also true for the vector control-treated knockout clone. Expression of TGFB2 in 

knock-in clone F5 was reduced from 22-fold in the 5-LO knockout to 2.5-fold in the mock 

control but the same was true for the respective control. For FOXA2, mRNA expression in 

knock-in clone F5 was 3 times lower than in the vector control-treated cells but still 

comparable to the levels in the pure knockout. 

   

Figure 5.38 RT-qPCR analysis of selected differentially expressed genes in HCT-116 5-LO knock-in 

cells and the respective controls. mRNA expression of differentially regulated genes in HCT-116 

5-LO knock-in and the respective control cells. Gene expression was normalized to ACTB 

(housekeeping gene) and the corresponding vector control cells (2-ΔΔCT method). Data are presented 

as mean + SD of 3 independent experiments. Asterisks indicate significant changes vs. vector control 

cells *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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The knock-in of 5-LO in HT-29 cells could only partly reverse some effects yielded by the 

knockout (Figure 5.39). For ATP11C, gene expression in single-cell clone G6 could be 

elevated from 30-fold downregulation to 12-fold compared to the respective controls. 

The same was true for the gene expression of ZNF420 in clone F4. Here, an increase from 

400-fold to 15-fold downregulation could be detected by comparing knock-in cells to the 

respective vector control-treated cells. UTS2B expression was slightly elevated in both 

knockout clones but still not normalized to the expression in vector control-treated cells. 

For TRABD2A no alteration in the expression after the re-expression of 5-LO could be 

detected. 

 

Figure 5.39 RT-qPCR analysis of selected differentially expressed genes in HT-29 5-LO knock-in 

cells and the respective controls. mRNA expression of differentially regulated genes in HT-29 5-LO 

knock-in and the respective control cells. Gene expression was normalized to ACTB (housekeeping 

gene) and the corresponding vector control cells (2-ΔΔCT method). Data are presented as mean + SD 

of 3 independent experiments. Asterisks indicate significant changes vs. vector control cells 

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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Although in U-2 OS cells gene expression of CCL2, CX3CL1 and ITGA2 could be raised closer 

to expression in vector control cells (Figure 5.40), the same effects were visible in vector 

control-treated knockouts, suggesting that other processes might play a role in this 

regulation. Gene expression of LAMA4 and COL8A1 was not altered by re-expression of 

5-LO.  

 

Figure 5.40 RT-qPCR analysis of selected differentially expressed genes in U-2 OS 5-LO knock-in 

cells and the respective controls. mRNA expression of differentially regulated genes in U-2 OS 5-LO 

knock-in and the respective control cells. Gene expression was normalized to ACTB (housekeeping 

gene) and the corresponding vector control cells (2-ΔΔCT method). Data are presented as mean + SD 

of 3 independent experiments. Asterisks indicate significant changes vs. vector control cells 

*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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Cell proliferation was impaired after knocking out the 5-LO in HT-29 and U-2 OS cells. For 

this reason, the same experiment was conducted in all generated knock-in and control 

cell lines (Figure 5.41).  

In HCT-116 cells the knockout of 5-LO did not affect proliferation, so it was not surprising 

that the over-expression of 5-LO as well did not result in altered proliferation rates.  

In HT-29 cells the retarded proliferation achieved by knocking out 5-LO could be 

completely reversed. Single-cell clone F4 even showed the highest cell number at each 

time point after re-expressing 5-LO.  

Contrary results were detected in U-2 OS cells. Here, re-expression of 5-LO in clone C4 did 

not lead to reinforced proliferation compared to the vector control-treated cells. 

 

Figure 5.41 Cell proliferation in HCT-116, HT-29, and U-2 OS 5-LO knock-in and vector control-

treated cells. Cell proliferation in HCT-116 (top left), HT-29 (top right), and U-2 OS (bottom) cells 

over a time-course of 96 hours. Data are presented as mean ± SD from 3 independent experiments. 

Asterisks indicate significant changes vs. vector control-treated cells *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001. 

 

 

 



Results 

129 
 

Directed cell migration was investigated in HCT-116 and U-2 OS cells as only here the 

knockout of 5-LO increased cell motility (Figure 5.42). In both HCT-116 5-LO knockout 

clones now over-expressing the 5-LO, a slight decrease in the number of migrated cells 

could be detected compared to the vector control-treated counterparts. In U-2 OS cells, 

cell migration was not altered by the re-expression of 5-LO. 

 

 

Figure 5.42 Directed cell migration of HCT-116 and U-2 OS 5-LO knock-in and vector control cells. 

After 3 hours (U-2 OS) or 24 hours (HCT-116), migrated cells were stained, and fluorescence of the 

cell suspension was measured. Data are presented as mean + SD from 3-5 independent 

experiments. Asterisks indicate significant changes vs. DMSO control *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001. 
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6 Discussion, conclusion and perspective 

6.1 Discussion 
 

6.1.1 5-LO expressing tumour cells produce only small amounts of lipid 

mediators 

In the present work, the influence of the complete genomic knockout of 5-lipoxygenase 

(5-LO) from different solid, 5-LO expressing tumour cell lines was studied. Until now it has 

only been known, that 5-LO expression in solid tumours results in enhanced proliferation 

and tumour progression but the mechanisms that lie behind these effects have remained 

to be unclear so far (269) (305) (307). For this reason, three different 5-LO knockout cell 

lines, two colorectal cancer cell lines (HCT-116 and HT-29) and one osteosarcoma cell line 

(U-2 OS) were established. The knockout was performed employing CRISPR/Cas 

technology, to give new insights into the canonical and non-canonical functions of 5-LO in 

solid tumours. The three selected cell lines show strong differences in their phenotype 

concerning their differentiation and proliferation status and also in the expression of 5-LO. 

While HCT-116 cells possess a rather undifferentiated but strongly proliferative, 

fibroblast-like phenotype, HT-29 and U-2 OS cells are more of the contrary type with a 

lower replication rate (see 5.2). HT-29 cells were described as rather differentiated goblet-

like colon cancer cells while HCT-116 cells resemble more the stem-like subtype (355). On 

mRNA as well as on protein level, HCT-116 cells showed the weakest 5-LO expression 

(Figure 3.2) while HT-29 cells and U-2 OS cells both expressed higher levels of 5-LO. This 

led to the assumption that 5-LO expression might be a feature of a rather differentiated 

cell phenotype in adherent tumour cells.  

Beyond expression levels, it remains of question why the 5-LO enzyme - whose presence 

is under physiological conditions limited to different types of immune cells - is expressed 

in the tumour cells, since the enzymatic function seems to be only, if at all, a side function. 

Previous work (performed by Tamara Göbel) to this study could show, that in all three 

investigated cell lines the complete machinery of enzymes involved in the leukotriene 

biosynthesis is expressed. Measuring the 5-LO activity revealed that, compared to PMNL, 

only small amounts of the two main products 5-HETE and LTB4 were synthesised in all 

three cell lines independent of the amount of expressed enzyme (Figure 3.3). The by far 

strongest activity of 5-LO was detected in pancreas carcinoma cell line Capan-2. 

