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1. Introduction 

   1.1 5-Lipoxygenase 

      1.1.1 Physiological role of the enzyme  

   Arachidonate 5-lipoxygenase (5-LO) (EC 1.13.11.34) belongs to the family of 

lipoxygenases, a class of enzymes which catalyze the insertion of molecular oxygen into their 

substrates. 5-LO is one of the key components of arachidonic acid (AA) metabolism [1] and 

the main enzyme in the biosynthesis of leukotrienes, a group of lipid mediators involved in 

the formation of inflammatory and allergic reactions [2]. 5-LO protein expression is mostly 

limited to myeloid cells and therefore contributes to their function as major component of the 

immune system. Its substrate arachidonic acid is released out of membrane-associated 

phospholipids by cytosolic phospholipase A2 (cPLA2) and can then be further processed by  

5-LO in a two-stage reaction [3]. The first step generates the intermediate  

5-hydroxyperoxyeicosatetraenoic acid (5-HPETE), which is then converted to leukotriene A4 

(LTA4). LTA4 in turn can subsequently be either hydrolyzed to active leukotriene B4 (LTB4), 

or by conjugation with reduced glutathione be metabolized to active leukotriene C4 (LTC4) 

and its following products leukotriene D4 (LTD4) and E4 (LTE4) [1,4]. Alternatively, 5-

HPETE can be converted to 5-hydroxy-eicosanoic acid (5-HETE) by reduction, which leads 

to the formation of 5-oxo-HETE. In conjugation with 15-LO, the enzyme is additionally 

involved in the production of anti-inflammatory lipoxins. Thus, the 5-LO pathway is not 

strictly limited to the biosynthesis of leukotrienes [5–7].  

   The biological effects of leukotrienes are mediated by G-protein-coupled receptors on the 

surface of leukocytes. In the case of LTB4 they comprise for example the chemotaxis of 

eosinophils, monocytes or polymorphonuclear leukocytes to sites of active inflammation and 

contribute to the adhesion of neutrophils on endothelial cells [2,8,9]. Extracellularly released 

LTC4 and its subsequent products LTD4 and LTE4 (together cysteinyl leukotrienes, cysLTs), 

which are formed by successive degradation of the respective amino acids, exhibit vaso- and 

bronchoconstrictive  properties and are able to increase vascular permeability [1,2,10]. 

CysLTs furthermore contribute to the proliferation of epithelial cells and promote alveolar 

secretion [11,12]. They are mostly related to acute hypersensitivity reactions [4]. As 

mentioned, biosynthesis of leukotrienes is induced by activated cPLA2 and its subsequent co-

translocation with 5-LO to the nuclear envelope [13,14]. At the nuclear envelope cPLA2 

releases free arachidonic acid deriving from phospholipids, which in turn is presented by 

membrane bound 5-Lipoxygenase activating protein (FLAP) for further 5-LO dependent 

metabolism [3, 10]. 
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Figure 1: The leukotriene pathway, adapted from [15]. 

 

      1.1.2 Pathophysiological role of the enzyme  

   Based on the physiological effects of leukotrienes, their role in allergic and inflammatory 

reactions, which comprise local effects and the influx of cells of the immune system into the 

respective tissue, is quite obvious. Increased production of cysLTs can hence be found in 

clinical diseases like asthma or allergic rhinitis and together with other mediators of 

inflammatory reactions they modulate complex processes [15]. Their effects are mediated by 

different cysLT-receptors (cysLTR1 and cysLTR2) and inhibition of these exhibits a possible 

option of therapeutical intervention in the treatment of asthma bronchiale. Hence, the 

cysLTR1 antagonist Montelukast alleviates symptoms of asthmatic disorders like increased 

mucus production, alveolar hyperreactivity and constriction [12].  

   Besides, increased levels of metabolites of the leukotriene pathway and respective receptors 

can be found in atherosclerotic lesions of the vasculature. The infiltration of monocytes and 

their conversion to macrophages present the major part of leukotriene producing cells. The 
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transformation of the latter into foam cells thereby promotes the aggregation of 

atherosclerotic plaques, which after rupturing eventually can lead to infarcts of affected 

tissues. As cysLT-receptors are expressed on the smooth musculature of coronary arteries, 

their activation contributes to pathological arterial muscle hyperplasia [12]. Additionally, 

leukotrienes are involved in various other inflammatory diseases, including atopic dermatitis 

[16] or rheumatoid arthritis [17].  

   5-LO furthermore takes part in aging processes in the human brain and thus is connected to 

neurodegenerative diseases [18]. A contribution in the formation of β-amyloid could be 

shown, which plays a crucial role in the pathophysiology of Alzheimer’s disease. 5-LO 

stimulates the transcription of γ-secretase, a protein complex responsible for the cleavage of 

amyloid precursor protein (APP). High enzyme levels resulted in higher β-amyloid 

concentrations, whereas 5-LO inhibition led to reduced formation of β-amyloid, respectively.  

   Higher levels of 5-lipoxygenase are also found in various tumor tissues. For example, 

increased proliferation of prostate and esophagus cancer cells is associated with increased 

levels of metabolites of the leukotriene pathway (in case of prostate cancer cells 5-HETE) in 

the respective tissues. By inhibiting 5-LO, apoptosis of these tumor cells could be induced 

[19, 20]. Similar results were obtained for colon and pancreas cancer cells, whose 

proliferation was diminished by 5-LO inhibition [21, 22]. Taken together, 5-LO is a major 

target for therapeutic intervention in both inflammatory and cancer diseases.  

 

      1.1.3 Expression profile in humans and subcellular localization 

   The physiological 5-LO protein expression is limited to cells of the immune, as well as the 

central nervous system (see section 1.1.2). It is mostly present in leukocytes of the myeloid 

lineage, including polymorphonuclear leukocytes (neutrophils, eosinophils), 

monocytes/macrophages and thereof arising foam cells of atherosclerotic plaques, mast cells, 

dendritic cells and to a much lower level in B-lymphocytes [23]. The enzyme’s expression 

status in monocytes and granulocytes depends on the respective status of cellular 

differentiation [10]. The induction of cell differentiation by the agents TGFβ/1,25(OH)2D3, 

DMSO or retinoic acid leads to an upregulation of 5-LO mRNA- as well as protein levels, 

which also applies for the tissue infiltration of monocytes and their consecutive differentiation 

into macrophages [23]. The highest promotion of 5-LO protein expression could be observed 

for the combined addition of TGFβ/1,25(OH)2D3 [24]. Furthermore, 5-LO expression can be 

induced by glucocorticoids or the granulocyte/macrophage colony stimulating factor (GM-

CSF) in monocytes or granulocytes, respectively [23].  
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   5-lipoxygenase is a mobile enzyme, present either in the cytosol or the nucleus. The 

subcellular localization depends on the particular cell type. In resting peritoneal macrophages, 

neutrophils, eosinophils and monocytes, 5-LO is mostly found in the cytoplasm, whereas 

alveolar macrophages, mast cells and Langerhans cells of the skin display both nuclear and 

cytosolic enzyme. Import into, or export out of the nucleus is accomplished by existing 

nuclear localization signal (NLS) and nuclear export signal (NES) sequences in the 5-LO 

structure [10, 15].  

 

      1.1.4 Regulation of enzyme activity 

   Enzymatic activity of the enzyme is regulated on protein level by complex mechanisms 

(figure 2). Due to the non-heme iron present in the 5-LO, the cytosolic redox state contributes 

fundamentally to an activating or inhibiting milieu. For active catalysis the ferric state (Fe
3+

) 

of the non-heme iron is essential, hence a low level of peroxides is crucial for enzyme 

functionality [10]. Accordingly, enzymatic activity is also altered by the presence of reactive 

oxygen species.  

 

Figure 2: Regulation of 5-lipoxygenase activation on protein level [23].  

 

   Activity of the 5-LO is dependent on Ca
2+

, concentrations thereof in the mikromolar range 

presumably support its binding to phosphatidylcholine or coactosin-like protein (CLP), which 
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in turn facilitates activation and the enzyme’s translocation to the nuclear membrane [23]. 

CLP shows stabilizing effects on the enzyme and thus supports its calcium-dependent 

activation [15, 25]. Consistently, treatment with calcium ionophore induces the translocation 

of the 5-LO to the nuclear envelope [4].  

   ATP presents another mediator for enzyme activation. In contrast to other lipoxygenases,  

5-LO is the only one which is activated by ATP [26]. Presumably, ATP likewise does have 

stabilizing effects on the enzyme [23], maximum activity however is achieved only in 

combination with Ca
2+

 [27].  

   The presence of FLAP is crucial for the biosynthesis of leukotrienes. FLAP is expressed 

accordingly in 5-LO positive cells; without its existence metabolism of AA is generally not 

taking place [4, 23, 28]. FLAP itself is an integral membrane protein, which associates with 5-

LO at the nuclear membrane and facilitates the presentation of membrane-released free AA 

for its respective catalysis for leukotriene biosynthesis.  

   Lastly, different studies could prove that enzyme activation or inhibition also depends on its 

phosphorylation status (see fig. 2). 5-lipoxygenase is a substrate for varying kinases, including 

protein kinase A (PKA) [29], extracellular-signal-related kinases (ERK1/2) or p38 mitogen-

activated protein kinase [30, 31], although phosphorylation of Ser663 by Erk2 remains 

controversial, since mass spectrometry-based studies did not confirm its phosphorylation state 

[32]. Normally, activation of the respective tyrosine kinases, triggered by varying stress 

responses, leads to increased 5-LO activity [6]. However, phosphorylations can also exhibit 

inhibitory effects on 5-LO activity, as shown by phosphorylation of Ser523, which represses 

enzyme activity and impedes translocation to the nuclear membrane [23, 29]. Furthermore, 

phosphorylation status is jointly responsible for the subcellular localization of the 5-LO [15].  

 

      1.1.5 Regulation of 5-LO expression 

         1.1.5.1 ALOX5 gene organization and promoter region 

   The 5-lipoxygenase is encoded by the ALOX5 gene, which is located on chromosome 

10q11.21. It comprises over 82 kilobasepairs (kbp) and is divided into 14 exons and 13 

introns of different length. Exons 1-7 encode for the amino-containing half of the protein and 

span over 65 kbp, whereas exons 8-14 encode for the carboxylic half of the enzyme including 

its active site and only span about 6 kbp [33]. 

   The 5’-flanking region of the gene contains both positive and negative regulatory elements 

and binding sites for a variety of transcription factors (TFs) and was first characterized in the 

late 1980s by Hoshiko et al [34]. They described the promoter region to cover almost 6 kbp, 
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around 800 bp of them designated to represent the core promoter 5’-upstream of the major 

transcription initiation site. A noticeable feature in its sequence is the lack of classical TATA- 

or CCAAT-boxes, providing characteristics of housekeeping genes [35]. Accordingly, the 

GC-content of about 80% is quite high, including eight GC-boxes, which generate binding 

sites for the ubiquitously present transcription factor Sp1. Further GC-boxes can additionally 

be found in Intron A [33]. Out of these eight GC-boxes of the sequence GGGCGG, five are 

arranged in tandem close to the transcription initiation site. Putative binding sites for further 

transcription factors, including c-Myb, NF-κB and TF-AP2 are present in the upstream 

sequence of the promoter (figure 3) [34].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: ALOX5 gene organization [36] (A) and overview of the proximal promoter sequence (B). 

Transcription factor binding sites are defined in relation to the translational start site (ATG). 

 

   Transcription factor Sp1 was shown to bind to the tandem repeats of GC-boxes, thereby 

inducing promoter activity [34, 37]. Sp1 represents one of nine members of transcription 

A 

B 
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factors in the Sp-family, further including Sp2 to Sp9, which in turn can be classified as 

subfamily of the overall Sp/KLF (Krüppel-like factor) transcription factor family [38]. These 

TFs share a common DNA-binding domain, which contains three zinc fingers of the C2H2-

type in close proximity to the C-terminus and a glutamine rich stretch neighboring 

serine/threonine sequences [39, 40]. Activity or binding properties of Sp1 can be influenced 

by posttranslational modifications, for the most part phosphorylation and glycosylation [41, 

42]. Sp1 is an activator of transcription in various promoters and contributes to transcriptional 

regulation in a large number of myeloid genes [39, 43]. Activation of promoter activity and 

enhanced transcription by RNA polymerase II is mediated by Sp1 alone or regulated in 

conjunction with the other members of the family, most prominently Sp3 [39, 40, 44].   

   The tandem GC-box provides additional binding sites for inducible transcription factor  

Egr-1 that overlap with those for Sp1. Diminished 5-LO expression after the addition of GC-

box blocking substances, as well as constant levels of both factors before and after cell 

differentiation point to the involvement of both transcription factors in basal promoter activity 

[45]. Deletion of one or two, or addition of one GC-box in the tandem repeats are naturally 

occurring mutations of the 5-lipoxygenase promoter sequence [46]. Using reporter gene 

constructs with theses mutations, an induction of promoter activity by Sp1 and Egr-1 could be 

shown in SL2 cells, whereas in HeLa cells contradictory results were obtained and activity 

was repressed [37, 46]. Due to the inconsistent results on 5-LO expression in the different cell 

lines, basal promoter activity is suggested to depend on interplay of both transcription factors, 

whose effects however are cell-specific. Evidence for in vivo relevance of these mutations 

was provided by studies dealing with a distinct response to treatment with  

5-LO inhibitors in line with asthma therapeutic intervention [47], as well as the increased 

susceptibility to develop atherosclerosis for patients carrying a mutation [48].  

 

         1.1.5.2 Epigenetic factors  

   The limitation of 5-LO expression to certain cell types and its regulation by inducers of 

differentiation posed the question, whether its cell specificity in part depends on DNA-based 

mechanisms that are responsible for the enzyme’s presence in mostly immunocompetent cells. 

In this regard, analysis of HL-60TB and monocytic U937, which both express FLAP, but are 

5-LO negative, revealed a correlation between methylation of the CpG islands in the promoter 

region and repression of 5-lipoxygenase expression [49]. Methylation of promoter sequences 

is a general mechanism for gene silencing [50]. Treatment of both cell lines with the 

demethylating agent 5-azadeoxycytidine (AdC) leads to the induction of 5-LO mRNA 
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expression, as well as enzyme activity which correlates to those of untreated wildtype HL-60 

cells. The latter revealed an unmethylated core promoter, whereas HL-60TB and U937 

exhibited highly methylated CpG islands. Reporter gene assays of completely methylated 

ALOX5 promoter constructs resulted in inhibition of promoter activity. Cell treatment with a 

combination of TGFβ/1,25(OH)2D3 and AdC provided synergistic effects on mRNA-

transcription level, however no direct impact on promoter activity, allowing for the suggestion 

that the combination of TGFβ/1,25(OH)2D3 exhibited posttranscriptional influence on 5-LO 

expression [49]. Furthermore, an essential regulatory role on transcription efficiency could be 

attributed to the GC-box following the tandem GC-boxes. Methylation of the former in 

contribution with methyl-binding proteins (MBDs) impedes binding of Sp1, thereby 

suppressing promoter activity [51]. Thus, repressed 5-LO expression in non-myeloid cells is 

probably due to the respective DNA methylation status [23, 49].  

   Not only methylation status plays a role in the regulation of 5-LO transcription, but also 

histone acetylation is involved in promoter regulation, the latter however succumbing the 

effects of methylation [52]. Treatment of the monocytic cell line Mono Mac 6 (MM6) with 

HDAC inhibitor trichostatin A (TsA) both induces 5-LO expression and increases the 

occurrence of H3K4me3 as marker of active promoters. Furthermore, TsA-mediated 

induction of ALOX5 promoter activity is independent of the existence of the tandem GC-

boxes (within the reporter constructs used in the study) or the addition of differentiating 

agents TGFβ/1,25(OH)2D3. TsA further induces basal promoter activity due to a promoted 

formation of transcription complex Sp1/Sp3/polymerase II on both of the GC-boxes following 

the tandem repeats [53]. Raised occurrence of H3K4me3 after TsA treatment requires 

increased recruitment of methyltransferases, such as MLL (mixed lineage leukemia), which in 

turn leads to higher levels of 5-LO mRNA expression. According to that, the proto-oncogenic 

fusion protein MLL-AF4 could be related to constitutive active promoter activity, which is 

independent of HDAC inhibitors, but is able to be antagonized by present MLL itself. These 

results suggest on the one hand an uncontrolled 5-LO expression in leukemia affected by a 

MLL translocation. On the other hand the respective leukemia could profit from the treatment 

of class I HDAC inhibitors as therapeutic intervention [54].  
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         1.1.5.3 Regulation by TGFβ/1,25(OH)2D3 and downstream transcription factors 

   As already mentioned in section 1.1.3, induction of 5-lipoxygenase expression after 

differentiation of myeloid cells initiated by differentiating agents exhibits highest effects on 

the synthesis of mRNA- and protein levels by adding TGFβ/1,25(OH)2D3 [24]. Treatment of 

MM6 cells with TGFβ/1,25(OH)2D3 did not show any impact on the half-life of present 

mRNA, however altered amounts of 5-LO RNA were detected after the examination of 

different isolated exon constructs, which each comprised one of the 14 exons, giving evidence 

for posttranscriptional regulation of both differentiating agents. These effects could be 

attributed to enhanced maturation of mRNA as well as stimulation of transcript elongation 

[55]. In fact, binding of the heterodimer VDR/RXR to its respective response elements 

located in the promoter region was shown, which however does not lead to 

TGFβ/1,25(OH)2D3-dependent induction of promoter activity. This supports the assumption 

of regulatory elements present outside of the promoter sequence, which could be responsible 

for this effect [56]. In this regard, further studies gave proof for promoter-independent 

induction of reporter gene constructs containing the 5-LO coding sequence or introns J-M by 

TGFβ/1,25(OH)2D3 [57, 58]. Four functional response elements for TGFβ effectors SMAD 

3/4 are located in intron M, further SMAD binding elements (SBEs) can be found in the 

coding sequence. Deletion of exons 10-14 results in the most profound repression of SMAD 

response [57]. Additionally, functional vitamin D3 response elements (VDREs) are located in 

intron M and exons 10 and 12, which have been shown to bind VDR and extenuate its 

response after being mutated or deleted.  The TGFβ/1,25(OH)2D3 effects on the distal part of 

the 5-LO gene furthermore induce both acetylation of histone H4, a marker for open 

chromatin structures, and increased presence of elongation markers, including H3K36me3 

and H4K20me1, contributing to regulation by transcript elongation [58]. Further VDREs are 

present in the 5-LO gene, one of them located in intron 4, which is involved in transcript 

elongation as well. It is considered to be one of the most responsive response elements 

throughout the human genome [59]. Additional influence on VDR-dependent transcript 

elongation is mediated by AF4 and its oncogenic fusion protein AF4-MLL, which is equally 

affected by MLL translocation as the already mentioned MLL-AF4 (see section 1.1.5.2) [60]. 

According to the study, heterodimer VDR/RXR interacts with AF4 as regulator of elongation 

and the fusion protein AF4-MLL, which exceeds the elongation effects of AF4 alone. 

Inhibiting elongation by using class I HDAC inhibitors further contributed to a decrease of  

5-LO expression and activity.    
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   Further studies based on reporter gene construct activity provided evidence for the 

participation of SMAD proteins on transcript initiation [60, 61]. The core promoter contains 

two SBEs, which bind SMAD 3/4 and induce MLL-dependent Sp1-mediated promoter 

activity. SMAD 3/4 are furthermore shown to have alleviating effects on the activity of the 

fusion protein MLL-AF4 [61]. 

 

         1.1.5.4 Other transcription factors in ALOX5 regulation 

   Besides the already mentioned transcription factors, ChIP-seq analysis from different 

laboratories provided data on additional regulatory elements located in the promoter 

sequence, as well as in different introns of the 5-LO gene. These sequences contain binding 

sites for transcription factors that are involved in myeloid differentiation or regulation of stem 

cell functions, including C/EBPα, GATA2 or RUNX1 among others [36].  

   Intron G for example contains a functional consensus sequence for tumor suppressor p53, 

which acts as transcriptional enhancer on 5-lipoxygenase expression. p53-mediated 

transcription can be induced by treatment with cytotoxic substances actinomycin D and 

etoposide and knockdown of p53 leads to repressed enzyme expression, respectively. 

Simultaneously, a 5-LO-mediated repression of p53-controlled transcriptional activity was 

confirmed as well [62].      

 

   1.2 DNA secondary structures 

      1.2.1 General features 

   Since the introduction of the established model of the DNA-double helix, which is formed 

by Watson-Crick base pairing [63], further possible secondary nucleic acid structures were 

investigated. Although most part of cellular DNA in fact is existent in form of the canonical 

double helix, termed B-form DNA, alternative secondary structures could be identified in the 

following years, whose functions are not completely elucidated as yet. According to different 

studies, the fraction of protein coding DNA of the human genome comprises around 2%, 

relating to an estimated number of genes ranging from 20000 to a maximum of 25000 [64]. 

For the remaining 98% there is still limited knowledge about its functions or regulatory 

effects on the human organism. Currently, alternative non-B-form DNA secondary structures 

comprise for example left handed Z-form DNA (Z-DNA), cruciforms, G-quadruplex DNA or 

i-motif DNA [65]. All of these secondary structures possibly contribute to transcriptional 

regulation and their role needs to be investigated profoundly.  
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   Guanine-rich DNA sequences tend to form quadruplexes as secondary structures, also 

termed G4- or tetraplex-DNA [65]. They are arranged from planar guanine tetrads developing 

from four guanines that are stabilized by Hoogsteen-like hydrogen bonds. Multiple of these 

tetrads in turn stack upon each other to form a quadruplex, which usually is being stabilized 

by monovalent cations. These quadruplexes can exhibit different orientation of strands or 

conformations [66].  

   In general, the combination of one, two or four strands is possible for quadruplex formation, 

which are named mono-(intra), bi-(inter) or tetra-(linear)-molecular, respectively [67]. 

Depending on strand orientation, altering conformations are built that can be divided up into 

intramolecular basket, propeller or chair type (figure 4B-D), intermolecular basket or hairpin 

type or parallel-strand type [67, 68]. The parallelism of the strands can further be divided into 

parallel and anti-parallel [66, 69–71] (figure 4D-F). DNA sequences are capable of 

developing different topologies, depending on the length of the quadruplex involving DNA 

stretch or the disposable cations. An additional classification of syn- or anti-conformation can 

be attributed to the respective glycosylic conformation [66, 70, 71].  

 

 

Figure 4: Selected G-quadruplex conformations as secondary DNA structures. (A) Schematic 

representation of a planar G-tetrad, taken from [65] and exemplary structures forming (B) basket 

type, (C) propeller type, (D) chair type G-quadruplexes with single-strand-antiparallel, (E) two-

strands-antiparallel and (F) four strands parallel orientation.  

 

   Formation and stability of quadruplex structures are essentially influenced by bound cations. 

Generally, monovalent cations, including K
+
, Na

+
 or NH4

+
 are favored over divalent ones; 

optimal stability is achieved with K
+ 

[66]. However, various studies exist, which prove the 
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formation of quadruplex DNA being possible after the addition of alternative mono- or 

divalent cations [68]. For the in vitro investigation of present G4-DNA the suitability of 

cations has to be considered, since for example the exchange of a K
+
-stabilized quadruplex 

into Na
+
 buffer conditions can alter the topology of the quadruplex structure. 

   In addition to the appearance of G4-DNA RNA quadruplexes have been described; hence 

the formation thereof is a possible secondary structure of nucleic acids in general.  

 

      1.2.2 Biological relevance of G4-DNA 

         1.2.2.1 Telomeric quadruplexes  

   Over the years the in vivo existence of quadruplex structures was controversially discussed, 

as early investigations only dealt with their in vitro formation. However, they seemed likely to 

be involved in transcriptional regulation provided that they actually did exist in the human 

genome. With the discovery of G4-DNA in telomere ends, quadruplexes initially became a 

possible target for therapeutic intervention [72–74]. Telomere DNA in 3’-overhangs of 

chromosomes consist of single stranded repetitive guanine-rich sequences of the type 

d(TTAGGG), which normally contain 100-200 bp and contribute to maintaining 

chromosomal integrity. In this regard, telomere length is crucial for the regulation of cell 

cycle and cellular aging and is controlled by telomerase, an enzyme adding sequence repeats 

onto the respective telomere ends. Usually, telomerase activity is low in somatic cells 

resulting in a gradual degradation of telomeres. Their shortening eventually leads to cell 

senescence. An increased enzyme activity counteracts these procedures and yields virtually 

immortal cells. A variety of tumor cells are affected by elevated telomerase activity, so that 

telomerase inhibitors are considered possible cancer therapeutics [70, 75]. Since quadruplex 

structures in telomere ends inhibit enzyme activity, quadruplex stabilizing agents provide a 

means for potential indirect inhibition of telomerase [75–77]. Some of these indirect inhibitors 

are currently established agents for giving evidence of G4-DNA in vitro and in vivo and shall 

be further elucidated in 1.2.2.5. 

 

         1.2.2.2 Quadruplexes in promoter regions 

   After the discovery of quadruplex structures in telomere ends studies were expanded to 

guanine-rich sequences in human genes, which resulted in the detection of G4-DNA in 

promoter regions of certain genes. By now, fundamental knowledge was provided by 

extensive studies on proto-oncogenes including c-MYC [78], BCL-2 [79], k-RAS [80],  
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c-MYB [81], h-RAS [82], VEGF [83] or hTERT [84]. An overview of quadruplex structures 

in human promoter regions is given in table 1.  

   Investigations on the proto-oncogene c-MYC provide most insights into the regulatory role 

of G4-DNA on transcription in this context so far. Transcription factor c-Myc is primarily 

involved in both activation and repression of multiple growth-related genes and further 

contributes to the regulation of telomerase. It is widely overexpressed in different types of 

tumor tissues and is estimated to be involved in about 20% of total human cancers [85].  

Accordingly, c-Myc possesses a critical role in cancer development [86]. The c-Myc gene 

transcription is regulated by dual promoters (P1 and P2); 85 to 90% of transcriptional activity 

is controlled by the nuclease hypersensitivity element (NHE) III1 of promoter P1, which 

contains a stretch of 27 bp that is able to form quadruplex structures [78, 87]. Stabilization of 

these quadruplexes by interacting agents or telomerase inhibitors leads to the suppression of 

transcription and therefore results in impeded c-Myc expression [78]. This provides targets for 

downregulation of the latter and consecutive inhibition of proliferation of affected cancer 

cells. 

   Similar results could be obtained for the promoter region of the BCL-2 (B-cell lymphoma 2) 

gene. Its protein product is involved in the regulation of cell survival and displays a potent 

inhibitor of apoptosis [88]. Overexpression of BCL-2 is being found in various tumor tissues 

and contributes to carcinogenesis in breast, B-cells, or colorectal tissue [89]. Transcriptional 

regulation resides with a GC-rich element around -1400 bp upstream of the transcription start 

site, which tends to form quadruplex structures [90]. Mutations thereof which disrupt these 

quadruplexes resulted in increased transcriptional activity, whereas stabilization by 

quadruplex interacting agents diminished promoter activity [91, 92].  

   The proto-oncogenes of the RAS-family encode for GTP/GDP-binding proteins (p21
RAS

) 

and similarly contain a GC-rich promoter region while lacking TATA boxes [93]. Their 

respective protein products are involved in cell proliferation and participate in signal 

transduction pathways. A protein dysfunction caused by mutations of the corresponding gene 

eventuates in constitutively active p21
RAS

, thereby promoting growth of different kinds of 

tumors [82]. Both k-RAS and h-RAS are capable of forming quadruplex structures in their 

promoter region, which regulate transcription [80, 82]. Studies on the murine k-RAS promoter 

sequence revealed the presence of GA-repeats, which were essential for G4-formation [94]. 

Similar characteristics were shown for the c-MYB promoter that contains four GGA repeats 

17 bp upstream of the transcription initiation site, which control promoter activity. Deletion of 

one or two of these repeats led to enhanced activity, suggesting that formed quadruplexes 



INTRODUCTION 
 

14 
 

exhibit a suppressing effect [81]. C-MYB likewise represents a proto-oncogene whose protein 

product is involved in cell proliferation [95] and is overexpressed in acute leukemia and small 

cell lung carcinoma [96, 97].  

   Since most of the G4-sequences so far identified belong to promoter regions of proto-

oncogenes, efforts are made to specifically target quadruplex structures or their known 

interacting proteins to control their dysregulation and provide new possibilities for therapeutic 

intervention in cancer treatment. 

 

gene function of quadruplex topology reference 

c-MYC gene repression intramolecular parallel [78] 

VEGF gene repression intramolecular parallel [83, 98] 

c-MYB gene repression intramolecular parallel [81] 

k-RAS gene repression intramolecular parallel [80, 94] 

h-RAS gene repression intramolecular antiparallel [82] 

insulin  gene activation Intra-, intermolecular 

parallel/antiparallel 

[99–101] 

HIF-1α gene repression intramolecular parallel [102, 103] 

c-KIT gene repression intramolecular parallel, mixed 

topology 

[104, 105] 

BCL-2 gene repression intramolecular 

parallel/antiparallel 

[79, 92] 

PDGF-A gene repression intramolecular parallel [106] 

hTERT presumably  

gene repression 

intramolecular hybrid (3+1), 

parallel 

[84, 107] 

muscle 

related genes 

gene activation ? [108] 

SRC gene repression intramolecular parallel [109] 

HIV-1 gene repression intramolecular antiparallel [110, 111] 

PARP-1 ? hybrid (3+1) [112] 

WT1 gene repression intramolecular parallel [113] 

 

Table 1: DNA quadruplex structures found in human promoter regions and their respective topology 

and effect on the target gene 

  



INTRODUCTION 
 

15 
 

         1.2.2.3 Quadruplex interacting proteins 

   Various proteins could be identified by now that interact with G4-DNA in a promoter region 

and thereby may influence transcriptional regulation. These include, among others, 

topoisomerase I which is able to both bind to preformed inter- and intramolecular 

quadruplexes and induce their formation, respectively [114]. Another class of G4-interacting 

proteins comprises the heterogeneous nuclear ribonucleoproteins (hnRNPs), RNA-binding 

proteins taking on different functions in transcriptional regulation. hnRNP D consists of two 

nucleic acid binding domains that recognize the already mentioned telomere repeat 

d(TTAGGG) and further unwind preformed single-strand quadruplexes thereof [115]. The 

same applies to hnRNP A1, which additionally stimulates telomerase activity [116]. Both 

proteins thereby contribute fundamentally to telomere maintenance [117]. The quadruplex 

structure of the k-RAS promoter was further shown to be unwound by hnRNP A1, whose 

function hence is not limited to telomere interaction, but also contributes to G4-mediated 

transcriptional regulation of the k-RAS promoter [118, 119]. Moreover, a B-cell specific 

isoform of hnRNP D is capable of heterodimerizing with nucleolin to regulate c-MYC 

transcription after binding to a DNA sequence upstream of the NHE III1 element (see section 

1.2.2.2) [120, 121]. Nucleolin is an utterly abundant nucleolar protein involved in cell 

proliferation and the assembly of ribosomes [71]. Its highly specific affinity and selectivity 

for binding quadruplexes is many times higher than for its regular RNA substrates [121]. 

Nucleolin was proven to induce the formation of quadruplex structures in the c-MYC NHE 

III1 element and bind to them in vivo, and due to stabilizing effects thereon subsequently 

downregulate c-MYC transcription. Accordingly, overexpression of nucleolin resulted in a 

reduction of Sp1-mediated c-MYC expression [121]. In contrast, an activating effect on NHE 

III1 traces back to hnRNP K, which binds to the C-rich complementary single strand DNA 

sequence, implicating that an interplay of the aforementioned ribonucleoproteins is 

responsible for the complex regulation of c-MYC expression. Similar results were obtained 

for studies dealing with the VEGF gene. Its promoter region is mainly activated by double-

strand binding transcription factor Sp1, however a synergism of nucleolin and hnRNP K 

likewise activate transcription Sp1-independently [122].  

   According to genome wide studies, there exist over 700 000 DNA sequences that have 

potential for forming quadruplexes [123]. These putative quadruplex sequences (PQS) 

frequently emerge in promoter regions around 100 bp upstream of the transcription start site, 

in close proximity to or overlapping with consensus sequences of certain transcription factors 

[124–126]. Interestingly, a high correlation between Sp1-binding GC boxes of the sequence 
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GGGCGG and PQS could be ascertained [125]. In this context, an association of Sp1 and 

other regulating zinc finger proteins recognizing the same or a similar binding site and the 

presence of quadruplex motifs seems quite obvious. This could be shown in different 

organisms for a limited number of zinc finger TFs, mostly containing the C2H2-motif (e.g. 

Sp1, Egr-1, AP-2, MAZ) [126].  

   Studies provided evidence for zinc finger protein MAZ (myc-associated zinc finger protein, 

also termed transcription factor Pur-1 or SAF-1) acting as transcription factor, which is 

involved in the specific recognition of G4-DNA. MAZ binds GC/GA-rich sequences and has 

dual role as transcriptional activator or repressor. It is additionally capable of recognizing 

both double-stranded and G4-DNA [81], whereas its binding to the latter was first observed 

for the human insulin promoter [127]. MAZ gained further importance as a transcriptional 

regulator for interacting with the already mentioned GGA repeats of the c-MYB promoter. In 

this context, MAZ-mediated downregulation of c-MYB promoter activity was shown that was 

suggested to be relying on secondary recruitment of other transcriptionally active proteins 

(figure 5) [81]. More recent studies identified an additional MAZ binding site in the c-MYB 

promoter through which, on the other hand, the protein activates transcription in  

T-lymphocytes during their exit from quiescence. Thus, MAZ supposedly has dual role in the 

activation or repression of the gene by binding to either one of the binding sites [128].   

