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 Abstract 

Long non-coding RNAs (lncRNAs) transcribed from pericentromeric satellite repeats III 

(HSat3) are involved in stress-responsive splicing mechanisms and the preservation of 

genome stability. Elevated levels of HSat3 RNA have been observed across various can-

cer types, as well as under heat stress conditions and chemotherapeutic induced cyto-

toxic stress. Clinically, increased expression of satellite RNAs is detectable in multiple 

cancer tissues. Additionally, induction of murine major Satellites has been shown to ac-

celerate tumour onset in mice, resulting in reduced survival rates. Moreover, HSat3 tran-

scripts are linked with the resistance to the topoisomerase 2a (TOP2A) inhibitor etopo-

side in non-small cell lung cancer (NSCLC). Recently, novel regulators of HSat3 expres-

sion have been discovered. When combined with etoposide, these agents can reverse 

therapy resistance and effectively inhibit cell proliferation. However, achieving tumor-

specific delivery of such agents remains challenging. Therefore, this project aims to de-

velop a receptor-targeted, multi-modular siRNA delivery system to address this issue. 

Since compound development depends on the effectiveness of its development plat-

form, this work is divided into two parts: Establishing a new compound development 

platform (Section One) and developing an siRNA delivery system targeting epidermal 

growth factor receptor (EGFR) (Section Two). The initial section demonstrates the suc-

cessful development of a sensitive dual fluorescence-based assay called FluoroDetect. 

The assay is designed to evaluate small interfering RNAs (siRNAs), antisense oligonucle-

otides (ASOs), and RNA-binding compounds. Assay results can be obtained using fluo-

rescence microscopy, plate readers, or flow cytometry, enabling quantification of knock-

down efficiency. Consequently, the FluoroDetect assay serves as a valuable tool for 

screening nucleic acid drug candidates and aids in optimizing and quantifying nucleic 

acid delivery in therapies. The second section outlines the development of an aptamer-

siRNA conjugate against HSat3 RNA utilizing solid-phase synthesis, in vitro transcription, 

and hybrid approaches. All drug candidates were assessed using in vitro cell culture mod-

els. The final nucleic-acid based conjugate successfully targets EGFR positive cells and is 

incorporated into the cells, but faces limitations related to endosomal escape. In sum, 

in this thesis I was able to develop tools for NA-based compound selections and provide 

first steps towards a HSat3-directed aptamer treatment. 
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 Zusammenfassung 

Lange nicht-kodierende RNAs (lncRNAs), die von perizentromeischen Satelliten III-

Repeats (HSat3) transkribiert werden, sind an stressabhängigen Spleißmechanismen 

und der Erhaltung der Genomstabilität beteiligt. Erhöhte HSat3-RNA-Spiegel wurden bei 

verschiedenen Krebsarten sowie unter Hitzestressbedingungen und bei cytototoxi-

schem Stress durch chemotherapeutische Behandlung beobachtet. Darüber hinaus 

wurde gezeigt, dass die Induktion von murinen Hauptsatelliten das Tumorauftreten bei 

Mäusen beschleunigt, was zu einer Verringerung der Überlebensraten führt. HSat3-

Transkripte stehen auch im Zusammenhang mit der Resistenz gegen den Topoisome-

rase-2a-Inhibitor (TOP2A) Etoposid bei nicht-kleinzelligem Lungenkrebs (NSCLC). Kürz-

lich wurden neue Regulatoren der HSat3-Expression entdeckt. In Kombination mit Eto-

posid können diese Wirkstoffe die Therapieresistenz aufheben und die Zellproliferation 

wirksam hemmen. Die tumorspezifische Verabreichung solcher Wirkstoffe stellt jedoch 

nach wie vor eine Herausforderung dar. Daher zielt dieses Projekt darauf ab, ein tumor-

zellspezifisches, modulares siRNA-Verabreichungssystem zu entwickeln, um dieses 

Problem zu lösen. Da die Entwicklung von Wirkstoffen von der Effektivität der Entwick-

lungsplattform abhängt, gliedert sich diese Arbeit in zwei Teile: Der erste Abschnitt zeigt 

die erfolgreiche Entwicklung eines sensitiven dualen Fluoreszenz-basierten Assays na-

mens FluoroDetect. Der Assay wurde entwickelt, um kleine interferierende RNAs (siR-

NAs), Antisense-Oligonukleotide (ASOs) und RNA-bindende Verbindungen zu evaluie-

ren. Die Assay-Ergebnisse können mittels Fluoreszenzmikroskopie, Plattenlesegeräten 

oder Durchflusszytometrie über mehrere Zeitpunkte hinweg quantifiziert werden. Der 

zweite Abschnitt beschreibt die Entwicklung eines Aptamer-siRNA-Konjugats unter Ver-

wendung von Festphasensynthese, In-vitro-Transkription und Hybridansätzen. Alle 

Wirkstoffkandidaten wurden anhand von In-vitro-Zellkulturmodellen bewertet. Es 

konnte gezeigt werden, dass die Kandidaten erfolgreich und spezifisch in EGFR – positive 

Zellen aufgenommen wird. In weiterführenden Experimenten muss für eine effektive 

Anwendung die endosomale Freisetzung verbessert werden. Insgesamt konnten damit 

wichtige Grundlagen für die Entwicklung einer nukleinsäure-basierten, gegen HSat3 ge-

richtete und spezifisch für EGFR-positive Zellen angesetzte Therapie gelegt werden. 
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 Introduction 

 Cancer - Facts and Numbers 

With an incidence of 19,98 million new cases and 9,7 million deaths worldwide in 2022 cancer 

still remains one of the biggest burdens of humanity.1,2 To put this in relation this are approxi-

mately 137% of all COVID19 associated deaths or 105% of the Austrian population every year.3,4 

Despite better healthcare in industrialized countries, 85% of all cancer cases and 83.7% of all 

cancer deaths occurred in Asia, North America, and Europe in 2022.1,2 Combined with the de-

mographic changes, in fact an aging population, this draws a frightening picture. The world 

health organization (WHO) prognoses an increase of the incidence by 76,6% and an increase of 

the word wide cancer deaths by 89,7% till 2050.5,6 In numbers this are 18,5 million people every 

year, which actually equals the todays population of the Netherlands.7 Summing this up is not 

just a human tragedy but also a financial. As projected in JAMA Oncology in 2020, cancer will 

cost 25.2 trillion international dollars (int$) till 2050.8,9 What is equal to a cost of 26.612 int$ per 

second from 2020 to 2050. These emerging numbers underline the necessity to improve cancer 

therapies and reducing their cost to create a better tomorrow. To do so a deeper understanding 

of pathological processes in tumor tissues as well as about carcinogenesis is indispensable, as 

this identifies new targets and prediction markers. 

Carcinogenesis is a complex biological reaction caused by the accumulation of mutations in 

genes and the dysregulation of regulatory mechanisms. The causes of these processes can be 

manifold and may lie, for example, in environmental influences or genetic predisposition. In this 

context, mechanisms such as epigenetics, which influence the function of the genome, must also 

be considered.10,11 The characteristics of tumor cells defined by Hanahan and Weinberg, are 

summarized in the so-called ‘Hallmarks of Cancer’ and include10:  

1. Self-sufficiency in growth signals 

2. Resistance to growth inhibitors 

3. Resisting cell death 

4. Unlimited replication potential 

5. Angiogenesis 

6. Massive tissue invasion 

7. Genomic in-stability 

8. Immune evasion 

9. Inflammation 

10. Metabolic dysregulation 

Some of the characteristics listed in the ‘Hallmarks of Cancer’ are closely related to epigenetic 

regulatory mechanisms.12,13 For example, tumor suppressor genes are often inactivated by de-

oxyribonucleic acid (DNA) methylation while repetitive DNA regions are demethylated, which 

can lead to genomic instability. Another example of epigenetic deregulation is the proteotoxic 
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stress response, which is a crucial metabolic process in the development of therapy resistance. 

Therapy resistance which for example often occurs in lung cancer, the most common cancer 

worldwide in 2022 with an global incidence of 12,4%.2 

 Non-Small Cell Lung Cancer 

With 85% of lung cancer cases, non-small cell lung cancer (NSCLC) accounts for the majority of 

lung cancer cases. With its high frequency NSCLC is not only the most common type of lung 

cancer, but also the most common cause of cancer deaths, accounting for 18.7% of all cancer 

deaths in 2022.14 This is not only due to the high frequency but also to the low progression-free 

survival (PFS). For example, the 50% PFS in the case of standard chemotherapy is 4.6 months 

and, despite new target therapy approaches, can only be extended to 13.1 months.15 This poor 

prognosis is mainly caused by the resistance to chemotherapy that often develops within the 

first year.16 Even today, the 5-year survival rate for NSCLC is still low at 32%.17 This means that 

non-small cell lung cancer is one of the tumors with a poor prognosis and difficult to treat.18 A 

decisive step towards improving prognosis and increasing treatment success is therefore the 

revision of chemotherapy resistance in tumor tissue and the resulting higher treatment re-

sponse. 

 Repetitive Elements 

As previously mentioned, a deeper understanding of pathological process in tumor tissues as 

well as about carcinogenesis is indispensable to improve cancer therapies. For example, im-

provements to overcome therapy resistance. So, for better understanding a closer look to the 

human genome is necessary. 

The human genome contains 98% non-protein coding regions of which 51-71% can be catego-

rized as repetitive DNA.19-21 A specific DNA sequence which repeats multiple times in the genome 

is called repetitive DNA or a repetitive element. Depending on the type and length of the repe-

tition, repetitive elements are categorized differently. A distinction is made between units that 

occur consecutively (‘tandem’) and those that occur sporadically (‘interspersed’ or ‘dis-

persed’).22-24 Both groups can be divided into further subgroups (e.g. telomeres, minisatellites 

and satellite DNAs (satDNA)).22,25 A detailed classification of repetitive elements can be found in 

Figure 1. What they all have in common is that the ribonucleic acid (RNA) transcribed from the 

repetitive elements is also structurally repetitive. One basis for this work is the satDNA, which 

belongs to the tandem repetitive elements.  
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Figure 1 Classification hierarchy of repetitive DNAs. Repetitive DNAs are divided into two major subgroups, the tan-
dem repetitive DNAs and the dispersed repetitive DNAs. One subclass of the tandem repetitive DNAs are the so-called 
Satellite DNAs. Satellite DNAs are transcribed under stress conditions as long non-coding RNAs (lncRNAs). 

 Satellite DNA 

Despite the fact that human satellites have been the first biochemically characterized and iso-

lated human DNA sequences they are still poorly understood. Which was mainly caused by the 

limitations of DNA sequencing and assembling during the genomics era.26 These limitations were 

overcome when 2022 the Telomere-to-Telomere (T2T) consortium published the first human 

genome which assembled all satellite sequences.27 Although the T2T genome has improved our 

current understanding of satellite DNA, there are still many unknowns. In former times satDNA 

got its name from its behavior during density gradient centrifugation, in which the satDNA sep-

arates from the main DNA as a single band due to its high AT content.28 As already mentioned, 

satDNA belongs to the tandem repetitive elements and is often located in transcriptionally inac-

tive heterochromatic regions. Moreover, it can be recognized as a long repetitive sequence.29 

The subdivision of satDNA is based on the varying complexity of the monomer structures of the 

repetitive elements. Human α-satellites, for example, can be identified by a 171-base pair (bp) 

long monomer, which functions as the main structural element of centromeric and pericentro-

meric regions.30 In contrast, the human satellite II and III sequences can be identified by their 

short 10 bp and 5 bp monomers.26,31 Specific satDNA repeats are located in centromeric and 

more specific pericentromeric regions.26,32,33 Functionally, the involvement of satDNA transcripts 

in kinetochore assembly, telomere regulation, heterochromatin establishment, transcriptional 

stress response, and gene expression has been observed.26,34,35 In particular, it was shown that 

a general stress response in human cells is accompanied by the transcription of satellite III non-

coding RNA (HSat3 RNA).36 
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 Human Satellite 3 RNA 

The HSat3 RNA which is in focus of this work has a monomeric repeat sequence defined as the 

motif (CATTC)n with n describing the number of tandem repeats.26 Despite the presence of HSat3 

DNA in the pericentromeric regions of seven chromosomes (9, 13, 14, 15, 21, 22 and Y) HSat3 

RNA is under stress conditions mainly transcribed from its largest DNA locus on chromosome 

nine (9q12).36 Surprisingly there is a significantly higher transcription of the C-rich HSat3 DNA 

strand creating a tremendous amount of G-rich HSat3.36 Fascinatingly the transcribed HSat3 RNA 

stays associated with the transcription locus on chromosome nine. The local increase of RNA & 

proteins causes a liquid-liquid phase separation, leading to the formation of membrane less 

compartments, also called nuclear stress bodies (nSBs).37 The formation of such nSBs is defined 

by the recruitment of heat shock factor 1 (HSF1) as well as HSat3 RNA and is frequent observed 

in the proteotoxic stress response (PSR).38-41 A schematic structure of nSBs is shown in Figure 2. 

An epigenetic dysregulation which avoids cell death as mentioned in the ‘Hallmarks of Cancer’. 

Moreover, the PSR is involved in the development of therapy resistance. 

 

Figure 2 Schematic structure of the pericentromeric nuclear stress bodies (nSBs) in human cells. The Human Satellite 
3 DNA (HSat3) located in the pericentromeric region of Chromosome 9 is heavily transcribed under Proteotoxic, Heat 
and inflammation related stress conditions. The recruitment of various proteins as well as the local increase of HSat3 
RNA leads to the formation of this membrane less compartments by liquid-liquid phase separation. 

The affected cells are triggered by toxins during the PSR. Toxins such as cytostatic drugs, which 

leads to a state of stress similar to that experienced during the heat shock response (HSR).42 

Another common observation in malignant tissues is the loss of methylation in repetitive se-

quences such as the satellite repeats.43 In patients derived xenograft (PDX) mouse models of 

NSCLC patients the hypomethylation of pericentromeric HSat3 DNA and the resulting increased 
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expression of HSat3 RNA, was correlated with the resistance to etoposide treatment. Further-

more, it has been observed that a small interfering RNA (siRNA) targeting HSat3 RNA, increases 

sensitivity to etoposide in cell culture models.44 

 The Mechanism of RNA Interference  

With the identification of HSat3 RNA as a therapeutic target to reverse chemotherapy re-

sistance, RNA interference (RNAi) is becoming the focus of attention. To improve understanding, 

the following mechanisms must be considered: The RISC (RNA-induced silencing complex)-de-

pendent and the RISC-independent mechanism. When focusing on the RISC-dependent mecha-

nism, the endogenous occurrence of this pathway during interaction with microRNAs (miRNAs) 

must first be considered. MicroRNAs (miRNAs) are a class of small, non-coding RNAs that play a 

central role in post-transcriptional gene regulation by guiding the RISC to target messenger RNAs 

(mRNAs) for degradation or translational repression. The biogenesis of miRNAs begins in the 

nucleus, where primary miRNA transcripts (pri-miRNAs) are synthesized predominantly by RNA 

Polymerase II.45 These pri-miRNAs are processed by the microprocessor complex, composed of 

the RNase III enzyme DROSHA and its cofactor DGCR8, which cleaves the stem-loop structure of 

the pri-miRNA to generate precursor miRNAs (pre-miRNAs) of approximately 70 nucleotides.46 

The pre-miRNA is then exported to the cytoplasm via Exportin-5 (XPO5) in a Ran-GTP–depend-

ent manner.47 In the cytoplasm, the pre-miRNA undergoes further cleavage by DICER, another 

RNase III enzyme, which removes the terminal loop to produce a ~22-nucleotide miRNA du-

plex.48 One strand of this duplex, known as the guide strand, is selectively loaded into the RISC 

complex, where it associates with Argonaute 2 (Ago2), the catalytic core of RISC. Ago2 facilitates 

the recognition of complementary sequences within target mRNAs, leading to either endonu-

cleolytic cleavage (in cases of near-perfect complementarity) or translational repression and 

mRNA destabilization via deadenylation and decapping.49-51 This finely tuned regulatory mecha-

nism is essential for diverse biological processes including development, differentiation and dis-

ease pathogenesis. The dysregulation of miRNA gene Regulation has been implicated in various 

cancers and neurological disorders.52 A schematic overview of this process is shown in Figure 3.  

Unlike miRNAs siRNAs do not need processing through the DROSHA and DICER as these thera-

peutic compounds are already tailored for a direct interaction with Ago2. As mentioned earlier 

there is a mechanistically RISC independent alternative to canonical small interfering RNA 

(siRNA) approaches. Unlike siRNAs, which require incorporation into the RNA-induced silencing 

complex (RISC) and subsequent endonucleolytic cleavage of target transcripts by Ago2, Anti-

sense oligonucleotides (ASOs) and gapmers primarily exert their effects via recruitment of en-

dogenous ribonucleases hybrid 1 (RNase H1). Gapmers are chimeric oligonucleotides composed 
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of a central DNA region flanked by chemically modified ribonucleotides (e.g. locked nucleic acids 

(LNAs) or 2′-O-methyl RNA) that enhance target affinity and confer nuclease resistance.53,54 

Upon hybridization to complementary RNA sequences, the DNA-RNA duplex is recognized by 

RNase H1, which selectively cleaves the RNA strand, leading to transcript degradation and sup-

pression of protein expression. 

 

Figure 3 Schematic figure of the endogenous miRNA gene regulation pathway. The miRNA gene is transcribed into 
pri-miRNA. The pri-miRNA is processed by the DROSHA to the pre-miRNA. The pre-miRNA is transported through the 
Exportin 5 (XPO5) into the cytoplasm. Reported by TRBP the pre-miRNA is further processed by the DICER to the mature 
miRNA. The mature miRNA can interact with the Argonaut 2 (Ago2) promoting the formation of the RNA induced 
silencing complex (RISC). The RISC mediates a sequence specific gene regulation. The miRNA maturation can be by-
passed by a synthetic siRNA, which immediately interacts with the Ago2 without intracellular preprocessing.55 

In addition to RNase H1–mediated cleavage, ASOs may also function through steric blockade of 

RNA-binding proteins or spliceosomal components, thereby modulating pre-mRNA splicing or 

inducing exon skipping.56 Such alterations can result in the introduction of premature termina-

tion codons and activation of nonsense-mediated decay (NMD), further reducing transcript 

abundance.57 Notably, gapmer binding may also influence local RNA secondary structure and 

accessibility, potentially affecting the efficacy of other oligonucleotides targeting adjacent re-

gions.58 These RISC independent mechanisms expands the therapeutic versatility of oligonucle-

otide-based interventions.  

 siRNA Therapeutics – State of The Art 

The versatility of RNA therapeutics and oligonucleotide-based interventions is underlined by the 

steadily increasing amount of clinical trials and approvals of RNA-based drugs. Since the Food 

and Drug Administration (FDA) approved the first siRNA-based therapy in 2018 (Onpattro™ - 

Patisiran) there have been 36 clinical approvals and 1,297 preclinical and clinical candidates up 
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to now (Q2 2025, including 14 mRNA vaccines).59 Specifically, these new tools are being applied 

to monogenic disorders as well as infectious and oncologic diseases.59 Despite its broad indica-

tion spectrum the targeted delivery of siRNA therapeutics and oligonucleotide-based interven-

tions still remains challenging thereby limiting its field of application. The landscape of siRNA- 

and oligonucleotide-based drugs is shown in Figure 4. One major limitation is the instability of 

RNA under physiological conditions, which can be addressed through chemical modifications 

that enhance its stability. A 

second, and currently more 

challenging issue, is the en-

dosomal escape problem, 

which prevents RNA from 

reaching its target site in-

side cells. This remains one 

of the biggest bottlenecks 

in the development of ef-

fective RNA-based thera-

pies. 

 

 

 The Endosomal Escape Problem 

Unlike small-molecule drugs, siRNAs and ASOs are large, negatively charged, and hydrophilic, 

which prevents them from passively diffusing across cell membranes. Instead, they need to be 

internalized via endocytosis. Endocytosis through endosomes that rarely permit escape into the 

cytosol. Quantitative studies have shown that less than 1% of internalized siRNA or ASO mole-

cules successfully escape the endosome to reach their site of action.60,61 This inefficiency signif-

icantly limits therapeutic efficacy and necessitates higher dosing, which can increase the risk of 

off-target effects and toxicity. Despite this challenge, several siRNA-based therapies have re-

ceived approval from the FDA, primarily for liver-targeted indications. The liver is particularly 

amenable to siRNA delivery due to its high passive targeting rate, high endocytic activity and the 

presence of specific receptors that facilitate uptake. For example, patisiran (Onpattro™), the 

first FDA-approved siRNA drug, treats hereditary transthyretin-mediated amyloidosis using lipid 

nanoparticles (LNPs) to enhance cellular uptake and promote endosomal escape.62 LNPs are de-

signed to destabilize endosomal membranes, thereby facilitating the release of siRNA into the 

Figure 4 The landscape of siRNA- and oligonucleotide-based drugs. Schematic 
figure showing the numbers of FDA approved therapies and their target tissues. 
(Based on ASGCT Landscape Report 2025 Q2)  
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cytoplasm. Other FDA-approved siRNA therapies, such as givosiran (Givlaari™) and inclisiran 

(Leqvio®), utilize a different strategy: Conjugation with N-acetylgalactosamine (GalNAc). This lig-

and targets the asialoglycoprotein receptor (ASGPR) on hepatocytes, enabling receptor-medi-

ated endocytosis.63 Although GalNAc-conjugated siRNAs are efficiently internalized, studies in-

dicate that only approximately 0.3% of the siRNA escapes the endosome.60,64 Nevertheless, the 

liver’s high uptake capacity and the depot effect of endosomal retention allow for sustained 

therapeutic effects from infrequent dosing.60 As shown from O'Reilly, Daniel et al. the passive 

targeting also works inside the central nervous system (CNS) using a combination of increased 

molecular weight and intra athecal injection.65 Outside the liver and the CNS the endosomal 

escape remains a big issue, which needs to be overcome to achieve efficient delivery into tumor 

tissues. Up to date there is a variety of approaches aiming for increasing endosomal escape and 

simultaneously avoiding intolerable toxicity. As proven in the past chemical modification of ther-

apeutic RNA have been the key to overcome the RNAs innate instability. Based on this its most 

likely to overcome the endosomal escape combining advanced chemical modifications and pre-

cise choice of targets, to increase endosomal escape and cell drug interaction. 

 Chemical RNA Modifications 

As previously mentioned, chemical modifications of RNA therapeutics have been essential to 

overcome the instability of RNA molecules in ribonuclease containing environments. Besides 

these modifications are often integrated to improve the pharmacological properties of RNA like 

efficacy, immunogenicity and target specificity. For efficient RISC interaction and gene silencing, 

the 5′ phosphorylation of the guide strand is essential. As endogenous DICER processing gener-

ates a 5′ phosphate, synthetic siRNAs often require chemical phosphorylation for proper RISC 

interaction.66 To address the instability of the 5′ phosphate group, vinyl phosphonate (VP) mod-

ifications have been introduced. These analogs preserve the negative charge and spatial orien-

tation of the endogenous phosphate, enhancing RISC loading while resisting phosphatase-me-

diated degradation.62,66,67 Ribose modifications, such as 2′-O-methyl (2′-OMe) and 2′-fluoro (2′-

F) substitutions, are commonly employed to enhance nuclease resistance and minimize off-tar-

get effects. These modifications also reduce activation of innate immune sensors such as Toll-

like receptors (TLRs), which can be triggered by unmodified RNA.62 In addition, phosphorothio-

ate (PS) linkages, where a non-bridging oxygen is replaced by sulfur, are used to enhance serum 

stability and protein binding. However, their use in siRNA is typically limited to terminal positions 

to avoid interference with RISC activity.68 Besides the chemical modification of an siRNA the 

positioning inside the strands is essential to maintain functionality. Therefore, a critical consid-

eration in siRNA design is the seed region. Spanning the nucleotides 2–8 of the guide strand. The 
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seed region is responsible for initial target recognition and plays a central role in both on-target 

and off-target interactions. As the seed region can bind partially complementary sequences, its 

sequence composition and chemical modification are crucial for minimizing off-target gene si-

lencing. Incorporation of 2′-OMe or other stabilizing modifications within the seed region has 

been shown to reduce off target binding while preserving silencing efficacy.62 Figure 5 shows a 

state of the art siRNA therapeutic modification pattern as used today. The field of RNA thera-

peutics has been drastically advanced by innovations such as vinyl phosphonate stabilization, 

backbone optimization and seed region engineering. Innovations that facilitated RNA based 

therapies. To conclude, it is evident that chemical modifications play a central role in the clinical 

translation of RNA-based therapy today and in the future. 

 

Figure 5 Schematic RNA modification pattern of todays state of the art siRNA therapeutics. The 5’ end of guide 
strand is modified using a phosphate or a vinylphosphonate group to increase the RISC interaction. Besides this both 
strands are fully 2’ modified to increase endonuclease resistance and reduce immunogenicity. The terminal positions 
of each siRNA strand contain an additional backbone modification by integration of thiophosporo groups to increase 
exonuclease resistance. In case of conjugation to a targeting ligand the 3’ end is the preferred conjugation side.62 

 RNA Synthesis 

As chemical modification of RNA is in center of clinical translation, synthesis and scalability be-

come focus. In sense of synthesis two dominant methodologies serve distinct roles depending 

on the length and complexity of the RNA product. Solid-phase synthesis (SPS) and in vitro tran-

scription (IVT). SPS is a chemical method for assembling RNA oligonucleotides on a solid support, 

typically polystyrene beads. The synthesis proceeds in the 3′ to 5′ direction using 
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phosphoramidite chemistry. Each cycle involves deprotection of the 5′ hydroxyl group, coupling 

of a protected ribonucleotide, capping of unreacted sites, and oxidation of the phosphate tri-

ester to a stable phosphate linkage. After the final chain elongation, the RNA is cleaved from the 

support and deprotected.69 Figure 6 shows the reaction cycle of SPS. SPS offers high sequence 

fidelity and allows for the incorporation of the full pallet of chemical modifications such as 2’ 

substitution, locked nucleic acids (LNAs), Glycol nucleic acids (GNAs) fluorescence labeling, 5’ 

vinylphosponates and phosphorothioate linkages.62,68 Despite there is no International Council 

for Harmonization of Technical Requirements for Pharmaceuticals for Human Use (ICH) or FDA 

guideline which addresses manufacturing of oligonucleotide based drugs good manufacturing 

 

Figure 6 Reaction mechanism of the RNA solid-phase synthesis cycle. The 3’ immobilized nucleotides 5’ oxigen gets 
deprotected by detritylation. This enables the selective 5’ coupling with a phosphamidite of the next nucleotide. Not 
reacted strands are capped to prevent synthesis of unwanted byproducts. After capping the phosphate triesters are 
oxidized to protected phosphate linkages. Deprotection of the Phosphate group enables recovery or the start of a new 
synthesis cycle.69 



Introduction 

15 

practice (GMP)-compliant RNA production via SPS is well-established. Especially for short oligo-

nucleotides, including siRNAs and oligonucleotide-based therapies.70 SPS has been successfully 

used in the commercial production of therapeutics such as patisiran and nusinersen.70,71 

In contrast, IVT is the preferred method for synthesizing long RNA molecules (>100 nucleotides), 

particularly messenger RNA (mRNA). These polymerase based reaction involves a linearized DNA 

template containing a T7 promoter, a nucleoside triphosphate (NTP) mix and a T7 RNA polymer-

ase.72 To incorporate modified nucleotides such as 2’-Fluoro modified nucleotides, which im-

prove RNA stability, the Y639F mutant of T7 polymerase is commonly used.73 Due to its inherent 

enzymatic nature, IVT cannot incorporate site-specific modifications. From a cost perspective, 

SPS is significantly more expensive per milligram of synthesized RNA, primarily due to the high 

cost of phosphoramidites, solvents, and specialized equipment. It is best suited for short se-

quences (<100 nucleotides), where purity and precise modification are critical. IVT, on the other 

hand, offers higher yields and lower costs for longer RNAs (>100 nucleotides), which not rely on 

side specific modifications or phosporothioat linkages. In conclusion, solid-phase synthesis re-

mains the method of choice for GMP-compliant production of short RNA therapeutics, offering 

unmatched control over sequence and modification. However, IVT using the T7 Y639F mutant 

provides a more cost-effective alternative especially for synthesis of initial compound candi-

dates. Compound candidates as used in the development of targeted therapies. 

 Epidermal Growth Factor Receptor 

The target choice is an essential part in the developmental process of targeted therapies. A fre-

quently described target in literature is the epidermal growth factor receptor (EGFR), also known 

as HER1 or ErbB1. The EGFR is a transmembrane receptor tyrosine kinase that plays a central 

role in regulating cell proliferation, survival, and differentiation. Upon binding to ligands such as 

epidermal growth factor (EGF) or transforming growth factor-α (TGF-α), EGFR undergoes dimer-

ization and autophosphorylation of its intracellular tyrosine residues. This activates multiple 

downstream signalling cascades, including the RAS-RAF-MEK-ERK (MAPK) pathway, which pro-

motes cell cycle progression, and the PI3K-AKT pathway, which enhances cell survival and inhib-

its apoptosis.74 Aberrant EGFR signalling is implicated in the pathogenesis of several cancers, and 

has been associated with poor prognosis in NSCLC, colon adeno carcinoma as well as pancreatic 

adeno carcinoma.75 In the past various EGFR targeting therapies, such as antibody drug conju-

gate (ADCs) have been developed as it shows high overexpression rates through different tumor 

tissues.76 With an overexpression rates of 40-89% in NSCLC this is of special interest in context 

of HSat3 RNA transcription and etoposide sensitivity.77 Combined with the global incidence from 
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2022 the development of an EGFR specific siRNA delivery platform could be on average in the 

interest of 1,6 million lung cancer patients every year. 

 EGFR Targeting RNA Aptamers 

Besides the choice of the target structure there is an inherent necessity of a targeting ligand. As 

the EGFR is a popular target there is a big variety of available ligands, ranging from antibodies 

and small molecules to peptides and aptamers. To streamline the production process of a po-

tential therapeutic candidate this work focuses on RNA aptamer structures as targeting ligand. 