Unfortunately, the knockout of 5-LO in those cells was not successful. Therefore, they 

were excluded from this study. Destroying cell integrity by homogenising the cells and 

additionally utilising the 100,000 x g supernatants increased the amounts of produced 

5-HETE about 5- to 10-fold in all cell lines and in U-2 OS cells also LTB4 levels, indicating 

that in the cellular context of intact tumour cells 5-LO activity is inhibited by an unknown 

mechanism. Since it is known that cellular localisation is one regulator of 5-LO activity 

(52), confocal microscopy was used to investigate the cellular distribution of 5-LO in the 

used cell lines (Figure 3.4). In HCT-116 and HT-29 cells, 5-LO was found almost exclusively 

in the cytosolic fraction providing an explanation for the rather low enzymatic activity. In 
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U-2 OS cells, 5-LO was evenly distributed between the cytosol and the nucleus. This could 

be a possible explanation for the elevated LTB4 and 5-HETE production that was 2-5-fold 

higher in U-2 OS cells than in the two colorectal cancer cell lines. Leukotrienes and other 

lipid mediators like 5-HETE and 5-oxo-ETE are potent lipid mediators that perform a wide 

range of tasks in biological processes. Additionally, the enzymatic machinery responsible 

for the production of such mediators is able to produce highly reactive oxygen species 

that are known to impair nucleotide structures and induce cell death via different ways 

(308) (356) (357) (358) (359). Therefore, it is of no surprise that cancer cells tightly 

regulate the enzymatic activity of 5-LO to prevent cell damage. Also, LTB4 and 5-oxo-ETE 

act as chemotactic molecules for immune cells, which could induce the body’s own 
defence mechanisms against neoplasia that is of no interest to the tumour cells. All in all, 

it seems reasonable for the tumour cells to reduce 5-LO activity, which leaves the question 

of why 5-LO is expressed in those cells in the first place and what other non-canonical 

functions it could exert. 

 

6.1.2 Gene expression is cell line dependently altered by 5-LO  

To get a global overview of the possible effects induced by the total knockout of the 5-LO, 

RNA sequencing was picked as the method of choice. Here it became obvious that the 

influence of the 5-LO knockout is cell line dependent. While for HCT-116 and HT-29 cells 

only 28, respectively 18, genes were influenced, in U-2 OS cells 234 genes were discovered 

to be differentially expressed in 5-LO knockout single-cell clones compared to their 5-LO 

positive counterparts (Figure 5.7 A). Pathway analysis of the particular genes that was 

performed to evaluate which cellular processes are influenced led to interesting results. 

Although the genes that were altered in expression were different in each cell line, the 

linked processes were overlapping. Clustering the differentially expressed genes revealed 

that the epithelial-mesenchymal-transition (EMT) was most prominent as several genes 

known to be involved in EMT were regulated by the 5-LO knockout in each cell line 

(Table 5.1). Other processes that overlapped in the three cell lines were ECM modulation 

and cytoskeleton formation, cell adhesion and migration, as well as GPCR signalling and 

transcription, leading to the assumption that even though the way the 5-LO knockout 

alters cellular processes is individual, the outcome is similar. Considering how heterogenic 

tumours are in general, this seems to be plausible after all. As mentioned before, the three 

investigated cell lines strongly differ in their origin and status of differentiation, so one 

can assume that the transcriptome, as well as the proteasome of the cells, differ which 

generates multiple possible sites of action for the 5-LO. 

Different cytokines were found to be regulated in 5-LO knockout cells. In HCT-116 cells, 

mRNA levels of TGFB2 were 10- to 20-fold increased in all three 5-LO knockout single-cell 

clones compared to the respective control (Figure 5.9). These findings were congruent 

with the performed TGF-β2 ELISA where up to 3 times more protein was secreted by the 
5-LO knockout clones (Figure 5.24). TGF-β can exhibit various functions in tumours but it 

was shown that in the early stages of tumours TGF-β can inhibit the cell cycle and induce 
apoptosis (360) (361). It is therefore beneficial for the developing tumours to suppress 



Discussion, conclusion and perspective 

133 
 

TGF-β expression possibly via 5-LO. In U-2 OS cells TGF-β-signaling was targeted as well. 

Here, LRRC32, an activator of TGF-β, was found to be differentially expressed via RNA 
sequencing with an upregulation in both 5-LO-knockout clones, giving another way to 

suppress TGF-β activity (Figure 5.7, bottom left). This is one example of the diverse 

regulatory mechanisms of similar processes. In U-2 OS cells the three cytokine-coding 

genes CCL2, CX3CL1 and PDGFA were found to be differentially expressed in the 5-LO 

knockout single-cell clones (Figure 5.11). In both knockout clones, all three genes were 

downregulated compared to the control cells. Performing an ELISA and a cytometric bead 

assay (CBA) revealed that cytokine expression of platelet-derived growth factor A 

(PDGF-AA), monocyte chemoattractant protein 1 (MCP-1) and fractalkine was in fact 

reduced in 5-LO knockout single-cell clones (Figure 5.25). Those cytokines are known to 

regulate tumour proliferation and progression. MCP-1 mediates its effects via 

PI3K/Akt/mTOR and other prominent signalling pathways, promotes angiogenesis and 

metastasis in tumours and recruits macrophages to the tumour environment - all resulting 

in poor prognosis (362). Fractalkine can have different effects on cancer cells but was 

shown to stimulate cancer cell proliferation, increase resistance to apoptotic signals and 

induce EMT leading to promoted migration and metastasis (363). PDGF-A on its part can 

induce various growth signals mediating proliferation and enhanced survival of tumour 

cells (364). As all of those cytokines promote desirable features for tumour cells, an over-

expression that positively correlates with the 5-LO status is advantageous for U-2 OS cells.  

Besides mentioned cytokines, expression levels of different genes responsible for cell 

adhesion and migration were found to be altered in U-2 OS cells (Figure 5.11). Transcript 

levels of genes encoding collagens (COL5A3, COL8A1, COL20A1, COL22A1), laminins and 

laminin regulators (LAMA4, LAMC2, DRAXIN) were decreased in 5-LO cells, giving a hint 

that 5-LO enhances those processes. In fact, 5-LO itself, as well as its products LTB4 and 

LTD4, were already shown to promote the expression of collagens and laminins (365) (366) 

(367). In Mono Mac 6 cells, knockout of 5-LO was recently shown to increase cell adhesion 

to human umbilical vein endothelial cells (HUVEC), proving the relevance of this enzyme 

for said processes (320). 