 

Figure 5: Role of transcription factor MAZ in G-quadruplex-mediated c-MYB gene transcription. 

Duplex DNA is in equilibrium with open and quadruplex DNA structures. The open form is regulated 

by transcriptional activator and repressor proteins; MAZ potentially acts as repressor is this state. G-

quadruplex formation via local unwinding goes along with exchange of formerly bound associative 

proteins to be replaced by G4-interacting proteins. MAZ is proposed to recognize and stabilize G-

quadruplex structures, thereby repressing c-MYB expression, figure modified from [81]. 

 

   In contrast, an opposite function on the activity of murine k-RAS promoter was attributed to 

MAZ. In this case, the protein binds to quadruplexes present in the promoter region, thereby 



INTRODUCTION 
 

17 
 

stabilizing their structure and inducing expression. MAZ-silencing correlated with a loss of 

gene transcription of about 40% [94].    

   Further studies on transcription factors Sp1 and MAZ provided evidence for cooperative 

effects of both proteins on transcriptional regulation [129, 130]. Interestingly, proof for 

synergistic functions of Sp1 and MAZ on G4-DNA regulated transcription could also be 

shown for the regulation of the h-RAS promoter (figure 6). The formation of two 

quadruplexes therein, which are located upstream of the transcription start site are recognized 

by both TFs and exhibit repressing effects on promoter activity. Supposedly, MAZ is capable 

of unwinding these quadruplex structures to synergistically stimulate Sp1-driven 

transcription, which confirms an interplay of both transcription factors [82].    

 

 

 

Figure 6: Role of transcription factor MAZ in G-quadruplex-mediated h-RAS gene transcription. (A) 

The h-RAS promoter sequence exhibits two distinct DNA regions for the formation of G-quadruplex 

structures (h-ras 1 and h-ras 2), which are recognized by transcription factors Sp1 and MAZ. (B) MAZ 

is proposed to bind to and unwind existing G4-DNA in the h-RAS promoter. A synergism of MAZ and 

Sp1 then leads to recruitment of RNA polymerase II in order to activate Sp1-driven gene transcription. 

Stabilization of G-quadruplex structures by G4-stabilizing agents represses h-RAS expression. Figure 

taken from [82]. 
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         1.2.2.4 Quadruplex unwinding helicases  

   Another class of specifically interacting proteins comprises G4-unwinding helicases. 

Bloom’s syndrome protein (BLM) and Werner’s syndrome protein (WRN) both are 

representatives of quadruplex unwinding proteins that belong to the family of ATP-dependent 

RecQ-helicases, which generally contribute to maintaining chromosomal integrity. Bloom’s 

syndrome is characterized by genetic instability, resulting in growth retardation, 

immunodeficiency and a high incidence of developing cancer. Affected solid tumors or 

leukemias are emerging due to chromatid breaks or chromosomal aberrations and a high level 

of sister chromatid exchanges (SCEs). The BLM protein displays sequence homology to 

WRN helicase. Werner’s syndrome in turn is characterized by chromosomal dysfunctions, 

resulting mostly in premature aging and respective earlier incident of death. BLM is able to 

unwind both duplex- and quadruplex-DNA  in 3’-5’ direction, however exhibits higher 

affinity for the latter [131]. WRN additionally possesses 3’-5’ exonuclease function [132]. Its 

ability of functional unwinding of G4-DNA is limited to certain quadruplex structures [133]. 

Both helicases contribute to telomere maintenance [134] and are inhibited by quadruplex 

stabilizing agents and telomerase inhibitors [135].  

   Another ATP-dependent helicase which does not belong to the family of RecQ-helicases is 

the protein product of the gene DHX36, also named RHAU. DHX36 binds to RNA-, as well 

as DNA-quadruplexes with high specificity, with preference for the latter. It provides the 

major contribution to G4-resolving activity in HeLa cells [136, 137]. Supposedly, DHX36 is 

overexpressed in tumor cells, thereby co-regulating the expression of different proto-

oncogenes [138]. Previous studies revealed modulating effects of the helicase on the 

expression of transcription factors YY1 [138] and PITX1 [139].  

   Although the mentioned helicases exhibit varying affinities and selectivity for their 

substrates, a common mechanism of action of unwinding G4-DNA was proposed, which is 

based on repetitive successive resolving cycles [140].  

 

         1.2.2.5 Quadruplex stabilizing agents 

   As mentioned, the development of new G4-interacting agents for use in anti-cancer therapy 

is experiencing brisk interest. A variety of substances have become established quadruplex-

stabilizing agents in current studies. In general, DNA secondary structures can be targeted in 

different ways, depending on the kind of ligand-interaction taking place, including stacking 

effects on top of the quadruplex, which is due to π-π-interactions of the agents chromophore, 

binding between grooves or non-helical loops [70, 141]. Classes of small molecules of 
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common use comprise acridine analogues (BRACO19), cationic porphyrins (TMPyP4) and 

substituted perylenes (PIPER).  

   One of the most established interacting agents is represented by meso-tetra-(N-methyl-4-

pyridyl)-porphyrine (TMPyP4), which belongs to the cationic porphyrin analogues. TMPyP4 

is commonly used for detecting quadruplex structures by spectroscopic methods or giving 

evidence for transcriptional regulation by stabilization thereof. Furthermore, TMPyP4 is an 

inhibitor of telomerase [142, 143] and exhibits either G4-end-stacking or external interactions, 

depending on the quadruplexes’ topology [144, 145], with preference of binding parallel over 

antiparallel ones [145]. In comparison, its isomer TMPyP2 (figure 7) displays weaker or no 

ability to bind to or stabilize G4-DNA [106]. Since TMPyP4 also shows concentration-

dependent affinity to duplex DNA, a complete G4-selectivity cannot always be granted [106]. 

However, evidence was given for the repression of transcriptional activity of both the PDGF-

A and c-MYC genes due to interactions of TMPyP4 and quadruplex structures in the 

respective promoter regions [106, 143]. TMPyP4 additionally was shown to unwind RNA-

quadruplexes [146]. 

   Further synthetic small molecules to target quadruplex DNA comprise pyridostatin (PDS) 

and its derivatives [147] which likewise interact by terminal G-quartet stacking [148]. PDS 

competes with telomere-associated proteins for their quadruplex binding. Stabilization thereof 

subsequently induces telomeric dysfunction and presumably contributes to DNA damage and 

growth arrest in different cell lines [149]. Pyridostatin exhibits high selectivity over double-

stranded DNA [147]. Its G4-stabilizing impact is not limited to telomeres and was 

successfully used for targeting quadruplex structures of several proto-oncogenes. Tumor 

suppressing effects could, among others, be demonstrated for the gene products of SRC [109] 

or BCL-2 [92].  

   One of the most potent G4-stabilizing agents is represented by natural available macrocyclic 

telomestatin. Analogous to PDS it exhibits high selectivity for binding quadruplex structures 

compared to duplex DNA, with high affinity for intramolecular quadruplexes [70]. 

Telomestatin additionally facilitates quadruplex formation, even in media without stabilizing 

monovalent cations [69] and is a potent specific inhibitor of telomerase [150].  
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Figure 7: Overview of selected G-quadruplex-stabilizing agents. (A) Cationic porphyrin analoga 

TMPyP2 and its isomer TMPyP4 [106], (B) pyridostatin [147] and (C) macrocyclic telomestatin 

[106]. 

 

      1.2.3 Methods for detection  

   Widespread used methods for the in vitro detection of present DNA quadruplex structures 

comprise most notably spectroscopic methods and gel shift assays.  

   Interactions between TMPyP4 and quadruplexes can be monitored photometrically to 

indicate the presence of G4-DNA, as well as the potential way of interaction or binding 

stoichiometry between quadruplex and the porphyrin. UV-VIS spectroscopy of stabilized 

quadruplexes thereby generate a noticeable bathochromic and hypochromic shift on the 

absorbance of the Soret band of the solely present ligand, which serve as indicators of the 

binding extent [144]. Because of their simplicity, circular dichroism (CD) studies are 

commonly used to gather structural information on quadruplexes alone or ligand-bound. CD 

allows to distinguish between parallel and antiparallel topology. Generally, parallel tetraplex 

DNA displays a positive band at 270nm and a negative band at 240nm, whereas antiparallel 

quadruplexes show a positive and a negative band at 295nm and 260nm, respectively [70, 

151].  

   Gel-based methods mostly include native gel electrophoresis or electrophoretic mobility 

shift assays (EMSAs), which can be either used for proving quadruplex existence or providing 
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information about G4-DNA-ligand interactions, respectively. Due to its compactness and 

smaller surface, quadruplex DNA migrates quicker through the gel, compared to denatured 

DNA of the same size and mass, allowing for drawing conclusions of G4-formation. 

Additional incubation with stabilizing agents in turn results in band shift and decelerated 

migration of the complex when compared to free quadruplex DNA [66, 69].  

   The development of a quadruplex-sensitive antibody (BG4 antibody) recently enabled the 

detection of G4-DNA by enzyme-linked immunosorbent assay (ELISA) [152]. The antibody 

holds nanomolar affinities for quadruplex topologies of any kind, while not displaying any 

binding capacity for single- or double-stranded DNA. The use of fluorescence-coupled 

secondary antibodies against BG4 further allowed the visualization of genomic 

G4-DNA in human cells.  

   More recently, the detection of quadruplex DNA became available for mass spectrometry 

(MS). For detecting nucleic acids by MS the measurement in negative ion mode is generally 

approved. To provide buffer conditions that are compatible with MS but still maintain cation-

stabilized quadruplex structures, conventional Na
+
 and K

+
 containing buffers are replaced 

byones containing NH4
+
. The use of ammonium acetate buffers became established for this 

purpose. Usually, ammonium stabilized quadruplexes are detectable with their number of G-

tetrads (n) in association with the respective number of bound NH4
+
-ions (n-1) in different 

charge states. G4-ligand interactions can be easily comprehended by their mass shift. The 

detection with ion mobility-MS can additionally help to provide information on conformation 

or topology of the quadruplex structure [68, 153–155]. 

   The in 1.2.2.5 already mentioned effects of quadruplex stabilizing agents on the expression 

of various gene products obviously also provides a means of detecting G4-DNA and their 

respective impact on biological level.  

    Further methods comprise for example nuclear magnetic resonance (NMR) spectroscopy or 

fluorescence resonance energy transfer (Förster resonance energy transfer, FRET) [66].  

 

   1.3 Mass spectrometry 

      1.3.1 Proteomics  

   The successful completion of the human genome project in the beginning of the 2000s [156] 

delivered a full sequencing of all human genes and hence ongoing motivation for deciphering 

the entirety of RNA, proteins or metabolic pathways present in the organism, which can be 

termed transcriptome, proteome or metabolome, respectively. The elucidation of the proteome 

therefore comprises the thorough knowledge of existing proteins, their subcellular appearance 



INTRODUCTION 
 

22 
 

and interactions, the understanding of their appropriate functions and the discrimination 

between physiological and pathophysiological conditions. The dynamic, highly complex 

nature of the proteome exacerbates the complete understanding of proteins present in a 

biological system, since their biosynthesis and interactions are regulated in various ways and 

protein activities are controlled by diverse modifications. In this context, proteomics 

represents a powerful tool for providing consistent new insights of functions, post-

translational modifications (PTMs) or protein-protein interactions.  

   In the following, explanations are given for relevant terminologies or general methods that 

are valid and used commonly in mass spectrometric applications.  

   Proteomic workflows: top-down, bottom-up 

   The classical workflows of proteomic approaches can basically be divided into ‘top-down’ 

or ‘bottom-up’ [157–159], the latter also named shotgun proteomics and being the more 

popular method for the identification and characterization of proteins. Top-down approaches 

introduce intact proteins into the mass spectrometer; bottom-up analysis requires the digestion 

of proteins into peptides prior to MS measurement. Proteins are then identified based on their 

present peptides. Top-down analysis demands less sample preparation and generally generates 

less complex mass spectra, resulting in an easier data analysis. Intact mass measurement 

however requires mass analyzers that are not limited to a certain m/z-range. Due to generated 

mass shifts, top-down approaches distinguish between unmodified and modified proteins that 

help to elucidate possible isoforms or PTMs. Subsequent fragmentation of a protein of interest 

further supports the identification of different combined modifications. However, the need for 

low complex samples limits the applicability for top-down analysis, thereby excluding high 

throughput methodologies [160]. These can be obtained by using bottom-up approaches 

[161]. Even highly complex protein mixtures can be investigated after proteolytic digestion 

and subsequent peptide measurement and database search. The constant improvements in high 

resolution MS techniques currently enable the identification of whole cell lysates in a single 

run by coupling LC-ESI-MS/MS.      

   Sample preparation 

   Sample preparation is an essential step in customizing biological material for consecutive 

mass spectrometry and depends on the respective issue of investigation. Most of the time, the 

enrichment of proteins of interest via different methods is pursued, so that they will not be 

dominated by highly abundant proteins afterwards. Therefore, it is advisable to subject 

biological samples to subcellular fractionation to reduce the complexity of starting material 

[162]. For further reduction of complexity of cell compartments on protein level, methods 
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including gel electrophoresis for protein separation, affinity chromatography based on metal 

affinity (IMAC), immune-affinity (via antibodies) or interaction affinity are available [163]. 

The latter represents a widely used method for studying protein-protein-, DNA-protein- or 

RNA-protein-interactions by means of bait-prey affinity pulldowns.  

   The adjustment of buffer conditions during sample preparation to resemble physiological 

buffer systems often generates the necessity for purifying processed peptide samples to ensure 

compatibility with mass spectrometry. Detergents or salts are a major source of ion 

suppression in MS measurements and demand change of buffers to contain volatile 

components [164]. Protein precipitation or the use of C18-material for purification on peptide 

level provide methods for changing buffer system and desalting samples prior to MS.   

   For proteolytic digestion several proteases are available with different specificities 

concerning their respective cleavage sites. The most commonly used protease is trypsin, as it 

provides high stability in various conditions and displays adequate substrate specificity [165, 

166]. Trypsin cleaves at C-terminal ends of lysine and arginine residues and generates 

peptides that generally feature suitable masses for being accessible by MS. Other proteases 

include ArgC, GluC or elastase, the latter cleaving more unspecifically after several amino 

acids. For methodical studies or the improvement of digestion efficiencies, a combination of 

proteases is advised. 

   Identification of proteins: Peptide mass fingerprint and tandem-MS 

   Shotgun approaches provide two possibilities of identifying proteins deriving from 

biological samples, based on the number of MS-analyses performed. MS-scans of proteolytic 

peptides yield their respective masses and characteristic patterns belonging to correlating 

proteins, by which means they are identified by database search. For significant identification 

based on these peptide mass fingerprints (PMFs), only a small number of peptides per protein 

often suffice, however this method is essentially limited to isolated proteins and lacks 

suitability for complex samples [167–169].  

   Due to fragmentation of amino acid sequences, tandem MS-analysis (MS/MS, MS
2
) of 

certain precursor ions enables a more discriminating technology of identification [170]. 

Proteins can be identified out of highly complex samples based on their peptide-related 

tandem MS measurements. The repetitive mass analysis is not limited and often is termed 

MS
n
 depending on the cycle of measurements carried out. Routinely, a combination of LC-

ESI-MS/MS is performed for the analysis of biological cell samples, to ensure high 

identification rates of present proteins [161, 163].  
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      1.3.2 DNA-protein interactions in proteomics 

   Reducing the complexity of cell samples by using isolated cellular compartments instead of 

whole cell lysates facilitates proteomic accessibility of present protein components, since their 

detection will be more sensitive than without fractionation. Studying the nuclear proteome 

gathers knowledge about components involved in the organization and regulation of genetic 

information. The MS-based investigation of transcription factors or chromatin-remodeling 

proteins and their complexes helps to enlarge the understanding of gene expression and 

subsequent effects on processes including cell cycle, metabolism or differentiation of different 

cell types [171–173].  

   Transcription factor proteomics still delivers new information about highly complex 

regulatory mechanisms of activation and inhibition of promoter regions of different genes 

based on DNA-protein interactions. The prevalent problem of their detection arises from their 

low abundance that aggravates analytical analysis, ranging from estimated 0.01-0.001% of 

total cellular protein content [174]. Therefore, enrichment techniques for successful detection 

of transcription factors are inevitable. The most important and most used methods for 

detecting DNA-protein interactions in proteomics and beyond are summarized in table 2. 

 

method functional principle reference 

in vitro    

EMSA radioactive/fluorescence-labeled DNA-protein complex is 

retarded in non-denaturing PAGE compared to free DNA  

[175–177] 

EMSA-

supershift 

addition of specific antibody to detect one of the protein 

components in the complex, generates additional shift 

[175, 178] 

DNAse 

footprinting 

radioactive-labeled DNA-protein complex is treated with 

DNAse; sequence bound to TF is protected from cleavage 

[172, 175] 

DNA affinity 

chromatography

(DNA pulldown) 

DNA sequence is bound to solid support; serves as bait to 

enrich and isolate pray protein-complexes, MS 

compatible 

[172–174, 

179] 

in vivo    

chromatin-

immunoprecipi-

tation (ChIP) 

protein components are crosslinked to DNA, DNA-

protein complex is enriched by using a specific antibody, 

MS compatible 

[175, 180] 

 

Table 2: Overview of major techniques used for the identification of DNA-protein interactions  
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   Affinity purification (AP) is based on capturing prey proteins with the aid of a specific bait, 

which can be a protein, antibody or a specific nucleic acid sequence. The currently used MS-

coupled methods for the detection of DNA-protein interactions are mostly restrained to DNA-

pulldowns and chromatin-immunoprecipitation. For DNA pulldowns, the oligonucleotide 

sequence of interest is immobilized on a solid support and incubated with a fractionated cell 

lysate. Immobilization can be conducted prior (direct method) or after (indirect method) 

incubation with cell extracts. For the successful discrimination of enriched versus non-

enriched prey proteins, a suitable control is essential, which can either be a mutated or 

scrambled version of the DNA-sequence. Thereby enriched proteins are further subjected to 

mass spectrometry for identification [181]. The choice of the control sequence depends on the 

aim of the study. The investigation of single nucleotide polymorphisms (SNPs) within the 

context of genome-wide association studies (GWAS) for example, demands punctual 

mutations of the respective transcription factor consensus sequences [182, 183]. More general 

approaches for a basic screening of DNA-binding partners of certain sequences revert to 

scrambled sequences for a respective control.  

   Commonly used solid supports are provided by agarose or sepharose beads, as well as 

streptavidin-coated magnetic particles [172]. During experimental planning, non-specific 

binding of highly abundant proteins to the matrix has to be considered, which aggravates data 

interpretation and can lead to false positives when performing qualitative analysis [174, 184, 

185]. Detection of nonspecific interactors can contribute to an amount of up to 95% of 

identified proteins. Depending on the selected matrix surface, different distributions of protein 

classes of bead contaminants are observed, designated as ‘beadome’ and have to be taken into 

account [186]. To minimize nonspecific binding, DNA-competitors including sheared salmon 

or herring sperm DNA or poly-dIdC are often added during incubation. Alternatively, 

concatamerization of the selected sequence enlarges the number of present consensus 

sequences, while reducing free DNA ends that are mostly responsible for nonspecific binders 

[182, 184]. Additionally, harsh washing conditions after protein binding shall attempt to wash 

off unspecific interactors due to their low binding affinity. However, high salt concentration 

buffers or denaturing conditions are able to disrupt transient complexes and are incompatible 

with mass spectrometry, so that further purification is inevitable, which in turn goes along 

with protein loss [187].  

   Usually, subsequent 1D- or 2D gel electrophoresis is carried out for the identification of in-

gel digested protein complexes afterwards. Alternatively, direct on-bead digestion and 

consecutive LC-MS/MS is performed, which demands quantitative proteomic data analysis. 
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Recent development of methods used in quantitative interaction studies and their respective 

bioinformatics analysis that is based on differences in protein abundances, helped to 

overcome the mentioned difficulties of qualitative DNA-pulldowns. The problem of 

nonspecific binding was solved by the absence of enrichment of background binders in both 

wildtype (WT) and control (CTR) experiment and resulting equal abundance, so that specific 

and nonspecific interactors are securely discriminated [187–192]. Accordingly, specifically 

interacting proteins exhibit significant comparative enrichment in this setting and are 

subsequently identified by statistical analysis. Relinquishing DNA concatamerization and 

harsh washing buffers is beneficial for retaining conditions as physiological as possible to 

maintain transient protein complexes as well [190, 192]. Direct on-bead digestion and 

consecutive LC-MS/MS measurement of the isolated DNA-protein complex currently 

provides established methods for DNA-pulldowns. The development of high resolution mass 

spectrometers further extended the limit of detection of low abundant proteins. Coupled LC-

ESI-MS/MS systems allow for identifying whole cell lysates in one run, thereby superseding 

the classical 2D gel electrophoresis [173, 174, 181, 193, 194]. 

 

      1.3.3 Quantitative proteomics 

   Due to the already mentioned difficulties of portraying dynamic protein interactions, a 

paradigm shift was taking place in the beginning of the 2000s by replacing qualitative MS-

methods by quantitative ones. The focus on qualitative protein analytics for the identification 

of protein complexes by applying subtractive wildtype and control experiments was 

superseded by comparative analysis of protein intensities in the respective experiments. 

Quantitative proteomics provides the benefit of not only relying on mere presence or absence 

of interacting proteins in different samples, but rather to draw on differential enrichment 

through distinct abundances for their identification [188, 195]. Background binders yield a 

ratio of 1:1 when comparing their intensities in WT and control approach, since they are 

present in same amounts, specific interactors account for ratios that distinguish thereof. 

Thereby, a successful discrimination of nonspecific and specific interactors can be achieved 

[189, 191, 193, 196]. The shift from qualitative to quantitative proteomics currently enables 

fundamental high-throughput shotgun proteomics for elucidating a variability of biological 

issues. Different labeling strategies, as well as label-free methods have evolved to facilitate 

identification of DNA-protein or mostly protein-protein interactions.  
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Figure 8: Overview of different quantification strategies in quantitative proteomics. Methods can be 

distinguished by their respective type of labeling reaction or their point in time of combining wildtype 

and control sample. 

 

   Label-based quantification can essentially be separated into metabolic or chemical labeling 

and, in correlation to the point of time of label incorporation, into labeling on cell cultural, 

protein or peptide level, after proteolytic digestion (figure 8). Label-free techniques provide 

comparative results without combining samples prior to analysis, which leads to lower 

quantification accuracy and precision than label-based methods, since an introduced bias in 

the following downstream sample preparation cannot be adjusted afterwards [189, 197, 198]. 

The choice of quantification strategy and its respective advantages and disadvantages depends 

among others on the used input material, number of samples prepared and sample complexity. 

Apart from high costs for labeling-kits or agents, quantitative proteomic methods afford cost-

effective identification of interactome complexes, since the number of LC-MS/MS runs can 

be held at minimum by combining WT and control samples compared to qualitative 

proteomic samples deriving from gel-based approaches [187]. Within one MS run, up to 

several thousand proteins can be identified [199]. With the development of commercially or 

freely available bioinformatics software for the analysis of complex datasets deriving from 

interaction studies, the application of quantitative proteomics strategies established itself for 

the identification of differential protein expression or binding patterns in varying fields, 

including human biology or clinics [197], microbiology [200] and genomics, as mentioned by 
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present SNPs [189]. An overview of the different most commonly used quantification 

techniques and their respective major characteristics is given in table 3.  

 

 metabolic labeling 

(e.g. SILAC)  

chemical 

TMT, iTRAQ 

labeling 

dimethyl labeling 

label-free 

pro -sample 

 combination on 

 cell cultural level 

-high precision and 

 accuracy 

-multiplex approaches  

-no increase in  

 spectrum complexity,  

 as quantification on 

 MS
2
 level 

simple and cost-

effective 

-no need/costs 

 for extra 

 media/reagents 

-simple method 

con -limited application 

 on cell material 

-time-consuming 

 costly method 

 expensive reagents deuterium-induced 

differences in 

retention times  

 high variability 

 due to separate 

 sample 

preparation  

 

Table 3: Overview of quantification strategies commonly used in mass spectrometry 

 

         1.3.3.1 Label-based quantification methods 

   SILAC (stable isotope labeling by amino acids in cell culture) [201] is based on the concept 

of incorporating 
13

C or 
13

C/
15

N isotope variants of essential amino acids into cell culture 

conditions, thus belongs to in vivo labeling strategies. The addition of heavy arginine or lysine 

facilitates tryptic digestion afterwards, thereby ensuring quantitative accessibility of most 

peptides [187, 200]. Two experimental groups of interest are cultured in media containing 

either light or heavy labeled amino acids, respectively. Labels are incorporated on cell cultural 

level, completion being achieved after estimated five cell doublings [201]. Both sample 

conditions are combined on cell cultural level and further processed as one, providing 

minimal variability of downstream preparation thereby resulting in highest precision and 

accuracy of quantification of all methods available [187, 188, 197]. Quantification of purified 

proteins occurs on MS
1
 level by measuring relative peptide intensities, which arise during MS 

runs of each sample and their respective mass shift [187, 188]. Since heavy labeled amino 

acids are incorporated to 100% into the cell system investigated, no bias in labeling 

efficiencies is generated [201], furthermore a complete theoretical sequence coverage is 

conceivable. One of the main drawbacks of quantification by SILAC is its limitation to cell 

culture material [187], although its application could be extended to tissue samples with the 
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implementation of Super-SILAC [202, 203]. Currently, SILAC still is considered to be gold 

standard of quantification methods for its accuracy and reproducibility [196, 204] and is 

widely used in fields of differential protein expression profiles [205–207], posttranslational 

modifications (particularly phosphoproteomics) [208–210], histone modifications [211, 212], 

lysine acetylation [213, 214] or interaction studies for protein-protein interactions (PPIs) 

[215–217] or DNA-protein interactions [218, 219], as part of AP-MS studies. 

   ICAT (isotope-coded affinity tags)  [220] bears on chemical in vitro labeling on protein 

level. The basic ICAT reagent is composed of three elements: an affinity tag, generally biotin, 

a deuterated or 
13

C labeled linker element and a reactive group with specificity toward 

sulfhydryl residues [199]. Cysteine residues of protein samples of two cell conditions are 

either labeled lightly or heavily, combined and subsequently processed by proteolysis. The 

resulting cysteine-tagged peptides are further isolated by avidin-affinity chromatography and 

analyzed by mass spectrometry. Peptide pairs of the same sequence of both conditions 

generate a mass shift and are quantified based on comparative signal intensities. Since shared 

peptides are chemically equivalent, there is no bias to labeling efficiencies [220]. Peptides are 

likewise quantified on MS
1
 level. ICAT exclusively identifies cysteine-containing proteins, 

which has to be taken into consideration prior to analysis, as on the one hand sample 

complexity is reduced, but on the other hand proteins that only contain a small amount of 

cysteines are likely to be missed [200, 221]. Thus, ICAT only provides limited proteome 

sequence coverage [200]. Furthermore, altering fragmentation behavior due to the label has to 

be taken into account, as well as primary isotope effects deriving from the use of deuterium, 

possibly resulting in differential retention times during LC separation [193, 222]. Therefore, 

the application of ICAT for quantification is mainly restricted to differential protein 

expression profiles and protein complexes [193, 195]. However, cysteine reactivity proved to 

be beneficial for studying redox reactions, thus ICAT currently is the method of choice for the 

analysis of the redox proteome in different organisms [223–227].  
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Figure 9: ICAT and iTRAQ labeling reagents (A) the ICAT reagent [220] and (B) the iTRAQ reagent. 

(C) The mass of the isobaric tag is kept constant by varying different combinations of used isotopes 

[228]. 

 

   In contrast to isotope labeling strategies, iTRAQ (isobaric tag for relative and absolute 

quantification) is based on introducing isobars on peptide level [228]. iTRAQ reagents consist 

of three elements as well, including an amino-reactive group (NHS-ester), a mass balance 

group (carbonyl function) and a reporter group, which introduces the isobaric tag. The total 

mass of reporter- and balance group is kept constant with the combined use of 
13

C, 
15

N and 

18
O isotope variants, thereby generating differently labeled peptides that exhibit the same m/z-

ratio in MS
1
 level, but after fragmentation on MS

2
 level and neutral loss of the mass balance 

group result in shifted m/z-ratios of the reporter ion. Quantification of labeled amino-termini 

or present lysine residues therefore takes place on MS
2
 level [228–230]. Since different 

iTRAQ reagents are available, currently up to eight samples can be compared to each other 

(multiplex approach). Limitation is given through the increase in complexity which is due to 

labeling on peptide level as well as enhanced signal complexity in MS/MS spectra, which 

impairs data analysis at some point [229] and lowers peptide quantification quality [231]. 

Furthermore, depending on the chosen MS/MS method peptides are quantified only partially, 

with bias to high abundant proteins [232]. The accuracy and precision of quantification of the 

technique is inferior to labeling methods on protein or cell cultural level and was reported to 

A 

B

 
 A 

C 
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show a trend towards underestimation of peptide ratios [233, 234] as well as to be prone to 

interferences during MS-analyses due to co-eluting precursor ions [234]. iTRAQ is used in 

the investigation of differential protein expression profiles [235] plasma proteome [231] and 

plant proteome research [236].      

   The development of dimethyl labeling [237] extended the labeling strategies on peptide 

level and because of its simplicity and efficiency established itself as a commonly used 

alternative to metabolic labeling. Amino-termini and lysine residues of proteolytically treated 

protein samples are reductively dimethylated after the addition of formaldehyde and 

cyanoborohydrid. Depending on the used isotope variant of the dimethylating reagent, light, 

intermediate and heavy labels can be introduced that generate mass shifts of 28, 32 or 36 

dalton, respectively [238, 239]. The combination of up to three different conditions allows for 

quantification on MS
1
 level (Figure 10). The successful identification rate by peptide-to-

spectrum matches (PSMs) and the respective quantification efficiencies are comparable to 

those of the SILAC technology [240], however dimethyl labeling provides less precision 

[241]. The labeling reaction itself does not generate interfering side products and proceeds 

almost completely quantitative, with one exception being the monomethylation in case of an  

N-terminal proline [239, 242]. Similarly to the ICAT technique, the use of deuterated 

formaldehyde can lead to retention time shifts during LC-run, which however were reported 

to have minor effects on quantification accuracy [237, 239] when quantification is performed 

based on extracted ion chromatograms (XICs) rather than single scans. Due to its predominant 

benefits in practicability and quantitative efficiency, dimethyl labeling experiences 

widespread application for studying protein expression patterns [243, 244], PTMs [245–247], 

glycoproteomics [248, 249] or interactomics, notably AP-MS studies [183, 213, 250].  
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Figure 10: Schematic overview of dimethyl labeling based reactions [238].  

 

         1.3.3.2 Label-free quantification (LFQ) 

   The use of label-based strategies often is associated with extra costs and limitation of 

sample conditions being compared to each other. In this context implementation of alternative 

quantification techniques without the need for additional reagents and no restriction to the 

number of comparative analyses was highly interesting. Development of suitable 

bioinformatics software for computer-assisted statistical analysis of peptide abundances in 

separate LC-MS/MS runs widened the application of LFQ-techniques. As the sample of 

interest and its control are not combined in this approach, quantification accuracy is inferior to 

label-based techniques, therefore generally demanding higher numbers of replicates. 

However, label-free quantification currently still provides one of the most used methods. 

Quantification itself is either based on spectral counting or comparative ion intensity 

measurements, the latter being the established method of choice. 

   Spectral counting is based on the assumption that the amount of a certain protein correlates 

to its number of recorded MS/MS spectra [251]. Since longer proteins potentially generate 

more peptides than shorter ones and to further diminish variation of quantification within 

replicates, normalization factors were needed and introduced in the normalized spectral 

abundance factor (NSAF) [252]. Another consolidation of several spectral counting 

quantifications into one calculation is given in the normalized spectral index (SIN). It 

considers spectral counts, the number of unique peptides to its corresponding proteins and 

fragment ion intensities, thereby improving fluctuating variability of replicates and robustness 
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of quantification compared to other abundance factors [253]. Spectral counting can provide 

reliable quantification results, assuming a suitable normalization.  

   Intensity-based quantification is based on the proportionality between signal intensity and 

concentration of a respective protein that is given at same retention time in separate LC-runs 

[251] and is equivalent to superior to spectral counting in terms of accuracy of quantification 

and reproducibility between replicates [192, 254–257]. Reproducibility corresponds to that 

achieved by metabolic labeling [198]. To minimize differences occurring in retention times 

that would lead to impaired quantification accuracy, retention time alignment should be 

performed. Generally, the three most intense peptide signals of each protein are included to 

determine its quantity [192]. For differential protein expression analysis in AP-MS 

experiments, outlier determination during data processing mostly is performed via t-test-based 

statistics. Therefore, a minimum of three replicates is required, which are compared to the 

same number of control experiments, eventually resulting in the identification of significant 

interactors. After a statistical step called missing data imputation, t-test statistics provide the 

advantage of quantifying even proteins of lowest abundance [192]. For imputation of missing 

data, randomized values are imputed according to the present protein abundance distribution 

of a sample, resembling values in a defined range of detected low abundant quantities. This is 

beneficial for including proteins into statistical analysis, whose signal intensities may be 

present below the limit of detection in some of the replicates [256, 258].  