RNA aptamers are short, single-stranded RNA oligonucleotides that are capable of binding spe-

cific targets with high affinity and specificity, much like antibodies bind to antigens. Their three-

dimensional structures enable them to recognize a broad variety of molecules, including pro-

teins, small molecules, and even whole cells. The discovery and selection of aptamers are typi-

cally accomplished through the SELEX (Systematic Evolution of Ligands by EXponential enrich-

ment) process, which enables the isolation of aptamers that exhibit both, high specificity and 

affinity for their target molecules. Compared to protein or peptide-based recognition motifs, 

RNA aptamers are chemically synthesized, generally non-immunogenic, and can be modified to 

enhance their stability and functional versatility in therapeutic and diagnostic applications.78 

Commonly RNA aptamers are synthesized during SELEX using IVT incorporating 2’ Fluoro modi-

fications into the pyrimidine bases (Cytosine and Uracil). The literature describes the two EGFR 

targeting aptamers CL4 and MinE07.79,80 The first development approaches described in this 

work will focus on the use of CL4. In later stages the focus will shift to the use of MinE07. 

 HSat3 and Etoposide Resistance - Previous Work 

This work is based on previous research published by Kanne, J. and Hussong M. et al., which was 

performed in the lab of Prof. Schweiger. The mentioned study demonstrates that pericentro-

meric Satellite III transcripts (SatIII RNA) have a significant role in cellular responses to the topoi-

somerase II inhibitor etoposide. Under stress conditions, particularly heat stress, SatIII transcrip-

tion is markedly increased, leading to the formation of nuclear stress bodies in pericentromeric 

regions. These structures function as molecular hubs that attract various proteins, including 

TOP2A. Notably, the research establishes that etoposide retains the ability to bind TOP2A, 

thereby refuting previous suggestions that SatIII obstructs drug binding. Instead, SatIII modifies 

the spatial distribution of the TOP2A-etoposide complex within the nucleus. By concentrating 

TOP2A in SatIII-enriched areas, etoposide-induced DNA damage becomes localized to pericen-

tromeric regions, which are structurally resilient and less prone to cytotoxic effects. This 
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redistribution reduces the overall cellular burden from double-strand breaks, resulting in en-

hanced cell viability and increased resistance to etoposide. 

Furthermore, the authors confirm that this resistance is not confined to cell culture models; it is 

also observed in PDX, where elevated SatIII expression corresponds with diminished etoposide 

effectiveness. Mechanistically, epigenetic modifications at the SatIII locus support increased 

transcription. Importantly, pharmacological intervention using BRD4 inhibitors suppresses SatIII 

transcription and restores global TOP2A-mediated DNA damage, thereby sensitizing cells to 

etoposide. In summary, the study presents a robust framework in which non-coding RNAs influ-

ence nuclear architecture and the spatial patterning of DNA damage, directly impacting chemo-

resistance. These insights offer promising directions for therapeutic strategies targeting stress-

induced satellite transcripts.   
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 Aim of The Work 

Cancer is one of the largest burdens of humanity causing more than nine million deaths every 

year. Lung cancer especially non-small cell lung cancer (NSCLC) accounts for 18,7% of all cancer 

deaths per year and is a leading cause for cancer related deaths. Kanne, J. and Hussong, M. et 

al. have identified HSat3 RNA as a therapeutic target to reverse therapy resistance against 

etoposide. As the majority of NSCLCs is overexpressing the epidermal growth factor receptor 

(EGFR), a siRNA therapy delivering HSat3 siRNA in EGFR overexpressing cancers could improve 

the prognosis of NSCLC. 

As described the development of a targeted siRNA therapy needs to consider many factors like 

siRNA target, chemical modifications, scalability, costs of the research scale compound, choice 

of the target structure, choice of the targeting ligand as well es strategies to overcome bottle-

necks as the endosomal escape. This underlines not only the complexity of the compound design 

but also the advanced criteria for compound evaluation and development pipeline. 

Therefore, this work aims for two major goals. At first the establishment of a cost and time effi-

cient siRNA-conjugate development platform and secondly the evaluation of initial compound 

candidates. The first part is aiming for a fluorescence based alternative to common siRNA eval-

uation platforms to avoid necessity of cost intensive substrates while enabling repetitive meas-

urement of single samples. The second part aims for the development of an RNA-aptamer based 

siRNA delivery platform for receptor specific gene knock down. 

In this pilot project the delivery of an HSat3 targeting compound should be evaluated to specif-

ically revert etoposide therapy resistance in EGFR overexpressing tumours. 
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 Zielsetzung der Arbeit 

Krebs ist eine der größten Geißeln der Menschheit und verursacht jedes Jahr mehr als neun 

Millionen Todesfälle. Lungenkrebs, insbesondere nicht-kleinzelliger Lungenkrebs (NSCLC), ist für 

18,7 % aller Krebstodesfälle pro Jahr verantwortlich und eine der häufigsten Ursachen für krebs-

bedingte Todesfälle. Kanne, J. und Hussong, M. et al. haben HSat3-RNA als therapeutisches Ziel 

identifiziert, um die Therapieresistenz gegen Etoposid aufzuheben. Da die Mehrheit der NSCLCs 

den Epidermalen Wachstumsfaktor Rezeptor (EGFR) überexprimiert, könnte eine gezielte 

siRNA-Therapie, bei der HSat3-siRNA in EGFR-überexprimierende Krebszellen eingebracht wird, 

die Prognose von Millionen von Menschen verbessern. 

Wie beschrieben, müssen bei der Entwicklung einer gezielten siRNA-Therapie viele Faktoren be-

rücksichtigt werden, darunter die siRNA-Zielsequenz, chemische Modifikationen, die Skalierbar-

keit, die Kosten der Prototypen, die Wahl der Zielstruktur, die Wahl des Ziel-Liganden sowie 

Strategien zur Überwindung von Engpässen wie dem Endosomen-Escape. Dies unterstreicht 

nicht nur die Komplexität des Wirkstoffdesigns, sondern auch die anspruchsvollen Kriterien für 

die Bewertung von Wirkstoffkandidaten und an die Entwicklungspipeline. 

Daher verfolgt diese Arbeit zwei Hauptziele. Zum einen die Etablierung einer kosten- und zeitef-

fizienten Plattform zur Entwicklung von siRNA-Konjugaten und zum anderen die Bewertung ers-

ter Wirkstoffkandidaten. Der erste Teil zielt auf eine fluoreszenzbasierte Alternative zu gängigen 

siRNA-Bewertungsplattformen ab, um die Notwendigkeit kostenintensiver Substrate zu vermei-

den und gleichzeitig wiederholbare Messungen einzelner Proben zu ermöglichen. Der zweite 

Teil zielt auf die Entwicklung einer RNA-Aptamer-basierten siRNA-Verabreichungsplattform für 

den rezeptorspezifischen Gen-Knockdown ab. 

In diesem Pilotprojekt soll die Verabreichung eines HSat3-gerichteten Wirkstoffs evaluiert wer-

den, um die Resistenz gegen eine Etoposid-Therapie bei EGFR-überexprimierenden Tumoren 

gezielt aufzuheben. 
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 Results – Development of a NA-Therapy Screening Platform 

As a developmental process can only be as good as the developmental platform the first section 

of this work focuses on the establishment and implementation of a new screening platform for 

nucleic acid-based therapeutics. A central information, necessary especially in the developmen-

tal process of RNAi based drugs, is the quantity and functionality of RNAs delivered to the cyto-

plasm. When starting this work a variety of endpoint measurements could provide this infor-

mation. Considering the available options, the luciferase assay method was selected as the pre-

ferred method because it is highly sensitive and is therefore considered an established method 

for detecting RNAi in scientific literature. In detail the psiCheck™-2 plasmid (Figure S 1) and the 

Dual-Glo® luciferase assay from Promega was chosen as a starting point. The developmental 

process of the FluoroDetect system was published 2025 in Mol. Ther. Nucl. Ac. by Hess et al.. 

 HSat3 Luciferase Assay 

As outlined in the introduction the primary target of the project is the development of an siRNA 

targeting HSat3 RNA. Therefore, a C-rich target motif was cloned into the multiple cloning side 

(MCS) of the psiCheck™-2 plasmid (Fig-

ure S 1) which was digested with XhoI 

and NotI. The new plasmid was called 

psiCheck HSat3 (Figure S 2). The 

psiCheck™-2 assay is designed as a 

two-signal ratio metric, containing a 

reporter and a reference signal for 

normalization. This can increase the 

precision of the measurements by 

overcoming inaccuracies caused 

through different transfection effi-

ciencies or stress related signal fluctu-

ations. A schematic of the mechanism 

is shown in Figure 7. In this special case the HSat3 target motif (red) was inserted into the 3’UTR 

of the Renilla luciferase (hRluc, green) reporter gene. In presence of a HSat3 targeting siRNA 

(red) the hRluc mRNA is degraded by RNAi causing a reduction of hRluc protein inside the trans-

fected cells. The Firefly luciferase (hluc+, blue) reference gene contains no HSat3 siRNA target 

and thereby should not be affected by the RNAi, providing a reference point for correcting inac-

curacies through normalization. 

Figure 7 Schematics of the psiCheck HSat3 luciferase assay. The 
mRNA of Renilla luciferase (hRluc, green) reporter gene can be 
downregulated by HSat3 siRNA while the Firefly luciferase (hluc+, 
blue) mRNA remains untouched. 
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By constructing this assay setup, it should be possible to quantify the RNAi effect mediated by 

HSat3-targeting siRNA in a robust and reproducible fashion. The normalization of the hRluc sig-

nal to the hluc+ signal provided a reliable proxy for the functional delivery of siRNA into the 

cytoplasm, enabling precise assessment of compound efficacy and cellular uptake. To proof the 

functionality of the assay a 

first pilot experiment was per-

formed twice testing the 

psiCheck HSat3 in the two cell 

lines SW480 and SW620 (Fig-

ure 8). Both cell line showed 

no reduction of relative lumi-

nescence units (RLU) when ex-

posed to siRNA without a 

transfection reagent (siHSat3 

and siCo). When exposed to 

siRNAs formulated with Lipofectamin RNAiMAX the cells showed a reduction of RLU when HSat3 

targeting siRNA was present (siHSat3 RNAiMAX). No signal reduction could be observed upon 

exposure with a non-targeting siRNA pool (siCo) (siCo RNAiMAX). This indicated the functionality 

of the psiCheck HSat3 luciferase assay (Figure 8).  

 Thought Experiment - Continuous Measurements 

Despite its high precision, luciferase assays as the psiCheck-2 Dual-Glo assay system suffer from 

their lytic nature, as they are designed as an endpoint measurement. In other words, the sample 

needs to be destroyed for the measurement. Moreover, these enzymatic assays need expensive 

substrates with a limited shelf life. What sounds as a perfect business case suffers in praxis from 

an error prawn setup when it comes to manual pipetting. Summing this up, luciferase assays are 

an incredibly precise but if not well-established error prawn and expensive method to measure 

RNAi. So, if not fine tuning the efficiency of an siRNA this measurement is too expensive in rela-

tion to its benefits. Additionally, its endpoint nature, limits the ability to observe dynamic pro-

cesses. In a thought experiment investigating a dynamic process under three different condi-

tions at three different time points. This makes a total of nine data points equal to nine samples 

when using an endpoint measurement. In comparison it would just need three samples if using 

a non-destructive measurement. In conclusion the non destructive measurement leads to a 

higher data coherence while reducing the material cost. Wrapping this up, there is a need for 

Figure 8 Validation of the psiCheck HSat3 Dual-Glo luciferase assay setup. 
Samples were exposed to siRNA or siRNA transfection mix (RNAiMAX) for 
48 h. All cells were treated as indicated 24 h after transfecting the psiCheck 
HSat3 assay plasmid. Diagrams show the median ± 95% confidence interval. 
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the development of a non-destructive, user-friendly and cost-effective platform for siRNA ther-

apy development. 

In a next step an assay using fluorescence protein instead of luciferases was designed. An im-

portant advantage of fluorescence measurements is that the quantification can be done without 

lysing cells and without an expensive substrate. As previously demonstrated by Kojima et al. 

fluorescence reporter assays are effective for detecting siRNAs in both bulk samples and single-

cell analyses81. Furthermore, fluorescence assays employing the red fluorescent protein 

mCherry and enhanced green fluorescent protein (eGFP) have been developed to facilitate the 

analysis of dynamic intracellular receptor-ligand interactions82. Thus, the development of the 

dual fluorescence assay called FluoroDetect was started. 

 Design of The FluoroDetect Assay 

Similar to the psiCheck-2 the FluoroDetect assay system is dual signal system. Containing a re-

porter and a reference signal, the FluoroDetect assey aims to be more precise than a single sig-

nal-based assay. In addition, the reporter gene is under the control of a TET-OFF promotor sys-

tem inhibited by doxycycline. This 

should serve as an additional internal 

control in advanced experimental set-

ups. The schematic mechanism of the 

FluoroDetect is shown in Figure 9. The 

red fluorescence protein mCherry 

(red) works as a reporter gene. The 3’ 

untranslated region (UTR) of the re-

porter gene contains three identical 

siRNA target motifs, to enhance the 

sensitivity of the assay. Addition of 

doxycycline or a targeting siRNA elimi-

nates the reporter signal. The green 

eGFP reference signal (green) should be unaffected and serves as an internal reference. The 

assay plasmid was created with a hot fusion cloning protocol starting from the pCW57.1-MCU-

Flag TET-OFF plasmid (Figure S 3) 83. The target side of the assay was designed to be flanked by 

two individual restriction sites (AsiSI & NsiI) for easy and fast modification of the assay (Figure 

10). The HSat3 sequence was chosen as a target motif. The FluoroDetect HSat3 assay was used 

in the second section of this work as a platform for the development of HSat3 RNA targeting 

therapies. As shown by Valgardsdottir et al. C-rich and a G-rich lncRNAs of HSat3 are transcribed 

Figure 9 Schematic figure of the FluorDetect assay. The mRNA of  
mCherry (red) reporter gene can be downregulated by siRNA while 
the eGFP (green)reference gene mRNA remains untouched. (Hess et 
al., Mol. Ther. Nucl. Ac., 2025)86 
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under stress conditions.36 Therefore, assays using the C-rich target motif as well as the G-rich 

target motif were designed to simulate both species as a target. An example  of the DNA target 

motif which is transcribed into the mRNA target sequence is given in Figure 10. The sequences 

of the C-rich and G-rich target motif as well as the used siRNA and ASO sequences are shown in 

Figure 10. To proof the functionality of the assays a first pilot experiment was performed and 

evaluated using fluorescence microscopy. For this, HeLa cells were cotransfected with the assay 

plasmids as well as an HSat3 targeting siRNA (siHSat3). After 48 h of incubation the fluorescence 

signals were measured with fluorescence microscopy. In both assays a specific reduction of the 

red fluorescence signal could be ob-

served compared to the untreated con-

trol sample (Figure 11). Moreover, the 

samples exposed to siCo did not show a 

significant reduction of red fluores-

cence signal. In all samples of the C-rich 

as well as in the G-rich assay the green 

fluorescence signal was maintained 

constant (Figure 11). This first proof of 

concept demonstrates the functionality 

of the FluoroDetect assay. After the ini-

tial positive results with fluorescence 

microscopy, the assay was adapted to a 

plate reader system for easier quantifi-

cation of both fluorescence signals. 

 

 

 

Figure 11 Proof of concept using HeLa cells. Fluorescence micro-
scope images showing green and red fluorescence signal in sam-
ples treated with targeting siRNA (siHSat3), untargeted siRNA 
control pool (siCo), and an untreated control. Images were taken 
48 h after transfection. (Hess et al., Mol. Ther. Nucl. Ac., 2025)86 

Figure 10  Schematic figure of the DNA and mRNA sequence target motif used in the FluoroDetect C-rich (HSat3) 
assay. The flanking enzymatic cutting sites (pink) and siRNA-binding sites (blue). Additionally, the G-rich target motif, 
the siRNA/ASO sequences used in this work are shown (m: 2′ MeO modification, ∗: phosporothioate modification). 
(Hess et al., Mol. Ther. Nucl. Ac., 2025)86 
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 Plate Reader Analysis of RNAi Mediated Gene Silencing 

In establishing the FluoroDetect assay within a plate-reading system, the excitation and emis-

sion wavelengths for eGFP (Ex: 475 nm, Em: 510/20 nm) and mCherry (Ex: 575 nm, Em: 610/20 

nm) were selected based on the findings reported in the literature (Figure S 4 A) 84,85. The win-

dow of detection should show a linear relationship between cell number and fluorescence in-

tensity. Therefore, the normalized signal (ratio of reporter to reference) is expected to remain 

stable across all data points without siRNA treatment (Figure S 4 B,C)86 . 

 

Figure 12 Dynamic measurement of RNAi in transient transfected cells. A: The schematic diagram illustrates the 
experimental design, detailing the transfection protocol and subsequent measurement procedures. Transfection effi-
ciency was monitored via fluorescence microscopy, and quantitative fluorescence readings were obtained using a 
plate reader system. B,C: Plotting of eGFP (green) signal and mCherry (red) signal over the number of seeded HeLa 
cells per well. Normalizing the mCherry to the eGFP fluorescence gives the relative fluorescence units (RFUs). Plotting 
of RFU (yellow) in dependence of HeLa cells seeded per well. D,E: Time curve of FluoroDetect transfected HeLa cells 
measured in 24 h intervals. Diagrams comparing the relative fluorescence units of untreated (green), siCo-treated 
(blue), and siHSat3-treated (red) cell population (all graphs showing the median ± 95% confidence interval [CI]). (Hess 
et al., Mol. Ther. Nucl. Ac., 2025)86 
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In all transient experiments, 2x105 cells were initially seeded in a 6-well plate and transfected 

after 24 h of incubation. The transfected cells were transferred to a 96-well white-bottom tissue 

culture-coated plate after 24 h of incubation (Figure 12 A). To evaluate the optimal number of 

cells to start plate reader experiments, different number of cells were seeded in a 96 well plate. 

This dilution series were performed with three different cell lines (HeLa, SW480 and SW620) in 

a range of 2.500-20.000 cells per well. Cell measurements were conducted at 24-hour intervals 

to examine temporal changes (Figure 12 B,C; Figure S 5 A,B; Figure S 6 A,B). The signal was most 

stable within the range of 10,000–20,000 cells per well. After cotransfecting target-specific siR-

NAs, both C-rich and G-rich assays showed a target-specific knockdown of the mCherry signal 

lasting up to 120 hours. Control samples showed no effect. Minor differences among controls 

likely resulted from growth rate variabilies and nonspecific effects of the siCo pool (Figure 12 

D,E; Figure S 5 C,D; Figure S 6 C,D). 

To assess the performance of the assay and to confirm the endogenous target knockdown at the 

mRNA level, RT-qPCR was used to measure HSat3 RNAs. HSat3 expression was induced by a 1-

hour heat shock at 44 °C. RNA samples were collected six hours after HS. Because the double-

stranded siRNA contains both a G-rich strand and a C-rich strand, the RT-qPCR results (Figure S 

7 A) were compared with the FluoroDetect C-rich HSat3 (Figure S 7 B) and the FluoroDetect G-

rich HSat3 (Figure S 7 C). The knock down intensity of both experiments showed high similarity. 

 Measuring Strand Specificity Using Antisense Oligonucleotides 

Given the double-stranded structure of siRNAs, it is pertinent to assess whether the FluoroDe-

tect assay can selectively identify one strand without interference from its complement. This 

specificity provides valuable insights into guide strand selection and preference. Typically, the 

RISC complex favours the strand with a less thermodynamically stable 5′ end. 87,88 Particularly in 

the development and evaluation of siRNA and siRNA conjugates, distinguishing between the 

guide and passenger strands provides critical insights for optimizing delivery modifications. This 

differentiation enables precise optimization of efficacy while minimizing unintended off-target 

effects. Additionally, the ability to detect single-stranded ASOs broadens the range of applica-

tions, allowing the assay to identify both RISC-mediated silencing and RISC independent silenc-

ing like intracellular microRNA-mediated gene silencing. 

Strand specificity was assessed by designing single-stranded ASOs that matched the sequences 

of the individual strands of the HSat3-targeting siRNA. These ASOs were structured as gapmers 

with RNA-like sequences flanking the DNA oligonucleotide and included 2′-oxymethyl and phos-

porothioate backbone modifications intended to enhance stability and efficacy (Error! Refer-

ence source not found.).62,89 Hybridization between the DNA bases of the ASO and the mRNA 
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target site creates a DNA/RNA hybrid double strand, which recruits RNaseH and results in deg-

radation of the mRNA.90-92 

Cells were exposed to siRNAs or ASOs 24 hours after FluoroDetect assay plasmid transfection. 

Fluorescence was assessed by microscopy 24, 48, 72, and 96 hours after transfection. In HeLa 

cells transfected with the G-rich assay, a knockdown of the mCherry reporter signal was ob-

served in the samples treated with siHSat3 and ASO C upon 48 h after transfection of the RNAs. 

In the untreated control samples as well as in the not-matching ASO G treated sample no reduc-

tion of the mCherry signal could be observed (Figure 13 A; Figure S 8 A,B). As expected, the base 

pairing nature of RNAi implies the interaction of G-rich and C-rich complementary sequences. A 

quantification of the experiment with plat reader confirmed the microscopic observation and 

underlined the strand-specific mode of action (Figure 13 B,C; Figure S 8 C,D). 

 

Figure 13 Confirming the strand specific mode of action. A: Fluorescence microscopy images display HeLa cells trans-
fected with the FluoroDetect G-rich (HSat3) assay at two time points: prior to treatment (t = 0 h) and 96 hours post-
treatment (t = 96 h) with siRNA or ASO. Shown cell populations include those treated with siHSat3, siCo, ASO C, and 
ASO G. For reference, an untreated control group is also presented. B,C: Relative fluorescence units (RFUs) were meas-
ured in HeLa cells transfected with either FluoroDetect C-rich (HSat3) or FluoroDetect G-rich (HSat3) constructs, 72 
hours following siRNA/ASO treatment as specified below the diagram (All graphs showing the median ± 95% confi-
dence interval [CI]). Only significant comparisons are shown with p value denoted as follows: ∗ p < 0.05; ∗∗ p < 0.01; 
∗∗∗ p < 0.001, ∗∗∗∗ p < 0.0001. (Hess et al., Mol. Ther. Nucl. Ac., 2025)86 
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 The Limit of Detection and The Limit of Quantification 

The limit of detection (LOD) and limit of quantification (LOQ) are critical parameters in analytical 

methodologies. These values are determined by multiplying the standard deviation of the re-

sponse by an expansion factor and dividing the result by the slope of the linear regression (Figure 

S 9 A). 93,94 

 

Figure 14 Assessment of assay detection limits. A: Schematic workflow of transfection. Fluorescence microscopy was 
used to control transfection efficacy. Changes in red and green fluorescence were measured using a plate reading 
system. B,C: Knock down intensity was determined as RFU in HeLa cells transfected with FluorDetect C-rich (Hsat3) 
and FluoroDetect G-rich (HSat3). Measurement was performed 48 h after transfection of different amounts of target-
ing AOSs (absolute amount: 15; 7,5; 3,75 and 1,875 pmol). D: (All graphs showing the median ± 95% confidence inter-
val [CI]). Only significant comparisons are shown with p value denoted as follows: ∗ p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001, 
∗∗∗∗ p < 0.0001. (Hess et al., Mol. Ther. Nucl. Ac., 2025)86 

In this methodology, the distinction between LOD and LOQ arises from the varying tolerances 

for alpha and beta errors when determining the expansion factor. Calculation of LOD and LOQ 

was conducted through a dilution series of the C-rich and G-rich ASOs. A total concentration of 

30 nM ASOs was maintained, by mixing C-rich and G-rich ASOs, in each transfection reaction to 

ensure consistent transfection conditions. Measurements were conducted using a plate reader 

48 h after transfection of ASOs (Figure 14 A). The generated dataset was utilized to conduct a 

linear regression, which functions as a calibration curve for calculating the LOD and LOQ (Figure 

14 B-D, Figure S 9 B-G). If the y-intercept of the calibration curve exceeds the standard deviation, 

it can be used in place of the standard deviation of the response. The y-intercept indicates the 

response corresponding to zero analyte concentration. When the y-intercept is much greater 

than the standard deviation, it suggests that baseline noise is low meaning the measurements 

are more dependable. In conclusion using the y-interceptor instead of the standard deviation 

improves the reliability of the calculated LOD and LOQ as it accounts for systematic errors and 

background signals associated within the experimental setup. The LOD and LOQ for both the C-
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rich and G-rich assays were determined using three different cell lines. The overall LOD and LOQ 

values were calculated as the median from the results obtained with HeLa, SW480, and SW620 

cell lines. The C-rich assay demonstrated marginally higher sensitivity, exhibiting a median LOD 

of 6.714 nM, whereas the G-rich assay presented a LOD of 8.555 nM (Figure 14, Figure S 9, Table 

1). 

Table 1: Values for calculating detection and quantification limits. (Hess et al., Mol. Ther. Nucl. Ac., 2025)86 

Cell line 

C-rich G-rich 

HeLa SW480 SW620 HeLa SW480 SW620 

Slope 7,176 4,958 4,328 6,184 5,778 4,548 

Y-interceptor 14,600 12,010 6,476 20,310 7,704 11,790 

LOD [nM] 6,714 7,994 4,938 10,838 4,400 8,555 

LOQ [nM] 20,346 24,223 14,963 32,843 13,333 25,923 

Median LOD ± SD [nM] 6,714 ± 1,535 8,555 ± 3,264 

Median LOD ± SD [nM] 20,346 ± 4,651 25,923 ± 9,891 

 

 Stable Cell Lines for Screening or Repetitive Measurements 

Given that the long-term objective of this project is to establish a platform for screening and 

developing nucleic acid therapies, in a next step, stable reporter cell lines were established. To 

address this, two widely utilized methods in molecular biology are lentiviral transduction and 

transposase-based genome modification. While both approaches present distinct advantages 

and disadvantages, their principal difference lies in the delivery vector. The plasmid-based trans-

posase system relies on transfection reagents rather than lentiviruses, making its use very con-

venient. However, it is ineffective in cell lines that are difficult to transfect. On the other hand 

lentiviral systems are less convenient, but their broad tropism makes them much more 

 

Figure 15 Schematic workflow of stable cell line production. FluorDetect assay can be integrated into the genome 
using Transposase based systems or lentiviral systems. The resulting intermediate population can be expanded by 
Puromycin selection to grow out a polyclonal reporter cell line. Selection should start two days after gene transfer and 
last two rounds of three days. 
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efficient across most eukaryotic cell lines. To provide both systems for future experiments I es-

tablished the FluorDetect assay for both systems - as a PiggyBac transposase system and as len-

tiviral system. Figure 15 shows a schematic workflow of how to produce stable cell lines using 

the mentioned methods.  

To produce stable cell lines using viral transduction, HEK 293 FT cells underwent transfection 

with packaging, envelope, and transfer plasmids to generate lentiviruses for either the reference 

or reporter gene. Various cell lines (HeLa, MDA MB 231, SW480, and PC9) were co-transduced 

with both constructs to establish C-rich and G-rich stable reporter cell lines (Figure 16 A). 

 

Figure 16 Assessment of stable reporter cell lines. A: Design of lentiviral transduction experiment and process for 
selection of stably transduced reporter cells. B-E: RFUs of HeLa and SW480 cells stably expressing FluoroDetect C-rich 
or G-rich (HSat3) were measured 48 hours after siRNA/ASO treatment. F,G: Time curves demonstrate the RNA inter-
ference (RNAi) dynamics in stable transduced reporter cell lines (PC9 FluoroDetect C-rich (HSat3), MDA MB 231 
FluoroDetect C-rich (HSat3)), as measured by relative fluorescence units over a time period of up to 336 hours following 
treatment. (All graphs showing the median ± 95% confidence interval [CI]). Only significant comparisons are shown 
with p value denoted as follows: ∗ p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001, ∗∗∗∗ p < 0.0001. . (Hess et al., Mol. Ther. Nucl. 
Ac., 2025)86 

After Puromycin selection and polyclonal expansion reporter cells were examined using a fluo-

rescence microscope (Figure S 10). Following the microscopic inspection cells were seeded to 

assess their functionality. Fluorescence of reporter cells was measured 48 h after transfection 

of siRNAs/ASOs. All cell lines responded to both the siRNA and the corresponding ASO (Figure 

16 B-E). Long term repetitive measurements showed siRNA knockdowns are stable for up to two 
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weeks. Furthermore, the response to ASOs was observed to be marginally more rapid than to 

siRNA, although the effect of siRNA persisted for a somewhat longer duration (Figure 16 F,G). 

For cytometer analysis, stable cells were transfected with either siHSat3 or a control siRNA pool 

(siCo), alongside untransfected reporter cells as a negative control. The experiment used MDA 

MB 231 C-rich, MDA MB 231 G-rich, PC9 C-rich, and PC9 G-rich cell lines. Flow cytometry was 

performed 72 h after siRNA transfection (Figure 17 A).  