Additionally, the secretion and expression of the before mentioned cytokines and cell 

adhesion molecules like laminins modified in the presence of 5-LO, are linked to altering 

the attraction of other components of the multicellular tumour environment (368) (369) 

(370) (371) (372). Cancer-associated fibroblasts as well as infiltrating immune cells exhibit 

important functions mediating tumour growth, metastasis, and angiogenesis and are 

crucial for communication within the tumour environment (373) (374). In fact, it was 

shown that 5-LO - upregulated by hypoxia - recruits tumour-associated macrophages in 

ovarian cancer supporting the assumption that 5-LO participates in organising the tumour 

microenvironment (375). 
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6.1.3 5-LO promotes cancer cell proliferation in 2D and 3D cell culture 

With this knowledge, different cellular assays were conducted. At first, the influence on 

cell proliferation was evaluated which is one characteristic property important for tumour 

progression (Figure 5.12). For the already fast proliferating HCT-116 cells no difference in 

the proliferation rate could be seen independent of the 5-LO status, while for both HT-29 

and U-2 OS cells the 5-LO knockout resulted in impaired cell growth visible already after 

48 hours. These findings lead to the assumption that in rather differentiated cells the 5-LO 

can support cell proliferation while for already strongly proliferating cells the presence of 

5-LO makes no difference in their growth behaviour. Another feature crucial for tumour 

progression is the ability of one single cell to proliferate and form a new growing colony. 

This was investigated by 2D, as well as 3D, colony-forming assays. While in both HCT-116 

and HT-29 cells no difference in colony growth neither in number nor in size could be 

found, in U-2 OS cells a slight downregulation in the number of colonies was detectable, 

again supporting the assumption that the 5-LO - at least in some cells - can help the 

tumour cells to proliferate even in hostile surroundings (Figure 5.15). Embedding the cells 

in a layer of agar revealed that HCT-116 5-LO knockout clones possessed a slight 

advantage in the growing ability compared to the control cells (Figure 5.16). So here again, 

the mechanisms in which 5-LO influences the tumour cells are cell line dependent.  

As 2D cell culture shows limitations in transferability to physiological conditions, spheroid 

formation is always a good way to go if a more physiological environment is needed (376). 

Different aspects of the spheroids were investigated: appearance, size, viability, and 

proliferation of cells in the spheroids. Most interesting was the behaviour of U-2 OS cells. 

Taking a closer look at the spheroid appearance indicates that while control vector-

treated cells show a distinct outer rim with merging cells on the surface, distinctive for 

tumour spheroids, this rim is completely absent in both 5-LO knockout single-cell clones 

(Figure 5.17 G). Here cells form a more or less loose cell clump with no distinct contour 

resulting in significant bigger spheroid diameters. As it is important for developing 

tumours to form a well-defined separated area to keep out immune cells searching for 

malignancies this could be another tumour supporting property of 5-LO. Despite being of 

bigger size, the 5-LO knockout spheroids contain about 50% fewer cells - living and total - 

than the control spheroids containing 5-LO (Figure 5.17 I), so like already investigated in 

cells growing in monolayer 5-LO supports cell proliferation in U-2 OS cells. An explanation 

for the impaired tumour cell proliferation in the 5-LO knockout spheroids is the cell-cell 

contacts that are - contrary to the 5-LO positive cells - not sufficiently developed. Besides 

its relevance for building a solid and robust tumour body, intercellular adhesion is also 

relevant for communication and induction of different processes like the proliferation of 

the tumour cells (377) (378). Only if tumour spheroids grow too dense, the proliferation 

rate of the cells is impaired. Interestingly, cell proliferation in spheroids of the different 

types of HT-29 cells was reinforced in cells lacking the 5-LO (Figure 5.17 F). But since 5-LO 

positive and negative cells formed perfectly round-shaped spheroids with tight cell-cell 

interactions (Figure 5.17 D), different mechanisms appear to be involved in those cells. 

Since digesting the spheroids and counting the living and dead cells only gives limited 

information about the actual situation inside the spheroid, a 3D cell viability assay was 
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performed to get more information about the condition of the spheroids. Here, a 

bioluminescent reagent penetrates the spheroid and is converted by ATP, which is used 

as a surrogate parameter for cell viability. In most of the 5-LO knockout single-cell clones, 

a slight decrease in the viability of cells in the spheroids was detected (Figure 5.18), again 

giving a hint that 5-LO is supportive of 3D tumour cell survival.  

 

6.1.4 Drug resistance, directed cell migration and invasion of tumour cells are 

regulated by 5-LO 

The resistance to cytotoxic agents achievable by different processes is a much-desired 

aspect of tumour cells. Possible ways of resistance are decreased uptake or enhanced 

efflux of the cytotoxic agent, disposing or depletion of the drug and mutation of the 

elements targeted by the cytotoxic substance (379). By any means, a decreased 

responsiveness to cytostatic drugs is causing many problems in today’s cancer treatment 
options and it was described that 5-LO  expressing tumours are distinguished by poor 

responsiveness to the treatment with cytostatic drugs (308) (264) (266). Hence, it was 

decided to evaluate if the genomic knockout of 5-LO influences cell viability and the 

responsiveness to cytostatic drugs. Overall cell viability was measured using a WST-1-

assay while FACS analysis after staining with Annexin V/propidium iodide was used to 

distinguish the different cellular states after the treatment. While the presence of 5-LO 

gave an advantage to U-2 OS cells treated with the DNA intercalating drug Actinomycin D 

(Figure 5.13, bottom), the knockout of 5-LO in HT-29 cells resulted in increased resistance 

to the treatment with high doses of the topoisomerase II inhibitor etoposide (Figure 5.13, 

middle). Moreover, Actinomycin D treatment of HCT-116 cells increased the population 

of living cells in the absence of 5-LO (Figure 5.14, top). Although the investigated effects 

were not too pronounced, it remains in question, why 5-LO increases sensitivity to 

cytostatic drugs in both colon carcinoma cell lines but administers resistance to the very 

same drugs in U-2 OS cells. Certainly, the individual endowment of active pathways and 

cellular processes is decisive for this feature.  

RNA sequencing revealed that epithelial-to-mesenchymal transition, as well as cell 

adhesion and cytoskeleton rearrangement, might be the most interesting processes 

affected by the 5-LO knockout. EMT - and adverse MET - are important processes for 

tumour progression in solid tumours (238). While in the initiation phase of the tumour, 

EMT needs to be inhibited for the tumour to form a solid and encapsulated body 

consisting of stationary, polarized epithelial-like cells, in later stages EMT is necessary for 

developing agile mesenchymal-like cells able to migrate to the surrounding area and 

eventually to distant hospitable locations (380). At the new locus, they undergo MET and 

change back to the epithelial subtype to proliferate and form a new tumourigenic body. 