   Label-free quantification methods share the need for bioinformatics software for respective 

data processing that must provide tools for effective peak picking, data alignment or statistical 

analysis of the respective raw data. Currently, both commercial and freely available software 

does exist. Examples for intensity-based quantification comprise commercially available 

SIEVE (Thermo Fisher), which applies chromatographic alignment algorithms and is used for 

differential protein expression analysis or Progenesis (Nonlinear Dynamics), which including 

additional multiple statistical tools [251]. Freely available software comprise for example 

SuperHirn [259] for protein profiling in complex samples or MaxQuant [260], which is 

widely used for label-based or label-free analyses in general.  

   As already mentioned, label-free quantification techniques provide less quantification 

accuracy than label-based methods, however the number of total identified proteins is 

generally higher in label-free approaches [257, 258, 261]. Thus, these methods provide the 

highest proteome coverage along with widest dynamic range of protein identification among 

all quantification strategies [198, 262]. Label-free quantification by now offers reliable, 
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comparable use to label-based quantification in studying human-derived samples in clinics 

[197], protein interaction networks via AP-MS-studies and protein expression patterns [251].  

 

         1.3.3.3 Absolute quantification 

   Although relative quantification plays a more prominent role in MS-based proteomics, 

absolute quantification shall be presented shortly in the following. Mostly, absolute 

quantification is carried out using internal standards, which correspond to an isotope variant 

of the peptide or protein of interest to maintain the same chemical characteristics. These 

proteotypic peptides are spiked into the sample prior to LC-MS/MS analysis. Subsequent 

quantification is based on the comparison of ion intensities of the respective peptide and the 

added standard, optimally measured in selected reaction monitoring (SRM) mode. Synthetic 

peptides used for this purpose comprise AQUA-(absolute quantification)-peptides. AQUA-

peptides generally correspond to tryptic peptides of up to 15 amino acids, which should not 

contain reactive groups including tryptophan and cysteine residues [263]. By using a 

combination of non-phosphorylated/phosphorylated AQUA-peptides, a possibility is given to 

study phosphorylation states of proteins, to elucidate activities of enzymes or pathways of 

signal transduction [263, 264]. To extend the possible number of quantified peptides in one 

approach, QconCAT-(quantification concatamer)-technology was established [263, 265]. 

Here, artificially labeled proteotypic peptide sequences of up to 50 proteins to be quantified 

are concatamerized and synthesized. Prior to tryptic digestion, QconCAT is added to release 

signal peptides in a ratio of 1:1 during proteolysis. Subsequently, generated signal peptides 

can be compared to the non-labeled proteins to be quantified. This method provides excellent 

predictions of present protein stoichiometries [263, 265]. Both methods share the 

disadvantage of not capturing processing steps on protein level or prior to protease digestion 

and consequently can affect digestion efficiencies. To solve this problem, protein standard 

absolute quantification (PSAQ) was introduced [266], which employs a labeled version of a 

target protein that is added directly in the beginning of sample processing. Although this 

strategy comes along with high costs, it is suitable for the quantification of target proteins 

present in a certain medium, including biomarkers or therapeutic proteins [263, 267].  

   For label-free absolute quantification both spectral counting-based and intensity-based 

strategies are available. Factors for estimating absolute amounts of proteins present in a 

complex sample are provided by the protein abundance index (PAI) or the exponentially 

modified PAI (emPAI) [268, 269]. It is calculated by dividing the number of detected 

peptides of a protein by its respective number of theoretically possible tryptic peptides [251]. 
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Intensity-based iBAQ-(intensity based absolute quantification)-values are given by the sum of 

all intensities of tryptic peptides of a protein, divided by the number of all theoretically 

ascertainable peptides for the respective protein and provides an estimation of the absolute 

amount of protein in a sample [270]. iBAQ quantification was successfully used for 

determining ratios of proteins within an isolated protein complex by AP-MS with comparable 

quantification accuracy to labeled peptides [271]. A comparative study of some of the 

available methods displayed superiority of intensity-based quantification over spectral 

counting ones, in terms of quantification accuracy and reproducibility, as well as proteome 

coverage [272].  

 

      1.3.4 Ionization methods 

   For the ionization of non-volatile, labile compounds for suitable application in proteomic 

research, two major soft ionization techniques are available, both developed in the late 80’s, 

termed MALDI (matrix-assisted laser desorption ionization) [273–275] and ESI [276] 

(electrospray ionization). 

   MALDI represents a pulsed ionization technique, taking place in the high vacuum of an 

ionization source and makes use of a co-crystallization of analyte molecules together with a 

small organic compound that constitutes the matrix. Both components are combined on a 

sample target prior to ionization and co-crystallize in a thin layer. By irradiating with 

wavelengths in the range of the absorption maximum of the matrix deriving from an UV-

laser, this co-crystal desorbs into the gas phase, while ionizing both analyte and matrix 

molecules. The utilized matrix supports ionization of analyte molecules by proton-transfer 

reactions. The ionization process demands a threshold irradiance, which is mostly depending 

on the chosen matrix. Energy deposition is controlled by the matrix molecules, as these 

absorb to a higher extent than the analyte. Thereby the latter is being protected from 

exceeding energetic exposure, which otherwise would lead to its fragmentation [274, 275, 

277]. Thus, an excess of matrix is needed to keep energy absorption by the analyte low and 

prevent a critically high threshold irradiance [274]. Furthermore, by using excess amounts of 

matrix analyte molecules are sufficiently separated from each other for the ionization process 

[277]. Typical ratios of matrix-sample mixture range from 1000:1 to 10000:1 [278]. The 

matrix crystallization and ionization efficiencies co-depend on the sample, which should be 

considered while choosing a suitable matrix. Successful homogenous crystallization of the 

analyte in the matrix compound is crucial for sufficient ionization capacity [275, 279]. After 
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ionization, the generated ions are then introduced into the mass analyzer by applying an 

accelerating voltage.  

 

 

 

Figure 11: MALDI process.  

   

   The MALDI process mostly generates singly charged analyte ions, the exact mechanism of 

ionization still lacking detailed insight. An extensive explanation is provided by the lucky 

survivor model [277]. It postulates matrix-molecule clusters to have tendency of performing 

neutralizing reactions after laser irradiation and desorption. More highly charged analyte 

molecules display higher possibility of losing their charge than singly charged ones. Since the 

neutralizing reaction represents the prevalent process, singly charged ions exhibit highest 

probability of ‘surviving’.  

   ESI employs the use of electrostatic fields to desorb ions from an aerosol continuously. This 

process is taking place in atmospheric pressure. The dissolved analyte is positioned into the 

ionization chamber with the help of a steel needle, consisting of the needle itself surrounded 

by a cylindrical electrode that is purged by an inert gas (mostly tempered nitrogen to 

evaporate the solvent). On both components a voltage is applied. The potential that is applied 

at the end of the needle leads to the charging of the emerging liquid that contains the sample. 

Due to the existent electrical field a shift of charges is induced in the liquid, eventually 

resulting in the formation of the Taylor cone [280], out of which a current of liquid sample is 

vaporized. Present Coulomb forces promote the dispersion thereof into finely charged 

droplets, containing the analyte molecule. These droplets further migrate towards the skimmer 

electrode and a transition of differentially pumped stages to the mass analyzer, which is 

operated under vacuum conditions. While migrating, the solvent of the droplets is partly 
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evaporated, resulting in reduction of their respective sizes and consecutive increase in charge 

until they reach the Rayleigh limit; this equilibrium of Coulomb repulsion and surface tension 

leads to Coulomb fission to generate smaller daughter droplets that in their turn further pass 

through the same process several times. This repetitive reduction of droplet sizes eventually 

leads to the desorption of ions into the bath gas present [276, 281]. 

 

 

 

Figure 12: (A) ESI process. (B) Schematic simplified representation of an electrospray mass 

spectrometer adapted from [276]. 

 

    Different theories do exist for the release of ions out of the droplets. The charged-residue 

model (CRM) resorts to the described process of consecutive droplet size reduction. For 

sufficiently diluted analyte molecules, the repetitive size reduction results in single molecules 

present in these droplets. Solvent residue evaporates to release the analyte, which retains the 

charge, so that free ions are generated in the gas phase. Thus, the CRM is proposed to be 

suitable for large or globular analytes [281, 282]. The ion evaporation model is another 

model, which postulates the desorption of small analyte droplets by means of a sufficiently 

high field strength before reaching the Rayleigh limit. Droplets of altering sizes that contain 

A 
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single ions or ion clusters are able to desorb out of the liquid and release charged ions after 

complete evaporation [281, 283, 284].  

   The ESI process generates multiply charged molecules; charge distribution depends among 

other facts on the size of the analyte, its content of basic amino acids and its tertiary structure 

[276, 284, 285]. Protein conformations often reduce the maximum of possible charge states, 

as compared to disrupted conformations due to broken disulfide bridges, which enable higher 

charge states [281, 285]. The major advantage of multiple charges is based on the mass 

spectrometric accessibility of large biomolecules and their respective m/z-ratios, which 

possibly would not be detectable in mass analyzers of a limited mass range [276, 285, 286]. 

Another great benefit is given by well-established coupling to LC-MS/MS systems, which 

provide access for highly complex biological samples [284]. 

 

      1.3.5 Mass analyzers 

   There are currently several mass analyzers for mass spectrometric measurements that differ 

in characteristics including mass range, ion transmission or resolution achievable and are 

more or less compatible with the mentioned ionization techniques. The time-of-flight analyzer 

(TOF) is mostly coupled to MALDI ionization, as both rely on pulsed functionality. After the 

ionization process, ions are accelerated by a voltage being applied to enter the TOF analyzer 

and are separated in the field free drift tube of the analyzer itself, according to their 

differences in m/z-ratios and velocities, resulting in time differences being detected [287, 

288]. Operated in the linear ion mode, TOF analyzers only display low resolution. On the one 

hand, analyte molecular ions of the same mass exhibit a spatial spread during ionization 

process, thereby being located in differing starting positions of acceleration [288]. On the 

other hand, the same ions yield a spread of initial velocities from the ablation process [288, 

289]. To compensate for these effects, delayed ion extraction, as well as reflector TOF 

analyzers are used. Both techniques increase resolution considerably [288–290]. By using 

delayed ion extraction, generated ions are not accelerated directly, but after a certain interval 

[288], which generally amounts to about 100 nanoseconds. The time delay results in energetic 

focusing and enables time-adjusted detection of ions of the same m/z-ratio and a correction of 

the initial energetic distribution [290, 291]. The use of reflectron analyzers both increase 

resolution and sensitivity [289]. These consist of consecutively arranged ring electrodes 

located at the end of the drift tube, which likewise generate a homogenous electrical field, 

serving basically as ion mirror. The first segment of the reflectron builds a retarding, the 

second segment the reflecting field [292]. Ions of higher kinetic energy enter deeper into the 
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reflecting field than those of lower kinetic energy, thereby correcting for time differences, so 

that ions are detected simultaneously. TOF analyzers exhibit simple setups and provide robust 

and fast mass spectra [289]. Since the mass range theoretically is not limited [287, 289], 

(however finally still limited by the detectability of ions in secondary-ion-multipliers), they 

are suitable for the detection of masses up to 250000 m/z [293] including for example 

polymers or large biomolecules.   

   The linear quadrupole is one of the most widespread mass analyzers in analytical research. 

It is composed of four metal rods arranged in parallel, which serve to generate a two 

dimensional quadrupole field. After being accelerated by typically low (100V) voltage drops, 

ions enter the analyzer in axial direction [294]. Mass selection is achieved by applying a 

combination of rf- and dc-voltage on opposing rods, so that only certain m/z-ratios exhibit 

stable trajectories along the length of the quadrupole [294, 295]. Undesired ions are 

eliminated by colliding with the rods. Coupling of a quadrupole segment with additional ones 

enables the possibility of performing tandem MS, characterized by high ion transmission 

between the segments, hence high sensitivity [296]. Therefore, three quadrupoles are arranged 

in tandem, two of them serving as mass filters. Q1 selects precursor ions, whereas Q3 filters 

m/z-ratios of the preceding fragmentation reaction, Q2 thereby serving as collision chamber 

operated with inert collision gas [295–297]. The so-called SRM or MRM mode is often used 

for screening approaches searching for known analytes. It provides ultimate sensitivity, since 

in this case rf- and dc- voltages both in Q1 and Q3 are adjusted to the analyte and the 

transmission of one single (SRM) or multiple (MRM) fragment ions is optimized thereby 

[296].  

   Compared to other mass analyzers quadrupoles display a medium resolution and a limitation 

of the accessible mass range to about m/z 4000. The optimally hyperbolically shaped rods are 

often formed cylindrically for convenience [298]. 
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Figure 13: Schematic representation of common mass analyzers. (A) Reflector time-of-flight, (B)Triple 

quadrupole mass spectrometer and (C) Orbitrap [299]. 

  

   The most recent type of mass analyzers is the Orbitrap, based on the early work of the 

development of the Kingdon-trap [300]. Its functionality rests on the oscillation of ions on 

stable trajectories surrounding a spindle-shaped electrode. Depending on the frequency with 

which ions are orbiting, their respective m/z-ratio can be determined. The spindle-shaped 

electrode is encircled by a barrel-shaped electrode composed of two halves, through which 

ions enter the analyzer. These are forced to rotate around the inner electrode, due to a defined 

present electrical field. Further oscillation takes place in axial field direction that can be 

transformed into a frequency spectrum by Fourier-transformation (FT) [301, 302]. The axial 

frequencies are inversely proportional to the square root of their m/z-ratios of the respective 

ions and independent of their energy or spatial spread, resulting in critical advantages 

compared to other analyzers, including high resolution, high mass accuracy and a wider mass 

B 
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range [301, 303]. The coupling of the Orbitrap to different ionization techniques demands the 

use of hybrid devices to ensure directed ion transport, mostly carried out by linear 

quadrupoles or quadrupole-ion traps as preceding elements [304, 305]. After ions are 

generated, they are transferred to the linear quadrupole, which gives the possibility of 

recording MS
n
 spectra [302]. Ions are then further transferred to the C-trap, consisting of a C-

shaped RF-quadrupole that accumulates the ions to eventually eject them in a pulsed manner 

into the Orbitrap. By entering the C-trap, ions loose energy due to mild collisions with 

collision gas without fragmenting. The C-trap ensures pooling of collisionally-cooled ions so 

that they enter the Orbitrap tangentially [304]. Furthermore, it uncouples the Orbitrap from 

preceding analyzers, enabling the coupling to virtually every analyzer and fragmentation 

technique available [306]. 
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2. Aim of the study 

   Transcription of the human ALOX5 gene is tightly regulated by various factors that 

contribute to the differential expression pattern and activity of 5-lipoxygenase in the body, 

whereas the enzyme is found mostly in cells of the immune system. Since the 5-LO pathway 

is involved in the pathogenesis of distinct diseases, there is constant striving for finding novel 

intervening targets including inhibition of the enzyme itself, but also a potential modulation 

on genetic level. In this respect, several efforts have already been made to obtain a deep 

understanding of how 5-LO transcription is essentially controlled and to elucidate its 

regulatory mechanisms, such as the enzyme’s regulation by DNA methylation and histone 

acetylation [49, 52], its inducible expression after TGFβ/1,25(OH)2D3 treatment in myeloid 

cell lines and its respective effects on transcript elongation and initiation [24, 57–60]. 

Additionally, a couple of transcription factors were identified to be responsible for basal 

promoter activity [45, 53]; however the results obtained so far arise from hypothesis-driven in 

vitro studies. The identification and characterization of further DNA-binding proteins that 

contribute to transcriptional regulation is still lacking, although the ALOX5 promoter features 

several consensus sequences for a variety of transcription factors.  

   Accordingly, the present study aimed at an unbiased overall identification of proximal 

ALOX5 promoter interacting proteins, which might give further insight into gene regulatory 

mechanisms of 5-LO expression. For this purpose, a DNA affinity enrichment coupled to 

label-free quantitative proteomics was chosen as the central tool, since it provides the required 

sensitivity and accuracy of identifying potential DNA interactors out of complex samples with 

high significance. Different myeloid and B-lymphocytic cell lines were used to detect possible 

cell specific distinctions in identified protein patterns. In this regard, cells of the myeloid 

lineage were utilized in undifferentiated and differentiated state, to elucidate differentiation-

dependent changes in protein composition.  

   In a second part, the putative existence of secondary DNA structures in the proximal 

ALOX5 promoter sequence was to be determined, since proteins identified by quantitative 

proteomics revealed several proteins involved in the interaction with G4-DNA. As the 5-LO 

promoter exhibits a high GC-content of 80% and contains five GC-boxes arranged in tandem 

[34], it represents a potential target for developing G-quadruplex structures. However, up to 

now no formation of G4-DNA could be confirmed. According to that, different assays for its 

in vitro detection, as well as in cellulo treatments with G4-stabilizing agents were carried out 

in order to investigate its potential of forming these secondary DNA structures.  



MATERIALS AND METHODS 
 

43 
 

3. Materials and methods 

   3.1 Materials 

      3.1.1 Cell culture and cell lines 

Dulbecco’s phosphate-buffered 

saline (DPBS 1x or 10x) 

 

 

Thermo Fisher Scientific, Braunschweig, Germany 

 

L-glutamine  

Penicillin-Streptomycin (PS) 100x 

RPMI 1640 medium w/glut 

D-MEM medium 

non-essential amino acids 

human insulin 

non-essential amino acids 

sodium pyruvate 

trypan blue 

1,25-dihydroxyvitamin D3 Cayman Chemical Company, Ann Arbor, MI 

TGFβ PeproTech GmbH, Hamburg, Germany 

fetal bovine serum (FBS)  Capricorn Scientific GmbH, Ebsdorfergrund, Germany 

HL-60 

Deutsche Sammlung von Mikroorganismen und 

Zellkulturen DSMZ, Braunschweig, Germany 

THP-1 

MM6 

Rec-1 

BL-41 

U937 

Hek293T 

 

      3.1.2 Oligonucleotides 

120-mer WT, CTR Sigma-Aldrich, Steinheim, Germany 

IBA Life Sciences GmbH, Göttingen, Germany 

80-mer WT, CTR 

Eurofins Scientific, Ebersberg, Germany 

5x(GC) 

c-myc CTR 

CTR ELISA 

CTR spectroscopy 

primer for RT-qPCR 

 

      3.1.3 Subcellular fractionation 

HEPES >99.5% p.a.,   

 

Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

 

glycerol, >99.5% p.a., water-free 

EDTA x 2Na 2H2O 

Tris 

glycine 

MgCl2 x 6H2O Merck KGaA, Darmstadt, Germany 

KCl, p.a. >99% Fluka Chemie AG, Buchs, Switzerland 
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NaCl p.a. >99.5% 

cOmplete Mini protease inhibitor cocktail tablets, 

EDTA-free 

Roche Diagnostics GmbH, Mannheim, 

Germany 

Igepal CA-630 (NP-40 equivalent) 
Sigma-Aldrich, Steinheim, Germany 

Triton X-100 

Pierce
TM

 BCA Protein Assay Kit 
Thermo Scientific, Rockford, IL 

Pierce™ Coomassie (Bradford) Protein Assay Kit 

       

      3.1.4 Electrophoresis and immunoblotting 

Gene Ruler 1kb, 100bp Thermo Fisher Scientific, Braunschweig, 

Germany 6x orange loading dye 

ultrapure agarose Invitrogen, Carlsbad, CA 

ethidium bromide  
 

Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany 

 

Rotiphorese® Gel 30 (37.5:1) 

butanole 

SDS, ultrapure, for electrophoresis 

Roti®-PAGE 10% 

ammonium peroxodisulfate (APS)  
Merck KGaA, Darmstadt, Germany 

TEMED 

Tween® 20, cell culture tested 
Sigma-Aldrich, Steinheim, Germany 

bromophenol blue 

InstantBlue Protein Stain Biozol Diagnostica Vertrieb GmbH, Eching, 

Germany 

Trans-Blot® Turbo Transfer Pack, format: 

mini, midi, 0.2μm PVDF membranes 
Bio-Rad Laboratories GmbH, Rüdigheim, 

Germany 
Precision Plus Protein All Blue Standards 

Odyssey Blocking buffer Licor Biosciences, Bad Homburg, Germany 

 

      3.1.5 Antibodies 

anti-Sp1-antibody (1C6), mouse, monoclonal  

Santa Cruz Biotechnology, 

Heidelberg, Germany 

 

anti-RXRα-antibody (D-20), rabbit, polyclonal 

anti-VDR-antibody (C-20), rabbit, polyclonal 

anti-β-actin-antibody (C4), mouse, monoclonal 

anti-Sp1-antibody (PA5-29165), rabbit, polyclonal Invitrogen, Carlsbad, CA 

anti-Egr-1-antibody (MA5-15009), rabbit, 

monoclonal 
Thermo Scientific, Rockford, IL 

anti-WT1-antibody (AF5729), goat, polyclonal R&D Systems, Wiesbaden, Germany 

anti-AP2α-antibody, rabbit, polyclonal   

Cell Signaling Technology, 

Frankfurt, Germany 

 

anti-RXRα-antibody, rabbit, polyclonal 

anti-Histone H3-antibody (9715), rabbit, polyclonal  

anti-5-lipoxygenase-antibody, rabbit, monoclonal 

anti-5-lipoxygenase-antibody, clone 6A12, mouse, 

monoclonal 

in-house-made, provided by working 

group Prof. Dr. Steinhilber 

anti-DNA G-quadruplex structures, clone BG4, 

monoclonal 

Merck KGaA, Darmstadt, Germany 
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anti-DDDDK tag antibody (HRP) (ab1238), goat, 

polyclonal 
Abcam, Cambridge, UK 

secondary antibodies donkey-anti-

rabbit/goat/mouse IRDye® 680/800 

Licor Biosciences, Bad Homburg, 

Germany 

 

      3.1.6 Affinity purification and MS sample preparation 

Lightshift poly-dIdC Thermo Fisher Scientific, 

Braunschweig, Germany 

dithiothreitol (DTT) 

Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

 Tris-HCl 

trifluoroacetic acid (TFA), >99.9%, for peptide 

synthesis 

dithioerythritol (DTE) Merck KGaA, Darmstadt, Germany 

SeraMag
TM

 SpeedBeads Blocked Streptavidin 

Particles  
GE Lifesciences, Freiburg, Germany 

ammonium bicarbonate 

 

Sigma-Aldrich, Steinheim, Germany 

 

iodoacetamide  

trypsin from porcine pancreas, proteomics grade 

triethylammonium bicarbonate (TEAB) 

formaldehyde solution, for molecular biology 

36.5%-38% in H2O 

formaldehyde-d2, ~20 wt. % in D2O, 98 atom % D 

deuterium oxide, 99.9 atom % D 

ammonia solution, puriss. p. a. plus 

sodium cyanoborohydride 

Pierce
TM

 C-18 spin columns Thermo Scientific, Rockford, IL 

herring sperm DNA Invitrogen, Carlsbad, CA 

α-cyano-4-hydroxycinnamic acid Bruker Daltonic GmbH, Bremen, 

Germany 

 

      3.1.7 ELISA 

Streptavidin high binding capacity coated 96-well plates 
Thermo Scientific, Rockford, IL 

TMB substrate solution 

bovine serum albumin (BSA) Sigma-Aldrich, Steinheim, 

Germany potassium phosphate, dibasic 

sulfuric acid 95% VWR Chemicals, Darmstadt, 

Germany 
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      3.1.8 RNA extraction 

DNAse I, RNAse free 
 

Thermo Fisher Scientific, 

Braunschweig, Germany 

 

high capacity RNA-to-c DNA kit 

powerUp SYBR green master mix 

TRIzol reagent 

ethanol, absolute, analytical reagent grade 

water, BioScience grade, nuclease-free, DEPC-treated Carl Roth GmbH + Co. KG, 

Karlsruhe, Germany 

chloroform  
Sigma-Aldrich, Steinheim, 

Germany 
sodium acetate 

isopropanol 

 

      3.1.9 Other reagents and devices 

TMPyP4 Merck KGaA, Darmstadt, Germany 

pyridostatin (PDS) Cayman Chemical Company, Ann Arbor, MI 

recombinant human Wilms Tumor 

protein (ab82233) (+KTS) 
Abcam, Cambridge, UK 

recombinant human Sp1 GC-box 

binding protein (SRP2030) 
Sigma-Aldrich, Steinheim, Germany 

acetonitrile for HPLC 

VWR Chemicals, Darmstadt, Germany acetone  

methanol, gradient grade for HPLC 

Tecan infinite m200
®

 
Tecan Group, Männedorf, Switzerland 

Tecan Spark 

Q Exactive Orbitrap
TM

  Thermo Fisher Scientific 

Trans-Blot Turbo
®
 Transfer System Bio-Rad Laboratories GmbH, Rüdigheim, 

Germany TC20™ Automated Cell Counter 

Odyssey Infrared Imaging Systems Licor Biosciences, Bad Homburg, Germany 

Nanodrop 2000 Thermo Fisher Scientific, Braunschweig, 

Germany 

StepOne
TM

 Applied Biosystems, Darmstadt, Germany 

Hamilton Microlab
®
 STAR ML System Hamilton Germany GmbH, Höchst, Germany 

4800 MALDI TOF/TOF mass analyzer AB Sciex Germany GmbH, Darmstadt, Germany 

Jasco-810 spectrophotometer Jasco, Pfungstadt, Germany 
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   3.2 Methods 

      3.2.1 Cell culture 

         3.2.1.1 Growth and treatment conditions 

   The monocytic cell lines HL-60, THP-1, U937 and the B-lymphocytic cell lines Rec-1, BL-

41 were cultured in RPMI 1640 medium, supplemented with 10% FBS, 1% PS and 2 mM 

glutamine at 5% CO2, 37 °C. Monocytic cell lines were split every 3 to 4 days and seeded out 

at 0.35×10
6
/ml, B-lymphocytes every 2 to 3 days at 0.5×10

6
/ml, respectively. MM6 were 

cultured in RPMI 1640 medium supplemented with 10% FBS, 1% PS, non-essential amino 

acids, 10 μg/mL insulin, 1 mM oxaloacetate and 1 mM sodium pyruvate under the same 

conditions as for the other monocytes. Hek293T cells were cultured in D-MEM supplemented 

with 10% FBS and split every 3 to 4 days at 0.5×10
6
/ml.  

   Differentiation of monocytic cell lines HL-60, THP-1 and MM6 was induced by adding 

50 nM 1α,25-dihydroxyvitamin D3 and 1ng/mL TGFβ at a cell density of 0.3×10
6
/ml. 

Afterwards cells were kept at 6% CO2, 37 °C for three days. For comparative pulldown 

experiments, undifferentiated cells were seeded at 0.4×10
6
/mL and grown at 5% CO2, 37 °C 

for three days. Cells were harvested afterwards to proceed with subcellular fractionation.  

   For blotting experiments of whole cell lysates, all mentioned cell lines were likewise 

harvested after three days. Therefore, cells were centrifuged at 1200 × g for 5 minutes, 

washed once with PBS and again centrifuged at 1200 × g for 5 minutes. Excess PBS was 

removed to leave a dry cell pellet.  

   For treatment of HL-60 myelocytes with PDS and TMPyP4 cells were simultaneously 

differentiated with 50 nM 1α,25-dihydroxyvitamin D3 and 1ng/mL TGFβ at a cell density of 

0.2×10
6
/ml, incubated with either 10 µM PDS or 50 µM TMPyP4 at 6% CO2, 37 °C and 

harvested after 24h or 48h as described. 

 

         3.2.1.2 Determination of cell viability and cytotoxicity 

   Cell viability and cytotoxicity was determined using trypan blue stain. 20 µl of cell 

suspension was mixed with 20 µl trypan blue solution. For routine determination for 

subsequent splitting of the cell culture, cells were counted automatically by using a cell 

counter. For splitting myeloid cell lines for consecutive differentiation, as well as the 

determination of cytotoxicity after treatment with PDS and TMPyP4, cells were counted 

manually with the aid of a light microscope.  
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         3.2.1.3 Subcellular fractionation 

   Subcellular fractionation to obtain the nuclear extract was performed as described in Kloet 

et al. [307]. Briefly, harvested cell pellets were resuspended in 5 volumes of a buffer 

containing 10 mM HEPES-KOH, pH 7.9, 1.5 mM MgCl2, 10 mM KCl and left to swell for 10 

minutes. After centrifugation at 400 × g for 5 minutes, cells were resuspended in 2 volumes of 

the same buffer, supplemented with protease inhibitors and 0.15% NP-40. They were 

transferred to a Dounce homogenizer to lyse the outer membrane with 40 strokes of pestle B. 

Lysates were centrifuged at 3200 × g for 15 minutes and cytosolic fraction was removed. 

Nuclear pellet was washed once with 500µl cold PBS and centrifuged again for 5 minutes at 

3200 × g. Nuclei were resuspended in 300-500 µl of a hypotonic buffer consisting of 20 mM 

HEPES-KOH, pH 7.9, 420 mM NaCl, 20% v/v glycerol, 2 mM MgCl2, 0.2 mM EDTA, 

protease inhibitors, 0.1% NP-40 and 0.5 mM DTT. These were incubated for one hour with 

rotation to be centrifuged again at 18000 × g for 15 minutes. The supernatant, which 

contained nuclear protein was either stored at -80 °C or used directly. All steps were 

performed at 4 °C. 

 

         3.2.1.4 Preparation of whole cell lysates 

   For immunoblotting experiments with whole cell lysates 15×10
6
 cells were harvested and 

resuspended in100 µl of a buffer consisting of 50 mM Tris-HCl, pH 7.5, 0.5% v/v triton x100, 

200 mM NaCl, 10% v/v glycerol, 1 mM DTT and protease inhibitors. Suspension was frozen 

at -80 °C and thawed on ice, repeating the steps two additional times. After thawing, cells 

were centrifuged at 10000 × g for 10 minutes, 4 °C and supernatant, which contained the 

soluble protein fraction, was stored at -80 °C for further experiments.  

 

         3.2.1.5 BCA assay 

   To determine protein concentrations of whole cell lysates a BCA assay was performed 

according to the manufacturer’s protocol (Thermo Fisher Scientific). 10 µl of each BSA 

standard or unknown sample replicate was pipetted into a microplate in triplicate and 

incubated with 200 µl BCA working reagent for 30 minutes at 37 °C. After cooling of the 

plate, absorbance was read at 562 nm with the Tecan infinite m200
®

 plate reader and 

concentration of protein samples was determined via calibration curve.  
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         3.2.1.6 Bradford assay 

   For the determination of protein concentrations of cytosolic and nuclear fraction after 

cellular fractionation, Bradford assay was performed according to the manufacturer’s protocol 

(Thermo Fisher Scientific). 5 µl of each BSA standard or unknown sample or a dilution 

thereof was incubated with 250 µl Coomassie reagent in a microplate. The plate was 

incubated at room temperature for 10 minutes and absorbance was read at 595 nm with the 

Tecan infinite m200
®
 plate reader. Protein concentration was determined via calibration curve 

after correction for respective dilution factors. 

 

      3.2.2 Oligonucleotides 

   Single-stranded oligonucleotides were purchased in their respective forward and reverse 

strands for all experiments. All forward strands were biotinylated at the 5’-end. Same amounts 

of forward and reverse strand were mixed and diluted 1:10 to yield a concentration of 10 

pmol/µl with annealing buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA). 

Annealing was performed by heating the mixture to 95 °C for 5 minutes and letting them cool 

down gradually to room temperature overnight. Successful annealing to duplex DNA was 

verified by 3% agarose gel electrophoresis.  

   For quadruplex experiments single-stranded DNA sequences were annealed in a buffer 

containing 10 mM Tris-HCl, pH 7.4 and 100 mM KCl under same conditions. 

 

      3.2.3 Electrophoresis and immunoblotting 

         3.2.3.1 Agarose gel electrophoresis 

   3% agarose gel electrophoresis was carried out to verify annealing of oligonucleotides. Gels 

were cast with 60 ml of agarose/ethidium bromide mixture and run at 75 V for 1 hour. Gels 

were afterwards visualized by irradiation with UV-light.  

 

         3.2.3.2 SDS-PAGE and Coomassie staining 

   SDS-PAGE was performed with either pre- or self-cast 10% Laemmli-gels in Bio-Rad 

electrophoresis chambers suitable for mini gels. Self-cast gels consisted of both separating 

(6.2 ml H2O, 4.9 ml polyacrylamide solution Rotiphorese
®
 Gel 30, 3.75 ml separation buffer 

4×, 150 µl APS 10%, 15 µl TEMED) and stacking (6.1 ml H2O, 1.3 ml polyacrylamide 

solution Rotiphorese
®
 Gel 30, 2.5 ml stacking buffer 4×, 100 µl APS 10%, 10 µl TEMED) 

gel. Separation buffer (4×) contained 1.5 M Tris-HCl, pH 8.8 and 14 mM SDS, stacking 

buffer (4×) 0.5 M Tris-HCl, pH 6.8 and 14 mM SDS. Separation gel was cast and overlain 



MATERIALS AND METHODS 
 

50 
 

with butanol to remove any bubbles and left to polymerize prior to casting the stacking gel. 

