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Zusammenfassung  

Synthetische Riboschalter stoßen auf zunehmendes Interesse in der synthetischen Biologie, 

funktionellen Genetik und in möglichen therapeutischen Anwendungen. Diese Arbeit zeigt, 

dass die Kontrolle des alternativen Spleißens durch einen Riboschalter ein vielversprechender 

Ansatz ist, um die Expression von Transgenen in Säugetierzellen wirksam zu regulieren. Dafür 

wurde ein künstliches Kassetten-Exon mit vorzeitigem Terminations-Codon eingesetzt, 

welches die Expression des zu kontrollierenden Gens nur dann zulässt, wenn es beim Prozess 

des Spleißens übersprungen wird. Bislang war das Potenzial zur Verbesserung der 

dynamischen Regulierung von solchen Systemen ausschließlich durch die Anpassung der 

Riboschalter-Sequenz begrenzt, ohne den Kontext des Gens zu berücksichtigen. In dieser 

Arbeit wurde daher der bekannte Tetracyclin-Riboschalter ausgewählt, um die Auswirkungen 

des Kontexts und der Insertionsstelle eines Kassetten-Exons innerhalb des Gens zu 

untersuchen. Hierbei wurde die Expression eines künstlichen Arachidonat-5-Lipoxygenase-

Gens kontrolliert und gezeigt, dass Riboschalter-gesteuerte Kassetten-Exons durch 

kontextuellen Sequenzanpassung leicht auf ein anderes Gen übertragbar sind. Dies wurde 

durch die Einführung von Gen-spezifischen intronischen und exonischen Sequenzen erreicht, 

wobei verschiedene Intron-Längen und -Positionen getestet wurden. Im Gegensatz dazu 

führte die Einführung nicht angepasster Konstrukte zu einer eher unberechenbaren 

Funktionalität. Darüber hinaus konnte gezeigt werden, dass die Kombination von zwei 

Kassetten-Exons in ein Gen zu einer deutlichen Verbesserung der Schaltfähigkeit führte. 

Hierbei stellte sich jedoch heraus, dass die räumliche Nähe der Kassetten-Exons einen 

Einfluss auf die Schaltfunktionalität zu haben scheint. Das am besten funktionierende 

Kassetten-Exon-System wurde folglich in Anwendung gebracht, indem es in die monozytäre 

Leukämie-Zelllinie Mono Mac 6 genomintegriert wurde. Dies ermöglichte so die Tetrazyklin-

abhängige Re-Expression der 5-Lipoxygenase. Die neu etablierte Zelllinie wurde hinsichtlich 

ihrer Dosisabhängigkeit und Schaltkinetik charakterisiert und zur Bestätigung der nicht-

kanonischen Effekte der 5-Lipoxygenase auf die Cyclooxygenase 2 und Kynureninase 

Expression überprüft. Dabei konnten die zuvor beschriebenen Effekte der 5-Lipoxygenase 

bestätigt und die herausragenden Vorteile eines Riboschalter-gesteuerten Systems in Bezug 

auf die Zeitabhängigkeit gezeigt werden. Schließlich wurde in dieser Arbeit ein neuartiges 

Riboschalter-gesteuertes Spleiß-Konzept entwickelt, das es ermöglichte, die 5-Lipoxygenase 

Wildtyp Expression auf die Expression der Isoform æ13 zu wechseln. Zusätzlich wurde das 

Tetracyclin-gesteuerte Spleiß-System mit einem neuartigen Doxycyclin- und Tobramycin- 

Riboschalter bestückt und in den Kontext des Checkpoint-Kinase-2-Gens gebracht, um auf 

Funktionalitätsunterscheide und Kreuzabhängigkeiten zu prüfen. Diese Arbeit zeigt somit das 

umfangreiche Potenzial einer Riboschalter-gesteuerten Spleiß-Kontrolle auf, was mitunter 

einen innovativen Ansatz für zukünftige therapeutische Anwendungen darstellt. 
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Abstract  

Synthetic riboswitches have recently attracted heightened interest in the fields of synthetic 

biology and functional genetics, as well as in relation to their potential therapeutic applications. 

The present study demonstrates that the control of alternative splicing by a riboswitch 

represents a promising approach to effectively regulate the expression of transgenes in 

mammalian cells. To this end, an artificial cassette exon with a premature termination codon 

was utilized, which enables the expression of the gene to be controlled by means of its skipping 

during the splicing process. The potential for enhancing the dynamic regulation of such 

systems was heretofore constrained solely by adjusting the riboswitch sequence without 

considering the geneôs context. Consequently, the well-known tetracycline riboswitch was 

selected to investigate the effects of the context and the insertion site of a cassette exon within 

the gene. In this system, the expression of an artificial arachidonate 5-lipoxygenase gene was 

controlled, and it was demonstrated that riboswitch-controlled cassette exons are readily 

transferable to another gene by means of contextual sequence adaptation. This was 

accomplished by introducing gene-specific intronic and exonic sequences, and conducting 

experiments on different intron lengths and positions. Conversely, the integration of non-

adapted constructs resulted in a functionality that was unpredictable. Moreover, it was 

demonstrated that the utilization of two cassette exons within a single gene resulted in a 

substantial enhancement in switching capability. However, it was observed that the spatial 

proximity of the cassette exons appeared to influence the switching functionality. 

Consequently, the most effective cassette exon system was employed through genome 

integration into the monocytic leukemia cell line Mono Mac 6. This integration enabled the 

tetracycline-dependent re-expression of the 5-lipoxygenase. The newly established cell line 

was characterized in terms of its dose dependence and switching kinetics, and tested to 

confirm the non-canonical effects of the 5-lipoxygenase on cyclooxygenase 2 and 

kynureninase expression. This confirmed the previously described non-canonical effects of the 

5-lipoxygenase and demonstrated the outstanding advantages of a riboswitch-controlled 

system in terms of time dependence. Finally, a novel riboswitch-dependent splicing concept 

was developed in this work, which allowed switching 5-lipoxygenase wild-type expression to 

the expression of the æ13 isoform. Furthermore, the tetracycline-dependent splicing system 

was equipped with a novel doxycycline and tobramycin riboswitch and placed in the context of 

the checkpoint kinase 2 gene to test for functional differences and cross-dependencies. This 

work thus demonstrates the outstanding potential of riboswitch-dependent splicing control, 

which represents an innovative approach for future therapeutic applications. 

 



 

1 

 

1. Introduction  

In the field of synthetic biology, a primary objective is to enhance the efficiency, reliability, and 

predictability of biological processes, thereby expanding the scope of potential biological 

functions for therapeutic and research applications. In this context, regulatory systems for 

transgenic expression have become invaluable tools in functional genetics, and are attracting 

increasing interest with regard to potential new applications [1]. The regulation of promoters is 

a traditional basis for these systems, which presents a number of challenges, like undesirable 

background expression, pleiotropic effects and restricted specificity with regard to specific 

species. Furthermore, the implementation of regulatory proteins, such as transcription factors, 

may result in immunogenic response. However, recent developments in the domain of 

molecular biology, including the advent of sophisticated desoxyribonucleic acid (DNA) 

manipulation techniques and the formulation of novel gene concepts, have considerably 

expanded our ability to leverage a diverse range of tools for investigation and modification of 

mammalian cell behavior. These advances have resulted in the development of a new 

generation of synthetic biology research tools and potential therapeutic applications. One of 

the emerging techniques currently under investigation is the utilization of ribonucleic acid 

(RNA)-based regulatory systems [2]. In contrast to the regulation of promoters, these offer the 

advantage of not being dependent on heterologous protein expression and offer the possibility 

to regulate gene expression through the direct interaction of a small molecule within the 

messenger RNA (mRNA) itself. This approach not only streamlines the application process but 

also minimizes the potential for off-target effects. 

1.1.1. Regulatory RNAs  

In both eukaryotes and prokaryotes, non-coding RNAs (ncRNA) have the capacity to regulate 

the expression of a specific gene. The control of gene expression at the RNA level enables a 

rapid response to external influences on the cell. However, there are notable distinctions in the 

regulation of gene expression by ncRNAs across the domains of life [3, 4]. 

In prokaryotes, ncRNAs in the form of small RNAs (sRNAs) can regulate gene expression by 

binding in proximity to or directly on the ribosomal binding site, thereby blocking translation. 

Nevertheless, there are instances in which the sRNA binds at a certain distance from the 

ribosomal binding site, resulting in alterations to mRNA stability. Subsequently, the bound 

mRNA can form a structure that either blocks or releases the ribosomal binding site [4]. Another 

category of small regulatory RNAs is this designated as antisense RNAs (asRNAs). Those are 

produced when the non-codogenic strand is transcribed in addition to the codogenic strand 

and results in the production of an RNA that is complementary to the mRNA, which can 

therefore be blocked in translation [5]. Furthermore, prokaryotic organisms possess cis-

regulatory RNA elements, which regulate gene expression via riboswitches [6]. A riboswitch is 
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defined as a structural element of RNA, comprising an aptamer domain and an expression 

platform. The interaction of a ligand with the aptamer domain results in a conformational 

change in the expression platform, which effectively masks the Shine-Dalgarno sequence (SD) 

or the start codon (AUG). This ultimately leads to the cessation of translation [7] (Figure 1A). 

 

Figure 1 | Schematic illustration of riboswitch -dependent control of gene expression in 

prokaryotes and eukaryotes. The graphic illustrates two exemplary concepts for the control of gene 

expression via a riboswitch. (A) Gene expression in prokaryotes is regulated by the positioning of an 

aptamer sequence in close proximity to the SD. Upon the addition of the aptamer's ligand, the 

conformation of the mRNA undergoes a change, resulting in the covering of the SD. This effectively 

stops the translation. (B) Gene expression in eukaryotes is controlled by positioning an aptamer 

sequence downstream of the 5ôss. Upon the addition of the aptamerôs ligand, the conformation of the 

mRNA undergoes a change, resulting in the covering of the splice site. This results in an alternative 

splicing event, whereby the intron is not excised, which in turn disrupts the process of translation. 

SD = Shine Dalgarno sequence, 30S = prokaryotic small ribosomal subunit, U1 = U1 spliceosomal RNA, 

5ôss = 5ô splice site, 3ôss = 3ô splice site, BP = branch point. The graphic was adapted from Groher and 

Suess (2014) [7]. 

In eukaryotes, ncRNAs also play an important role in gene expression. These include 

microRNAs (miRNAs), whose precursors are transcribed and, while still within the cell nucleus, 

processed by the enzyme Drosha into an RNA of approximately 70 nucleotides (nt) in length, 

which is also known as pre-miRNA. Subsequently, exportin-5 (XPO5) facilitates the transfer of 

the molecule from the cell nucleus to the cytoplasm. In the cytoplasm, Dicer initiates the final 

processing stage, resulting in the formation of a double-stranded molecule with a length of 

21 to 25 nts. The single-stranded miRNA then forms the RNA-induced silencing complex 

(RISC complex) with a series of proteins, while the complementary strand is degraded in most 

cases [3]. The miRNA is capable of binding a specific RNA sequence, thereby directing the 

RISC complex to that particular RNA. In the majority of instances, the interaction occurs within 

the 3ô untranslated region (UTR) of the mRNA, which results in the repression of translation. 

In a few instances, the Argonaute protein, which is a component of the RISC complex, cleaves 

the polyadenylation (polyA) tail of the mRNA, resulting in its degradation. 
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Another mechanism of gene regulation in eukaryotes is RNA interference (RNAi) [8]. RNAi is 

initiated by double-stranded RNAs, which can originate from viruses or transposons. These 

double-stranded RNAs are also processed in the cytoplasm by Dicer into a 21-25 nt small 

interference RNA (siRNA) and incorporated into the RISC complex as a single strand. This 

enables them to guide the RISC complex to its target in a manner analogous to that of miRNAs 

to their target RNA. RNAi can be employed in a multitude of organisms to specifically suppress 

the expression of individual proteins.  

The regulation of gene expression via riboswitches is also a feasible process in eukaryotes, 

although it is a relatively minor phenomenon in the natural context. One example was first 

identified in genes involved in the biosynthesis of thiamine pyrophosphate (TPP). The TPP 

riboswitch from Arabidopsis thaliana is situated in the 3ô UTR of the thiamin biosynthetic gene 

THIC, encoding the phosphomethylpyrimidine synthase, where it regulates alternative splicing. 

In the absence of TPP, the 5ô splice site (5ôss) is masked by the riboswitch, which results in 

the pre-mRNA not being spliced (Figure 1B). Consequently, a brief 3ô UTR is generated, and 

the mRNA is translated. In the presence of TPP, the riboswitch binds, resulting in the release 

of the 5ôss due to a conformational change and the formation of a long 3ô UTR. This results in 

the formation of an unstable mRNA that is rapidly degraded [9]. Similarly, the NMT1 gene in 

Neurospora crassa, encoding the N-myristoyltransferase 1, is also regulated by a TPP 

riboswitch. In the presence of TPP, an alternative 5ôss is employed, resulting in the insertion 

of an upstream start codon. This results in the translation of a different reading frame, which 

consequently reduces the expression of NMT1 [10]. 

1.1.2. Synthetic Aptamers  

As already in one of the previous sections outlined, in natural systems, RNAs may possess a 

cis-regulatory RNA element that exerts control over gene expression. This is referred to as a 

riboswitch, which comprises an aptamer domain and an expression platform. Here, the 

aptamer domain is capable of binding a specific ligand with high affinity [11]. By employing an 

in vitro process known as Systematic Evolution of Ligands by Exponential enrichment 

(SELEX), it is possible to select aptamers de novo that bind to a vast array of ligands [12, 13]. 

To this end, an RNA library comprising up to 1015 different sequences is incubated with an 

immobilized ligand, with the bound RNA oligonucleotides (oligos) subsequently eluted 

following a washing step that removes any sequences that failed to bind the ligand. The 

selected RNAs are then transcribed using Reverse Transcription Polymerase Chain 

Reaction (RT-PCR) to create an RNA pool through in vitro transcription (IVT) and repeated in 

several cycles. This process is done until a significant enrichment is obtained, which is then 

sequenced in order to further characterize the enriched sequences [14] (Figure 2A). 
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In a similar process known as capture SELEX (CAP-SELEX), the RNA oligos are immobilized 

in lieu of the ligand. This offers the advantage that, during elution with the ligand, only those 

sequences are enriched that underwent a conformational change upon ligand binding, thereby 

masking the capture sequence [15]. This improves the possibility that the aptamer can be used 

as a riboswitch for gene expression control from the outset (Figure 2B). 

 

Figure 2 | Schematic illustration of the SELEX process. The graphic illustrates two different SELEX 

processes. The graphic was adapted from Hoetzel and Suess (2022) [15]. (A) The conventional SELEX 

process involves the immobilization of the ligand on synthetic beads. The RNA pool is then incubated 

with the immobilized ligand. The unbound RNA oligos are removed by washing, while the bound RNA 

oligos are eluted by the addition of the ligand. The eluted RNA oligos are then reverse transcribed (RT-

PCR) and, if the enrichment was of sufficient quality, sequenced. In the event that the initial process 

does not yield the desired enrichment outcome, the procedure is repeated, commencing with IVT to 

generate a novel RNA pool from the evolutionised RNA oligos. (B) The CAP-SELEX process involves 

the immobilization of the RNA oligo through hybridization to a capture-oligo, which are immobilized on 

synthetic beads. The subsequent process is analogous to that previously outlined for conventional 

SELEX.   

One of the key properties of aptamers is their high selectivity towards their ligand. They fold 

into a specific structure which is capable of binding their ligand with high affinity. Similar to 

antibodies, aptamers are capable of recognizing specific structural elements, yet they offer 

certain advantages over antibodies. For instance, they are not recognized by the immune 

system, which precludes the occurrence of a defense reaction. Additionally, they are capable 

of refolding into their original structure following denaturation and can be produced with relative 

ease and at a low cost on a large scale. Moreover, the variability of aptamers is not limited. 

Aptamers can potentially be produced for a wide variety of ligands, including ions, toxins, 

peptides, proteins, viruses, bacteria, cells, and even tissues [16]. 
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1.1.3. Synthetic Riboswitches  

The utilization of aptamers in the configuration of synthetic riboswitches facilitates the 

regulation of gene expression. Nevertheless, despite the existence of a considerable number 

of novel aptamers, only a limited number have thus far been employed in the construction of 

functional riboswitches. Such aptamers include those targeting theophylline [17], 

neomycin [18], tetracycline [19], ciprofloxacin [20] and tobramycin [21]. This raises the 

question of which properties an aptamer must possess in order to be used as a riboswitch for 

the control of gene expression. The neomycin aptamer demonstrated the necessity of re-

testing the aptamers obtained from SELEX in an in vivo screening system. The original 

aptamer identified through SELEX was unable to regulate gene expression, despite exhibiting 

a high affinity to the ligand. It was only through in vivo screening that an aptamer sequence 

could be generated with a logical approach, capable of regulating translation in yeast [18]. The 

principal distinction is that the novel aptamer undergoes a conformational alteration following 

ligand binding [22]. This conformational change is crucial for the aptamer to function as a 

riboswitch [11, 23]. 

The Tetracycline Riboswitch  

One of the most well-known and widely utilized riboswitch is the tetracycline riboswitch. 

Tetracycline is a widely used antibiotic due to its favorable pharmacodynamic properties and 

broad-spectrum antimicrobial efficacy [24] (Figure 3B). Tetracycline binds to both the 30S and 

50S ribosomal subunits, thereby preventing the binding of new amino acetyl-tRNA [25, 26]. 

Nevertheless, the tertiary structure of the tetracycline binding sites had to be identified. 

Consequently, it became one of the first molecules against which a synthetic aptamer was 

selected. In order to ascertain further details regarding the potential structure of the binding 

sites of tetracycline, an in vitro selection was conducted. This should facilitate the acquisition 

of data regarding the RNA binding of tetracycline via the aptamers obtained, thereby enabling 

a deeper understanding of the antibioticôs mode of action. 

The tetracycline aptamer was successfully selected in 2001 [19]. An aptamer, designated 

cb28, which exhibits a binding affinity to tetracycline that is similar to that of the ribosome, was 

identified through the analysis of the SELEX pool used for selection. The truncation of this 

aptamer resulted in the formation of a minimal motif comprising only 60 nts. A variant of this 

minimal motif, which has undergone slight modification, has been demonstrated to bind 

tetracyclines with an even greater affinity [27]. The structure of the aptamer was analyzed 

using enzymatic and chemical probing techniques, as well as X-ray crystallography [28, 29]. It 

forms a structure comprising stems P1, P2 and P3, and loops L2 and L3 (Figure 3A). The 

connection between stems P1 and P2 is facilitated by a short sequence designated B1-2, while 

the link between stems P2 and P3 is mediated by B2-3. The formation of the aptamerôs tertiary 
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structure is dependent on the involvement of up to three magnesium ions. Two helices are 

formed from the P1 and P3 stems. The loop L3 is folded onto the two helices and the two 

single-stranded regions B2-3 and B1-2 adopt an unconventional helical structure, upon which 

P2 is folded [29]. The binding pocket is constituted by nts of the B1-2 and B2-3 regions and 

the L3 loop. Hereby, Tetracycline can form a chelate complex exclusively with a divalent cation, 

such as magnesium [30]. The hydroxyl group at C6 of tetracycline molecule is indispensable 

for the interaction with the aptamer (red arrow in Figure 3B). The hydroxyl group forms two 

hydrogen bonds with the 3ô terminal adenine base of the B1-2 region (red arrow in Figure 3A). 

This consequently results in the inability of tetracycline analogues, such as doxycycline, to bind 

to the aptamer, due to the absence of the hydroxyl group at C6 [27, 29]. The P1, P2 and L2 

domains are not involved in the interaction with the ligand and, as a consequence, can be 

modified without affecting the functionality of the aptamer [19, 28]. In the absence of 

tetracycline, in-line probing demonstrated that the P1 stem is partially single-stranded. 

However, the stem is stabilized by tetracycline and exists exclusively as a double helix [31]. 

 

Figure 3 | The tetracycline aptamer and its ligand. The schematic illustrates a tetracycline aptamer 

sequence adapted from the cb28 aptamer of Berens and co-workers (2001) [19]. The graphic in (A) 

depicts the sequence and secondary structure of the tetracycline aptamer devoid of its P1 closing stem, 

which functions as an expression platform for riboswitch functionality. The secondary structure of the 

aptamer domain comprises two connecting regions (B1-2 and B2-3), two stems (P2 and P3) and two 

loops (L2 and L3). The red arrow indicates the adenine base, which binds to the hydroxyl group at C6 

of the tetracycline molecule. The green boxes indicate all different nts involved in ligand binding. The 

graphic in (B) illustrates the small molecule tetracycline and its structural formula. The red arrow 

indicates the position of the hydroxyl group at C6, which is crucial for the formation of a stable complex 

with the tetracycline aptamer. 