This highlights the fact, that under certain conditions EMT is much desired by tumour cells, 

while in other situations the suppression of EMT becomes crucial. From literature, various 

genes are known as markers for EMT but the most frequently mentioned are CDH1, CDH2, 

SNAI1 and SNAI2 (381). CDH1 is the gene encoding E-cadherin (cadherin-1), a cell-cell 

adhesion protein that is strongly expressed on epithelial cell surfaces and gets 
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downregulated by cells undergoing EMT. N-cadherin (cadherin-2), encoded by CDH2, on 

the contrary, is important for trans-endothelial cell migration and by this is an important 

driver of tumour metastasis (382). SNAI1 and SNAI2 encode the two transcription factors 

Snail and Slug responsible for the transcriptional repression of E-cadherin and promoted 

migration of tumour cells (383). In HCT-116 5-LO knockout single-cell clones, SNAI2 is 

2-fold downregulated (Figure 5.20), generating the assumption that EMT is promoted by 

5-LO in those cells. On the other side, in HT-29 cells the strong upregulation of CDH2 and 

the moderate upregulation of SNAI2 in all 5-LO knockout clones indicate the suppression 

of EMT by 5-LO. The same is true for U-2 OS cells where a slight downregulation of CDH1 

in both 5-LO knockout clones could be examined. These differences between HCT-116 

cells and - on the other hand - HT-29 and U-2 OS cells fit the assumption, that the status 

of differentiation of the cells might interfere with the 5-LO status and function. Anyways, 

as it is known that multiple effectors are involved in EMT and also the cellular setting is 

important, further investigation of the possible effects of 5-LO on EMT in functional assays 

was conducted. As nutrient deprivation is one hallmark of tumours and a strong driver for 

tumour spreading, a transwell assay was used to determine directed cell migration toward 

serum used as a chemoattractant. In both, HCT-116 and U-2 OS cells, cell motility was 

increased by knocking out 5-LO (Figure 5.21 A), proving that direct cell migration toward 

a serum gradient is enhanced if 5-LO is absent in both cell lines cells. In contrast, 

undirected cell migration assessed by a wound closure assay was not influenced by 5-LO. 

Invasion into ECM is another feature of metastatic tumour cells. While adding a layer of 

artificial ECM to the transwell chamber to mimic invasion into the tumour surroundings 

did not reveal any difference in the behaviour between 5-LO positive and negative cells 

(Figure 5.21 B), differences for the U-2 OS subtypes became obvious by embedding the 

tumour spheroids in Matrigel®. Cells lacking the 5-LO formed significantly smaller 

spheroids that were not able to invade the surrounding matrix (Figure 5.19 E, F). For both, 

U-2 OS wildtype and control vector-treated cells, a typical evolution of tube-like structures 

on the surface of the spheroids could be detected (Figure 5.19 G). This unequivocally 

highlights that in U-2 OS cells 5-LO provides features enabling spheroid growth and 

invasion into ECM, both desirable during tumour progression, but to examine those 

effects a more physiological setting of tumour spheroids is needed. The fact that - kept in 

complete growth medium without adding ECM - U-2 OS cells were hardly able to form 

spheroids, but by embedding the cells in Matrigel® spheroids were generated from all 

types of U-2 OS cells, shows the relevance of ECM providing cells with growth signals from 

the environment already described in chapter 1.4. 

 

6.1.5 Pharmacological inhibition of 5-LO partly reproduces the effects mediated 

by the 5-LO knockout 

To evaluate whether canonical or non-canonical functions of the 5-LO mediated the 

investigated effects, several experiments were repeated with control vector cells carrying 

wildtype 5-LO that were treated with two different 5-LO inhibitors. Zileuton is the only 

approved 5-LO inhibitor for pharmaceutical use on the market and CJ-13610 is an in vitro 

used non-redox type 5-LO inhibitor. To include the possibility that long-term processes 
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are involved, cells were pre-incubated for 3 days with the inhibitors and re-treated on the 

day of seeding for the respective experiment.  

Investigation of gene expression of selected genes via RT-qPCR revealed that enzymatic 

5-LO activity is only partly responsible for the effects achieved by the complete 5-LO 

knockout. Regulation of the genes NOSTRIN, PDLIM5, TGFB2 and RPS4Y1 seen in HCT-116 

5-LO KO cells could be at least partly mimicked by the inhibition of 5-LO (Figure 5.30) while 

most other genes were not affected by any of the two inhibitors or even showed opposite 

regulation (PBX1, LMAN1, ZNF419). The same was true in HT-29 and U-2 OS cells. Only the 

5-LO knockout mediated regulation of UTS2B (Figure 5.31), respectively CCL2, HAS2, 

PLAC1 and SPP1 (Figure 5.32) was also dose-dependently achieved by pharmacological 

inhibition of the enzyme while all other regulations remained to be knockout-specific. 

High doses of CJ-13610 (3 µM) also attenuated cell proliferation in both, HT-29 and U-2 OS 

cells (Figure 5.33), again only partly imitating the impact of the 5-LO knockout. But 

measuring overall cell viability in inhibitor-treated cells revealed impaired cell viability in 

both cell lines treated with 3 µM CJ-13619 assuming that attenuated proliferation is 

dependent on decreased cell viability caused by high doses of the inhibitor.  

The formation of cell spheroids under the influence of 5-LO inhibitors lead to no difference 

in size and appearance of the spheroids but a slight increase in the number of cells per 

spheroid was detected (Figure 5.34), again showing similar tendencies to the results of 

the 5-LO knockout single-cell clones. The most interesting results were achieved by 

conducting the transwell migration assay with inhibited 5-LO activity (Figure 5.35). While 

enhanced cell migration was not detected for inhibitor-treated U-2 OS cells, in HCT-116 

cells indeed an increase in cell motility after the treatment with higher doses of Zileuton 

as well as low and high doses of CJ-13610 was detectable.  

To sum this up, inhibiting the enzymatic function of 5-LO only partly reproduced the 

5-LO KO effects. Thus, it seems reasonable, that canonical, as well as non-canonical 

functions of the 5-LO, affect tumour cells. This was verified for functional assays, as well 

as for gene expression. The known non-canonical functions of 5-LO are its interaction with 

p53, β-catenin and DICER, as well as direct DNA binding and transcriptional regulation 

(chapter 1.6). All of those are known to directly and indirectly - via microRNA processing 

- influence DNA transcription as well as processes like cell viability, adhesion, and motility. 

Interaction with those partners is a possible explanation for the examined effects but it 

remains also possible that other unknown, non-canonical mechanisms are involved here 

(262) (310) (316) (320). 

 

A possible explanation for the canonical function and thereby the effects mimicked by 

inhibiting 5-LO could be that oxygenated lipids produced by 5-LO are integrated into 

phospholipids of the cell membrane thereby altering membrane fluidity resulting in more 

static and immobile cells (384). Supporting this hypothesis are the levels of LTB4 and 

5-HETE that are produced and secreted by the tumour cells which are surprisingly low 

regarding the amount of expressed enzyme. Additionally, it is known that 5-LO only 

oxygenates PUFAs liberated from the membrane by cPLA2 but regardless, 5-HETE and 



Discussion, conclusion and perspective 

138 
 

5-oxo-ETE esterified in membranes of primary and activated neutrophils could be 

detected (385). Besides influencing the sheer membrane condition, oxidized membrane 

lipids are also known to regulate processes like cellular signalling, ferroptosis and 

apoptosis and strongly shape innate as well as adaptive immune responses (386). Direct 

integration of the different 5-LO products (5-HETE and 5-oxo-ETE) is a conceivable 

explanation for the low levels of lipid mediators measured in the cell supernatants as well 

as for some functional consequences of 5-LO. Additionally, effects beyond the classical 

leukotriene pathways are known for some 5-LO products, providing another explanation 

for the results of inhibitor-treated cells. Tumour development, cell viability and 

proliferation plus PPAR-activation and recruitment of immune cells are only a few to 

mention (387) (388) (389). 