Samples were mixed with Laemmli-buffer (2× 65.8 mM Tris-HCl, pH 6.8, 26.3% glycerol 

v/v, 2.1% SDS, 0.01% bromophenol blue) to which 5 mg/ml DTT was added prior to 

electrophoresis. Sample-buffer mixture was incubated for 5 minutes at 95 °C and loaded onto 

the gels to perform electrophoresis at a constant 75 V for 75 minutes. Proteins were visualized 

on Odyssey
®

 Infrared Imaging System after staining with colloidal Coomassie stain 

InstantBlue
TM

 overnight. 

 

         3.2.3.3 Immunoblotting 

   After SDS-PAGE, gels were blotted semi-dryly by using the TransBlot Turbo
®
 and 

corresponding membrane sizes in mini or midi format. Therefore, pre-run gels were 

transferred onto PVDF membranes, which were enveloped with buffer-soaked filter papers. 

Proteins were blotted by using default blotting protocols for one or two gels. Membranes were 

than washed in PBS for 10 minutes with slight shaking, blocked with Odyssey
®

 Blocking 

buffer for 1 hour at room temperature and washed again three times for 5 minutes to remove 

excess blocking buffer. Blots were incubated with 10 ml primary antibody solution consisting 

of equal amounts of blocking buffer and PBS, supplemented with 0.1% Tween 20 and the 

diluted primary antibody overnight at 4 °C. After removing the blots from the antibody 

solution, they were washed four times for 5 minutes with PBS, supplemented with 0.1% 

Tween 20 and another 5 minutes with PBS, to remove residual detergent. Incubation of 

membranes in 5 ml secondary antibody solution (1:1 blocking buffer: PBS, 0.1% Tween 20, 

0.02% SDS, secondary antibody 1:10000) took place at room temperature for 45 minutes in 

the dark. Following incubation, blots were washed as before for five times with PBS+0.1% 

Tween 20/PBS. Visualization of proteins was performed using the Odyssey
®

 Infrared Imaging 

System, quantification if needed by densitometry, with β-actin serving as loading control. 

 

      3.2.4 Mass spectrometry and data analysis 

         3.2.4.1 In-gel tryptic digestion 

   In-gel digestion was performed according to optimized and customized digestion protocols 

for the Hamilton Microlab
®
 STAR ML System. After protein separation by SDS-PAGE and 

visualization of bands by Coomassie staining, gel slices of 1 mm thickness were excised from 

the lanes, which were further cut into 1mm cubes for the respective band and transferred into 

a 96-well plate. Gel pieces were washed three times with water and three times with 1:1 

ACN:ambic (25 mM) and dehydrated twice with 100% ACN. They were further reduced by 
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adding 10 mM DTT and alkylated by adding 55 mM IAA. Another washing step with twice 

ammonium bicarbonate was performed. Gel pieces were dehydrated with 100% ACN, 

reswelled with ambic and again dehydrated with 100% ACN twice. Then, trypsin was added 

and proteins were digested overnight. Reaction was stopped by adding 0.3% TFA. Peptides 

were extracted by an interchanging combination of 100% ACN and 1:1 ACN:TFA 0.3%, 

transferred to another 96-well plate and dried by vacuum centrifugation.  

 

         3.2.4.2 MALDI-MS/MS 

   All in-gel digested proteins were subjected to MALDI-TOF-MS/MS analysis. Vacuum-

centrifugation dried peptides were reconstituted by adding 5 µl of 1:1 ACN:TFA 0.1%. 0.5 µl 

thereof were mixed with 0.5 µl 4-HCCA matrix, spotted onto a sample target and measured in 

positive ion reflector mode. Further settings were set as follows: mass range 800-4000 m/z, 

1000 total shots/spectrum for MS, 1800 for MS/MS for acquisition, fragmentation of 15 

precursors at maximum, beginning with the strongest precursor first and a minimum S/N 

(signal-to-noise ratio) of 20 for their respective selection. Peaks were extracted at a peak 

density of a maximum of 5 peaks per 200 Da with a minimum S/N of 20 for both MS and 

MS/MS. Raw data was processed by Mascot MS/MS ion search against human SwissProt 

database. Trypsin was set as protease allowing 1 missed cleavage. Carbamidomethyl (C) was 

set as fixed, oxidation (M) and deamination (NQ) as variable modification. Search was 

performed with 70 ppm peptide tolerance and 0.4 Da MS/MS tolerance.  

 

         3.2.4.3 DNA pulldown 

   DNA pulldowns were carried out according to Hubner et al. [183], with modifications. 

After quantification of protein content of nuclear cell extracts, 300-400 µg thereof were 

incubated with 10 pmol of either WT or CTR ds-DNA together with 200-400 µl protein 

binding buffer (50 mM HEPES-KOH, pH 8.0, 150 mM NaCl, 0.1% NP-40, 1 mM DTT, 

protease inhibitors) and 10 µg poly dI-dC as competitor for nonspecific DNA-binding 

proteins. After 1.5 hours, 100 µl SeraMag
TM

 SpeedBeads Blocked Streptavidin Particles were 

added to capture formed DNA-protein complexes for another 0.5 hour under shaking (1000 

rpm). Prior to incubation, magnetic beads were washed with 100 µl conditioning buffer (10 

mM Tris-HCl, pH 7.5, 1 mM EDTA, 2 M NaCl) and 100 µl binding buffer. Supernatant was 

removed and discarded. Enriched DNA-binding proteins were washed three times with equal 

volumes of protein binding buffer and three times with wash buffer (100 mM ambic buffer, 

150 mM NaCl) to dispose of any remaining detergent. After the very first washing step, the 
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Eppendorf tube was changed, to discard of proteins that might have absorbed to the tube 

walls. All of the aforementioned steps were carried out at 4 °C.  

 

oligonucleotide sequence 

120-mer WT fwd 

(-260 to -141) 

5‘-[BIO] ACC CAG GAG CGA GGC CCC TGC CCC GCC CGA GGC 

GAG GTC CCG CCC AGT CGG CGC CGC GTG AAG AGT GGG 

AGA GAA GTA CTG CGG GGG CGG GGG CGG GGG CGG GGG 

CGG GGG CGG GGG CAG 

120-mer WT rev CTG CCC CCG CCC CCG CCC CCG CCC CCG CCC CCG CCC 

CCG CAG TAC TTC TCT CCC ACT CTT CAG GCG GCG CCG ACT 

GGG CGG GAC CTC GCC TCG GGC GGG GCA GGG GCC TCG 

CTC CTG GGT 

120-mer SCR fwd 

 

5’-[BIO]ACG CGT CCG AGG CCT GCG AGC CGG CCG TGC AGC 

GCT GCC GAG GGG TGC GAG CCC ACG CGG ACG CGC GAG 

GCC CGC ACC CTG CGA GGG TCG GAC GGA GCG ACG GTC 

CCC CAG CCT CGC GAG 

120-mer SCR rev 

 

CTC GCG AGG CTG GGG GAC CGT CGC TCC GTC CGA CCC 

TCG CAG GGT GCG GGC CTC GCG CGT CCG CGT GGG CTC 

GCA CCC CTC GGC AGC GCT GCA CGG CCG GCT CGC AGG 

CCT CGG ACG CGT 

80-mer WT-

SMAD fwd  

(-334 to -255) 

5’[BIO]CGA ATG GAT GAG GGG TGG CAG CCG AGG TTG CCC 

CAG TCC CCT GGC TGC AGG AAC AGA CAC CTC GCT GAG GAG 

AGA CCC AG 

80-mer WT-

SMAD rev 

CTG GGT CTC TCC TCA GCG AGG TGT CTG TTC CTG CAG CCA 

GGG GAC TGG GGC AAC CTC GGC TGC CAC CCC TCA TCC ATT 

CG 

80-mer SCR-

SMAD fwd 

5’[BIO]ACG CCT GCG ATG CGA GGG TCA TCC CAC ATA ACG 

GCG CTA GAG GCC CTG CGA ACG CAC GTA GGG TCG AAG 

ATG GCC GAG GG 

80-mer SCR-

SMAD rev 

CCC TCG GCC ATC TTC GAC CCT ACG TGC GTT CGC AGG GCC 

TCT AGC GCC GTT ATG TGG GAT GAC CCT CGC ATC GCA GGC 

GT 

80-mer WT-VDR 

fwd 

(-408 to -329) 

5’[BIO]AGC CTG GCC TTG GGC GAA GCC GAG GCA GGC AGG 

CAG GGC AAA GGG TGG AAG CAA TTC AGG AGA GAA CGA 

GTG AAC GAA TG 

80-mer WT-VDR 

rev 

CAT TCG TTC ACT CGT TCT CTC CTG AAT TGC TTC CAC CCT 

TTG CCC TGC CTG CCT GCC TCG GCT TCG CCC AAG GCC AGG 

CT 

80-mer SCR-

VDR fwd 

5’[BIO]GCG GAC CGA TGG AAG CTA GGG ATC GTA AGC AGT 

CAG AAG GCA GGA TGA ACG ATA AGG CTG GAC GGA GCC 

ACG GAG GCA GG 

80-mer SCR-

VDR rev 

CCT GCC TCC GTG GCT CCG TCC AGC CTT AGC GTT CAT CCT 

GCC TTC TGA CTG CTT ACG ATC CCT AGC TTC CAT CGG TCC 

GC 

 

Table 4: Oligonucleotide sequences used for mass spectrometry based DNA pulldown experiments 

with their respective length, 5’-modification and reverse strand. Genomic locations are given in 

relation to ATG. 
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   For subsequent immunoblotting experiments, beads were resuspended in 20 µl Laemmli 

buffer and directly subjected to SDS-PAGE. For MS-based identification of protein 

complexes, beads were resuspended in 100 µl 25 mM ambic and 9 mM DTE was added to 

reduce disulfide bridges at 57 °C for 45 minutes, following an alkylation step by adding 17 

mM IAA for 45 minutes at room temperature in the dark. Reaction was quenched by another 

addition of DTE for 15 minutes. Protein complexes were then directly digested on the beads 

overnight, by adding 0.1 µg trypsin per sample at 37 °C. The next day, digestion was 

completed by further adding 0.1 µg of trypsin per sample for 1 hour. Reaction was stopped by 

adding 1 µl of TFA to each sample.  

   For titration experiments various amounts of both nuclear extract (50 µg, 100 µg, 250 µg, 

500 µg) and oligonucleotide (10 pmol, 50 pmol, 100 pmol, 250 pmol) were used in 

combination with one another. Titration experiments were performed with the monocytic cell 

line MM6 and subjected to label-free MS-quantification. Experiments with excess competitor 

were performed with the myeloid cell line HL-60 as described above, except for the use of 

DNA-competitor, which was changed to a 40 fold excess of used oligonucleotide of herring 

sperm DNA. These samples were likewise quantified by label-free MS-quantification. In 

general, all label-free MS-quantification experiments were performed in triplicate, whereas 

dimethyl labeling experiments were performed in duplicate. 

 

         3.2.4.4 Dimethyl labeling  

   Dimethyl labeling of peptides was carried out as described in Boersema et al. [238]. After 

washing the beads containing DNA-protein complexes, they were resuspended in 100 µl 50 

mM TEAB buffer for ensuring compatibility for the following labeling reaction conditions. 

Samples were likewise reduced, alkylated and digested. After completion of digestion, 

samples were either labeled with light or heavy label for WT and CTR sample, respectively, 

with swatch of labels to avoid bias in labeling reaction. 4 µl of 4% v/v CH2O or CD2O was 

added to the according samples, mixed and further incubated with 4 µl of 0.6 M NaBH3CN at 

room temperature for 1 hour with slight shaking. Reactions were quenched by adding 16 µl of 

1% v/v ammonia solution. To even further quench the reaction and provide suitable 

conditions for subsequent LC-MS/MS measurement, 8 µl of formic acid was added to each 

sample. The correlating light and heavy labeled samples were mixed, purified and dried by 

vacuum centrifugation for proceeding MS analysis.  
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         3.2.4.5 Purification of peptides 

   After completion of digestion for both dimethyl labeled and label-free samples, peptides 

were purified with C18 spin columns according to the manufacturer’s protocol. Each spin 

column was conditioned by centrifuging twice with 50% ACN and 5% ACN + 0.5% TFA. 

Samples were then bound to the C18 resin three times and washed afterwards again with 5% 

ACN + 0.5% TFA two times. Peptides were eluted by adding 20 µl of 70% ACN twice. 

Purified samples were dried by vacuum centrifugation for proceeding MS analysis.  

 

         3.2.4.6 LC-MS/MS 

   LC-MS/MS measurements were carried out with an EASY nLC 1000 coupled to a  

Q Exactive Plus mass spectrometer (both Thermo Fisher Scientific). Dried samples were 

reconstituted in buffer A (0.1% formic acid in water) and then loaded onto a 50 cm Poroshell 

EC120 C18 column. The separation gradient was set from 3 to 95% of buffer B (0.1% formic 

acid in ACN) in buffer A over 150 minutes at a flow rate of 250 nl/min. MS1 scans were 

recorded in positive ion mode at a resolution of 70000, the following highest 10 MS/MS 

spectra at a respective resolution of 17500 (AGC 5×10
5
, max. injection time 55 ms, isolation 

window 1.8 Da).  

 

         3.2.4.7 Data analysis 

   All RAW data files were analyzed by open source software MaxQuant, version 1.6.0.1 and 

in-built search engine Andromeda [260]. All further DNA-pulldown data analysis sets were 

carried out using Perseus software, version 1.6.0.0 according to Hubner et al. [183] with 

minor modifications, as described in the following.  

   RAW data were grouped according to both cell conditions to be compared with (WT and 

CTR) of the respective cell lines. MaxQuant was operated with default settings. For label-

based pull downs the following labels were enabled: DimethLys0, DimethLys4, DimethNter0, 

DimethNter4. For label-free pulldowns, match between runs was enabled, to align retention 

times. Oxidation (M), acetylation (protein N-term) and deamidation (NQ) were set as 

variable, carbamidomethyl as fixed modification. Tryptic digestion was set, with the option of 

2 missed cleavages at maximum. For label-free quantification the iBAQ and LFQ option was 

enabled with a minimum ratio count of 1. The used FASTA-file contained all human UniProt 

entries and was downloaded on 19.06.2017. Search of peptides was performed with a 

tolerance of 4.5 ppm in main search and 20 ppm for fragment ions. PSM and protein FDR 

were both set to 0.01.  
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   Protein tables achieved from the database search were afterwards filtered for contaminants, 

reverse hits and proteins only identified by site. Proteins were accepted as identified with at 

least 1 unique peptide. LFQ intensities and normalized H/L ratios were log2 transformed. 

Label-free quantification samples were grouped according to their WT or CTR affiliation and 

filtered for at least three valid values. Missing data imputation was done with default settings 

(width 0.3, downshift 1.8). Suitable distribution of imputed values was checked with 

histograms. Afterwards, a two sample t-test was applied and significant outliers were 

identified using a volcano plot, where threshold values of significance were adjusted to each 

cell line and cell state separately. Label-based quantification data imputation was done with 

an adjusted downshift of standard deviation to 0.5. Outliers were determined based on protein 

intensity (significance B), which was required to be 0.05 for forward and reverse experiments 

and visualized via scatter plot.  

   

      3.2.5 UV-VIS-spectroscopy 

   UV-VIS-spectra were recorded to give evidence for the existence of G4-DNA in 

oligonucleotides used for pulldowns. In order to do so, TMPyP4 was reconstituted to a stock 

solution of 50 µM prior to performing the experiments and kept in the dark. A serial dilution 

(0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1, 2, 3, 4, 6, 8, 10 µM) of each already annealed 

oligonucleotide to be tested was prepared and incubated with a final concentration of 

TMPyP4 of 5 µM in a final volume of 100 µl for 5 minutes. Concentrations were successively 

increased until three more additions of oligonucleotide did not alter the shift of the Soret band 

any further. All UV-VIS spectra were recorded on the Tecan Spark in a range of 350-500 nm 

wavelength. Spectra were averaged out of three measurements after being corrected for their 

solvent effects. Oligonucleotide sequences used for the experiments were as follows:  

   WT sample: [BIO]-GATCCTGCGG(GGGCGG)5CAG, positive control: c-myc: [BIO]-

TGAGGGTGGGTAGGGTGGGTAA, negative control: GCTCGCCCCGCCCCGATCGAAT.    

   The percentage of hypochromicity of each oligonucleotide was calculated according to Wei 

et al. [144]. Percentage of hypochromicity there is set as % hypochromicity = ((εfree – εbound)/ 

εfree) × 100. εfree was calculated based on Lambert-Beer’s law with εfree = Afree/C, C thereby 

corresponding to the free concentration of TMPyP4 being 5 µM. Absorbance was recorded at 

the Soret maximum of TMPyP4 (422 nm). εbound then was determined by using the equation 

εbound = Abound/Cbound, with Abound being the absorbance of fully bound TMPyP4 at  the Soret 

maximum and Cbound being the concentration of bound TMPyP4, respectively, and thereby 

underlying equations of Cbound = C – Cfree and Cfree = C(1-α). Here, α stands for the fraction of 
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bound TMPyP4 and was calculated with α = (Afree – A)/(Afree – Abound), Afree and Abound 

representing the absorbance of free or fully bound TMPyP4 at the Soret maximum and A 

being the absorbance at any given time point.  

 

      3.2.6 CD spectroscopy 

   CD spectra were recorded at room temperature (25 °C) on a Jasco-810 spectrophotometer 

with the following settings: 1 mm optical path length quartz cell, instrument scanning speed 

50 nm/min, response time 1s, range 200-350 nm, 200µl sample volume. Spectra shown are 

average spectra of five measurements after correction for solvent effects.  

 

      3.2.7 ELISA 

   For the determination of the in vitro presence of G-quadruplex structures indirect ELISA 

was carried out, according to Lam et al. [308] with minor modifications. Oligonucleotide 

sequences used were as follows: WT sample: [BIO]-GATCCTGCGG(GGGCGG)5CAG, 

positive control: c-myc: [BIO]-TGAGGGTGGGTAGGGTGGGTAA, negative control: [BIO]-

GATCCTG(CGAATT)5CAATTCAG. After annealing of 5’-biotinylated single-stranded 

oligonucleotides to form possible secondary DNA structures, the DNA-sequences were bound 

to streptavidin coated 96-well plates. Prior to the incubation, the latter were conditioned three 

times with 200 µl of a washing buffer (25 mM Tris-HCl, pH 7.2, 150 mM NaCl, 0.1% BSA, 

0.1% Tween 20) for 5 minutes each turn. 50 nM oligonucleotides were then bound to the 

conditioned plates for one hour at room temperature and washed again three times afterwards 

with ELISA buffer (50 mM K2HPO4, pH 7.4, 100 mM KCl). Primary anti-DNA  

G-quadruplex structures antibody was added in altering concentrations (0, 0.005, 0.01, 0.05, 

0.1, 0.25 µg/ml) and left to bind for another hour at room temperature. Supernatant was 

removed and discarded and plates were washed three times with ELISA buffer, supplemented 

with 0.1% Tween 20, following incubation with secondary antibody (HRP-anti-DDDDK-tag) 

at a dilution of 1:100000 for another hour. After three additional washes with ELISA buffer 

containing 0.1% Tween 20, 100 µl TMB substrate solution was added to each well. Reaction 

was stopped by adding 100 µl 0.18 M H2SO4. Absorbance was read at 450 nm with the Tecan 

infinite m200
®
. 
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      3.2.8 RT-qPCR 

         3.2.8.1 RNA extraction 

   RNA-extraction of HL-60 cells was performed according to an optimized RNA-extraction 

protocol for HL-60, kindly provided by members of the working group of Prof. Dr. 

Steinhilber as described in the following. All steps after harvest were carried out on ice at  

4 °C. 10×10
6
 cells were harvested by centrifugation at 1200 rpm for 5 minutes. Supernatant 

was removed and cell pellet was resuspended in 1 ml Trizol without further washing. After a 

short incubation of about 2 minutes, suspension was transferred into an Eppendorf tube and 

incubated on ice for 10 minutes. 200 µl of chloroform were added and mixture was vortexed 

until homogeneity was achieved. After another 10 minutes of incubation on ice, samples were 

centrifuged at 12000 × g for 30 minutes. Three different phases were to be seen after 

removing the samples from the centrifuge, the lower red one and the white middle one 

thereby containing DNA and proteins, respectively, the upper clear phase containing RNA. 

The latter was transferred to a new tube. To increase RNA yield and integrity, the addition of 

Trizol (300 µl) was repeated with direct incubation with 200 µl chloroform for 2 minutes at 

room temperature. This was followed by centrifugation at 12000 × g for 30 minutes. The 

upper phase again was transferred to a new tube and RNA was precipitated with 500 µl ice 

cold isopropanol, supplemented with 5 µl 3 M sodium acetate, pH 6.5. Samples were 

incubated on ice for 10 minutes and subsequently frozen at -20 °C overnight. The following 

day, RNA samples were centrifuged at 12000 × g at 4 °C. Supernatant was removed and 

discarded to leave behind a white RNA pellet, formed at the bottom of the tube. Pellet was 

washed with 1 ml 75% ethanol, vortexed and again centrifuged at 12000 × g. Supernatant was 

removed and pellet was left to air-dry completely. Afterwards it was resuspended in 32 µl 

RNAse-free DEPC-treated water and heated at 55 °C for 10 minutes to be brought into 

solution entirely. 

 

         3.2.8.2 DNAse digestion 

   RNA samples were incubated with both DNAse-I (2 µl per 32 µl RNA) and DNAse buffer 

(4 µl) with slight shaking at 37 °C. After 30 minutes, 2 µl of EDTA were added and incubated 

another 10 minutes at 65 °C. Precipitation of RNA was achieved by adding 4 µl sodium 

acetate and 200 µl ethanol (100%) and incubation at -20 °C overnight. Samples were 

centrifuged as before and supernatant was removed. Precipitate was resolved in 25 µl DEPC-

treated water and concentration of RNA samples was measured on the Nanodrop 2000. RNA 
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integrity was monitored by ethidium bromide agarose gel electrophoresis (see Materials and 

Methods).  

 

         3.2.8.3 cDNA-synthesis 

   Kit (High-Capacity RNA-to-cDNA™ Kit) reagents were slowly thawed on ice and cDNA 

synthesis was performed according to the manufacturer’s protocol. 2 µg of RNA was used per 

20 µl reaction. 10 µl (2×) RT-buffer was mixed with 1 µl (20×) enzyme mix, the 

corresponding volume containing 2 µg RNA and the remaining volume of water to generate 

20 µl maximum reaction volume. The reaction mixture was incubated at 37 °C for 60 minutes 

and stopped by heating up to 95 °C for 5 minutes. cDNA was stored at -20 °C until qPCR was 

performed.     

     

         3.2.8.4 qPCR 

   For qPCR experiments, quantification of the respective gene of interest was normalized to 

GAPDH as control gene. All experiments were carried out on StepOne PCR Systems in 

technical duplicates and biological triplicates. Gene expression was ascertained by calculating 

the 2
-ΔΔCt

 values afterwards. The following primer sequences were used: 5-LO primer fwd – 

GAA TTA CTC CAA AGC GAT GG and rev – ATG ACC CGC TCA GAA ATA GTG [309], 

GAPDH primer fwd – TGC ACC ACC AAC TGC TTA GC and rev – GGC ATG GAC TGT 

GGT CAT GAG [309]. A no template control was included for testing of contamination. 

Determination of mRNA level was performed by detection of SYBR Green fluorophore. For 

each approach 2 µl cDNA were mixed with 0.06 µl forward primer, 0.06 µl reverse primer 

7.88 µl H2O and 10 µl SYBR Green PCR Mastermix. The PCR program was set as follows: 

UDG activation 2 minutes, 50 °C, Dual-LOCK DNA polymerase 2 minutes, 95 °C, denature, 

3 seconds, 95 °C, anneal/extend 30 seconds, 60 °C (40 cycles).  
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4. Results 

   4.1 Transcription factors in ALOX5 regulation 

      4.1.1 Choice of myeloid and B-lymphocytic cell lines 

   Since the 5-lipoxygenase expression is cell type specific, suitable cell lines for all of the 

performed promoter screening experiments were selected for their respective level of enzyme 

expression. As already described in section 1.1.3, 5-LO is mainly expressed in cells of 

myeloid origin, as well as B-lymphocytes to a lower extent. Due to the inducible protein 

expression after cell differentiation of the myeloid cell lineage, both undifferentiated and 

differentiated cell states had to be considered. Therefore, 5-LO expression in different cell 

lines of both lineages was verified by Western blot analysis in order to confirm the validity of 

the cell system. The cell lines that exhibited detectable levels of protein were used for further 

experiments, as were the 5-LO-negative control cell lines U937 and Hek293T. 

 

 

Figure 14: Immunoblot-based verification of 5-LO expression pattern. 10-20µl whole cell lysate, each 

containing 30µg total protein were tested for the myeloid cell lines (A) HL-60 in undifferentiated and 

differentiated, (B) THP-1 in undifferentiated and differentiated, (C) MM6 in undifferentiated and 

differentiated state. Differentiation was induced by adding 1 ng/ml TGFβ and 50 nM 1,25(OH)2D3 for 

48h at 37 °C, 6% CO2. Further cell lines comprised B-lymphocytes (D) Rec-1 and (E) BL-41, as well 

as 5-LO negative (F) U937 and Hek293T. Depicted are immunoblots of three subsequent cell 

passages, except for THP-1 cells, which comprise six replicates, since cells became slightly adherent 

after passage 2. Use of anti-5-LO antibody (6A12) 1:200, human recombinant 5-LO serving as 

positive, β-actin as loading control.   

 

F 
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   As expected, the myeloid cells HL-60, THP-1 and MM6 expressed 5-LO in detectable 

levels after differentiation with TGFβ/1,25(OH)2D3, the latter displayed the least prominent 

induction of enzyme expression level. Monocytes THP-1 exhibited comparable amounts of 5-

lipoxygenase expression as promyelocytic HL-60 cells. Monocytic U937 did not provide a 

detectable level of 5-LO, probably due to their promoter methylation status [49]. The 

immunoblots further confirmed the constitutive enzyme expression of both B-lymphocytes 

Rec-1 and BL-41, the former showing less protein expression than the BL-41. Hek2937 as 5-

LO negative cell line served as negative control. According to these results, HL-60, THP-1 

and MM6 in both undifferentiated and differentiated state, as well as Rec-1 and BL-41 were 

chosen as representative cell lines for DNA-pulldowns.  

 

      4.1.2 Expression patterns of transcription factors 

   In order to confirm the presence of transcription factors for which evident or putative 

consensus binding sites exist in the proximal promoter sequence of the ALOX5 gene, the 

different cell lines were tested for a selection of TFs by immunoblotting. Furthermore, 

transcription factor WT1 was tested, since it is suspected to affect promoter activity according 

to reporter gene assays on the promoter sequence [310]. Table 5 gives an overview of the 

current knowledge on the TF-promoter interaction.    

 

TF DNA-binding domain ALOX5-promoter binding method 

Sp1* zinc finger, C2H2-type direct [34] EMSA 

Sp3* zinc finger, C2H2-type direct [53] ChIP 

Egr-1* zinc finger, C2H2-type direct [46] EMSA 

VDR* nuclear receptor, zinc 

finger, C4-type 

direct [56] EMSA/ChIP 

RXR nuclear receptor, zinc 

finger, C4-type 

direct [56] EMSA/ChIP 

SMAD3/4*  direct [61] EMSA/ChIP 

AP-2α*  indirect [310] reporter gene assay 

WT1 zinc finger, C2H2-type indirect [310] reporter gene assay 

GATA-1 zinc finger, GATA type indirect [310] reporter gene assay 

Ets-1  indirect [310] reporter gene assay 
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Table 5: Known or putative ALOX5-promoter binding transcription factors: classification and 

evidence of binding. TFs marked with an asterisk (*) possess consensus binding sites in the sequences 

used for the following DNA-pulldown. Source for localization of TFs: NCBI Gene Database 

 

 

Figure 15: Immunoblot analysis of transcription factor Sp1 expression in different cell lines. 10-20µl 

whole cell lysate, each containing 30µg total protein were blotted against β-actin as loading control 

(anti-Sp1-ab 1:1000). All blots except the one including B-lymphocytes also comprised a positive 

control of the depicted amount of recombinant human Sp1 (rhSp1). Bar graphs (showing mean ± s. d.) 

represent a relative quantification based on densitometry between the depicted cell lines. Blots are 

representative of three subsequent cell passages of the used cell lines, except for THP-1, which 

include six biological replicates for undifferentiated (first six samples) and differentiated (last six 

samples) cells. Shown are (A) HL-60 in undifferentiated and differentiated (dHL-60), (B) THP-1 in 

undifferentiated and differentiated, (C) MM6 in undifferentiated and differentiated state, (D) Rec-1 

and BL-41 and (E) 5-LO-negative controls U937 and Hek293T. 

 

   As depicted in the immunoblots, transcription factor Sp1 was consistently present in all cell 

lines and their respective differentiation state. The biological triplicates of myeloid cell lines 

HL-60 and MM6 displayed higher levels of Sp1 in their differentiated, than in their 

undifferentiated state, whereas protein expression level was reverse in THP-1 with a slight 

shift to the undifferentiated cells. B-lymphocytes Rec-1 exhibited a higher level of Sp1 than 
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BL-41, for the latter protein expression was hardly detectable. Monocytes U937 showed a 

comparable expression level to the myeloid cell lines. Sp1 was detectable in 5-LO negative 

cell line Hek293T, however protein levels were lower than those of the myeloid and  

B-lymphocytic cell lineage. Judging from the amount of recombinant Sp1 serving as positive 

control, the overall expression of the transcription factor lies within the lower nanogram 

range, corresponding to roughly estimated 0.1-0.01% of the amount of total cell lysate used.  

   Expression of nuclear receptor VDR was induced in the myeloid cell lines after treatment 

with TGFβ/1,25(OH)2D3, resulting in prominently detectable amounts in the respective 

differentiated states. While VDR protein level is barely to not present in the undifferentiated 

monocytes THP-1, MM6 and the promyelocytes HL-60, it is induced after differentiation up 

to 8.5-, 8- and 12-fold, respectively, according to densitometric detection. The B-lymphocytic 

cell lines displayed a different expression pattern of VDR, with BL-41 showing constant 

levels, whereas the protein level of Rec-1 deceeded the limit of detection. Faint but constant 

VDR levels were obtained for 5-LO-negative cell line U937; for Hek293T cells, detected 

bands did repeatedly alter slightly in their height in comparison to the control, so that no 

reliable identification can be concluded concerning VDR expression. 
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Figure 16: Immunoblot analysis of nuclear transcription factor VDR expression. 10-20µl whole cell 

lysate, each containing 30µg total protein were blotted against β-actin as loading control (anti-VDR-

ab 1:200). Immunoblots comprised VDR-plasmid transfected cells, with overexpression of VDR, 

serving as control. Blots and bar graphs (mean ± s. d.), indicating a relative quantification based on 

densitometry between the depicted cell lines, are representative of three (six in case of THP-1) 

subsequent cell passages of (A) HL-60 in undifferentiated and differentiated (dHL-60), (B) THP-1 in 

undifferentiated and differentiated, (C) MM6 in undifferentiated and differentiated state, (D) Rec-1 

and BL-41 and (E) 5-LO-negative controls U937 and Hek293T. 

 

   Mixed results were achieved for the nuclear receptor RXR, which was constantly expressed 

in HL-60 in both states to a comparable level and inducibly expressed in THP-1 after 

differentiation. Mature monocytes MM6 repeatedly did not exhibit any detectable protein 

amount, as did B-lymphocytes BL-41. In contrast, Rec-1, U937 and Hek293T displayed 

steady protein levels.   
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Figure 17: Immunoblot analysis of nuclear transcription factor RXR expression. 10-20µl whole cell 

lysate, each containing 30µg total protein were blotted against β-actin as loading control (anti-RXRα-

ab 1:200). Immunoblots likewise comprised RXR-plasmid transfected cells, with overexpression of 

RXR, serving as control. Blots and bar graphs, indicating a relative quantification based on 

densitometry ± s. d. are representative of three (six for THP-1) subsequent cell passages of (A) HL-60 

in undifferentiated and differentiated, (B) THP-1 in undifferentiated and differentiated, (C) MM6 in 

undifferentiated and differentiated state, (D) Rec-1 and BL-41 and (E) 5-LO-negative controls U937 

and Hek293T. 

 

   Protein expression levels for transcription factors Egr-1 and WT1 were below the limit of 

detection under the used conditions for all cell lines tested. Similar results were obtained for 

transcription factor AP-2α, which was neither detected in the myeloid nor the B-lymphocytic 

cell lines, but solely in 5-LO negative Hek293T (supplementary figure 1).  
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 4.2 Validation of the experimental setup for the identification of ALOX5 promoter 

           interacting proteins  

      4.2.1 Workflow of DNA-pulldown 

   The major workflow used for the pulldown experiments was adapted from Hubner et al. 

[183] with minor modifications for identifying DNA-interacting proteins and is depicted in 

figure 18.  

 

Figure 18: Workflow of the DNA pulldown used for the identification of DNA-interacting proteins by 

quantitative mass spectrometry. 