Tetracycline is a low-toxicity therapeutic molecule that is capable of entering nearly all cells, 

thus making it an excellent candidate for use in eukaryotic cell approaches [32, 33]. This was 

first achieved in 2003 by placing the tetracycline aptamer in proximity to the 5ô-cap in the 

eukaryotic model organism Saccharomyces cerevisiae, thereby preventing the binding of the 

small ribosomal subunit in the presence of tetracycline. Conversely, if the tetracycline aptamer 

is situated in proximity to the start codon, it impedes the scanning of the small ribosomal 

subunit, which is unable to recognize the start codon. In both instances, translation is inhibited 

in the presence of tetracycline, whereas translation of the respective mRNA occurs without 
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tetracycline [34]. Nevertheless, although the functionality and reliability of the tetracycline 

riboswitch have been demonstrated in yeast, recent studies have focused on transferring the 

synthetic tetracycline riboswitch into mammalian cells [35ï37]. In this instance, the tetracycline 

riboswitch was inserted into the 5ô UTR employing a roadblock mechanism, with the objective 

of disrupting ribosomal scanning [38]. An alternative approach involved the insertion of the 

tetracycline riboswitch into the 3ô UTR, with the intention of occluding miRNA binding sites, 

thereby preventing the RNAi processing machinery from functioning [39]. Furthermore, a 

strategy employed the utilization of the tetracycline riboswitch for the regulation of self-cleaving 

ribozyme activity integrated within UTRs, which modulate mRNA stability [40]. In these 

approaches, the optimization of the riboswitch itself played an essential role, as it could be 

employed to enhance the efficiency and dynamic range of regulation. An additional method for 

utilizing the tetracycline riboswitch, which is exclusively reserved for eukaryotes, is the 

regulation of splicing [31]. In this instance, the tetracycline aptamer has been inserted 

downstream of the 3ô splice site (3ôss) or 5ôss of a cassette exon, thereby enabling the 

conditional control of alternative splicing. The stabilization of the riboswitch's closing stem upon 

ligand binding leads to interference with the splice site recognition and consequently results in 

the alteration of the mature mRNA [41-43]. However, this approach has only been 

demonstrated to be effective in the context of small synthetic introns and proof-of-principle 

studies have further improved this regulation by combining an aptamer-controlled ribozyme in 

the 3ô UTR [44]. 

The Doxycycline  Riboswitch  

A novel aptamer for the tetracycline-related analogue doxycycline (Figure 4B) was recently 

identified by Janis Hoetzel and co-workers in the laboratories of Beatrix Suess. Doxycycline is 

a member of the tetracycline class of antibiotics and exhibits favorable pharmacodynamic 

characteristics and a broad-spectrum inhibitory effect on microbial organisms [45]. It differs 

from the tetracycline by a single hydroxyl group in its structural composition (red arrow in 

Figure 4B). Like the tetracycline, doxycycline is a suitable candidate for controlling gene 

regulation due to its favorable cell permeability and low toxicity. 

An aptamer candidate, namely G12, was selected from a conventionally conducted column-

based SELEX and was selected by the masterôs student Max Schäfer. However, the findings 

have yet to be published, which is why the promising candidate G12, which appears to be 

active in its riboswitch functionality, can only be presented here in masked form (Figure 4A). 

The doxycycline aptamer appears to exhibit a structural similarity to the tetracycline aptamer. 

The prediction by RNA analysis tools indicates the presence of a closing stem and two 

structural stems, with each one terminal loop. Here, the two stem loops appear to be connected 
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to the closing stem by a short connecting sequence However, the precise structural analysis 

and characterization of the doxycycline riboswitch have yet to be conducted and published. 

 

Figure 4 | The doxycycline aptamer and its ligand. The schematic illustrates the doxycycline aptamer 

structure adapted from unpublished work of Janis Hoetzel. The aptamer sequence is masked for this 

reason. The graphic in (A) depicts the secondary structure of the doxycycline aptamer devoid of its 

closing stem, which functions as an expression platform for riboswitch functionality. The secondary 

structure of the aptamer domain comprises one connecting region, two stems and two loops. The 

graphic in (B) illustrates the small molecule doxycycline and its structural formula. The red arrow 

indicates the hydroxyl group which differs from the tetracycline small molecule. 

The Tobramycin  Riboswitch  

Another recently identified aptamer, the tobramycin aptamer, was also discovered in the 

laboratories of Beatrix Suess. Tobramycin is a member of the nebramycin antibiotic complex, 

and was first isolated in 1967 by researchers at Eli Lilly and Company. Derived from 

Streptomyces tenebrarius, it demonstrated in vitro activity that suggested potential clinical 

utility. Tobramycin is most similar in structure to the kanamycin group, however differs from 

kanamycin B in the number of hydroxyl groups [46] (Figure 5B). 

 

Figure 5 | The tobramycin aptamer and its ligand. The schematic illustrates a tobramycin aptamer 

sequence adapted from the N6G5 aptamer of Kraus and co-workers (2023) [21]. The graphic in (A) 

depicts the sequence and secondary structure of the tobramycin aptamer, including of its P1 closing 

stem. This not only functions as a binding sequence, but also as an expression platform for riboswitch 

functionality. The secondary structure of the aptamer domain comprises one connecting region (B1-2), 

two stems (P1 and P2) and one loop (L2). The green boxes indicate the nts involved in ligand binding. 

The graphic in (B) illustrates the small molecule tobramycin and its structural formula. 
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The initial selection of the tobramycin aptamer was achieved by Simon Führbacher during a 

kanamycin A CAP-SELEX. The subsequent structural analysis and in vivo screening were 

conducted by Eric Bäuchle. Subsequently, a shortened riboswitch was constructed by Leon 

Kraus, designated N6G5 (Figure 5A), which exhibits a high degree of affinity for the 

aminoglycoside tobramycin. Mutation studies on the previous, longer version of the aptamer 

revealed the presence of two distinct binding domains, characterized by high and low affinity, 

respectively. The primary binding domain with high affinity for tobramycin is located in the lower 

portion of the structure, while the secondary domain is situated just below the apical loop and 

exhibits low affinity for tobramycin. Nevertheless, the shortened aptamer variant N6G5 retains 

solely the high-affinity main domain for tobramycin, indicating that only one of the two binding 

pockets is essential for tobra binding. The final tobramycin riboswitch, identified by Leon Kraus 

and co-workers, consists of a P2 stem with a terminal L2 loop, which is connected to the ligand 

binding P1 stem by an B1-2 sequence. This riboswitch has been demonstrated to effectively 

regulate gene expression in yeast [21]. 

1.2. Pre-mRNA Splicing  in the Mammalian System  

As previously outlined, a methodology for the utilization of a riboswitch to regulate gene 

expression in eukaryotes entails the control of splicing. In this configuration, the riboswitch is 

strategically positioned in close proximity to a splice-relevant mRNA sequence, thereby 

impeding its activity in the event of ligand binding [31, 41, 43]. In order to efficiently regulate 

this type of riboswitch-based splicing control and to create corresponding synthetic concepts, 

it is necessary to understand the processes of pre-mRNA splicing. 

Splicing is defined as the process of removing introns from a pre-mRNA transcript. The first 

observations of splicing were made in 1977 during studies with the human pathogenic 

adenovirus. It was found that all mRNAs of the virus possess a uniform 5ô end, despite 

encoding distinct proteins. Subsequent studies revealed that all mRNAs are initially transcribed 

as pre-mRNAs, which are then processed into different mature mRNAs through a process 

known as splicing. The splicing process results in the production of mRNAs that encode for 

different proteins based on one single gene [47, 48]. 

In the mammalian system, introns are removed in two consecutive phosphoryl transfer 

reactions, namely transesterifications (Figure 6). This splicing process is catalyzed by a multi-

RNA complex, the spliceosome, which can recognize three conserved regions in the intron 

known as the 5ôss, the branch point (BP) and the 3ôss. As demonstrated by Will and Lührmann 

in 2011, these regions define the intron and are essential for the transesterification 

reactions [49]. Of particular interest is the polypyrimidine (polyY) tract, which is located 

between the 5ôss and the BP. This tract, as observed by Chua and Reed in 2001, is 19 to 

23 nts in length and consists mainly of pyrimidines [50]. In mammalian cells, guanine-thymine 
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dinucleotides have been shown to be conserved at the 5ô end, with adenine-guanine 

dinucleotides found at the 3ô end of each intron [51].  

 

Figure 6 | Splicing process in the mammalian system. The schematic illustrates the splicing process 

in the mammalian system by a two-step transesterification. (A) The 2ô-hydroxyl group of the BP 

adenosine attacks the phosphodiester bond of the 5ôss (branching). (B) The 3ô-hydroxyl group of the 

5ôss attacks the phosphodiester bond of the 3ôss (exon ligation). (C) The two exons are spliced and an 

intron lariat is released. 5ôcap = 5ôm7G-cap structure, polyA = polyadenylation tail, 5ôss = 5ô splice site, 

BP = branch point, 3ôss = 3ô splice site, p = phosphodiester bound, 2ôOH =2ô-hydroxyl group, 3ôOH = 3ô-

hydroxyl group. 

The initial transesterification reaction involves the 2ô-hydroxyl group of the conserved BP 

adenosine, which attacks the phosphodiester bond of the 5'ss (Figure 6A). This results in the 

cleavage of the upstream exon, with the 5ô end of the intron covalently attached to the 

2ô-hydroxyl group of the adenosine, forming an intron lariat. In the subsequent step, the newly 

formed 3'-hydroxyl group reacts in a nucleophilic attack with the 5'-phosphodiester bond of the 

intron's 3' end (Figure 6B). This linkage of the two exons is concomitant with the release of the 

intron in its lariat form, which is subsequently cleaved by nucleases [52] (Figure 6C). 

1.2.1. The Spliceosome  

Despite the capacity for splicing to occur in a number of prokaryotes and organelles via the 

process of self-cleavage [53-55], splicing of pre-mRNA transcripts in higher eukaryotes is 

exclusively catalyzed by the spliceosome [56]. 

In eukaryotes, the spliceosome is comprised of five subunits: U1, U2, U4, U5 and U6, in 

addition to associated small nuclear RNAs (snRNA) [57-59]. It has been established that 

snRNAs are complementary to sections of intronic sequences that are to be excised, thus 

allowing the subunits to recognize the 5ôss, the BP and the 3ôss. Consequently, in conjunction 

with the spliceosome subunits, they form small nuclear ribonucleoproteins (snRNP). The 

spliceosome itself is a ribozyme complex, in which the RNA components are responsible for 
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catalyzing the two transesterifications. Hereby, the spliceosome complex-associated protein 

subunits are facilitating the folding process of the RNA into its catalytically active form and do 

not possess the capacity to form an active center by themselves. Rather, it is the complex 

folding of the individual subunits that results in the formation of the catalytically active 

spliceosome. It has been observed that introns in eukaryotes can extend to a length of more 

than 10,000 nts. Therefore, it is imperative during the splicing process that the correct splice 

sites are recognized from a large number of similar sequences. However, due to the variability 

in their sequence, introns frequently fail to adopt a defined structure, even so, the splice sites 

must be in close proximity for the two phosphoryl transfer reactions. This process is facilitated 

by the spliceosome, which brings the splice sites together [49, 60, 61]. 

 

Figure 7 | Pre-mRNA splicing by the spliceosome. The figure illustrates the process of pre-mRNA 

splicing in eukaryotes, catalyzed by the spliceosome. The spliceosome is assembled by the binding of 

snRNPs to the pre-mRNA, resulting in the formation of an E-complex with the subunit U1 and, 

subsequently, an A-complex with the subunits U1 and U2. The U4/U6/U5 tri-snRNP binds to the U1 and 

U2 snRNPs, forming a non-catalytic B-complex. The U1 and U4 snRNPs subsequently dissociate, 

resulting in the formation of a B*-complex, which exhibits conformational changes and is catalytically 

active. The facilitation of the branching reaction subsequently gives rise to the formation of a C-complex. 

A second conformational change for exon ligation is promoted (post-spliceosomal complex), and the 

ligated exons are released. Subsequent to this, the spliceosome is degraded and the intron lariat is 

released. The figure was taken from the review of Wahl and co-workers (2009) and strongly 

modified [61]. 
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The initial step in spliceosome assembly is the formation of an E-complex, which is important 

for the correct recognition of the splice sites within the intronic sequence (Figure 7). Initially, 

the snRNA of U1 binds to the 5ôss of the intron via a base-pairing interaction. Subsequent to 

this, the splicing factor (SF) 1 and the U2 auxiliary factor (U2AF) bind to the polyY tract and 

BP of the intron, whereby the SF1 protein interacts with the U2AF65 subunit of U2AF. The 

U2AF35 subunit of U2AF then recognizes and binds to the adenosine-guanine dinucleotide of 

the 3ôss. Subsequently, SF1 and U2AF are removed from the 3ô end of the intron by helicases, 

thus allowing the U2snRNP to bind [49, 60]. This process ultimately results in the formation of 

the A-complex, which is then stabilized by the two splice factors SF3a and SF3b [62, 63]. 

Following the assembly of the A-complex, the U4/U6/U5 tri-snRNP is recruited, subsequently 

binding to the U2 and U1 snRNPs to form a pre-catalytic B-complex. Subsequently, the 5ô end 

of the U6 snRNA establishes a base-pair interaction with the 5ôss. Consequently, the U1 and 

U4 snRNPs are destabilized and dissociate from the RNA. Consequently, these snRNPs are 

able to participate in a further splicing process. Subsequent reassembly of the U4snRNA and 

the U4/U6 construct initiates the active site. The U2 and U6 subunits then coalesce to establish 

the first catalytic state, resulting in the catalytic active B*-complex. The initial splicing reaction 

(branching) occurs within the active site of the spliceosome, culminating in the formation of a 

C-complex. For exon ligation, the spliceosome must undergo a further change in configuration, 

resulting in the 3ôss docking to its active site [64]. This process ultimately leads to the ligation 

of the 3ô end of the downstream exon with the 5ô end of the upstream exon, resulting in spliced 

mature mRNA. Subsequent to exon ligation, the complex transitions to a post-spliceosome 

complex, which contains the newly formed ligated exon and the intron lariat. The release of 

the spliced mRNA subsequently occurs following the loss of the intron-lariat-spliceosome 

complex and the lariat intron undergoes degradation. Consequently, the snRNPs U2, U5 and 

U6, which have become devoid of their associated intron, are able to participate in the 

subsequent splicing process [49, 61]. 

1.2.2. Intron and Exon Definition  

It is evident that the sequence and, consequently, the binding of the snRNPs are pivotal in 

determining the splicing of pre-mRNA. However, it should be noted that the length of the exons 

and introns also plays a significant role in this process. This phenomenon exhibits variation 

among different eukaryotes. For instance, Saccharomyces cerevisiae and Drosophilla 

melanogaster possess relatively diminutive introns, typically no longer than 100 nt. In contrast, 

human introns can span up to several thousand nts. This prompts the question of how the 

human spliceosome can accurately recognize the boundaries of the introns and exons. Two 

options are available for this: the exon definition, whereby the exons are recognized first, or 

the intron definition, whereby the introns are recognized first [65, 66]. In eukaryotes with short 
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introns, less than 250 nt, the intron is recognized by intron definition, whereas in eukaryotes 

with introns longer than 250 nt, it is recognized by exon definition. In exon definition, a form of 

communication occurs from the 5ôss via the exon to the downstream 3ôss. However, it should 

be noted that no corresponding splice site exists for the first and last exon of a pre-mRNA. 

Here, it has been demonstrated that the 5ô-cap is imperative for the delineation of the first exon 

and that the last exon is characterized by its 3ôss and the polyA factors [67, 68] (Figure 8). 

 

Figure 8 | Intron and exon definition by the spliceosome. The figure illustrates the model of intron 

and exon definition. Exons are represented by green boxes. Introns are represented by grey lines, along 

with the splice relevant sequences 5ô splice site (5ôss), branch point (BP) and 3ô splice site (3ôss). The 

U1 snRNP is illustrated in blue, together with its 70K subunit. The U2 snRNP complex is illustrated as 

its subunits SF1, U2AF65 and U2AF35 in dark grey. (A) Intron definition occurs when introns are smaller 

than 250 nt. Intronic splice enhancers (ISEs) are illustrated as green circles (+) in the introns. Intronic 

splice silencers (ISSs) are illustrated as red circles (-) in the introns. (B) Exon definition is illustrated as 

occurring when the introns are larger than 250 nt. Exonic splice enhancers (ESEs) are illustrated as 

green circles (+) in the exons. Exonic splice silencers (ESSs) are illustrated as red circles (-) in the 

exons. 

In general, cis-acting regulatory elements of the pre-mRNA play a major role in the process of 

intron or exon recognition [69]. If they enhance exon inclusion, these elements are called exon 

splicing enhancers (ESE) or intronic splicing enhancers (ISE), depending on their location. 

Conversely, if they tend to repress exon inclusion, these elements are called exon or intron 

splicing silencers (ESS or ISS), depending on their location. Initially, the importance of these 

elements was thought to be limited to alternatively spliced exons. However, it is now 

understood that they play a critical role in constitutively spliced exon recognition processes as 

well [70]. Regarding their mechanism of action, ESEs have been shown to facilitate early 

spliceosomal complex formation through interaction with components of the previously 

described E complex [68]. 
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1.2.3. Alternative Splicing  

The splicing process described so far is termed constitutive splicing (Figure 9A) and, in certain 

eukaryotes, such as Saccharomyces cerevisiae, it represents the only way of splicing that 

occurs without deviations [71]. The genes of such organisms are usually spliced in a way that 

the intron is always removed from the pre-mRNA at the same position. In higher eukaryotes, 

however, the genes are processed by alternative splicing into different mRNAs. This can 

increase protein diversity, even though there are only a small number of translated genes in 

the genome. Humans for example, have with their 20,000 genes only around 1,000 more 

genes than the low organism Caenorhabditis elegans. It is therefore assumed that alternative 

splicing is partly responsible for the greater complexity of higher eukaryotes [72]. In general, 

about 90 % of the genes in human cells are alternatively spliced [73], whereby a distinction is 

made between different types of alternative splicing processes (Figure 9B to F).  

 

Figure 9 | The different forms of alternative splicing. The figure illustrates the different forms of 

alternative splicing. Exons are represented as green boxes. Introns are represented by grey lines, along 

with the splice relevant sequences 5ô splice site (5ôss), branch point (BP) and 3ô splice site (3ôss). 

(A) Constitutive splicing: introns are recognized correctly and removed from the pre-mRNA. (B) Exon 

skipping: an exon is not recognized and removed with its flanking introns from the pre-mRNA. 

(C) Alternative 3ôss: An exon contains an alternative 3ôss which leads to a part of the exon is removed 

with its upstream intron. (D) Alternative 5ôss: An exon contains an alternative 5ôss which leads to a part 

of the exon is removed with its downstream intron. (E) Intron retention: An intron is not recognized 

leading to the intron being not removed from the pre-mRNA. (F) Mutually exclusive exon: Two exons 

mutually exclude each other during the splicing process. If one exon is recognized the other is removed 

with its flanking introns from the pre-mRNA. 
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One form of alternative splicing is the use of cassette exons. Here, an exon is either 

incorporated into the mRNA or skipped (Figure 9B). In higher eukaryotes, this is the most 

common form of alternative splicing with about 40% of all splicing events [74]. Another form of 

alternative splicing involves the use of alternative splice sites, which occur when additional 

splice sites are present within an exon or intron (Figure 9C and D). An alternative splicing 

process may also involve the retention of an intron within the pre-mRNA, a phenomenon 

referred to as intron retention (Figure 9E). This particular form of alternative splicing is 

considered to be the rarest in both vertebrates and invertebrates. In contrast, intron retention 

is prevalent in plants, fungi and protozoa [75]. Additionally, there are exons whose insertion is 

mutually exclusive, resulting in the skipping of one exon if it is inserted into the mature mRNA, 

while the other exon is automatically skipped [76] (Figure 9F). 

The diversity of alternative splicing underscores the necessity for precise regulation of this 

process, a role that is played by the splicing enhancers and silencers mentioned in the section 

before (section 1.2.2.). ESE and ISE are primarily representatives of serine/arginine (SR) rich 

proteins, while ESS and ISS are predominantly heterogeneous nuclear ribonucleo-

proteins (hnRNPs) [77-80]. The function of enhancers and silencers is pivotal in the regulation 

of alternative splicing. This is due to the fact that the individual subunits of the spliceosome 

exhibit only a weak binding affinity for the RNA, a process that is enhanced by the action of 

enhancers or hindered by silencers [72]. The strength of splice sites is also a critical factor in 

the control of splicing. The strength of a splice site is determined by the degree of 

complementarity between the splice site and the corresponding binding site of the snRNA. In 

the event of individual positions being mismatched, the formation of hydrogen bonds between 

the snRNA and the splice site is reduced, resulting in a weaker splice site [81, 82]. The strength 

of such a splice site can be enhanced by an ESE or an ISE, while an ISS or an ESS can 

prevent a strong splice site from being recognized. Consequently, the interaction of enhancers 

and silencers exerts a predominant influence on the regulation of alternative splicing [68, 72]. 

1.3. Role of Arachidonate 5 -Lipoxygenase in Inflammatory Reactions  

The present study investigates the potential and optimization of splicing regulation by synthetic 

riboswitches with greater precision. In this context, the tetracycline riboswitch is integrated 

within the context of the arachidonate 5-lipoxygenase gene (ALOX5), thereby facilitating the 

application of synthetic splice switches.  