 

Figure 17 Flow cytometric analysis of the FluoroDetect assay. A: The illustration depicts the experimental setup for 
the flow cytometer-based analysis of the FluoroDetect assay system. The fluorescence of transduced reporter cell lines 
(MDA MB 231 C-rich & G-rich, PC9 C-rich & G-rich) was controlled utilizing fluorescence microscopy before starting 
flow cytometry.B: Scatter plots display mCherry (PerCP-A) and eGFP (FITC-A) fluorescence in single cells. Samples in-
clude siHSat3-treated (red), siCo-treated (blue), and untreated (green). Gates indicate Q1–Q4: Q1 (mCherry+), Q2 
(mCherry+ & eGFP+), Q3 (eGFP+), Q4 (negative for both). C: eGFP fluorescence (FITC-A channel) histograms of gate 
Q2. D: mCherry fluorescence (PerCP-A channel) histograms of gate Q2. (Hess et al., Mol. Ther. Nucl. Ac., 2025)86 

A population referred to as "cells" was initially defined using forward scatter height (FSC-H) ver-

sus sideward scatter height (SSC-H) to exclude particles that did not meet the appropriate size 
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criteria. Subsequently, cell doublets were excluded using the forward scatter area (FSC-A) versus 

FSC-H channel. Dead cells were excluded based on elevated VioBlue channel signal, utilizing 

DAPI staining as a viability indicator (Figure S 12 A-C). Gating was finalized by setting green and 

red fluorescence gates using a negative sample as well as cells expressing eGFP or mCherry (Fig-

ure S 12 D). Across all cell lines, green fluorescence detected via the FITC-A channel remained 

consistent (Figure 17). Nonetheless, a minor population of cells exhibited a loss of green fluo-

rescence. The red mCherry signal was stable in both untreated and siCo-treated groups, but 

showed a decrease in siHSat3-treated samples. These findings suggest that HSat3-targeting 

siRNA efficiently suppresses expression of the intended gene, resulting in a diminished mCherry 

signal in transfected cells (Figure 17). 

 Exclude Read Through Transcription 

As the assay design included the risk of unwanted truncated, elongated, or fused mCherry and 

eGFP variants, a Western blot was performed. Using a FLAG antibody as well as a GFP antibody 

mCherry and eGFP were detected (Figure 18 A). A Histone H3-targeting antibody served as load-

ing control. All three antibody blotting’s could detect bands of the expected size (Figure 18 A). 

This indicates that no unwanted byproducts are expressed, which could interfere with the assay 

measurement. Additionally, the presence of fusion proteins could be erased as the mChery and 

the eGFP are coded in different reading frames.  

Moreover, it was important to exclude the presence of unwanted fused mRNA transcripts, as 

this could cause an internal control failure. Therefore, a quantitative reverse-transcription PCR 

(RT-qPCR) experiment was performed. The mRNA levels of mCherry and EGFP were measured 

under different conditions (siHSat3, siCo, and untreated) in HeLa cells. The cells showed a spe-

cific reduction of mCherry mRNA in the presence of HSat3 siRNA, whereas the eGFP mRNA level 

remained unaffected. The untreated control samples as well as the siCo treated negative control 

showed no significant change of mCherry or eGFP mRNA. The finding described was independ-

ent of the C-rich or G-rich assay (Figure 18 B). To establish an eGFP and mCherry qPCR measure-

ment, primer performance was evaluated using a dilution series of the assay plasmids. Both 

qPCR primer pairs showed high performance (Figure 18 C). The FluoroDetect assay was inte-

grated in the genome of the tested cells using a PiggyBac transposase system. In conclusion the  

Western blot not only erased the presence of unwanted by products but also demonstrates the 

functionality of the transposase-based production of stable reporter cell lines (Figure 18). 
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Figure 18 Independec of eGFP and mCherry reading frame and tranbscripts. A: Western blot of stable reporter cell 
lines HeLa C-rich HSat3 (C-Rich) and HeLa G-rich HSat3 (G-Rich). A wild type HeLa population was used as negative 
controle (CTRL). The N-terminal FLAG Taged mCherry protein was labelled using a FLAg specific antibbody. The refeenc 
gene eGFP was labelded usaing a GFP specific antibody. The loding control was performed using an antibody labeling 
Histone H3. B: Indipendenc of mCherry and eGFP transcripts was demostrated using RT-qPCR. The mRNA levels of 
eGFP and mCherry were determined in samples exposed to siHSat3 and siCo. Results were compared with an untreated 
population as well as with and wild type population. C: Dilution series of FluoroDetect plasmid DNA was used to de-
termine the prtimer performance of eGFP and mCherry qPCR primers. (All graphs showing the median ± 95% confi-
dence interval [CI]). (Hess et al., Mol. Ther. Nucl. Ac., 2025)86 

 Testing Additional Target Motives 

To prove the adaptability of the assay, additional assays, using different target motifs were gen-

erated: one assay contained a Heat Shock Factor 1 (HSF1) mRNA target motif and one assay 

contained an Epidermal Growth Factor Receptor (EGFR) target motif. The target sequences of 

both assays were created with overlapping exon junctions to increase specificity and reduce off-

target effects (Figure 19 A). A strong sequence-specific knock-down could be observed in both 

assays using Fluorescence microscopy as well as plate reading (Figure 19 B,C). 
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Figure 19 Demonstration of FluoroDetect adaptability testing additional target motifs. A: Illustration showing the 
target sequences as well as the target structure in the 3’UTR of the FluoroDetect HSF1 and EGFR. B: Transfection 
experiment of the FluoroDetect HSF1 and EGFR inspected using fluorescence microscopy. Comparison of Untreated 
and targeting ASO treated populations. C: Quantification of the knock down efficiency in both assays using plate read-
ing. Comparison of Untreated and targeting ASO treated populations. (All graphs showing the median ± 95% confi-
dence interval [CI]). (Hess et al., Mol. Ther. Nucl. Ac., 2025)86 

 Knock Out of The EGFR Using Prime Editing 

As previously outlined, a pivotal piece of information, particularly pertinent to the development 

of RNAi-based pharmaceuticals, involves the quantity and functionality of RNAs that are deliv-

ered to the cytoplasm. In addition to the previously mentioned information, the second key 

point of the developmental platform is the control of the delivery route to precisely investigate 

targeting approaches. Control of the delivery route can be assessed by genetically engineering 

of model organisms. As outlined in the introduction this work aims for the tissue specific delivery 

of siRNAs via the EGFR. So, in the bigger context of this work, control of the delivery rout, in 
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detail the EGFR, can be given by comparing EGFR positive and EGFR knock out populations. 

Knocking out the EGFR receptor can be assessed by genome editing technologies like CRISPR 

Cas9. A novel genome editing technology called PrimeEditing enables precise and versatile ge-

netic modifications without inducing double-strand breaks (DSBs) or requiring donor DNA tem-

plates. Developed as an advancement over CRISPR-Cas9 and base editing systems, prime editing 

combines a catalytically impaired Cas9 nickase with a reverse transcriptase (RT) enzyme, guided 

by a prime editing guide RNA (pegRNA) to install targeted edits directly into the genome. An 

example of the pegRNA design is shown in Figure 20. In the example the correction of a point 

mutation causing the R337H mutation in p53 is desired. 

 

Figure 20 Schematic figure showing the design of a prime editing guide RNA (pegRNA). A: Example of prime editing 
as therapy for disease caused by single gene mutations. p53 R337H a common driver mutation in cancer could be 
corrected using prime editing. B: Example of pegRNA design to correct the p53 R337H mutation. Structurally the 
pegRNA consists of four elements from 5’ to 3’: the guide RNA (gRNA,red), the Cas9 binding scaffold (yellow), the 
reverse transcription template (RT-Template, blue) and the primer binding site (PBS, pink). The pegRNA can be stabi-
lized by adding an additional “tevopreQ1” loop (gray) to the 3’ end. 

The prime editor 2 (PE2) system, the most widely used variant, consists of a Cas9 nickase (H840A 

mutation) fused to a pentamutant Moloney murine leukemia virus (M-MLV) RT. The pegRNA 

directs the complex to the target site with its guide RNA (gRNA) component and encodes both 

the primer binding site (PBS) and the RT template for the desired edit. Upon nicking the DNA, 

the RT uses the RT template to synthesize the edited strand in situ, which is then incorporated 

into the genome through cellular repair mechanisms.95 The expression of a dominant negative 
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MLH1 mutant (hMLH1dn) is used to decrease the mismatch repair (MMR) and increase the 

prime editing efficacy in the prime editor 4 (PE4) system.96 

To perform prime editing and 

knock out the EGFR in various 

cell lines an indicial experiment 

was performed using a PE4 sys-

tem. For this purpose, the prime 

editing plasmid pCMV-PEmax-

P2A-hMLH1dn 97 (Figure S 11) as 

well as a pegRNA were trans-

fected into HeLa cells. The 

pegRNA contained the commer-

cial Alt-R gRNA modification 

pattern provided by Integrated 

DNA Technologies Inc. (IDT) to 

enhance RNA stability (Table S 

1). To knock down the EGFR ex-

pression, a L41* stop codon in-

sertion by point mutation was 

intended. Prime editing efficacy 

was monitored using sequenc-

ing of gDNA as well as Western blotting. As the prime editor is expressed from a bicistronic 

reading frame its C term contains a 2A protein sequence which can be used as protein tag in 

Western blot. Cells were harvested 72 h after genome editing. HeLa cells only transfected with 

the prime editor as well as HeLa cells cotransfected with pegRNA (+: 1,2 µg; ++: 2,4 µg) showed 

no reduction of EGFR signal on the Western blot, compared to the non-edited control. 2A pro-

tein could be detected in all samples transfected with prime editor plasmid. As the prime editor 

and the hMLH1dn are expressed bicistronic this proofed successful transfection as well as ex-

pression of the prime editor. The EGFR status of the cell lines (MDA MB 231, SW480, PC9 and 

SW620) showed that, the cell line SW620 was indeed negative for EGFR expression. All loading 

controls (GAPDH) showed equal loading (Figure 21). Sanger sequencing was unremarkable and 

showed no mutations in the target region. 

Figure 21 Expression control of EGFR and Prime Editor. Western blot of 
Hela,MDA MB 231, SW480 PC9 and SW620 cells. A EGFR antibody for de-
tection of EGFR (red) and a 2A antibody to label the Prime Editor(green) was 
used. GAPDH targeting antibody was used for loading control (blue). Prime 
editing was tested in HeLa cells using different conditions, as indicated. 
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 Knock Out of The EGFR Using CRISPR Cas9 

After the initial applications of PrimeEditing, a modification was made to the strategy for genetic 

engineering. PrimeEditing is an advanced tool that facilitates gene editing in living organisms 

with a high degree of precision. However, its complex setup and comparable low efficiency when 

achieving knockout results highlight potential areas for improvement. Consequently, the pre-

vailing methodology for the creation of cell lines with an EGFR knockout was the application of 

classic Cas9-based CRISPR gene editing. Therefore HeLa, MDA MB 231, SW480 and PC9 cells 

were electroporated in presence of a ribonucleoprotein (RNP) mix which contained gRNA (Table 

S 2), Cas9 Nuclease and poly-L-glutamic acid. After an appropriate period of time during which 

the genetically modified cell population could expand, a flow cytometry analysis was executed. 

Gating was performed using wild type cells as described in the following. Cell debris and particles 

with aberrant size were excluded by gating the major cell fraction in the FSC-H over SSC-H den-

sity plot. To exclude duplets in the previously defined population a population called single cells 

was gated in a density plot of FSC-H over FSC-A. Dead cells were excluded by DAPI staining and 

stringent gating in the DAPI channel. The cell population was labelled with an APC Fire™ 750 

tagged EGFR specific antibody prior to the measurement. APC Fire™ 750 labelling assessed de-

tection of receptor expression in the Cy5 channel of the cytometer. An isotype control was per-

formed showing effect size of unspecific antibody cell interaction.  

 

Figure 22 Flow cytometry analysis of CRISPR Cas9 EGFR knock out in HeLa cells. Upper Row: Gating strategy to assess 
EGFR knock down. Population called “cells” was defined in a FSC-H versus SSC-H scatterplot. Subpopulation of “single 
cells” was defined in a FSC-H versus FSC-A scatter plot. Living cell population was gated by excluding cells exhibiting 
enhanced fluorescence in the DAPI channel. WT population (gray) stained with EGFR specific antibody was used to 
define EGFR+ gate. Lower Row: Isotype control (dotted line) defined unspecific antibody interaction. Unstained popu-
lation (continuous line) was included to evaluate autofluorescence. Gene editing efficiency was evaluated comparing 
the edited populations EGFR K.O. gRNA#1 (red) and EGFR K.O. gRNA#2 (blue) with a non-electroporated wildtype 
sample(orang). 
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In all cell lines the control samples showed the expected response. As already shown in Western 

blot analysis, EGFR expression could be detected in all cell lines when using EGFR specific anti-

body. The performance of gRNA #1 was very unequal across all cell lines Flow cytometric analysis 

showed intermediate to high knock out rate when gRNA #2 was used across all cell lines (HeLa, 

MDA MB 231, SW480 and PC9) (Figure 22,Figure S 13, Figure S 14, Figure S 15). Following the 

CRISPR Cas 9 knockdown EGFR negative cell populations were sorted into cell culture vessel and 

expanded to establish EGFR knock out cell lines. In follow up experiments the engineered EGFR 

knock out cell lines were used to create EGFR negative FluoroDetect reporter cell lines. A list of 

generated cell lines can be found in the appendix of this work (Table S 3). Establishing the 

FluoroDetect based compound development platform in the generated EGFR K.O. cell lines en-

hanced the platform capacity evaluation of receptor specific uptake. Integrating this essential 

aspect represents the final improvement of the FluoroDetect platform to create ideal conditions 

for the development of EGFR targeting RNA conjugates. 
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 Results – Development of a Delivery System 

As stated in the introduction, there is a significant clinical need for receptor-specific nucleic acid 

delivery systems, capable of targeting tissues outside the liver. These delivery systems could give 

new therapy perspectives in neurodegenerative disease, infectious disease as well as in oncol-

ogy. An example which is followed up on in HSat3 RNA which is associated with etoposide re-

sistance in lung cancer. Therefore, the second section of this work focuses on the development 

of an EGFR specific aptamer-RNA conjugate (ARC) targeting HSat3 RNA utilizing solid-phase syn-

thesis, in vitro transcription and hybrid approaches. 

 Development Process 

The development of RNA conjugates cannot be streamlined as a linear process. It rather can be 

seen as a cycling process of trial and error. In the first phase the drug candidate is designed in 

silico and synthesized. In a second phase the compound is evaluated based on an efficient de-

velopment platform. In a third phase the experimental data is analysed, compared to scientific 

literature and the information gained are involved in the design of the next cycle. Each of these 

cycles can be considered as a generation improving the compound candidate each generation 

(Figure 23). The following chapters show the first five generations of the developmental process 

designing an EGFR specific HSat3 targeting ARC.  

 

Figure 23 Schematic figure of the general workflow in Aptamer-RNA conjugate development. The three-step circu-
lar development process of Aptamer siRNA conjugates is divided in: Phase 1 – Design and RNA Synthesis; Phase 2 – 
Experimental evaluation and Phase 3 – Data analysis. 

 RNA Conjugates 1st Generation (Cleavable + Click Reaction) 

With the initial idea to develop an ARC delivering a HSat3 specific ASO and targeting the EGFR 

the drug developmental process was started. Considering the whole process of preclinical and 

clinical development an RNA aptamer (CL4) was chosen as EGFR targeting ligand, to keep syn-

thesis and drug approval as simple as possible. Evolved by Esposito et al. the RNA aptamer CL4 

binds NSCLC cell lines with a dissociation constant of 10 nM. This makes it a promising candidate 
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for targeted RNA delivery. 

Moreover, it could be 

shown that CL4 is inter-

nalized into EGFR positive 

cells. In addition, CL4 can 

selectively cause apopto-

sis in EGFR overexpress-

ing cell lines, possibly en-

hancing the efficacy of a 

potential drug candidate. 

With the choice of a tar-

geting ligand and HSat3 

RNA as a siRNA target the missing piece for drafting a first prototype was the linkage of aptamer 

and ASO. To release ASO after endocytosis a glutathione instable linker molecule (Figure 24) was 

designed, synthesized and provided by the research group of Prof. Kath-Schorr. As the glutathi-

one concentration increases inside eukaryotic cells, the cleavage of the integrated disulfide bond 

should release the ASO into the cytoplasm upon endocytosis (Figure S 16).98 As an assembly 

strategy the 5’ azido-polyethylene glycol4 (PEG4) modified aptamer (Figure S 17) was covalently 

bound to the dibenzocyclooctyne (DBCO) group of the linker using a strand promoted azide-

alkine cycloaddition (SPAAC)(Figure S 18). The product received was loaded with the 5’ trans-

cyclooctene (TCO)-PEG4 (Figure S 19) modified ASO by an inverse electron demand Diels-Alder 

reaction (IEDDA)(Figure S 20) to the group of the linker. The assembly as well as the quality 

 

Figure 25 Evaluation of 1st generation compound candidates at RT using psiCheck2 HSat3 Luciferase assay. EGFR 
positive SW480 and EGFR negative SW620 cells expressing the psiCheck2 HSat3 assay treated with 100 nM and 50 nM 
concentration of 1st gen. ARC. Bioluminescence was measured at the indicated time points after treatment with the 
compound. Single value displayed are independent technical replicates normalized to an untreated sample. (All graphs 
showing the median ± 95% confidence interval [CI]) 

Figure 24 Schematic figure of the 1st generation RNA conjugates. A: 5’ modified 
HSat3 targeting antisense oligo nucleotide. B: Schematic structure of the assembled 
aptamer antisense oligonucleotide conjugate. C: Linker molecule indicating the re-
active groups for assembly and disulfide bond for selective intracellular cleavage. 
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control was performed in the lab of Prof. Kath-Schorr. A schematic figure, the used RNA modifi-

cations, as well as the ASO sequence of 1st generation compound can be found in Figure 24. 

The present study set out to investigate the internalisation rate of a 1st generation ARC com-

pound candidate. To this end, the assay was tested in two different cell lines, SW480 (EGFR 

positive) and SW620 (EGFR negative), both of which expressed the psiCheck2 HSat3 (Figure S 2) 

assay (Figure 25). To prevent receptor internalization a control experiment was performed at 

4°C (Figure 26).99 To saturate unspecific binding sites cells were blocked 30 minutes prior treat-

ment using a nucleic acid blocking solution which contained shredded salmon sperm DNA (sss-

DNA). Treatment was performed 10 minutes in binding buffer to prevent compound degrada-

tion in the cell culture medium. After treatment cells were washed twice with PBS and cultured 

in cell culture medium for 48 hours. Independent of the temperature or the EGFR expression 

status a slight decrees of RLU when exposed to 50 nM concentration of the compound was ob-

served. Upon a 100 nM concentration of the compound no significant reduction of RLU could be 

detected. In all positive controls transfected with siHSat3 Lipofectamine RNAiMAX lipoplexes, a 

strong reduction of RLU could be observed. All negative controls transfected with an untargeted 

siCo pool lipoplexes as well as those treated only with blocking buffer showed no significant 

reduction compared to the untreated control samples. 

  
Figure 26 Evaluation of 1st generation compound candidates at 4°C using psiCheck2 HSat3 Luciferase assay. EGFR 
positive SW480 and EGFR negative SW620 cells expressing the psiCheck2 HSat3 assay treated with 100 nM and 50 nM 
concentration of 1st generation ARC. Bioluminescence was measured at the indicated time points after treatment with 
the compound. Single value displayed are independent technical replicates normalized to an untreated sample. (All 
graphs showing the median ± 95% confidence interval [CI]) 

As all samples were only responding to the lower compound concentration, the compound con-

centration was reduced for follow up experiments. To evaluate the connection of treatment 

duration and knock down efficiency the compound exposure time was varied. Chosen treatment 

durations were 10 minutes, 4 hours and 48 hours. As cells could not be cultured for 4 hours and 

48 hours in aptamer binding buffer, treatment was performed in cell culture medium 30 minutes 
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after blocking. In all samples treated with 25 nM and 50 nM of the compound a marginal reduc-

tion in RLU could be observed upon a 10-minute treatment. Upon 4 hours exposure to the com-

pound samples showed various responses, reaching from upregulation towards slight downreg-

ulation. Surprisingly, all cell lines showed strong knock down after 48 hours of treatment inde-

pendent of their EGFR status. All positive and negative controls exhibited the expected response. 

(Figure 27) 

 
Figure 27 Different treatment time duration of 1st generation ARC. EGFR positive SW480 and EGFR negative SW620 
cells expressing the psiCheck2 HSat3 assay were treated at RT with 50 nM and 25 nM concentration of 1st generation 
ARC. Bioluminescence was measured at the indicated time points after treatment with the compound. Control samples 
were treated for 48 h as indicated. Single value displayed are independent technical replicates normalized to an un-
treated sample. (All graphs showing the median ± 95% confidence interval [CI]) 

 RNA Conjugates 2nd Generation (Non-Cleavable + Click Reaction) 

After completing the first developmental cycle the compound design was reevaluated and mod-

ified. To reduce the strong EGFR unspecific knock down observed in the 1st generation com-

pounds the linker mole-

cule was modified. The 

thiol mediated uptake is 

important for various 

drug delivery strategies 

(e.g. Spinraza®), it can be 

a challenging competitor 

in receptor specific deliv-

ery.100 As not much is 

known about the exact 

mechanism dynamic co-

valent sulphur exchange 

Figure 28 Schematic figure of the 2nd generation RNA conjugates. A: 5’ modified 
HSat3 targeting antisense oligo nucleotide. B: Schematic structure of the assembled 
aptamer antisense oligonucleotide conjugate. C: Linker molecule indicating the re-
active groups for assembly. 
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cascades seem to play a dominant role in facilitating direct translocation across the plasma 

membrane into the cytosol, occurring either prior to or during membrane passage.98 The inten-

tion was to guarantee cytoplasmatic release of the ASO upon endocytosis. Therefore, the gluta-

thione cleavable disulfide bond was a central aspect of 1st generation compound design. Unfor-

tunately, its extracellular cleavage increased the risk of the thiol mediated uptake of the cleaved 

products (Figure S 16).98 Hence, synthesis as well as assembly of 2nd generation linker and ARC 

was performed similar to 1st generation conjugates in the lab of Prof. Kath-Schorr. A schematic 

figure, showing the used RNA modifications as well as the ASO sequence of the 2nd generation 

compound can be found in Figure 28. To evaluate the functionality and improved serum stability 

compared to 1st generation compound the previously defined setup was repeated. Cells were 

blocked 30 minutes before treatment with an RNA blocking solution. EGFR positive SW480 and 

EGFR negative SW480 cells, expressing the psiCheck2 HSat3 assay, were treated with 25 nM and 

50 nM concentration of the compound for 48 h in cell culture medium. Cells were lysed, lucifer-

ase substrates were added, and luminescence was measured using a plate reading system. Sam-

ples exposed to 25 nM concentration of the compound showed no reduction of RLU. Upon 

50 nM concentration of the compound an EGFR specific reduction of RLU was observed. Despite 

expectations a HSat3 specific but receptor independent reduction of RLU was observed upon 

exposed to 50 nM unformulated siHsat3 (without lipofection reagent). This effect could be 

caused by thiol mediated uptake of phosphorothioate modified siRNA. Control samples showed 

no irregularities. (Figure 29) Compared to the strong response to the siHSat3 lipoplexes, the 

knock down efficacy using aptamer ASO conjugates showed very limited efficacy. Nevertheless, 

this result facilitates a first proof of concept. 

  
Figure 29 Cell culture evaluation of 2nd generation ARC. EGFR positive SW480 and EGFR negative SW620 cells ex-
pressing the psiCheck2 HSat3 assay treated with 50 nM and 25 nM concentration of 2nd gen ARC. Luciferase assay was 
performed 48 h after treatment with ARC. Control samples were treated with unformulated siRNAs at a 50 nM con-
centration as well as with siRNA lipoplexes for efficient transfection. Single value displayed are independent technical 
replicates normalized to an untreated sample. (All graphs showing the median ± 95% confidence interval [CI]) 
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 siRNA Conjugates 3rd Generation (Non-Cleavable + C3 Spacer) 

The 2nd generation compounds included no 2’-RNA modifications to increase RNase resistance. 

Therefore, serum stability was estimated to be less than ideal. Additionally, metabolic stability 

and immunogenicity need to be considered in the context of drug development. Unmodified 

RNAs are degraded within minutes under physiological conditions and double stranded RNAs 

trigger innate immune response.101 Consequently, RNA modifications were integrated to in-

crease efficacy and reduce immunogenicity compared to previous compound generations. To 

meet state of the art 

modification require-

ments a fully 2’-OMe 

modified configuration of 

RNA was assessed. To In-

crease exonuclease re-

sistance two phosporothi-

oate modifications were 

integrated at all terminal 

5’ and 3’ ends of the used 

RNA strands. As basic de-

sign was shifted from a 

cleavable linker using a 

non-cleavable linker, the 

payload release strategy needed to be re-evaluated. In combination with the drafted design the 

delivery of a siRNA was preferred over the delivery of an ASO. This was due to several benefits 

regarding knock down efficacy and durability shown in literature.60,62 As conjugation of the ASO 

using SPAAC and IEDDA was challenging and reduced the yield significantly synthesis strategy 

and linker were modified. To reduce the synthesis complexity the aptamer, linker and passenger 

strand were synthesized as one strand using SPS. A linker sequence of five C3-Spacers was inte-

grated between aptamer and passenger strand as demonstrated by Yoon S. and Huang K.-W. et 

al..102 To increase RISC loading of the guide strand a 5’ phosphate modification was attached to 

its 5’ end.66 A schematic figure, showing the used RNA modifications as well as the siRNA se-

quence of 3rd generation compounds can be found in Figure 30. Here and in the following the 

aptamer modified passenger strand will be referred to as the 'vehicle'. As the cargo of the 5' 

phosphorylated biological active guide strand is intended by the vehicle, the pharmaceutical 

compound will be referred to as the 'payload'. Vehicles, as well as payload were synthesized in 

the lab of Prof. Kath-Schorr. To assemble a functional aptamer and promote duplex formation 

Figure 30 Schematic figure of the 3rd generation RNA conjugates. A: 5’ passenger 
conjugated HSat3 targeting siRNA containing an advanced modification pattern. 
B: Schematic structure of the assembled aptamer siRNA conjugate. C: Structure of 
a C3-spacer element for SPS integrated linker integration. 
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of the siRNA subunit an annealing protocol needed to be established prior to cell culture treat-

ment. Hence payload and vehicle were mixed in a 1:1 molar ratio in an annealing buffer. Follow-

ing this step, the hybridi-

zation mix was heated up 

to denature the single 

strands and slowly cooled 

down to 4 °C to support 

aptamer folding and 

siRNA formation. To proof 

formation of aptamer 

siRNA conjugate a Urea 

PAGE was performed. As 

a control for the electro 

mobility shift non-an-

nealed sample of payload 

and vehicle strand were 

loaded. Following the electrophoresis, the polyacrylamide gel was stained using SYBER Gold dye. 

For size comparison ssDNA ladders were loaded. The 20 nucleotide short payload strand could 

not be detected upon staining. The 69 nucleotide long vehicle strand could be detected slightly 

shifted compared to the ssDNA ladder, running at a size of 80 nt. Upon annealing of vehicle and 

payload two species could be detected. One running at the same size as the vehicle strand and 

a second one showing lower electro mobility running at a size of 90 nt compared to the ssDNA 

ladder. All lanes loaded with vehicle strand showed weak pattern of RNA degradation. (Figure 

31) The higher intensity of the second band indicates that the assembly of the aptamer siRNA 

conjugate worked. Consequently, follow-up experiments were performed investigating the 

functionality of the ARC. As described in section one in parallel to the compound development, 

the FluoroDetect system has been developed and established. Evaluation of the 3rd generation 

compounds therefore was assessed using a transient setup of the FluoroDetect assay system. 

Moreover, the target sequence needed to be modified to be capable of detecting the C-rich 

payload strand instead of the G-rich ASO used in 1st and 2nd generation compounds. To identify 

a sufficient concentration of ARC necessary to facilitate a strong knock down a dilution series 

ranging from 750 nM to 10,156 nM concentration was performed. EGFR positive HeLa and 

SW480 cells as well as EGFR negative SW620 cells expressing the FluoroDetect G-rich assay sys-

tem were treated with the indicated compound concentration for 72 h. Afterwards, the fluores-

cence signals of the FluoroDetect assay were measured. To control functionality of the siRNA 

Figure 31 Proof of concept - Hybridisation of vehicle and payload strand. A: Sche-
matic protocol of ARC assembly. B: Urea PAGE loaded with 20 pmol of indicated 
species, showing electromobility shift upon assembly. 10/60 and 20/100 ssDNA lad-
der for comparison. Gel stained with SYBER Gold. 
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subunit of the ARC control samples were exposed to ARC lipoplexes. Upon exposure the RFU in 

the samples was decreased by 30-40% indicating a functional but low performing siRNA com-

pared to the siHSat3 positive control. HeLa and SW480 cells showed no response to the non-

targeting siCo lipoplexes. In contrast the SW620 cell line showed a strong response to the nega-

tive control limiting the data interpretation. Nevertheless, no significant reduction of RFU could 

be observed in the cell lines independent of the compound concentration. (Figure 32) 

 
Figure 32 Dose escalation experiment of the 3rd generation ARC. EGFR EGFR positive HeLa and SW480 as well as 
EGFR negative SW620 cells expressing the FluoroDetect HSat3 G-rich assay treated with different concentrations of 
3rd gen. ARC. Fluorescence was measured 72 h treatment with the compound. Control samples were treated with 
siRNA lipoplexes as indicated. Single value displayed are independent technical replicates normalized to a untreated 
sample (All graphs showing the median ± 95% confidence interval [CI]). 

 In Silico Design of 4th Generation Conjugates 

Finishing the 3rd generation of aptamer siRNA conjugates showing sufficient knock down effi-

ciency upon transfection could prove the functionality of siRNA conjugated with a targeting RNA 

aptamer. Nevertheless, independent of the concentration, no sufficient delivery of the 3rd gen. 

ARC could be detected. Thus, the functionality of the RNA aptamer was in the focus of the pro-

ject. Therefor detailed consideration of the RNA aptamers selection during SELEX was necessary. 

To increase RNA stability during most RNA SELEX screenings the mutant T7 RNA polymerase 

Y639F, developed by Sousa, R. and Padilla, R., is used to integrate 2’F modified pyrimidine nu-

cleotides into the RNA.103 These 2’-F modifications can be of central importance for the folding 

and binding affinity of the RNA aptamer.104 Moreover, re-evaluating the choice of targeting ap-

tamer, the work of Kelly, L., Maier, K.E., Yan, A.et al. comparing different cell surface targeting 

aptamers, became of interest for this project. Kelly, L., Maier, K.E., Yan, A.et al. could show much 

higher EGFR internalization of the RNA aptamer MinE07 in comparison to CL4, which was used 

in the 1st-3rd generation of RNA aptamer conjugates.105 In addition Thomas, Brian J. et al. could 

show cellular uptake of a 3’ elongated MinE07 hybridized with a fluorescent labelled DNA probe. 