 

   For the identification of new regulatory proteins on genetic level, nuclear lysates of the 

aforementioned cell lines were incubated with synthetic double-stranded WT-DNA or CTR-
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DNA and subjected to either mass spectrometric or immunoblotting-based identification of 

proteins. The incubation additionally contained nonspecific competitor DNA to reduce the 

amount of unspecific binders. Afterwards, formed DNA-protein complexes were coupled to 

magnetic beads as solid support, coated with streptavidin. The enriched protein complexes 

were washed after incubation to remove nonspecific binders and transferred to a new 

Eppendorf tube after the first wash. This ensures reduction of proteins that might have 

adsorbed to the tube wall. DNA-protein complexes were further washed with buffers, which 

did not contain detergents. This step is crucial to deplete detergents interfering with mass 

spectrometry, since their presence leads to saturation of C18-material and can suppress ion 

formation. For the identification of proteins via immunoblotting, beads were directly boiled in 

Lämmli-buffer, for MS-based identification, samples were reduced, alkylated and directly 

digested on the beads to minimize protein loss. Alternatively, after elution from the beads, 

proteins were subjected to SDS-PAGE and subsequent tryptic in-gel digestion for MALDI-

MS/MS measurement.  

 

      4.2.2 Annealing of oligonucleotide sequences 

   Successful annealing of single-stranded forward and respective reverse strand of 

oligonucleotide is an essential step for providing functional ds-DNA, depleted of secondary 

structures that might form in solution (see section 1.2.1) and aggravate further experimental 

use. Common annealing protocols suggest buffer conditions containing low molar salt 

concentrations and a gradual thermal cooling of preheated oligonucleotides, which ensures 

correct formation of double-stranded DNA sequences. Single-strands were therefore mixed in 

equal amounts in a suitable buffer and heated up to 95 °C for a few minutes to disrupt 

hydrogen bonds present beforehand. Gradual cooling of the oligonucleotides then allowed for 

proper hybridization and formation of new hydrogen bonds of the respective complementary 

strands. Since the annealing process exacerbates with increasing numbers of base pairs, 

monitoring of the 80- and 120-mer oligonucleotides by agarose gel electrophoresis was 

inevitable. WT and corresponding SCR sequences in all cases contained the same amount of 

base pairs in a scrambled order to dispose of consensus binding sites present in the WT-

sequence, but to maintain the same overall GC-/AT-content. Obviously, the used DNA 

stretches were able to form either secondary structures or dimers, as judged by multiple bands 

that were visible for the single-strands. However, they vanished after annealing, while 

generating ds-DNA, which clearly exhibited a sole band running at the anticipated height for 

the respective double-stranded sequences.      
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Figure 19: Validation of proper annealing of DNA oligonucleotides used in DNA pulldown. 3 µl of 

either single-stranded, and 5 µl of double-stranded DNA were loaded onto the 3% ethidium-bromide 

agarose gel, which was then run at a constant voltage of 75 V for 1 hour. The depicted results are 

representatives of three independent experiments. 

 

      4.2.3 Subcellular fractionation  

   In order to reduce sample complexity for subsequent DNA-pulldowns and focus on proteins 

deriving from the nucleus, whole cell lysates were fractionated to isolate nuclear lysates. Cell 

pellets were resuspended in hypotonic buffer to disrupt outer membranes and separate cytosol 

from crude nuclei. For extracting nuclear proteins, nuclei were in turn incubated with 

hypertonic buffer containing salt concentrations that maintain protein functionality and 

activity at maximum [311]. Cytosolic and nuclear fractions were subjected to immunoblotting 

to verify successful fractionation, histone H3 and β-actin served as control proteins for nucleic 

or cytoplasmic fraction, respectively. All nuclear extracts, except for the ones of  

B-lymphocytes BL-41, displayed clear separation from the cytosolic compartment, providing 

adequate removal of interfering cytosolic proteins. A light β-actin band could be found in the 

nuclear fraction of BL-41, which however was sufficiently weak to be negligible for 

subsequent DNA pulldowns, indicating that cytosolic proteins cannot be removed entirely 

from nuclear extracts. Cytosolic compartments of all the fractionated cell lines exhibited parts 

of the nuclear compartment, as judged by the detected signals for histone H3, which were due 

to the number of pestle strokes leading to the disruption of the nuclear membrane. A constant 

number of strokes indeed was used for all the cell lines to ensure processing homogeneity for 

all of the lysates and rather dispose of a small share of nuclear extract than intermingling the 

latter with cytosolic compartment. The overall subcellular fractionation provided decent 

separation of cytosol and nucleus to further use nuclear lysates for succeeding experiments.  
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Figure 20: Validation of proper subcellular fractionation. Immunoblotted marker proteins for the 

respective fractions were β-actin (cytosolic fraction) and histone H3 (nuclear fraction). 3µl and 6µl of 

cytosolic and nuclear extracts were used for all blots, respectively. Depicted blots are representatives 

of three independent experiments (consecutive cell passages). CE = cytosolic extract, NE = nuclear 

extract, p = passage, dp = differentiated passage. 

 

      4.2.4 DNA pulldown using model proteins 

         4.2.4.1 Limit of detection 

   To assess the functionality of the experimental setup, transcription factor Sp1 was used as 

model protein for evaluation, since it is known to possess multiple consensus binding sites in, 

and binds to the tandem GC-box as already described in section 1.1.5.1. Therefore, knowing 

its detection limit in anticipated consecutive immunoblotting and SDS-gel electrophoresis 

experiments is essential for determining the amount of starting material necessary to perform 

consecutive DNA pulldowns. Consequently, different concentrations of human recombinant 

full size Sp1 were subjected to SDS-PAGE and western blotting, as depicted in figure 21. 

Protein amounts in gel electrophoresis ranged from 480 ng to 95 ng at minimum, 

corresponding to amounts of 6-1.18 pmol. 1.18 pmol Sp1 was the lowest amount detectable 
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after staining the gel with colloidal Coomassie stain, which is a prerequisite for a possible 

subsequent in-gel digestion and mass spectrometric detection. 

 

 

Figure 21: Limit of detection of human recombinant transcription factor Sp1 in both (A) SDS-PAGE 

gel electrophoresis stained with colloidal Commassie solution and (B) Western blot. 

 

   Immunoblots were able to detect lower levels of Sp1 with the used antibody, overall ranging 

from 190 ng to 10 ng total protein amount, corresponding to 2.35-0.125 pmol. The middle 

concentrations used could still be decently detected in western blots, resulting in a practical 

limit of detection at around 50-20 ng of total protein.  

   Assuming that the percentage share of transcription factors in total cell lysate ranges from 

0.1-0.01% (see section 4.1.2), isolated nuclear extracts hence will contain an enriched share 

thereof. Thus, an accurate amount of necessary input material of nuclear extract cannot be 

determined this way, but a rough estimate can be deduced; based on a minimum of 0.01% 

proteins in whole cell lysate and a detection limit of 95 ng and 50-20 ng for SDS-PAGE and 

immunoblotting, respectively, at least 950 µg and 500-200 µg total cell lysate would be 

necessary for functional experimental setup for each approach. Since nuclear extracts contain 

enriched quantities of the proteins of interest, these amounts of NE should be sufficient for a 

successful DNA pulldown for both methods.   

   For further elucidation of the required amount of starting material in ESI-MS/MS based 

approaches, titration experiments with differing quantities of both oligonucleotide and NE 

were carried out via label-free quantification. Aiming at an adequate amount for significant 

identification of model proteins, 10, 50, 100 and 250 pmol of WT-oligonucleotides were 

incubated with 50, 100, 250 and 500 µg NE of monocytic MM6. Again, Sp1 was chosen as 

one of the model proteins indicating a functional DNA pulldown. Additionally, three more 

proteins were chosen for their known properties of binding to GC-boxes (Sp3 and KLF16) or 

showing high affinity for Sp1-consensus sequences and GC-rich DNA strands (MAZ). All of 

the 16 DNA pulldowns performed were visualized in heat maps, according to their input of 

A B 
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starting materials and number of identified peptides for the respective proteins; these are 

shown in figure 22.  

 

 

Figure 22: Optimization of the DNA pulldown protocol: Titration experiments with different amounts 

of oligonucleotide and nuclear extract. Color gradient ranges from blue for low numbers of identified 

peptides per protein, over white (intermediate) to red, depicting high numbers of identified peptides 

per protein. p = maximum number of peptides detected for the respective protein in the respective 

pulldown experiments. 

 

   For all proteins investigated, a trend could be ascertained showing a correlation of higher 

numbers of identified peptides to higher amounts of nuclear extract used. 50 and 100 µg of 

nuclear extract therefore were considered to be insufficient for providing the possible 

maximum of identified peptides per protein, probably due to protein loss during sample 

preparation. Interestingly, a higher amount of oligonucleotides did not necessarily lead to a 

higher number of peptides; the use of 250 pmol in combination with 500 µg NE even reduced 

the number of identified peptides for both KLF16 and MAZ. High concentrations of 

oligonucleotides can provide more putative binding targets for proteins exhibiting affinity for 

nucleic acids. This can possibly lead to inadvertent enrichment of background binders, 

thereby impairing selectivity of the experimental setup, and thus resulting in a lower number 

of identified peptides of the proteins of interest. In contrast, the use of 10 pmol of 

oligonucleotides only provided a low to intermediate identification rate with all quantities of 
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NE tested. Consequently, 50 and 100 pmol were suitable for capturing the maximum of 

peptides per protein possible. Since three of the four proteins exhibited highest numbers of 

identified peptides by using 100 pmol oligonucleotide, these were set as standard amount for 

the established DNA-pulldown protocol. In terms of nuclear extract, a minimum of 250 µg 

was considered to be essential for detecting proteins adequately sensitive, which could be 

increased up to the desired amount. However, since more than 400-500 µg of nuclear extract 

were hardly contrivable with cell cultural conditions, the standard amount of input NE was set 

to 400 µg. This also was in line with the former achieved estimated results for determining 

required amounts of input material by using SDS-PAGE and immunoblotting methods.  

 

         4.2.4.2 DNA pulldown and Western blot detection 

   In order to validate the estimated protein and oligonucleotide amounts determined as 

starting material in their respective suitability for a successful pulldown assay, the specific 

enrichment of transcription factor Sp1 from Rec-1 nuclear lysates was tested. The wildtype 

ALOX5 promoter sequence served as bait for capturing proteins, which consecutively were 

analyzed by immunoblotting and were compared to the ones isolated from the scrambled 

oligonucleotides. As shown in figure 23, Sp1 could easily be detected in the nuclear lysates, 

confirming that the setup would provide sufficient starting material for the pulldown assay.  

 

Figure 23: Immunoblot-based DNA pulldown. 400 µg nuclear extract were incubated with either WT 

or CTR ds-DNA and subjected to immunoblot (anti-Sp1-ab 1:1000). Input material corresponds to 

1/10 of NE amount per approach. The shown immunoblot is one representative of three independent 

experiments. 

 

   The transcriptions factors’ expected binding to the proximal ALOX5 promoter could 

furthermore be verified. The wildtype elution obviously exhibited a higher Sp1 content than 

the control elution, with 4-(±1.5)-fold enrichment over the scrambled sequence. Thus, a 

functional experimental setup for the DNA pulldown could be deduced from these results. 
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         4.2.4.3 DNA pulldown with transcription factor WT1 

   After establishing a functional pulldown assay, the protocol was applied to transcription 

factor WT1 for elucidating its binding capability to the proximal ALOX5 promoter. As 

already mentioned in section 4.1.2, there is existing evidence of the transcription factor’s 

effects on 5-LO expression, as judged by reporter gene assays [310]. WT1 represents a 

protein with multiple roles acting as transcription factor on transcription or post-

transcriptional level, as well as contributing to the early development of specific organs, most 

prominent of the kidney. Its potential involvement in the generation of different diseases is 

dependent on its specific isoform, arising from alternative splicing [312, 313]. One specific 

isoform of WT1 containing the amino acid sequence lys-thr-ser (+KTS) was shown to 

activate the promoter comprising the tandem GC-boxes, whereas its absence results in sole 

activation of promoter constructs lacking the GC-boxes.  

 

Figure 24: Immunoblot-based DNA pulldown with transcription factor WT1. 50 ng of recombinant 

human WT1 (+KTS) were used per approach and after binding to either WT or SCR ds-DNA subjected 

to western blotting. anti-WT1-ab 1:1000, R = replicate number, WT = wildtype, SCR = scrambled.   

 

   In order to provide evidence for its binding to the ALOX5 promoter sequence of 120 bp, a 

western blot based pulldown was performed, which also contained mass standards of human 

recombinant WT1 (rhWT1) to estimate its total amount. 50 ng of rhWT1 therefore were used 

for each approach in WT and SCR samples. As shown by the immunoblots (Figure 24), 

wildtype DNA resulted in a 9-(±0.5)-fold enrichment of rhWT1 over control DNA, thereby 

proving its specific binding to the promoter sequence. Based on densitometry, the total 

amount of human recombinant WT1 was estimated to be 23.5 ng (±6.5 ng).  
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   4.3 DNA pulldown and MS analysis 

      4.3.1 In-gel digestion and MALDI-MS/MS 

   Since the classical approach for proteomic research included gel electrophoresis coupled to 

mass spectrometry in the first place, the anticipated DNA pulldown was initially performed 

using denaturing SDS-PAGE followed by in-gel tryptic digestion of proteins and 

identification by MALDI-MS/MS. Reproducible staining therefore is a prerequisite for 

comparable results obtained by in-gel digested proteins; the used colloidal Coomassie staining 

solution is reported to be able to visualize amounts as low as 1ng, which corresponds to the 

10-fold quantity of potentially detected silver-stained proteins [314, 315]. However, as silver 

staining is only partly compatible with MS and lacks satisfying quantification linearity, the 

Coomassie stain provides identification rates, which are more reproducible [315].  

 

Figure 25: SDS-PAGE-based DNA pulldown of HL-60 nuclear extract with either WT or SCR ds-

DNA. 400 µg of NE in a total volume of 20-30µl were used for each approach and subjected to gel 

electrophoresis. Gel was stained with colloidal Coomassie blue, extracted proteins were further 

subjected to in-gel tryptic digestion followed by MALDI-TOF-MS/MS. 
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   DNA pulldowns (WT and SCR) were carried out with 400 µg of HL-60 nuclear extracts and 

stained with colloidal Coomassie blue solution overnight in three independent experiments. 

Protein elution fractions of WT and SCR of one representative gel are depicted in figure 25. 

Obviously, there exist only minor differences between both samples, whose lanes resemble 

one another, which cumber the successful discrimination of proteins found separately in one 

of the pulldowns. This is partly due to the low electrophoretic resolution achieved. Especially 

proteins in the lower mass range lack sufficient resolution, thereby impeding decent 

distinction of both lanes. Protein running behavior additionally seems to be influenced by the 

used bead matrix, as judged by the existent blur throughout the lanes, which generally 

resulted in mass spectrometric identification of streptavidin peptides. Identification of 

affinity-enriched proteins additionally provided only a low number of detectable protein 

bands altogether, possibly arising from too little starting material used. However, after 

increasing the amount of nuclear lysate for each sample to 800 µg, neither resolution nor 

overall protein identification could be improved (supplementary figure 4). Thus, there is only 

a low representation of protein complexes that are enriched via DNA pulldown in the 

performed one-dimensional gel electrophoresis, obviously due to a combination of 

insufficient amounts of used input material and lacking sensitivity, poor resolution and 

interfering streptavidin peptides that overlay target proteins during mass spectrometric 

measurement. A cumulative overview of the identified proteins is shown in table 6. Out of 

these 21 proteins, none is directly associated with transcriptional or gene regulatory effects. 

Almost all contribute to biogenesis of rRNA, ribosomal processing or are representatives of 

ribosomal proteins themselves, hence are part of the ribosomal machinery but basically 

masking DNA-binding proteins of interest. Further highly abundant proteins like histones, 

nucleolin and poly-(ADP ribose)-polymerase could be identified, which might overcast those 

of lower abundance additionally, which exacerbates identification of direct DNA-interacting 

regulators. Altogether, separation efficiency and sensitivity of the applied SDS-PAGE 

followed by MALDI-MS/MS does not suffice to provide a suitable result for the significant 

identification of DNA-interacting proteins.   
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kDa protein gene 

208.7 protein RRP5 homolog PDCD11 

113 Poly [ADP-ribose] polymerase 1 PARP1 

87.3 nucleolar RNA helicase 2 DDX21 

76.6 Nucleolin NUCL 

73.6 nucleolar and coiled-body phosphoprotein 1 NOLC1 

69.5 DNA repair protein XRCC1 XRCC1 

66 nucleolar protein 56 NOP56 

59.5 nucleolar protein 58 NOP58 

54.1  Gamma-aminobutyric acid receptor subunit rho-2 GABRR2 

34.8 rRNA/tRNA 2’-O-methyltransferase fibrillarin-like protein 1 FBLL1 

33.8 rRNA 2’-O-methyltransferase fibrillarin FBL 

20.2  60S ribosomal protein L11 RPL11 

18.6 60S ribosomal protein L21 RPL21 

17.8 60S ribosomal protein L12 RPL12 

17.2 H/ACA ribonucleoprotein complex subunit 2 NHP2 

16.5 60S ribosomal protein L27a RPL27A 

15.5 histone H3.1t HIST3H3 

14 histone H2A type 1-B/E HIST1H2AB 

14 NHP2-like protein 1 SNU13 

13.9 histone H2B type 1-B HIST1H2BB 

11.3 histone H4 HIST1H4A 

 

Table 6: Proteins identified by SDS-PAGE-based DNA pulldown coupled to in-gel digestion and 

MALDI-MS/MS 

 

      4.3.2 LC-ESI-MS/MS 

         4.3.2.1 Choice of quantification method 

   In order to determine the quantification method of choice, both label-based and label-free 

DNA pulldowns were carried out and subsequently compared to each other in terms of 

identified proteins, their respective exclusivity in one of the strategies and their physico-

chemical properties. Model cell line HL-60 was chosen in undifferentiated (HL-60) and 

differentiated (dHL-60) state. Dimethyl labeling was carried out after digestion of the 

enriched proteins by adding formaldehyde (light label) or deuterated formaldehyde (heavy 
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label) for the respective WT or SCR version of the ALOX5 promoter sequence. Labels were 

swapped once to avoid any bias of the actual labeling reaction. Log2-ratios of all quantified 

proteins of the duplicates were visualized in scatter plots and significant outliers were 

identified based on protein intensity (significance B: p≤0.05). Proteins gathering around the 

zero value represent nonspecific interactors, since both light and heavy labeled peptides are 

present in equal amounts after combination of WT and SCR sample. The outliers in the lower 

left and upper right quadrant are significantly interacting proteins of the SCR and WT 

pulldowns, respectively.  

 

 

Figure 26: Dimethyl labeling-based quantification of enriched proteins and respective significant 

interacting proteins of the proximal ALOX5 promoter. 400 µg of nuclear extract of (A) HL-60 and (B) 

dHL-60 were incubated with WT or SCR DNA sequence and after pulldown and digestion labeled with 

light or heavy label, combined and subjected to LC-ESI-MS/MS. Significant outliers (black squares) 

were identified based on protein intensity (significance B), requiring a threshold of p = 0.05.  Proteins 

that also occur in the label-free pulldown or represent artefacts are marked in grey. Scatter plots 

represent the respective log2-ratios of LFQ intensities of each protein in both forward and reverse 

experiment. 

 

   In total, 1244 proteins were identified for the label-based quantification strategy for the 

undifferentiated and 1034 for the differentiated status, of which 735 (HL-60) and 673 (dHL-

60) were kept for statistical analysis after filtering for contaminants, reverse hits and valid 

values. Proteins that were classified as significant outliers comprised 5 interactors for the 

undifferentiated and 13 for the differentiated state, as depicted in table 7. Outliers that were 

A B 
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determined for the control DNA sequence are not given any further focus, since these do not 

contribute to the understanding of interacting proteins of the ALOX5 promoter sequence, but 

also cannot be avoided entirely. Among the identified interactors Sp1 and Sp3 were found for 

HL-60, thereby proving the functionality of the assay, as these transcription factors are known 

to interact with the GC-boxes present in the proximal promoter. However, these were solely 

found in the case of undifferentiated cells and were lacking for the differentiated ones. 

Nonetheless, the latter provided further transcription factors with C2H2-type zinc fingers as 

their DNA binding domain (MAZ, ZN281, ZN148, ZN740, ZBT7A). Overlap was found for 

hnRNP D, hnRNP K and YBOX1, all of them involved in transcriptional regulation and 

recognition of G4-DNA [115, 316]. Proteins that were additionally found in the comparative 

label-free DNA pulldowns or form clear artefacts (for instance ribosomal proteins RL35, 

RL37A) are marked in grey.   

 

protein gene name  function 

HL-60 

Sp1 Sp1 transcription factor 

Sp3 Sp3 transcription factor  

HL-60 and dHL-60 

hnRPD hnRNP D transcription factor, G-quadruplex interacting protein  

hnRPK hnRNP K transcription factor, G-quadruplex interacting protein 

YBOX1 YBX1 transcriptional regulator, G-quadruplex interacting protein 

dHL-60 

DNJC9 DNAJC9 may be co-chaperone 

CK098 C11orf98 uncharacterized 

PCBP2 PCBP2 oligo-dC binding protein 

ZN148 ZNF148 transcription factor 

ZN740 ZNF740 transcriptional regulator 

ZN281 ZNF281 transcription repressor 

MAZ MAZ transcription factor, G-quadruplex interacting protein 

ZBT7A ZBTB7A transcription factor 

 

Table 7: Overview of proteins identified by label-based quantification  
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   For choice of quantification methods the dimethyl labeling approach of HL-60 and dHL-60 

was compared to label-free quantification. LFQ was likewise carried out with the wildtype 

DNA sequence of the ALOX5 promoter and the scrambled version thereof, serving as control. 

In contrast to duplicates for label-based quantification, triplicates were needed for subsequent 

t-test-based statistics. Results are visualized in volcano plots, according to their log2 intensity 

difference and -log10 p-value of permutational FDR-based two-tailed t-test. Thus, significant 

interactors are identified by determining a cutoff line, which depends on the FDR and basic 

minimal fold change (s0 value).  

   The DNA pulldowns of both cell states for label-free quantification resulted in a total 

amount of identified proteins of 1212 for HL-60 and 1121 for dHL-60, 744 (HL-60) and 613 

(dHL-60) selected for statistical analysis after filtering the protein lists. Thus, similar amounts 

of proteins were enriched in both quantification strategies. These showed good overlap of 820 

proteins (HL-60) and 695 (dHL-60) between both methods. Altogether 38 and 20 significant 

interactors were determined for HL-60 and dHL-60, respectively, applying a similar statistical 

evaluation (p≤0.05) as in the label-based strategy (for explicit identification see suppl. table 

1). When comparing identified protein patterns between the cell states, no major difference 

could be distinguished, judged from an overlap of 813 proteins. Thus, the enriched protein 

entity resembles one another and indicates the absence of cell differentiation distinctions. Out 

of the enriched significant interacting proteins eleven (BLM, hnRNP K, KLF16, MSH3, 

RFA3, RFC1, Sp1, VEZF1, ZBT7A, ZN281, ZN579) are shared between the cell states, 

which supports the assumption that gene regulation is independent of differentiation state.  
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Figure 27: Label-free DNA pulldown of HL-60 and dHL-60. (A) Comparison of the total amount of 

identified proteins in label-based and label-free quantification strategy and overlap between the 

identified proteins. (B) Explicit representation of the overall identified proteins according to the 

respective quantification method and used cell state and respective number of significant interactors. 

(C) Comparison of label-free DNA pulldowns in terms of total number of identified proteins of HL-60 

and dHL-60 and their corresponding overlap, as well as the (D) overlap of its respective significant 

interactors in both differentiation states. 

 

   Considering the functions of the identified proteins for HL-60 in both states, there is a clear 

trend towards DNA-interacting proteins, including transcription factors and transcriptional 

regulators. As in the case for the dimethyl labeling method, Sp1 and Sp3 could be found in 

undifferentiated HL-60, confirming a functional experimental setup. Furthermore, pulldowns 

revealed novel TFs and genetic regulators, which in part did overlap with the ones identified 

in the label-based approach (e.g. MAZ, ZN281, ZN148, YBOX1, hnRNP D/K, BLM, 

ZBT7A), but also provided additional interactors, whose function will be discussed 

cumulatively in sections 4.3.2.4 and 5.3.1 for all myeloid cell lines. 

A B

  A 
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   To exclude any bias present in the enriched protein patterns in both label-based and label-

free method, physico-chemical properties of the total identified proteins were compared to 

each other. Therefore, isoelectric point, molecular weight and GRAVY-score were inspected. 

As shown in figure 28, a shift towards lower molecular weights was observed for the label-

free approach as compared to the label-based. Further additional small distributions are found 

around 200-250 kDa and 270-320 kDa, however these findings do not alter the overall 

distribution and thereby equivalence of identified protein patterns is maintained. Finally, 

higher molecular weights of more than 400 kDa were more efficiently detected in label-free 

quantification as well. For neither of the parameters a strong difference was observed, 

indicating an unbiased approach for either of the used methods. 

      

 

Figure 28: Comparison of physico-chemical properties of the identified proteins in label-based and 

label-free approach, displaying (A) GRAVY score, (B) molecular weight and (C) isoelectric point. All 

data is provided by https://web.expasy.org/protparam/. 

 

A 

B C 
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   The results obtained provided two equally suited methods for quantifying enriched proteins, 

with no alterations in identified protein patterns or significant interactors. Out of the 

significantly interacting proteins in the label-based pulldowns, 4 (HL-60) and 6 (dHL-60) 

were also found in the label-free approach. Dimethyl labeling provided a higher number of 

total identified proteins for undifferentiated HL-60 cells, which however did not contribute to 

a higher number of significant interactors. In contrast, label-free quantification clearly 

identified more interacting proteins in both undifferentiated and differentiated myelocytes. 

Thus, due to the higher number of significant interactors label-free quantification was chosen 

for all subsequent DNA pulldowns.  

 

         4.3.2.2 Evaluation of nonspecific competitor 

   The early approaches for the investigation of differentially expressed protein patterns by 

proteomics mainly focused on qualitative analysis, unspecific binding partners represented the 

major problem in distinguishing specifically enriched proteins (see section 1.3.2). This was 

mostly, but not always successfully addressed by adding high amounts of DNA competitors to 

prevent or minimize nonspecific binding. In order to evaluate whether such high amounts of 

competitor are still needed in quantitative approaches, or whether they would alter the 

observed protein composition, DNA pulldowns with excess competitor were carried out, 

again for the model cell line HL-60 in the undifferentiated state. The experimental setup was 

kept as usual (p≤0.05), with the exception of adding 40-fold sheared herring sperm DNA to 

the incubation. Results are given in figure 29. 1134 proteins were identified in total in good 

correlation to the pulldown performed with lower amounts of competitor, while the 

identification of significant interactors generated only about half of the number of proteins 

identified in the initial pulldown. Only 16 proteins were classified as significantly interacting 

with the ALOX5 promoter sequence, which can be affiliated to more stringent incubation 

conditions. However, functional investigation of the respective interactors revealed a similar 

pattern, including shared transcription factors of the Sp-family (Sp1, Sp3, Sp4), as well as 

transcriptional regulators (ZBT7A, ZN148, PRD10) and proteins involved in DNA repair 

(RFA1, DDB2). Proteins associated with transcriptional regulation that were exclusively 

found in the pulldown with 40-fold competitor only comprised TF SP110. Other identified 

proteins did not exhibit further function in gene regulation. Altogether, the 40-fold use of 

nonspecific competitor did not result in an altered protein composition of interactors or other 

significantly interacting proteins. As mentioned in section 1.3.2 quantitative analysis 

superseded the need for excess competitor, and are presumably sufficient to maintain transient 
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complexes. For these reasons, subsequent pulldowns were performed with the standard setup 

as evaluated in section 4.2 (1.35-fold poly-dIdC as competitor), without adding any further 

excess of competitor.  

 

Figure 29: Label-free DNA pulldown of ALOX5 core-promoter sequence and 40-fold excess 

competitor. Significant interactors were identified based on two-tailed t-test and are presented in the 

upper right corner. Proteins that were identified below a threshold of at least 3 peptides (one of them 

being unique) are marked in light gray. The ratio of LFQ intensities of WT and SCR (x-axis, log2-

transformed) is plotted against the respective p-values (y-axis, log10-transformed).  

 

         4.3.2.3 Evaluation of bioinformatic processing parameters            

   Additional means to substantiate a functional DNA pulldown or to ascertain the feasibility 

of statistical data processing are provided by different steps in data analysis, which is 

executed after LC-MS/MS measurement. These processing criteria do not have to be fulfilled 

necessarily in their entirety, but they contribute to a rough and quick primary estimation of 

data suitability. Representative examples will be given for the LFQ pulldown of differentiated 

HL-60.  

   Distribution of protein intensities 

   Since the achieved raw data generally do not follow a certain distribution on the first glance, 

it is necessary to apply a statistical test that is suitable for their respective analysis. In this 

context, parametric tests, like the Student’s t-test, are often preferred over non-parametric 
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tests due to their higher power and therefore are commonly used for proteomics data [317]. In 

order to make unprocessed protein intensities accessible for Student’s t-test, they have to be 

transformed, generally by logarithmic transformation. This usually provides normal 

distributions, which are accessible for parametric testing [318]. To test for normal 

distribution, data can be visualized for example in histograms, which should show a Gaussian 

distribution for each of the individual samples. As depicted in figure 30(A), each of the  

dHL-60 pulldowns shows overall normal distribution, with slight left-handed bias in four out 

of six samples.  

 

A 

B 
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Figure 30: LFQ intensities of the identified proteins in the label-free DNA pulldowns. (A) 

Distributions of proteins after log2-transformation. Depicted are the separate distributions of the 

wildtype replicates (WT 1, 2, 3) and their corresponding control (SCR 1, 2, 3) experiments. (B) 

Correlation of the protein intensities of the same WT and SCR pulldown replicates, indicated with the 

respective Pearson correlation coefficients. 

 

   Correlation of protein intensities in different samples 

   Another aspect for testing reproducibility of experiments or identifying potential outliers is 

provided by the correlation between samples of biological triplicates and samples of wildtype 

correlating to control. Therefore, protein LFQ intensities from the different pulldowns are 

plotted against each other and visualized in a multi scatter plot. Pearson coefficient can be 

determined as a means of correlation. Since the pulldowns are expected to exhibit similar 

protein patterns identified, deriving from background binders with only marginal numbers of 

interacting proteins being enriched, correlation should basically be high. dHL-60 

affirmatively displayed substantial correlation, with Pearson coefficients ranging from 0.82-

0.95, respective WT to SCR sample thereby obviously gave higher coefficients (0.828-0.95) 

than WT to WT (0.86-0.92) sample of different biological replicates. Inferior correlation 

between samples on the other hand would point at alterations in sample processing steps, 

being indicative for incongruent experimental performance. 

   Missing value imputation  

   As already mentioned in section 1.3.3.2, proteins of low abundance or those falling below 

the detection limit can benefit from missing value imputation, as this process includes those 

into the statistical data analysis, rather than rejecting them in the first place. Imputation of 

randomized values should simulate LFQ values of low abundance within the respective 

intensity distribution of each sample and therefore should not form a separate distribution. 

Imputed values are calculated from the normal distribution achieved by narrowing its width 

and height in dependence of its standard deviation and again can be visualized in a histogram. 

Figure 31 depicts imputational distribution for the dHL-60 pulldown for two differently set 

parameters of width and downshift, presenting both functional and improper imputation, the 

latter leading to the formation of a separate distribution of imputed values (for SCR 1, WT 3 

and SCR 3), and thereby biased outcome of experimental data and contorted identification of 

significant interactors.   
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Figure 31: Statistical data analysis: Missing value imputation. Separate LFQ intensity distributions of 

the identified proteins in the label-free DNA pulldowns after log2-transformation. Depicted are the 

wildtype replicates (WT 1, 2, 3) and their corresponding control (SCR 1, 2, 3) experiments. (A) Proper 

imputation (width 0.3, down shift 1.8) and (B) improper imputation (width 0.3, down shift 2.5). 

Imputed value distribution is given in red. 