The ALOX5 gene is located on human chromosome 10 and 71.9 kbp in length. It comprises 

14 exons, which are separated primarily in the 5ô half by long introns and in the 3ô half by short 

introns [83] (Figure 10A). This results in the 3ô half of the gene being subject to high levels of 

alternative splicing. However, the 5ô half of the gene also undergoes alternative splicing in 

certain cell types [84-86]. 
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The ALOX5 gene, in particular, is encoding the 673 amino acid long and 78 kDa heavy 

arachidonate 5-lipoxygenase (5-LO) enzyme, which is widely acknowledged as the most 

significant enzyme in the biosynthesis of leukotrienes (LTs) and specialized pro-resolving lipid 

mediators (SPMs) [87]. These are also known as oxylipins and include lipoxins and 

resolvins [88, 89]. It is for this reason that the 5-LO plays an important role in inflammatory and 

allergic responses, thus rendering it a part of the innate immune system [90-92].  

The metabolic pathway of the 5-LO facilitates the oxidation of arachidonic acid (AA), resulting 

in the formation of inflammatory key metabolites such as the intermediate stage molecule 

5-hydroxyperoxyarachidonic acid (5-HPETE), which is further converted to the unstable LTA4 

by 5-LO or to the 5-hydroxyeicosate-traenoic acid (5-HETE) by peroxidases. Finally, this 

precursor LTA4 is hydrolyzed to the stable LTB4 by hydrolases or to LTC4, LTD4 and LTE4 by 

synthases [93, 94] (Figure 10B). 

 

Figure 10 | The arachidonate 5 -Lipoxygenase gene and metabolism pathway. The graphic 

illustrates the ALOX5 gene and the metabolism pathway of the 5-LO. (A) The ALOX5 gene consist of 

14 exons (green boxes) and 13 introns (grey lines), which are labelled with the capital letters A to M. 

The 5ô half of the gene encodes primarily large intros, whereas the 3ô half of the gene encodes principally 

short introns. (B) The 5-LO metabolite pathway commences with the substrate AA, which is oxidized by 

the 5-LO to the unstable 5-HPETE, which is partly converted to 5-HETE by peroxidases. In a second 

step, the 5-LO oxidizes the unstable 5-HPETE to the unstable LTA4, which is either converted by 

hydrolases to LTB4 or synthases to LTC4, LTD4 or LTE4. 

The 5-LO is a membrane protein of the cell nucleus and primarily expressed in immune cells, 

including granulocytes, monocytes, macrophages, mast cells, dendritic cells and 

B lymphocytes. In contrast to the expression of 5-LO in specific cell types, such as platelets, 

endothelial cells, and erythrocytes, other cell types have not been found to express 5-LO [95]. 

However, Langerhans cells have been observed to express 5-LO in the dermis [96]. The 

activity of 5-LO in leukocytes is characterized by its prolonged duration, initiated through 
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calcium signaling and phosphorylation events [97]. In addition, the enzyme has been observed 

to engage with the 5-LO-activating protein (FLAP), a pivotal component in the conversion of 

5-LO substrates [83, 98]. The cellular location of 5-LO is known to be subject to modulation by 

specific stimuli characteristic of the respective cell type, with its regulation being overseen by 

multiple nuclear localization (NLS) and export (NES) sequences [99ï101]. These sequences 

are known to encompass phosphorylation sites, which modulate the functionality of the 

sequences themselves. 

The initial observation of an association with euchromatin in 1995 prompted further 

investigation into the non-canonical functions of 5-LO, a subject that has since attracted 

increased attention [102]. One such noteworthy interaction pertains to 5-LOôs relationship with 

the coactosin-like protein (CLP) and Dicer, an enzyme that plays a pivotal role in the RNA 

silencing pathway [103, 104]. The function of Dicer is the transformation of precursor miRNAs 

into their mature counterparts, which are comprised of a double-stranded duplex. These 

ncRNAs are characterized by their high degree of conservation and have been implicated in a 

number of processes, including tumorigenesis and development [105]. The interaction 

between 5-LO and Dicer has recently been corroborated in a monocytic leukemia cell line, 

namely Mono Mac 6 (MM6) [106]. However, it should also be noted that 5-LO and other 

components of the AA signaling cascade are also targeted by miRNAs. This indicates a 

bidirectional regulatory relationship [107-109]. Moreover, the substrate transferring protein 

FLAP is also subject to the same regulatory influence by miRNAs [110]. 

In addition to the non-canonical functions mentioned above, a multitude of protein-protein 

interactions have been identified between 5-LO and members of the nuclear factor kappa-light-

chain-enhancer of activated B cells (NFəB) family [111, 112]. The NFəB-family includes 

proteins that regulate various cellular processes. In the MM6 cell line, the 5-LO protein has 

been shown to modulate the expression of genes that are subject to the NFəB pathway 

regulation. Furthermore, the knock-out (KO) of 5-LO has been shown to result in loss of 

L-kynurenine hydrolase (kynureninase) protein expression, which is encoded by the NFəB-

targeted kynureninase gene (KYNU). Conversely, re-expression of either the wild-type (WT) 

or catalytically inactive 5-LO was found to result in the restoration of both KYNU mRNA and 

protein levels. An intriguing observation was made regarding cyclooxygenase-2 (COX-2), an 

enzyme that plays a pivotal role in the AA metabolism and is encoded by the NFəB-regulated 

prostaglandin-endoperoxide synthase 2 (PTGS2) gene. The KO of 5-LO resulted in 

upregulation of the COX-2 expression levels, whereas re-expression of either catalytically 

inactive or WT 5-LO resulted in the downregulation of PTGS2 mRNA and COX-2 protein 

levels [113]. 

In addition to direct protein-protein interactions, the observation of 5-LO in proximity to 

transcription start sites in MM6 cells suggests a possible role in the stabilization of euchromatin 
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or the process of chromatin remodeling. Furthermore, studies have indicated that there is 

co-localization of 5-LO with histone marks linked to active and enhancer regions of the 

genome [112, 113]. In addition, recent findings have revealed a direct interaction between 

5-LO and critical transcription factors that regulate processes such as differentiation, growth, 

and the cell cycle, thus emphasizing the multifaceted role of this enzyme [114]. All these 

findings serve to emphasize the role of this enzyme beyond its canonical biosynthetic function. 

1.3.1. 5-Lipoxygenase Associated Diseases  

As mediators of inflammation, LTs have the capacity to contribute to the symptoms and signs 

of a multitude of inflammatory diseases. In this context, it is evident that the 5-LO, as the pivotal 

enzyme in the LT biosynthesis process, exerts a direct influence on the development of such 

diseases [97]. However, as chronic inflammation is a component of many diseases, the list of 

diseases with established or possible roles for LTs becomes quite extensive [91]. 

The role of LTs as pathophysiological mediators in asthma had already been established prior 

to the elucidation of their structures and biosynthesis. At that time, the biological activity of LTs 

was known as slow reacting substance of anaphylaxis [115]. Following the elucidation of the 

LT biochemistry, there was a growing body of evidence implicating LTs in the pathophysiology 

of arthritis and psoriasis [116]. Furthermore, a significant proportion of research in the field of 

cardiology has been dedicated to the study of cardiovascular disease and the role of LTs in 

atherosclerosis [117]. Recently, especially LTB4 has been associated in relation with the 

development of abdominal aortic aneurysm and various other LTs were discussed to be in 

relation with pulmonary atrial hypertension [118, 119]. Meanwhile, it is well established that 

chronic inflammation is a risk factor for cancer, and thus, the role of LTs in this context is 

significant. Research has identified a link between dysregulations and deficiencies of 5-LO 

activity and various types of cancer, including hematological malignancies such as leukemia 

and solid tumors [97, 112]. Here, not only LTs, but also the monohydroxy acid 5-HETE has 

been identified as an important player [120, 121]. 

The broad spectrum of association with various inflammatory diseases renders 5-LO one of 

the most compelling targets in the development of anti-inflammatory pharmaceuticals. There 

are now various ALOX5 inhibitors that slow down or stop the activity of 5-LO, including the 

active ingredient meclofenamate sodium, also known as Zileuton [122], and the natural 

products myxochelins and pseudochelin [123] as well as nordihydroguaiaretic acid [124]. In 

addition to these, a number of naturally occurring substances in the typical diet have also been 

shown to inhibit 5-LO, including baicalein, caffeic acid, curcumin, hyperforin and St John's 

wort [122, 125-127]. However, despite the wealth of information that has been accumulated in 

this area, there is still a need for new synthetic tools with which to further investigate the 



 

19 

 

canonical and non-canonical functions of 5-LO, and thereby to promote the development of 

potential new drugs. 

1.4. Role of Checkpoint Kinase 2 in the p53 DNA Damage Response  Network  

Mammalian cells are subject to a multitude of stress factors, which can be categorized as either 

intrinsic or extrinsic. Intrinsic stressors are derived from fundamental biological processes, 

such as replication defects, genome rearrangements, and the formation of reactive byproducts 

that can compromise biomolecules. Extrinsic stressors, on the other hand, encompass toxic 

substances and ionic radiation, which can adversely affect cells. The impact of these stressors 

can result in the formation of single- or double-strand breaks within the genome, which must 

then be processed by the cell through a series of repair mechanisms or, ultimately, result in 

cell death [128].  

The p53 tumor suppressor, located on human chromosome 17 and encoded by the tumor 

protein p53 gene (TP53), is a pivotal regulator of cellular response to stress. It has been 

demonstrated that p53 coordinates cellular defense through altering the expression of 

hundreds of genes. These genes are involved in repair pathways and the cell cycle, and p53 

can arrest the cell cycle and induce both senescence and apoptosis. In general, the 

accumulation of p53 within the cell is known to determine the cell fate [129]. 

The dynamics of the tumor suppressor gene are subject to tight intracellular control by a 

network of interactions. In this network, both positive regulators and negative regulators play 

pivotal roles [130]. In the specific instance of the network surrounding the p53 gene, this 

regulatory system ensures an appropriate cellular response to stress conditions through the 

maintenance of a delicate balance between activation and degradation. Hereby, the p53 

molecule level is determined by the controlled degradation of two negative feedback 

loops [131] (Figure 11). The first feedback loop pertains to the interaction of p53 with the 

ubiquitin ligase Mdm2, also known as mouse double minute 2 homologue ubiquitin ligase. The 

function of this ubiquitin ligase is to prevent the accumulation of p53 by ubiquitinating the 

C-terminal end of p53, thereby inducing its degradation. This dynamic equilibrium maintains 

cellular p53 levels at a low, non-stress-induced threshold and is referred to as ubiquitin-

mediated proteolysis. Conversely, the synthesis of intracellular Mdm2 is subject to regulation 

by the p53 level, when it undergoes a decrease [131, 132]. The second feedback loop is 

associated with the regulation of p53 by the protein phosphatase 1D (Wip1), a process that 

occurs in response to stress conditions. In the event of cellular stress, Wip1 functions by 

removing p53 phosphorylation, a process that results in the formation of a p53-Mdm2 complex 

and subsequent ubiquitin-mediated proteolysis. Furthermore, Wip1 has been shown to reverse 

the phosphorylation of positive regulators, a process that serves to prevent p53 activation and 

restore intracellular balance [132]. 
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The occurrence of DNA damage in the form of double-strand breaks has been shown to result 

in the activation of the damage response kinase ataxia telangiectasia mutated (ATM). 

Furthermore, the damage response kinases Ataxia telangiectasia and Rad3 related (ATR) and 

the protein kinase complex DNA-PK, which equally activate the DNA damage response to 

single- or double-strand breaks by phosphorylation of p53, are also involved. However, these 

are not the focus of this work. [133]. ATM, in turn, has been demonstrated to cause the 

activation of the checkpoint kinase 2 (CHK2) through the process of phosphorylation at multiple 

sites. CHK2 has been demonstrated to be involved in a number of important cellular processes, 

including the phosphorylation of p53. This process has been shown to facilitate the 

accumulation of p53 within cells, thereby preventing its rapid degradation. Additionally, ATM 

has been found to directly phosphorylate p53, a process which has been shown to impede the 

interaction between p53 and Mdm2. This results in the accumulation of p53 within the cell, 

leading to the subsequent activation of target genes involved in various processes, including 

DNA repair, cell cycle arrest, senescence or apoptosis [134].  

The interplay between the aforementioned positive and negative regulators ensures a dynamic 

equilibrium of p53 levels within the cell and is pivotal in orchestrating the cellular response to 

stress conditions by activating the tumor suppressor gene and degrading p53, thereby 

restoring cellular homeostasis to a quiescent state [132]. Consequently, p53 remains active 

only under stress conditions and is dephosphorylated only when the stress is relieved. The 

precise regulation of p53 levels ultimately determines the cellôs fate [130]. 

 

Figure 11 | The p53 network through ATM. As illustrated in the graphic, the p53 network is depicted 

through ATM. Double-strand breaks in the genome activate the DNA damage response through ATM, 

which can either directly phosphorylate p53 or first phosphorylate CHK2, which is then activated and 

consequently phosphorylates p53. ATM can also directly impede the interaction between Mdm2 and 

p53, but Mdm2 can initiate p53 degradation by ubiquitin-mediated proteolysis. p53 directly upregulates 

Wip1, whereas Wip1 can dephosphorylate p53 and ATM. 
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The present study focuses on the p53 network related kinase CHK2, encoded by the tumor 

suppressor gene CHEK2 located on human chromosome 22. This kinase activates and 

functions through its ability to oppose DNA damage [134, 135]. CHK2 consists of four separate 

domains (Figure 12). The first domain is the SQ/TQ cluster domain (SCD), which is 

characterized by a significant density of serine and threonine amino acids, preceded by a 

glutamine residue. The phosphorylation of threonine 68 by the ATM kinase leads to the 

dimerization of CHK2 via the SCD and fork head-associated (FHA) domain, resulting in the 

autophosphorylation of residues threonine 226 to 486, which form an activation loop within the 

catalytic kinase domain (KCD). Notably, the self-phosphorylation of threonine 383 and 

threonine 387 converts CHK2 into its active form by inducing a conformational change. Finally, 

CHK2ôs translocation is enabled via a NLS at the C-terminus facilitated by the karyopherin 

alpha 2 (KPNA-2) carrier system.  

 

Figure 12 | The domains of the checkpoint kinase 2. The graphic illustrates the different domains of 

CHK2. The black numbers indicate the amino acid position of each domain. The SQ/TQ cluster 

domain (SCD) is phosphorylated at threonine 68 (T68) by ATM upon DNA damage. This leads to 

dimerization via the SCD and fork head-associated domain (FHA). Following, CHK2 auto-

phosphorylates in the catalytic kinase domain (KCD) at threonine 383 and 387 (T383 and T387). Finally, 

phosphorylation of the serine 516 (S516) in the nuclear localization signal (NLS) results in the active 

transport into the nucleus. 

It has been observed that CHK2 activation through its domains can lead to the upregulation of 

target genes in the nucleus that interfere with cell cycle checkpoints, DNA repair mechanisms 

or apoptosis [133-135]. 

1.4.1. Checkpoint Kinase 2 Associated Diseases  and its Therapeutic Potential  

CHK2 is not an essential component for cellular life, given that it only mediates a subset of 

ATM activities. These can initiate safeguarding programs independently of CHK2 [136]. 

Consequently, CHK2 deletion had only a mild effect on the majority of in vitro cultured human 

cells, exposed to physiological doses of damaging agents. However, in p53 defective cells, the 

effects seem more evident [137]. In humans, CHK2 mutations have been associated with a 

number of familial cancers and some tumors [138]. In mice, CHEK2 KO resulted in no 

syndromes or cancer predisposition, however, CHEK2 KI led to the spontaneous development 

of lung and mammary tumors [139, 140].  

Nevertheless, despite its low association with cancer and tumors, CHK2 is an interesting 

candidate as a target for therapeutic use in DNA-damaging treatments in cancer. For instance, 
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it may be possible to modify the activity of the DNA damage response and augment the 

apoptotic activity of genotoxic agents. For example, clinical trials have been conducted in which 

small-molecule inhibitors of CHK2 have been evaluated in combination with other therapeutic 

modalities [141, 142]. In addition, it has been demonstrated that CHK2 inhibition can protect 

against cell changes in radiotherapy and chemotherapy. Consequently, p53-induced apoptosis 

appears to be triggered more frequently, thereby protecting against cell degeneration [143].  

These evidences indicate that the choice between CHK2 inhibition and activation in the context 

of cancer cell elimination is contingent on numerous variables, including the type, magnitude 

and duration of exposure to the damaging agent, the genetic background of the cancer cells, 

and the specificity and efficacy of the CHK2 inhibitor [137]. Nevertheless, it represents a 

significant therapeutic potential and, consequently, there is a substantial requirement for new 

synthetic tools to facilitate further study of new compounds before the molecules can be used 

in the treatment of cancer. 

1.5. Aim of the Study  

The aim of this doctoral thesis was to develop, optimize and apply synthetic riboswitches in 

mammalian cells to regulate specific gene expression. The focus was on the regulation of exon 

skipping during alternative splicing using a riboswitch. This has already been shown to be a 

promising concept for gene regulation in mammalian cells [41-43]. In this work, the regulation 

of the 3ôss was chosen to be adapted to the genomic context of the ALOX5 gene with respect 

to the localization and length of the introns, as well as the origin. This was done, to better 

predict the functionality of the gene switch and later stably integrate the best construct into the 

monocyte genome. The established cell line was then used to analyze the effects of 5-LO on 

target genes. Furthermore, in this work, the 5ôss of an ALOX5 exon was controlled to 

demonstrate the potential of riboswitches to regulate exon skipping in form of an isoform 

switch. In both contexts, the tetracycline aptamer [19] was chosen, because it has repeatedly 

been proven to be a suitable candidate for the development of a riboswitch in various cell 

types [144]. Similarly, it has been applied in various ways in mammalian cells [36, 40]. 

However, other specific aptamers have been considered in this work as potential candidates 

for splicing regulation. Therefore, the alternative splicing of a cassette exon was regulated not 

only by tetracycline, but also by doxycycline (unpublished data by Janis Hoetzel) and 

tobramycin [21] riboswitches. In this case, the checkpoint kinase 2 (CHEK2) gene was chosen 

as target gene to tie in with current research and to illustrate the unique capabilities of the 

riboswitch tool in terms of cross reactivity. 
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2. Results  and Discussion  

The data generated in this work have been or will be submitted for publication, in addition to 

this monograph, in diverse academic journals. The analyses and graphics may thus be 

comparable to those presented in these. 

2.1. Switching  ALOX5  Gene Expression Using the Tetracycline Riboswitch  

Conditional control of the ALOX5 gene expression in mammalian cells was achieved 

considering an exon skipping concept. Here, the recognition of a synthetic cassette exon 

during splicing was regulated by a tetracycline riboswitch [41, 43]. To this end, two independent 

concepts were developed, firstly to knock down ALOX5 gene expression and re-express it, 

and secondly to switch between the WT protein and the isoform 5-LOæ13 [85, 86, 145, 146], 

both in a tetracycline-dependent manner. To re-express the ALOX5 gene, a synthetic cassette 

exon was regulated at the 3ôss using a tetracycline riboswitch. To switch between the WT and 

isoform, the native ALOX5 exon 13 was regulated at the 5ôss by a tetracycline riboswitch. 

2.2. Vector Design and Measurement System  

A pcDNA3.1(+) vector carrying the ALOX5 coding sequence (CDS) under the control of a 

human Cytomegalovirus-major immediate-early (CMV-MIE) promoter and a bovine growth 

hormone (bGH) polyA signal (section 5.2.1.) was chosen as a basis for cloning different ALOX5 

switch constructs.  

A synthetic cassette exon in a Firefly luciferase gene (Luc+) was used as basis to clone the 

ALOX5 gene switches. The initial cassette exon was kindly provided in a pWHE237 vector by 

Marc Vogel [41]. From this, different cassette exons were created by Multiple Overlap 

Extension (MOE) Polymerase Chain Reaction (PCR) [147, 148]. DNA fragments of the ALOX5 

gene were created by amplifying them via standard PCR using the A549 genome or plasmids 

as template. Primers with complementary overhangs of 15 to 30 nt were used and ordered 

from Sigma-Aldrich. The cassette-exon constructs were inserted into the ALOX5 CDS of the 

pcDNA3.1(+) vector using ligation-based assembly (section 5.2.2.). The complete sequences 

of the constructs are provided in the Appendix for reference. 

To create the ALOX5 isoform switches, synthetic introns in a Luc+ gene were used as basis. 

They were kindly provided in a psiCHECK-2 vector by Jörg S. Hartig of the University of 

Konstanz [43]. The introns were inserted into the ALOX5 CDS of the pcDNA3.1(+) vector up- 

and downstream to exon 13 using MOE PCR and ligation-based assembly (section 5.2.2.). A 

list of the complete construct sequences is provided in the Appendix.  

Side-directed mutagenesis [149] was done to remove the riboswitch sequences for splicing 

control. If ligation-based assembly failed, T5 exonuclease-dependent assembly (TEDA) [150] 

or Gibson Assembly [151] were used as an alternative approach (section 5.2.3.). The plasmids 
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were transformed and multiplied in E. coli DH5Ŭ using CaCl2 induced competence [152, 153] 

and purified using the Wizard® Plus SV Minipreps DNA Purification System Kit (section 5.2.4.). 