In a result MinE07 was used as aptamer part for the design of 4th generation conjugates. Despite 

Thomas, Brian J. et al. already proofed the uptake of this aptamer conjugate it is possible that 
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still does not work, as the correct folding of the aptamer strongly dependents on the sequence 

added.80 Furthermore, annealing of a second payload strand could also interfere with the ap-

tamer sequence disrupting its functionality. Therefore, in order to evolve the design of 4th gen-

eration ARCs three different RNA prediction algorithms were used to predict aptamer folding 

and the hybridization of the payload. Two-dimensional energy-based structure modelling of ap-

tamer folding as well as two dimensional cofolding of multiple strands was performed using 

ViennaRNA WebServer106,107 and DINAMelt web server108. Three dimensional predictions were 

performed using AlphaFold3 Server provided by GoogleDeepmind.109 The prediction of MinE07 

and MinE07tail (Construct used by Thomas, Brian J. et al.80) were used to predict the structure 

of the 4th generation ARC.  

The prediction of MinE07 folding using Vienna web server showed the formation of two interior 

loops as well as one hairpin within the stem loop structure and is shown as dot bracket notation 

(Figure 33 A). Overall, the prediction showed a minimum free energy (MFE) of -9,30 kcal/mol 

indicating a thermodynamically stable structure.110 

  

Figure 33 Predicted structure of the RNA aptamer MinE07. A: Prediction of aptamer folding and structural elements 
in dot and bracket notation (VRWS). Stems (green) Interior (orange) and Hairpin (blue) loops indicated by colour cod-
ing. MFE of the displayed thermodynamically most stable confirmation (optimal). B: Two-dimensional visualization of 
the MinE07 conformation using the FORNA web tool. C: Three-dimensional folding of MinE07 using AlphaFold3 web 
server. 

RNA secondary structure visualized using the FORNA web tool showed the same structure as 

seen in the dot bracket notation (Figure 33 B). The predicted stem loop, interior loop and hairpin 

structure predicted by the ViennaRNA WebServe (VRWS) were included in the three dimensional 

prediction of AlphaFold3 by colour-coding. In the next step the structure of the conjugate used 

by Thomas, Brian J. et al. was investigated using the mentioned prediction platforms. Upon co-

folding using the VRWS the predicted dot bracket notation showed annealing of the tail (blue) 
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and antitail (blue). Moreover, the two-dimensional base pairing showed a similar assembly of 

the aptamer part (orange) as the unmodified aptamer. (Figure 34 A) Predictions using the Al-

phaFold3 showed hybridization of the tail and antitail sequences as predicted using the VRWS 

tool (Figure 34 B). Analysis of the cofolding using the DINAMelt web server (DMWS) predicted a 

melting temperature (Tm) of 88,9 °C for the conjugate. In addition, the cofolded conjugate (AB) 

showed a low MFE of -52,20 kcal/mol, indicating high thermodynamic stability. The ensemble 

free energy (EFE) calculated with VRWS of the species AB is as low as -53,960 kcal/mol and indi-

cates high number of thermodynamically stable species in the ensemble of AB. The Concentra-

tion plot calculated with DMWS underlines this by predicting high concentration of AB upon 

denaturation. (Figure 34 C,D) 

 

Figure 34 Predicted structure of the MinE07 conjugate designed by Thomas, Brian J. et al.. A: Prediction of aptamer 
(MinE07tail) cofolding with a fluorescent probe (Antitail). Conjugate in dot and bracket notation (VRWS). The subunits 
aptamer (orange) and loading (blue) are indicated by colour coding. B: Three-dimensional folding of MinE07 conjugate 
using AlphaFold3 web server. C: Concentration plot showing the mole fractions of each species as a function of tem-
perature. MinE07tail defined as species A and antitail defined as species B. Melting temperature indicated as dotted 
line. (DMWS) D: MFE of the displayed thermodynamically most stable cofolded confirmation (optimal). Ensemble free 
energy of the species AB, AA, BB, A Mono and B Mono calculated using VRWS. 

The prediction of the MinE07tail conjugate was followed by the prediction of the drafted 4th 

generation design. As recommended by Tang, Q. and Khvorova, A. the passenger strand of the 

siRNA subunit was modified on the 3’ end.62 In conclusion, differing from the conjugate used by 

Thomas, Brian J. et al. the MinE07 was modified at the 5’ end.80 Cofolding with VRWS showed 

that the vehicle and payload annealed, as indicated by the predicted dot bracket notation. The 

two-dimensional base pairing also demonstrated that the aptamer region assembled similarly 

to the unmodified aptamer. (Figure 35 A) Results from AlphaFold3 prediction indicated hybridi-

zation between the vehicle and payload sequences, consistent with predictions made using 
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VRWS. (Figure 35 B) Analysis of cofolding with the DMWS tool indicates that the conjugate has 

a melting temperature (Tm) of 82,4 °C.(Figure 35 C) In addition, the cofolded conjugate (AB) 

showed a low MFE of -52,20 kcal/mol, indicating a high thermodynamic stability. The ensemble 

free energy (EFE) calculated with VRWS of the species AB is as low as -53,960 kcal/mol and indi-

cates a high number of thermodynamically stable species in the ensemble of AB. (Figure 35 D) 

The Concentration plot calculated with DMWS underlines this by predicting high concentration 

of AB upon denaturation. 

 

Figure 35 Predicted structure of the 4th generation conjugate. A: Prediction of aptamer cofolding with siRNA payload. 
Conjugate in dot and bracket notation (VRWS). The subunits aptamer (orange) and loading (blue) are indicated by 
colour coding. B: Three-dimensional folding of 4th generation conjugate using AlphaFold3 web server. C: Concentration 
plot showing the mole fractions of each species as a function of temperature. Vehicle defined as species A and payload 
defined as species B. Melting temperature indicated as dotted line. (DMWS) D: MFE of the displayed thermodynami-
cally most stable cofolded confirmation (optimal). Ensemble free energy of the species AB, AA, BB, A Mono and B 
Mono calculated using VRWS. 

As the dot bracket annotation of both conjugates was similar to the prediction of the unmodified 

aptamer but strongly differing to the structure predicted using AlphaFold 3 further analysis was 

necessary. Moreover, the colour coding of the dot bracket annotation was not fitting with the 

structural elements observed in the AlphaFold3 modelling of the unmodified aptamer (Figure 

33 C). Therefore, the colour coding of the dot bracket annotation was transferred to the Al-

phaFold3 modelling of both conjugates to compare the fit of the structural elements. Colour 

coding of structural elements was performed based on dot and bracket notation of MinE07 (Fig-

ure 36 A). Given the difference in aptamer conjugation (MinE07tail: 5’Aptamer and 3’Probe; 4th 
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Generation: 5’siRNA and 3’ Aptamer) a slightly 

different angel of the aptamer relative to the 

loaded double strand was observed comparing 

both conjugates (Figure 36 B-E). Comparing the 

folding of the aptamer in detail showed base 

paring in both conjugates as predicted in dot 

and bracket notation. Moreover, the structural 

differences predicted in three-dimensional 

folding seem to occur only in the more flexible 

interior loops. In conclusion the predicted 

structure of the 4th generation can be evaluated 

positive as it is closely comparable with the 

functional structure used in the work of 

Thomas, Brian J. et al..80 Nevertheless, espe-

cially the three-dimensional prediction should 

not be overestimated as none of the prediction 

models included RNA modifications. 

  

Figure 36 Comparing structural elements predicted in dot 
and bracket notation with three-dimensional prediction 
of aptamer folding. A: Prediction of aptamer folding and 
structural elements in dot and bracket notation (VRWS). 
Stems (green) Interior (orange) and Hairpin (blue) loops in-
dicated by colour coding. B,C: Three-dimensional folding of 
MinE07tail conjugate including colour coding of structural 
elements. D,E: Three-dimensional folding of 4th generation 
conjugate including colour coding of structural elements. 
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 Establishing an In Vitro Transcription Pipeline 

Overall targeted therapy approaches are a rapidly evolving field underlined by the rising clinical 

relevance of antibody drug conjugates (ADCs). Despite their big potential ADCs suffer from a 

complex and cost-intensive synthesis. Moreover, low tissue penetrance in solid tumors is a lim-

iting factor mainly due to their large size. Problems which can be overcome developing Nucleic 

acid based targeted therapy approaches which decreased the molecular size by the power of 

ten compared to classic ADCs.111 Moreover, enzymatic based synthesis of nucleic acid-based 

therapies can reduce the cost of the prototypes as well as fasten the research process as it only 

needs simple laboratory equipment. Therefore, an in vitro transcription (IVT) based pipeline for 

the fast prototyping of new aptamer conjugates was established.  

As previously mentioned in turn of aptamer re-evaluation the mutant T7 RNA polymerase Y639F 

is often used to integrate 2’F modified pyrimidine nucleotides into RNA during SELEX. As the 

MinE07 was also evolved using T7 RNA polymerase Y639F its much likely its functionality is de-

pendent on the 2’ F modified pyrimidine bases.104 Concluding that an IVT synthesized vehicle 

strand should guarantee targeting function and be much more ribonuclease resistant compared 

to an unmodified RNA. To establish the IVT different template synthesis methods were evalu-

ated and compared. Of all tested conditions dsDNA template synthesized by SPS showed the 

highest yield and fidelity.  

As the 4th generation conjugate was designed, additional to the vehicle the synthesis of the pay-

load was planed using IVT. Tests showed no sufficient transcription and clean-up of the payload 

due to small size of the strand. Therefore, synthesis of payload was performed using SPS. This 

enabled the integration of an advanced RNA modification pattern in the payload strand. Con-

sisting of a 5’ phosphate, phosphorothioate backbones as well as 2’-OMe. Every second nucleo-

tide, starting with a modified nucleotide, was 2’-OMe modified (Figure 38). In conclusion, follow 

up compound candidates were synthesized using a hybrid design combining IVT and SPS for 

rapid assessment of prototypes (Figure 37). 

 

Figure 37 Schematic workflow of hybrid design and rapid assessment (HYDRA) for fast prototyping and evaluation 
of aptamer siRNA conjugates. 
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 siRNA Conjugates 4th Generation (IVT Conjugates) 

Finishing the in silico design of the aptamer conjugate and establishing the hybrid design and 

rapid assessment (HYDRA) workflow the 4th generation aptamer conjugates were synthesized. 

As previously described, the vehicle strand contained 2’-F modified pyrimidine bases. Based on 

the results of Thomas, Brian J. et al. no linker sequence was integrated into the design.80 In con-

sideration of the work 

from Tang, Q. and Khvo-

rova, A. the siRNA passen-

ger strands 3’ end was 

fused to the 5’ end of the 

aptamer.62 Initial planning 

of the 4th generation in-

cluded payload synthesis 

using IVT. Therefore, two 

guanines were added to 

the sequence as this 

boosts the transcription 

start and reduces the 

transcription abortion 

rate.112 A schematic figure, showing the used RNA modifications as well as the siRNA & aptamer 

sequence of 4th generation compound can be found in Figure 38.  

As lipoplexes of used aptamer conjugates were necessary in follow up experiments to proof 

functionality of the siRNA subunit the transfection conditions of aptamer conjugates were opti-

mized. Therefore, lipoplexes were formulated using different ratios of 4th generation ARC and 

Lipofectamin RNAiMAX. HeLa reporter cell lines stably expressing the FluoroDetect HSat3 C-rich 

and G-rich were exposed to the lipoplexes and fluorescence of FluoroDetect assay was meas-

ured 72 h later. The eGFP reference signal of samples was observed to evaluate viability of the 

cells as it corelates with the number of cells per sample. In cells expressing the assay with the C-

rich target side a reduction of eGFP fluorescence could be observed compared to the untreated 

samples. Intensity of eGFP fluorescence was constant through all ARC transfected samples but 

significantly lower compared to control samples. No significant change of eGFP could be ob-

served comparing the siRNA controls with the untreated sample. Cells expressing the FluoroDe-

tec assay with the G-rich target side showed no intense difference in eGFP fluorescence through-

out all samples. (Figure 39) 

Figure 38 Schematic figure of the 4th generation RNA conjugates. 5’ passenger 
conjugated HSat3 targeting siRNA containing an advanced modification pattern. 
Schematic structure of the assembled aptamer siRNA conjugate. Sequence of 
MinE07 aptamer indicating the 2’-F modified pyrimidine bases (blue). 
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Figure 39 Evaluation of absolute eGFP fluorescence upon ARC transfection. To optimize transfection of ARC different 
transfection ratios of Lipofectamin RNAiMAX and ARC have been tested using the FluoroDetect HSat3 assay system. 
To evaluate the toxicity of the transfection the absolute eGFP fluorescence was compared to the control samples. 
Single value displayed are independent technical replicates normalized to an untreated sample (All graphs showing 
the median ± 95% confidence interval [CI]). 

To evaluate the knock down intensity and connect the transfection efficacy the RFU of all sam-

ples was analysed. The C-rich as well as the G-rich assay showed equal results underlining the 

robustness of the FluorDetect assay system. All samples transfected with ARC showed significant 

knock down intensity compared to the untreated control, exposed to the lipoplexes. No signifi-

cant difference in transfection efficiency could be observed throughout the tested ratios of ARC 

to lipofectamine. All control samples behaved as expected proving functionality of the experi-

mental setup. In future experiments a ratio of 1:3 was chosen to transfect ARCs. (Figure 40)  

 
Figure 40 Optimization of ARC transfection conditions. To optimize transfection of ARC different transfection ratios 
of Lipofectamin RNAiMAX and ARC have been tested using the FluoroDetect HSat3 assay system. The transfection 
efficiency the RFUs measured are compared to the control samples. Single value displayed are independent technical 
replicates normalized to an untreated sample (All graphs showing the median ± 95% confidence interval [CI]). 

Upon optimization of the transfection conditions functionality of 4th generation conjugate was 

examined using HeLa reporter cell lines stably expressing the FluoroDetect C-rich and G-rich 
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assay system. Fluorescence of cells was measured at the time points 0 h, 24 h, 48 h, 72 h, 168 h, 

192 h after start of the indicated treatment. Results are shown as time curve of the RFU. Samples 

transfected with the ARC showed low knock down efficacy compared to siHSat3 transfected cell 

population. In the assay expressing the G-rich target sequence a slight reduction of RFU was 

measured up on exposure to siCo lipoplexes. It could be observed that cells were recovering RFU 

to a level of untreated sample by time. Especially in the G-rich assay no significant difference 

between siCo and ARC could be observed. (Figure 41) 

 

Figure 41 Determination of 4th generation knock down efficiency. Figure showing a dynamic evaluation of the knock 
down efficiency of the 4th generation ARC. Using a C-rich and a G-rich target the activity of the payload and vehicle 
strand was assessed. Value displayed are represent the median of eight technical replicates normalized to an un-
treated sample (All graphs showing the median ± 95% confidence interval [CI]). 

As the samples transfected with the ARC showed 

low knock down efficacy, especially samples of 

the G-rich assay, the sequence of the payload 

was re-evaluated. Aligning the seed region of the 

4th generation payload with the target side of the 

FluoroDetect G-rich identified a miss match in 

position 2 of the payload. As this could cause 

strong limitations in on-target efficacy the se-

quence of the payload strand needed to be opti-

mized. Therefore, the seed sequence was fitted 

for the best match with the G-rich target se-

quence as well as with the sequence of the siH-

Sat3. In conclusion optimization of the seed se-

quence will guarantee higher detection sensitiv-

ity using the FluoroDetect assay system and in 

addition high targeting efficacy for HSat3 RNA. 

Figure 42 Seed optimization of 4th generation conju-
gate. Schematic figure showing the miss match of the 
4th generation seed as well as the optimized seed re-
gion for 5th generation compounds. 
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Schematic alignment of 4th and 5th generation seed alignment with the assays target side is 

shown in Figure 42. 

 Endosomal Escape Enhancer and Endosomolytic Agents 

As described by Steven F. Dowdy, another factor limiting the effective cytoplasmatic delivery of 

targeted siRNA therapies is caused by endosomal entrapment. Recent studies suggest that only 

0,3% of targeted siRNA compounds can overcome the endosomal escape problem. As such low 

delivery rates could mask the detection of ARC prototypes the use of endosomal escape enhanc-

ing and endosomolytic agents was considered. Despite their clinical intolerable toxicity, these 

agents could at least prove endosomal uptake of targeted cells under laboratory conditions. For 

this purpose, the effect of polybrene and nigericin on enhancing the delivery of 4th generation 

conjugates should be tested. 

Polybrene, also known as hexadimethrine bromide, is a synthetic cationic polymer commonly 

used to enhance viral transduction efficiency in mammalian cells. Its primary mechanism in-

volves neutralizing the electrostatic repulsion between negatively charged viral particles and the 

negatively charged cell surface, particularly sialic acid residues. This charge neutralization facili-

tates closer contact between the vi-

rus and the cell membrane, thereby 

promoting viral adsorption and entry 

(Figure 43). In retroviral and lentiviral 

systems, polybrene can significantly 

increase transduction efficiency by 

several orders of magnitude depend-

ing on the cell type and experimental 

conditions.113 As discussed by Steven 

F. Dowdy the exact mechanism of en-

dosomal escape remains unknown. 

Nevertheless, it seems to be benefi-

cial reducing membrane repulsion of anionic nucleic acids inside the endosome to enhance en-

dosomal escape. Somehow unconventionally in combination with nucleic acids this experiment 

should unravel if polybrene could enhance the efficacy of endosomal escape by reduction of 

membrane repulsion. For this purpose, HeLa cells stably expressing a FluoroDetect HSat3 assay 

were treated with 4th generation ARC in combination with a 10 mg/mL concentration of 

polybrene as common in lentiviral transduction experiments. After 144 h of incubation eGFP and 

mCherry fluorescence of the cells was measured using a plate reading system. To evaluate 

Figure 43 Schematic figure showing the mechanism of action (MOA) 
of polybrene. As commonly used in viral transduction adding 
polybrene neutralizes the negative charge of salic acid residues on 
cellular surface to reduce membrane repulsion (red arrow). This in-
creases adhesion (green arrow) of virus particles(pink). 
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unspecific artefacts caused by polybrene associated cytotoxic stress a sample only treated with 

polybrene was included. Moreover, to estimate the maximum effect size an additional control 

was exposed to ARC lipoplexes. In both cell lines (C-rich and G-rich target side) a reduction of 10 

percent in RFU was observed when treated with polybrene, independent of the presence of the 

ARC. When exposed to the ARC lipoplexes cells showed a significant stronger decrease of RFU 

compared to siCo treated control, indicating active RNAi upon 4th ARC transfection. The siRNA 

control samples as well as the untreated sample showed no irregularities. (Figure 44)  

 

Figure 44 First evaluation of polybrene as bioenhancer to improve endosomal escape. RFUs of the FluoroDetect 
HSat3 C-rich and FluoroDetect HSat3 G-rich measured upon 144 h of the indicated treatment. Single value displayed 
are independent technical replicates normalized to an untreated sample (All graphs showing the median ± 95% confi-
dence interval [CI]). 

In a follow up experiment the unspecific reduction of RFUs upon exposure to polybrene should 

be investigated to determine a tolerable concentration for future experiments. Therefore, HeLa 

cells stably expressing a FluoroDetect HSat3 assay were treated with different concentrations of 

polybrene, ranging from 10 mg/mL to 0,625 mg/mL. Fluorescence was measured 72 h after 

treatment using a plate reading system. To evaluate measurement artefacts a detailed investi-

gation of the assays raw data seemed to be necessary. For this purpose, the absolute eGFP and 

mChery values were plotted. As the eGFP signal correlates with the cell number it can give in-

formation about cytotoxicity. As the mCherry reporter signal can also be affected by cell toxicity 

it should mirror eGFP signal if not specifically affected. In both cell lines a fluctuation of eGFP 

was observed with maximum in RFU reduction around 1,25 mg/mL polybrene. In comparison 

the mCherry reporter signal showed a slightly stronger reduction but mirrored the eGFP signal 

indicating a faster reduction of mCherry compared to eGFP or an overestimation of the eGFP 

signal. (Figure S 21) This faster reduction of mCherry lead to dose dependent reduction of RFU 

in the FluoroDetect HSat3 C-rich as well as G-rich assay system. As both systems were affected 
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a systematic error caused by cell toxicity can be considered. (Figure 45) For future experiments 

a polybrene concentration below 625 ng/mL sems to be tolerable. 

 

Figure 45 Dilution series of polybrene to evaluate the dose dependent artefact intensity. HeLa cells stably expressing 
the FluoroDetect HSat3 assay were treated with indicated concentration of polybrene. RFUs of all samples were com-
pared to an untreated control population. Single value displayed are independent technical replicates normalized to 
an untreated sample (All graphs showing the median ± 95% confidence interval [CI]). 

Nigericin, a K⁺/H⁺ ionophore, has 

emerged as a potent agent for pro-

moting endosomal escape by dis-

rupting ionic gradients across endo-

somal membranes. Its mechanism in-

volves the exchange of intracellular 

potassium for protons, leading to cy-

toplasmic acidification and osmotic 

swelling of endosomes, which can 

culminate in membrane destabiliza-

tion and rupture.114 Ion exchange ac-

tivity is particularly effective in early 

endosomes, where the proton gradient is steep, allowing nigericin to induce rapid changes of 

ion concentration inside endosomes. These changes compromise membrane integrity by in-

creasing osmotic pressure, facilitating the release of entrapped cargo into the cytosol. As not 

only cargo but also endosomal proteins are released into cytoplasm the innate immune 

Figure 46 Mechanism of action (MOA) of Nigericin as an ionophore. 
In intracellular environment nigericin binds K+ and releases it in the 
low pH environment of early endosomes as well as in lysosomes. This 
reduces membrane integrity and enhances endosomal escape of 
cargo as well as inflammation upon innate immune response. 
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response is activated upon exposure to nigericin. (Figure 46) In delivery systems such as folate-

conjugated siRNA (FolamiRs), nigericin has been shown to significantly enhance cytoplasmic re-

lease and gene silencing efficiency without requiring chemical modification of the cargo.115 For 

this purpose, HeLa cells stably expressing a FluoroDetect HSat3 assay were treated with 4th gen-

eration ARC in combination with nigericin as bioenhancer as showed by Orellana, Esteban A. et 

al..116 After 144 hours of incubation, eGFP and mCherry fluorescence of the cells was measured 

using a plate reader system. To account for potential nonspecific artefacts resulting from niger-

icin -induced cytotoxic stress, a sample treated solely with nigericin was included. Additionally, 

to determine the maximum effect size, a separate control was exposed to ARC lipoplexes. In 

both cell lines (C-rich and G-rich target sites), treatment with nigericin resulted in a 50% reduc-

tion in RFU, regardless of ARC presence. Exposure to ARC lipoplexes induced a significantly 

greater decrease in RFU compared to the siCo-treated control, suggesting active RNA interfer-

ence following fourth-generation ARC transfection. The siRNA control samples, and untreated 

samples exhibited no irregularities. (Figure 47)  

 

Figure 47 First evaluation of nigericin as bioenhancer to improve endosomal escape. RFUs of the FluoroDetect 
HSat3 C-rich and FluoroDetect HSat3 G-rich measured upon 144 h of the indicated treatment. Single value displayed 
are inde-pendent technical replicates normalized to an untreated sample (All graphs showing the median ± 95% con-
fidence interval [CI]). 

In a follow up experiment the unspecific reduction of RFUs upon exposure to nigericin should 

be investigated to determine a tolerable concentration for future experiments. Therefore, HeLa 

cells stably expressing a FluoroDetect HSat3 assay were treated with different concentrations of 

nigericin, ranging from 1 µM to 62,5 nM. Fluorescence was measured 72 h after treatment using 

a plate reading system. To evaluate measurement artefacts a detailed investigation of the assays 

raw data seemed to be necessary. For this purpose, the absolute eGFP and mCherry values were 

plotted (Figure S 22). As the eGFP signal correlates with the cell number it can give information 
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about cytotoxicity. The mCherry reporter signal can also be affected by cell toxicity but should 

mirror eGFP signal if not specifically affected. In both cell lines a dose dependent reduction of 

eGFP and mCherry was observed with maximum in RFU reduction at 1 µM nigericin cocnetra-

tion. In comparison to the eGFP signal the mCherry reporter signal showed a slightly stronger 

reduction but followed the eGFP signal. This indicated a faster reduction of mCherry compared 

to eGFP or an overestimation of the eGFP signal. (Figure S 22) This faster reduction of mCherry 

lead to dose dependent reduction of RFU in the FluoroDetect HSat3 C-rich as well as G-rich assay 

system. As both systems were affected a systematic error caused by cell toxicity can be consid-

ered. (Figure 48) For future experiments a nigericin concentration below 62,5 nM sems to be 

tolerable. 

 

Figure 48 Dilution series of nigericin to evaluate the dose dependent artefact intensity. HeLa cells stably expressing 
the FluoroDetect HSat3 assay were treated with indicated concentration of nigericin. RFUs of all samples were com-
pared to an untreated control population. Single value displayed are independent technical replicates normalized to 
an untreated sample (All graphs showing the median ± 95% confidence interval [CI]). 
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 siRNA Conjugate 5th Generation (Optimized IVT Conjugates) 

Considering the low RNAi activity of the 4th generation payload strand and the seed optimization, 

the 5th generation payload strand was modified. As discussed previously this should guarantee 

a higher targeting affinity 

and result in higher sensi-

tivity of the FluoroDetect 

assay. To optimize the hy-

bridization of the 5th gene 

ration payload a new ve-

hicle was designed miss-

ing the two bases which 

have been complemen-

tary to the two 5’ gua-

nines of the 4th genera-

tion payload. This caused 

shortening of the guide 

strand from 21 nucleo-

tides to a total length of 19 nucleotides. (Figure 49) As the new designed 5th generation payload 

was shortened it should also bind to the 4th generation vehicle strand including a linker sequence 

of two cytosines. Therefore, two assemblies of the 5th generation were possible. Combining the 

old vehicle (2.0) with the new payload (5.1) and combining the new vehicle (2.1) with the new 

payload (5.1). As previously described, the vehicle strand contained 2’-F modified pyrimidine 

bases. Based on the results of Thomas, Brian J. et al. no linker sequence was integrated into the 

design.80 In consideration of the work from Tang, Q. and Khvorova, A. the siRNA passenger 

strands 3’ end was fused to the 5’ end of the aptamer.62 To estimate if both variants can assem-

ble an in silico hybridization and folding prediction was performed using the VRWS DMWS and 

AlphaFold3. (Figure 50, Figure 51) 

The assembly using the 2.0 vehicle and the 5.1 payload is called here and in the following ARC 

2.0. Accordingly, the assembly of 2.1 vehicle and 5.1 payload is called here and in the following 

ARC 2.1. Starting with the ARC 2.0 cofolding was performed using the VRWS. Dot bracket nota-

tion shows annealing of passenger and guid strand. Moreover, it indicates the two-dimensional 

base pairing of the aptamer region assembling similarly to the unmodified aptamer. (Figure 50 

A) Results from AlphaFold3 prediction indicated hybridization between the vehicle and the pay-

load sequences, consistent with predictions made using VRWS. (Figure 50 B) Analysis of 

Figure 49 Schematic figure of the 4th generation RNA conjugates. 3’ passenger 
conjugated HSat3 targeting siRNA containing an advanced modification pattern. 
Including the optimized seed region. Schematic structure of the assembled aptamer 
siRNA conjugate. Sequence of MinE07 ap-tamer indicating the 2’-F modified pyrim-
idine bases (blue). 



Results – Development of a Delivery System 

60 

cofolding with the DMWS indicated that the conjugate has a melting temperature (Tm) of 

79,8°C. (Figure 50 C) Additionally, the cofolded conjugate (AB) exhibited a low minimum free 

energy (MFE) of -41,50 kcal/mol, which suggests thermodynamic stability. The ensemble free 

energy (EFE) for species AB, calculated using VRWS, was also notably low at -42,828 kcal/mol, 

indicating the presence of numerous thermodynamically stable conformers within the AB en-

semble. (Figure 50 D) This observation is further supported by the concentration plot derived 

from DMWS, which forecasts a high concentration of AB following denaturation. 

 

Figure 50 Predicted structure of 5th generation conjugate 2.0. A: Prediction of aptamer cofolding with siRNA payload. 
Conjugate in dot and bracket notation (VRWS). The subunits aptamer (orange) and loading (blue) are indicated by 
colour coding. B: Three-dimensional folding of 5th generation conjugate using AlphaFold3 web server. C: Concentration 
plot showing the mole fractions of each species as a function of temperature. Vehicle defined as species A and payload 
defined as species B. Melting temperature indicated as dotted line. (DMWS) D: MFE of the displayed thermodynami-
cally most stable cofolded confirmation (optimal). Ensemble free energy of the species AB, AA, BB, A Mono and B 
Mono calculated using VRWS. 

Following the prediction of ARC 2.0 the prediction of ARC 2.1 was performed accordingly. An-

nealing of the passenger and guide strand (blue) is indicated by predicted structure in dot 

bracket notation. Furthermore, the two-dimensional base pairing of the aptamer region (or-

ange) assembles in a manner analogous to that of the unmodified aptamer. (Figure 51 A) The 

results from the AlphaFold3 prediction indicated an occurrence of hybridization between the 

vehicle and the payload sequences. This finding is consistent with predictions made using VRWS. 

(Figure 51 B) A thorough analysis of cofolding with the DMWS revealed that the conjugate has 

a melting temperature (Tm) of 79.8°C. (Figure 51 C) Furthermore, the cofolded conjugate (AB) 

demonstrated a low minimum free energy (MFE) of -41,70 kcal/mol, indicating thermodynamic 

stability. The ensemble free energy (EFE) for species AB, calculated using VRWS, was also notably 

low at -42,926 kcal/mol. (Figure 51 D) This finding indicates the presence of numerous 
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thermodynamically stable conformers within the AB ensemble. This observation is further sub-

stantiated by the concentration plot derived from MWS, which forecasts a high concentration 

of AB following denaturation. 