 

   Visualization of proteins in volcano plots 

   After performing t-test based statistical analysis, proteins are generally visualized in volcano 

plots for identifying significant interactors. The overall representation of data in these plots 

contributes additionally to evaluating a functional pulldown assay. First, theoretically no 

significantly enriched proteins should be found in the upper left corner, as those basically 

interact with the SCR-version of the ALOX5 promoter. Thus, absence of false positives is 

indicative for choosing a suitable control sequence. However, due to the unintentional 

generation of new binding sites and the basic affinity of numerous proteins for nucleic acids, 

this feature cannot be guaranteed in all cases. Furthermore, these proteins do not affect or 

hinder the actual identification of truly interacting proteins of the wildtype sample and are 

therefore negligible. Second, background binders optimally form a narrow distribution around 

the zero value, thereby verifying reproducible experimental performances. Third, significance 

for the identification of interacting proteins depends on a cutoff curve, which can be adjusted 

to individual needs of the pulldowns carried out. This threshold is based on the minimum fold 

change obtained (s0 value) and a given FDR. Both of the parameters contribute to setting the 

threshold by altering the curvature of the line when being changed. In case of the dHL-60 

pulldown, s0 and FDR were set to 0.75 and 0.05, respectively. While setting these values, one 

B A 
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has to ponder the stringency and plausibility with which significant interactors are thereby 

identified. Changing the values to higher ones for example (FDR = 0.25, s0 = 1) results in 

additionally identified possible interactors, mainly due to less stringent conditions determined 

by the FDR settings. These additionally found proteins enlarge the ones found with former 

settings to 32 proteins in total (in contrast to 20 proteins in the former pulldown). However, 

most of their respective protein classes do not exhibit a potential role in transcriptional 

regulation. These include particularly DNA repair and replication proteins, along with 

unspecifically interacting single-stranded nucleic acid-binding proteins, which altogether 

diminish the share of plausible interactors involved in transcriptional regulation.  When 

changing the settings to lower values (FDR = 0.025, s0 = 0.4) most of the proteins are lost, 

with only 5 remaining, which however solely represent transcriptional regulators. Thus, 

altering these parameters can contribute to different outcomes of identification of significant 

interactors, which mostly has to be evaluated based on already known interactors or 

plausibility of the identified proteins. Referring to the published literature, s0 and FDR values 

generally range from 0.5-3 and 0.001-0.1, respectively. Since this method provides putative 

interactors altogether, the liable characterization and functionality of each individual protein 

has to be tested and confirmed in another way.  

 

 

Figure 32: Classification of proteins depending on variably chosen threshold values for statistical 

analysis and their respective share of total identified proteins for (A) standard, (B) higher and (C) 

lower values. Classification is based on entries of the Uniprot Database.  
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   LFQ intensities of individual proteins 

   Taking a closer look at the identified interactors and their respective LFQ intensity values 

for the individual WT and SCR pulldowns can give suggestions as to whether these proteins 

might be significantly interacting or not. This is partly based on whether reproducibility of 

intensities achieved in their respective 6 pulldowns. As shown in figure 33, some of the 

proteins found in the dHL-60 pulldown do not occur consistently throughout all of the 

performed experiments, which alters their significance in being identified as interactor.  

 

 

Figure 33: LFQ intensities of individual pulldowns of selected proteins for wildtype (WT) or 

differentiated wildtype (dWT) and corresponding control (SCR, dSCR) experiments. p ≤ 0,05 *,  

p < 0,01 **, p < 0,001 *** significance of performed t-test.  

 

   When comparing HL-60 and dHL-60 pulldowns for known interacting transcription factor 

Sp1, hnRNP K or putative TF ZBT7A for example, which all were significantly identified in 

both experiments, the values of dHL-60 display similar to even higher variance in their log2-

transformed intensities than the ones of the HL-60 cells, however still higher overall 

difference in intensities, suggesting that both variance and absolute value contribute to 

exceeding significance thresholds. In contrast, the narrow distribution and difference in 

intensity of Sp3 or KLF13 seems clear for HL-60 for being significantly interacting, whereas 

variance of wildtype and control pulldowns of dHL-60 is quite high, although the difference 
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of intensities for WT and SCR is similar to the HL-60 case, resulting in the TFs not being 

significant in the dHL-60 pulldown. On the other hand, a narrow distribution of single 

intensities will not necessarily lead to significance, if wildtype and control intensities do not 

differ sufficiently from one another, as seen by RUNX1, which is only interacting in dHL-60. 

Thus, obtaining significance seems to depend, among other features, on intensity values of 

single pulldown replicates and their respective variance, as well as their total difference in 

WT and CTR sample. 

   As already mentioned, these parameters do not provide exact proof for a functional 

experimental setup and data analysis, but optimally they allow to accept or reject prior 

assumptions made for the following data analysis. All of these processing steps were carried 

out for each of the used cell lines after pulldowns were performed, thereby testing their 

plausibility for analysis and interpretation of visualized data. 

     

         4.3.2.4 DNA pulldowns with core-promoter sequences 

   After establishing the general conditions of the pulldowns to be performed, additional to 

HL-60 and dHL-60, experiments were carried out with THP-1 and dTHP-1, MM6 and 

dMM6, as well as Rec-1 and BL-41. All of the pulldowns were performed with three 

subsequent cell passages, serving as biological triplicates. The overall identification of 

significant interactors generated a list of 66 proteins (suppl. table 1), deriving from all the 

different cell lines and cell states cumulatively. Search parameters were set to accept proteins 

identified with at least one unique peptide. To increase stringency of identification of 

interactors, parameters were afterwards set to identify at least one unique peptide in a 

minimum of three peptides identified per protein. Significant interactors falling below this 

threshold are shown in light grey in the volcano plots of the respective pulldowns.  

   The myeloid cell lineage generated a higher amount of enriched proteins than the  

B-lymphocytes, still they also differ in their number of identified interactors. Since cell 

maturation of HL-60, THP-1 and MM6 increases in this order [319, 320], a trend can be 

ascertained of less proteins being detected with higher maturation state achieved. 

Promyelocytes HL-60, which can either differentiate into granulocytes or 

monocytes/macrophage-like cells depending on the differentiation agent used [319], therefore 

display the highest number of interactors identified. Thus, cell maturation may influence the 

number of proteins being involved in transcriptional regulation, whereas cell differentiation 

status does not seem to alter the amount of enriched proteins, as judged by the comparison of 
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Figure 34: Label-free DNA pulldowns with ALOX5 core-promoter containing sequence in myeloid cell 

lines. Volcano plots represent specific interactors enriched in their upper right corner; the respective 

threshold values of each individual pulldown are given in the plots. LFQ intensities of WT and SCR 

samples (x-axis, log2-transformed) are plotted against the respective p-values (y-axis, log10-

transformed) of the identified proteins. Volcano plots are given for (A) HL-60, (B) dHL-60,  

(C) THP-1, (D) dTHP-1, (E) MM6 and (F) dMM6. 

  

the myeloid cell lines in both of their respective differentiation states. However, by comparing 

the protein patterns, no major difference can be deduced from the performed DNA pulldowns. 

The myeloid cell lines all share similar protein compositions, which repeatedly contain 

transcription factors of the Sp/KLF-family, as well as hnRNPs. Further proteins recurring in 

more than one cell line include TFs MAZ, ZBT7A and ZN281, as well as transcriptional 

regulators PRD10, ZN579 and the helicase DHX36. The results obtained for both B-cell lines 

show good correlation to those achieved for the myeloid cell lineage and contribute to the 

overall protein pattern consisting of Sp/KLF-family transcription factors. Ribonucleoproteins 

could likewise be detected, suggesting similar regulatory machinery involved in all of the cell 

lines used. Only a single protein (F120A) could exclusively be identified in the B-

lymphocytic cell lines, which however does not exhibit gene regulatory functions.  

 

Figure 35: Label-free DNA pulldowns with ALOX5 core-promoter containing sequence in B-cell lines 

(A) Rec-1 and (B) BL-41. Analysis was done according to the residual DNA pulldowns. 
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   The overall identification revealed several protein classes, as depicted in figure 36A. More 

than one third exclusively contributes to transcriptional regulation in the first place 

(transcription factors and transcriptional regulators, which are partly not characterized any 

further). 5% belong to hnRNPs that only comprised three different proteins, hence a marginal 

percentage share, however they were detected in all cell lines used. A rather large part of 11% 

is provided by proteins involved in replication or DNA repair, which, considering the actual 

experimental setup appears to be logical and inevitable. Another protein class of interest, as 

these are involved in recognition of secondary DNA structures is represented by helicases 

enriched in the myeloid cell lines. Accordingly, more than one third of the identified 

interactors (mainly TFs) display zinc fingers as their active site or DNA binding domain, 

respectively (figure 36B). In this respect, four different zinc finger types could be detected, 

however the major part is provided by the C2H2-type. Only a small number of transcription 

factors contained other DNA binding domains, such as the RUNT or ETS domain. Various 

proteins, including the helicases or DNA repair proteins, additionally are ATP-dependent or 

require metal ions for functionality.    

 

         

    

Figure 36: Classification of identified proteins in all pulldown experiments, according to their (A) 

protein classes and (B) active or functional binding site. Classification is based on data from Uniprot 

database. 
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protein HL-60 dHL-60 THP-1 dTHP-1 MM6 dMM6 Rec-1 BL-41 unique peptides function 

BLM x x       26+17 
DNA helicase, G4-DNA preferred substrate for 

unwinding [131] 

DHX36    x x x   3+2+1 
ATP-dependent helicase, unwinding of G4-

DNA/RNA [136] 

hnRNP D x x x      9+24+6 
transcription factor with DNA/RNA-binding 

domains, binds G4-DNA in human telomeres [115] 

hnRNP K x x  x   x x 46+45+16+65+68 
transcription factor, both activator and repressor, 

interacts with G4-DNA [122] 

KLF13 x      x  4+6 
transcription factor, activates expression of 

RANTES in T-cells [321] 

KLF16 x x x x x  x  2+1+8+1+5+6 
transcription factor, competes with Sp1 for binding 

sites 

MAZ x   x x    9+2+3 
transcription factor with several functions in G4-

DNA recognition  

PRDM10  x  x     4+2 transcriptional regulator  

Sp1 x x x x x  x x 7+5+9+10+5+17+18 activating transcription factor 

Sp2   x     x 7+8 transcription factor 

Sp3 x   x x x   8+11+7+1 transcription factor 

VEZF1 x x       9+10 transcriptional regulator 

ZBTB7A x x  x     6+22+5 transcription repressor 

ZNF281 x x    x   14+29+2 transcription repressor 

ZNF579 x x  x     3+5+8 transcriptional regulator 

 

Table 8: Summary of recurrently enriched proteins (given by their gene name) in DNA pulldowns of all cell lines after filtering for selected criteria. 
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   Altogether, a large share of almost 50% of the classified proteins was enriched repeatedly in 

the performed DNA pulldowns. To decipher the interactors most prominently found, protein 

identification criteria were set to accomplish at least two independent quantification events in 

the different experiments, as well as exhibiting a clear functional contribution in gene 

regulation. This resulted in a list of 15 recurring proteins depicted in table 8. In summary, the 

obtained results suggest similar protein patterns involved in the regulation of the proximal 

ALOX5 promoter, regardless of cell line or differentiation state.     

 

        4.3.2.5 DNA pulldowns with core-promoter proximal sequences 

   In order to enlarge the proximal promoter span covered and identify further interacting 

proteins, additional DNA pulldowns were carried out using oligonucleotide sequences 

encompassing 80 base pairs, further upstream of the sequences already used. These DNA 

stretches either comprised a vitamin D3 response element (-408 to -329 in relation to ATG) or 

a SMAD binding element (-408 to -329 and -334 to -255 in relation to ATG, respectively), 

thus providing binding sites for vitamin D3 itself and TGFβ effector proteins, respectively. 

Sequences were designed to contain an overlap of 6 bps to the preceding sequence, in order to 

not separate consensus sites, which might otherwise be present at the interface of two DNA 

stretches (figure 37). Promyelocytes HL-60 and dHL-60 were used as model cell line, as these 

probably contribute to identifying a higher number of proteins than the more mature myeloid 

cell lines (see section 4.3.2.4). 

 

Figure 37: DNA sequences of core-promoter proximal sequences. The 5-fold GC-box is given for 

reference. 

 

   Both of the performed HL-60 pulldowns generated more significantly enriched proteins 

than the respective dHL-60 pulldowns, the overall distributions were wider for both 
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pulldowns carried out with the SBE containing sequences. Furthermore, a higher number of 

proteins interacting with the control oligonucleotides could be observed, compared to the  

120-mer wildtype and control pulldowns, suggesting possible generation of binding sites 

while scrambling the respective sequences. Control oligonucleotides of both 80-mer 

pulldowns were accordingly repeated using different scrambled sequences with similar 

outcome. As already stated in section 4.3.2.3, these proteins do not cumber identification of 

wildtype interacting proteins and represent a share ranging from 1.1-2.9% of all identified 

proteins in the respective pulldowns. Judging from available literature for label-free 

quantification, this percentage share is estimated to be higher in some of the investigations, if 

presented after all. 
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Figure 38: DNA pulldowns of the ALOX5 promoter proximal sequences. Label-free quantification and 

experimental setup was performed analogously to the former pulldowns. Log2-transformed LFQ 

intensities of the individual proteins are plotted against their log-transformed  

p-value of both WT and SCR sample. Oligonucleotide sequences used comprised either the Smad 

binding element in (A) HL-60 and (B) dHL-60 or the VDRE in (C) HL-60 and (D) dHL-60.   

 

   Remarkably, oligonucleotide sequences comprising the SMAD binding elements enriched 

different transcription factors of the CCAAT/enhancer binding proteins (C/EBPs) in both 

differentiation states. This TF family comprises six proteins (C/EBPα-ζ), which are generally 

involved in cell proliferation and differentiation, as well as inflammatory responses [322]. 

Most of the identified interactors in dHL-60 cells comprise these proteins, suggesting their 

strong participation in transcriptional regulation of the ALOX5 gene. Pulldowns performed 

with undifferentiated HL-60 likewise identified two of the C/EBPs, additional to certain zinc 

finger proteins, as well as nuclear factor of activated T-cells NFAC2.  

   DNA sequences containing the VDRE also enriched members of the C/EBP family of 

transcription factors, additional to further TFs of the KLF-family and transcriptional zinc 

finger proteins. Interestingly, three proteins coexisted in both undifferentiated and 

differentiated cells, including TF KLF12, probable transcriptional activator ZFX and histone 

methyltransferase NSD1.  

   Some of these pulldowns furthermore comprised several ribosomal or mitochondrial 

proteins identified as interactors, which clearly are not involved in transcriptional regulation, 

hence their marking is in light gray. An overview of the identified interactors with 

functionality in gene regulation and identification parameters set as mentioned above (at least 

three peptides of which one has to be unique) is given in table 9. For the representation of all 

other identified proteins see suppl. table 2.  
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protein function gene 

80-mer containing SMAD-binding element 

HL-60 

NFAC2 nuclear factor of activated T-cells, involved in inducible 

expression of cytokine genes in T-cells 

NFATC2 

ZN148 zinc finger protein, transcriptional regulator ZNF148 

HL-60 and dHL-60 

C/EBP α TF, coordinating proliferation arrest and differentiation of 

myeloid progenitors among others 

CEBPA 

dHL-60 

C/EBP β TF regulating expression of genes involved in immune and 

inflammatory responses 

CEBPB 

C/EBP ε transcriptional activator, required for promyelocyte-myelocyte 

transition in myeloid differentiation 

CEBPE 

80-mer containing VD-response element 

HL-60 

nucl. receptor subfam. 

2 group C member 2 

orphan nuclear receptor, transcriptional  repressor 

or activator; repressor of nuclear receptor signaling 

pathways such as RXR or VDR 

NR2C2 

Zinc finger protein 24 TF, involved in maintenance in progenitor stage by 

promoting cell cycle 

ZNF24 

Ca-responsive TF transcriptional activator CARF 

Krüppel-like TF 5 transcriptional activator  KLF5 

ZN335 zinc finger protein, may regulate transcription by 

recruiting histone methyltransferase complexes  

ZNF335 

HL-60 and dHL-60 

histone 

methyltransferase 

H3 lysine-36 and H4 lysine-20 specific, can both 

negatively or positively influence transcription 

NSD1 

Krüppel-like TF 12 transcriptional repressor KLF12 

zinc finger X-

chromosomal protein 

probable transcriptional activator ZFX 

 

Table 9: Selection of proteins identified as proximal ALOX5 promoter interactors in HL-60 and dHL-

60 cells. Classification is based on UniProt database entries 
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   For the most relevant transcription factors identified in all DNA pulldowns, confirmatory 

evidence is provided by Chip-Seq datasets, as shown in figure 39. These published datasets 

corroborate binding of the depicted proteins to the ALOX5 promoter sequence in different 

cell lines and enhance the proteins’ potential role in ALOX5 gene expression. 

 

Figure 39: GEO ChIP-Seq data, visualized by IGV viewer. The depicted transcription factors are 

confirmed to bind to the ALOX5 gene promoter and/or downstream binding sites within gene introns.  
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   4.4 Secondary DNA structures 

      4.4.1 G-quadruplex-associated proteins enriched in DNA pulldowns 

   Since several of the identified proteins found in the performed pulldowns encompassing the 

tandem GC-box (120-mer wildtype of core promoter and control) execute functions 

associated with G4-DNA recognition or their unwinding/stabilization, taking a closer look at 

the respective interactors was started in order to elucidate their potential role in ALOX5 gene 

regulation in correlation with secondary DNA structures.  

   As already stated in section 1.2.2.3, there exists a correlation between Sp1 binding sites and 

an elevated feasibility of forming quadruplex structures. Consequentially, the basal regulation 

by Sp1 additional to the present GC-boxes in the proximal ALOX5 promoter sequence 

supposedly promote the possibility of developing secondary structures of that kind. Especially 

the tandem GC-box represents a good candidate for the potential formation of  

G4-DNA. Furthermore, proof is provided for the involvement of certain enriched interactors 

with quadruplex unwinding capability (hnRNP D, MAZ and the specific resolving helicases 

BLM and DHX36), as well as stabilizing properties, which include hnRNP K for stabilization 

of the quadruplex’s C-rich complementary strand and MAZ. A previous study additionally 

revealed a shared amino acid composition similar and exclusively found between known 

quadruplex interacting proteins, which includes the aforementioned factors, as well as 

YBOX1 that also could be associated with the presence of G4-DNA before [316, 323]. In this 

context, it seemed obvious to pursue the possible formation of G-quadruplex structures within 

the proximal ALOX5 promoter sequence.  

 

protein HL-60 dHL-60 THP-1 dTHP-1 MM6 dMM6 Rec-1 BL-41 

BLM x x       

DHX36    x x x   

MAZ x   x x    

hnRNP D x  x  x    

hnRNP K x x  x   x x 

YBX1  x       

 

Table 10: Expression pattern of G-quadruplex interacting proteins in all cell lines used. Proteins are 

given by their gene names. 
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      4.4.2 In vitro analysis for G-quadruplex structures in the ALOX5 promoter 

         4.4.2.1 Steady-state UV-VIS-spectroscopy 

   In order to investigate the putative formation of G4-DNA in the proximal ALOX5 promoter, 

interactional behavior of a combination of G-quadruplex stabilizing agent TMPyP4 and a  

46-mer containing the tandem GC-box was monitored by UV-VIS-spectroscopy. TMPyP4 is 

a common agent for either treatment of cells for stabilizing G4-DNA or performing 

spectroscopic studies in vitro (see section 1.2.2.5). It is capable of intercalating with or 

stacking upon the formed G-tetrads, thereby hampering their unwinding. The extent of 

interaction of both stabilizing agent and quadruplex-containing oligonucleotide contributes to 

the generation of a more or less stabile construct, which in case of strong G4-TMPyP4 

interaction generates a remarkable and sharp isosbestic point in the respective UV-VIS-

spectra. Furthermore, the Soret band absorption spectra tend to shift in hypochromicity 

depending on the interaction of both partners to higher (for strong interaction) or lower (for 

light interaction) extent.  

   The used wildtype 46-mer, comprising the tandem GC-boxes of the ALOX5 gene was 

compared to a sequence deriving from the c-myc promoter, known to form quadruplex 

structures, serving as positive control, as well as a random 22-mer of oligonucleotides, unable 

to develop G4-DNA, which served as negative control. All oligonucleotides were annealed in 

annealing buffer containing 100mM of potassium ions to ensure proper folding of the 

quadruplex structures. TMPyP4 was diluted with differing concentrations of the three single-

stranded oligonucleotides until no further change of absorption spectra could be observed 

upon three successive additions of DNA sequences.  
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Figure 40: In vitro analysis of G-quadruplex formation: Steady-state UV-VIS-spectroscopy. The 

quadruplex stabilizer TMPyP4 (5 µM) was incubated with increasing concentrations of the chosen 

oligonucleotides WT, MYC and CTR and absorbance (arbitrary units) was recorded in a range of 350-

500 nm. Absorption spectra shown are average spectra of three experiments after correction for 

solvent effects. Used oligonucleotides and their respective sequences, induced Soret band shifts and 

hypochromicities are given in the corresponding table. 

 

   As depicted in figure 40, all of the used oligonucleotide sequences displayed interaction 

with the quadruplex stabilizing agents, although to different extent. The free TMPyP4 

exhibited its absorbance maximum at 422 nm. The amount of absorbance was downshifted 

with raised amounts of oligonucleotide added, until an isosbestic point was reached for all 

sequences. Afterwards, absorbance values increased again, until no further change in 

absorbance was detectable. Isosbestic points achieved ranged in all cases from 431-435 nm, 

thereby giving evidence for an adjusted equilibrium between TMPyP4 and oligonucleotide. 

The Soret band of the porphyrin analogon experienced a bathochromic shift towards higher 

wavelengths, which ranged from 18 nm to 20 nm to 21 nm for the positive control, negative 

control and wildtype sequence, respectively. Since all of these parameters exhibited similar 

characteristics, the major criterion for distinguishing the extent of interaction was provided by 

the downshift of absorbance of the Soret band, which is given by the percentage of 
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hypochromicity. Positive control c-MYC resulted in a downshift of absorbance of 49.1%, 

indicating a strong interaction of quadruplex DNA and TMPyP4. The negative control 

sequence displayed 39.4% of hypochromicity, which is in good agreement to published data 

investigating the effects of different secondary DNA structures on absorption spectra of 

TMPyP4 [145]. Intriguingly, the wildtype sample exhibited a decrease in absorbance of 54%, 

thereby even exceeding hypochromicity of the positive control. Evidently, the WT-DNA 

sequence is capable of forming a strong complex with the porphyrin, which therefore is more 

effectively interacting with it than with any of the other samples. Judging from these results 

obtained, there is high evidence of G-quadruplex structures formed in the wildtype sequence 

comprising the tandem GC-box of the ALOX5 proximal promoter.  

 

         4.4.2.2 CD spectroscopy 

   For providing further evidence for G-quadruplex formation by a direct spectroscopic 

method, CD spectra were recorded (figure 41). Spectra were recorded for all of the 

oligonucleotides used in both UV-VIS spectroscopy and ELISA. The control and mutant 

sequence both displayed spectra with a maximum positive peak at about 280 nm, whereas the 

positive control c-MYC and the ALOX5 promoter sequence exhibited a positive peak at 262 

nm and 266 nm and a negative at 241 nm and 242 nm, respectively, which are characteristic 

for G-quadruplex formation [70]. Additionally, the latter two sequences displayed another 

G4-DNA characteristic positive maximum at a wavelength of about 210 nm. The ALOX5 

promoter fragment furthermore showed a positive peak at 293 nm, pointing to a G-quadruplex 

topology, which does not derive from sole parallel or antiparallel G4-DNA formation (see 

also section 1.2.3). Altogether, the CD spectra revealed G-quadruplex formation in the 

ALOX5 core promoter sequence and corroborated the data obtained from UV-VIS 

spectroscopy. 
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Figure 41: In vitro analysis of G-quadruplex formation: CD spectroscopy 

 

         4.4.2.3 Enzyme linked immunosorbent assay 

   In order to confirm the existence of in vitro formed G4-DNA in the ALOX5 gene, ELISAs 

were performed as an independent immune-based method. As already stated in section 1.2.3, 

there exist commercially available antibodies, which are able to detect G4-DNA quite 

specifically [152]. ELISAs were carried out, again utilizing the ALOX5 promoter wildtype 

46-mer, containing the tandem GC-box, as well as the positive control used in the UV-VIS-

spectroscopic experiments. The negative control consisted of a scrambled version of the WT 

sequence, likewise improbable of forming quadruplex structures. 50 nM of each of the 

oligonucleotides were immobilized in streptavidin-coated 96-well plates and subsequently 

washed and probed with varying concentrations of primary antibody. Secondary antibody 

used encompassed HRP-conjugate for consecutive spectroscopic detection.   
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Figure 42: In vitro analysis of G-quadruplex formation: ELISA. Immobilized WT, c-MYC and CTR 

oligonucleotides were incubated with differing concentrations of anti-G4-DNA-ab, BG4. The 

secondary HRP-antibody was then added, followed by TMB substrate. Absorbance (arbitrary units) 

was measured at 650 nm. n = 3, mean ± s.d. 

 

   As shown in figure 42, absorbance values of the WT and c-MYC DNA sequences exhibited 

good correlation to one another, whereas the negative control did not display a high affinity 

for the G4-DNA antibody. The latter obviously did show some affinity to the negative control 

in higher concentrations, however to a much lower extent than when being used for the WT 

and positive control sample. Thus, a small amount of unspecific binding could be detected. In 

contrast to that, WT and c-MYC displayed high affinity for the antibody, with spectra 

similarly congruent to one another, giving evidence for the formation and subsequent 

detection of G-quadruplexes present in both of the oligonucleotide sequences. Consequently, 

the ELISA did provide an alternative and additional method of giving proof for the in vitro 

existence of G4-DNA in the ALOX5 proximal promoter sequence. 
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      4.4.3 In cellulo analysis for G-quadruplex structures in the ALOX5 promoter 

         4.4.3.1 Cell viability and cytotoxicity of G-quadruplex stabilizing agents  

   Since the in vitro data obtained pointed at the existence of G-quadruplex structures formed 

by the tandem GC-box, efforts were started to evaluate the importance of these secondary 

structures in cellular experiments. Therefore, quadruplex stabilizing agents TMPyP4 and 

pyridostatin were used to monitor their effects on 5-LO mRNA and protein expression in the 

model cell line HL-60. As already described in section 1.2.2.5, treatment with these agents in 

the micromolar range is commonly used to examine regulatory effects of  

G4-DNA on transcriptional level.  

   Both TMPyP4 and PDS (and respective analoga) are shown to exhibit cytotoxic effects on 

various different cancer cell lines, including for example leukemic K562, colon carcinoma 

cell line HCT8, fibrosarcoma cell line HT1080 or breast cancer cell line MCF7 [113, 142, 

149, 324]. In order to examine cytotoxicity and impacts on cell proliferation of both agents on 

promyelocytes HL-60 in their differentiated state, cells were incubated with either 50 µM 

TMPyP4 or 10 µM PDS after differentiation and monitored for the respective parameters in 

periodical intervals of 24 h over three days. An untreated version of dHL-60 that was likewise 

cultured served as negative control. All cultures were seeded out at 0.2×10
6
/ml for reference. 

Cells were both counted with an automatic cell counter and manually to determine the 

proliferation rate and calculate cell survival, respectively. 

 

Figure 43: Influence of G-quadruplex stabilizing agents on dHL-60 cell viability. Proliferation rate 

(left) and the ratios of dead and living cells (right) were determined by manual cell counting after 

treatment with trypan blue staining solution. Depicted are three independent experiments with mean ± 

s.d.  
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   Proliferation rate of untreated dHL-60 was higher than expected, considering a doubling 

time of around 40 hours for the undifferentiated state (according to Deutsche Sammlung von 

Mikroorganismen und Zellkulturen DSMZ). Differentiation technically can contribute to 

decelerated proliferation, however in this case it did not have a high impact on slowing down 

the proliferation rate. The TMPyP4 treated cells exhibited a related behavior, besides the fact 

that proliferation rate was slightly diminished, as compared to the untreated cells. 

Nonetheless, TMPyP4 treated dHL-60 displayed a sturdy proliferation, which was rather not 

expected after treatment with a cytotoxic agent. In contrast, proliferation of PDS treated cells 

did not even start after differentiation and culturing, as judged by the slanting curve obtained. 

In this case, dHL-60 retained a steady cell density for about 24 h before retardation of the 

overall proliferation could be observed, thereby confirming potent efficacy on cell viability of 

pyridostatin.  

   In terms of cell survival and cytotoxic effects on dHL-60, a comparable image was pictured 

for the untreated and treated cells. Untreated dHL-60 altogether maintained their share of 

living cells for over three days, fluctuating between 88-94% of all cells counted. Treatment 

with TMPypP4 did not have a high impact on cell survival and similarly ranged between 86-

89%, with only marginal deterioration compared to the untreated cells. A different behavior 

was represented by PDS treated cells, whose share of living cells diminished quickly and 

significantly after three days of culturing. Cytotoxicity clearly could be verified, considering a 

starting cell survival share of 93%, which was reduced to only 45 and 30% after 48 and 72 

hours, respectively.  

 

         4.4.3.2 5-LO mRNA expression after treatment with G4-DNA stabilizing agents 

   In order to monitor effects of G-quadruplex stabilizing agents on 5-LO mRNA expression 

levels in cellulo, RT-qPCR experiments were carried out after treating dHL-60 cells with 

TMPyP4 or pyridostatin. Untreated cells again served as control. Addition of differentiating 

agents TGFβ/1,25(OH)2D3 and G4-DNA stabilizing agents was simultaneously carried out 

and cells were subsequently incubated for two days, with samples being taken every 24 hours. 

Differentiation of HL-60 obviously was required to initiate 5-LO expression. After harvesting 

around 15 million cells per sample, RNA was extracted and transcribed into cDNA, which 

consecutively was used for qPCR, monitoring 5-LO and GAPDH expression levels, the latter 

serving for normalization. Respective gene expression levels were plotted in bar graphs 

according to their 2
-ΔΔCt

 values.  
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   As depicted in figure 44, mRNA expression levels of the examined dHL-60 cells did not 

generate great distinctions in their different previous treatments. As expected, untreated cells 

experienced a time-dependent increase in 5-LO mRNA expression, with about twice as much 

being detected after 48 hours than 24 hours. Treatment with TMPyP4 provided miscellaneous 

results, given the fact that slightly less expression levels were achieved after 24 hours in 

comparison to the untreated cells, but mRNA levels after 48 hours even exceeded those of the 

control experiment. PDS treated cells on the other hand displayed similar expression rates as 

the TMPyP4 treated cells after 24 hours. Indeed, 5-LO mRNA expression slightly decreased 

after 48 hours of treatment, but still solely resulted in a non-significant decline of 13% 

compared to the control.   

 

Figure 44: 5-LO mRNA expression in dHL-60 cells after treatment with G-quadruplex stabilizing 

agents TMPyP4 and pyridostatin (PDS). Cells were cultured for two days with their respective 

treatment and harvested every 24 h. Experiments n = 3 mean, ± s.d.  

 

         4.4.3.3 5-LO protein expression after treatment with G4-DNA stabilizing agents 

   Along with the 5-LO mRNA expression level, protein expression was examined. Therefore, 

samples were taken from the same cell cultures that were prepared for the RT-qPCR 

experiments, again after 24 and 48 hours of incubation. Cell pellets were lysed and protein 

amount was subsequently quantified. 20 µg of whole cell lysate was used for immunoblotting 

of 5-LO for each cell treatment. 5-lipoxygenase level was normalized to β-actin as loading 

control and quantification was carried out based on densitometry. Values determined for 

untreated dHL-60 cells were set to 100%, as reference for determining the reductive extent of 

the treated cell cultures.  
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Figure 45: 5-LO protein expression in dHL-60 cells after treatment with G-quadruplex stabilizing 

agents TMPyP4 and pyridostatin (PDS). Cells were cultuered for two days with their respective 

treatment and harvested every 24 h to determine (A) protein expression based on densitometry and  

(B) corresponding immunoblot (anti-5-LO-ab, 1:1000, Cell Signaling Technologies). Experiments  

n = 3, mean ± S.E.M.  

 

   Unlike the results obtained for mRNA expression levels, broader effects on 5-LO protein 

expression level could be observed. TMPyP4 treatment again provided assorted results, as  

5-LO levels decreased after 24 hours to about 67%, but crucially increased again after 48 

hours to deliver almost 96% of the control expression. In contrast to that, PDS treatment 

steadily diminished protein expression levels time-dependently, resulting in a reduction to 

47% and 40% in comparison with the untreated cells after 24 and 48 hours, respectively. 

Whereas the immunoblot itself only gave an estimate of decreased protein expression, 

densitometry clearly provided evident diminution of protein expression after treatment of 

PDS. 
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5. Discussion 

   5.1 Transcription factors in ALOX5 regulation: binding and expression patterns 

      5.1.1 Cell specific 5-LO expression and presence of TFs 

   The proximal 5-lipoxygenase gene promoter possesses specific characteristics, which 

resemble features of so called housekeeping genes or are attributed to gene promoters, whose 

transcription is regulated by CpG islands [35, 325], mainly featuring lack of TATA- or 

CAAT-boxes. CpG islands are conserved DNA stretches comprising high contents of 

CG-repeats that mostly contain binding sites for ubiquitously present transcription factors like 

Sp1, thereby generating transcription initiation sites [325]. Further transcriptional regulation 

is exerted by cytosine methylation within CpG islands, which in general contributes to gene 

silencing, as for the ALOX5 promoter in certain cell types [49]. DNA methylation thus 

provides an explanation for cell type specificity of 5-LO expression. In line with that, the 

uniquely occurring sequence, comprising five GC-boxes arranged in tandem, which are 

located in close proximity to the translation start site (ATG start codon) generate consensus 

sequences for transcription factors Sp1 and Egr-1 [34]. Both proteins were shown to be 

essential for basal promoter activity [45]. Although without transcriptionally regulating 

promoter activity, the heterodimer VDR/RXR was shown to bind to consensus sequences in 

the ALOX5 core promoter previously [56]. Finally, there exist binding sites for TF AP-2 

along with evidence for the influence of TF WT1 on promoter activity [34, 310].  