The switching behavior was transiently tested in HEK293 cells after 24 h of treatment with or 

without tetracycline (section 5.2.5.) and transcriptome and proteome analysis were performed 

by RT-PCR and Western blot analysis (section 5.2.6.). 

2.3. Tetracycline Dependent Control of Alternative Splicing at the 3 ô Splice Site  

In order to switch on gene expression, an artificial exon skipping approach was considered. In 

this concept, a suicide exon (SE) was inserted into the CDS of the gene, which carried 

premature termination codons (PTCs) that causes early termination of translation when 

incorporated into the mature mRNA during splicing. If the exon is skipped, the normal reading 

frame is restored and the right protein can be expressed (Figure13A).  

This concept is based on the work of Marc Vogel and enabled the control of gene expression 

across diverse gene contexts [41]. In this instance, the exon skipping process during splicing 

was controlled by inserting a tetracycline aptamer sequence downstream of the 3ôss of a 

synthetic intron located upstream of the SE. With this, in the context of the transcribed pre-

mRNA, the riboswitch sequence was located in the exon and did not interfere with the BP or 

the polyY tract. Thus, the constitutive splicing of the upstream localized intron was still possible, 

when no ligand was present. In addition, a second synthetic intron was located downstream of 

the alternative exon, which should be constitutively spliced. However, when tetracycline is 

added, it binds to the tetracycline aptamer and forces the stabilization of the closing P1 stem, 

in which the 3ôss should be covered by a complementary RNA sequence. It is proposed that 

this prevents the U2AF35 subunit of the spliceosomal complex from binding the 3ôss of the 

intron and the SF1/U2AF65/U2AF35 spliceosomal E-complex from forming. This would then 

block U2 snRNP recruitment as well as binding to U1 snRNP during A-complex formation and 

prevents U4/U6/U5 tri-snRNP recruitment during B-complex formation. The second synthetic 

intronôs 3ôss can still be recognized by the spliceosomal machinery and with this can be 

selected as an alternative 3ôss for A-complex formation with the U1 snRNP located at the 5ôss 

of the first intron. In this case, exon skipping occurs and the synthetic exon is removed together 

with its flunking introns (Figure 13B). 

This approach of splicing regulation was used to switch on the expression of an artificial ALOX5 

gene in a tetracycline-dependent manner. The inclusion of the SE during the splicing process 

leads to a truncated non-functional peptide or more probably force the mRNA into nonsense-

mediated decay (NMD). This would cause the mRNA to be degraded before possible 

translation [154]. However, exon skipping induced by tetracycline leads to the exclusion of the 

SE, resulting in mature WT mRNA that can be translated into normal 5-LO protein. 
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Figure 13 | Schematic illustration of the alternative splicing concept to control ALOX5  gene 

expression using a synthetic tetracycline -dependent riboswitch at the 3 ô splice site.  The figure 

illustrates a concept of gene regulation in which expression is controlled by an exon skipping strategy 

using a riboswitch. (A)  A synthetic exon (red) and two synthetic introns (black) are incorporated 

synthetically into the native gene sequence. The synthetic exon contains an in-frame early stop codon 

and leads to early translation termination when incorporated into the mature mRNA. WT mature mRNA 

is produced, when the synthetic exon is skipped during alternative splicing events. (B) The figure 

illustrates the regulation of the ALOX5 gene, where expression can be controlled by regulating 

alternative splicing using a tetracycline riboswitch sequence at the 5ô end of a SE, downstream of the 

3ôss of the first synthetic intron. The riboswitch regulates the recognition of the 3ôss by conformational 

change upon ligand binding. Recruitment of the U2 subunit of the spliceosome complex is shown 

schematically by the ribonucleic proteins SF1, U2AF65 and U2AF35. In the absence of ligand, the SE 

is included into the mature mRNA. Upon addition of the ligand, the tetracycline riboswitch changes 

conformation and the 3ôss is masked, causing an alternative splicing event in which the SE is skipped. 

5ôss = 5ô splice site, BP = branch point, 3ôss = 3ô splice site, tc = tetracycline. 

2.3.1. Evaluation of Splicing when Using Different Synthetic ALOX5  Sequences  

In a first step it was necessary to establish a synthetic splicing context in the ALOX5 CDS. 

Thus, the native intron A site in the ALOX5 CDS was selected to test different splicing 

constructs for their splicing pattern. The aim was to modulate the system in a way that favor 

exon inclusion in order to ultimately control exon skipping using a riboswitch. Five different 

constructs were created, with the intronic and exonic sequences progressively being adapted 

to the native ALOX5 gene and varying the intron length (Figure 14).  

The first construct (noTc) was chosen to be the synthetic construct of Marc Vogel [41]. It 

consisted of two synthetic introns, each being 425 bp of the human ɓ-globin (HBB) geneôs 

intron B and 150 bp of the Chinese hamster dihydrofolate-reductase (Dhfr) geneôs intron A. 

The SE consisted of 94 bp of a repetitive 5ô-CAACCAAA-3ô sequence and, together with the 

flanking Dhfr intron sequences, was adapted from a minigene system of a previous work 
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investigating splicing signals and sequence motifs in intron flanks for constitutive 

splicing [155-157]. Here it was shown that the ~50 nt flanking intronic sequences of exons 

beyond the splice site consensus are generally important for splicing. The repetitive exon 

sequence was chosen because it did not contain binding sites for ESEs or ESSs. The polyY 

tract of the first Dhfr intron sequence contained predominantly uracil, making it highly 

recognized. In addition, the 5ôss of the second Dhfr intron sequence contained a known strong 

splice site (5ô-CAG/GTTGGT-3ô), indicating that the synthetic exon should be incorporated into 

the mature mRNA at a high rate [155].  

 

Figure 14 | Overview of artificial ALOX5  splic ing  constructs created to analyze the context -
dependent synthetic splicing pattern.  The schematic shows different synthetic cassette exon 
constructs that are inserted at the native ALOX5 intron A position without a regulatory unit (riboswitch) 
to test for the context-dependent synthetic splicing variants. The numbers at the splice sites indicate the 
nt position in the ALOX5 CDS. The construct noTC has worked well in a previous work [41]. The 
constructs IAnoTC[100] and IAnoTC[500] are adapted to the ALOX5 gene by exchanging the peripheral 
intron parts. The constructs SE8noTC[100] and SE8noTC[500] are even further adapted to the ALOX5 
gene by replacing the remaining intron parts as well as the SE sequence with ALOX5 specific 
sequences. All these changes were done to make the splicing behavior of the SE more context specific. 
The complete construct sequences can be viewed in the Appendix. 

In the second and third constructs (IAnoTc[100] and IAnoTc[500]) the introns were adapted to 

the ALOX5 intron A sequence at the 5ô end of the first synthetic intron and at the 3ô end of the 

second synthetic intron. Therefore, the 425 nt HBB sequences were exchanged with either 

100 or 500 nt flanking intronic sequences of the ALOX5 intron A 5ôss and 3ôss. These ALOX5 

intron sequences may contain native ISE and ISS binding sites, which should bring the splicing 

of the synthetic exon construct more in line with constitutive ALOX5 intron A splicing. According 

to current knowledge, this intron is constitutively spliced at a high rate [84, 85].  

The fourth and fifth constructs (SE8noTc[100] and SE8noTc[500]) were further adapted to the 

ALOX5 context by replacing the complete synthetic exon with the sequence of the 204 bp long 

ALOX5 exon 8 and its flanking 99 nt intronic sequences (intron G and H). Exon 8 is a short 

constitutively spliced exon and was chosen to improve the splice site recognition of the 

synthetic splicing construct. It is known that ALOX5 exons 8 and 9 are the only constitutively 

spliced exons in all described ALOX5 isoforms [85]. In addition, the web tool ESEfinder 3.0 

(https://esefinder.ahc.umn.edu/ ) proposes many ESE binding site sequences present in 

https://esefinder.ahc.umn.edu/
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exon 8 [158, 159] (Supplement 1). Nevertheless, some of the other exons have a higher 

numbers of ESE binding sites relative to the exon length, with exon 8 having the most ESE 

binding sites of those known to be constitutively spliced. For these reasons, the exon should 

be well suited for high-rate exon inclusion during splicing. 

The synthetic ALOX5 splice constructs were cloned into a pcDNA3.1(+) vector (section 5.2.1.). 

HEK293 cells were transiently transfected with the vectors (section 5.2.5.) and treated with or 

without 50 µM tetracycline to test for unspecific effects of the ligand on the splicing constructs. 

After 24 h of incubation, the transfected cells were harvested for transcriptome analysis via 

RT-PCR and proteome analysis via Western Blot (section 5.2.6.). The results of the 

transcriptional and translational differences are shown in Figure 15.  

 

Figure 15 | Splic ing  context -dependent expression of artificial ALOX5 . HEK293 cells were 

transfected with different artificial ALOX5 splice constructs to study context-dependent synthetic 

splicing. The splice constructs were analyzed for their splicing patterns by RT-PCR and for their 5-LO 

expression by Western blot. The positive control (WT) represents the expression of ALOX5 CDS. As a 

reference, the constitutively expressed transcript of ß-actin was examined by RT-PCR. 5 µg protein was 

loaded and total protein staining with TCE (stain-free) served as a loading control in the Western blot 

experiments. All constructs were tested with and without 50 µM tetracycline and incubated for 24 h. 

Experiments were performed with 3 biological replicates (n=3). 

The splicing pattern of the initial construct (noTc), which has worked well in previous 

studies [41], revealed that the majority of the splicing products were those with exon 

skipping (301 bp). The regulatory capacity for this construct was thus limited, as the majority 

of splicing products were already devoid of the SE. If the peripheral intron sequences were 

changed to the context of the ALOX5 intron A sequence (IAnoTc[100] and IAnoTc[500]), the 

splicing pattern changed to a more balanced ratio between exon skipping (301 bp) and 

inclusion (395 bp). The data indicate that an increase in intron size resulted in better exon 

recognition, resulting in enhanced exon inclusion. This fits with the understanding of the intron 

and exon definition model for vertebrate, which describes the splice sites pairing across an 

exon (exon definition) when surrounding intros are larger than 250 bp, and pairing across an 
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intron (intron definition) when having introns smaller 250 bp [65]. Exon definition can lead to 

better exon recognition during splicing and thus increase exon incorporation into the mature 

mRNA [68]. However, it appeared that the overall synthetic intron sizes of the noTc and 

IAnoTc[500] constructs were almost the same, with a difference of only 75 bp less for noTC, 

but the exon was poorly recognized in the noTc constructs. This could be due to the lack of 

ISE in the context of the ALOX5 gene or the greater presence of ISS binding sites in the 

synthetic intron sequences of the noTc construct [70]. In addition, the alternative exon in the 

noTc and both IAnoTc constructs consisted of a repetitive sequence without known ESE or 

ESS binding sites [155]. This led to the idea of changing the SE to a copy of ALOX5 exon 8, 

which has many ESEs binding sites (Supplement 1), leading to an almost complete shift in the 

proportion of splice products to exon recognition (SE8noTC[100] and SE8noTC[500]). Again, 

the increase in intron size led to a further shift towards exon recognition also for those 

constructs. Finally, looking at the protein level of 5-LO for the different constructs, the different 

splicing patterns become clear in their effects on the protein expression, since the more the 

proportion was shifted towards exon recognition, the less 5-LO protein was translated. In this 

instance, the noTc constructs showed a detectable amount of protein comparable to the 5-LO 

WT control, whereas no protein was detected for the SE8noTc constructs. 

These results demonstrated that the sequence composition of the synthetic splicing constructs 

is of critical importance. Moreover, adaptation to native ALOX5 sequences enables the 

optimization of the splicing pattern to facilitate inclusion of the SE during splicing. This may be 

attributed to the presence of native splice regulator binding sites that are dependent on the 

context of the gene in question, which facilitate the recognition of the SE. Finally, this makes 

the constructs consisting solely of ALOX5 sequences the most appropriate for controlling exon 

recognition using a tetracycline riboswitch (SE8noTC[100] and SE8noTC[500]), as any 

alternative splicing that occurs later during switching should be attributed to the riboswitch.  

2.3.2. Control of Splicing Using the Tetracycline Riboswitch  

Next the riboswitch sequence was introduced into the cassette exon constructs. As it was not 

clear at the outset how the riboswitch sequence would affect the switching patterns, all splice 

constructs were tested for switching capability by introducing the tetracycline riboswitch 

sequence downstream of the 3ôss of the first synthetic intron. With this, the riboswitch was 

incorporating into the SE sequence introducing itself in-frame PTCs (Figure 16).  
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Figure 16 | Overview of different artificial ALOX5  expression switch constructs.  The schematic 

shows several synthetic intron and alternative exon (SE) constructs that can be switched to alternative 

splicing by controlling the 3ôss recognition of the first intron with a synthetic tetracycline riboswitch. The 

constructs were incorporated into the native ALOX5 intron A position and have been designed to verify 

the context-dependent switching efficiency based on the intron and exon sequences and lengths, as 

well as the corresponding splice site sequences. The numbers at the splice sites indicate the nt position 

in the ALOX5 CDS. The complete construct sequences can be viewed in the Appendix. 

Two different closing P1 stems were tested as it is known from previous studies that the P1 

stability influences the splicing pattern [41, 43]. Furthermore, it was crucial to rule out the 

possibility of no switching behavior due to an insufficiently robust riboswitch structure in this 

particular gene sequence context (Figure 17).  

 

Figure 17 | Tetracycline  riboswitch es to control the 3 ô splice site. Shown are the tetracycline 

riboswitches selected to control the 3ôss of several artificial ALOX5 expression switch constructs. The 

left sequence represents the tetracycline aptamer domain of the riboswitch and the right the different 

stable riboswitch P1 closing stems. The green boxes indicate nts involved in tetracycline binding. The 

yellow boxes mark the 3ôssô. The Tc1 stem represents a destabilized P1 closing stem. The Tc3 stem 

represents a stabilized P1 closing stem. The red box indicates the altered bps between Tc1 and Tc3. 

The constructs are based on Vogel et al. (2018) [41]. Tc = tetracycline. 

The tetracycline aptamer domain was selected from the previous work of Marc Vogel [41], 

which differs from the original tetracycline aptamer cb28 sequence in the L2 loop at position 

15 to 19 (5ô-UUCGA-3ô to 5ô-GAAAG-3ô) and in an U to A mutation at position 38 [19]. The 

GAAA tetraloop was chosen as apical loop as it was shown to result in an enhanced dynamic 
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range of splicing regulation up to 16-fold in yeast [31], and the U to A mutation was shown to 

be crucial for improved regulatory efficiency [34]. 

Introduction of the Tetracycline Riboswitch Reveals Switching Capability  

Starting with the noTc construct the riboswitch sequence was inserted at the 3ôss and the new 

constructs (TcA1 and TcA3) were cloned into the pcDNA3.1(+) vector (section 5.2.1.) as 

described above. HEK293 cells were transfected with the vectors (section 5.2.5.) and treated 

with or without 50 µM tetracycline. After 24 h of incubation, the transfected cells were 

harvested for transcriptome analysis via RT-PCR and proteome analysis via Western 

Blot (section 5.2.6.). With this the switching capability of these first constructs was tested and 

the results are shown in Figure 18.  

 

Figure 18 | Switchable expression of artificial ALOX5  using a riboswitch.  HEK293 cells were 

transfected with the initial ALOX5 expression switch constructs carrying different riboswitch P1 closing 

stem stabilities. The switch constructs were analyzed for their tetracycline-dependent splicing patterns 

by RT-PCR and for their 5-LO expression by Western blot. The positive control (WT) represents the 

expression of pure ALOX5 CDS. As a reference, the constitutively expressed transcript of ß-actin was 

examined by RT-PCR. 5 µg protein was loaded and total protein staining with TCE (stain-free) served 

as a loading control for the Western blot analysis. All constructs were tested with and without 50 µM 

tetracycline and incubated for 24 h. Experiments were repeated with seven biological replicates (n=7). 

It is interesting to note that the insertion of the riboswitch sequence downstream of the 3ôss of 

the first synthetic intron has resulted in the majority of splicing products now being those with 

exon inclusion (458 bp). This was in contrast to the results of the corresponding splicing control 

construct without riboswitch sequence (noTc), where the majority of splicing products were 

those with exon skipping (301 bp). This indicates that the riboswitch sequence may introduce 

ESE binding sites into the SE, leading to better exon recognition. Stabilizing the P1 closing 

stem of the riboswitch by replacing two AU with GC bps resulted again in a shift towards exon 

skipping (301 bp). This can be explained by the altered balance between a closed and open 

P1 stem conformation. When tetracycline was added, there is a greater shift towards exon 
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skipping. This was somewhat complete with the shift in P1 stabilization. These results are 

comparable to those obtained by Marc Vogel using the same closing P1 stems [41].  

5-LO WT expression appeared to be unaffected of tetracycline at both, the mRNA level and 

protein level. Looking at the immunostaining against 5-LO, the proteomic results agree with 

the transcriptomic results. Compared to the 5-LO WT expression, no 5-LO expression was 

detected without tetracycline for the construct having the unstabilized riboswitch closing 

stem (Tc1A). However, a small amount of 5-LO protein expression was re-expressed when 

tetracycline was added. Furthermore, when the closing stem was stabilized (Tc3A), a small 

amount of protein can be already detected when no tetracycline was present, shifting to a 

comparable amount of protein to the 5-LO WT control when tetracycline was added. 

Overall, the data obtained from these initial switchable ALOX5 constructs demonstrated the 

capacity to regulate the expression of ALOX5 through the utilization of a tetracycline riboswitch 

at the 3ôss. Furthermore, the introduction of the tetracycline riboswitch sequence into the SE 

resulted in an enhanced exon recognition, potentially due to the introduction of ESE binding 

sites. This favors the cassette exon more strongly for exon inclusion. 

Adapting the Synthetic Intronic Sequences to the Gene Context  

In a next step, the IAnoTc[100] and IAnoTc[500] constructs were tested with both P1 closing 

stem stabilities, creating the constructs IATcA[100] and IATcA[500], and cloned into the 

pcDNA3.1(+) vector for tests conducted in the same way as described before. The outcomes 

of the newly devised switchable ALOX5 constructs were contrasted with those of the initial 

constructs (Tc1A and Tc3A) through their implementation within the same experimental 

framework. The results are shown in Figure 19. 

It becomes clear that the substitution of the peripheral intron parts with more context-fitting 

sequences enhanced the recognition of the alternative exon (SE) during splicing, as evidenced 

by the RT-PCR and immunostaining results against 5-LO. Comparable to the initial 

constructs (Tc1A and Tc3A), no alternatively spliced mRNA (301 bp) was recognized in the 

absence of tetracycline. As the splicing control constructs corresponding to these (IAnoTc1A 

and IAnoTc1A) still exhibited a degree of exon skipping, this may be again a consequence of 

the introduction of ESE binding sites through the tetracycline riboswitch sequence, as was 

previously identified in the initial control constructs (Figure 15). However, the high level of 

splice site recognition now constrained the regulatory capacity of the unstabilized P1 closing 

stem, as it appeared to lack sufficient stability to facilitate exon skipping (IATc1A[100] and 

IATc1A[500]). It was observed that the only instance of exon skipping events subsequent to 

tetracycline addition occurred within the context of the stabilized P1 closing stem (IATc3A[100] 

and IATc3A[500]). The splicing patterns of those were comparable to the unstabilized variant 
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of the initial constructs (Tc3A) with seemingly a slightly better switching efficiency. 

Interestingly, increasing the intron size from 100 to 500 bp led to a further enhanced exon 

recognition with reduced ability to control splicing by the riboswitch. However, since only the 

peripheral intron parts were changed, which carried the non-controlled splice sites, these 

results should not be influenced by further ISE binding site incorporation, but rather by a shift 

from intron definition more towards exon definition during the splicing process.  

 

Figure 19 | Intron sequence and size dependence in the ALOX5  expression switch constructs.  

HEK293 cells were transfected with ALOX5 expression switch constructs carrying introns with different 

sizes and adapted to the ALOX5 context. The switch constructs were analyzed for their tetracycline-

dependent splicing patterns by RT-PCR and for their 5-LO expression by Western blot. As a reference, 

the constitutively expressed transcript of ß-actin was examined by RT-PCR. 5 µg protein was loaded 

and total protein staining with TCE (stain-free) served as a loading control for the Western blot. All 

constructs were tested with and without 50 µM tetracycline and incubated for 24 h. The initial ALOX5 

expression switch constructs (Tc1A/Tc3A) were included for comparison. Experiments were performed 

with three biological replicates (n=3). 

The results demonstrated that when considering splicing, it is essential to reflect on the splicing 

regulation machinery in order to optimize the expression switch constructs. Modifications to 

the synthetic intron sizes may result in alterations to the splicing pattern. Moreover, the findings 

indicate that the splicing behavior is affected by the sequence adaption itself, with the splicing 

being adjusted to more closely align with the native gene-specific splicing patterns. 