As cofolding of vehicle and payload only predicts hybridization of the siRNA subunit and folding 

of aptamer, this gives no information about functionality of the siRNA. Functionality that relies 

on the interaction with the Ago2 protein. As this remains uncertain and is a potential limitation 

of efficacy an in silico protein interaction model was created using AlphaFold3. In the first step 

unmodified siHSat3 was used to prove the ability of the model to determine siRNA as a func-

tional substrate of the Ago2 protein. To improve clarity of the model a schematic overview 

shows the structure of siHSat3 as well as a schematic structure of the 5th generation aptamer 

conjugates. Additionally, the guide/payload (pink) and passenger/vehicle (orange) strand have 

been colour coded. (Figure 52) 

 

Figure 51 Predicted structure of 4th generation conjugate. A: Prediction of aptamer cofolding with siRNA payload. 
Conjugate in dot and bracket notation (VRWS). The subunits aptamer (orange) and loading (blue) are indicated by 
colour coding. B: Three-dimensional folding of 4th generation conjugate using AlphaFold3 web server. C: Concentra-
tion plot showing the mole fractions of each species as a function of temperature. Vehicle defined as species A and 
payload defined as species B. Melting temperature indicated as dotted line. (DMWS) D: MFE of the displayed thermo-
dynamically most stable cofolded confirmation (optimal). Ensemble free energy of the species AB, AA, BB, A Mono and 
B Mono calculated using VRWS. 

Modelling of Ago2 and siHSat3 shows precise fitting of A-form helix into the internal groove of 

Ago2 protein. Moreover, prediction showed interaction of the guide strands 5’ end with the 

middle domain (MID, green) of the Ago2 protein. This is in line with the findings of M. Sano and 

M. Sierant et al., which showed that elongation of the 3’ end increases the probability of being 

chosen as guide strand.117 To prove the ability of the model to distinguish between those two 
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strands, the siRNA sequence used for modelling was missing the 3’ overhang of the passenger 

strand and is not a representative sequence for the siHSat3 used in other experiments. (Figure 

52 A, B; Table S 3) After evaluation of the model the interaction of the Ago2 protein with the 5th 

generation aptamer conjugates was predicted. As indicated in the schematic overview the col-

our coding for vehicle (orang) and payload (pink) was the same as chosen for the siHSat3 exam-

ple. In both cases a precise fitting of the siRNA subunit into the enzymatic groove of the Ago2 

protein could be observed. (Figure 52 C, D) As this is in line with the prediction of the siHSat3 

Ago2 interaction this can be evaluated as a first positive result. Having a closer look reveals that 

the strands seem to be exchanged compared to the siHSat3 model. This indicates an interaction 

of the MID with the better accessible 5’ end of the vehicle strand. This observation was similar 

in both conjugates indicating the optimization potential of the 5th generation conjugates by in-

verting the structure and modifying the 5’ end of the passenger strand.  

 

Figure 52 Predicted siRNA Ago2 interaction. A: Schematic structure of siHSat3 and 5th generation conjugates. Addi-
tionally, a colour coded legend shows the colours used in the prediction model. B: Predicted interaction of siHSat3 and 
Ago2. C: Predicted interaction of ARC 2.0 and Ago2. D: Predicted interaction of ARC 2.1 and Ago2. 

Nevertheless, the probability of the payload strand to be chosen as a guide strand is more likely 

as the 3’ end of the vehicle stand is not accessible for interaction with the PIWI domain of the 

Ago2 protein. Moreover the 5th generation design is in line with the recommendation of Tang, 

Q. and Khvorova, A and guaranties protection of the 3’ end of the passenger strand.62 
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Following the in silico evaluation of the 5th generation conjugates, the vehicle and payload strand 

were synthesized according to the HYDRA workflow. (Figure 37) To assemble the functional con-

jugate both strands were denatured and annealed by heating up to 95°C followed by slow cool-

ing down to 4°C. As described earlier, the 5th generation design enabled two conjugates based 

on the 2.0 and 2.1 vehicle strand. A schematic structure as well as the sequence are shown in 

(Figure 53). Colour coding identifies the siRNA (green), spacer (pink) and MinE07 aptamer (or-

ange) subunit. Upon hybridization the vehicle strands as well as the annealed conjugates were 

analysed using a Urea PAGE. 20/100 ssDNA ladder was loaded as length reference. The acryla-

mide gel was stained using 

SYBER Gold to visualize the 

loaded nucleic acids. In both 

conjugates a change in elec-

tromobility was visual upon 

hybridization. Compared to 

the ssDNA ladder mobility 

changed approximately by 10 

nucleotides. (Figure 53 C) This 

indicated the annealing of the 

payload strand to the vehicle 

strands. In all lanes weak un-

specific bands were observed 

above and below the most in-

tense band. 

 

Immediately after hybridization of the conjugates cell culture experiments were performed to 

assess the functionality of the assembled ARCs. For this purpose, HeLa cells stably expressing 

the FluorDetect HSat3 C-rich and G-rich assay were used to measure the knock down efficiency 

of the vehicle (Figure 54; Figure S 23) and the payload (Figure 55; Figure S 24) strand. As previ-

ously discussed, nigericin can be used to enhance the endosomal escape and increase the as-

says’ sensitivity. Nevertheless, it needs to be used carefully as it can cause cytotoxicity related 

measurement artefacts. For this purpose, the evaluation of the aptamer conjugates was com-

plete by samples treated with a combination of ARC and nigericin as well as a sample treated 

only with nigericin to determine the effect size of nigericin induced measurement artefacts. Ad-

ditionally, a sample was treated with ARC lipoplexes to prove functionality of the ARCs. After 

treatment started the knock down efficiency was evaluated in 24 h intervals up to a total 

Figure 53 Hybridization of 5th generation vehicle and payload strand. A: Sche-
matic protocol of ARC assembly. B: Sequences of 2.0 and 2.1 ARC showing the 
different subunits (colour coded) C: Urea PAGE loaded with 20 pmol of indi-
cated species, showing electromobility shift upon assembly. 20/100 ssDNA lad-
der for comparison. Gel stained with SYBER Gold to visualize RNA. 
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duration of 10 days. Upon transfection with the siHSat3 all cell lines exhibited a fast and strong 

decrease of RFU. In contrast cell lines transfected with the siRNA control pool siCo showed no 

significant difference compared to the untreated control population. Cells expressing the 

FluoroDetect HSat3 C-rich assay showed low reduction of RFU starting 24 h after treatment with 

a maximum knock down intensity after 72 h followed by a recovery of the signal. Comparing the 

two ARCs 2.0 (Figure S 23, Figure S 24) and 2.1(Figure 54, Figure 55), the conjugate without a 

spacer sequence (2.1) showed stronger knock down intensity. The targeting of the C-rich target 

indicated a low knock down efficiency of the vehicle strand. In the cell line expressing the 

FluoroDetect HSat3 G-rich a much stronger reduction of RFU was observed upon treatment with 

the ARC lipoplexes. Within the first 48 hours after treatment the samples showed no significant 

difference to the siHSat3 treated positive control. As observed in the cell line expressing the 

FluoroDetect HSat3 C-rich assy the ARC conjugate mediated knock down reached its maximum 

after 72 h and started slow RFU recovery after 96 h of transfection. This result underlines the 

RNAi activity of the payload strand. Cells expressing the FluoroDetect HSat3 C-rich assay showed 

no response upon treatment with the ARCs. In comparison the cells expressing the G-rich target 

showed slow but steady decrease of RFU starting upon 48 h to 72 h exposure to the ARC. An 

enhanced effect could be observed after combination treatment with 50 nM concentration of 

nigericin. 

 

Figure 54 Evaluation of the knock down activity of the 5th generation vehicle strand loaded with 5th generation 
payload. Long term experiment showing the RFUs measured in HeLa cells expressing the FluoroDetect Hsat3 C-rich 
assay. Time period of 0 h to 240 h. Populations are treated as indicated. Value displayed are represent the median of 
eight technical replicates normalized to an untreated sample (All graphs showing the median ± 95% confidence inter-
val [CI]). 
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In contrast the only nigericin treated samples showed no response in the C-rich assay and sig-

nificant lower response in G-rich assay, when compared to the combination treatment. Overall, 

this was the first fully functional proof of concept. The EGFR specificity remains uncertain and 

needs to be evaluated in follow-up experiments using EGFR K.O cells. Moreover, it is of big in-

terest if the effect size and onset can be optimized using higher concentrations of the 5th gener-

ation ARC. To exclude measurement artefacts a raw data analysis was performed. Therefore, 

the blanked fluorescence values of eGFP and mCherry were plotted. (Figure S 25-Figure S 28) 

 

Figure 55 Evaluation of the knock down activity of the 5th generation payload strand carried by the 5th generation 
vehicle. Long term experiment showing the RFUs measured in HeLa cells expressing the FluoroDetect Hsat3 G-rich 
assay. Time period of 0 h to 240 h. Populations are treated as indicated. Value displayed are represent the median of 
eight technical replicates normalized to an untreated sample (All graphs showing the median ± 95% confidence in-
terval [CI]). 
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 siRNA Conjugates and The Endosomal Escape Problem – IF 

To evaluate cell ARC interaction and to investigate if the previously observed slow uptake is 

related to endosomal entrapment described by Steven F. Dowdy an immunofluorescence exper-

iment should be performed.60 For this purpose, a 3’ Cy5 modified DNA probe equal to the pay-

load strand sequence was designed. Hybridization of fluorescent probe and ARC was performed 

as described earlier. Assembly of the vehicle probe conjugate (VPC, Figure 56 A) was similar to 

the 5th generation aptamer conjugates. Annealing was analysed using a Native PAGE. After elec-

trophoresis gel was imaged using a gel doc to evaluate Cy5 fluorescence of the VPC. Following 

the analysis of the Cy5 fluorescence the gel was stained using SYBER gold to visualize non fluo-

rescent species. Both methods verified the VPC assembly showing a size shifted fluorescent spe-

cies. (Figure S 29, Figure 56 B) After assembly of the VPC cells have been treated with the iso-

lated VPC to perform an Immune fluorescence experiment. 

 

Figure 56 Assembly of Cy5 labelled vehicle probe conjugates and corresponding immune fluorescence images. A: 
Schematic figure showing the assembly of the 3’ Cy5 labelled VPC.: B: Urea PAGE stained with Syber Gold loaded with 
20 pmol of the indicated species. C: Immune fluorescence images of VPC treated cells. Images of the nucleus (blue), 
early endosomes (green), cell membranes (red) and 5th generation VPCs (purple). 
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Therefore, HeLa cells were stained with CellBrite Orange to visualize the cell membrane. After-

wards they have been treated for 45 minutes with the VPC or a combination of VPC and 50 µM 

of Nigericin. Following the treatment cells were washed and fixed. To investigate endosomal 

uptake of the VPC, the early endosomal antigen 1 (EEA1) was stained using a specific antibody. 

Immunofluorescence samples were compared to an untreated sample stained with DAPI, EEA1 

antibody and CellBrite. Analysis of the untreated control sample helped determining autofluo-

rescence in the Cy5 fluorescence spectrum. In all VPC treated samples distinct Cy5 foci could be 

observed. Especially upon a combination treatment of VPC and Nigericin the foci intensity was 

increasing in a non-defined subpopulation of the cells. Foci were mostly colocalizing with the 

CellBrite stained membrane but not with the EEA1 staining. In the untreated sample a weak 

autofluorescence of the cells in the Cy5 spectrum was observed. (Figure 56 C) Single staining 

controls showed no unexpected autofluorescence or spill over. (Figure S 30) 
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 Discussion – Development of a NA-Therapy Screening Platform 

As mentioned in the first section of this work the implementation of a new development plat-

form for nucleic acid-based therapeutics was a major focus of the project as the platform pro-

vides critical information for the developmental process of the siRNA compound. The develop-

mental process of the FluoroDetect system was published 2025 in Mol. Ther. Nucl. Ac. by Hess 

et al.. Starting with the establishing a HSat3 specific luciferase system, based on the psiCheck 2 

plasmid, the need for a more cost- and time-efficient solution became clear.  

Nevertheless, the generated psiCheck2 HSat3 system was a sensitive and functional platform to 

measure the RNAi. As the assay creates a ratio metric of two luciferases signals it provides highly 

sensitive assay mostly suffering from expensive substrates and its sample destructive setup.  

As described, this was the starting point for drafting the FluoroDetect assay system. A dual flu-

orescence-based assay system with eGFP as reference and mCherry as reporter, to create a ratio 

metric for the knock down efficiency of a specific target sequence included in the 3’UTR of the 

reporter.  

As described by Valgardsdottir et al. C-rich and a G-rich lncRNAs of HSat3 are transcribed under 

stress conditions.118 Moreover, the evaluation of siRNA-based therapeutics relies on information 

of knock down activity of both RNA strands as the intended passenger strand can cause unde-

sired off target events. Therefore, assays using the C-rich target motif as well as the G-rich target 

motif were designed to simulate both HSat3 RNA species as a target. 

Upon cloning the first evaluation of FluorDetect HSat3 C-rich and G-rich assay was successful 

using fluorescent microscopy, as both assay systems showed specific response to the siHSat3 

but not to the control samples. 

In a next step the quantitative measurement of the fluorescence was assessed using plat read-

ing. In this context the assay parameters for plat reading were defined using three different cell 

lines. The performance of the assay in combination with a plate reading system was beyond 

expectation and showed robustness over a broad range of cells per well. Additionally, the first 

time the non-destructive setup underlined the benefits of the assay as a time curve ranging from 

24 h to 120 h could be created using three instead of 12 samples (if compared to a destructive 

setup). 

Furthermore, comparing the FluorDetect assay with RT-qPCR data showed its capability of being 

representative for the endogenous target. Nevertheless, the on-target efficacy of an ASO or 
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siRNA needs to be evaluated for every new target as the RNA structure of the endogenous target 

can be significantly different to the target side in the 3’ UTR of the reporter gene (mCherry).  

As the strand specificity of the assay needed to be assessed an experimental setup was designed 

including single stranded ASOs corresponding to the sequences of the single strands of the siH-

Sat3. As only one of this ASOs should be capable of targeting the assay this experiment should 

unravel the vulnerability of the assay to unspecific off target effects as well as its strand specific 

mode of action. Using fluorescence microscopy as well as plate reading a strand specific re-

sponse could be observed in all used cell lines. 

As the solid mode of action could be demonstrated the assays sensitivity was of major interest 

as this is an essential parameter for the development of nucleic acid-based therapies. Especially 

in context of the low endosomal escape rate of nucleic acid conjugates described by Steven F. 

Dowdy.60 Upon measurement of fluorescence signals in samples exposed to different concen-

trations of targeting ASOs a linear regression was performed to calculate the limit of detection 

(LOD) and quantification (LOQ). The determined values of three different cell lines of each target 

were used to calculate the median LOD and LOQ of the C-rich and G-rich assay system. As 

demonstrated, the median values are in a low nanomolar concentration range underlining the 

sensitivity of the assay system. 

To assess long time repetitive measurement approaches and to avoid recurring necessity of 

transfection the assay system was integrated into a lentiviral and a transposase-based system 

to generate stable reporter cell lines. As the expansion of the intermediate cell population after 

gene transfer relies on a selection marker, the assay system was supplemented by a puromycin 

resistance gene. Outlined in the results part the selection process can be performed as a poly or 

single clonal expansion dependent on the needs of the follow up experiment. 

Integration into the lentiviral transduction system allows gen transfer into hard to transfect cell 

lines broaden the field of application. In a pilot experiment the lentiviral transduced reporter 

cell lines evaluated using siHSat3 as well as HSat3 targeting ASOs. A strand specific mode of 

action could be observed in all reporter cell lines. Moreover, the performance of the assay sys-

tem over an expanded time period was in line with the findings of Bartlett and Davis who inves-

tigated the kinetics of siRNA-mediated gene silencing using bioluminescence. 27 

The larger cargo capacity of PiggyBac transposase-based systems allows it to carry more complex 

and longer constructs. Secondly, PiggyBac poses a lower risk of insertional mutagenesis, as it 

tends to integrate into stable regions of the genome. Additionally, the production of PiggyBac 

transposons is more cost effective and simpler compared to the complex and expensive process 
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of producing viral vectors. Another significant benefit is the ability of PiggyBac transposons not 

to rely on host cell factors for integration.  

Following up the flow cytometer-based analysis of the FluoroDetect assay was established to 

expand the field of application. As shown, this additional readout gave information about sub-

populations in the sample, which can be particularly useful for pharmacological developments 

as well as in mixed cell culture experiments. However, for the FluoroDetect assay with eGFP and 

mCherry, flow cytometers analysis using a violet (405 nm), blue (488 nm), and yellow (561 nm) 

laser line are recommended to ensure faithful separation of reporter and reference signal in two 

different laser lines. 

To make sure the assay systems robustness and data analysis is not affected by internal control 

failure, additional parameters regarding the independence of the reporter and reference gene 

needed to be investigated. Uncertainty regarding unintended fusion proteins could be erased 

performing a Western blot of PiggyBac transposase generated reporter cell lines. As demon-

strated no fusion protein of mCherry or eGFP could be detected using specific antibodies. More-

over, the presence of a fused mRNA could not be validated as a specific mCherry mRNA reduc-

tion was observed only in cells treated with siHSat3. 

To prove the intended fast adaptability of the assay additional target sequences of EGFR and 

HSF1 have been designed. Upon gene transfer and selection using the PiggyBac transposase sys-

tem the reporter cells showed the expected responses upon investigation with Fluorescence 

microscopy and plate reading.  

After development and successfully establishing the assay system the platform design was miss-

ing a pivotal information in context of receptor specific delivery. As mentioned earlier the sec-

ond key point of the platform is control of the delivery rout. For this purpose, a prime editing 

approach was started do knock out the EGFR by integration of a premature stop codon via point 

mutation. As demonstrated the cells showed no significant reduction of EGFR receptor upon 

initial prime editing experiments. Revaluation of the method revealed its undeniable potential 

as a gene editing therapy but also showed its disproportional workload in laboratory environ-

ment when compared to CRISPR Cas9 mediated gene knock out. 

Therefore, a CRISPR Cas9 mediated knock out was established in cooperation with the lab of 

Prof. Stripecke and the Max Plank Institute for Biology of aging. Upon knock out of the EGFR, 

using two different gRNAs, all cell lines showed a significant reduction of the EGFR. Overall, the 

performance of gRNA #1 was much better compared to gRNA #2. The resulting intermediate cell 
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populations was separated using fluorescence associated cell sorting (FACS) to grow out poly-

clonal EGFR cell lines. 

To finish the platform design, the FluoroDetect system was established in the EGFR knock out 

cell line. This provides a new cost efficient and convenient platform for the development of RNAi 

based EGFR targeting therapies. 

In summary the first section demonstrates how to establish and modify the FluoroDetect assay 

system for fast evaluation in the developmental process of new targeted therapy approaches. It 

can be evaluated using fluorescence microscopy, plate reading as well as flow cytometry. Addi-

tionally, it can be performed as a transient or stable system depending on the desired experi-

mental setup. In combination with CRISPR Cas9 based genetic engineering of the implemented 

cell line it represents an even more powerful tool for the development of nucleic acid-based 

therapies.  
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 Discussion – Development of a Delivery System 

As the first section of this work was focusing on the development of the FluoroDetect platform 

design, the second section focused on the implementation of an EGFR specific siHSat3 targeting 

therapy to reverse HSat3 RNA related etoposide resistance. 44 

As mentioned earlier the process of developing RNA conjugates is an iterative process of trial 

and error. In the first phase, the drug candidate is designed using in silico methods followed by 

its synthesis. In the second phase, the compound is evaluated using an efficient development 

platform. In the third phase, the experimental data is analysed and compared to the scientific 

literature, with the information gained shaping the design of the next cycle. Each cycle can be 

considered a generation, with each generation improving the compound candidate. This work 

demonstrated the first five generations of the developmental process. 

The first-generation of the compound was started with the draft of an idea to transport an anti-

sense oligonucleotide targeting HSat3 into EGFR positive cells. With this initial idea the targeting 

of the nuclear long noncoding HSat3 RNA was desired. As the RNAi machinery necessary for 

siRNA mediated knock down is mostly cytoplasmatic an ASO was chosen to knock down HSat3 

RNA. With this decision the functional subunit of the compound was defined. As receptor spe-

cific delivery was desired the next essential step was the choice of EGFR targeting ligand. As the 

field of targeting ligands is broad and includes many different compound categories with a vari-

ety of advantages and disadvantages the drug approval process and regulations have been de-

cisive for the choice of ligand. As an example, DNA aptamers are easy to synthesise, cost efficient 

and more stable compared to unmodified RNA. On the other hand, they need to guarantee long-

term safety due to potential genomic integration. Additionally, the use of two different com-

pound categories would need the use of two independent synthesis methods of the compound’s 

subgroups potentially increasing production cost and complexity of quality control. Therefore, 

an RNA aptamer evolved by Esposito et al. was chosen.79 As the CL4 called aptamer was evolved 

using NSCLC cells and its dissociation constant was determined to be as low as 10 nM it seemed 

to be an excellent candidate. Moreover, it does not activate the EGFR, is internalized and causes 

selective apoptosis. All the mentioned properties supplemented the portfolio of the designed 

compound candidate. Especially the missing EGFR activation guaranties to maintain the expo-

sure of cell surface exposed EGFR level, as strong over activation can lead to strong downregu-

lation of the receptor within minutes.99 Last but not least the missing link of the compound was 

the linker structure connecting aptamer and ASO subunit. To increase the ASO release upon 

endocytosis a linker molecule containing a glutathione cleavable disulfide bond was designed in 

cooperation with the research group of Prof. Kath-Schorr. 
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Since the first and second sections of this work were not chronologically separate from each 

other, but rather simultaneous the first-generation compound was evaluated using the 

psiCheck2 HSat3 luciferase assay. As the internalization of the EGFR is an outstanding fast cellu-

lar process the treatment duration was chosen to be only 10 minutes. As the internalization rate 

of the EGFR is disrupted by low temperature a control treatment was performed at 4°C.99 More-

over, an EGFR negative cell population was used as a second control. Despite all control param-

eters a temperature and EGFR independent but low response was observed upon treatment 

with a 50 nM compound concentration. As this concentration exceeded the CL4 dissociation 

constant by the power of five it should guarantee a sufficient treatment. As the observed effect 

did not exceed the response measured in the negative control treated with siRNA control (siCo) 

lipoplexes the result is considered as unspecific background. Especially in context of the slow 

endosomal escape and entrapment described by Steven F. Dowdy. 60 

Nevertheless, follow up experiments were performed evaluating longer incubation times to 

maintain constant uptake of the ARC. Despite the inconsistent results upon 10 minute and 4 h 

treatment all cell lines showed a strong response to the compound upon 48 h of treatment. The 

observed finding was again independent of the EGFR status indicating an EGFR independent 

cellular uptake. As the exact mechanism remains unclear it was likely to be caused by a degra-

dation product of the compound. Especially if considering the possibly thiol mediated uptake of 

the cleaved ASO subunit.100 

To stabilize future compound candidates and to avoid undesired thiol mediated uptake the sec-

ond generation compound was designed with a non-cleavable linker. To evaluate the com-

pounds functionality the experimental setup of the last experiment was repeated excluding the 

10 minute and 4 h treatment condition. Underlining the hypothesis of thiol mediated uptake no 

unspecific response was observed after 48 h of treatment. On contrary the first time an EGFR 

specific response was observed after exposure to a 50 nM concentration of the ARC. Despite 

this first positive evaluation this result needs to be evaluated careful as no significant difference 

to samples treated with siCo lipoplexes was observed. 

Upon the low response observed in the first two generations the general compound design was 

re-evaluated. Especially in retrospective several disadvantages included in the compound design 

can be unrevealed. Moreover, the experimental structure was missing a control sample, show-

ing the functionality of the compound upon transfection. Without this crucial information eval-

uation of compound uptake is highly limited. Nevertheless, the compound design using unmod-

ified RNA probably strongly limited the functionality of the RNA aptamer.119 Additionally, the 

serum stability of the ASO subunit can be evaluated as suboptimal based on the work of Layzer, 
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J. M. et al..119 Furthermore, the structural design of the ASO was limiting its knock down poten-

tial as it didn’t contain the gapmere design which is essential for the activation of RNaseH. From 

a synthesis perspective the design involving three different molecules to be combined using two 

click reactions was disproportional complex in regard of the poor design of the compound. 

Moreover, Valgardsdottir et al. described that the majority of the HSat3 RNA expressed upon 

stress is the G-rich species.36 Therefore, planning to target this species with a G-rich ASO sems 

to be a not really promising strategy. 

Facing all the disadvantages of the first two compound generations resulted in a general restruc-

turation when designing the third generation compound. To target the immunogenicity of un-

modified RNA as well as its low nuclease resistance a fully 2’-OMe modified RNA configuration 

was chosen. To achieve even higher exonuclease resistance two phosporothioate modifications 

were integrated at all terminal 5’ and 3’ ends of the used RNAs. Longer knock down efficiency 

should be achieved changing the ASO subunit to an siRNA subunit although this lowers the knock 

down efficiency of nuclear targets. To lower the synthesis complexity a sequence of five C3 spac-

ers was integrated into the SPS synthesis to enable a single step synthesis of the so called vehicle 

strand. Functionality of C3 spacers as a linker sequence was demonstrated by Yoon S. and Huang 

K.-W. et al..102 As described earlier the functional siRNA subunit contained a 5’ phosphate to 

enhance RISC loading according to the work of Frank, F.; Sonenberg,N. and Nagar, B. et al.66  

Following the reconstruction and synthesis the annealing of the payload strand to the vehicle 

strand could be proved using Urea PAGE. This gave a first positive evaluation regarding the func-

tional assembly of the compound. Nevertheless, minor part of the vehicle strand showed no 

change in electromobility shift. This could be explained by the desaturating nature of Urea gels 

and could be overcome by using a native PAGE. Slightly increased degradation could be observed 

upon hybridization, which could be explained by the temperature profile of the hybridization in 

combination with a not RNase free environment. To overcome this RNase inhibitor could be 

added to the hybridization protocol. 

As the functionality of the compound should be evaluated a dose escalation experiment was 

performed exposing the cells to compound concentrations ranging from 750 nM to 10,156 nM. 

As discussed earlier the experimental setup was supplemented by a sample transfecting the ARC 

into the cells to evaluate its functionality. In all cell lines a 20-30 % reduction of RFU was ob-

served proving the function of the siRNA subunit. Nevertheless, as described in the work of Ca-

zuderna F. et al. a limiting factor in the third generation design is the fully 2’OMe modified pay-

load strand.120 Additionally, the results of the SW620 cell line need to be considered carefully as 

they showed a strong response to the non-targeting siCo lipoplexes. Moreover, no cytoplasmatic 
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aptamer conjugate could be detected independent of the ARC concentration. As discussed ear-

lier the missing 2’-F modification of the pyrimidine bases in the aptamer subunit could possibly 

strongly affect its EWGFR targeting property. Nevertheless, this result demonstrates that conju-

gation of the passenger strand is possible without losing the siRNA activity.  

Upon this positive result the design of the fourth generation was started. As the cellular uptake 

of the third generation ARC was far behind the expectation choice of the aptamer was reevalu-

ated based on the work of Kelly, L., Maier, K.E., Yan, A.et al..105 Underlined by the low perfor-

mance of CL4 in the mentioned study changing the targeting ligand was an important turning 

point of the project. Moreover, the work of Thomas, Brian J. et al. was decisive for choosing 

MinE07 as a targeting ligand.80 As the mentioned study proved the internalization of a vehicle 

probe conjugate (VPC). Moreover, this work served as a solid foundation for in silico design as 

the used conjugate served as a positive control for in silico design.  

The in silico design of the fourth generation conjugates showed high similarity with the VPC de-

signed by Thomas, Brian J. et al. allowing a first positive evaluation of targeting capability. For-

mation of a A-form helix indicated a functional assembly of the siRNA subunit. Nevertheless, it 

remains unknown if the predicted structures of the ARC represent the actual assembly as there 

are some major limitations of the prediction models. Especially the missing capability of the used 

models to integrate 2’ modifications into the folding could limit the prediction quality as they 

directly impact the base pairing energy. 

Considering that RNA aptamers are evolved using the T7 RNA polymerase mutant Y639F devel-

oped by Sousa, R. and Padilla, R. low delivery rates in previous compound generations need to 

be reevaluated.103 As described earlier the T7 mutant is used to integrate 2’-F pyrimidine bases 

int aptamers during SELEX. This significantly increases the stability of the resulting aptamers but 

can also be decisive for their targeting ability. Therefore, the synthesis pipeline of the aptamer 

containing strand needs to be redesigned. This was targeted by establishing the hybrid design 

and rapid assessment (HYDRA) workflow by combining IVT and SPS. Development of the HYDRA 

workflow significantly improved the project performance and can be considered as a major turn-

ing point in the developmental process. 

Upon in silico design and implementation of the HYDRA workflow the functional evaluation of 

the compound was assessed. Discussed earlier the ARC lipoplexes are of central interest when 

evaluating ARC internalization, as they prove activity of the assembled siRNA subunit. For this 

purpose, the transfection reagent to ARC ratio was optimized. As the ARC is much bigger com-

pared to an siRNA it also exhibits more negative charges which need to be neutralized by the 

cationic lipids of the transfection reagent to reduce membrane repulsion. Considering the 
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absolute eGFP fluorescence as a representation of cell count and viability a higher toxicity was 

observed through all samples treated with ARC lipoplexes. 

Especially, in comparison with the siRNA lipoplexes this implies a toxicity of the ARC which could 

be caused by innate immune response. Nevertheless, all used ratios caused a sufficient knock-

down, underlining the activity of the assembled siRNA subunit. 