   Along with these findings, it was inevitable to initially test on expression levels of some of 

the involved transcription factors, to provide preliminary data for further experiments 

considering their plain existence in all cell lines used. In analogy to cell type specific 5-LO 

expression, myeloid (both undifferentiated and differentiated) and lymphoid cell lines were 

used to evaluate the dependence of cell type and differentiation state on protein expression 

levels. The ubiquitous transcription factor Sp1 was steadily expressed in all cell lines, 

regardless of differentiation state of the myeloid lineage. In contrast to that, inducible factor 

Egr-1 could be detected in neither of the tested cell types by immunoblotting, although it is 

evidently playing a role in 5-LO basal transcription. The probable explanation for this is the 

time-dependent occurrence of this transcription factor after splitting of the respective cell 

cultures. In case of monocytic MM6 and dMM6, Egr-1 could be detected for about 6 hours 

after cell splitting before protein levels decreased to amounts, which were not detectable any 

further [45]. Considering the nuclear receptor VDR, its expression increased strongly after 

differentiation of myeloid cell lines. Indeed, VDR expression is induced above a basal level in 

promyelocytic/monocytic cell lines after treatment with 1,25(OH)2D3 and goes along with 
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suppression of proliferation while initiating differentiation of promyelocytes into monocytes 

[326].  This behavior was observed for all myeloid cells tested to a comparable extent. Among 

the B-cells, only BL-41 displayed low detectable amounts of VDR. According to studies 

examining the expression pattern of the nuclear receptor, B-lymphocytes do not exhibit 

detectable levels of VDR, unless they experience certain activation signals, which in turn do 

not necessarily lead to a 1,25(OH)2D3 response [327, 328], which could be an explanation for 

lacking protein levels in Rec-1 B-cells. Somewhat mixed results were obtained for RXRα. 

This nuclear receptor is widely expressed in different cell types and protein expression thereof 

can be induced during monocyte differentiation and induction of differentiation by 

1,25(OH)2D3 to different extents [329, 330]. In line with this, THP-1 exhibited induced 

expression of RXRα, whereas the protein level was more or less constant for HL-60. 

Surprisingly, MM6 did not show detectable protein levels at all, even after several repetitions 

of the respective immunoblotting procedure. This is clearly in contrast to their responsiveness 

to VDR/RXRα binding and may lead to the assumption that RXRα may be downregulated by 

differentiation. B-lymphocytes generally express RXRα to a rare extent [331], as could be 

confirmed for BL-41, which displayed no detectable protein amounts, whereas Rec-1 

exhibited steady levels of the nuclear receptor. Interestingly, both B-cell lines either expressed 

the VDR or RXRα, while their opposite partner for heterodimerizing was absent, respectively. 

Since binding of the heterodimer VDR/RXRα was shown for certain functional VDREs 

throughout the ALOX5 gene in monocytes to promote 1,25(OH)2D3 response in reporter gene 

assays [59], the presence of only one of the nuclear receptors in Rec-1 and BL-41 might 

contribute to a lacking 1,25(OH)2D3-dependent induction of 5-LO expression in these B-

lymphocytes. 

   Furthermore, none of the tested cell lines showed detectable protein expression levels of 

transcription factors WT1 and AP-2, suggesting that their respective concentrations are too 

low in whole cell lysates to be visible in immunoblots under the conditions used.  

 

      5.1.2 Affinity of transcription factor WT1 for the proximal ALOX5 promoter 

   Transcription factor WT1 supposedly occupies various roles in transcriptional regulation of 

several target genes and a dual role in cancerogenesis. It can either act as tumor suppressor or 

oncogene in leukemic tumorigenesis. The effects as TF are based on enhancing or repressing 

transcription of target genes [313]. Its respective functionality depends on its protein isoform, 

deriving from alternative splicing mechanisms (see section 4.2.4.3). These result in the 

insertion or deletion of exon 5 and a three amino acid sequence KTS, termed isoform (-/-), 
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(+/-), (-/+), (+/+), respectively. Isoforms +KTS and –KTS are generally expressed in a ratio of 

2:1 [332] and isoforms containing +KTS are assumed to show lower DNA binding affinity, 

since the three amino acid insertion disrupts the spacing between zinc fingers three and four. 

Sequence similarities to the family of Krüppel-like TFs are nonetheless given due to C2H2-

type zinc fingers for instance, which recognize GCG5CG DNA sequences [312], thereby 

forming the possibility of interacting with the tandem GC-box of the ALOX5 promoter with 

overlapping binding sites. As neither the immunoblots of the whole cell lysates nor the MS-

experiments provided detectable levels of WT1, a human recombinant protein isoform 

containing the KTS sequence was used for a DNA pulldown with isolated protein to increase 

the available protein concentration. The results clearly supported previous results obtained of 

WT1 inducing ALOX5 promoter constructs in its +KTS isoform, provided that the tandem 

GC-box is available. Apparently, under the tested conditions expression levels of WT1 are too 

low to prove DNA binding, which however becomes apparent in case of higher 

concentrations. Since there is evidence for an increase in promoter activity in reporter gene 

assays by WT1, the binding capacity of recombinant protein is not due to a mere in vitro 

affinity effect, but supports functional relevance. Additionally, activity was only induced in 

case of a fully present 5-fold GC-box (for +KTS). Considering that there exist naturally 

occurring mutations of this promoter sequence with in vivo relevance in certain pathogenic 

pathways (see section 1.1.5.1), further efforts in terms of functional studies are needed to 

elucidate the proteins’ isoform-dependent regulatory role in 5-LO transcription and attributed 

diseases. 

 

   5.2 Evaluation and choice of experimental MS-based setup 

      5.2.1 Sample preparation and separation/ionization method for complex samples 

   The establishment of a convenient mass spectrometry setup for identifying DNA interacting 

proteins proved to be rather challenging in the first place, considering the multitude of options 

to choose from in terms of sample preparation, ionization technique and quantification 

method. A variety of already established methods provided a good starting basis, which 

mainly included in-gel digestion of SDS-PAGE separated proteins and liquid chromatography 

coupled to electrospray ionization and protein quantification. In order to decide for which one 

of the MS methods to go for, initial attempts for both techniques were carried out and 

compared to each other. Obviously, the gel-based approach coupled to MALDI-MS/MS 

resulted in an extremely poor yield with respect to protein identification, it was therefore 

excluded for the investigation of DNA-protein-complex identification. The underlying 
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reasons for this are manifold, the main drawback being a mere qualitative outcome of the 

experimental method (see also section 1.3.3). The major problem of gel-based approaches 

arises from its lack of sensitivity and lower identification rate compared to nLC-ESI systems 

[333]. 1D- or even 2D-gel electrophoresis of complex samples most prominently depicts 

proteins of high abundance, which interfere with the detection of low abundant ones [220, 

334, 335], as was confirmed by the results obtained. These mainly included highly abundant 

nucleolin and PARP, ribosomal or histone-deriving proteins that were consistently found in 

multiple gel bands in the lower mass range of both WT and SCR sample and impeded the 

detection of other proteins. None of the identified proteins could be attributed to 

transcriptional regulation, or was exclusively found in the WT approach. Residual proteins 

could be attributed to RNA processing (DDX21, FBLL1/FBL), DNA repair (XRCC1) or 

ribosomal biogenesis (NHP2, SNU13). Another crucially disturbing factor was given by 

streptavidin, which contributed to gel smears obtained, thereby reducing gel resolution, 

additionally it generated permanent MS signals in almost every spectrum measured. These 

findings are consistent with the resolution capacity of gel electrophoresis, which is reported to 

represent 1000 proteins at utmost maximum, compared to 10000 protein in LC-MS/MS [336], 

indicating that transcription factors of low abundance are likely to be lost during protein 

separation. This could be counteracted by providing high concentrations of starting material, 

however higher amounts compared to the already used microgram amounts are unlikely to be 

successfully cultivated in cell culture conditions and would demand pooling of different cell 

passages. 

   Finally, a major prerequisite for quantifying proteins in a gel matrix requires steady and 

sensitive proteins dyes. For exact quantification, these must provide dying linearity, which is 

not always given by silver staining, although sensitivity is the highest possible. Silver staining 

additionally exhibits reduced sequence coverage compared to other dyes and is only semi 

compatible with further downstream MS [315, 337]. The used colloidal Coomassie stain 

enables detection of proteins as low as 1 ng [314], nonetheless faintly stained proteins could 

not always be identified reliably, probably due to ineffective peptide extraction efficiency. 

The latter indeed is quite low with a percentage share of 65-70% peptide recovery rate [338].  

   The use of 2D-gel electrophoresis might have provided an enlarged identification rate 

compared to the performed 1D-gel electrophoresis. However this was not taken into account, 

as especially membrane and nuclear proteins are often prone to be lost because of low 

solubility, hence their accessibility in the second gel dimension and overall identification is 

limited [339]. Along with these findings, the gel-based approach coupled to MALDI-MS/MS 
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was not pursued any further because of its inferiority to LC-ESI-MS/MS and subsequent 

quantitative analysis.    

 

      5.2.2 Quantification method, competitor and data analysis 

   After deciding to use a quantitative proteomics approach, the next step to evaluate the 

anticipated experimental setup was the choice of an adequate quantification method. Since 

five different cell lines were to be examined, metabolic labeling was excluded from the 

beginning, due to too high costs and time investment. The cost factor also applied to chemical 

labeling reagents iTRAQ and TMT; for practical reasons dimethyl labeling and label-free 

quantification were chosen as comparative strategies.  

   Generally, label-based techniques are still considered to be more accurate and precise in 

terms of protein quantification, however label-free methods now provide sufficient 

quantitation accuracy to match up to labeling strategies, provided a change in protein intensity 

abundance occurs at a factor of two at least. Lower fold changes typically are likely to be 

quantified erroneously [340]. Since label-free quantification is not limited to relative 

quantification experiments, its application in complex biological or clinical terms is more 

favorable than labeling techniques, thus it became the method currently used in most cases 

[341]. In line with this, both label-based and label-free strategies of the performed pulldowns 

of model cell line HL-60 resulted in similar findings, concerning identified interactors and 

distinguishability of unspecifically and specifically interacting proteins. All of the 

investigated parameters like total amount of identified proteins, overlap of identified proteins 

and their respective physico-chemical properties did not differ to a large extent, indicating a 

similar suitability of DNA-enriched protein quantification for both methods. A single 

difference that could be observed was a higher dynamic range of acquired molecular weights 

for the label-free approach, since it did capture more proteins in the lower (around 20 kDa) 

and upper (>400 kDa) mass range. Except for that, the sole crucial distinction between the 

two strategies arose from the significantly identified interactors, which were more 

prominently found in the label-free pulldowns, thereby enlarging the number of putatively 

interacting proteins with the chosen DNA sequence for further functional studies. This was 

basically the main reason for the label-free techniques to be pursued, although both 

quantification strategies performed equally well.  

   The successful discrimination between true and false interactors is a prerequisite for the 

identification of novel DNA-protein complexes. Identifying truly interacting proteins by 

quantitative abundance ratios provides sufficient confidence for distinguishing non-specific 
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from specific interactors without the need for stringent preparation conditions. Based on their 

equal affinity to the matrix in wildtype and control samples, contaminants are filtered out, 

although they will be widely detected in pulldown experiments (see also sections 1.3.2 and 

1.3.3). This overcomes drawbacks of qualitative studies, which tried to dispose of nonspecific 

interactors by adding excess amounts of competitor oligonucleotides or harsh washing 

conditions, thus rendering these steps redundant, while applying mild sample purification 

[340]. In order to evaluate the influence or confirm these findings of excess competitor on 

protein identification and composition, a comparative pulldown with cell line HL-60 was 

performed with 40-fold sheared herring sperm DNA. The overall number of identified 

proteins was comparable in both states, but excess competitor resulted in a lower number of 

identified significant interactors, probably due to more stringent binding conditions. However, 

the obtained protein pattern identified did not alter to a high extent, leaving the question, 

whether high stringency conditions are necessary after all. Among the 16 detected interactors 

in the pulldowns containing 40-fold competitor, 9 were also found in other pulldowns 

performed without excess competitor, the remaining mostly representing RNA binding or 

processing proteins (RMXL1, DIM1), as well as ribosomal (RRP15, RL19) or histone 

proteins (H2A1J), which, considering their function, are negligible after all. This left two 

proteins of potential interest in the obtained results, being WDR18, which is involved in the 

regulation of ZN148 [342] and SP110, a transcription factor expressed in human leukocytes, 

which acts as activator of gene transcription. SP110 is furthermore assumed to be involved in 

nuclear hormone receptor coactivation [343]. However, the similar results obtained in 

pulldowns with and without excess competitor indicated a functional discrimination between 

non-specific and specific interactors, so that high stringency conditions are not necessarily 

needed and relinquishment thereof may even contribute to maintaining dynamic or low 

affinity binding partners that otherwise might be lost.   

   Given the complex nature of the data obtained from these experiments, bioinformatic 

analysis is essentially indispensable. Although one presumably partly forfeits autonomous 

analysis, bioinformatic software provides a reliable tool for dealing with these complex 

datasets of more than a thousand identified proteins in one pulldown. Nonetheless, a critical 

examination of the involved parameters (if possible) is essential for enhancing confidence of 

the results received. Since none of the features possess universal benchmarks (see section 

4.3.2.3) and have to be adjusted for each individual pulldown approach, certain insecurity 

always remains when identifying significant interactors. Protein distribution and matching 

correlation support the assumption of a successfully performed experiment, however they do 
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not represent sole parameters for determining its success or failure. Missing value imputation 

on the other hand, is highly recommended for not losing interactors of low abundance, 

thereby introducing a bias, and capturing the entire range of a global proteome. According to 

studies, missing peptide values can range from 20% up to 50% for complex datasets [344], 

which points out the necessity of this particular bioinformatic step. In line with the former 

findings, the representation of enriched proteins in volcano plots and their respective 

identification as significant interactors depends on customized values of FDR and s0, which 

should be pondered before being set, as these obviously change the outcome of the 

experiment. Thus, especially the proteins detected close to the threshold curve are affected by 

changing these values and should be interpreted carefully and reasonably. Then again, 

statistical data analysis of pulldown experiments currently provides a confident groundwork 

for further functional studies, which are inevitable for specific protein characterization and 

elucidation of protein interaction networks.  

 

   5.3 Significant interactors of the proximal ALOX5 promoter 

      5.3.1 DNA pulldowns of core-promoter sequences 

   The overall identification of significant interactors of the 120-mer containing the tandem 

GC-boxes revealed a total of 66 proteins, including already known transcription factors, but 

also novel binding partners putatively involved in the regulation of 5-LO expression. The 

similarities in protein patterns enriched in the different pulldowns point to a similar gene 

regulation, regardless of cell lines or differentiation state. Over one third of the enriched 

proteins contain zinc fingers of different kinds as their DNA-binding domain (mainly C2H2-

type), indicating a high affinity of these TFs to the GC-rich sequences of the proximal 

promoter. The main class thereof comprise transcription factors of the Sp/KLF-family, out of 

which Sp1 and Sp3 are proven regulators of 5-LO expression [34, 53]. Additionally, Sp2 and 

Sp4 were detected in two and one quantification event, respectively, which, considering their 

sequential relation to Sp1/Sp3, seem to be plausible in regulating ALOX5 promoter activity.  

There exist interactions of members of the Sp/KLF-family, since both exhibit similar to 

identical consensus binding sites (GT- or GC-box) [38]. Accordingly, the identification of 

KLF13 and KLF16 as interacting partners is absolutely logical, however their specific role in 

5-LO regulation has yet to be determined. KLF13 is ubiquitously expressed and functions as 

transcriptional repressor, able to compete with and to antagonize Sp1-mediated transcriptional 

activation [321]. Its involvement in inflammatory processes is pictured by different studies 

and includes regulation of chemokines (activation of RANTES) and subsequent activation of 
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T-cells [321, 345] and presumably activation of macrophages [346]. In line with this, KLF13 

was shown to be a target gene of microRNA-125a-5p (miRNA-125a), thereby possibly 

contributing to the regulation of macrophage responses and differentiation [345, 347]. In this 

context, the small non-coding miRNAs of about 20 nucleotides length are post-transcriptional 

regulators of mRNA expression, which generally bind to the 3’-UTR of target mRNAs [347]. 

5-LO itself is shown to be target gene for miRNA-125b-5p, which possesses the same core 

sequence as miRNA-125a-5p and directly inhibits 5-LO protein expression [347, 348], 

indicating an involvement of miRNA-125 in the regulation of inflammatory processes by 

repression of both KLF13 and 5-LO. KLF16 on the other hand is fairly characterized, it is 

known to be able to compete with and replace Sp1 from binding sites, thereby displaying 

inhibitory effects [349]. It is furthermore shown to regulate metabolic-gene expression [350]. 

Both KLF13 and KLF16 couple to members of histone deacetylase complexes and thus 

contribute to chromatin remodeling and associated transcriptional repression [351].  

   Further identified proteins comprise VEZF1 and MAZ, zinc finger transcription factors with 

shared sequence homologies in their DNA-binding domain, which bind GC-repeats [352]. 

VEZF1 could be associated with the regulation of DNA methylation patterns in murine 

promoters containing CpG islands [353] and with slowing of RNA polymerase II dependent 

transcript elongation [354]. The latter similarly applies for MAZ, which was shown to pause 

Pol II elongation and promote transcript termination in vitro [355]. Interestingly, Chip-Seq 

data sets revealed enhancer sites in intron C, D and G of the ALOX5 gene [36], in which both 

Pol II and MAZ simultaneously bind, suggesting a potential regulatory function of MAZ on 

transcript elongation (suppl. figure 5). However, whether these effects are actually relevant in 

5-LO transcriptional regulation needs to be determined in further studies. Besides its 

additional regulatory impacts on G-quadruplex dependent gene transcription (see section 

1.2.2.3), transcription factor MAZ is also associated with the pathogenesis of inflammatory 

diseases including rheumatoid arthritis and atherosclerosis, it is involved in the regulation of 

serum amyloid A expression and potential upregulation of TGFβ [356, 357]. In this context, 

inflammatory regulation by the already mentioned miRNA-125b is not only mediated by 

inhibiting 5-LO protein expression, but equally MAZ expression [358]. Furthermore, several 

studies gave evidence for an interplay of MAZ and Sp1 on transcriptional regulation of target 

genes, both G4-dependent and -independent [82, 129, 130, 359, 360], which might be 

applicable to ALOX5 gene regulation as well. All of these findings point to their regulatory 

role in 5-LO expression, which makes it a target of high interest for determining its functional 

relevance in future studies.  
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   Along with transcription factor MAZ, binding of RUNX1 and ZBT7A to the proximal 

ALOX5 promoter is proven by Chip-Seq datasets available, which further confirms the results 

obtained here by DNA pulldown assays (suppl. figure 6). Although RUNX1 could only be 

detected in one quantification event (dHL-60), binding seems plausible, since the induction of 

promoter activity of ALOX5 promoter constructs by RUNX1 was shown in reporter gene 

assays. Accordingly, fusion proteins of RUNX1 could be associated with elevated ALOX5 

gene expression in acute myeloid leukemia [361]. As RUNX1 exhibits widespread functions 

in cell proliferation, differentiation and functional hematopoiesis, its involvement in 5-LO has 

to be determined in further experimental studies. Transcription factor ZBT7A likewise 

displays various functions in cell proliferation and differentiation, its gene was identified as 

proto-oncogenic previously. It is able to compete with and replace Sp1 from binding sites, 

thereby repressing transcription of target genes. Additionally, repression of transcription can 

be achieved by recruitment of corepressors leading to histone deacetylation [362]. ZBT7A is 

yet another direct target of miRNA-125a, which in this context is proposed to have anti 

tumorigenic activity by synergistically targeting both ZBT7A and WT1 [363]. Apart from 

possible direct effects on 5-LO expression by binding to its core promoter, ZBT7A 

additionally is capable of interacting with TGFβ mediator SMAD4, resulting in the inhibition 

of TGFβ-dependent transcriptional activation, and thereby might exhibit secondary regulatory 

impact on the ALOX5 expression, as TGFβ responsive gene [364].  

   A large part of the novelly identified significant interactors, including for instance ZN148, 

ZN316 and ZN579 account for poorly characterized zinc finger proteins that are supposed to 

be involved in transcriptional regulation. PRD10 might function as transcription factor with 

methyltransferase activity, given the fact that it contains C2H2 zinc fingers for direct DNA 

interaction as well as a conserved SET domain in its N-terminal region. It is presumably 

involved in the development of arthritis [365]. Zinc finger protein ZN148 can either activate 

or repress transcription of genes, the latter often by competing with Sp1 for binding sites. Its 

expression can be downregulated by certain inflammatory cytokines [366] and it directly 

interacts with tumor suppressor p53, thereby affecting cell growth and proliferation [367]. 

ZN281 shares sequence homologies with ZN148 and possesses a similar DNA binding 

domain. It is involved in the regulation of pluripotency and cell differentiation, by cooperating 

with other developmental transcription factors [368]. Furthermore, ZN281 is shown to be 

involved in the development of intestinal inflammation and to repress the transcription of a 

variety of inflammatory genes, which makes it a plausible regulator of ALOX5 expression 

[369, 370].  
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      5.3.2 DNA pulldowns of core-promoter proximal sequences 

   Since the above results of the 120-mer DNA pulldowns did not point to a potential cell type 

specific regulation of the ALOX5 promoter, pulldowns with 80-mer oligonucleotides were 

performed using one model cell line, for which HL-60 cells were chosen, since these provided 

the highest amount of identified interactors of all cell lines tested. 80-mer oligonucleotides 

comprised sequences upstream of the 120-mer used, with overlap of 6 bp to each of the 

utilized promoter sequences, in order to not divide putatively existing protein binding sites.  

   The sequence containing the SMAD binding element did not reveal actual TGFβ mediators, 

however provided a large variety of CCAAT/enhancer binding proteins enriched in the 

pulldowns. C/EBPs are a family of transcription factors that widely contribute to functional 

cellular processes, such as cell growth, proliferation and differentiation, as well as 

inflammatory responses. Due to their widespread involvement therein, dysfunction results in 

numerous pathological pathways. There exist six members of the family, sharing their DNA 

binding domain, basic leucine zippers, with which they are able to homo- or heterodimerize, a 

prerequisite for DNA binding [371]. Their expression patterns vary depending on the 

respective protein, C/EBPα and γ are expressed in several tissues, C/EBPβ in 

myelomonocytic cells among others and C/EBPε exclusively in myeloid and lymphoid cells. 

C/EBPα, β and ε are pivotal for granulocyte/macrophage differentiation and activation, hence 

for a functional immune response. Furthermore, C/EBPα, β and δ have been shown to induce 

FLAP expression, thereby exhibiting indirect effect on 5-LO mediated leukotriene production 

[372]. In addition, expression of C/EBPβ and δ is induced by inflammatory signals like LPS, 

IL-1 and IL-6 and further cytokines, and subsequently contributes to transcriptional regulation 

of inflammatory target genes, including cyclo-oxygenase-2, TNFα or monocyte 

differentiation antigen CD14 [322]. In line with that, the heterodimer C/EBPα/β was proven 

to mediate monocyte maturation and differentiation after treatment with TGFβ/1,25(OH)2D3. 

Intriguingly, regulation of expression of CD14, which in analogy to the ALOX5 gene is a 

TGFβ/1,25(OH)2D3-responsive gene, could be attributed to this heterodimer, indicating that 

C/EBPα/β occupies a critical role in exerting synergistic impacts of TGFβ/1,25(OH)2D3 and 

thereby regulates TGFβ-mediated signaling in monocyte differentiation [373]. These findings 

might not be limited to the CD14 gene and further investigation of ALOX5 gene regulation in 

this behalf seems to be worthwhile. Supporting evidence for C/EBPβ as a regulator of TGFβ 

signaling was further given for the differentiation of myoblasts [374].  

   C/EBPγ does not contain an activation domain and requires heterodimerization with either 

C/EBPα or β, thereby modulating their respective activity. Accordingly, the C/EBPα-C/EBPγ 
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ratio is proposed to be responsible for proper lymphoid differentiation in murine cellular 

systems and a decrease of granulocytic differentiation in case of higher C/EBPγ levels [375]. 

High levels of C/EBPγ in heterodimeric C/EBPβ-C/EBPγ on the other hand promote cell 

proliferation and suppress transcription of several inflammatory genes including IL-1 or 

IL-6 [376]. Finally, C/EBPε is an essential transcription factor in normal granulopoiesis and 

furthermore determines differentiation into granulocytes or macrophages [377, 378]. All of 

these findings promote a plausible and pivotal role of this family of transcription factors in the 

regulation of ALOX5 transcription with further confirmatory evidence of C/EBPα and β 

binding to the proximal promoter sequence given by Chip-Seq data (see section 4.3.2.5). 

Further elucidation of their exact regulatory effects and protein characterization needs to be 

exerted in coming studies. 

   Significant interactors identified in the 80-mer oligonucleotide pulldowns containing the 

putative VDRE provided another protein pattern, which however also includes further 

transcription factors of the KLF-family, as well as zinc finger proteins and methyltransferase 

NSD1, some of which were detected in both cell states (HL-60 and dHL-60). Out of the zinc 

finger proteins enriched, only ZN335 is sparsely characterized. It is reported to enhance 

ligand-dependent transcriptional activation by nuclear hormone receptors, such as RXRα 

[379] and furthermore interact with members of a H3K4 methyltransferase complex, 

including MLL. In this way, it is proposed to recruit methyltransferase complexes to gene 

promoters, thereby contributing to transcriptional regulation [380]. Interestingly, another 

histone methyltransferase complex member interacting with MLL could be identified as 

significant interactor, namely NSD1. NSD1 possesses a SET domain, which exhibits 

catalytical histone methyltransferase activity and is responsible for methylation of lysine 36 

on histone 3 and lysine 20 on histone 4 [381], monomethylation of the latter, as marker for 

transcript elongation, also being induced by TGFβ/1,25(OH)2D3 [58]. Additionally, NSD1 

analogously contains two nuclear receptor binding domains, one of which interacts with the 

receptor ligand-independently, while the other does in the ligand-bound version of RXRα for 

instance, suggesting a transcriptional regulation of target genes by these properties [382]. In 

line with this, the used DNA sequence of the ALOX5 promoter comprises a putative VDRE, 

which is known to bind heterodimeric VDR/RXRα [56] and which possibly is responsible for 

the methyltransferase’s interaction. NSD1 thereby might either modulate nuclear receptor 

signaling or contribute to recruitment of the MLL-associated protein complex, which indeed 

was shown to induce ALOX5 promoter activity in association with VDR/RXR [54].  
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   Transcription factor ZFX represented another significantly interacting protein, whose 

binding to this region of the ALOX5 gene is confirmed by Chip-Seq data (see section 4.3.2.5). 

It acts as transcriptional activator, most prominently binding to CpG islands of promoter 

regions [383], which correlates to the CpG islands present in the 5-LO promoter. Protein 

expression of ZFX was furthermore shown to increase over time after cell treatment with 

TGFβ, suggesting an induced regulatory effect of the former on 5-LO expression after 

differentiation of myeloid cell lines [384]. Finally, two other members of the transcription 

factors of the Krüppel-like family were identified as significant interactors. KLF12 is a 

scarcely characterized transcription factor involved in cell proliferation, whereas KLF5 is a 

transcriptional activator or repressor, contributing to the regulation of inflammatory response, 

cell proliferation and apoptosis [385]. Its functionality is in part controlled by TGFβ and 

1,25(OH)2D3 signaling. Its expression levels and subsequent impacts depend on the respective 

cellular context and increase after stimulation with inflammatory stimuli, however decrease 

after cell treatment with 1,25(OH)2D3 [386]. KLF5 is able to promote pro-inflammatory 

effects of IL-1β and nuclear factor kappa-B, which in turn can be downregulated by cellular 

treatment with TGFβ, which impairs the transcription factor’s expression in certain cell types 

[387]. Further support, that KLF5 is an essential cofactor in TGFβ signaling but exhibits 

different effects in a different cellular context, is given by the fact, that upon TGFβ treatment 

KLF5 shifts its function from repressor to coactivator in the expression of CDKN2B, a cell 

cycle inhibitor and effector of TGFβ-dependent growth inhibition. Accordingly, without 

TGFβ activation, KLF5 is responsible for inhibition of CDKN2B expression, whereas with 

TGFβ activation, it mediates induction of CDKN2B expression. These opposing effects are 

shown to rely on TGFβ-mediated acetylation of KLF5 by recruiting acetyltransferase p300. 

KLF5 thereby is assumed to experience altered capability of binding to the CDKN2B gene 

promoter sequence and reverse its transcriptional effect [388, 389]. Similar results of opposite 

effects were obtained in studies examining the TGFβ-mediated inhibition of c-Myc 

expression, which relies on KLF5. In this study, KLF5 was shown to be essential for c-Myc 

expression without TGFβ activation, however, after TGFβ activation KLF5 turned out to be a 

crucial factor for mediating TGFβ-mediated suppression of c-Myc expression [390]. Thus, 

KLF5 is a crucial effector protein in TGFβ-induced gene expression, which could also play an 

essential role in 5-LO expression. When contemplating the regulatory activity of KLF5 in 

TGFβ-mediated upregulation of CDKN2B, analogous or similar effects might apply to 

ALOX5 gene control. Furthermore, KLF5 interacts with various other transcriptionally active 

proteins, including TGFβ effectors SMADs, as well as transcription factors C/EBPβ and 
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RXRα (suppl. figure 7), which seems plausible considering both the identified interacting 

proteins and its highlighted function in gene control. 

 

   5.4 G-quadruplex formation in the proximal ALOX5 promoter sequence 

   Based on the identified interacting proteins of the proximal ALOX5 promoter sequence 

containing the tandem GC-box, a formation of G-quadruplex structures of this DNA sequence 

seemed probable. Six proteins were recurrently enriched in the different pulldowns that are 

involved in recognizing or resolving G4-DNA, including YBOX1, hnRNP D and hnRNP K, 

BLM, DHX36 and MAZ (see sections 1.2.2.3 and 1.2.2.4). As described in section 1.2.2.3, 

putative G-quadruplex forming sequences exhibit higher probability to be located in close 

proximity to G-rich sequences and correlate to the existence of GC-boxes and its interacting 

transcription factor Sp1. These findings support the proximal ALOX5 promoter to be a 

potential candidate for these secondary DNA structures. Additionally, the interaction of TF 

Sp1 and MAZ, which was demonstrated in several studies, promotes a G4-DNA-dependent 

regulation of oncogene transcription and thereby occupies a central role in a possible G-

quadruplex mediated transcription of 5-LO. In line with this, as shown for the h-RAS 

promoter (see figure 6), a synergistic interplay of both transcription factors is inevitable for 

G4-structure unwinding facilitated by MAZ and subsequent Sp1-induced transcriptional 

activation [82]. Intriguingly, the h-RAS promoter displays high similarity to the 5-LO 

promoter and also lacks TATA- or CCAAT-boxes, shares the same extremely high GC 

content of 80% and possesses several GC-boxes of the sequences GGGCGG and its reverse 

equivalent CCGCCC. Two of the latter are equally arranged in tandem with another following 

closely behind with a sole basepair missing for properly representing the third tandem box, 

but which are responsible for G-quadruplex formation. The altogether G4-DNA mediated 

transcriptional regulation may therefore not only be limited to the h-RAS gene, but might also 

equally apply to ALOX5 gene control.   

   Another regulatory effect deriving from transcription factor MAZ is given by the fact that it 

is responsible for G-quadruplex controlled transcription of c-myb [81]. Since the c-myb 

protein product itself is repressing 5-lipoxygenase gene expression [391] MAZ indirectly 

contributes to the transcriptional regulation thereof. 
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Figure 46: Proposed role of transcription factor MAZ in the regulation of 5-LO expression. MAZ 

regulates c-MYB transcription both G-quadruplex-dependent and -independent and activates [128] or 

represses [81] c-Myb expression, respectively. Since transcription factor c-Myb itself binds to the 

ALOX5 gene (MBS = c-Myb binding site) and thereby suppresses 5-LO expression, MAZ exhibits 

secondary effects on the latter, in that G4-stabilization results in diminished c-MYB transcription and 

following upregulation of 5-LO expression. These effects are obviously reversed in case of induced c-

MYB expression by binding of MAZ to the E2F site in the c-MYB gene. Proposed direct effects of MAZ 

are deriving from interaction with putative G-quadruplex structures forming in the 5-fold GC-box.  

 

   The aforementioned assumptions could eventually be confirmed by means of in vitro 

experiments. According to the results obtained, the proximal ALOX5 promoter sequence 

containing the tandem GC-box is indeed able to form tetraplex structures, which could exert 

regulatory functions on gene transcription. The studies performed were the first to give 

evidence for G-quadruplex formation in this DNA region, however its actual topology and 

conformation has yet to be determined. The achieved results from in cellulo performed 

experiments displayed somewhat ambiguous activity of G4-DNA targeting small molecules 

TMPyP4 and PDS. Treatment of differentiated HL-60 cells with both agents provided 

different outcomes concerning cell viability and toxicity, although both agents are reported to 

exhibit cell toxic functions. Accordingly, PDS treated cells forfeited viability, whereas 

treatment with TMPyP4 did neither result in impaired viability nor cytotoxic effects, 

suggesting a potentially lacking or attenuated cellular uptake of the latter. Indeed, although 

cellular uptake of the porphyrin analoga was demonstrated in different cell lines by 

monitoring their accumulation by fluorescence emission [142, 392], the actual mechanism 

seems to be faintly characterized. In line with this, TMPyP4 stimulation did not exhibit any 

effect on 5-LO mRNA or protein production in the model cell line either. These findings 

could certainly indicate the absence of in vivo formation of G-quadruplex structures, however 

since the in vitro evidence is quite obvious, another approach for targeting potential secondary 

structures seems worthwhile. Cellular uptake was furthermore shown to be dependent on the 

specific porphyrin used [393], thus an exchange of G4-stabilizing porphyrin might result in 
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another outcome. Additionally, TMPyP4 binding affinity was found to depend on the 

respective quadruplex topology, which could be another explanation for diminished binding 

capacity (see section 1.2.2.5). PDS treated cells exhibited a different behavior of 

5-LO expression, which was associated with slightly decreased mRNA-, as well as 

significantly decreased protein levels after 48 hours, indicating existing repressive secondary 

effects of probable G4-DNA stabilization, which affect protein expression to a higher degree 

than mRNA expression levels.  