Adapting the Synthetic Exonic Sequence to the Gene Context  

The results of the splicing control constructs shown in Figure 15 already letting suggest that 

changing the SE to a native ALOX5 exon with good splice site recognition leads to better exon 

recognition and thus could further support the regulation of the 3ôss. To test this, the 

SE8TcA[100] and SE8TcA[500] constructs were created from the initial splicing control 

constructs SE8noTc[100] and SE8noTc[500] and tested with both P1 closing stem stabilities. 

They were cloned into a pcDNA3.1(+) vector for tests conducted as described before. 

Transcriptome analysis via RT-PCR and proteome analysis via Western Blot (section 5.2.6.) 
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were performed of HEK293 cells transfected with these constructs and treated with or without 

50 µM tetracycline for 24 h. The results are shown in Figure 20. 

 

Figure 20 | Suicide Exon sequence and intron size dependence in the switchable ALOX5  splic ing  

constructs.  HEK293 cells were transfected with ALOX5 expression switch constructs carrying different 

intron sizes and an ALOX5 context-adapted SE. The switch constructs were analyzed for their 

tetracycline-dependent splicing patterns by RT-PCR and for their 5-LO expression by Western blot. As 

a reference, the constitutively expressed transcript of ß-actin was examined by RT-PCR. 5 µg protein 

was loaded and total protein staining with TCE (stain-free) served as a loading control for the Western 

blot. All constructs were tested with and without 50 µM tetracycline and incubated for 24 h. The first 

designed switchable ALOX5 splicing constructs (Tc1A/Tc3A) were included for comparison. 

Experiments were conducted with six biological replicates (n=6). The constructs SE8TcA[100] and 

SE8TcA[500] were cloned by Franke Eiche as part of her Bachelor's thesis. 

It became clear that changing the SE sequence to a gene-related sequence led to a slightly 

better switching efficiency compared to the initial constructs (Tc1A and Tc3A), but to a lower 

exon recognition compared to the IATcA constructs (Figure 19). However, the splicing control 

constructs (Figure 15) led suggest a better exon recognition. The incorporation of the 

riboswitch sequence at the 5ô end of the SE led to a less strong splice site recognition, which 

may due to the alteration of the ESE binding sites. Interestingly, the exchange of the small 

100 bp intron for a 500 bp intron made no difference in these constructs, suggesting that the 

exchange of the alternative exon already led to a high level of exon definition and thus exon 

recognition, so that the slight change in splicing pattern due to longer introns was no longer 

detectable in the switch constructs. Nevertheless, the immunostaining results showed a good 

range of switching as well as protein expression, so when using the unstabilized P1 closing 

stem (Tc1), a true off-state with low 5-LO expression levels was achieved when treating with 

tetracycline. When using the stabilized P1 closing stem (Tc3), an off-state was achieved with 

equal low 5-LO expression and high 5-LO expression after treating with tetracycline. This made 

these constructs the most efficient for further use. 
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Adaption to the Gene Context Increases the Robustness of Switching  

Overall, the results of the different gene-adapted constructs, optimized by changing the 

synthetic intron and alternative exon sequences to context-related ALOX5 sequences, showed 

that splicing regulation using a riboswitch at the 3ôss of a synthetic exon is highly dependent 

on the sequences used to create the synthetic constructs. Not only can the stability of the 

riboswitchôs P1 closing stem alter the splicing pattern, but the incorporated sequences itself 

may introduce ISE and ISS as well as ESE and ESS binding sites, leading to alternative 

splicing patterns with enhanced exon recognition. In this context, the position of the riboswitch 

sequence needs to be considered, as it introduces itself splice regulator binding sites into the 

exon. In addition, intron and exon definition can be taken into account by using synthetic introns 

smaller or larger than 250 bp. However, it appeared that the length of the intron had only a 

marginal influence compared to the other adaptions. Finally, taking all these factors into 

account, constructs with distinct splicing patterns were created, leading to the optimal 

switching pattern at the protein level needed for experimental setup. 

2.3.3. Position Dependency at Native Intron Sites  

In a next step, the SE8TcA[500] constructs, optimized to the ALOX5 context, were used as a 

basis to test the positional dependency at different native intron sites within the ALOX5 CDS. 

The ALOX5 gene has 13 introns, which result in 13 exon-exon junctions (EEJ) after splicing. 

The EEJs at the 5ô end of the gene were of particular interest, as they offered the potential to 

disrupt translation as early as possible. Nevertheless, we also considered EEJs at the 3ô end 

of the gene with the objective of disrupting translation as late as possible. From the outset, 

constructs with long introns were chosen to directly favor exon definition. The corresponding 

native exon-intron contexts were recreated by adapting the adjacent intron sequences of the 

constructs to the corresponding EEJ, by using 500 bp of the native ALOX5 intron sequences 

of the specific intron site. However, this made it unclear whether the alternative exon would 

still be well recognized, which was why the design to elicit exon definition with longer intron 

sequences was appropriate. Accordingly, the constructs SE8Tc1A[500] and SE8Tc1A[500], 

hereafter referred to as SE8TcA for simplicity, were carried as a reference (Figure 21). 

In order to test different native ALOX5 intron sites for their ability to manage a functioning 

expression switch, constructs were inserted into the 5ô half of the gene at the native intron B 

and D sites. In addition, constructs were also tested in the 3ô half of the gene at the native 

intron I and M sites. The test vector pcDNA3.1(+)_5-LO was used to clone the constructs into 

the ALOX5 CDS (section 5.2.1.). HEK293 cells were transfected with the different 

vectors (section 5.2.5.), treated with or without 50 µM tetracycline for 24 h and transcriptome 

as well as proteome analysis (section 5.2.6.) were performed.  
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Figure 21 | Overview of artificial ALOX5  expression switch constructs at different native intron 

sites.  The schematic shows synthetic intron and alternative exon (SE) constructs that can be switched 

to alternative splicing by controlling the 3ôss recognition of the first intron with a synthetic tetracycline 

riboswitch. The constructs are incorporated at different native ALOX5 intron sites and have been 

designed to verify the position-dependent switching behavior. To adapt the constructs to the different 

native EEJs, the peripheral intron sequences were replaced by those of the native intron sequences, 

depending on the position. The numbers at the splice sites indicate the nt position in the ALOX5 CDS. 

The complete construct sequences can be viewed in the Appendix. 

The outcomes of the new ALOX5 expression switch constructs were compared with those at 

the intron A site (SE8TcA) through their implementation within the same experimental 

framework. The results for the constructs at the intron I and M sites are shown in Figure 22 

and the results for the constructs at the intron B and D sites are shown in Figure 23.  

 

Figure 22 | Different expression patterns of the artificial ALOX5  expression switch constructs 

inserted at different native intron sites  at the 3ô end. HEK293 cells were transfected with ALOX5 

expression switch constructs carrying a peripheral intron sequence-matched SE construct at the ALOX5 

intron I (SE8_Tc1I/Tc3I) and M (SE8_Tc1M/Tc3M) site. The switch constructs were analyzed for their 

tetracycline-dependent splicing patterns by RT-PCR and for their 5-LO expression by Western blot. As 

a reference, the constitutively expressed transcript of ß-actin was examined by RT-PCR. 5 µg protein 

was loaded and total protein staining with TCE (stain-free) served as a loading control for the Western 

blot. All constructs were tested with and without 50 µM tetracycline and incubated for 24 h. The 

switchable ALOX5 splicing constructs inserted and adapted in their peripheral intron sequences to the 

ALOX5 intron A (SE8_Tc1A/Tc3A) side were included for comparison. Experiments were conducted 

with three biological replicates (n=3). The constructs SE8TcI and SE8TcM were cloned by Antonia 

Schetle as part of her Bachelor's thesis. 
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The constructs inserted at the intron I site yielded transcripts exhibiting a range of alternative 

splicing products. This resulted in the nearly complete absence of full-length 5-LO expression, 

with the majority being the detection of truncated 5-LO variant with a molecular weight of 

approximately 50 kDa. This led to the suggestion that there was an early termination of 

translation without the capacity for switching through tetracycline addition. The constructs 

inserted at the intron M site did not exhibit any correctly spliced mRNA sequences. Additionally, 

it appeared again that transcription stopped prematurely, as no splicing products were 

detected when using primers targeting the intron M flanks. However, protein expression was 

observed, albeit in a truncated form with a molecular weight of about 72 kDa. Once more, no 

switching dependent on tetracycline addition was discerned, indicating that transcription 

stopped before or within the cassette exon.  

 

Figure 23 | Different expression patterns of the artificial ALOX5  expression switch constructs 

inserted at different native intron sites at the 5ô end. HEK293 cells were transfected with ALOX5 

expression switch constructs carrying a peripheral intron sequence-matched SE construct at the ALOX5 

intron A (SE8_Tc1A/Tc3A), B (SE8_Tc1B/Tc3B) and D (SE8_Tc1D/Tc3D) site. The switch constructs 

were analyzed for their tetracycline-dependent splicing patterns by RT-PCR and for their 5-LO 

expression by Western blot. As a reference, the constitutively expressed transcript of ß-actin was 

examined by RT-PCR. 5 µg protein was loaded and total protein staining with TCE (stain-free) served 

as a loading control for the Western blot. All constructs were tested with and without 50 µM tetracycline 

and incubated for 24 h. Experiments were conducted with three to six biological replicates (n=3-6). The 

constructs SE8TcB and SE8TcD were cloned by Antonia Schetle as part of her Bachelor's thesis. 

It is proposed that the synthetic splicing constructs at the intron I and M positions interfere with 

the complex alternative splice site recognition in the exon sequences of the 3ô half of the 

ALOX5 gene. It is established that there are multiple alternative splice sites in ALOX5 exons 10 

to 13 [85, 146]. The recognition of these could result in the formation of new EEJs, which may 

lead to the generation of additional RT-PCR products if the PCR primers remain capable of 

binding, or alternatively, the absence of RT-PCR products if one of the primers is no longer 

able to bind. However, these observations can be related to the native ALOX5 gene structure. 

In the 3ô region of the gene, where the synthetic constructs were inserted, the ALOX5 exons 
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are generally closer together and separated by shorter introns [87]. It can therefore be 

surmised that splicing in this region of the gene is more likely to be regulated by intron 

definition, facilitated by ISE binding sites in these introns. Consequently, ESE binding sites are 

less prevalent, which suggests that the introduction of synthetic intron sequences may result 

in an increased utilization of alternative splice sites within this gene region [68]. This hypothesis 

was at least confirmed for the SE8TcI constructs, as sequencing of the RT-PCR products 

revealed an alternative 3ôss 87 bp downstream of the synthetic splice site. This results in a 

nonsense frame or premature termination of translation, which in turn may lead to RNA 

degradation by NMD [160] or the translation of truncated proteins. It is anticipated that a similar 

phenomenon will occur with the SE8TcM constructs, although this has not been confirmed. 

Nevertheless, the constructs inserted at the intron sites at the 5ô end of the gene resulted in 

good switching constructs which were comparable to those inserted at the native intron A site. 

Here, it was observed that the overall expression level appeared to decline as one moves 

further away from the 5ô end. (Figure 23). However, this led to different switching patterns that 

can be selected for appropriate experimental setups and adapted by the stability of the 

riboswitchôs P1 closing stem. Here the choice is between a switching pattern with a nearly 

complete expression off state and a corresponding low on state when the closing stem is 

unstabilized (SE8Tc1A, SE8Tc1B and SE8Tc1D) or a strong expression on state but a leaky 

off state when the closing stem is further stabilized (SE8Tc3A, SE8Tc3B and SE8Tc3D). 

Overall, the results of the different constructs inserted at and optimized to different native intron 

sites of the ALOX5 gene, perfectly demonstrated the compelling position dependency of the 

switch functionality when considering the insertion into native intron sites. Hereby, known 

alternative splicing behavior of the gene should always be taken into account and it should be 

remembered that the final expression levels may vary depending on the position at which the 

switch construct is inserted. However, this can be used to create suitable switching patterns 

for certain experimental setups with sealed protein thresholds. 

2.3.4. Position Dependency on Synthetic ALOX5  Sites  

After investigating the positional dependence at the native intron sites of the ALOX5 gene, it 

became increasingly interesting to consider also the possibility of inserting the switch 

constructs at synthetic EEJs. This is a common method when using reporter gene assays for 

proof of principle studies and has shown good splicing regulation as well as switching patterns 

in many works [31, 41, 43]. However, those synthetic sites do not have native splicing contexts, 

which is why the non-optimized constructs Tc1A and Tc3A were taken as a basis for insertion. 

Synthetic EEJs (5ô-GGC|C-3ô) were searched in the ALOX5 CDS, which are similar to those of 

the minigene constructs of Marc Vogel and co-workers [41]. 18 possible synthetic EEJs were 

identified within the ALOX5 CDS of which two were selected for this study. First, the EEJ at nt 
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position 26 at the 5ô end was selected, with the objective of disrupting translation again as early 

as possible. Second, the EEJ at nt position 1788 at the 3ô end was selected, with the objective 

of disrupting translation at the latest occasion (Figure 24).  

 

Figure 24 | Overview of artificial ALOX5  expression switch constructs at different synthetic 

ALOX5  sites.  The schematic shows synthetic intron and alternative exon (SE) constructs that can be 

switched to alternative splicing by controlling the 3ôss recognition of the first intron using a synthetic 

tetracycline riboswitch. The constructs were incorporated at two different synthetic ALOX5 gene sites at 

the 5ô end (Tc[n-term]) and 3ô end (Tc[c-term]) of the gene. The numbers at the splice sites indicate the 

nt position in the ALOX5 CDS. The complete construct sequences can be viewed in the Appendix. 

Both constructs were cloned into the pcDNA3.1(+)_5-LO vector (section 5.2.1.) and the non-

optimized constructs at the ALOX5 intron A position (TcA) were carried as a reference to 

compare the differences between synthetic and native EEJ positioning. HEK293 cells were 

transfected with the different vectors (section 5.2.5.), treated with or without 50 µM tetracycline 

for 24 h and transcriptome as well as proteome analysis (section 5.2.6.) were performed. The 

results are shown in Figure 25. 

Looking at the transcriptomic and proteomic analysis, there was a significant difference 

between the total 5-LO expression levels of the artificial ALOX5 genes carrying splicing switch 

constructs inserted at the 5ô and 3ô end of the CDS, respectively. Although at the RNA level 

the splicing patterns of the constructs represented a good switching pattern, the mature mRNA 

did not result in a suitable protein level for the constructs at the 5ô end. However, since the 

RT-PCR results showed a strong presence of transcripts, there is no explanation for this and 

a disturbance in transcription elongation was excluded. Thus, translation may be disturbed in 

the final splicing products. Nevertheless, the constructs at the 3ô end showed strong switching 

patterns at the RNA level and resulted in higher overall expression levels compared to the 

constructs inserted at the ALOX5 intron A site, with a seemingly better switching efficiency. In 

addition, stabilization of the riboswitchôs P1 closing stem (Tc3[c-term]) resulted in an expected 

proportional shift to exon recognition, leading to the highest level of protein expression 

compared to all other constructs created. This appears to be the maximum possible expression 

level compared to the ALOX5 WT expression shown in Figure 18 and makes this construct the 

most interesting for further work.  
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Figure 25 | Different expression patterns of the artificial ALOX5  expression switch constructs 

inserted at different synthetic ALOX5  sites.  HEK293 cells were transfected with ALOX5 expression 

switch constructs carrying the SE construct in the 5ô end (Tc1/Tc3(n-term)) and in the 3ô end (Tc1/Tc3(c-

term)) at synthetic ALOX5 site. The switch constructs were analyzed for their tetracycline-dependent 

splicing patterns by RT-PCR and for their 5-LO expression by Western blot. As a reference, the 

constitutively expressed transcript of ß-actin was examined by RT-PCR. 5 µg protein was loaded and 

total protein staining with TCE (stain-free) served as a loading control for the Western blot. All constructs 

were tested with and without 50 µM tetracycline and incubated for 24 h. The first switchable ALOX5 

splicing constructs (Tc1A/Tc3A) were included for comparison. Experiments were performed with four 

biological replicates (n=4). 

Although there is no obvious explanation as to why the translation of the constructs at the 

5ô end of the ALOX5 CDS was disrupted, the data perfectly illustrate the high potential of 

inserting a cassette exon constructs at synthetic EEJs. This completes the possibilities for the 

design of a synthetic expression switch exhibiting a suitable expression pattern for specific 

experimental setups with closed protein thresholds. However, in the event of a decision in favor 

of the insertion at a synthetic EEJ, it is no longer feasible to contextualize the constructs to the 

native splicing process of the gene, making the outcome for the switch functionality 

unpredictable. 

2.3.5. Double Insertion  

Functioning expression switches for the ALOX5 gene could be created by adapting and 

optimizing the construct sequences to the ALOX5 gene. In addition, positional changes in the 

gene offered the possibility to adapt the expression switch to certain protein thresholds, with 

having only little influence on the switching efficiency. Accordingly, final constructs were 

created to increase the overall switching efficiency by combining two constructs into one gene 

sequence [44]. The basic concept behind this is to connect two well switching and high 

expressing constructs in series, to obtain less leakiness despite high expression levels. If the 

constructs used showed a rudimentary maximum expression, the switch should add up 

accordingly and increase the switching efficiency, with only a minimal reduction on the overall 
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expression level. Hereby, the leakiness of the first switch construct in the gene is further 

reduced by the second switch construct. However, since the switches generally have a certain 

leakiness, it is nearly impossible to achieve a complete gene KO with this concept. Taking this 

into account, switch constructs with different riboswitch P1 closing stem stabilities must be 

considered to regulate the overall leakage.  

To create switches with combined cassette exon constructs, the two best switching constructs 

which were optimized to the ALOX5 gene context at the native intron A and B site (SE8TcA 

and SE8TcB) were combined. Both constructs showed an overall high level of protein 

expression in the on state with the best switching efficiency for all constructs and were 

therefore selected. In addition, the highly expressing and strongly switching synthetic 

constructs at the synthetic EEJ in the 3ô end of the gene (Tc[c-term]) were combined with the 

non-optimized initial constructs at the intron A site (TcA). The Tc[c-term] constructs were the 

constructs with the highest on-state expression levels for both P1 closing stem stabilities and 

had a good overall switching efficiency. As the construct inserted at a synthetic EEJ in the 

5ô end of the gene was deficient in protein expression, the initial TcA constructs were chosen 

for combination to keep the context of the synthetic intron and exon sequences within the 

combined constructs comparable (Figure 26). 

 

Figure 26 | Overview of double integration of the artificial ALOX5  expression switch constructs 

at different ALOX5  sites.  The schematic shows the double integration of different synthetic intron and 

alternative exon (SE) constructs that can be switched to alternative splicing by controlling the 3ôss 

recognition of two introns with a synthetic tetracycline riboswitch. The numbers at the splice sites indicate 

the nt position in the ALOX5 CDS. The complete construct sequences can be viewed in the Appendix. 

For both concepts, both P1 closing stems with different stabilities were considered in every 

possible combination and cloned into the pcDNA3.1(+)_5-LO test vector (section 5.2.1.). 

HEK293 cells were transfected with the different vectors (section 5.2.5.), treated with or without 

50 µM tetracycline for 24 h and transcriptome as well as proteome analysis (section 5.2.6.) 

were performed. The initial constructs at the ALOX5 intron A position (TcA) were included for 

comparison and the results are shown in Figure 27 and 28. 
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Figure 27 | Double integration of artificial ALOX5  expression switches at native intron sites.  

HEK293 cells were transfected with ALOX5 expression switch constructs carrying two cassette exons 

at the native ALOX5 intron A and B sites. The switch constructs were analyzed for their tetracycline-

dependent splicing patterns by RT-PCR and for their 5-LO expression by Western blot. As a reference, 

the constitutively expressed transcript of ß-actin was examined by RT-PCR. 5 µg protein was loaded 

and total protein staining with TCE (stain-free) served as a loading control for the Western blot. All 

constructs were tested with and without 50 µM tetracycline and incubated for 24 h. The first designed 

switchable ALOX5 splicing constructs (Tc1A/Tc3A) were included for comparison. Experiments were 

performed with three biological replicates (n=3). 

No 5-LO expression was detected for the combined constructs SE8[TcA+TcB], which carry the 

two ALOX5 context-optimized constructs SE8TcA and SE8TcB (Figure 27). This is consistent 

with the splicing products visible in the RT-PCR results, where the second cassette exon 

showed no band for exon skipping (1336 bp). Only a weak expression was detected for the 

SE8[Tc3A+Tc3B] on addition of tetracycline, suggesting that the close proximity of the two 

switches in the ALOX5 CDS could interfere, as they have many similar sequences, including 

the riboswitch sequence. This could lead to the riboswitch sequence not correctly folding, thus 

losing its regulatory function, and to a much better splice site recognition, at least visible in the 

second cassette exon. Further stabilization of the riboswitch P1 closing stem would therefore 

be required to restore a stable riboswitch structure for a functional switching capability.  