Despite the high performance observed in the transfection optimization experiment the trans-

fection of the ARC showed a much lower performance as expected in repetitive measurement 

approaches. As the G-rich assay showed less response compared to the C-rich assay this could 

be explained by multiple factors. As observed in the transfection optimization the cells exhibited 

signs of cytotoxicity upon ARC transfection. Discussed earlier the expression of a high amount 

of G-rich HSat3 RNA is a general stress response in human cells.118 In consequence the mRNA 

target motif is in competition with the endogenous target sequence, which might affect the 

FluoroDetect HSat3 assay. 

Additionally, this can be explained by the modification of the payloads sequence which was a 

consequence of planning an IVT synthesis of the short C-rich strand. Respective shifting the seed 

region of the payload to avoid SPS sems to be a delicate strategy if the intended seed does not 

start with a guanine. Nevertheless, this is irrelevant as IVT synthesis of short RNA strands showed 

low efficiency. 

As described by Steven F. Dowdy, another factor limiting the effective cytoplasmatic delivery of 

targeted siRNA therapies is caused by endosomal entrapment. Recent studies suggest that only 

0,3% of targeted siRNA compounds can overcome the endosomal escape problem.60 As such low 

delivery rates could mask the detection of ARC prototypes the use of endosomal escape enhanc-

ing and endosomolytic agents was considered. Despite their clinical intolerable toxicity, these 

agents could at least prove endosomal uptake of targeted cells under laboratory conditions.  

Therefore, the two compounds polybrene and nigericin were used to increase endosomal es-

cape of the ARC. As an unspecific reduction of RFU was observed in all samples treated only with 

the bioenhancer substance this indicated measurement artefacts caused by the treatment itself. 

In a consequence a follow up experiment aimed to reduce measurement artefacts by titrating 

the concentration of the bioenhancer. As mentioned, the used bioenhancers exhibit clinical in-

tolerable toxicity which could explain the observed measurement artefacts by cytotoxicity in cell 

culture. Underlining this theory a dose responsive reduction of eGFP fluorescence was observed 

in both compounds. As an even higher does dependent decrease of mCherry fluorescence was 

observed the resulting RFU dropped. This could be caused by overestimating the eGFP 
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fluorescence upon cellular stress and cytotoxicity as cellular debris and stress granular shows 

increase of autofluorescence. For this reason, experimental conditions exhibiting high cytotoxi-

city need to be evaluated carefully and always include a control sample only treated with the 

bioenhancer. 

In consideration of the seed optimization the fifth generation ARC was designed. As the new 

payload could theoretically be annealed to the 4th generation vehicle this led to two versions of 

the fifth generation compound. The old vehicle 2.0 with the new payload 5.1 and the new vehicle 

2.1 with the new payload 5.1. For clear differentiation between the two constructs the assem-

bled Arc was named as the used vehicle strand. As previously demonstrated the RNA folding 

prediction can be a powerful tool to predict the formation of the siRNA subunit. Therefore, the 

assembly of the two conjugates was investigated in silico. A high similarity with the VPC designed 

by Thomas, Brian J. et al. was predicted. Hence a first positive evaluation of targeting capability 

could be made. Formation of a A-form helix indicated a functional assembly of the siRNA subu-

nit. 

As the functionality of the siRNA subunit strongly depends on the interaction with the Ago2 

protein further in silico experiments were performed. The algorithm's ability to select a pre-

ferred guide strand has been successfully tested. As the designed guid strand contained a 3’ 

overhand it should decrease the 5’ interaction of passenger and MID. Following this first exper-

iment the ARCs 2.0 and 2.1 were tested. As already predicted the A-form helix was fitting into 

the grove of the Ago2 indicating a functional siRNA subunit. Nevertheless, a stronger prediction 

of the passenger 5’ and the Ago2 protein was predicted. This can be explained by the diminished 

accessibility of the payload 5’ caused by the aptamer. Considering this in the next compound 

generation the 5’ end of the passenger strand should be modified with the aptamer. Independ-

ent of the preference of the 5’, the passenger strand is no sufficient Ago2 substrate, as it is much 

to long to interact with the PIWI domain of the Ago2. 

The assembly of the fifth generation conjugates was successful showing the expected electro-

mobility shift upon hybridization of the vehicle and payload strand. The observed unexpected 

RNA species detected in the Urea PAGE could be explained by different conformations of the 

RNA strands, unperfect annealing or unspecific elongation during IVT. As they show much lower 

intensity compared to the main band they can be tolerated in the following experimental setups. 

Nevertheless, they demonstrate an improved clean-up of the assembled conjugates could be 

beneficial for future evaluation or large scale synthesis of the ARCs. 

Following the assembly of the ARCs the evaluation of the compounds was performed using HeLa 

FluoroDetect HSat3 C-rich and G-rich reporter cell lines. For the first time in the developmental 
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process a high performance and payload selective mode of action was measured. Additionally, 

a slow but steady knock down could be observed when exposing the cells to the ARC over long 

time periods. Moreover, the uptake could be enhanced by a combination treatment of ARC with 

50 nM of nigericin. This underlines the theory of endosomal entrapment of the ARCs. Compared 

with the lipoplexes the ARCs showed a later onset but longer lasting knock down. This is in line 

with the endosomal depot effect mentioned by Steven F. Dowdy. As the functional analysis was 

performed in EGFR positive cell lines the EGFR specificity remains uncertain and needs to be 

evaluated using EGFR knock out cell lines. 

Following the functional analysis interaction of cells and ARC was investigated using immune 

fluorescence. Following the design of Thomas, Brian J. et al. a Cy5 labelled DNA prob was an-

nealed to the vehicle to visualize the vehicle. Upon 45 minutes of exposure a cell interaction 

could be observed, which was even increased in combination with 50 nM of nigericin. This is in 

line with the previous results of the FluorDetect assay. As there was only low colocalization of 

VPC and EEA1 this finding also seems to be in line with the findings of Steven F. Dowdy as the 

highest concentration of entrapped RNA therapeutics seems to be localized in processed “Depot 

Endosmes”. Nevertheless, follow up experiments need to be performed to validate this findings 

and to investigate if the observed effect is EGFR specific. In example by using the generated 

EGFR knock out cell lines. 

In summery this section demonstrated the development of a powerful cost and time efficient 

pipeline for fast prototyping of aptamer siRNA conjugates. The implementation of in silico design 

evaluation opens the opportunity to integrate new computational tools into the HYDRA work-

flow. Moreover, it led to the design of a promising compound candidate for EGFR specific deliv-

ery of siHSat3 RNA. An overview of the evaluated compounds can be found in Table 2 Summary 

of Compound Generations. 

Furthermore, it could be interesting to evaluate the correlation of cell death and HSat3 knock 

down up on stress conditions using flow cytometry assays. 

Table 2 Summary of Compound Generations. 

Compound Aptamer Linker Target Modifications 
1st Generation 

CL4 
Synthetic Disulfide Linker 

(Cleavable) 
HSat3 Unmodified ASO 

2nd Generation 
CL4 

Synthetic Linker 
(Non-Cleavable) 

HSat3 Unmodified ASO 

3rd Generation 
CL4 

C3 Spacer 
(Non-Cleavable) 

HSat3 Full 2’OMe siRNA 

4th Generation 
MinE07 Without 

HSat3 
(Shifted) 

Hybrid design (2’-OMe, 2’-F 
and Phosphorotioate)  

5th Generation 
MinE07 Without HSat3 

Hybrid design (2’-OMe, 2’-F 
and Phosphorotioate)  
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 Outlook 

The first section demonstrates how to establish and modify the FluoroDetect assay system for 

fast evaluation of nucleic acid based compounds in the developmental process of new targeted 

therapy approaches. In combination with CRISPR Cas9 based genetic engineering of the imple-

mented cell line it represents an even more powerful tool for the development of nucleic acid-

based therapies.  

A power which could be proved in the second section of this work as the combination of 

FluoroDetect and hybrid design siRNA conjugates led to the HYDRA workflow. A workflow which 

could be improved by a second generation of FluoroDetect assays as well as modification of the 

IVT based synthesis. 

As mentioned earlier an in vivo transgenic animal model of the FluoroDetect assay could be 

beneficial for the systematic evaluation of ARC pharmacodynamic and pharmacokinetic proper-

ties under physiological conditions. Moreover, a second generation of FluoroDetect assays could 

be designed using a three signal ratio metric evaluating the performance of guid and passenger 

strand in single cells. Additionally, the generated EGFR knock out cell lines could be used in cell 

culture an in a cell line derived xenograft (CDX) model to further demonstrate receptor specific-

ity of the compound candidates. 

Demonstrated in the second section the performance of the HYDRA workflow is undeniable and 

opens a variety of future perspectives. The combination of rapid evaluation and in silico com-

pound design could give the opportunity to integrate artificial intelligence for faster design of 

even more promising compound candidates.  

Furthermore, the fast and cost efficient prototyping gives the opportunity for more advanced 

compound designs. In example a vehicle strand with two or more aptamers targeting different 

receptors could be designed based on the model of bispecific antibodies. Additionally, longer 

passenger strands could be evaluated increasing the cargo capacity of the conjugate. 

Besides this improving the IVT based on the pioneering work of Craig T. Martin immobilizing T7 

polymerases to establish flow through synthesis of the vehicle strands could significantly reduce 

the cost for large scale synthesis of aptamer siRNA conjugates. In this context evolving T7 poly-

merases to be capable of integrating additional 2’ RNA modifications for synthesis of fully mod-

ified RNA would be invaluable for the whole RNA community. 
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 Material and Methodes 

 Vector Design 

All inserts were designed according to the hot fusion protocol described by C. Fu et al.83 The 

plasmid pCW57.1 Empty (N-FLAG, TetOFF) was created inserting a synthetic multiple cloning site 

(MCS) oligo in the pCW57.1-MCU-Flag-TetOFF (Addgene plasmid #185657, RRID: Addgene 

185657) generously provided by Dipayan Chaudhuri. A synthetic sequence of C-rich HSat3 

flanked by AsiSI and NsiI restriction side sequences was cloned into the pmCherry-C3 (Clontech) 

generating pmCherry-C3 (HSat3 C-rich). The eGFP and mCherry (HSat3 C-rich) gene sequences 

were amplified by PCR from the plasmids peGFP C1 and pmCherry-C3 (HSat3 C-rich). The gener-

ated PCR-products were cloned into the pCW57.1 Empty (N-FLAG, TetOFF) generating the 

pFluoroCheck (C-rich HSat3). Oligos containing the HSat3 G-rich target motive (Ordered from 

Integrated DNA technologies, Inc. (IDT)) were ligated into the digested pFluoroCheck (C-rich 

HSat3) to generate pFluoroCheck (G-rich HSat3). For lentiviral transduction single-colour trans-

fer plasmids were used. The transfer plasmids pCW57.1 TET-OFF mCherry (C-rich HSat3) and 

pCW57.1 TET-OFF mCherry (G-rich HSat3) coding the reporter gene, were generated by cutting 

the plasmids pFluoroCheck (C-rich HSat3) and pFluoroCheck (G-rich HSat3) to exclude the eGFP. 

A transfer plasmid coding only eGFP was cloned by inserting an eGFP sequence into the pCDH-

3xFLAG-TERT (Addgene plasmid #51631, RRID: Addgene 51631) generously provided by Steven 

Artandi.86 

 Molecular Cloning 

For In-Fusion cloning primer pairs were designed matching the desired inserts, as described by 

C. Fu et al. in 2014. Each primer had a 5’ homology overlap of 17-30 bp flanking the insert sites 

of thr destination backbone. Insert PCR-products were separated on a 1% agarose gel (Carl Roth 

GmbH + Co. KG, Art. Nr. 3810.3) in TAE buffer, followed by cutting out the band of the desired 

product size and cleaning up following the manual of the NucleoSpin® Gel and PCR Clean-up Kit 

(MACHEREY-NAGEL GmbH & Co. KG, REF 740609.50). Linearization/ restriction digest of the ac-

ceptor plasmid was performed using the appropriate restriction enzyme. All restriction enzymes 

were ordered from NEB. In-Fusion was performed in a final volume of 20 µl, in 0,2 M Tris pH 7,5, 

0,2 M MgCl2, 2 mM dNTP’s, 0,2 M DTT, 5 % PEG-800, 0,15 U T5 Exonuclease and 1 U Phusion 

Hot Start Flex DNA Polymerase. For all In-Fusion reactions the molar ratios of 1:1, 1:2 and 1:4 of 

digested plasmid to insert were tested and a total amount of 200 ng DNA was used. In-Fusion 

reaction was performed 1 h at 50 °C followed by a ramp down to 20 °C with a ramping speed of 

0,1 °C per second. In-Fusion reaction was stored at -20 °C or immediately used for bacterial 
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transformation. The plasmids were isolated using NucleoSpin® Plasmid, Mini Kit (MA-

CHEREY-NAGEL GmbH & Co. KG, REF 740588.50) or NucleoBond® Plasmid, Xtra Midi EF Kit (MA-

CHEREY-NAGEL GmbH & Co. KG, REF 740420.50). When used for cell culture experiments. All 

generated plasmids were validated by sequencing Microsynth Seqlab GmbH (Microsynth). All 

primers and cloning oligos were ordered from Integrated DNA technologies, Inc. (IDT). Maps of 

generated plasmids can be found in the appendix of this work (Figure S 1-S 3, S 11, S 31-S 44). 86 

 Cell Culture 

HeLa (RRID: CVCL0030), SW480 (RRID: CVCL_0546), SW620 (RRID: CVCL_0547), MDA MB 231 

(RRID: CVCL_0062), HEK 293 FT (RRID: CVCL6911), PC9 (RIDD: CVCL_B260) were used in this 

study. 

The human cervical cancer cell line HeLa, lung cancer cell line PC9 and the colon cancer cell lines 

SW480 and SW620 were cultured in Dulbecco’s Modified Eagles Medium (DMEM) (PAN-Biotech, 

P04-01500) supplemented with 10% (v/v) fetal calf serum (FCS) (Sigma-Aldrich, F7524), 100 

U/mL penicillin, 100 µg/mL streptomycin (Sigma-Aldrich, P4333-100ML) and a final concentra-

tion of 2 mM L-Glutamine (Sigma-Aldrich, G7513-100ML). The human embryonic kidney cell line 

HEK 293 FT was cultured in Dulbecco’s Modified Eagles Medium GlutaMAX™ (DMEM Gluta-

MAX™) (Thermo Scientific, 10569010) supplemented with 10% (v/v) fetal calf serum (FCS) 

(Sigma-Aldrich, F7524), 100 U/mL penicillin, 100 µg/mL streptomycin (Sigma-Aldrich, P4333-

100ML). All cell lines were tested negative for Mycoplasma contamination using the Mycoalert 

Plus Mycoplasma detection kit (Lonza, LT07-710). Cell cultures at 37°C, 95% humidity and 5% 

CO2. 86 

 Transfection, Reverse Transfection and Lentiviral Transduction 

The transfection of the assay plasmids (pFluoroCheck HSat3 C-rich; pFluoroCheck HSat3 G-rich) 

and cotransfection of plasmids and siRNA/ASOs was performed using Lipofectamine 2000 (Invi-

trogen Inc., #11668027) according to the manufacturer’s recommendations. Medium was 

changed 24 hours after transfection. 

Additionally, single transfections of siRNAs and antisense oligonucleotides were performed us-

ing Lipofectamine RNAiMAX reagent (Invitrogen Inc., #13778030) according to the manufac-

turer’s recommendations. The transfected antisense oligonucleotides shared the sequence with 

the siRNA strands but were chemically modified. The sequences of siRNA/antisense-oligos are 

provided in Table S 3. In the case of antisense oligonucleotide dilution series, it is important to 

dilute the targeted siRNA/ASO with an untargeted control RNA to minimize systematic errors 

caused by different strong repulsion rates between the samples. 
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To prepare reverse transfection the transfection mixes had to be prepared. All transfection 

mixes were prepared for ten wells (eight replicates and two excess). For transfection of siRNA  1 

µL of a 10 µM siRNA solution was mixed with 50 µL OptiMEM (Thermo Scientific, 31985070). For 

transfection of aptamer siRNA conjugates (ARC) 1,25 µL of a 4 µM ARC solution have been mixed 

with 50 µL OptiMEM. Per RNA species 3 µL of the transfection reagent Lipofectamine RNAiMAX 

have been diluted in 50 µL OptiMEM in parallel. The resulting Lipofectamine containing mix has 

been mixed with one of the RNA mixes in a 1:1 ratio. To form lipoplexes the Transfection mix 

was incubated 5-10 minutes at RT. Upon incubation the mix was mixed with 400 µL of Medium 

to a final volume of 500 µL. For reverse transfection 50 µL of the final transfection mix were 

pipetted into a 96 well. After putting the transfection mix 1,0x104 cells were seeded in 50 µL of 

a medium based cell suspension. Following the transfection, cells were incubated at standard 

conditions. Follow up measurements were performed as described in the results section. 

For viral transductions plasmids psPAX2 (gifted from Didier Trono, Addgene plasmid #12260; 

http://n2t.net/addgene:12260; RRID: Addgene_12260), pMD2.G (gifted from Didier Trono, 

Addgene plasmid #12259; http://n2t.net/addgene:12259; RRID: Addgene_12259) were used as 

packaging plasmid and transfected with PEI MAX® (Polysciences, #24765(1), CAS Number: 

49553-93-7). The packaging plasmids were cotransfected with the transfer plasmid pmCherry 

HSat3 C-rich, pmCherry HSat3 G-rich or pCDH eGFP (Neo). The transfection media was replaced 

with fresh media after 24 h. The Lentiviruses were harvested 48 hours and 72 hours after trans-

fection. Lentivirus containing media was centrifuged at 500 g for 10 minutes followed by passing 

through a filter membrane with a 0,45 µm pore size (SARSTEDT, 83.1826). Virus containing me-

dium was stored at -80 °C and supplemented with a final concentration of 8 µg/mL polybrene 

(Merck, TR-1003-G) directly prior to transduction. Cells were incubated 72 hours with the trans-

duction mix followed by a selection with Puromycin dihydrochloride (5 µg/mL, Sigma Aldrich, 

P8833-25MG) and G418 (400 µg/mL, InvivoGen, ant-gn-1). Selection medium was changed in 96 

hours intervals. 86  

 Luciferase Assay 

For luciferase assay 7,5x104 cells were seeded in a 24 well plate and incubated at 37 °C, 90% 

humidity and 5% CO2 overnight. The next day cells were transfected with the psiCheck2 HSat3 

plasmid using Lipofectamine 2000 as described. After 24h of incubation cells were treated as 

indicated in the result section. Luciferase assay was performed using the Dual-Glo® Luciferase 

assay system (Promega Corporation Prod. No.: E2920). After an appropriate incubation time 

medium was reduced to 100 µL and cells were lysed using 100 µL of the Dual-Glo® luciferase 

reagent. After 10 minutes of incubation at RT in the dark, the sample was transferred to a white 
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96 well plate for measurement. Each sample was divided into two technical replicates with a 

volume of 90 µL. Bioluminescence of Firefly luciferase was determined using a TECAN plate 

reader. Upon measuring Firefly luminescence each well was supplemented with 45 µL Dual-Glo® 

Stop & Glo® reagent and incubated 10 minutes at RT in the dark. Bioluminescence of Renilla 

luciferase was measured using a TECAN plate reader. Relative fluorescence units were calculated 

by normalization of Renilla luminescence to Firefly luminescence. 

 FluoroDetect Assay and Plate Reading 

The cells were seeded and incubated for 24 hours at 37 °C, 95% humidity and 5% CO2. Cells were 

transfected as described above and incubated for 24 hours. For measurement with the Tecan 

Infinite 200 PRO Micro plate reader (Tecan Germany GmbH). Cells needed to be transferred to 

a tissue culture coated 96 well flat bottom assay microplate (Falcon®, REF: 53296). Therefore, 

cells were washed once with 1 mL PBS and trypsinized. Indicated number of cells was seeded in 

100 µL cell culture medium per well in a 96 well flat bottom assay microplate.86 

 Flow Cytometry 

For flow analysis of the FluoroDetect assay the cells were seeded and incubated for 24 hours at 

37 °C in a humidified incubator with 5% CO2. Cells were transfected as described above. For 

measurement with the MACSQuant Analyzer16 Flow Cytometer (Miltenyi Biotec B.V. & Co. KG) 

cells were suspended into FACS buffer (2 % FCS, 1 mM Ethylene glycol-bis-(2-aminoethyl)-tetra-

acetic-acid (EGTA, Carl Roth, Product No.: 3054.3), 4 mM Ethylenediamine tetra-acetic acid 

(EDTA, Carl Roth, Product No.:8040.2) in PBS). For this purpose, adherent cells were washed 

once with PBS followed by 10 minutes incubation at 37 °C with 500 µL FACS Buffer per well. The 

detached cell suspension was passed through a CellTrics™ 30 µm cell strainer (Sysmex, REF: 04-

0004-2326) in a 5mL Polystyrene Round-Bottom Tube (Falcon®, REF: 352054) to isolate single 

cells. The cells were chilled on ice till analysis. Right before measurement cells were incubated 

with a final concentration of 10 ng/mL 4',6-Diamidino-2-Phenylindole (DAPI, Thermo Fisher Sci-

entific Inc, REF: 62248) to stain dead cells. 

 RT-qPCR 

RNA was isolated using the NucleoSpin® RNA Kit (MACHEREY‑NAGEL GmbH & Co. KG, REF: 

740955). Subsequently the cDNA was synthesized using SuperScript™IV reverse transcriptase 

(Thermo Fisher Scientific Inc., REF: 18090200) with random hexamers (Metabion, Customized) 

and HSat3 specific primer pairs as described form Valgardsdottir et al..11 All cDNA reaction were 

incubated with RNase H (New England Biolabs GmbH, REF: M0297L) to degrade remaining RNA 

templates. Each qPCR reaction contained 5 ng of cDNA, 300 nM gene specific qPCR primers and 
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was performed in 1x GoTaq® qPCR MasterMix (Promega GmbH, REF: A6002) at a final volume 

of 10 µL. Cycling parameters were chosen according to the manufacturer’s protocol. qPCR was 

performed using QuantStudio5 (Thermo Fisher Scientific Inc.). For all samples a RT-minus control 

sample was measured to exclude DNA contamination. The cDNA and qPCR primer sequences 

are provided in Table S 4. Primers were ordered from Integrated DNA technologies, Inc. (IDT). 86 

 Western Blotting 

Lysis of cells was performed using Pierce lysis buffer (25 mM Tris–HCl pH 7.4, 150 mM NaCl, 

1 mM EDTA, 1% NP-40, and 5% glycerol) containing a protease inhibitor cocktail (cOmplete™, 

Roche Diagnostics, REF: 11836170001). The proteins were separated by SDS-PAGE using a pre-

cast polyacrylamide gel (mPAGE® 4-12% Bis-Tris, Merck KGaA, REF: MP41G15) with a MOPS SDS 

running buffer (Merck KGaA, REF: MPM0PS) at 200 V for 36 min. Transfer on nitrocellulose mem-

brane was performed in mPAGE® transfer buffer (Merck KGaA, REF: MPTRB) at 70 V for 2 h and 

4 °C. Afterwards the membrane was blocked in 5% skim milk-TBST for 1 h at RT. Incubation with 

primary antibodies (ANTI-FLAG® M2, Merck KGaA, REF: F1804, RRID: AB_262044; Anti-GFP-An-

tibody Clone 3F8.2, Merck KGaA  MAB1083, RRID: AB_1587098, Anti-Histone H3 Clone D2B12 

XP®, Cell Signaling Technology, Inc., REF: 4620S, RRID: AB_1904005 ) was performed at 4 °C over 

night. Subsequently the membrane was washed three times (10 min each with TBS-0.1% Tween 

(Tween® 20, Carl Roth GmbH + Co. KG, REF: 9127.1)(TBS-T)) and incubated with the horseradish 

peroxidase-conjugated secondary antibody (Anti mouse IgG, Cell Signaling Technology, Inc., REF: 

7076, RRID: AB_330924; Anti rabbit IgG, Cell Signaling Technology, Inc., REF: 7074, RRID: 

AB_2099233) for 1 h at RT. Chemiluminescence was performed using Western Lightning Plus-

ECL Substrate (Perkin Elmar LAS, REF: NEL104001EA). Used protein ladder was ordered from 

Thermo Fisher Scientific Inc. (REF: 26620). 86 

 Fluorescence Microscopy 

For fluorescence imaging the cells were transferred to the microscope at the indicated time 

point in a transparent bottom and tissue culture coated 6 Well plate (TPP Techno Plastic Prod-

ucts AG, Prod. No.: 92006). Imaging times were tried to be as short as possible to avoid irregu-

larities in culture conditions. All fluorescence images of transiently transfected cell lines were 

taken by Keyence BZ-X800E/BZ-X810 (Keyence Deutschland GmbH) and the CFI Plan Apo λ4x 

objective (NA0.20 WD20.00 mm) (Keyence, 972030). Fluorescence filter sets were BZ-X filter 

GFP (Ex.:470/40, Em.:525/50) (Keyence, OP-87763) for green channel and BZ-X filter TRITC 

(Ex.:545/25, Em.:605/70) (Keyence, OP-87764) for the red channel. 
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All fluorescence pictures of cells in Biosafety Level 2 (S2) were taken by using the Nikon eclipse 

fluorescence microscope.86 

 Immune Fluorescence 

Upon seeding 7,5x104 cells per well on coverslips in a 24-well plate, cells were cultured using 

standard cell culture conditions for 24 h. Living cells were incubated with 500 µL of membrane 

staining medium (5 µL CellBrite Orange Cytoplasmic Membrane Dye (Biotium Inc., #30022) and 

4 mL of cell culture medium) per well for 30 minutes at 37 °C. Following incubation, cells were 

washed twice with prewarmed Dulbecco’s phosphate-buffered saline (DPBS, Sigma-Aldrich, 

D8537-500ML). Subsequently, 500 µL of vehicle probe conjugate (VPC) staining solution was 

added to each well, and the plate was incubated for 45 minutes at 37 °C. A 3’-Cy5 labelled DNA 

probe was hybridized to the 4th and 5th generation RNA vehicle using the hybridization proto-

col. VPC assembly was controlled using PAGE. The staining concentration of VPC was 150 nM. 

After staining, cells were washed twice with DPBS. To fix the cells, 500 µL of 4% formaldehyde 

(Low MeOH, Carl Roth GmbH + Co. KG, Product No.: 6742.1) in DPBS was added per well, and 

the plate was incubated for 10 minutes at 4 °C. Cells were then washed once with DPBS. Perme-

abilization was performed by adding 500 µL of 0.1% Triton X-100 (Sigma-Aldrich, X100-500ML) 

in DPBS per well and incubating for 5 minutes at room temperature (RT). Blocking was carried 

out by incubating the cells for 1 hour at RT with 1% bovine serum albumin (BSA, PanReac Appli-

Chem, Product No.: A6588 – 50 g) in 0.1% DPBS Tween-20 (Tween® 20, Carl Roth GmbH + Co. 

KG, REF: 9127.1). After blocking, the plate was transferred to a humidified chamber. Cells were 

incubated overnight at 4 °C with 50 µL per well of a 1:1000 dilution of Early Endosome Antigen 

1 (EEA1) antibody (Abcam Limited, ab70521; mouse monoclonal, stock concentration 1 µg/µL,) 

prepared in 1% BSA and 0.1% DPBS Tween-20. The following day, samples were washed three 

times with DPBS. Secondary antibody staining was performed by incubating the cells for 1 hour 

at RT in the dark with 50 µL per well of a 1:1000 dilution of Alexa Fluor 488 anti-mouse antibody 

(A11029; goat polyclonal, stock concentration 2 µg/µL,) in 0.2% BSA DPBS. Samples were again 

washed three times with DPBS. For nuclear counterstaining, Hoechst 33342 (PromoKine, Cat: 

PK-CA707-4044) was diluted 1:5000 in DPBS and applied to the samples for 5 minutes at RT in 

the dark. After staining, cells were washed three times with DPBS. Finally, samples were 

mounted bottom up on microscope slides using ProLong™ Gold Antifade Mountant (Thermo 

Fisher Scientific Inc., P10144) for imaging. All DNA probes were ordered from Integrated DNA 

technologies, Inc. (IDT). 
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 In Vitro Transcription 

After in silico design of the aptamer siRNA conjugate the DNA template for the vehicle strand 

needed to be designed. The double stranded template needed to be designed containing a T7 

promotor sequence upstream of the template sequence. An example is shown in Table 3: 

Table 3 Guid for IVT dsDNA template design. T7 promotor sequence is highlighted in yellow. 

T7 Promotor Primer (FW) and DNA Template (RV) 

(#) Template FW:      5’ –TAATACGACTCACTATAGGNNNNNNNNNNNNNNNNNN– 3’ 

(#) Template RV:      3’ –ATTATGCTGAGTGATATCCNNNNNNNNNNNNNNNNNN– 5’ 

The template strand is shown in 3’-5’ orientation. To order from IDT 5’-3’ orientation was essen-

tial. Upon receiving the DNA templates have been diluted to a final concertation of 1 µg/µL. For 

long time storage aliquots à 2 µL were stored at -20 °C. As the forward and reverse DNA strand 

of the template have been ordered separate they needed to be annealed for the IVT reaction. 

Therefore, the 2 µL forward template and 2 µL reverse template have been mixed in 10 µL H2O. 

The mixture was heated up to 98 °C for 3 minutes followed by a slow cool down to 4 °C with a 

ramp rate of -0,1 °C/s. Upon annealing the double stranded template was used for IVT reaction. 