   Altogether, the discrepant outcomes of the in cellulo experiments are mostly due to the 

inconsistent and unexpected results obtained from cellular treatment with porphyrin TMPyP4, 

which might be altered and even improved by choosing a different G-quadruplex stabilizing 

agent. Nonetheless, further efforts are inevitable for elucidating the actual transcriptional 

impact of potential in vivo G-quadruplex structures on 5-LO expression. However, the 

combined findings of identified proteins associated with G4-DNA structures, the in vitro 

evidence for their respective formation and repressive effects on 5-LO protein expression 

induced by PDS all are indicative for a highly probable regulatory function of G-quadruplexes 

in the proximal ALOX5 promoter sequence.   

 

   5.5 Conclusion and outlook 

   The overall identification of the proximal ALOX5 promoter sequence revealed known and 

novel potential interactors and regulators of 5-LO expression. Similar protein patterns of the 

oligonucleotides containing the tandem GC-box indicate a mutual transcriptional regulation in 

the myeloid lineage, independent of differentiation or maturation state. With regard to the 

number of significantly enriched proteins, a trend towards lower amounts with higher cell 

maturation could be determined, suggesting additional regulatory effects in promyeloid cell 

lines. The most consistently enriched interactors also apply for the B-lymphocytes tested, 

although less interacting proteins were found in total. However, overall ALOX5 gene 

regulation based on promoter binding proteins seems to be cell unspecific. Considering both 

120-mer and 80-mer oligonucleotide pulldowns, most of the relevant transcription factors 

found are involved in various pivotal cellular functions like cell proliferation, growth and 

differentiation, and an interplay of some of these transcription factors seems likely, indicating 

a highly complex regulation of 5-LO expression. Although several newly found proteins 

could potentially be involved in ALOX5 gene control, there exist a few sovereign proteins, 

which, considering their functional involvement, represent crucial regulators thereof, 

including transcription factors of the KLF-family (KLF5 and KLF13), the CCAAT/enhancer 
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binding protein family (C/EBPα, β, ε) and further transcription factors ZBT7A and MAZ. 

Some of these (C/EBPα, and β, KLF5) additionally exhibit features that might help to 

promote continuative efforts for deciphering the TGFβ/1,25(OH)2D3-mediated regulation of 

5-LO expression. Others (mostly MAZ and its respective interaction with Sp1) represent 

interesting candidates for elucidating the potential G-quadruplex formation in the proximal 

ALOX5 promoter and its regulatory impacts on gene transcription. Altogether, the listed 

proteins therefore display a starting point of utmost interest for subsequent functional studies, 

which will provide further insight into the regulation of 5-lipoxygenase expression. 
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6. Summary 

   The enzyme 5-lipoxygenase (5-LO) occupies a central role in the biosynthesis of 

inflammatory leukotrienes and thus takes part in the pathogenesis of related diseases. Its 

occurrence is mainly restricted to cells of the immune system including granulocytes, 

monocytes/macrophages or B-lymphocytes and can be induced by cell differentiation of 

myeloid cells after treatment with differentiating agents, such as DMSO, retinoic acid or the 

combination of TGFβ/1,25(OH)2D3. The latter contribute to the highest level of induction of 

mRNA and protein expression. Its cell specific occurrence is at least partly due to DNA 

methylation in cells that do not exhibit 5-LO activity and genetic regulation is further 

dependent on histone acetylation. 5-LO expression is controlled by transcription factors 

binding to the promoter sequence of the ALOX5 gene that induce basal promoter activity, as 

well as promoter independent effects including transcript initiation and elongation, which are 

mostly attributed to TGFβ/1,25(OH)2D3 signaling. The ALOX5 gene resembles a typical 

housekeeping gene, hence lacks TATA- or CAAT-boxes for transcriptional regulation, but 

displays a high GC-content with eight GC-boxes, five of which are arranged in tandem, that 

provide binding sites for transcription factors Sp1, Sp3 and Egr-1.  

   The proximal ALOX5 promoter is furthermore a target for additional factors, such as TGFβ 

effector proteins SMADs or the vitamin D receptor and possesses additional consensus 

sequences for transcriptional regulators, including NF-κB or PU.1. However, as yet no actual 

binding of these proteins to the promoter sequence was demonstrated and an unbiased 

screening for identifying further ALOX5 promoter interacting proteins, which might have 

impact on 5-LO expression, is still lacking. For this purpose, the present study focused on the 

identification of significantly interacting proteins, employing DNA-affinity enrichment 

coupled to label-free quantitative proteomics, spanning a sequence of about 270 base pairs of 

the proximal ALOX5 promoter. For the elucidation of potential cell specific differences in 

protein patterns and compositions, DNA pulldowns were performed by using oligonucleotide 

stretches comprising the core promoter sequence including the 5-fold GC-box, which were 

incubated with different cell lines and differentiation states of myeloid, as well as B-

lymphocytic lineages. In order to compare different mass spectrometric quantification 

strategies that would allow for identification of interactors, dimethyl labeling and label-free 

techniques were used. Since the label-free approach outperformed the label-based one in 

initial experiments, it was established as standard quantification strategy in all DNA 

pulldowns performed. The pulldowns of myeloid cell lines in both undifferentiated and 

differentiated state and B-lymphocytes resulted in a cell-unspecific protein pattern whose 
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composition was similar, regardless of cell lineage. Additionally, further DNA sequences 

comprising either a vitamin D response element or a SMAD binding element were 

investigated in the promyelocytic model cell line HL-60 in both undifferentiated and 

differentiated state. The identified proteins confirmed known interaction partners and 

furthermore revealed novel potential regulators of the 5-LO promoter. Out of these, the most 

prominently identified and promising proteins included transcription factors of the KLF- and 

CCAAT/enhancer binding protein-family. In this context, KLF5 and KLF13 are both involved 

in the regulation of inflammatory processes, the former additionally being an effector protein 

of TGFβ-signaling, whose functional characterization is of utmost interest in terms of 

regulation of 5-LO expression. Further protein characterization will be inevitable for the 

CCAAT/enhancer binding proteins C/EBPα, C/EBPβ and C/EBPε. These transcription factors 

are involved in the regulation of inflammatory processes and heterodimers thereof 

(C/EBPα/β) are known to control TGFβ/1,25(OH)2D3-mediated effects of the CD14 gene.  

   Several of the identified proteins of the pulldowns containing the tandem GC-box 

represented interactors of G-quadruplex DNA, including the helicases BLM and DHX36, the 

ribonucleoproteins hnRNP D and hnRNP K and transcription factor MAZ. Since G-

quadruplexes form in G-rich DNA sequences as secondary DNA structures and exhibit 

substantial regulatory effects on the transcription of their target genes, the potential formation 

thereof in the ALOX5 core promoter sequence was investigated in a second project. Out of 

the proteins mentioned above, MAZ is shown to exert resolving effects on G4-DNA and 

synergistically induce Sp1-dependent gene activation of oncogene h-RAS, which displays 

analogous promoter characteristics to the ALOX5 gene. A DNA stretch comprising the 

tandem GC-box was used for elucidating the potential of secondary DNA structure formation. 

Intriguingly, both immune-based and spectroscopic methods provided clear evidence for the 

in vitro G-quadruplex formation of the proximal promoter sequence for the first time. In order 

to provide additional information on a possible regulatory effect of existing G-quadruplex 

structures on 5-LO transcription, differentiated HL-60 cells were subsequently treated with 

two distinct G4-DNA stabilizing agents. A porphyrin analogon (TMPyP4) did not exhibit any 

effects on 5-LO mRNA and protein expression after cell treatment. A second G4-DNA 

stabilizing agent (pyridostatin) on the other hand revealed significant reduction on 5-LO 

protein expression after cellular treatment. These mixed results render further experiments 

inevitable, in order to provide a clear assertion as to whether 5-LO expression is regulated by 

G-quadruplex structures or not.  
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   Altogether, this study enlarges the knowledge of ALOX5 proximal promoter interacting 

proteins by corroborating the binding of already known transcription factors and identifying 

novel interactors. It yields essential groundwork for subsequent functional studies of proteins 

involved in 5-LO transcription and introduces G-quadruplexes as a new potential mechanism 

in ALOX5 gene regulation.  
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7. Zusammenfassung 

   Das Enzym 5-Lipoxygenase (5-LO) stellt das Schlüsselenzym im Biosyntheseweg der 

Leukotriene dar, einer Gruppe pro-inflammatorischer Mediatoren, die an der Entstehung 

vielerlei entzündlicher Erkrankungen wie Asthma oder rheumatoider Arthritis beteiligt sind. 

Darüber hinaus findet sich eine erhöhte 5-LO Expression in einigen Tumorarten. Die 5-LO 

katalysiert hierbei über mehrere Schritte die Umsetzung frei vorliegender Arachidonsäure in 

entsprechende Leukotrien A4 durch Oxidation. Das Enzymexpressionsmuster beschränkt sich 

hauptsächlich auf Zellen des Immunsystems myeloiden und lymphatischen Ursprungs, wobei 

ihr Vorkommen unter anderem auch in Langerhans-Zellen und Zelltypen des Gehirns 

nachgewiesen werden konnte. Die 5-LO-Expression in diesen Zelltypen kann durch die 

Präsenz einiger Stimuli maßgeblich gesteigert werden. Darunter fallen vor allem Agenzien, 

welche die Zellreifung induzieren wie beispielsweise DMSO, Retinsäure oder die kombinierte 

Gabe von TGFβ/1,25(OH)2D3. In diesem Zusammenhang finden sich erhöhte 5-LO-

Proteinlevel in Granulozyten und Monozyten/Makrophagen, die aus der Differenzierung ihrer 

entsprechenden myeloischen Vorläufer entstanden sind. 

   Die Enzymregulation auf transkriptioneller Ebene wird über verschiedenste Mechanismen 

gesteuert, die bis heute nicht vollständig geklärt sind. Maßgeblich an regulatorischen Effekten 

beteiligt sind epigenetische Faktoren wie DNA-Methylierung und Histonacetylierung, sowie 

die Transkriptionskontrolle durch unterschiedliche Transkriptionsfaktoren. Der 

Methylierungsstatus ist einer der Hauptgründe für die zellspezifische Enzymexpression, 

wobei eine vollständige DNA-Methylierung im Promoterbereich für die fehlende 

Enzymaktivität in 5-LO-negativen Zelllinien verantwortlich gemacht wird. Die Regulation 

durch Transkriptionsfaktoren kann sowohl durch deren Bindung in der Promoterregion, als 

auch durch Bindung in mehreren Introns des ALOX5-Gens erfolgen. Die posttranskriptionelle 

Expressionsregulation wurde hierbei bislang auf verschiedene SMADs als TGFβ-Effektoren, 

sowie Vitamin-D-Rezeptor Response Elemente im distalen Part des 5-LO Gens 

zurückgeführt. Die Enzyminduktion nach Differenzierung myeloider Zelllinien nach Zugabe 

von TGFβ/1,25(OH)2D3 konnte in diesem Zusammenhang bereits durch Mechanismen der 

Tranksriptionsinitiation und -elongation als Promoter-unabhängige Effekte erklärt werden.  

   Der Kernpromoter und die Promoter-proximalen Bereiche des ALOX5-Gens weisen 

Bindungsstellen für verschiedene Transkriptionsfaktoren auf, die unter anderem die basale 

Promoteraktivität aufrechterhalten. Der 5-LO Promoter weist hierbei besondere strukturelle 

Charakteristiken auf. Er zeichnet sich durch einen erhöhten Anteil an GC-Basenpaarungen 

aus, die CpG Inseln bilden und den Großteil der Transkriptionsfaktor-Konsensussequenzen 
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stellen. Durch den hohen GC-Anteil von etwa 80% und das Fehlen von TATA- und CAAT-

Boxen ähnelt die Promoterregion typischen Housekeeping-Genen. Vor allem im proximalen 

Bereich nahe der Transkriptionsinitiationsseite finden sich acht GC-Boxen, von denen fünf in 

Tandem arrangiert vorliegen. Diese bieten Konsensussequenzen für Transkriptionsfaktoren 

der Sp/KLF-Familie, sowie Egr-1, wobei die Bindung für Sp1, Sp3 und Egr-1 in Studien 

bereits gezeigt werden konnte. 5’-upstream der Transkriptionsinitiationsseite finden sich 

außerdem Bindungsstellen für die Transkriptionsfaktoren NF-κB oder PU.1. Für deren 

Bindung, oder der Bindung weiterer regulatorischer Faktoren fehlt bisher allerdings der 

Nachweis. Die vorliegende Datenlage erforderte in diesem Zusammenhang einen neutralen 

Screening-Ansatz der proximalen ALOX5 Promotersequenz, um DNA-interagierende 

Transkriptionsfaktoren zu identifizieren und die bisher Hypothesen-getriebene 

Charakterisierung der Genregion zu erweitern. 

   Zu diesem Zweck war es Zielsetzung dieser Arbeit, ALOX5-Promoter-interagierende 

Proteine mittels DNA-Affinitätschromatographie (DNA-Pulldown) und anschließender 

Massenspektrometrie zu identifizieren. Dazu wurden verschiedene MALDI-MS und ESI-MS 

Techniken zwecks ihrer Eignung zur Identifizierung neuer Proteinkomplexe durchgeführt und 

miteinander verglichen. Die Komplexität der durch DNA-Affinitätschromatographie 

angereicherten DNA-Interaktoren erforderte schlussendlich eine ESI-MS basierte Methode, 

die anschließend mit bioinformatischen Methoden gängiger quantitativer Proteomics-Ansätze 

ausgewertet wurde. Um eine geeignete MS-Quantifizierungsstrategie zur Isolierung DNA-

interagierender Proteine aus komplexen Proben zu finden, wurden sowohl markierungsfreie 

als auch markierungsbasierte massenspektrometrische Methoden untersucht und miteinander 

verglichen. Die markierungsbasierte beruhte hierbei auf dem Prinzip des Dimethyllabelings 

der nach dem Proteinverdau erhaltenen Aminofunktionen der Peptide. Hinsichtlich ihrer 

Effizienz der Identifizierung signifikanter Interaktoren des 5-LO-Promoters war das 

Dimethyllabeling der markierungsfreien Quantifizierung deutlich unterlegen, weshalb der 

markierungsfreie quantitative Ansatz als Standardmethode für weiterführende DNA-

Pulldowns gewählt wurde. 

   Die verwendeten Promotersequenzen des 5-LO Gens umspannten einen Bereich von etwa 

270 Basenpaaren Gesamtlänge, der sich 5‘-upstream der Translationsstartstelle befindet und 

nochmals in Promoter-proximale und Kernpromoter-beinhaltende Sequenzen unterteilt wurde. 

Um potentiell vorhandene zellspezifische oder differenzierungsabhängige Unterschiede der 

Enzymregulation in verschiedenen Zelltypen und Zellstadien zu berücksichtigen, wurden 

Zelllinien myeloiden und lymphatischen Ursprungs zur Durchführung der DNA-Pulldowns 
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mit den Kernpromoter-enthaltenden Sequenzen verwendet. Die ausgewählten Zelllinien 

umfassten drei verschiedene Linien myeloider Abstammung in unterschiedlichen 

Reifegraden, die zudem in undifferenziertem, als auch differenziertem Zustand untersucht 

wurden. Zusätzlich wurden zwei weitere B-lymphozytäre Zelllinien verwendet. Die 

identifizierten DNA-Interaktoren für die verwendeten Zellen myeloider Abstammung in 

undifferenziertem und differenziertem Zustand und Zellen lymphatischen Ursprungs ähnelten 

sich in deutlichem Umfang hinsichtlich der Art und Anzahl ihrer identifizierten Proteine, als 

auch in ihrer jeweiligen Proteinzusammensetzung, sodass auf eine zellunspezifische und 

differenzierungsunabhängige Genregulation rückgeschlossen werden konnte. Zur weiteren 

Durchführung folgender DNA-Pulldowns der Promoter-proximalen Regionen, die entweder 

eine Konsensussequenz für den Vitamin D-Rezeptor, oder SMAD-bindende Elemente 

enthielten, wurde schlussendlich die promyeloische Modell-Zelllinie HL-60 in 

undifferenziertem und differenziertem Zustand gewählt, da hier in vorangegangenen 

Experimenten die meisten Proteine identifiziert werden konnten. 

   Die insgesamt als signifikant identifizierten interagierenden Proteine bestätigten bereits 

bekannte Transkriptionsfaktoren wie Sp1 und Sp3, lieferten allerdings zusätzlich eine Reihe 

von neuen potentiellen Regulatoren des proximalen ALOX5-Promoters. Einige der am 

häufigsten und wiederholt detektierten Proteine umfassten neben den bereits erwähnten 

Transkriptionsfaktoren der Sp-Familie weitere Faktoren der homologen KLF-Familie, die 

hierbei erstmals als Interaktoren der GC-reichen Promotersequenzen identifiziert wurden. Sp1 

und Sp3 wurden als aktivierende, respektive mögliche inhibierende (Sp3) Interaktoren 

bestätigt, zudem konnte als weiterer neuer Faktor derselben Familie Sp2 mehrfach 

angereichert detektiert werden, was ein Zusammenspiel der Mitglieder der 

Transkriptionsfaktor-Familie nahelegt. Eine Interaktion mit den mittels Kernpromoter-

enthaltenden Sequenz angereicherten Faktoren KLF13 und KLF16 scheint plausibel, da auch 

diese in der Lage sind, mit den Proteinen der Sp-Familie um deren Bindungsstelle zu 

konkurrieren und legt den Schluss nahe, dass beide Transkriptionsfaktoren im Bereich der 

einfachen und kumulativen GC-Boxen binden. Als weiteres Mitglied der KLF-Familie wurde 

in den Promoter-proximalen Regionen KLF5 identifiziert, dem besondere Bedeutung 

zukommt, da KLF5 in bereits veröffentlichten Studien als Effektorprotein im TGFβ-

Signaltransduktionsweg charakterisiert wurde. KLF5 und KLF13 sind zudem bekanntermaßen 

an verschiedenen Mechanismen der Regulation inflammatorischer Prozesse beteiligt, was 

einen Zusammenhang im physiologischen Geschehen der 5-LO plausibel macht.  
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   Eine weitere Transkriptionsfaktor-Familie von Interesse, deren Proteine ebenfalls in den 

Promoter-proximalen Sequenzbereichen als signifikante Interaktoren identifiziert wurden, 

findet sich in den CCAAT/enhancer binding proteins (C/EBPs), die im 

Entzündungsgeschehen gleichermaßen eine essentielle Rolle spielen. Hier wurden vor allem 

C/EBPα, C/EBPβ und C/EBPε in undifferenzierten und differenzierten HL-60 Zellen 

angereichert, wobei C/EBPα und C/EBPβ gleichzeitig nur in differenzierten HL-60 Zellen 

gefunden wurden. Das Heterodimer C/EBPα/β konnte in diesem Zusammenhang bereits als 

verantwortlicher Komplex der TGFβ/1,25(OH)2D3-induzierten Hochregulation der CD14-

Transkription identifiziert werden, was mögliche Analogien der TGFβ/1,25(OH)2D3-

abhängigen 5-LO Expression aufzeigt, die in kommenden Studien charakterisiert werden 

sollten. Unterstützende Evidenz der Bindung an den proximalen ALOX5 Promoter findet sich 

außerdem in publizierten Chip-Seq Datensätzen, was die Vermutung nahelegt, dass die 

Transkriptionsfaktoren der C/EBP-Familie einen potentiellen Anteil an der 5-LO 

Transkriptionsregulation aufweisen.  

   Zu den bereits aufgeführten Transkriptionsfaktoren konnten weitere transkriptionell aktive 

Proteine repetitiv identifiziert werden, die vor allem das Myc-assoziierte Zinkfingerprotein 

(MAZ), als auch die heterogenen nukleären Ribonukleoproteine (hnRNPs) hnRNP D und 

hnRNP K umschließen. MAZ stellt hierbei einen aktivierenden Transkriptionsfaktor mit 

Affinität zu Guanin-reichen Sequenzen dar, dessen Zusammenspiel mit Sp1 bereits in Studien 

gezeigt werden konnte. Zusätzlich sind sowohl MAZ, als auch beide hnRNPs an der 

Regulation G-Quadruplex-abhängiger Transkription verschiedener Gene beteiligt, was die 

Regulation der 5-LO-Expression erstmals mit sekundären DNA Strukturen in Verbindung 

bringt. 

   In einem zweiten Teil der Arbeit wurde aus diesem Grund die Möglichkeit der Ausbildung 

sekundärer DNA-Strukturen innerhalb des proximalen 5-LO-Promoters untersucht, die sich in 

erster Linie aus der Funktion einiger identifizierter Proteine ergab, die im Erkennen und 

Entwinden von G-Quadruplexen (G4-DNA Strukturen) eine Rolle innehaben. G-Quadruplexe 

können sich in Guanin-reichen DNA Sequenzen ausbilden und stellen potente Regulatoren 

der Transkription ihrer Target-Gene dar. Die meisten dieser Target-Gene sind Proto-

Onkogene, weshalb G-Quadruplex Strukturen in jüngerer Zeit vermehrt als potentielle 

pharmazeutische Targets in Betracht gezogen werden. G-Quadruplexe finden sich außerdem 

in der Regulation von Telomeren.  

   Einige der angereicherten Proteine des Kernpromoter DNA-Pulldowns stehen in direktem 

funktionellen Zusammenhang der G4-DNA-vermittelten Genexpressionsregulation, wie 
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beispielsweise die Quadruplex-entwindenden Helikasen DHX36 und BLM, als auch die 

bereits erwähnten hnRNP D und K, sowie der Transkriptionsfaktor MAZ, welcher sowohl 

stabilisierende als auch entwindende Effekte auf G4-DNA aufweisen kann. Seine 

Quadruplex-entwindende Funktion konnte im Falle des onkogenen h-RAS-Promoters, der 

analoge Charakteristika zum ALOX5-Promoter aufweist, dessen Sp1-induzierte 

transkriptionelle Aktivierung vermitteln. Da der proximale 5-LO-Promoter in seinen fünffach-

GC-Boxen potentielle Sequenzen zur Ausbildung von Quadruplex-Strukturen beinhaltet, 

wurde eine Oligonukleotidsequenz mit entsprechenden Tandem-GC-Boxen zur Untersuchung 

möglicher Sekundärstrukturen verwendet. Zur Analyse wurden sowohl immunologische 

(ELISA), als auch spektroskopische (UV-VIS, CD) Methoden gewählt. Die erhaltenen 

Ergebnisse konnten erstmalig die tatsächliche in vitro Ausbildung von G-Quadruplexen in der 

proximalen Sequenz des ALOX5-Promoters nachweisen. Um funktionelle Aussagen über 

mögliche regulatorische Einflüsse auf die 5-LO Expression vorliegender G4-DNA zu 

erhalten, wurden differenzierte HL-60 Zellen mit zwei unterschiedlichen G-Quadruplex 

stabilisierenden Agenzien behandelt. Das verwendete Porphyrin-Analogon (TMPyP4) zeigte 

hierbei nach Zellbehandlung weder Effekte auf die Expression der 5-LO-mRNA noch auf die 

Proteinexpression. Ein weiterer G4-DNA-Stabilisator, Pyridostatin, führte nach zellulärer 

Behandlung allerdings zur signifikanten Reduktion der Proteinexpression. Die gemischte 

Ergebnislage sollte als Anlass genommen werden, weitere Untersuchungen durchzuführen, 

um schlussendlich eine sichere Aussage über die potentielle Regulation der 5-LO Expression 

mittels G-Quadruplexen zu erhalten.  

   Abschließend liefert die vorliegende Arbeit grundlegende Vorarbeiten und einen 

Ausgangspunkt für weitere notwendige Studien, um sich mit der Charakterisierung der 

identifizierten Proteine in ihrer funktionellen Rolle in der transkriptionellen Regulation der 5-

LO zu beschäftigen. Die angewandten Methoden verifizierten bereits bekannte ALOX5-

Interaktoren, lieferten darüber hinaus jedoch auch eine hohe Zahl neuer 

Transkriptionsfaktoren, die die bisherige Kenntnis der Enzymexpression deutlich erweitern. 

Zusätzlich wurden G-Quadruplex als sekundäre DNA-Strukturen zum ersten Mal im 

proximalen Promoterbereich nachgewiesen und als möglicher Mechanismus der 5-LO 

Genexpression in Betracht gezogen.   
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9. Appendix  

   9.1 Supplementary figures 

 

 

Supplementary figure 1: Immunoblotting of transcription factor Egr-1. 10-20 µl whole cell lysate 

containing 30 µg protein were blotted against β-actin as loading control (anti-Egr-1-ab 1:1000). 

Immunoblots comprised the depicted amounts of human recombinant Egr-1, serving as control. Blots 

are representative of three (six for THP-1) subsequent cell passages of (A) HL-60 in undifferentiated 

and differentiated (dHL-60), (B) THP-1 in undifferentiated and differentiated, (C) MM6 in 

undifferentiated and differentiated state, (D) Rec-1 and BL-41 and (E) 5-LO-negative controls U937 

and Hek293T. Bands marked with an asterisk are supposedly artefacts, since the detected signals 

belong to the secondary antibody used. 

 

 

Supplementary figure 2: Immunoblotting of transcription factor WT1. 10-20 µl whole cell lysate 

containing 30 µg protein were blotted against β-actin as loading control (anti-WT1-ab 1:1000). 

Immunoblots comprised a WT1-plasmid transfected control cell line. Blots are representative of three 

(six for THP-1) subsequent cell passages of (A) HL-60 in undifferentiated and differentiated (dHL-60), 

(B) THP-1 in undifferentiated and differentiated, (C) MM6 in undifferentiated and differentiated state, 

(D) Rec-1 and BL-41 and (E) 5-LO-negative controls U937 and Hek293T.  

 

A B 

C D E 

A B 

C D E 



APPENDIX 
 

153 
 

 

Supplementary figure 3: Immunoblotting of transcription factor AP-2α. 10-20 µl whole cell lysate 

containing 30 µg protein were blotted against β-actin as loading control (anti-TF-AP-2α-ab 1:1000). 

Immunoblots comprised the depicted amounts of recombinant human AP-2α as control. Blots are 

representative of three (six for THP-1) subsequent cell passages of (A) HL-60 in undifferentiated and 

differentiated (dHL-60), (B) THP-1 in undifferentiated and differentiated, (C) MM6 in undifferentiated 

and differentiated state, (D) Rec-1 and BL-41 and (E) 5-LO-negative controls U937 and Hek293T.  

 

 

Figure 4: SDS-PAGE-based DNA pulldown with 800 µg of nuclear extract in each approach. NE was 

either incubated with WT or SCR ds-DNA and immobilized on magnetic beads. Proteins were 

separated by gel electrophoresis and subsequent in-gel tryptic digestion was applied with following 

MALDI-TOF-MS/MS for identifying proteins detected in both affinity enrichments. 

A B 

C D E 
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Supplementary figure 5: Chip-Seq data (provided from IGV viewer) displaying binding sites for both 

RNA polymerase II and MAZ in the ALOX5 gene. MAZ possesses binding sites within the ALOX5 

promoter, as well as in intron C and D, which correlate with the binding sites of RNA polymerase II, 

indicating a possible function in transcript elongation. 

 

 

 Supplementary figure 6: Chip-Seq data available for proving the binding of transcription factors 

RUNX1, MAZ and ZBT7A to the ALOX5 promoter (Data displayed by IGV viewer). 

 

Supplementary figure 7: KLF5 interaction networks based on classification by STRING database. 
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   9.2 Supplementary tables 

 

protein gene name HL60 dHL60 THP1 dTHP1 MM6 dMM6 Rec-1 BL41 

1. ABC3C APOBEC3C    x     

2. BLM BLM x x       

3. CIRBP CIRBP       x  

4. CP7B1 CYP7B1   x      

5. CUL4A CUL4A x        

6. DDB2 DDB2  x       

7. DHX36 DHX36    x x x   

8. DPOLB POLB  x       

9. ETV6 ETV6 x        

10. F120A FAM120A       x x 

11. FAF1 FAF1      x   

12. FOSL2 FOSL2  x       

13. GANP MCM3AP x        

14. hnRNP D HNRNPD x  x  x    

15. hnRNP K HNRNPK x x  x   x x 

16. hnRNP U HNRNPU        x 

17. Jun-D JUND x        

18. KLF13 KLF13 x      x  

19. KLF16 KLF16 x x x x x  x  

20. MAZ MAZ x   x x    

21. MET17 METTL17   x      

22. MK MDK     x    

23. MSD2 MSANTD2      x   

24. MSH2 MSH2 x        

25. MSH3 MSH3 x x       

26. MTF2 MTF2 x        

27. NIP7 NIP7   x      

28. NU133 NUP133 x        

29. NU214 NUP214 x        

30. NUP53 NUP35 x        

31. NUP93 NUP93 x        

32. P52K THAP12       x  

33. PCBP2 PCBP2  x       

34. PRD10 PRDM10  x  x     

35. RBM3 RBM3 x        

36. RBMS1 RBMS1      x   

37. RBP2 RANBP2 x        

38. RecQ1 RECQL x        

39. RFA1 RPA1 x        

40. RFA2 RPA2 x     x   

41. RFA3 RPA3 x x       
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42. RFC1 RFC1 x x       

43. RUNX1 RUNX1  x       

44. S35A5 SLC35A5   x      

45. SF3B1 SF3B1 x        

46. SMAL1 SMARCAL1  x       

47. Sp1 SP1 x x x x x  x x 

48. Sp2 SP2   x     x 

49. Sp3 SP3 x   x x x   

50 Sp4 SP4    x     

51. SUZ12 SUZ12 x        

52. TCP4 SUB1 x        

53. TF3C5 GTF3C4 x        

54. TFAM TFAM x        

55. TM209 TMEM209 x        

56. VEZF1 VEZF1 x x       

57. WDR76 WDR76 x        

58. YBOX1 YBX1  x       

59. ZBT7A ZBTB7A x x  x     

60 ZF64B ZFP64   x      

61. ZFP91 ZFP91     x   x 

62. ZN148 ZNF148  x       

63. ZN281 ZNF281 x x    x   

64. ZN316 ZNF316    x     

65. ZN444 ZNF444 x        

66. ZN579 ZNF579 x x  x     

 

Supplementary table 1: Cumulatively identified proteins in all DNA pulldowns performed with core-

promoter sequences of ALOX5 promoter.  

 

protein gene name                SBE                 VDRE 

         HL-60                dHL-60      HL-60                dHL-60 

1. BYST BYSL x    

2. CARTF CARF x  x  

3. CEBPA CEBPA x x   

4. CEBPB CEBPB  x  x 

5. CEBPE CEBPE  x x  

6. CEBPG CEBPG x x   

7. CHD1 CHD1 x    

8. CI114 SPOUT1  x   

9. DHX9 DHX9 x    

10. H15 HIST1H1B x    

11. H2AY H2AFY x    

12. H4 H4C1 x    
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13. HIC2 HIC2   x  

14. KLF12 KLF12   x x 

15. KLF5 KLF5   x  

16. LRRF2 LRRFIP2    x 

17. MAGBI MAGEB18    x 

18. MCCA MCCC1   x x 

19. MCCB MCCC2    x 

20. NFAC2 NFATC2 x    

21. NR2C2 NR2C2   x  

22. NSD1 NSD1   x x 

23. ODB2 DBT   x x 

24. PARP3 PARP3    x 

25. PERE EPX x    

26. PON1 PON1    x 

27. PR38A PRPF38A    x 

28. PRG2 PRG2 x    

29. RL24 RPL24 x    

30. RL27A RPL27A x    

31. RL37A RPL37A x    

32. RL5 RPL5 x    

33. RL7 RPL7 x    

34. RLF RLF x    

35. RS13 RPS13 x    

36. RS9 RPS9 x    

37. SPTN1 SPTAN1    x 

38. TITIN TTN x    

39. ZBT26 ZBTB26   x  

40. ZFX ZFX   x x 

41. ZN148 ZNF148 x    

42. ZN189 ZNF189   x  

43. ZN212 ZNF212   x  

44. ZN319 ZNF319   x x 

45. ZN335 ZNF335   x  

46. ZN668 ZNF668 x    

47. ZN740 ZNF740 x  x  

48. ZN775 ZNF775   x  

49. ZNF24 ZNF24   x  

50. ZSC25 ZSCAN25   x  

 

Supplementary table 2: Cumulatively identified proteins in DNA pulldowns with core-promoter 

proximal sequences of ALOX5 promoter 
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