However, the constructs carrying the initial TcA construct at the intron A site and the Tc[c-term] 

construct at the synthetic EEJ of the geneôs 3ô end were designed to have a large distance 

from each other, so that no sequence interference should occur. This resulted in overall good 

expression patterns with seemingly high switching efficiencies (Figure 28), with the best 

expression levels for the constructs with stabilized P1 closing stem for the second cassette 

exon (TcA+Tc3[c-term]). However, for the constructs with the unstabilized closing stem in the 

second cassette exon (TcA+Tc1[c-term]), the switching efficiencies appeared to be as good 

as for the other constructs, but the overall 5-LO expression was comparatively low.  
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Figure 28 | Double integration of artificial ALOX5  expression switches can increase the overall 

switching efficiency.  HEK293 cells were transfected with ALOX5 expression switch constructs 

carrying two cassette exons, one at the native ALOX5 intron A site and one at a synthetic site at the 

3ô end of the gene. The switch constructs were analyzed for their tetracycline-dependent splicing 

patterns by RT-PCR and for their 5-LO expression by Western blot. As a reference, the constitutively 

expressed transcript of ß-actin was examined by RT-PCR. 5 µg protein was loaded and total protein 

staining with TCE (stain-free) served as a loading control for the Western blot. All constructs were tested 

with and without 50 µM tetracycline and incubated for 24 h. The first designed switchable ALOX5 

splicing constructs (Tc1A/Tc3A) were included for comparison. Experiments were conducted with three 

biological replicates (n=3). 

These data demonstrated that the combination of two cassette exons led to a much higher 

switching efficiency. It seemed necessary to keep a certain distance between the two 

constructs and to use cassette exons with the highest possible expression levels in the on 

state. Overall, the combination of the Tc3A construct at the native ALOX5 intron A site with the 

Tc3[c-term] construct at a synthetic EEJ at the 3ô end of the ALOX5 gene resulted in the best 

ALOX5 expression switch with high expression levels and overall strong switching efficiency. 

2.3.6. Potential and Optimization of Splice  Switches at the 3ô Splice Site 

A review of the transient tests conducted on the various optimized ALOX5 expression switch 

constructs reveals that it was indeed feasible to conditionally control ALOX5 expression in a 

tetracycline-dependent manner through the utilization of a riboswitch at the 3ôss of a synthetic 

cassette exon. In addition, the insertion of a synthetic intron-exon-intron construct at native 

intron sites and at synthetic EEJs can be considered. When inserting at a native intron site, it 

is important to consider the sequence context, as the introduction of native intron and exon 

sequences into the construct can result in the incorporation of useful ESE and ESS, as well as 

ISE and ISS binding sites, which allow the general splicing to be adapted according to the 

desired expression pattern. It is recommended that a well-recognized exon is selected for 

creating a switchable cassette exon in order to achieve the highest expression levels under 
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the given conditions. It is possible that the tetracycline riboswitch sequence itself may prove 

useful in this regard, as it is likely to carry ESE binding sites. Furthermore, the length of the 

intron is a crucial factor to consider, as it determines which element, the intron or the exon, is 

defined by the spliceosomal complex during splicing. Furthermore, the position of the cassette 

exon within the gene may influence the overall expression and switching pattern. An intron site 

that is already strongly associated with alternative splicing should be avoided, as it is typically 

recognized differently by the spliceosome. As constructs inserted at synthetic EEJs are not 

context dependent, they can be optimized mainly by their position in the gene, which makes 

them unpredictable in functionality. It is therefore imperative to consider the potential impact 

of different positions within the gene, as the functionality of a construct may be compromised 

if it is inserted into an unfavorable location. Ultimately, the combination of two cassette exons 

within a single gene sequence markedly enhances the overall switching efficiency. However, 

the proximity of two cassette exons with analogous sequences can potentially result in the loss 

of riboswitch functionality. 

2.4. Switching Expression of an Artificial ALOX5  Gene in Mono Mac 6  

The cassette exon construct Tc3A+Tc3[c-term] turned out to be the most promising and 

valuable system to conditional control the ALOX5 expression (section 2.3.5.). It was therefore 

chosen to study the applicability of the controllable exon skipping system through cellular 

genome integration and functional analysis of the canonical and non-canonical 5-LO functions. 

Nevertheless, the system was up to this point solely evaluated transiently in HEK293 cells, 

lacking the native introns. Consequently, the decision was taken to genome integrate the 

artificial ALOX5 CDS carrying the cassette exon constructs instead of realizing a new concept 

by inserting cassette exon constructs into the endogenous ALOX5 gene. However, it was thus 

evident that a cell line deficit in 5-LO expression was necessary.  

From a physiological perspective, the expression of human 5-LO is largely confined to 

leukocytes. In addition, 5-LO is markedly upregulated in monocytic cells by the transforming 

growth factor-ɓ (TGF-ɓ) and 1Ŭ,25-dihydroxyvitamin D3 (1,25(OH)2D3) [95, 161]. Recently, a 

synergistic activation of the ALOX5 gene was observed in the acute monocytic leukemia cell 

line MM6 [162, 163]. It was thus ascertained that this human monocytic cell line represents a 

promising candidate for a genome integration of an artificial and switchable ALOX5 gene to 

later perform functional tests. In order to guarantee the 5-LO defectivity, a CRISPR-Cas9-

mediated 5-LO KO cell line (MM6 KO clone 3) was kindly provided by Marius Kreiß. The 

generation of this has been previously described [106] and characterized in detail [113].  

The basic principle of the KO method is based on the stable integration of the single guide 

RNA (sgRNA)-dependent endonuclease Cas9 from Streptococcus pyogenes using a lentiviral 

vector system. This was designed to causes a targeted double-strand break in exon 2 of the 
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ALOX5 gene by the Cas9 protein, which initiates cellular repair processes such as homologous 

recombination (HDR) or non-homologous end joining (NHEJ). In the case of HDR, the double-

strand break is corrected using the sequence of the second homologous chromosome. 

However, NHEJ primarily results in random deletions which may potentially lead to the failure 

of the gene. Consequently, following integration, individual clones were subjected to screening, 

whereby clones exhibiting random deletions integrated during the NHEJ repair process were 

identified. These clones were subsequently observed to lack ALOX5 expression and clone 3 

was considered as the best candidate for re-expressing the 5-LO protein by lentiviral genome 

integration of ALOX5 CDS (section 5.2.5.).  

The artificial ALOX5 gene was integrated under the control of a spleen focus-forming 

virus (SFFV) promoter for expression in mammalian cells together with an internal ribosomal 

entry site 2 (IRES2) controlled enhanced green fluorescent protein (eGFP) 

gene (section 5.2.1.). The additional incorporation of the eGFP gene facilitated the 

identification of individual cell clones that had been integrated with the ALOX5 CDS. It was 

essential that the cassette exons carrying ALOX5 gene, integrated into the MM6 5-LO KO 

clone 3 genome, is situated in a genome location that would allow for the regulation of the 

artificial and switchable ALOX5 CDS. As a consequence of the random insertion via loci of 

X-over P1 (LoxP) sites during lentiviral genome integration, individual single clones had to be 

created and subsequently analyzed to determine their switching behavior. It was crucial to 

identify cells with minimal integration events, as integration at a genomic site that does not 

permit riboswitch-controlled gene switching and results in the artificial ALOX5 gene being 

expressed in high rate could obscure the functionality of a gene switch. Similarly, it was 

essential to examine cells with viable morphology. The fluorescence-activated cell sorting 

(FACS) method was selected for this purpose, as the IRES-regulated eGFP sequence was 

transduced simultaneously with the artificial ALOX5 CDS into the MM6 genome (section 

5.2.5.). This approach facilitated the sorting of cells with low eGFP levels, thereby ensuring 

that only a limited number of lentiviral integrations were present. The isolated single-cell clones 

were recovered into stable cell cultures and tested for the re-expression of 5-LO and the 

switching ability of the gene via Western blot and subsequent immunostaining against 5-LO. 

Finally, the most promising clone was selected for further characterization. 

During the lentiviral genome integration procedure, cells were additionally integrated 

exclusively with the pure ALOX5 CDS, serving as a control for comparison of the maximum 

possible re-expressed amount of 5-LO. Two knock-in (KI) clones with different ALOX5 

expression levels were considered for further analysis (KI clones 5 and 6). Moreover, a single-

cell clone displaying the ability to switch expression of ALOX5 through the incorporation of the 

Tc3A+Tc3[c-term] construct was isolated (KI 3C3 clone 6).  
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2.4.1. The Artificial ALOX5  Genome Integration Reveals Distinct  5-LO Levels  

The three newly created cell lines, together with the MM6 5-LO KO cell line used for 

transduction (KO clone 3) and the MM6 WT cell line, were subjected to Western blot analysis 

for 5-LO expression (section 5.2.6.). To this end, the cells were treated with 1 ng/ml TGF-ɓ 

and 50 nM 1,25(OH)2D3, with the objective of testing the capacity for 5-LO expression 

upregulation. Furthermore, the cells were treated with 25 µM tetracycline, with the aim of 

evaluating the non-specific effects of the ligand on the 5-LO expression, as well as the 

switching capacity of the integrated ALOX5 cassette exon construct. The concentration of 

25 µM was determined through cytotoxicity tests, which demonstrated a discernible cytotoxic 

effect of tetracycline on MM6 cells at concentrations exceeding 25 µM following 24 and 48 h 

of exposure (Supplement 4). The results of the proteomic analysis are shown in Figure 29. 

 

Figure 29 | 5-LO expression levels in Mono Mac 6 cell lines knocked -out or -in for ALOX5  

expression. Shown are the 5-LO expression levels of different MM6 cell lines on Western blot. The 

MM6 cell line 5-LO KO clone 3 was used as a basis for the genome integrate of the artificial ALOX5 

genes to generate two stable MM6 5-LO KI cell lines with different expression levels and one MM6 5-LO 

KI cell line with switchable ALOX5 expression. (A) Comparison of 5-LO expression levels in MM6 WT, 

5-LO KI clone 5 and 5-LO KI clone 6. (B) Comparison of 5-LO expression levels in MM6 WT, 5-LO KO 

clone 3 and 5-LO KI 3C3 clone 6. All cell lines were compared as undifferentiated or differentiated with 

1 ng/ml TGF-ɓ and 50 nM 1,25(OH)2D3 for 4 d and treated with or without 25 µM tetracycline 24 h prior 

protein extraction. 5 µg protein was loaded and total protein staining with TCE (stain-free) served as a 

loading control. Experiments were conducted with three technical replications (n=3). 

A comparison of the 5-LO expression in WT MM6 cells with that in the two re-expressing MM6 

clones revealed that the KI clone 5 exhibited a similar level of 5-LO expression as the WT MM6 

cells in the absence of TGF-ɓ and calcitriol (1,25(OH)2D3) stimulus. In contrast, the KI clone 6 
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exhibited 5-LO levels that were comparable to those of MM6 WT cells following stimulation 

with TGF-ɓ and calcitriol (Figure 29A). The disparate expression levels observed in the two 

cell clones can be attributed to the integration of the lentiviruses at different genomic loci. It is 

similarly conceivable that the artificial ALOX5 gene was integrated in a disparate manner 

between the two cell clones. It is noteworthy that the stimulation of the KI clones by TGF-ɓ and 

calcitriol did not result in any discernible impact on their 5-LO expression levels. This can be 

explained by the fact that the artificial integrated ALOX5 gene was not controlled by the native 

ALOX5 promoter. The extracellular growth factor TGF-ɓ activates intracellular SMAD protein 

signaling via TGF receptors, which in turn activates transcription [163, 164]. Furthermore, the 

ALOX5 gene transcription elongation is strongly stimulated by calcitriol [162]. Both pathways 

are linked with mixed lineage leukemia (MLL), which is characterized by the presence of MLL 

fusion proteins (e.g. MLL-AF4), which mediate ALOX5 promoter activation [162, 163]. The 

utilization of a synthetic SFFV promotor for the artificially integrated ALOX5 genes thus 

resulted in no upregulation of 5-LO expression through TGF-ɓ and calcitriol treatment. It is also 

noteworthy that treatment with tetracycline had no impact on the 5-LO expression in all three 

MM6 cell variants, the WT and the KI clone 5 and 6. This demonstrates the potential of 

tetracycline as ligand for the induction of a riboswitch-controlled gene switching in monocytes. 

A comprehensive analysis of the 5-LO KO cell clone (KO clone 3) and the MM6 cell clone 

switchable in 5-LO expression (KI 3C3 clone 6) revealed the successful re-expression of 5-LO 

after lentiviral genome integration of the artificial ALOX5 gene carrying the Tc3A+Tc3[c-term] 

cassette exon construct, which can be further induced by tetracycline addition (Figure 29B). 

Furthermore, the results confirmed that the KO clone 3, which was transduced, exhibited no 

detectable 5-LO expression. It is noteworthy that the 5-LO expression of the KI 3C3 clone 6 

did not appear to be completely knocked-down in the absence of tetracycline. This may be 

attributed to the inherent leaky nature of the system, as already evidenced by the transient 

tests in HEK293 cells (Figure 28). The induction of 5-LO expression through tetracycline after 

24 h of incubation resulted in a comparable level to that observed in WT MM6 cells, which 

were treated with TGF-ɓ and calcitriol. However, the stimulation of the KI 3C3 clone 6 with 

TGF-ɓ and calcitriol again did not result in upregulated 5-LO expression, due to the same 

underlying reasons as described for the KI clones 5 and 6. 

In conclusion, the results of the lentiviral genome integration demonstrated the successful re-

expression of 5-LO in MM6 5-LO KO cells. Clones exhibiting disparate expression levels could 

be isolated. It is noteworthy that their varying levels of expression mirror the levels observed 

in the WT cell line in both states, with and without TGF-ɓ and calcitriol stimulation. Similarly, a 

KI cell line carrying the functional ALOX5 expression switch Tc3A+Tc3[c-term] was 

successfully created which has the ability to be further induced in 5-LO expression by 
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tetracycline. Interestingly, the overall switching efficiency did not appear to be as high as that 

observed in transient tests. However, this will be investigated in more detail as the clone 

undergoes further characterization in the next steps. 

2.4.2. The Artificial 5 -LO Enzyme  is Active in its Canonical Function  

Following the establishment of stable MM6 cell lines re-expressing 5-LO, the clones were 

tested for their 5-LO enzyme activity in order to verify their canonical 5-LO functionality. To this 

end, the formation of 5-LO products was quantified through solid phase extraction of intact 

cells or cell homogenate and subsequent high-pressure liquid chromatography (HPLC, 

section 5.2.5.). Given that the preceding Western blot analysis of the 5-LO expression 

indicated that the 5-LO expression can only be upregulated upon TGF-ɓ and calcitriol 

stimulation in MM6 WT cells and not in the KI clones, the novel generated 5-LO re-expressing 

cell lines as well as the KO clone 3 were assessed solely in the absence of treatment. In 

contrast, the MM6 WT cells were maintained in culture for four days, either untreated or treated 

with 1 ng/ml TGF-ɓ and 50 nM calcitriol, prior to measurement. Furthermore, the preceding 

experiments demonstrated that tetracycline has no impact on the 5-LO expression in all MM6 

cell lines, with the exception of the clone carrying the switchable ALOX5 gene. Therefore, only 

the MM6 KI 3C3 clone 6 was subjected to examination at varying concentrations up to 25 µM 

tetracycline. The quantity of 5-LO products was standardized to 1x106 cells, and the resulting 

data are presented in Figure 30. 

The collected data indicated that the low levels of 5-LO expression in the unstimulated MM6 

WT cells and the KI clone 5 observed in the Western blot were insufficient to produce the 

requisite quantity of 5-LO products for detection via the selected analytical method. The 

number of 5-LO products was found to be zero, which was identical to the result observed in 

KO clone 3, which lacks 5-LO expression. However, stimulation of the MM6 WT cells with 

TGF-ɓ and calcitriol resulted in the production of a considerable quantity of 5-LO products. It 

is noteworthy that the enzyme activity of the stimulated WT cell line was not exceeded by the 

5-LO overexpressing KI clone 6 when intact cells were measured (Figure 30A). In the same 

way, even when measured with cell homogenates, the enzyme activity of KI clone 6 only 

marginally exceeded that of the stimulated MM6 WT cells (Figure 30B), despite Western blot 

analysis indicating a higher 5-LO expression for this 5-LO KI cell line (Figure 29A). However, 

this may be attributed to the diverse activation of the enzyme via phosphorylation or defined 

Ca2+ concentrations in the cells, whose pathway could be disrupted by the artificial 

concept [95]. An examination of the switchable KI 3C3 clone 6 revealed the capability of 

tetracycline-inducible 5-LO activity, which was proportional to the concentration of tetracycline. 

The addition of tetracycline resulted in a corresponding increase in overall enzyme activity, 

although the precise nature of the dose dependence remained unclear. These findings 
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suggested that 5-LO expression may also be upregulated in response to increased tetracycline 

concentrations. However, this will be investigated in a next step through a dose-dependency 

test. Nevertheless, it is noteworthy that a switching factor of up to 9.9-fold was observed for 

the enzyme activity in intact cells and up to 6.2-fold in cell homogenates. 

 

Figure 30 | Enzyme activity of endogenous and artificial 5 -LO in Mono Mac 6. The different MM6 

cell lines knocked-out or -in for ALOX5 expression were tested undifferentiated in their 5-LO activity 

using UPLC. Undifferentiated and differentiated MM6 WT were included for comparison. Measurements 

were performed with intact cells (A) and cell homogenate (B). The number of 5-LO products (5-H(p)ETE, 

LTB4 and the corresponding all-trans isomers) was normalized to 1x106 cells. For differentiation, cells 

were treated with 1 ng/ml TGF-ɓ and 50 nM 1,25(OH)2D3 for 4 d. To induce 5-LO expression in the 

switchable MM6 cell line KI 3C3 clone 6, cells were treated for 24 h with different concentrations of 

tetracycline. The measurement was performed with three biological replicates (n = 3) and data are 

shown as mean value with positive and negative standard deviation (± SD). Switching factors were 

determined by dividing by the untreated sample (KI 3C3 clone 6 ï 0 µM) and are shown in red above 

the bars. The normalized data of the 5-LO metabolite UPLC measurement can be viewed in the 

Appendix. 

The presented data clearly demonstrated the re-expression of 5-LO in MM6 5-LO KO clone 3 

cells through lentiviral genome integration of artificial ALOX5 genes. This resulted in the 

generation of canonically active 5-LO with a profile comparable to that observed in TGF-ɓ and 
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calcitriol stimulated and unstimulated MM6 WT cells. Furthermore, it was demonstrated that 

the enzyme activity in the switchable KI 3C3 clone 6 was enhanced in a dose-dependent 

manner, thereby providing the ability of controlled 5-LO activity levels. 

2.4.3. Switchable 5 -LO Expression in Mono Mac 6 Cells is Dose -Dependent  

The results of the enzyme activity assay already indicated that the expression of the switchable 

ALOX5 gene was dependent on the administered dose. Subsequently, the dose-dependent 

expression of 5-LO in the stably integrated MM6 5-LO KI 3C3 clone 6 cell line was examined. 

Consequently, the cells were treated with distinct concentrations up to 50 µM and incubated 

for 24 hours until harvesting for proteome analysis by quantitative Western blot. The mean 

relative expression from three independent biological replicates is presented in Figure 31.  

 

Figure 31 | Dose-dependent ALOX5 expression in Mono Mac 6 5 -LO KI 3C3 clone 6. The stably 

integrated MM6 cell line 5-LO KI 3C3 clone 6 was tested for its tetracycline-dependent 5-LO expression 

by treating the monocytes with different concentration of tetracycline for 24 h. 5 µg of the protein extracts 

were analyzed by quantitative Western blot analysis using the total protein (TCE, stain-free) as loading 

control and for normalization. For comparison between experiments, all measurements were normalized 

to the highest relative protein level of the experiment. Experiments were performed in three technical 

replicates (n = 3) and data are presented as mean value with positive and negative standard deviation 

(± SD). Hill curve fitting was performed using GraphPad Prism 8.0 and by doing a least squares 

regression with a four-parameter logistic model using the AAT Bioquest web tool Quest GraphÊ EC50 

Calculator. EC50 was determined to be ~12 µM and is shown with red dashed lines. The normalized 

data of the quantitative Western blot measurement can be viewed in the Appendix. 

The quantitative Western blot analysis demonstrates an increase in 5-LO expression already 

at concentrations exceeding 0.78 µM tetracycline. Nevertheless, a gradual upregulation in 

expression was observed up to a concentration of 50 µM tetracycline, with the increase 

appearing to reach a plateau shortly after. However, it was not possible to measure higher 
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concentrations in the experimental setup, as tetracycline has a cytotoxic effect on MM6 cells 

already from 25 µM. It is therefore not possible to determine the precise position of the plateau. 

Nevertheless, A Hill curve was fitted by conducting a least squares regression with a four-

parameter logistic model (section 5.2.6.). This enabled the determination of the EC50, which 

defines the half maximal effective concentration in the non-cytotoxic range, to be 

approximately 12 µM, when considering a 24-hour incubation with the ligand. 

In conclusion, the data presented herein provide compelling evidence that the expression of 

the riboswitch-controlled ALOX5 gene is dose-dependent in MM6 cells. This offers a unique 

opportunity to investigate the impact of changing 5-LO levels within the cell over time, without 

the necessity of accounting for a fixed 5-LO quantity due to the genome integration of an 

uncontrollable ALOX5 gene (standard KI), as is commonly done. Nevertheless, it is essential 

to ascertain the maximum dose, given the potential cytotoxicity of the ligand on the cell, which 

ultimately defines the upper limit of maximum inducible expression levels. Nevertheless, this 

limitation could be circumvented by prolonging the exposure to low doses, which was 

investigated in the next step. 