The 4th generation vehicle strands were synthesized using the Apt-Get 2’F T7 transcription kit 

(Roboklon, E0905-02) for IVT reactions. Therefore, 14 µL of the annealed template have been 

mixed with 3 µL of a 2’-F pyrimidine base NTP-Mix (25 mM per NTP), 10 µL reaction buffer (5x), 

2 µL Apt-Get 2’-F T7 RNA Polymerase and 1 µL Ribonuclease Inhibitor (Thermo Fisher Scientific 

Inc., R1158-10KU). The mixture has filled up with 20 µL RNase free H2O to a total volume of 50 

µL. The 5th generation vehicle strands were synthesized using T7 R&DNA Polymerase (Biosearch, 

D7P9205K) for IVT reactions. The kit did not provide a 2’-F pyrimidine base NTP-Mix. Therefore, 

the four nucleoside triphosphates ATP (Thermo Fisher Scientific Inc., R0441), 2’-F-CTP (Jena Bi-

oscience GmbH, NU-1214S), GTP (Thermo Fisher Scientific Inc., R0461) and 2’-F-UTP (Jena Bio-

science GmbH, NU-1215S) were mixed in an equal molar ratio. The resulting mix had an NTP 

concentration of 25 mM. To prepare the IVT reaction 14 µL of the annealed template have been 

mixed with 3 µL of a 2’-F pyrimidine base NTP-Mix (25 mM per NTP), 10 µL reaction buffer (5x), 

1 µL T7 R&DNA Polymerase (50 U/µL) and 1 µL Ribonuclease Inhibitor (Thermo Fisher Scientific 

Inc., R1158-10KU). The mixture has filled up with 21 µL RNase free H2O to a total volume of 50 

µL. The IVT reaction was performed at 37 °C for 12 h as an over night reaction. Reaction mix was 

stored at 4 °C. Upon IVT reaction the mixture was incubated for 10 minutes at 37 °C with 5 µL of 

a 1:10 diluted rDNase (MACHEREY‑NAGEL GmbH & Co. KG, REF: 740963). Clean-up of the IVT 

product was performed using Amersham™ MicroSpin G-25 columns (Cytiva, 27532501) accord-

ing to the manufacturer’s manual. The RNA concentration of the eluted product was measured 
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using NanoDrop Lite Plus spectrophotometer (Thermo Fisher Scientific Inc.). Size and quality of 

the product was evaluated using native or urea polyacrylamide gel electrophoresis (PAGE). RNA 

was prepared immediately before the experiment and stored at 4 °C. Sequences of all templates 

can be found in Table S 5. 

 Hybridization of Aptamer-siRNA Conjugates 

To prepare hybridisation of the vehicle strands with the payload strand, 300 pmol of each spe-

cies were mixed in 75 µL of a hybridization buffer (5 mM MgCl2 in DPBS pH 7,4). To perform the 

annealing the mix was desaturated at 95 °C for 2 minutes. After denaturation the mix was cooled 

down to 55°C with a ramp rate of 0,1 °C/s. The mix was incubated 30 minutes at 55°C to increase 

hybridization probability. In a final step the mix was cooled down to 4 °C with a ramp rate of 

0,1 °C/s. Annealed samples were stored at 4 °C till treatment. Annealing is always performed 

immediately before treatment of cell cultures. 

 Polyacrylamide Gel Electrophoresis 

Before starting electrophoresis, the samples have been prepared as shown in Table 4. For dena-

turing Urea-PAGE the Gel Loading Buffer II (Thermo Fisher Scientific Inc., AM8546G) was used. 

For Native PAGE the Gel Loading Dye, Purple (New England Biolabs, B7024S) was used. Single 

stranded samples have been desaturated for 5 minutes at 95 °C prior to loading. 

Table 4 Composition of PAGE samples, empty pockets and ladder. 

Sample preparation for PAGE 

Name RNA or DNA Gel Loading Buffer Water 

Sample 10 µl (20 pMol) 10 µL - 

Empty - 10 µL 10 µL 

Ladder 4 µL 10 µL 6 µL 

The Polyacrylamide gel electrophoresis (PAGE) was performed using urea (Novex™ TBE-Urea 

Gels, 15%, Thermo Fisher Scientific Inc., EC6885BOX) or native (Novex™ TBE Gels, 10%, Thermo 

Fisher Scientific Inc., EC62752BOX) precast gels depending on the experiment. Electrophoresis 

was performed using XCell Sure Lock™ Mini-Cell electrophoresis chamber (Thermo Fisher Scien-

tific Inc.) and TBE Running buffer (Thermo Fisher Scientific Inc., LC6675). Before loading the sam-

ples, all pockets have been flushed twice using a syringe and TBE buffer. All pockets were loaded 

with 20 µL of prepared sample. Electrophoresis ran 60-80 minutes with 210 V at room temper-

ature. Gels were stained using a SYBR™ Gold (Thermo Fisher Scientific Inc., S11494) containing 

solution (1:10.000 in MilliQ H2O). Gels were Imaged using a ChemiDoc imaging system (Bio-Rad 

Laboratories, Inc.). 
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 Prime Editing 

The prime editing experiments were performed using a PE4 system as described by (SOURCE). 

To prepare prime editing pegRNAs were designed to insert a L41* stop codon mutation. The 

designed pegRNAs have been ordered from Integrated DNA Technologies Inc. (IDT) containing 

the provided Alt-R gRNA modification pattern (Table S 1). The prime editor coding plasmid 

pCMV-PEmax-P2A-hMLH1dn (Figure S 11) was a gift from David R. Liu (Addgene plasmid 

#174828; http://n2t.net/addgene:174828; RRID: Addgene_174828).96,97 1 µg of plasmid coding 

the prime editor and pegRNA (1,2 µg or 2,4 µg) were cotransfected using Lipofectamine 2000 as 

described previous. Cells were cultivated using standard conditions for 72h upon transfection. 

Prime editing was validated using Western blot and sanger sequencing of gDNA.  

 CRISPR Cas9 

Initial of the CRISPR Cas9 experiment cells needed to be split 24 h before electroporation to keep 

cells in growth phase. To prepare cell suspension cells were harvested using trypsinization (Tryp-

sin-EDTA Solution, Sigma-Aldrich, T4174-100ML) and were washed once with DPBS (DPBS, 

Sigma-Aldrich, D8537-500ML). Following up 6x106 cells were transferred to a 15 mL Falcon tube 

and spined down with 500 rpm. Supernatant was discarded and cells were resuspended in 50 

µL TexMACS Medium (Miltenyi Biotec, 130-097-196). Final volume of cell suspension was meas-

ured using reverse pipetting and filed up to a total volume of 150 µL. In parallel the ribonucleo-

protein (RNP) mix for gene editing was prepared. Therefore 1,5 µL gRNA (100 µM), 2,4 µL of 

poly-L-glutamic acid (PGA, Sigma-Aldrich, P4761-25MG) in H2O as well as 0,82 µL Alt-R™ S.p. 

Cas9 Nuclease V3 (10 µg/µL, 61µM, Integrated DNA technologies, Inc., 1081058) were mixed 

and incubated for 30 minutes at RT. For electroporation 50 µL of cell suspension and 4,7 µL of 

RNP mix are combined in an electroporation cuvette and electroporated following the ssEP SOP 

v12 of the ExPERT ATx electroporation device (MaxCyte). Upon electroporation cells are trans-

ferred to a pre warmed 96 well plate (50 µL DMEM per well) and recovered for 30 minutes. For 

expansion cells are transferred to a prewarmed 12 well plate containing 2 mL of DMEM per well. 

Cells were incubated and expanded at 37 °C in a humidified incubator with 5% CO2. For flow 

cytometry and fluorescence associated cell sorting (FACS) cells were prepared as described pre-

viously. Cells were sorted into a 12 well plate containing 1 mL of DMEM per well. For determi-

nation of EGFR status of cell populations cells were incubated with an APC Fire labelled EGFR 

specific antibody (APC/Fire™ 750 anti-human EGFR Antibody (BioLegend,Inc., REF: 352925)). Iso-

type CTRLS were stained with an Isotype antibody (APC/Fire™ 750 Mouse IgG1, κ Isotype Ctrl 

Antibody (BioLegend,Inc., REF: 400195)). Sorted polyclonal populations were incubated and ex-

panded at 37 °C in a humidified incubator with 5% CO2.  
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 In Silico Prediction Models 

All in silico prediction tools were used as described on the respective website. Cofolding pre-

diction was performed using ViennaRNA web server (VRWS), DINAMelt web server (DMWS) 

and AlphaFold 3.  

 Statistical Analysis 

Statistical analyses were performed with the software package GraphPad Prism 9 (GraphPad 

Software, RRID:SCR_002798). The type of statistical analyses, parameters, and the number of 

replicates is indicated in the figure legends. For all tests, p value significance was defined as 

follows: not significant (n.s.) p > 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001, **** p < 0.0001. 

 Figure Design 

All schematic figures were created with BioRender. 
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List of Material
2’-F-CTP (Jena Bioscience GmbH, NU-

1214S) 

2’-F-UTP (Jena Bioscience GmbH, NU-

1215S) 

4% formaldehyde (Low MeOH, Carl Roth 

GmbH + Co. KG, Product No.: 6742.1) 

4',6-Diamidino-2-Phenylindole (DAPI, 

Thermo Fisher Scientific Inc, REF: 62248) 

5 mL Polystyrene Round-Bottom Tube 

(Falcon®, REF: 352054 

6 well plate (TPP Techno Plastic Products 

AG, Prod. No.: 92006) 

12 well plate (TPP Techno Plastic Products 

AG, Prod. No.: 92012) 

24 well plate (TPP Techno Plastic Products 

AG, Prod. No.: 92024) 

96 well flat bottom assay microplate (Fal-

con®, REF: 53296). 

96 well plate (TPP Techno Plastic Products 

AG, Prod. No.: 92096) 

APC/Fire™ 750 anti-human EGFR Antibody 

(BioLegend,Inc., REF: 352925) 

APC/Fire™ 750 Mouse IgG1, κ Isotype Ctrl 

Antibody (BioLegend,Inc., REF: 400195) 

Agarose (Carl Roth GmbH + Co. KG, Art. Nr. 

3810.3) 

Alt-R™ S.p. Cas9 Nuclease V3 (10 µg/µL, 

61µM, Integrated DNA technologies, Inc., 

1081058) 

Amersham™ MicroSpin G-25 columns 

(Cytiva, 27532501) 

ANTI-FLAG® M2 (Merck KGaA, REF: F1804, 

RRID: AB_262044) 

Anti mouse IgG (Cell Signaling Technology, 

Inc., REF: 7076, RRID: AB_330924) 

Anti rabbit IgG (Cell Signaling Technology, 

Inc., REF: 7074, RRID: AB_2099233) 

Anti-GFP-Antibody Clone 3F8.2 (Merck 

KGaA, MAB1083, RRID: AB_1587098) 

Anti-Histone H3 Clone D2B12 XP® (Cell Sig-

naling Technology, Inc., REF: 4620S, RRID: 

AB_1904005) 

Apt-Get 2’F T7 transcription kit (Roboklon, 

E0905-02) 

ATP (Thermo Fisher Scientific Inc., R0441) 

Bovine serum albumin (BSA, PanReac Ap-

pliChem, Product No.: A6588 – 50 g) 

CellBrite Orange Cytoplasmic Membrane 

Dye (Biotium Inc., #30022) 

CellTrics™ 30 µm cell strainer (Sysmex, 

REF: 04-0004-2326) 

Dual-Glo® Luciferase assay system 

(Promega Corporation Prod. No.: E2920) 

Dulbecco’s Modified Eagles Medium 

(DMEM) (PAN-Biotech, P04-01500) 

Dulbecco’s Modified Eagles Medium Glu-

taMAX™ (DMEM GlutaMAX™, Thermo Sci-

entific, 10569010) 

Dulbecco’s phosphate-buffered saline 

(DPBS, Sigma-Aldrich, D8537-500ML) 

Early Endosome Antigen 1 (EEA1) antibody 

(Abcam Limited, ab70521; mouse monoclo-

nal, stock concentration 1 µg/µL,) 

Ethylene glycol-bis-(2-aminoethyl)-tetra-

acetic-acid (EGTA, Carl Roth, Product No.: 

3054.3) 

Ethylenediamine tetra-acetic acid (EDTA, 

Carl Roth, Product No.:8040.2 

Fetal calf serum (FCS) (Sigma-Aldrich, 

F7524) 

G418 (400 µg/mL, InvivoGen, Prod. No.: 

ant-gn-1) 

Gel Loading Buffer II (Thermo Fisher Scien-

tific Inc., AM8546G) 
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Gel Loading Dye, Purple (New England Bi-

olabs, B7024S) 

GoTaq® qPCR MasterMix (Promega GmbH, 

REF: A6002) 

GTP (Thermo Fisher Scientific Inc., R0461) 

Hoechst 33342 (PromoKine, Cat: PK-

CA707-4044) 

L-Glutamine (Sigma-Aldrich, G7513-

100ML) 

Lipofectamine 2000 (Invitrogen Inc., 

#11668027) 

Lipofectamine RNAiMAX (Invitrogen Inc., 

#13778030) 

MOPS SDS running buffer (Merck KGaA, 

REF: MPM0PS) 

Mycoalert Plus Mycoplasma detection kit 

(Lonza, LT07-710) 

Novex™ TBE Gels, 10%, (Thermo Fisher Sci-

entific Inc., EC62752BOX) 

Novex™ TBE-Urea Gels, 15% (Thermo 

Fisher Scientific Inc., EC6885BOX) 

NucleoBond® Plasmid, Xtra Midi EF Kit 

(MACHEREY NAGEL GmbH & Co. KG, REF 

740420.50) 

NucleoSpin® Gel and PCR Clean-up Kit 

(MACHEREY NAGEL GmbH & Co. KG, REF 

740609.50) 

NucleoSpin® Plasmid, Mini Kit (MACHEREY 

NAGEL GmbH & Co. KG, REF 740588.50) 

NucleoSpin® RNA Kit (MACHEREY‑NAGEL 

GmbH & Co. KG, REF: 740955) 

Opti-Minimal Essential Medium (Opti-

MEM™, Thermo Scientific, 31985070) 

PEI MAX® (Polysciences, #24765(1), CAS 

Number: 49553-93-7 

Penicillin and streptomycin (Sigma-Aldrich, 

P4333-100ML) 

Phusion™ Hot Start Flex DNA Polymerase 

(New England Biolabs, M0535S) 

Poly-L-glutamic acid (PGA, Sigma-Aldrich, 

P4761-25MG) 

Polybrene (Merck, TR-1003-G) 

ProLong™ Gold Antifade Mountant 

(Thermo Fisher Scientific Inc., P10144) 

Protease inhibitor cocktail (cOmplete™, 

Roche Diagnostics, REF: 11836170001) 

Protein ladder (Thermo Fisher Scientific 

Inc., REF: 26620) 

Puromycin dihydrochloride (5 µg/mL, 

Sigma Aldrich, Prod. No.:  P8833-25MG) 

rDNase (MACHEREY‑NAGEL GmbH & Co. 

KG, REF: 740963) 

Ribonuclease Inhibitor (Thermo Fisher Sci-

entific Inc., R1158-10KU) 

RNase H (New England Biolabs GmbH, REF: 

M0297L) 

SDS-PAGE using a precast polyacrylamide 

gel (mPAGE® 4-12% Bis-Tris, Merck KGaA, 

REF: MP41G15) 

SuperScript™IV reverse transcriptase 

(Thermo Fisher Scientific Inc., REF: 

18090200) 

Syringe filter 0,45 µm pore size 

(SARSTEDT, 83.1826) 

T7 R&DNA Polymerase (Biosearch, 

D7P9205K) 

TBE Running buffer (Thermo Fisher Scien-

tific Inc., LC6675) 

TexMACS Medium (Miltenyi Biotec, 130-

097-196) 

Triton X-100 (Sigma-Aldrich, X100-500ML) 

Trypsin (Trypsin-EDTA Solution, Sigma-Ald-

rich, T4174-100ML) 

Tween (Tween® 20, Carl Roth GmbH + Co. 

KG, REF: 9127.1) 

Western Lightning Plus-ECL Substrate (Per-

kin Elmar LAS, REF: NEL104001EA) 
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List of Abbreviations
2′-F: 2′-fluoro 

2′-OMe: 2′-O-methyl 

3′ UTR: 3′ untranslated region 

ADCs: antibody drug conjugate 

Ago2: argonaute 2 

ARC: aptamer-RNA conjugate 

ASGPR: asialoglycoprotein receptor 

ASOs: antisense oligonucleotides 

CI: confidence interval 

cDNA: coding DNA 

CL4: EGFR targeting aptamer 

CNS: central nervous system 

CO2: carbon dioxide 

Cy5: cyanine 5 

DBCO: Dibenzocyclooctyne 

DMEM: Dulbecco’s Modified Eagles Me-

dium 

DMEM GlutaMAX™: Dulbecco’s Modified 

Eagles Medium GlutaMAX™ 

DMWS: DINAMelt web server 

DNA: deoxyribonucleic acid 

DPBS: Dulbecco’s phosphate-buffered sa-

line 

DSBs: double-strand breaks 

eGFP: green fluorescent protein 

EFE: ensemble free energy 

EGF: epidermal growth factor 

EGFR: epidermal growth factor receptor 

Em.: emmission 

Ex.: excitation 

FDA: Food and Drug Administration 

FCS: fetal calf serum 

FolamiRs: folate-conjugated siRNA  

GalNAc: N-acetylgalactosamine 

GNAs: glycol nucleic acids 

GMP: good manufacturing practice 

gRNA: guide RNA 

H2O: water 

hluc+: Firefly luciferase 

HSat3: satellite repeats III 

HSat3 RNA: satellite III non-coding RNA 

HSF1: heat shock factor 1 

HSR: heat shock response 

HYDRA: hybrid design and rapid assess-

ment 

ICH: International Council for Harmonizatio 

of Technical Requirements for Pharmaceu-

ticals for Human Use 

IDT: Integrated DNA technologies, Inc. 

IEDDA: inverse electron demand Diels-Al-

der reaction 

IVT: in vitro transcription 

LNAs: locked nucleic acids 

LNPs: lipid nanoparticles 

LOD: limit of detection 

LOQ: limit of quantification 

lncRNAs: long non-coding RNAs 

M-MLV: moloney murine leukemia virus 

MCS: multiple cloning side 

MFE: minimum free energy 

mCherry: red fluorescent protein 

MID: middle domain 

miRNAs: microRNAs 

MinE07: EGFR targeting aptamer 
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mRNA: messenger RNA 

nSBs: nuclear stress bodies N-FLAG: N-ter-

minal FLAG tagged 

NMD: nonsense-mediated decay 

NSCLC: non-small cell lung cancer 

NTP: nucleoside triphosphate 

PAGE: polyacrylamide gel electrophoresis 

PBS: primer binding site 

PCR: Polymerase chain reaction 

PDX: patients derived xenograft 

PE2: prime editor 2 

PE4: prime editor 4 

PEG4: polyethylene glycol 

pegRNA: prime editing guide RNA 

pre-miRNAs: precursor miRNAs 

pri-miRNAs: primary miRNA transcripts 

PS: phosphorothioate 

PSR: proteotoxic stress response 

RFU: relative fluorescence units 

RISC: RNA-induced silencing complex 

RLU: relative luminescence units 

RNA: ribonucleic acid 

RNAi: RNA interference 

RNase H1: ribonucleases hybrid 1 

RNP: ribonucleoprotein  

RT: reverse transcriptase  

RT-qPCR: quantitative reverse-transcrip-

tion PCR 

satDNA: satellite DNA 

SDS: sodium dodecyl sulphate 

SELEX: Systematic Evolution of Ligands by 

EXponential enrichment 

siCo: siRNA control pool 

siHSat3: HSat3 targeting siRNA 

siRNAs: small interfering RNAs 

SPAAC: strand promoted azide-alkine cy-

cloaddition 

SPS: solid-phase synthesis 

sssDNA: shredded salmon sperm DNA  

T2T: Telomere-to-Telomere 

TBS: tris-buffered saline 

TBS-T: TBS with Tween 20 

TCO: trans-cyclooctene 

TetOFF: tetracycline deducible system 

TGF-α: transforming growth factor-α 

TLRs: toll-like receptors 

TOP2A: topoisomerase 2a 

UTR: untranslated region 

VPC: vehicle probe conjugate 

VP: vinyl phosphonate 

VRWS: ViennaRNA WebServe 

WHO: world health organization 

XPO5: exportin-5 
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Figure 1 Classification hierarchy of repetitive DNAs. Repetitive DNAs are divided into two 

major subgroups, the tandem repetitive DNAs and the dispersed repetitive DNAs. One subclass 

of the tandem repetitive DNAs are the so-called Satellite DNAs. Satellite DNAs are transcribed 

under stress conditions as long non-coding RNAs (lncRNAs). ..................................................... 7 

Figure 2 Schematic structure of the pericentromeric nuclear stress bodies (nSBs) in human 

cells. The Human Satellite 3 DNA (HSat3) located in the pericentromeric region of 

Chromosome 9 is heavily transcribed under Proteotoxic, Heat and inflammation related stress 

conditions. The recruitment of various proteins as well as the local increase of HSat3 RNA leads 

to the formation of this membrane less compartments by liquid-liquid phase separation. ........ 8 

Figure 3 Schematic figure of the endogenous miRNA gene regulation pathway. The miRNA 

gene is transcribed into pri-miRNA. The pri-miRNA is processed by the DROSHA to the pre-

miRNA. The pre-miRNA is transported through the Exportin 5 (XPO5) into the cytoplasm. 

Reported by TRBP the pre-miRNA is further processed by the DICER to the mature miRNA. The 

mature miRNA can interact with the Argonaut 2 (Ago2) promoting the formation of the RNA 

induced silencing complex (RISC). The RISC mediates a sequence specific gene regulation. The 

miRNA maturation can be bypassed by a synthetic siRNA, which immediately interacts with the 

Ago2 without intracellular preprocessing.55 ............................................................................ 10 

Figure 4 The landscape of siRNA- and oligonucleotide-based drugs. Schematic figure showing 

the numbers of FDA approved therapies and their target tissues. (Based on ASGCT Landscape 

Report 2025 Q2) ..................................................................................................................... 11 

Figure 5 Schematic RNA modification pattern of todays state of the art siRNA therapeutics. 

The 5’ end of guide strand is modified using a phosphate or a vinylphosphonate group to 

increase the RISC interaction. Besides this both strands are fully 2’ modified to increase 

endonuclease resistance and reduce immunogenicity. The terminal positions of each siRNA 

strand contain an additional backbone modification by integration of thiophosporo groups to 

increase exonuclease resistance. In case of conjugation to a targeting ligand the 3’ end is the 

preferred conjugation side.62 .................................................................................................. 13 

Figure 6 Reaction mechanism of the RNA solid-phase synthesis cycle. The 3’ immobilized 

nucleotides 5’ oxigen gets deprotected by detritylation. This enables the selective 5’ coupling 

with a phosphamidite of the next nucleotide. Not reacted strands are capped to prevent 

synthesis of unwanted byproducts. After capping the phosphate triesters are oxidized to 

protected phosphate linkages. Deprotection of the Phosphate group enables recovery or the 

start of a new synthesis cycle.69 .............................................................................................. 14 

Figure 7 Schematics of the psiCheck HSat3 luciferase assay. The mRNA of Renilla luciferase 

(hRluc, green) reporter gene can be downregulated by HSat3 siRNA while the Firefly luciferase 

(hluc+, blue) mRNA remains untouched. ................................................................................. 20 

Figure 8 Validation of the psiCheck HSat3 Dual-Glo luciferase assay setup. Samples were 

exposed to siRNA or siRNA transfection mix (RNAiMAX) for 48 h. All cells were treated as 

indicated 24 h after transfecting the psiCheck HSat3 assay plasmid. Diagrams show the median 

± 95% confidence interval. ...................................................................................................... 21 

Figure 9 Schematic figure of the FluorDetect assay. The mRNA of  mCherry (red) reporter gene 

can be downregulated by siRNA while the eGFP (green)reference gene mRNA remains 

untouched.86 ........................................................................................................................... 22 

Figure 10  Schematic figure of the DNA and mRNA sequence target motif used in the 

FluoroDetect C-rich (HSat3) assay. The flanking enzymatic cutting sites (pink) and siRNA-

binding sites (blue). Additionally, the G-rich target motif, the siRNA/ASO sequences used in this 

work are shown (m: 2′ MeO modification, ∗: phosporothioate modification).86 ....................... 23 
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Figure 11 Proof of concept using HeLa cells. Fluorescence microscope images showing green 

and red fluorescence signal in samples treated with targeting siRNA (siHSat3), untargeted 

siRNA control pool (siCo), and an untreated control. Images were taken 48 h after 

transfection.86 ......................................................................................................................... 23 

Figure 12 Dynamic measurement of RNAi in transient transfected cells. A: The schematic 

diagram illustrates the experimental design, detailing the transfection protocol and 

subsequent measurement procedures. Transfection efficiency was monitored via fluorescence 

microscopy, and quantitative fluorescence readings were obtained using a plate reader 

system. B,C: Plotting of eGFP (green) signal and mCherry (red) signal over the number of 

seeded HeLa cells per well. Normalizing the mCherry to the eGFP fluorescence gives the 

relative fluorescence units (RFUs). Plotting of RFU (yellow) in dependence of HeLa cells seeded 

per well. D,E: Time curve of FluoroDetect transfected HeLa cells measured in 24 h intervals. 

Diagrams comparing the relative fluorescence units of untreated (green), siCo-treated (blue), 

and siHSat3-treated (red) cell population (all graphs showing the median ± 95% confidence 

interval [CI]).86 ........................................................................................................................ 24 

Figure 13 Confirming the strand specific mode of action. A: Fluorescence microscopy images 

display HeLa cells transfected with the FluoroDetect G-rich (HSat3) assay at two time points: 

prior to treatment (t = 0 h) and 96 hours post-treatment (t = 96 h) with siRNA or ASO. Shown 

cell populations include those treated with siHSat3, siCo, ASO C, and ASO G. For reference, an 

untreated control group is also presented. B,C: Relative fluorescence units (RFUs) were 

measured in HeLa cells transfected with either FluoroDetect C-rich (HSat3) or FluoroDetect G-

rich (HSat3) constructs, 72 hours following siRNA/ASO treatment as specified below the 

diagram (All graphs showing the median ± 95% confidence interval [CI]). Only significant 

comparisons are shown with p value denoted as follows: ∗ p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001, 

∗∗∗∗ p < 0.0001.86 ................................................................................................................... 26 

Figure 14 Assessment of assay detection limits. A: Schematic workflow of transfection. 

Fluorescence microscopy was used to control transfection efficacy. Changes in red and green 

fluorescence were measured using a plate reading system. B,C: Knock down intensity was 

determined as RFU in HeLa cells transfected with FluorDetect C-rich (Hsat3) and FluoroDetect 

G-rich (HSat3). Measurement was performed 48 h after transfection of different amounts of 

targeting AOSs (absolute amount: 15; 7,5; 3,75 and 1,875 pmol). D: (All graphs showing the 

median ± 95% confidence interval [CI]). Only significant comparisons are shown with p value 

denoted as follows: ∗ p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001, ∗∗∗∗ p < 0.0001.86 ......................... 27 

Figure 15 Schematic workflow of stable cell line production. FluorDetect assay can be 

integrated into the genome using Transposase based systems or lentiviral systems. The 

resulting intermediate population can be expanded by Puromycin selection to grow out a 

polyclonal reporter cell line. Selection should start two days after gene transfer and last two 

rounds of three days. .............................................................................................................. 28 

Figure 16 Assessment of stable reporter cell lines. A: Design of lentiviral transduction 

experiment and process for selection of stably transduced reporter cells. B-E: RFUs of HeLa and 

SW480 cells stably expressing FluoroDetect C-rich or G-rich (HSat3) were measured 48 hours 

after siRNA/ASO treatment. F,G: Time curves demonstrate the RNA interference (RNAi) 

dynamics in stable transduced reporter cell lines (PC9 FluoroDetect C-rich (HSat3), MDA MB 

231 FluoroDetect C-rich (HSat3)), as measured by relative fluorescence units over a time 

period of up to 336 hours following treatment. (All graphs showing the median ± 95% 

confidence interval [CI]). Only significant comparisons are shown with p value denoted as 

follows: ∗ p < 0.05; ∗∗ p < 0.01; ∗∗∗ p < 0.001, ∗∗∗∗ p < 0.0001.86 ............................................ 29 

Figure 17 Flow cytometric analysis of the FluoroDetect assay. A: The illustration depicts the 

experimental setup for the flow cytometer-based analysis of the FluoroDetect assay system. 
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The fluorescence of transduced reporter cell lines (MDA MB 231 C-rich & G-rich, PC9 C-rich & 

G-rich) was controlled utilizing fluorescence microscopy before starting flow cytometry.B: 

Scatter plots display mCherry (PerCP-A) and eGFP (FITC-A) fluorescence in single cells. Samples 

include siHSat3-treated (red), siCo-treated (blue), and untreated (green). Gates indicate Q1–

Q4: Q1 (mCherry+), Q2 (mCherry+ & eGFP+), Q3 (eGFP+), Q4 (negative for both). C: eGFP 

fluorescence (FITC-A channel) histograms of gate Q2. D: mCherry fluorescence (PerCP-A 

channel) histograms of gate Q2.86 ........................................................................................... 30 

Figure 18 Independec of eGFP and mCherry reading frame and tranbscripts. A: Western blot 

of stable reporter cell lines HeLa C-rich HSat3 (C-Rich) and HeLa G-rich HSat3 (G-Rich). A wild 

type HeLa population was used as negative controle (CTRL). The N-terminal FLAG Taged 

mCherry protein was labelled using a FLAg specific antibbody. The refeenc gene eGFP was 

labelded usaing a GFP specific antibody. The loding control was performed using an antibody 

labeling Histone H3. B: Indipendenc of mCherry and eGFP transcripts was demostrated using 

RT-qPCR. The mRNA levels of eGFP and mCherry were determined in samples exposed to 

siHSat3 and siCo. Results were compared with an untreated population as well as with and 

wild type population. C: Dilution series of FluoroDetect plasmid DNA was used to determine 

the prtimer performance of eGFP and mCherry qPCR primers. (All graphs showing the median 

± 95% confidence interval [CI]).86 ............................................................................................ 32 

Figure 19 Demonstration of FluoroDetect adaptability testing additional target motifs. A: 

Illustration showing the target sequences as well as the target structure in the 3’UTR of the 

FluoroDetect HSF1 and EGFR. B: Transfection experiment of the FluoroDetect HSF1 and EGFR 

inspected using fluorescence microscopy. Comparison of Untreated and targeting ASO treated 

populations. C: Quantification of the knock down efficiency in both assays using plate reading. 