Validation of knockout experiments is usually conducted by re-expression of the knocked-

out protein. Therefore, 5-LO knockout and control vector carrying cells were transfected 

with a sleeping-beauty plasmid containing the ALOX5 sequence. Unfortunately, due to 

limited time, only some of the expressive experiments were repeated with the knock-in 

cells. Western Blot analysis of the transfected cells confirmed the successful knock-in of 

5-LO but also indicated an increased 5-LO expression of 3000-4000% of the wildtype level 

(Figure 5.37). As this is far beyond physiological expression, the results of the conducted 

experiments should be handled with care. Effects of 5-LO knockout on gene expression of 

some selected genes like FOXA2, ATP11C, UTS2B and ZNF420 could be at least partly 

reversed by 5-LO knock-in but expression levels of none of those genes correspond to 

physiological levels (Figures 5.38 - 5.40). Congruent effects were examined for directed 

cell migration that was slightly attenuated in 5-LO knock-in cells compared to the 

respective knockout clone (Figure 5.42). Still, those data are not sufficient to validate the 

described findings of this work due to unphysiological over-expression of the enzyme. For 

future studies, these experiments should be repeated after re-expressing 5-LO under 

more physiological conditions for example by using the CRISPR/Cas technique as a 

genome editing method and inserting the gene at its original genomic location. 
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6.2 Conclusion and perspective 

In this work, I investigated the influence of the knockout of 5-lipoxygenase on 5-LO 

expressing tumour cells. I could show that in all chosen cell lines knockout of 5-LO 

influences different properties essential for tumour cell viability, proliferation, motility, 

and invasiveness. Based on the previously presented data, I infer that 5-LO affects gene 

expression of all used cell lines, even though the individual genetic profile remains cell 

line dependent. Nevertheless, similar cellular functions are altered by the knockout of 

5-LO, proving that besides tumour cell survival and proliferation 5-LO also influences cell 

motility and invasiveness into extracellular compartments. Therefore, it is reasonable to 

conclude that 5-LO influences EMT and most probably inhibits - at least in the investigated 

cell lines - this process to form a solid primary tumour body. Additionally, 5-LO alters the 

secretion and expression of different cytokines and cell adhesion molecules which, among 

other things, participate in attracting immune cells and cancer-associated fibroblasts. By 

this, 5-LO might be involved in shaping the tumour microenvironment.  

What remains to be clarified in further studies is:  

 

➢ How are 5-LO expression and activity controlled in 5-LO expressing tumour cells? 

➢ Which mechanisms administrate the regulation of gene expression mediated by 

5-LO? 

➢ Do canonical and/or non-canonical 5-LO functions influence functional properties 

of the cancer cells like proliferation, motility, and invasiveness? 

➢ How is the tumour-microenvironment involved in the regulatory processes 

initiated by 5-LO?  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Discussion, conclusion and perspective 

140 
 

 

 

 

 

 



Zusammenfassung  

141 
 

7 Zusammenfassung 

 
Die 5-Lipoxygenase ist das Schlüsselenzym in der Biosynthese von Leukotrienen. Nach 

Aktivierung durch unterschiedliche Stimuli transloziert die 5-LO an die Kernmembran, wo 

sie einen Komplex mit der zytosolischen Phospholipase A2 und dem 5-LO aktivierenden 

Protein (FLAP) bildet. Dieser aktivierte Komplex setzt die mehrfach ungesättigte Fettsäure 

Arachidonsäure aus der Membran frei. In einer Zweischritt-Reaktion wird diese 

anschließend über das Intermediat 5-HpETE (5(S)-Hydroperoxy-6,8,11,14-

eicosatetraensäure) zum instabilen Epoxid Leukotrien A4 (LTA4) oxidiert. Leukotrien A4 

kann dann entweder durch die LTA4-Hydrolase zu Leukotrien B4 umgesetzt werden, oder 

es wird durch die LTC4-Synthase an Glutathion gekoppelt, wobei die sogenannten 

Cysteinyl-Leukotriene C4, D4 und E4 entstehen.  

 

Leukotriene vermitteln entzündliche Reaktionen und tragen zum allergischen Geschehen 

bei Asthma bronchiale und der allergischen Rhinitis entscheidend bei. LTB4 wirkt als 

potentes Chemokin, wobei Leukozyten rekrutiert werden und deren Anheften an das 

Gefäßendothel erhöht wird. LTB4 fördert die Erkennung und Beseitigung von Erregern 

durch Leukozyten und ist somit ein wichtiger Teil des angeborenen Immunsystems. Die 

Cysteinyl-Leukotriene gehören zu den potentesten bisher bekannten 

Bronchokonstriktoren und sind maßgeblich am pathologischen Umbau der Atemwege bei 

entzündlichen Erkrankungen beteiligt. Hier agieren sie wie LTB4 als chemische Lockstoffe 

und vermitteln das Einwandern von Immunzellen, wodurch das entzündliche Geschehen 

vorangetrieben wird. 

  

Die 5-Lipoxygenase wird vorrangig in verschiedenen Zellen des Immunsystems wie 

Makrophagen, Mastzellen oder dentritischen Zellen exprimiert. Zusätzlich konnte in den 

letzten Jahren aber auch die Expression von 5-LO in soliden Tumoren unterschiedlichen 

Ursprungs, wie Brust-, Pankreas-, Prostata- oder Kolonkarzinomen, gezeigt werden, 

obwohl all diese Gewebe unter physiologischen Bedingungen keine 5-LO exprimieren. 

 

5-LO-exprimierende Tumore sind charakterisiert durch eine schlechte Prognose 

hinsichtlich der Überlebensrate der Patient*innen und ein geringeres Ansprechen auf die 

Behandlung mit zytostatischen Wirkstoffen. Neben der 5-LO selbst, konnten auch die 

unterschiedlichen Produkte der 5-LO in Tumoren nachgewiesen werden und durch die 

Inhibition der 5-LO konnten Zellzyklusarrest und Apoptose ausgelöst werden. Die in den 

unterschiedlichen Studien verwendeten Konzentrationen der Inhibitoren lagen jedoch 

teilweise weit über dem IC50 Wert für die 5-LO, was es fraglich macht, ob diese Effekte 

allein durch die Hemmung der 5-LO zustande kamen.  