2.4.4. Changes in Expression are Measurable up to 96 Hours After Treatment  

The results of the dose-dependency tests (section 2.4.3.) demonstrated that tetracycline 

cytotoxicity on MM6 cells served to determine the upper limit of the maximum inducible 5-LO 

expression levels in the MM6 cell line switchable in ALOX5 expression (KI 3C3 clone 6). 

However, this was contingent upon an incubation period of 24 h being taken into account. The 

initial Western blot results of the stably integrated MM6 5-LO KI 3C3 clone 6 cell line (section 

2.4.2.) clearly demonstrated that the switching efficiency previously demonstrated in transient 

tests for the switching construct in HEK293 cells (section 2.3.5.) was not achieved after 24 h 

of incubation with 25 µM. This indicated that the cells may require a longer period for maximum 

expression turnover. Consequently, the switching kinetics were quantified during the initial 24-

hour incubation period and over a four-day period via a quantitative Western blot analysis. The 

mean relative expression from three independent biological replicates is presented in 

Figure 32. 
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Figure 32 | Switch kinetics of Mono Mac 6 5 -LO KI 3C3 clone 6. The stably integrated MM6 cell line 

5-LO KI 3C3 clone 6 was tested for its tetracycline-dependent 5-LO expression switch kinetics by 

treating the monocytes with 25 µM tetracycline for different durations until protein extraction. Short 

(A) and long (B) duration experiments were performed. 5 µg of the protein extracts were analyzed by 

quantitative Western blot analysis using the total protein (TCE, stain-free) as loading control and for 

normalization. For comparison between experiments, all measurements were normalized to the highest 

relative protein level of the corresponding experiment. Experiments were performed in three technical 

replicates (n = 3) and data are presented as mean value with positive and negative standard deviation 

(± SD). Switching factors were determined by dividing by the untreated sample (0 h) and are shown in 

red above the bars. The grey dotted line shows the comparable relative protein level in both the short 

and long duration experiment. The normalized data of the quantitative Western blot measurement can 

be viewed in the Appendix. 

The kinetics of tetracycline-inducible 5-LO expression in the MM6 5-LO KI 3C3 clone 6 over 

the initial 24-hour incubation period demonstrated a substantial upregulation in expression 

levels, reaching up to a 5.4-fold increase (Figure 32A). It is notable that a moderate increase 

in expression was already discernible after a period of just two hours. Nevertheless, a 

comparatively robust upregulation was first be discerned after approximately six hours. A 

further examination of the switch kinetics of the tetracycline-induced 5-LO expression over the 

subsequent 96 h following the start of incubation demonstrated that the maximum expression 

level was not attained after 24 h (Figure 32B). A rapid increase in expression was observed 

up to 72 hours after the incubation period began, with a discernible levelling off of the increase 

after 96 hours. Following a four-day incubation period, an increase in expression levels to 

13.5 times the initial level without tetracycline was observed. 

The data pertaining to the switch kinetics clearly demonstrated that the in 5-LO expression 

switchable MM6 cell line can be regulated not only in a dose-dependent manner but also in a 

time-dependent manner. These findings facilitate the precise regulation of the 5-LO expression 

in MM6 cells, thereby enabling the recreation of cell states that correspond to specific 5-LO 

levels. 
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2.4.5. Non-Canonical Effects of 5 -LO on COX2 and Kynureninase Expression  

Now that the MM6 5-LO KI 3C3 clone 6 has been fully characterized in its switchable 5-LO 

expression, it was employed to further investigation of the non-canonical 5-LO functions in 

leukocytes. The non-canonical function of 5-LO has become a subject of increasing interest 

since the protein was found to be associated with euchromatin in resting alveolar 

macrophages [102]. It is now established that 5-LO interacts with proteins such as Dicer and 

CLP [103]. Moreover, it has been demonstrated to influence miRNA expression and 

processing in the human MM6 cell line, thereby playing an important role in tumorigenesis and 

developmental processes [106]. Furthermore, it has recently been proven that the 5-LO protein 

acts as a regulator of NFəB-targeted genes in this cell line as well [112]. Following the 

upregulation of ALOX5 expression through TGF-ɓ and calcitriol with subsequent 

lipopolysaccharide (LPS) stimulation, it was demonstrated that a 5-LO KO resulted in the loss 

of kynureninase protein expression, which is encoded by the NFəB targeted gene KYNU. The 

subsequent 5-LO KI of the 5-LO WT protein expression resulted in the restoration of 

kynureninase mRNA and protein expression. In contrast, KO of 5-LO resulted in an 

upregulation of COX-2 expression, which is encoded by the NFəB-controlled PTGS2 gene, 

whereas re-expression of 5-LO led to a downregulation [113]. Nevertheless, due to the 

absence of dose- and time-dependent regulation of the 5-LO re-expression in these 

experiments, when utilizing simple stable integration of WT 5-LO, the results were only be 

quantified in cells that overexpressed 5-LO for an extended period. Consequently, it was not 

possible to discount the possibility that long-term effects may result from the stable integration 

of the active ALOX5 gene, which have the potential to up- or down-regulate the affected genes. 

It remains thus unclear whether the 5-LO is the decisive factor responsible for the observed 

alterations in the PTGS2 and KYNU expression levels. The establishment of a stable MM6 cell 

line that is tetracycline-dependent switchable in its ALOX5 expression by facilitating a 

riboswitch-controlled switch construct provides now the opportunity to test these non-canonical 

effects of the 5-LO in a time- and dose-dependent manner. A time-dependent upregulation of 

5-LO expression, which is accompanied by an increase in kynureninase expression and a 

decrease in COX-2 expression, would serve to confirm the accuracy of the aforementioned 

findings. 

Subsequently, the switchable MM6 5-LO KI 3C3 clone 6 was stimulated in conjunction with the 

two stable KI clones (5 and 6), the KO clone 3 and the MM6 WT in an experimental setup with 

1 ng/ml TGF-ɓ and 50 nM calcitriol for a period of four days. Furthermore, all cell lines were 

subjected to testing, either with or without LPS stimulation, admitted 24 h prior to protein and 

RNA isolation. The switchable cell line (KI 3C3 clone 6) was also treated with or without 25 µM 

tetracycline throughout the stimulation process (4 d). Thereafter, 5-LO expression was 

determined by Western blot, as well as PTGS2 and KYNU mRNA expression by real time 
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quantitative PCR (RT-qPCR, section 5.2.6.). However, quantitative mRNA determination by 

PCR was not feasible for the switchable MM6 cell line, as the synthetic switch construct was 

integrated twice within the ALOX5 gene, resulting in a mature mRNA sequence needed to be 

verified by qPCR that was too long for effective detection with this method. Accordingly, a 

semi-quantitative Western blot analysis of 5-LO was employed for all cell lines to ensure 

consistency in the results. RT-qPCR experiments for PTGS2 and KYNU mRNA expression 

were performed in two technical replicates with two or three biological replicates each and the 

relative expression levels (2-æCT) were determined using the relative quantification æCt method 

outlined by Paffl [165]. Here, the housekeeping gene ACTB was used as a reference for equal 

cDNA levels. The data, tested for significance using ordinary one-way ANOVA tests, are 

presented in Figure 33. 

The semi-quantitative Western blot results provided a confirmation of the findings presented 

in Figure 29. The stimulation of MM6 WT cells with TGF-ɓ and calcitriol resulted in an increase 

in 5-LO expression. However, the KO clone 3, the two KI clones 5 and 6, as well as the 

switchable KI 3C3 clone 6 remained unaffected by this treatment and maintain their previously 

determined 5-LO profile. This included the effects of the switchable KI 3C3 clone 6 to 

tetracycline treatment, which displayed upregulated 5-LO expression. It is noteworthy that the 

additional stimulation of all cell lines with the endotoxin LPS had no further influence on 5-LO 

expression.  

In contrast, the relative expression of PTGS2 and KYNU was clearly elevated in response to 

LPS stimulation, as evidenced by the RT-qPCR data. It is noteworthy that PTGS2 expression 

remained consistently low in all cell lines in the absence of LPS stimulation, irrespective of the 

given 5-LO expression levels. It was only the induction of PTGS2 expression by LPS that 

enabled a regulatory effect through different 5-LO levels. The cell line in which the 5-LO has 

been knocked-out (KO clone 3) exhibited a relative PTGS2 expression profile that was similar 

to that of the WT cell line. The situation became intriguing when the 5-LO was re-expressed. 

In this instance, even low levels of 5-LO resulted in a reduction in PTGS2 expression 

(KI clone 5), with a pronounced reduction in the expression observed with upregulated 5-LO 

expression (KI clone 6). The data clearly demonstrated that the previously described 

upregulation of PTGS2 expression by the KO of 5-LO was not confirmed [113]. Nevertheless, 

it was proven that the KI of 5-LO expression results in an anti-proportional downregulation of 

PTGS2 expression. This was also evident when examining the switchable KI 3C3 clone 6, 

which exhibited comparable 5-LO expression levels to those observed in KI clone 5 in the 

absence of tetracycline and to those seen in KI clone 6 following tetracycline induction. The 

increased expression of 5-LO resulted in a reduction in PTGS2 expression, a process that was 

now also demonstrated to occur after only four days of 5-LO upregulation. 



 

54 

 

 

Figure 33 | Effects of 5 -LO on the expression of PTGS2 and KYNU. Different ALOX5 expressing 

MM6 cell lines were tested for ALOX5, PTGS2 and KYNU expression. The cells were differentiated with 

1 ng/ml TGF-ɓ and 50 nM 1,25(OH)2D3 for 4 d and treated with or without 1 µg/ml LPS 24 h. The stably 

integrated MM6 cell line 5-LO KI 3C3 clone 6 was treated with or without 25 µM tetracycline during 

differentiation (4 d). 5 µg of the protein extracts were used to analyze the 5-LO expression levels by 

Western blot (ALOX5). Immunostaining was imaged using the same exposure time. TCE staining of the 

total protein served as loading control (stain-free). Relative mRNA expression levels (2æ-Ct) of COX-2 

(PTGS2) and kynureninase (KYNU) were analyzed by RT-qPCR and normalized to ɓ-actin expression. 

RT-qPCR experiments were performed in two technical replicates with two or three biological replicates 

each (n = 4-6). Data are presented as mean value with positive and negative standard deviation (± SD). 

Statistical analysis was performed with ordinary one-way ANOVA using GraphPad Prism 8.0 (  z = 

p<0.05, ᶻ z= p<0.01, ᶻᶻᶻ = p<0.001, ᶻᶻᶻᶻ = p<0.0001). The raw data of the RT-qPCR measurements 

can be viewed in the Appendix. 
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The KYNU expression in MM6 WT cells demonstrated a pronounced elevation in relative 

expression following LPS stimulation, with preexisting low expression levels in the absence of 

treatment. The KO of the 5-LO gene resulted in the complete downregulation of relative KYNU 

expression, which was no longer restored by LPS stimulation (KO clone 3). Upon re-expression 

of 5-LO, a slight increase in the relative KYNU expression was observed at low 5-LO 

expression levels (KI clone 5) and a more pronounced increase at high 5-LO expression 

levels (KI clone 6). It is noteworthy that the 5-LO KI did not result in the restoration of the 

relative KYNU expression levels observed in the WT following LPS stimulation. This effect was 

also observable in the switchable KI 3C3 clone 6, which demonstrated an increase in relative 

KYNU expression after only four days of upregulated 5-LO expression. However, the low 5-LO 

level observed in the non-induced basal state of the cell line were insufficient to restore KYNU 

expression, despite being equal to that observed in KI clone 5. It is therefore possible that a 

time-dependent regulation of 5-LO on the KYNU expression may be occurring, and that the 

cells may require prolonged periods of upregulated 5-LO levels before restoring the suspected 

KYNU expression levels. It is also noteworthy that the effects of re-expressed 5-LO on KYNU 

expression in the stable cell lines generated in this study were relatively weak, despite the fact 

that 5-LO KI MM6 cells were considerably more pronounced in their PTGS2 and KYNU 

expression levels in the work of Marius Kreiß and co-worker [113]. This can be attributed 

primarily to the fact that in the here presented cell lines, the 5-LO was mainly present in the 

cytosol. Preliminary microscopy data from Julia Oberlis indicated that the 5-LO KI MM6 cells 

established by Marius Kreiß contain a notable quantity of 5-LO within their nuclei. However, 

the cell lines presented here seem to predominantly retain 5-LO in the cytosol. The reason for 

this phenomenon is currently unknown. Nevertheless, this explains why the non-canonical 

function of the 5-LO could not be effectively carried out due to its separation from the genome. 

The data presented here demonstrated unequivocally that the stably integrated MM6 cell lines 

generated in this work could be employed to investigate the non-canonical function of 5-LO. 

The switchable 5-LO KI 3C3 clone 6 played a distinctive role in this context, as it provided the 

unique opportunity to measure the 5-LO effects on PTGS2 and KYNU expression in a time-

dependent manner. The observed correlations between PTGS2 and KYNU expression to the 

5-LO levels in the cell, as previously documented in the literature [113], were partially 

confirmed. Moreover, by temporarily activating 5-LO expression, the function of 5-LO was 

more effectively demonstrated. Nevertheless, the subcellular localization of the protein within 

the cell must be considered, as this determined its capacity to execute the non-canonical 

function. 
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2.4.6. A Stabl e Integrated Gene Switch Extends  Application  Capabilities  

The genome integration of a switchable ALOX5 gene into the MM6 genome provided an 

illustrative example of the potential for introducing a riboswitch-controlled system into the 

human cell genome, with the objective of further investigating canonical and non-canonical 

protein functions. The integration of two riboswitch-controlled cassette exon constructs into the 

ALOX5 CDS enabled the upregulation of 5-LO expression in MM6 cells in a tetracycline-

dependent manner. It was also possible to adjust the 5-LO level in a time and dose-dependent 

manner. A half-maximal effective concentration (EC50) of approximately 12 µM was determined 

for an incubation period of 24 h, which can be categorized as a low dose. The results of switch 

kinetics experiments demonstrated that 5-LO expression could be increased up to 96 h after 

the commencement of incubation, thereby enabling the precise matching of a temporal 5-LO 

level. The stable integrated system was identified as leaky, yet demonstrated an exceptional 

switching capacity of up to 13.5-fold. This allows the recreation of cell states that correspond 

to specific 5-LO levels. Ultimately, the impact of 5-LO on the PTGS2 and KYNU expression 

was elucidated through the utilization of the validated 5-LO re-expressing KI clones 5 and 6, 

in conjunction with the switchable KI 3C3 clone 6. It was observed that the PTGS2 mRNA level 

was reduced as a consequence of 5-LO re-expression, while KYNU mRNA expression was 

increased. This is consistent with the findings previously documented in the literature regarding 

the non-canonical functions of 5-LO [113]. However, the temporal activation of the 5-LO 

expression in this work provided now a more definitive demonstration of this phenomenon. It 

should be noted, however, that the KI 5-LO expression resulted in an atypical localization of 

the 5-LO within the cytosol, which served to minimize the transcriptionally regulating effects. 

2.5. Forcing Wild -type 5 -LO Expression to the Splice Isoform 5 -LOæ13 

In a next chapter of this work an alternative regulation of exon skipping to the above-described 

concept was established. Now the aim was to control splicing of a native ALOX5 exon to force 

isoform expression using the ligand-dependent conformational change of the tetracycline 

riboswitch. For this, the 5-LOæ13 isoform was chosen as it is of great interest due to its catalytic 

inactivity but ability to reduce leukotriene biosynthesis in BL41-E95A cells [146]. However, 

since the above-described exon skipping concept is designed to have the riboswitch sequence 

downstream of the 3ôss of a synthetic alternative exon, it was part of the reading frame of the 

mature mRNA. The idea of the SE was to introduce PTCs into the mature mRNA, so the 

inclusion of the tetracycline riboswitch in the exon was actually helpful because the sequence 

itself already contained in-frame stop codons. Only during alternative splicing events, where 

the SE was skipped, the ALOX5 WT reading frame was generated, resulting in a functioning 

protein. However, in terms of an isoform switch, we wanted to have the right gene sequences 

in both switching states, without introducing PTCs or make the gene sequence nonsense. 
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Therefore, the integration of the riboswitch sequence into an exon was no longer possible, so 

the concept had to be rethought. Additionally, upstream regulation of the 3ôss was also not 

possible since the riboswitch sequence would interfere with the polyY tract of the intron. The 

polyY tract is a cis-acting sequence of 18-40 polyY nts between the BP and the 3ôss. It is 

responsible for lariat formation and correct BP recognition during splicing and essential for the 

splicing process [166]. Altering the polyY sequence can therefore lead to loss of functional 

splicing. This is why the only way to control splicing of an exon without altering the exon 

sequence and disrupting the polyY tract of the preceding intron was to position the riboswitch 

sequence downstream of the 5ôss of a second intron or upstream of the BP. However, 

riboswitch-dependent regulation of the BP has only been shown to force alternative BP 

recognition [167] and does not lead to exon skipping. Therefore, the control of the BP was not 

useful for our concept. In addition, the effectiveness of riboswitch-dependent regulation of 5ôss 

recognition is lower than for 3ôss, because the 5ôss has a much longer recognition sequence 

that is recognized by snRNAs [81, 82], which competes with the complementary P1 closing 

stem formation of the riboswitch. Nevertheless, several studies have shown that the 5ôss can 

be regulated by a riboswitch [43, 44], which makes this idea suitable for our concept. 

2.5.1. Tetracycline -Dependent Control of Alternative Splicing at the 5 ô Splice Site  

The tetracycline aptamer sequence was positioned downstream of the 5ôss of a synthetic intron 

located downstream of the ALOX5 exon 13 to control exon skipping. Here, the riboswitch 

sequence was located in the second synthetic intron and did not interfere with the BP or the 

polyY tract. Thus, constitutive splicing of the downstream localized intron was still possible in 

the absence of tetracycline. In addition, there was a second synthetic intron located upstream 

of exon 13, which was also constitutively spliced. However, when tetracycline is added, it binds 

to the tetracycline aptamer and forces the formation of a closed P1 stem in which the 5ôss is 

now covered by a complementary RNA sequence. This may have a concomitant effect on the 

U1 snRNA binding, thereby preventing the binding of spliceosomal subunit U1, preventing the 

A-complex formation and the splicing process cannot proceed. However, the first synthetic 

intronôs 5ôss is still recognized by the spliceosomal machinery and can be selected as an 

alternative 5ôss for A-complex formation with the U2 snRNP unit located at the 3ôss of the 

second synthetic intron. In this case, exon skipping occurs and exon 13 is spliced out.  

In this work, this form of synthetic splicing regulation was used in an artificial ALOX5 gene to 

shift the 5-LO WT expression into the direction of 5-LOæ13 isoform expression in a tetracycline-

dependent manner (Figure 34). 
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Figure 34 | Schematic illustration of the alternative splicing concept to control ALOX5  exon 13 

skipping using a synthetic tetracycline -dependent riboswitch at the 5 ô splice site.  The figure 

illustrates the concept of gene regulation, where expression can be switched between protein WT and 

specific isoform expression by regulating exon skipping using a riboswitch at the 5ôss. (A) Synthetic 

introns (black) are incorporated into the gene CDS (green) at the native intron positions. Splicing with 

all exons included produces the WT mRNA. If the second exon is skipped, isoform mRNA arises. (B) To 

control the switching between the 5-LO WT and isoform 5-LOæ13 expression, a tetracycline riboswitch 

sequence is located at the 5ô end of the second synthetic intron, upstream of the 5ôss. The riboswitch 

regulates the recognition of the 5ôss by conformational change upon to ligand binding. Recruitment of 

the U1 subunit of the spliceosome complex is shown schematically by the U1 snRNP and its 70k subunit. 

In the absence of ligand, exon 13 is incorporated into the mature mRNA by constitutive splicing of the 

two synthetic introns. Upon addition of ligand, the tetracycline riboswitch changes conformation and the 

5ôss is masked in a double-stranded pre-mRNA, causing an alternative splicing event in which the SE 

is skipped. 5ôss = 5ô splice site, BP = branch point, 3ôss = 3ô splice site, tc = tetracycline. 

2.5.2. Tetracycline -Dependent Control  of Wild -Type 5-LO to 5 -LOæ13 Expression 

Since it was not clear at the onset whether the native ALOX5 intron L and M would be suitable 

for riboswitch regulation of the 5ôss, it was decided to use synthetic introns known to be suitable 

for riboswitch regulation [43]. These were inserted at the native ALOX5 EEJs of exon 12 and 

13 as well as exon 13 and 14 in an artificial ALOX5 CDS and cloned into the 

pcDNA3.1(+)_5-LO test vector (section 5.2.1.). These introns consisted mainly of the human 

HBB geneôs intron B, split in the middle, shortened in the first half and used as two introns, as 

well as 27 bp of the 3ô end of the human Dhfr geneôs intron A to recreate the BP, the polyA 

tract and the 3ôss of the first synthetic intron. Likewise, the 5ôss of the second intron was 

recreated by selecting a synthetic 5ôss (5ô-GUAAUGU-3ô) for the second synthetic intron to be 

regulated by a downstream tetracycline riboswitch (Figure 35). 
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Figure 35 | Overview of an artificial ALOX5  splic ing  construct to control ALOX5  exon 13 skipping.  