 

Nichtsdestotrotz stellt sich bis heute die Frage, warum diese soliden Tumore 5-LO 

exprimieren. Neben ihrer eigentlichen Produktion von Lipidmediatoren, kann die 5-LO 

auch weitere Strukturen oxidieren, wobei reaktive Sauerstoffspezies entstehen, die die 
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Zelle erheblich schädigen können. Es birgt also ein gewisses Risiko, dieses Enzym zu 

exprimieren, wodurch es nur logisch erscheint, dass die 5-LO diesen Tumorzellen einen 

Vorteil verschaffen muss und die Aktivität der 5-LO streng reguliert wird. 

 

Neben ihrer gewöhnlichen kanonischen, also der enzymatischen, Funktion sind noch 

weitere nicht-kanonische Funktionen der 5-LO bekannt. So konnten Interaktionen mit 

p53, β-Cathenin und dem microRNA prozessierenden Protein DICER, sowie die Regulation 

der Transkription in Mono Mac 6 Zellen gezeigt werden. Über diese nicht-kanonischen 

Funktionen ist es denkbar, dass die 5-LO weitere zelluläre Prozesse jenseits der Synthese 

von Lipidmediatoren beeinflusst. 

 

In vorherigen Arbeiten, größtenteils durchgeführt durch Tamara Göbel, wurde die 

Expression der 5-LO in Tumorzelllinien, die von soliden Tumoren unterschiedlichen 

Ursprungs entstammen, untersucht, wobei HCT-116, HT-29 (Kolonkarzinom), Capan-2 

(Pankreaskarzinom) und U-2 OS (Osteosarkom) Zellen allesamt die 5-LO exprimierten. 

Zusätzlich wurde die Expression weiterer Proteine, die an der Biosynthese der 

Lipidmediatoren beteiligt sind (FLAP, cPLA2, LTA4-Hydrolase und LTC4-Synthase), auf 

Protein- oder mRNA-Ebene bestätigt. Bei Aktivitätsmessungen wurde die Bildung von 

5-HETE und LTB4 durch intakte Zellen, Zellhomogenate und zusätzlich den S100 

(100.000 x g) Überständen der Homogenate untersucht. Hier konnte gezeigt werden, dass 

die Lipidmediatorproduktion in allen 4 Zelllinien in intakten Zellen sehr gering ist und 

durch das Homogenisieren der Zellen erhöht werden kann. In HT-29, HCT-116 und U-2 OS 

Zellen bleibt die Menge der gebildeten Substrate jedoch trotzdem deutlich unter derer, 

die von PMNL unter vergleichbaren Bedingungen gebildet wurde. Dies legt die Vermutung 

nahe, dass die Aktivität der 5-LO in den Tumorzellen gehemmt wird. Da bekannt ist, dass 

die Lokalisation der 5-LO einen starken Einfluss auf deren Aktivität hat, wurde mittels 

Konfokal-Mikroskopie die zelluläre Verteilung der 5-LO untersucht. Hier konnte gezeigt 

werden, dass in HT-29 und HCT-116 Zellen die 5-LO fast ausschließlich zytosolisch vorliegt, 

während in U-2 OS und Capan-2 Zellen eine gleichmäßige Verteilung zwischen Zytosol und 

Zellkern zu beobachten ist. Da die 5-LO-abhängige Lipidmediatorproduktion durch 

nukleäre Lokalisation in der Regel begünstigt wird, stellt diese Verteilung eine mögliche 

Erklärung für die verminderte Aktivität der 5-LO in den beiden Kolonkarzinomzellen dar, 

wobei trotzdem die Frage bleibt, wodurch diese vermittelt wird und wofür die 5-LO in den 

Tumorzellen benötigt wird, wenn die enzymatische Funktion offenbar gehemmt ist. 

 

Um zu untersuchen, welchen Zweck die 5-LO in den Tumorzellen erfüllt, wurden in der 

vorliegenden Arbeit nun die Einflüsse des CRISPR/Cas vermittelten Knockouts der 

5-Lipoxygenase auf die unterschiedlichen Tumorzelllinien untersucht. Dafür wurden 

HCT-116, HT-29 und U-2 OS Zellen mit einem CRISPR/Cas Plasmid transfiziert, welches den 

Cas9-Komplex zu Exon 2 oder Exon 6 der 5-LO navigiert, wodurch dort ein 

Doppelstrangbruch verursacht wird. Durch kleine Fehler der Reparaturmechanismen 

kommt es zu Rasterschub-Mutationen, die darin resultieren, dass kein funktionsfähiges 

Protein mehr gebildet werden kann. Um den vollständigen genomischen Knockout zu 

validieren, wurden die Zellen anschließend mit Puromycin selektioniert, Einzelzellklone 

generiert und diese mittels Western Blot und DNA-Sequenzierung untersucht. Für die 
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beiden Kolonkarzinomzellen HCT-116 und HT-29 wurden jeweils drei Klone für die 

weiteren Untersuchungen ausgewählt, während nur zwei der U-2 OS Einzelzellklone den 

geforderten Kriterien entsprachen. Als Kontrolle für alle Experimente dienten Leervektor-

behandelte Zellen, die ebenfalls mit Puromycin selektioniert wurden. Da die Transfektion 

der Capan-2 Zellen nach mehreren Versuchen nicht erfolgreich war, wurden diese aus der 

weiteren Arbeit ausgeschlossen. 

 

Um einen breiten Überblick über die möglichen Einflüsse des 5-LO Knockouts auf die 

Ziellinien zu bekommen, wurde ein Next-Generation-Sequencing (RNAseq) durchgeführt 

und dadurch die durch den Knockout bedingten, differentiell exprimierten Gene ermittelt. 

Dabei wurden für die HCT-116 Zelllinie 28 Gene ermittelt, deren Expression in allen 

3 Einzelzellklonen verändert war, in den HT-29 Zellen waren es 18 und in den U-2 OS 

Zellen 234 Gene. Die Expression dieser Gene wurde nun mittels real-time qPCR genauer 

untersucht, um die 5-LO abhängige Regulation zu bestätigen und genauer quantifizieren 

zu können. Um die beeinflussten biologischen Prozesse genauer zu betrachten, wurden 

die differenziell exprimierten Gene nach ihren bekannten Funktionen geordnet. Obwohl 

keines der ermittelten Gene in mehr als einer Zelllinie reguliert war, zeigten die 

beeinflussten zellulären Prozesse hier jedoch eine große Überschneidung. So waren in 

allen Zelllinien Prozesse wie Zelladhäsion und -migration, die epithelial-mesenchymale 

Transition, Gentranskription und G-Protein gekoppelte Signalkaskaden beeinflusst.  

 

Diese Prozesse sollten nun funktionell untersucht werden. In einem Proliferation-Assay 

konnte gezeigt werden, dass sowohl HT-29, also auch U-2 OS Zellen langsamer wuchsen, 

wenn die 5-LO nicht exprimiert wurde. In diesen beiden Zelllinien unterstütz das Enzym 

also scheinbar das Zellwachstum. Da 5-LO über-exprimierende Tumore oft eine erhöhte 

Resistenz gegen die Behandlung mit zytostatischen Wirkstoffen zeigen, wurde das 

Ansprechen auf unterschiedliche Wirkstoffe mittels WST-Assay und durch FACS-Analyse 

untersucht. Hier lieferten die einzelnen Zelllinien gegenteilige Ergebnisse. Während in 

HCT-116 Zellen der 5-LO Knockout zu einem besseren Überleben während der 

Behandlung mit Actinomycin D, Etoposid und 5-Fluorouracil führt, zeigten die beiden 

U-2 OS Einzelzellklone eine verringerte Lebensrate nach der Behandlung mit Actinomycin 

D, in Abwesenheit der 5-LO. Diese Unterschiede zwischen den einzelnen Zelllinien 

konnten auch bei weiteren Versuchen beobachtet werden und legen die Vermutung 

nahe, dass der Effekt, den die 5-LO in Tumorzellen vermittelt, stark von der zellulären 

Umgebung abhängt.  

 

Während sowohl zwei- als auch dreidimensionale Koloniebildungs-Assays nur wenige 

Unterschiede im Wachstumsverhalten der 5-LO positiven und negativen Zellen 

aufdeckten, konnten gerade in den U-2 OS Zellen große Unterschiede im 

dreidimensionalen Wachstumsverhalten in Sphären gezeigt werden. Hier wurden Zellen 

in speziell beschichtete Platten mit abgerundetem Boden ausgesät, sodass keine 

Adhäsion an die Platten stattfinden kann und verstärkt Zell-Zell-Kontakte ausgebildet 

werden, die dafür sorgen, dass sich dreidimensionale Tumorsphären formen. 

Erscheinung, Größe und die Anzahl an Zellen pro Sphäre wurden im Folgenden 

untersucht. HCT-116 Zellen waren dabei am wenigsten durch den Knockout der 5-LO 
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beeinflusst, da weder Unterschiede in der Größe noch in der Zusammensetzung der 

Sphären beobachtet werden konnten. In HT-29 Zellen war jedoch auffällig, dass, obwohl 

Größe und Aussehen sich nicht zwischen 5-LO positiven und negativen Zellen 

unterschieden, bei allen drei 5-LO Knockout Klonen eine erhöhte Anzahl an Zellen pro 

Sphäre zu finden war. Dieser Umstand ließe sich dadurch erklären, dass entweder die 

Zellen in diesem Kontext kleiner waren, wenn sie keine 5-LO exprimieren, oder, dass die 

Sphären dichter gepackt und der Hohlraum, der sich klassischerweise im Inneren dieser 

Gebilde befindet, kleiner ist in Sphären, die von 5-LO Knockout Zellen gebildet wurden. In 

U-2 OS Zellen konnten offensichtliche Unterschiede zwischen 5-LO positiven und 

negativen Zellen in der Erscheinung der Sphären beobachtet werden. So konnte unter 

dem Mikroskop gesehen werden, dass keine kompakten Sphären gebildet wurden, 

sondern nur lose Zellansammlungen entstanden. Das resultierte in einem deutlich 

größeren Radius der 5-LO Knockout Sphären, obwohl die Sphären aus weniger Zellen als 

die entsprechenden Kontrollen bestanden. 

 

Auch das Einbetten der Sphären in Matrigel® - einer artifiziellen extrazellulären Matrix 

(ECM) - um die physiologische Tumorumgebung zu imitieren, lieferte interessante 

Ergebnisse. In HCT-116 und HT-29 Zellen konnte zwar das typische Hinauswachsen der 

Sphären in die extrazelluläre Matrix beobachtet werden, wobei sich gerade in den HT-29 

Zellen komplexe, dreidimensionale Gebilde formten, jedoch waren diese Effekte nicht 

abhängig vom 5-LO Status der Zellen. In U-2 OS Zellen verursachte das Einbetten in ECM 

jedoch, dass auch die 5-LO Knockout Zellen Sphären bildeten, diese jedoch signifikant 

kleiner waren, als die der Kontrollvektor-behandelten Zellen, möglicherweise auf der 

Tatsache beruhend, dass das Zellwachstum in den 5-LO Knockout Sphären - wie bereits 

gezeigt - vermindert war. Zusätzlich bildeten beide 5-LO positiven Zellen - Wildtyp und 

Kontrollvektor-behandelter Wildtyp - nadelförmige Auswüchse in die Matrix, die 

typischerweise in einem Spheroid-Outgrowth-Assay erwartet werden. Diese waren in 

beiden 5-LO Knockout Einzelzellklonen nicht zu sehen.  

 

Da die epithelial-mesenchymale Transition als einer der am stärksten beeinflussten 

Prozesse in der Auswertung des Next-Generation-Sequencing auftauchte, wurde die 

Expression von klassischen EMT-Markern untersucht. Diese Untersuchung lieferte 

allerdings keine eindeutigen Ergebnisse und stattdessen wurden die funktionellen 

Einflüsse des 5-LO Knockouts auf die Zellmigration untersucht. Während die ungerichtete 

Zellmigration in einem Wound-Healing-Assay nicht durch den Knockout der 5-LO 

beeinflusst wurde, waren starke Einflüsse des 5-LO Knockouts auf die gerichtete 

Zellmigration zu beobachten. In einem Transwell-Assay wurden Zellen in Serum-

reduziertem Medium auf die Oberseite einer porösen Membran ausgesät und die untere 

Kammer des Systems wurde mit gewöhnlichem Wachstumsmedium gefüllt, wodurch ein 

Gradient hin zu höherer Serumkonzentration gebildet wurde. HCT-116 sowie U-2 OS 

Zellen, aus denen die 5-LO ausgeknockt wurde, zeigten hier eine deutlich verstärkte 

Wanderung der Zellen hin zum Serumgradienten. Dieser Effekt konnte vollständig 

ausgelöscht werden, wenn die Membran vorher mit Matrigel® beschichtet wurde, um die 

Invasion in ECM zu imitieren.  
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Die differentielle Expressionsanalyse der RNAseq zeigte ebenfalls, dass auch einige 

Cytokine und Mitogene durch den Knockout der 5-LO beeinflusst wurden. In HCT-116 

Zellen war die Expression des Gens TGFB2 in 5-LO Knockout Zellen 10-20-fach 

hochreguliert, während in U-2 OS 5-LO KO-Zellen die Genexpression von CCL2, CX3CL1 

und PDGFA signifikant reduziert war. Die Sekretion dieser Mediatoren wurde deswegen 

mittels Cytometric bead array (CBA) und ELISA aus Zellüberständen gemessen, wobei für 

alle Mediatoren die Regulation auf Genebene auch auf Proteinebene gezeigt werden 

konnte. TGF-β erfüllt vielfältige Funktionen in Zellen, jedoch konnte gerade in frühen 