The schematic shows a synthetic intron construct at the native ALOX5 intron L and M site, which is used 

to switch the 5-LO WT to the isoform 5-LOæ13 expression. Therefore, a tetracycline riboswitch sequence 

is located at the 5ô end of the second synthetic intron, upstream of the 5ôss. The numbers at the splice 

sites indicate the nt position in the ALOX5 CDS where the synthetic introns were incorporated. The 

construct is based on Finke et al. (2021) [43]. The complete construct sequence can be viewed in the 

Appendix. 

Again, two different P1 closing stem stabilities were tested to exclude the possibility of no 

switching behavior due to too weak or too stable riboswitch structures. However, more stable 

P1 closing stem sequences than those of the ALOX5 expression switch were required because 

a longer complementary sequence had to be incorporated to force the 5ôss into the closed P1 

stem conformation when tetracycline is present. Therefore, two closing stems with either 

four (Tet3) or five (Tet4) alternately arranged GC bps were selected. However, the aptamer 

domain of the riboswitch was chosen to be again that  from the previous work of Marc 

Vogel [41], as already described above (Figure 36).  

 

Figure 36 | Tetracycline riboswitch constructs to control the 5 ô splice site. Shown are the 

tetracycline riboswitch constructs selected to control the 5ôss of several artificial ALOX5 exon 13 skipping 

constructs. The left sequence represents the tetracycline aptamer domain of the riboswitch and the right 

the riboswitch P1 stem sequences. The green boxes indicate the tetracycline binding sites. The yellow 

boxes mark the 5ôssô. The Tet3 stem represents a stabilized P1 closing stem of the originally found 

tetracycline riboswitch P1 stem. The Tet4 stem represents a further stabilized P1 closing stem. The red 

box indicates the altered bps between the originally found tetracycline riboswitch P1 closing stem and 

the ones used. Tc = tetracycline. 
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HEK293 cells were transiently transfected with the test vectors (section 5.2.5.). RT-PCR and 

Western blot experiments (section 5.2.6.) were performed to test for the switching ability of the 

constructs. Two controls were included, a positive control for 5-LO WT (noTet) and 

5-LOæ13 (æ13) expression, whereby the noTet construct also serves as a splicing control. The 

noTet construct represents a synthetic ALOX5 splicing construct carrying the synthetic introns 

but no riboswitch sequence. The results of the transcriptomic and proteomic tests are 

presented in Figure 37. 

 

Figure 37 | Switching wild -type ALOX5  to ALOX5æ13 expression using a riboswitch. HEK293 cells 

were transfected with two ALOX5 isoform switch constructs carrying synthetic introns at the native 

ALOX5 intron L and M sites to force exon 13 skipping with a tetracycline riboswitch at the 5ôss. Two 

different stable tetracycline riboswitches were tested (Tet3/Tet4). The switch constructs were analyzed 

for their tetracycline-dependent splicing patterns by RT-PCR and for their 5-LO and 5-LOæ13 expression 

by Western blot. Two positive controls are represented by the expression of an ALOX5 CDS carrying 

the two synthetic introns but no riboswitch (noTet) for WT 5-LO expression and an ALOX5 CDS deleted 

in exon 13 (æ13) for 5-LOæ13. As a reference, the constitutively expressed transcript of ß-actin was 

examined by RT-PCR. 5 µg protein was loaded and total protein staining with TCE (stain-free) served 

as a loading control for the Western blot. All constructs were tested with and without 50 µM tetracycline 

and incubated for 24 h. Experiments were performed with six biological replicates (n=6). 

Looking at the splicing pattern, it is interesting to note that the splice sites were strongly 

recognized, resulting in only WT mRNA (339 bp) in the noTet splice control (Figure 37). 

However, it must be considered that the tetracycline riboswitch sequence itself could introduce 

ISE or ISS binding sites, thereby altering the splicing pattern. Nevertheless, no ligand-

dependent effects on splicing were observed in the controls. Looking at the splicing pattern of 

the two switch constructs, which carry different riboswitch P1 closing stem stabilities, a shift in 

the proportion of WT mRNA (339 bp) to isoform æ13 mRNA (168 bp) was seen when 

tetracycline was added. This was also reflected in the immunostaining results, which showed 

a slight decrease in 5-LO WT and an increase in 5-LOæ13 expression when tetracycline was 

added. However, the band intensity of 5-LOæ13 was generally weaker than that of 5-LO WT 
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protein, which was also evident in the positive control (æ13). This may be due to active 

degradation of 5-LOæ13 in the cells, which is known for 5-LO isoforms [84]. In addition, it 

appeared that the overall stability of the Tet3 stem was not stable enough to generate a 

functional conformational change that shifts the equilibrium between snRNA binding and P1 

closing stem formation more towards closed stem formation. 

Overall, the transient tests of the artificial 5-LOæ13 isoform switch constructs revealed that it is 

indeed possible to use a tetracycline riboswitch at the 5ôss of a synthetic intron to regulate exon 

recognition and force alternative splicing to create isoform expression. The overall switching 

efficiencies did not appear to be as high as with 3ôss regulation, due to the complexity of the 

5ôss and splice site recognition. It should also be noted that the constructs cannot be further 

optimized because the intron sequence and splice site recognition already seem to be optimal, 

shown by the control samples. In addition, the design was limited by the fact that the exon 

sequences cannot be altered and the above-mentioned optimized regulation by two 

riboswitches was not possible. 

2.5.3. Artificial 5 -LOæ13 Expression On-Switch  

Another way to conditionally switch on 5-LOæ13 expression was to transfer the ALOX5 

expression switch constructs (section 2.1.) to artificial ALOX5æ13 expression. To test this, the 

optimized SE8TcA constructs, inserted at the ALOX5 intron A site were used and inserted into 

artificial ALOX5æ13 CDS and cloned on the pcDNA3.1(+)_5-LO test vector (section 5.2.1.), 

creating the æ13TcA constructs (Figure 38). Both in section 2.1. utilized P1 closing stem 

variants, Tc1 and Tc3 (Figure 17), were used to again exclude the possibility of no switching 

behavior due to too weak or too stable riboswitch structures.  

 

Figure 38 | Overview of an artificial ALOX5  æ13 expression switch construct. The schematic shows 

a synthetic intron and alternative exon (SE) construct based on the ALOX5 expression switch construct, 

which can be switched to alternative splicing by controlling the 3ôss recognition of the first intron with a 

synthetic tetracycline riboswitch. The construct was integrated into the native ALOX5 intron A position 

and exon 13 of the ALOX5 was deleted at the 3ô end of the gene to generate a CDS for the corresponding 

isoform 5-LOæ13. The numbers at the splice sites indicate the nt position in the ALOX5 CDS. The 

complete construct sequence can be viewed in the Appendix. 

The constructs were transiently tested in HEK293 cells with and without tetracycline treatment 

and transcriptomic as well as proteomic analyses were performed as described 

above (section 5.2.6.). The results are presented in Figure 39. 
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The RT-PCR results showed a comparable tetracycline-dependent shift of the splicing 

products towards exon skipping (460 bp) as for the ALOX5 expression switch constructs 

SE8Tc1A and SE8Tc3A. Stabilizing the P1 closing stem of the riboswitch by replacing two AU 

bps with GC bps resulted again in a much greater shift. The expression of the positive 

control (5-LOæ13) appeared to be unaffected by tetracycline at both the mRNA and protein 

levels. These results were comparable to those obtained for the ALOX5 expression switch 

constructs using the same tetracycline-dependent cassette exon (Figure 23). However, when 

looking at the immunostaining against 5-LO, the proteomic results agreed with the 

transcriptomic results, but the overall expression levels were much lower compared to the 

SE8TcA constructs. Nevertheless, a small amount of 5-LOæ13 protein expression was 

detected when tetracycline was added for both different stabilized constructs. Furthermore, 

when the P1 closing stem was stabilized (æ13Tc3A), a greater amount of protein was detected 

when tetracycline was added.  

 

Figure 39 | Switchable expression of artificial ALOX5æ13 using a riboswitch.  HEK293 cells were 

transfected with switchable ALOX5æ13 splicing constructs carrying different riboswitch P1 closing stem 

stabilities. The switch constructs were analyzed for their tetracycline-dependent splicing patterns by 

RT-PCR and for their 5-LOæ13 expression by Western blot. The positive control (æ13) represents the 

expression of an ALOX5 CDS deleted in exon 13. As a reference, the constitutively expressed transcript 

of ß-actin was examined by RT-PCR. Total protein (stain-free) was used as a loading control for the 

Western blot. All constructs were tested with and without 50 µM tetracycline and incubated for 24 h. 

The collected data clearly demonstrated the ability to conditionally switch the expression of 

ALOX5æ13 in the same way as for ALOX5 WT, but with overall lower protein yields. However, 

the degradation of 5-LO isoforms mentioned in the section above may explain these 

effects [84, 85]. The closing stem could also be further stabilized to achieve higher expression 

levels. However, this would probably be associated with a lower switching efficiency. 
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2.5.4. Conditional Control of ALOX5æ13 Expression  

The transient tests of the two different ALOX5æ13 isoform switch concepts perfectly 

demonstrated that it was indeed possible to conditionally control ALOX5æ13 expression in a 

tetracycline-dependent manner by using a riboswitch at the 5ôss of a synthetic intron context 

created around the ALOX5 exon 13 and at the 3ôss of a synthetic alternative exon that 

incorporates PTCs into the reading frame. However, both approaches had limitations. 

Regulation of the 5ôss of a synthetic intron offered the possibility of not only switching on 

5-LOæ13 but also reducing 5-LO WT expression in parallel. However, this approach was 

severely limited in terms of optimization and thus the switching efficiency was low due to the 

complexity of the 5ôss and splice site recognition. In contrast, regulation of the 3ôss of a 

synthetic alternative exon carrying an early in-frame stop codon has high optimization potential 

and the switching efficiencies could be increased by double insertion of SE constructs into the 

ALOX5æ13 CDS. However, such a construct is independent of 5-LO WT expression and 

therefore requires additional regulation of the ALOX5 WT gene. 

2.6. Conditional Control of Expression  using different synthetic Riboswitches  

In the final chapter of this thesis, the focus was exclusively on the riboswitch itself. Until now, 

the objective has been to optimize the exon skipping strategy by exchanging intronic and 

exonic sequences and adapting the cassette exon to the gene context. This illustrated the 

potential for tetracycline-dependent regulating alternative splicing at both the 3ôss and 5ôss. 

The subsequent phase of this study was now to analyses a range of aptamer sequences within 

this system. Given the limited efficiency of 5ôss regulation and the lack of suitability of the most 

intronic sequences for this regulation concept, the focus was again on 3ôss regulation. 

However, a new synthetic context was established in order to facilitate the utilization of the 

newly created range of riboswitch variability in this system at a later stage.  

The tumor suppressor p53 plays a pivotal role in regulating the cell cycle. In response to DNA 

damage, p53 initiates cell cycle arrest, apoptosis or senescence, thereby determining the fate 

of the cell [129]. The phosphorylation of p53 is initiated by the activation of various kinases in 

response to DNA damage [168]. Hereby, the Checkpoint kinase 2 protein (CHK2) is a positive 

regulator of p53 [169]. The activation of the CHK2 protein by phosphorylation at different sites 

enables to respond to genetic instability and DNA damage, and to intervene in the cell 

cycle [137]. To gain further insight into the functions of specific CHK2 phosphorylation, it is 

essential to compare the CHK2 WT protein with CHK2 mutants carrying alterations at its 

phosphorylation sites. Nevertheless, given that a knock-down in the WT protein was linked to 

cell death in certain cell lines (unpublished data), it is crucial to ensure the continued presence 

of this protein. It is thus essential to establish an expression system, which is inducible in WT 

and mutant expression. The objective was therefore to utilize the exon skipping strategy for 



 

64 

 

later regulating the expression of different alleles of the CHEK2 gene in human cells by 

interfering with the splicing process at the pre-mRNA level. One allele should thereby carry the 

WT CHEK2 sequence, and the other allele a mutant. Subsequently, the two alleles should be 

regulated by distinct ligands independently.  

A test system was constructed in accordance with the findings of the preceding chapters, with 

the objective of evaluating the efficacy of diverse aptamer sequences in regulating 3ôss within 

the exon skipping system. To this end, the dual-luciferase assay system was selected as the 

optimal methodology for the quantitative analysis and comparison of different riboswitches. 

The synthetic cassette exon presented above, consisting of an alternative exon (SE) with 94 nt 

of a repeating 5ô-CAACCAAA-3ô sequence and flanking 150 nt of the Dhfr introns A and C, was 

used as a basis for this. The SE again contained PTCs that would result in premature 

termination of the gene translation (Figure 13). Further adaptions of the splicing system to the 

CHEK2 gene were done, by replacing the peripheral intron sequences of the initial cassette-

exon construct with 150 nt of the CHEK2 intron A sequence. A synthetic EEJ was sought in 

the Luc+ gene that would mirror the natural EEJ of CHEK2 exon 1 and exon 2 (5ô-GCG|G-3ô). 

The synthetic cassette-exon was inserted at one of these sites at the nt position 1083 in order 

to simulate the native CHEK2 intron A splicing context (Figure 40). 

 

Figure 40 | Schematic illustration of an alternative splicing concept to control Firefly luciferase 

gene expression using different riboswitches at the 3 ô splice site.  The schematic illustrates the 

regulation of a Luc+ gene, where expression can be switched on by regulating exon skipping using 

different synthetic riboswitches at the 3ôss of a suicide exon, incorporating early stop codons into the 

reading frame. The constructs are incorporated into the Luc+ CDS and the grey numbers indicate the 

insertion site in the gene. The synthetic introns consist of 150 nt of the CHEK2 intron A and 150 nt of 

the Dhfr intron A and C. The suicide exon consists of a repetitive 5ô-CAACCAAA-3ô sequence. The 

complete construct sequences can be viewed in the Appendix. Schematic illustrations of the tetracycline 

(Tc), doxycycline (Dox) and tobramycin (Tobra) riboswitch secondary structures are given in the grey 

box. The complete construct sequence can be viewed in the Appendix. 
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In order to facilitate the rapid exchange of the riboswitch sequence, a Golden Gate (GG) 

cassette was introduced at the 3ôss of the first synthetic intron (section 5.2.1.). The final 

constructs encoding the CHEK2 expression switch were cloned into a pWHE237mod2 vector, 

which was later used in conjunction with a pRL-SV40 vector containing the Renilla luciferase 

gene (Rluc) for data normalization during the dual luciferase assay (section 5.2.6.). 

 

Figure 41 | Different synthetic riboswitch constructs to control the 3 ô splice site. (A)  2D sequence 

representing the tetracycline (Tc) aptamer domain of a riboswitch. (B) Different stable closing stems for 

the tetracycline riboswitch. (C) Secondary structure of the G12 doxycycline (Dox) aptamer domain of a 

riboswitch. (D) Different stable closing stems for the doxycycline riboswitch. (E) 2D sequence 

representing the N6G5 tobramycin (Tobra) aptamer domain of a riboswitch. (F) Different stable closing 

stems for the tobramycin riboswitch. The green boxes indicate the ligand binding sites. The orange 

letters indicate the adapted bp for the closing stem. The red letters indicate the 3ôss. The blue letters 

indicate first 3 nt of the upstream polyY tract. The tetracycline and doxycycline riboswitch closing stem 

sequences are taken from previous work of Marc Vogel [41]. The doxycycline riboswitch sequence is 

censored as it represents unpublished data from Janis Hoetzel. The tobramycin aptamer sequence was 

derived from Leon Kraus and co-workers [21].  
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Three distinct aptamers were subjected to evaluation: The tetracycline aptamer [19], a 

doxycycline aptamer (unpublished data from Janis Hoetzel) and the tobramycin 

aptamer [21] (Figure 41A, C and E). Different stable tetracycline and doxycycline closing stem 

sequences were chosen, which replicate the results of Marc Vogel of his previous work on the 

3ôss regulation using the tetracycline riboswitch [41] (Figure 41B and D). Novel closing stems 

with different stabilities were devised for the tobramycin riboswitch, which was deemed 

necessary due to the limited sequence structure of the aptamer (Figure 41F). 

HeLa cells were transiently transfected with a vector carrying the different CHEK2 expression 

switch constructs in a Luc+ gene and a vector carrying the Rluc gene for 

normalization (section 5.2.5.). Subsequently, the cells were treated with or without 50 µM of 

the corresponding ligand. Following a 24-hour incubation period, the transfected cells were 

subjected to measurement in a dual luciferase assay or harvested for transcriptome analysis 

via RT-PCR (section 5.2.6.). A positive control was included into the experimental setup, 

comprising solely the CHEK2 intron flanks. This served as a splicing control, representing the 

maximum possible expression of the cassette-exon carrying Luc+ gene. Furthermore, a 

negative control was incorporated, comprising the synthetic cassette-exon construct devoid of 

any riboswitch sequences. This served as a second splicing control, representing the 

maximum possible number of exon inclusion events and, consequently, the level of 

downregulation of the Luc+ gene. To eliminate fluctuations in cell number and viability from 

the data, the relative light units (RLU) were calculated. In order to ascertain the actual switching 

factors of the various expression switch constructs, the normalized RLU was calculated. The 

quotient of the normalized RLU of the sample with ligand and the sample without ligand yielded 

the switching factor. The results of the dual luciferase assay and the transcriptomic analysis 

are represented in Figure 42. 

A comparison of the luciferase activity levels utilizing different riboswitches for control revealed 

that the Tc1 and Dox1 stems were inadequate for 3ôss regulation, resulting in no significant 

luciferase activity upon the addition of the corresponding ligand. Although a slight induction of 

activity was discerned for both riboswitches following the addition of ligand, this remained 

below the level of the negative controls (noTc and noDox), and thus lacked significant meaning. 

Further stabilization of the closing stem for both riboswitches (Tc3 and Dox3) resulted in a shift 

towards exon skipping, leading to a notable increase in activity following ligand addition. 

Therefore, Tc3 achieved an 8.7-fold and Dox3 an impressive 26.7-fold induction of luciferase 

activity. It should be noted, however, that the overall level was only a fraction of that observed 

for the positive control (empty). Further stabilization of the closing stem of both 

riboswitches (Tc5 and Dox5) resulted in a further shift in the ratio towards exon skipping, 

leading to activity levels that were comparable to the positive control (empty). However, this 
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increased the leakiness of the system and thus achieved only a switching factor of 3.1-fold for 

Tc5 and 3.9-fold for Dox5. A comparison of the tetracycline and doxycycline riboswitches 

revealed that those alterations in stem stability resulted in a corresponding alteration in the 

splicing regulation pattern of both riboswitch types. In this case, however, the leakiness of the 

system with the doxycycline riboswitch appeared to be somewhat further reduced, which 

resulted in higher switching efficiencies. Nevertheless, the outcomes of the dual luciferase 

assay were also mirrored in the splicing products observed in the RT-PCR. It is also noteworthy 

that both ligands exerted a subtle influence on the positive control (empty), which was 

discernible in a slight increase in luciferase activity. This effect was not observed with the ligand 

tobramycin. However, no cytotoxic effects were determined on HeLa cells for the here used 

concentrations of all three ligands (see Appendix).  

 

Figure 42 | Switching luciferase expression using different ligand -specific riboswitches . HeLa 

cells were transfected with switchable Luc+ splice constructs carrying different ligand-specific 

riboswitches with different closing stem stabilities. The switch constructs were analyzed for their ligand-

dependent splicing patterns by RT-PCR and for their Luc+ expression by dual luciferase assay. Shown 

is the quotient of Luc+ and Rluc expression as relative RLU. Switching factors are indicated with red 

numbers. The positive control (empty) represents the expression of a Luc+ gene carrying only the 

CHEK2 intronic sequences of the constructs. The negative controls (noTc/noDox/noTobra) represent 

the expression of a Luc+ gene carrying the exon cassette without riboswitch. As a reference, the 

constitutively expressed transcript of ß-actin was examined by RT-PCR. All constructs were tested with 

and without 50 µM ligand and incubated for 24 h. Experiments were performed in three technical 

replicates (n = 3) and data are presented as mean value with positive and negative standard 

deviation (± SD). The Luc+ and Rluc measurement raw data can be viewed in the Appendix. The data 

were collected by Olga Becker as part of her Master's thesis. 

An examination of the two tobramycin closing stems Tobraɓ and TobraC revealed that both 

exhibited a comparable luciferase level following the addition of the ligand. However, given 

that the two stems differed in length, one might expect to observe differences in stability. In 

this context, it was observed that the Tobraɓ closing stem exhibited a lower level of leakage. 

This resulted in a 14.1-fold induction of expression, which corresponded to twice the switching 

efficiency compared to the TobraC closing stem with only a 7.8-fold induction. In contrast, the 

third closing stem, Tobra ,h demonstrated augmented luciferase activity subsequent to ligand 










































































































































































