Stadien der Tumorentwicklung gezeigt werden, dass der Zellzyklus inhibiert und Apoptose 

vermittelt durch TGF-β ausgelöst werden kann. Unter diesen Umständen bietet die 5-LO 

regulierte Unterdrückung der TGF-β-Expression also einen Überlebensvorteil für die 

Tumorzellen. Auch in U-2 OS Zellen konnte eine Regulation des TGF-β-Signalwegs gezeigt 

werden. Hier wurde die Genexpression von LRRC32, eines TGF-β Aktivators, durch den 

Knockout der 5-LO gesteigert, sodass also auch hier eine 5-LO vermittelte Unterdrückung 

der TGF-β-Signalkaskade vorliegt. MCP-1, codiert von dem Gen CCL2, initiiert Angiogenese 

und Metastasierung in Tumoren. Fraktalkin (CX3CL1) kann proliferationssteigernd wirken 

und vermittelt sowohl anti-apoptotische als auch EMT-induzierende Signale. Der Platelet-

Derived Growth Factor A (PDGFA) ist hingegen ein klassischer Wachstumsfaktor, der 

Tumorzellproliferation begünstigt. Da der Knockout der 5-LO für alle dieser Gene zu einer 

Reduktion der Genexpression führte, ist davon auszugehen, dass die 5-LO hierdurch 

unterschiedliche Effekte ausüben kann, die die Tumorprogression begünstigen. 

 

Weitere Experimente wurden durchgeführt, die jedoch keine oder zumindest keine 

eindeutige Regulation durch die 5-LO zeigen konnten. So wurde der Zellzyklus der 

unterschiedlichen Zelllinien untersucht, Tumorstammzellenmarker quantifiziert und 

unterschiedliche Tumormarker, die Prozesse wie Proliferation oder Differenzierung 

anzeigen können, mittels Immunofärbungen und Konfokalmikroskopie untersucht.  

 

Interessant an den 5-LO-exprimierenden Tumorzellen ist die Tatsache, dass zwar die 

komplette Maschinerie für die Leukotrienbiosynthese exprimiert wird, die Menge der 

gebildeten Lipidmediatoren im Vergleich zu Leukozyten jedoch eher gering ist. Trotzdem 

stellt sich die Frage, ob diese Restaktivität ausreicht, um einige der vorher untersuchten 

5-LO vermittelten Effekte zu verursachen, oder ob es gänzlich nicht-kanonische 

Funktionen sind, die hier eine Rolle spielen. Dafür wurden Leervektor-behandelte Zellen 

mit den beiden 5-LO Inhibitoren Zileuton und CJ-13610 in zwei unterschiedlichen 

Konzentrationen über einen Zeitraum von 3 Tagen behandelt und anschließenden die 

entsprechenden Experimente erneut durchgeführt. Hier konnten einige der Effekte, die 

durch den Knockout der 5-LO verursacht wurden, zumindest teilweise imitiert werden, 

während die Behandlung mit Inhibitoren in anderen Experimenten keine Ergebnisse 

zeigte, oder sogar zu gegenteiligen Ergebnissen führten. Die Genexpression von 

ausgewählten Genen wurde unter dem Einfluss der Inhibitoren in allen drei Zelllinien 

untersucht. Hier zeigte ein Teil der Gene, wie NOSTRIN, TGFB2 und PDLIM5 (HCT-116), 

UTS2B (HT-29) und CCL2, HAS2 und ITGA2 (U-2 OS) eine ähnliche Regulation durch die 

Inhibition der 5-LO wie durch deren Knockout, während andere Gene gar nicht oder sogar 

invers durch die Inhibitorbehandlung reguliert wurden. Der Knockout der 5-LO führte in 
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HT-29 und U-2 OS Zellen zu einer verringerten Proliferationsrate. Dieser Effekt konnte 

durch höhere Dosen des nicht-redox-Inhibitors CJ-13610 ebenfalls erreicht werden, wobei 

mittels eines WST-Assays gezeigt wurde, dass, zumindest in U-2 OS Zellen, 3 µM CJ-13610 

ausreichten, um die Zellviabilität zu verringern, wodurch die verminderte 

Proliferationsrate zu erklären ist. Die Sphärenbildung unter Inhibitorbehandlung wurde 

ebenfalls in HT-29 und U-2 OS Zellen überprüft, allerdings wurden in keiner der Zelllinien 

Unterschiede im Wachstumsverhalten der Sphären durch die Behandlung hervorgerufen. 

Die direkte Zellmigration, die durch den Knockout der 5-LO in HCT-116 und U-2 OS Zellen 

signifikant gesteigert werden konnte, wurde zumindest in den HCT-116 Zellen auch durch 

die Inhibitorbehandlung dosisabhängig gesteigert, während in U-2 OS Zellen kein Effekt 

sichtbar war. Die Auswertung dieser Experimente legt also die Vermutung nahe, dass die 

Funktion der 5-LO in den Tumorzellen sowohl kanonischer als auch nicht-kanonischer 

Natur ist. Eine mögliche Erklärung hierfür liegt darin, dass bei den 

Aktivitätsuntersuchungen der 5-LO nur die sezernierten Produkte der 5-LO in den 

Zellüberständen gemessen wurden. Da in den Phospholipiden der Zellmembranen jedoch 

auch oxidierte Fettsäuren zu finden sind, die 5-LO aber ausschließlich freie Fettsäuren als 

Substrate akzeptiert, ist es denkbar, dass die entstanden Produkte nachträglich in die 

Zellmembranen integriert werden, wo sie die Fluidität der Membranen verändern, sowie 

Signalkaskaden beeinflussen können. 

 

Klassischerweise wird die Re-Expression des ausgeknockten Gens genutzt, um die 

Ergebnisse von Knockout-Studien zu bestätigen. Genexpression ausgewählter Gene, 

Proliferation und direkte Zellmigration wurden deswegen auch mit Knockout Zellen, in die 

nachträglich die 5-LO mittels Sleeping-Beauty-Technologie wieder eingebracht wurde, 

untersucht. Hier konnte ein Teil der durch den Knockout vermittelten Effekte durch den 

Knock-In umgekehrt werden, während ein Großteil der Effekte jedoch nur leicht oder gar 

nicht durch den Knock-In beeinflusst wurde. Da der Knock-In in den Zellen durch den 

verwendeten hochaktiven Promotor allerdings zu einer mehr als 300-fach erhöhten 5-LO-

Expression verglichen zu den Wildtyp-Zellen führte, müssen diese Ergebnisse mit Vorsicht 

betrachtet werden.  

 

Nichtsdestotrotz konnte durch die vorliegende Arbeit gezeigt werden, dass die 5-LO in 

soliden Tumoren unterschiedliche Prozesse wie die Genexpression, Zellproliferation, das 

dreidimensionales Wachstum sowie die Zellmigration reguliert. Diese Regulation ist 

streng Zelltyp-spezifisch und hängt von vielen Faktoren wie dem Proteom der Zellen und 

der Tumormikroumgebung ab. 
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