Comparison of Untreated and targeting ASO treated populations. (All graphs showing the 

median ± 95% confidence interval [CI]).86 ................................................................................ 33 

Figure 20 Schematic figure showing the design of a prime editing guide RNA (pegRNA). A: 

Example of prime editing as therapy for disease caused by single gene mutations. p53 R337H a 

common driver mutation in cancer could be corrected using prime editing. B: Example of 

pegRNA design to correct the p53 R337H mutation. Structurally the pegRNA consists of four 

elements from 5’ to 3’: the guide RNA (gRNA,red), the Cas9 binding scaffold (yellow), the 

reverse transcription template (RT-Template, blue) and the primer binding site (PBS, pink). The 

pegRNA can be stabilized by adding an additional “tevopreQ1” loop (gray) to the 3’ end. ....... 34 

Figure 21 Expression control of EGFR and Prime Editor. Western blot of Hela,MDA MB 231, 

SW480 PC9 and SW620 cells. A EGFR antibody for detection of EGFR (red) and a 2A antibody to 

label the Prime Editor(green) was used. GAPDH targeting antibody was used for loading 

control (blue). Prime editing was tested in HeLa cells using different conditions, as indicated. 35 

Figure 22 Flow cytometry analysis of CRISPR Cas9 EGFR knock out in HeLa cells. Upper Row: 

Gating strategy to assess EGFR knock down. Population called “cells” was defined in a FSC-H 

versus SSC-H scatterplot. Subpopulation of “single cells” was defined in a FSC-H versus FSC-A 

scatter plot. Living cell population was gated by excluding cells exhibiting enhanced 

fluorescence in the DAPI channel. WT population (gray) stained with EGFR specific antibody 

was used to define EGFR+ gate. Lower Row: Isotype control (dotted line) defined unspecific 

antibody interaction. Unstained population (continuous line) was included to evaluate 

autofluorescence. Gene editing efficiency was evaluated comparing the edited populations 

EGFR K.O. gRNA#1 (red) and EGFR K.O. gRNA#2 (blue) with a non-electroporated wildtype 

sample(orang)......................................................................................................................... 36 

Figure 23 Schematic figure of the general workflow in Aptamer-RNA conjugate development. 

The three-step circular development process of Aptamer siRNA conjugates is divided in: Phase 
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1 – Design and RNA Synthesis; Phase 2 – Experimental evaluation and Phase 3 – Data analysis.

 ............................................................................................................................................... 38 

Figure 24 Schematic figure of the 1st generation RNA conjugates. A: 5’ modified HSat3 

targeting antisense oligo nucleotide. B: Schematic structure of the assembled aptamer 

antisense oligonucleotide conjugate. C: Linker molecule indicating the reactive groups for 

assembly and disulfide bond for selective intracellular cleavage. ............................................ 39 

Figure 25 Evaluation of 1st generation compound candidates at RT using psiCheck2 HSat3 

Luciferase assay. EGFR positive SW480 and EGFR negative SW620 cells expressing the 

psiCheck2 HSat3 assay treated with 100 nM and 50 nM concentration of 1st gen. ARC. 

Bioluminescence was measured at the indicated time points after treatment with the 

compound. Single value displayed are independent technical replicates normalized to an 

untreated sample. (All graphs showing the median ± 95% confidence interval [CI]) ................. 39 

Figure 26 Evaluation of 1st generation compound candidates at 4°C using psiCheck2 HSat3 

Luciferase assay. EGFR positive SW480 and EGFR negative SW620 cells expressing the 

psiCheck2 HSat3 assay treated with 100 nM and 50 nM concentration of 1st generation ARC. 

Bioluminescence was measured at the indicated time points after treatment with the 

compound. Single value displayed are independent technical replicates normalized to an 

untreated sample. (All graphs showing the median ± 95% confidence interval [CI]) ................. 40 

Figure 27 Different treatment time duration of 1st generation ARC. EGFR positive SW480 and 

EGFR negative SW620 cells expressing the psiCheck2 HSat3 assay were treated at RT with 50 

nM and 25 nM concentration of 1st generation ARC. Bioluminescence was measured at the 

indicated time points after treatment with the compound. Control samples were treated for 48 

h as indicated. Single value displayed are independent technical replicates normalized to an 

untreated sample. (All graphs showing the median ± 95% confidence interval [CI]) ................. 41 

Figure 28 Schematic figure of the 2nd generation RNA conjugates. A: 5’ modified HSat3 

targeting antisense oligo nucleotide. B: Schematic structure of the assembled aptamer 

antisense oligonucleotide conjugate. C: Linker molecule indicating the reactive groups for 

assembly. ................................................................................................................................ 41 

Figure 29 Cell culture evaluation of 2nd generation ARC. EGFR positive SW480 and EGFR 

negative SW620 cells expressing the psiCheck2 HSat3 assay treated with 50 nM and 25 nM 

concentration of 2nd gen ARC. Luciferase assay was performed 48 h after treatment with ARC. 

Control samples were treated with unformulated siRNAs at a 50 nM concentration as well as 

with siRNA lipoplexes for efficient transfection. Single value displayed are independent 

technical replicates normalized to an untreated sample. (All graphs showing the median ± 95% 

confidence interval [CI]) .......................................................................................................... 42 

Figure 30 Schematic figure of the 3rd generation RNA conjugates. A: 5’ passenger conjugated 

HSat3 targeting siRNA containing an advanced modification pattern. B: Schematic structure of 

the assembled aptamer siRNA conjugate. C: Structure of a C3-spacer element for SPS 

integrated linker integration. .................................................................................................. 43 

Figure 31 Proof of concept - Hybridisation of vehicle and payload strand. A: Schematic 

protocol of ARC assembly. B: Urea PAGE loaded with 20 pmol of indicated species, showing 

electromobility shift upon assembly. 10/60 and 20/100 ssDNA ladder for comparison. Gel 

stained with SYBER Gold. ........................................................................................................ 44 

Figure 32 Dose escalation experiment of the 3rd generation ARC. EGFR EGFR positive HeLa and 

SW480 as well as EGFR negative SW620 cells expressing the FluoroDetect HSat3 G-rich assay 

treated with different concentrations of 3rd gen. ARC. Fluorescence was measured 72 h 

treatment with the compound. Control samples were treated with siRNA lipoplexes as 

indicated. Single value displayed are independent technical replicates normalized to a 

untreated sample (All graphs showing the median ± 95% confidence interval [CI]).................. 45 
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Figure 33 Predicted structure of the RNA aptamer MinE07. A: Prediction of aptamer folding 

and structural elements in dot and bracket notation (VRWS). Stems (green) Interior (orange) 

and Hairpin (blue) loops indicated by colour coding. MFE of the displayed thermodynamically 

most stable confirmation (optimal). B: Two-dimensional visualization of the MinE07 

conformation using the FORNA web tool. C: Three-dimensional folding of MinE07 using 

AlphaFold3 web server. .......................................................................................................... 46 

Figure 34 Predicted structure of the MinE07 conjugate designed by Thomas, Brian J. et al.. A: 

Prediction of aptamer (MinE07tail) cofolding with a fluorescent probe (Antitail). Conjugate in 

dot and bracket notation (VRWS). The subunits aptamer (orange) and loading (blue) are 

indicated by colour coding. B: Three-dimensional folding of MinE07 conjugate using 

AlphaFold3 web server. C: Concentration plot showing the mole fractions of each species as a 

function of temperature. MinE07tail defined as species A and antitail defined as species B. 

Melting temperature indicated as dotted line. (DMWS) D: MFE of the displayed 

thermodynamically most stable cofolded confirmation (optimal). Ensemble free energy of the 

species AB, AA, BB, A Mono and B Mono calculated using VRWS. ........................................... 47 

Figure 35 Predicted structure of the 4th generation conjugate. A: Prediction of aptamer 

cofolding with siRNA payload. Conjugate in dot and bracket notation (VRWS). The subunits 

aptamer (orange) and loading (blue) are indicated by colour coding. B: Three-dimensional 

folding of 4th generation conjugate using AlphaFold3 web server. C: Concentration plot 

showing the mole fractions of each species as a function of temperature. Vehicle defined as 

species A and payload defined as species B. Melting temperature indicated as dotted line. 

(DMWS) D: MFE of the displayed thermodynamically most stable cofolded confirmation 

(optimal). Ensemble free energy of the species AB, AA, BB, A Mono and B Mono calculated 

using VRWS............................................................................................................................. 48 

Figure 36 Comparing structural elements predicted in dot and bracket notation with three-

dimensional prediction of aptamer folding. A: Prediction of aptamer folding and structural 

elements in dot and bracket notation (VRWS). Stems (green) Interior (orange) and Hairpin 

(blue) loops indicated by colour coding. B,C: Three-dimensional folding of MinE07tail 

conjugate including colour coding of structural elements. D,E: Three-dimensional folding of 4th 

generation conjugate including colour coding of structural elements. ..................................... 49 

Figure 37 Schematic workflow of hybrid design and rapid assessment (HYDRA) for fast 

prototyping and evaluation of aptamer siRNA conjugates. .................................................... 50 

Figure 38 Schematic figure of the 4th generation RNA conjugates. 5’ passenger conjugated 

HSat3 targeting siRNA containing an advanced modification pattern. Schematic structure of 

the assembled aptamer siRNA conjugate. Sequence of MinE07 aptamer indicating the 2’-F 

modified pyrimidine bases (blue). ........................................................................................... 51 

Figure 39 Evaluation of absolute eGFP fluorescence upon ARC transfection. To optimize 

transfection of ARC different transfection ratios of Lipofectamin RNAiMAX and ARC have been 

tested using the FluoroDetect HSat3 assay system. To evaluate the toxicity of the transfection 

the absolute eGFP fluorescence was compared to the control samples. Single value displayed 

are independent technical replicates normalized to an untreated sample (All graphs showing 

the median ± 95% confidence interval [CI]). ............................................................................ 52 

Figure 40 Optimization of ARC transfection conditions. To optimize transfection of ARC 

different transfection ratios of Lipofectamin RNAiMAX and ARC have been tested using the 

FluoroDetect HSat3 assay system. The transfection efficiency the RFUs measured are 

compared to the control samples. Single value displayed are independent technical replicates 

normalized to an untreated sample (All graphs showing the median ± 95% confidence interval 

[CI]). ....................................................................................................................................... 52 
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Figure 41 Determination of 4th generation knock down efficiency. Figure showing a dynamic 

evaluation of the knock down efficiency of the 4th generation ARC. Using a C-rich and a G-rich 

target the activity of the payload and vehicle strand was assessed. Value displayed are 

represent the median of eight technical replicates normalized to an untreated sample (All 

graphs showing the median ± 95% confidence interval [CI]). ................................................... 53 

Figure 42 Seed optimization of 4th generation conjugate. Schematic figure showing the miss 

match of the 4th generation seed as well as the optimized seed region for 5th generation 

compounds. ............................................................................................................................ 53 

Figure 43 Schematic figure showing the mechanism of action (MOA) of polybrene. As 

commonly used in viral transduction adding polybrene neutralizes the negative charge of salic 

acid residues on cellular surface to reduce membrane repulsion (red arrow). This increases 

adhesion (green arrow) of virus particles(pink). ...................................................................... 54 

Figure 44 First evaluation of polybrene as bioenhancer to improve endosomal escape. RFUs 

of the FluoroDetect HSat3 C-rich and FluoroDetect HSat3 G-rich measured upon 144 h of the 

indicated treatment. Single value displayed are independent technical replicates normalized to 

an untreated sample (All graphs showing the median ± 95% confidence interval [CI]). ............ 55 

Figure 45 Dilution series of polybrene to evaluate the dose dependent artefact intensity. 

HeLa cells stably expressing the FluoroDetect HSat3 assay were treated with indicated 

concentration of polybrene. RFUs of the all samples were compared to an untreated control 

population. Single value displayed are independent technical replicates normalized to an 

untreated sample (All graphs showing the median ± 95% confidence interval [CI]).................. 56 

Figure 46 Mechanism of action (MOA) of Nigericin as an ionophore. In intracellular 

environment nigericin binds K+ and releases it in the low pH environment of early endosomes 

as well as in lysosomes. This reduces membrane integrity and enhances endosomal escape of 

cargo as well as inflammation upon innate immune response. ................................................ 56 

Figure 47 First evaluation of nigericin as bioenhancer to improve endosomal escape. RFUs of 

the FluoroDetect HSat3 C-rich and FluoroDetect HSat3 G-rich measured upon 144 h of the 

indicated treatment. Single value displayed are inde-pendent technical replicates normalized 

to an untreated sample (All graphs showing the median ± 95% confidence interval [CI]). ........ 57 

Figure 48 Dilution series of nigericin to evaluate the dose dependent artefact intensity. HeLa 

cells stably expressing the FluoroDetect HSat3 assay were treated with indicated concentration 

of nigericin. RFUs of the all samples were compared to an untreated control population. Single 

value displayed are independent technical replicates normalized to an untreated sample (All 

graphs showing the median ± 95% confidence interval [CI]). ................................................... 58 

Figure 49 Schematic figure of the 4th generation RNA conjugates. 3’ passenger conjugated 

HSat3 targeting siRNA containing an advanced modification pattern. Including the optimized 

seed region. Schematic structure of the assembled aptamer siRNA conjugate. Sequence of 

MinE07 ap-tamer indicating the 2’-F modified pyrimidine bases (blue). .................................. 59 

Figure 50 Predicted structure of 5th generation conjugate 2.0. A: Prediction of aptamer 

cofolding with siRNA payload. Conjugate in dot and bracket notation (VRWS). The subunits 

aptamer (orange) and loading (blue) are indicated by colour coding. B: Three-dimensional 

folding of 5th generation conjugate using AlphaFold3 web server. C: Concentration plot 

showing the mole fractions of each species as a function of temperature. Vehicle defined as 

species A and payload defined as species B. Melting temperature indicated as dotted line. 

(DMWS) D: MFE of the displayed thermodynamically most stable cofolded confirmation 

(optimal). Ensemble free energy of the species AB, AA, BB, A Mono and B Mono calculated 

using VRWS. ............................................................................................................................ 60 

Figure 51 Predicted structure of 4th generation conjugate. A: Prediction of aptamer cofolding 

with siRNA payload. Conjugate in dot and bracket notation (VRWS). The subunits aptamer 
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(orange) and loading (blue) are indicated by colour coding. B: Three-dimensional folding of 4th 

generation conjugate using AlphaFold3 web server. C: Concentration plot showing the mole 

fractions of each species as a function of temperature. Vehicle defined as species A and 

payload defined as species B. Melting temperature indicated as dotted line. (DMWS) D: MFE of 

the displayed thermodynamically most stable cofolded confirmation (optimal). Ensemble free 

energy of the species AB, AA, BB, A Mono and B Mono calculated using VRWS. ...................... 61 

Figure 52 Predicted siRNA Ago2 interaction. A: Schematic structure of siHSat3 and 5th 

generation conjugates. Additionally, a colour coded legend shows the colours used in the 

prediction model. B: Predicted interaction of siHSat3 and Ago2. C: Predicted interaction of ARC 

2.0 and Ago2. D: Predicted interaction of ARC 2.1 and Ago2. .................................................. 62 

Figure 53 Hybridization of 5th generation vehicle and payload strand. A: Schematic protocol of 

ARC assembly. B: Sequences of 2.0 and 2.1 ARC showing the different subunits (colour coded) 

C: Urea PAGE loaded with 20 pmol of indicated species, showing electromobility shift upon 

assembly. 20/100 ssDNA ladder for comparison. Gel stained with SYBER Gold to visualize RNA.

 ............................................................................................................................................... 63 

Figure 54 Evaluation of the knock down activity of the 5th generation vehicle strand loaded 

with 5th generation payload. Long term experiment showing the RFUs measured in HeLa cells 

expressing the FluoroDetect Hsat3 C-rich assay. Time period of 0 h to 240 h. Populations are 

treated as indicated. Value displayed are represent the median of eight technical replicates 

normalized to a untreated sample (All graphs showing the median ± 95% confidence interval 

[CI]). ....................................................................................................................................... 64 

Figure 55 Evaluation of the knock down activity of the 5th generation payload strand carried 

by the 5th generation vehicle. Long term experiment showing the RFUs measured in HeLa cells 

expressing the FluoroDetect Hsat3 G-rich assay. Time period of 0 h to 240 h. Populations are 

treated as indicated.Value displayed are represent the median of eight technical replicates 

normalized to a untreated sample (All graphs showing the median ± 95% confidence interval 

[CI]). ....................................................................................................................................... 65 

Figure 56 Assembly of Cy5 labelled vehicle probe conjugates and corresponding immune 

fluorescence images. A: Schematic figure showing the assembly of the 3’ Cy5 labelled VPC.: B: 

Urea PAGE stained with Syber Gold loaded with 20 pmol of the indicated species. C: Immune 

fluorescence images staining the nucleus (blue), early endosomes (green), cell membranes 

(red) and 5th generation VPCs (purple). ................................................................................... 66 
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Table 1: Values for calculating detection and quantification limits. (Hess et al., Mol. Ther. 
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Figure S 1 Plasmid map of psiCheck™-2 empty vector. Eukaryotic expression plasmid coding a Renilla and a Firefly 
luciferase. The 3’UTR of the hRluc contains a multiple cloning side (MCS) to insert a RNAi target motif. 
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Figure S 2 Plasmid map of psiCheck™-2 HSat3. Eukaryotic expression plasmid coding a Renilla and a Firefly lucifer-
ase. The 3’UTR of the hRluc contains three repeat of a HSat3 Sequence as a RNAi target motif. 
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Figure S 3 Plasmid map of pCW57.1-MCU-Flag-TetOFF. Lentiviral transfer plasmid coding a TetOFF regulated C-term 
flag tagged MCU. 
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Figure S 4: Setup and data analysis strategy of plate reader measurements. A: Fluorescence spectrum of eGFP 
(green) and mCherry (red). On the right side of the spectrum measurement parameters of plate reading approach are 
shown. B: Data analysis strategy of plate reading experiments. (2) Absolut fluorescence value is blanked by back-
ground subtraction of median mCherry and eGFP fluorescence. Relative fluorescence units are defined as quotient of 
blanked mCherry fluorescence divided by the blanked eGFP fluorescence. (3) Normalization of RFU is performed divid-
ing the RFU of the sample by the RFU of the control sample (e.g. untreated population). C: Object lesson of raw data 
evaluation showing the correlation of cell number and fluorescence intensity. 
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Figure S 5 Additional Time curve of transient transfected FluoroDetect assay performed in SW480 cells. A, B: Linear 
regression of eGFP (green) signal and mCherry (red) signal and the number of seeded SW480 cells per well. Determi-
nation of relative fluorescence units (RFU) (yellow) in dependence of HeLa cells seeded per well. C, D: Time curve of 
FluoroDetect transfected HeLa cells measured in 24 h intervals. Diagrams comparing the relative fluorescence units of 
Untreated (green), siCo treated (blue) and siHSat3 treated (red) cell population. (All graphs showing the median ± CI 
95%). 
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Figure S 6 Additional Time curve of transient transfected FluoroDetect assay performed in SW620 cells. A, B: Linear 
regression of eGFP (green) signal and mCherry (red) signal and the number of seeded SW620 cells per well. Determi-
nation of relative fluorescence units (RFU) (yellow) in dependence of HeLa cells seeded per well. C, D: Time curve of 
FluoroDetect transfected HeLa cells measured in 24 h intervals. Diagrams comparing the relative fluorescence units of 
Untreated (green), siCo treated (blue) and siHSat3 treated (red) cell population. (All graphs showing the median ± CI 
95%). 

 

Figure S 7 The knockdown of the endogenous mRNA can be compared to the knock down intensity measured with 
the FluoroDetect assay. A: Relative fold change of HSat3 RNA in an untreated and siHSat3 treated sample 6h after 
heat shock, measured with RT-qPCR. RFC was calculated from delta delta CT values. HPRT served as housekeeping 
gene. B: Knock down intensity of HSat3 C-rich in untreated, siCo and siHSat3 treated HeLa cells, measured with the 
FluoroDetect assay. C: Knock down intensity of HSat3 G-rich in untreated, siCo and siHSat3 treated HeLa cells, meas-
ured with the FluoroDetect assay. (All graphs showing the median ± CI 95%). 
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Figure S 8 Additional experiments measuring the strand specific response of the FluoroDetect assay. A, B: Fluores-
cence microscope images of SW480 and SW620 cells transfected with the FluoroDetect G-rich and C-rich (HSat3) assay 
24 h (T = 24 h) after siRNA/ASO treatment. Populations shown are treated with siHSat3, siCo, ASO C or ASO G. For 
comparison an additional untreated population is shown. C, D: Relative fluorescence units (RFU) of SW480 and SW620 
cells transfected with FluoroDetect C-rich (HSat3) or FluoroDetect G-rich (HSat3) 72 hours after treatment with 
siRNA/ASO as indicated below the diagram. (All graphs showing the median ± CI 95%). 
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Figure S 9 Additional information and experiments measuring the assays detection boundaries in SW480 and 
SW620 cells. A: Determination strategy of limit of detection and limit of quantification. B, C, E, F: Knock down inten-
sity measured as relative fluorescence units (RFU) in HeLa cells 48 hours after treatment with different amounts (Ab-
solut amounts: 15 pmol, 7,5 pmol, 3,75 pmol, 1,875 pmol) of strand specific ASOs. D, G: Linear regression of relative 
knock down intensity normalised to the untreated control population of FluoroDetect C-rich (HSat3) (blue) and 
FluoroDetect G-rich (HSat3) (green) 48 hours after treatment. (All graphs showing the median ± CI 95%). 
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Figure S 10 Lentiviral stable transduced and antibiotic selected polyclonal FluoroDetect reporter cells. Fluorescence 
microscopic images of HeLa MDA MB 231, SW480 and PC9 cells in red, green and brightfield channel. 
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Figure S 11 Plasmid map of pCMV-PEmax-P2A-hMLH1dn. Eucaryotic expression plasmid coding a bicistronic read-
ing frame of Prime Editor and hMLH1dn.  

 

 

Figure S 12 Gating strategy of flow cytometry experiments. A: Gating of events determined as cells. Excluding de-
bris and oversize artefacts (FSC-A vs. SSC-A). B: Gating of single cells to exclude cell duplets (FSC-A vs. FSC-H). C: Gat-
ing of living cells using DAPI as a viability dye. Excluding events with high blue fluorescence intensity. D: Single 
stained controls expressing only eGFP (green) or mCherry (red) were used as compensation control and to determine 
eGFP and mCherry positive events. 
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Figure S 13 Flow cytometry analysis of CRISPR Cas9 EGFR knock out in MDA MB 231 cells. Upper Row: Gating 
strategy to assess EGFR knock down. Population called “cells” was defined in a FSC-H versus SSC-H scatterplot. Sub-
population of “single cells” was defined in a FSC-H versus FSC-A scatter plot. Living cell population was gated by ex-
cluding cells exhibiting enhanced fluorescence in the DAPI channel. WT population (gray) stained with EGFR specific 
antibody was used to define EGFR+ gate. Lower Row: Isotype control (dotted line) defined unspecific antibody inter-
action. Unstained population (continuous line) was included to evaluate autofluorescence. Gene editing efficiency 
was evaluated comparing the edited populations EGFR K.O. gRNA#1 (red) and EGFR K.O. gRNA#2 (blue) with a non-
electroporated wildtype sample(orang). 

 

 

Figure S 14 Flow cytometry analysis of CRISPR Cas9 EGFR knock out in SW480 cells. Upper Row: Gating strategy to 
assess EGFR knock down. Population called “cells” was defined in a FSC-H versus SSC-H scatterplot. Subpopulation of 
“single cells” was defined in a FSC-H versus FSC-A scatter plot. Living cell population was gated by excluding cells 
exhibiting enhanced fluorescence in the DAPI channel. WT population (gray) stained with EGFR specific antibody was 
used to define EGFR+ gate. Lower Row: Isotype control (dotted line) defined unspecific antibody interaction. Un-
stained population (continuous line) was included to evaluate autofluorescence. Gene editing efficiency was evalu-
ated comparing the edited populations EGFR K.O. gRNA#1 (red) and EGFR K.O. gRNA#2 (blue) with a non-electro-
porated wildtype sample(orang). 
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Figure S 15 Flow cytometry analysis of CRISPR Cas9 EGFR knock out in PC9 cells. Upper Row: Gating strategy to 
assess EGFR knock down. Population called “cells” was defined in a FSC-H versus SSC-H scatterplot. Subpopulation of 
“single cells” was defined in a FSC-H versus FSC-A scatter plot. Living cell population was gated by excluding cells 
exhibiting enhanced fluorescence in the DAPI channel. WT population (gray) stained with EGFR specific antibody was 
used to define EGFR+ gate. Lower Row: Isotype control (dotted line) defined unspecific antibody interaction. Un-
stained population (continuous line) was included to evaluate autofluorescence. Gene editing efficiency was evalu-
ated comparing the edited populations EGFR K.O. gRNA#1 (red) and EGFR K.O. gRNA#2 (blue) with a non-electro-
porated wildtype sample(orang). 

 

 

Figure S 16 Reaction equilibrium of disulfide bonds and the thiol group of glutahtion. In presence of glutahion the 
disulfide bond is cleaved to two thiols bound to the cleavage products. 

 

 

Figure S 17 Chemical structure of the Azido-PEG4 modified Guanin base used for solid phase synthesis of the RNA 
aptamer CL4. 
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Figure S 18 Strain-Promoted Azide-Alkyne Cycloaddition (SPAAC) reaction of azide (R1: Aptamer) and dibenzo cy-
clooctyne (R2: Linker). 

 

Figure S 19 Chemical structure of the trans-cyclooctene (TCO)-PEG4 modified Uracil base used for solid phase syn-
thesis of the HSat3 targeting ASO. 

 

Figure S 20 Inverse Electron Demand Diels–Alder reaction of TCO (R1: HSat3 ASO) and tetrazine (R2: Linker, R3: 
CH3).  
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Figure S 21 Raw Data Analysis - Dilution series of polybrene to evaluate the dose dependent artefact intensity. HeLa 
cells stably expressing the FluoroDetect HSat3 assay were treated with indicated concentration of polybrene. Column 
1 &2: Blanked Fluorescence Values of eGFP and mCherry. Column 3: RFUs of all samples were compared to an un-
treated control population. Single value displayed are independent technical replicates normalized to an untreated 
sample (All graphs showing the median ± 95% confidence interval [CI]). 

 

 

Figure S 22 Raw Data Analysis - Dilution series of nigericin to evaluate the dose dependent artefact intensity. HeLa 
cells stably expressing  the FluoroDetect HSat3 assay were treated with indicated concentration of nigericin. Column 
1 &2: Blanked Fluorescence Values of eGFP and mCherry. Column 3: RFUs of all samples were compared to an un-
treated control population. Single value displayed are independent technical replicates normalized to an untreated 
sample (All graphs showing the median ± 95% confidence interval [CI]). 
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Figure S 23 Evaluation of the knock down activity of the 5th generation vehicle strand loaded with 4th generation 
payload. Long term experiment showing the RFUs measured in HeLa cells expressing the FluoroDetect Hsat3 C-rich 
assay. Time period of 0 h to 240 h. Populations are treated as indicated. Value displayed are represent the median of 
eight technical replicates normalized to an untreated sample (All graphs showing the median ± 95% confidence inter-
val [CI]). 

 

Figure S 24 Evaluation of the knock down activity of the 4th generation payload strand carried by the 5th generation 
vehicle. Long term experiment showing the RFUs measured in HeLa cells expressing the FluoroDetect Hsat3 G-rich 
assay. Time period of 0 h to 240 h. Populations are treated as indicated. Value displayed are represent the median of 
eight technical replicates normalized to an untreated sample (All graphs showing the median ± 95% confidence inter-
val [CI]). 
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Figure S 25 Raw Data Analysis - Evaluation of the knock down activity of the 5th generation vehicle strand loaded 
with 4th generation payload. Long term experiment showing the RFUs measured in HeLa cells expressing the FluoroDe-
tect Hsat3 C-rich assay. Time period of 0 h to 240 h. Populations are treated as indicated. Blanked Fluorescence Values 
of eGFP and mCherry. Value displayed are represent the median of eight technical replicates (All graphs showing the 
median ± 95% confidence interval [CI]). 

 

Figure S 26 Raw Data Analysis - Evaluation of the knock down activity of the 4th generation payload strand carried 
by the 5th generation vehicle. Long term experiment showing the RFUs measured in HeLa cells expressing the 
FluoroDetect Hsat3 G-rich assay. Time period of 0 h to 240 h. Populations are treated as indicated. Blanked Fluores-
cence Values of eGFP and mCherry. Value displayed are represent the median of eight technical replicates (All graphs 
showing the median ± 95% confidence interval [CI]). 
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Figure S 27 Raw Data Analysis - Evaluation of the knock down activity of the 5th generation vehicle strand loaded 
with 5th generation payload. Long term experiment showing the RFUs measured in HeLa cells expressing the FluoroDe-
tect Hsat3 C-rich assay. Time period of 0 h to 240 h. Populations are treated as indicated. Blanked Fluorescence Values 
of eGFP and mCherry. Value displayed are represent the median of eight technical replicates (All graphs showing the 
median ± 95% confidence interval [CI]). 

 

Figure S 28 Raw Data Analysis - Evaluation of the knock down activity of the 5th generation payload strand carried 
by the 5th generation vehicle. Long term experiment showing the RFUs measured in HeLa cells expressing the 
FluoroDetect Hsat3 G-rich assay. Time period of 0 h to 240 h. Populations are treated as indicated. Blanked Fluores-
cence Values of eGFP and mCherry. Value displayed are represent the median of eight technical replicates (All graphs 
showing the median ± 95% confidence interval [CI]). 
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Figure S 29 Hybridization control of vehicle probe conjugates (VPC). A: Schematic workflow of the VPC hybridization 
control experiment. B: Polyacrylamide gel electrophoresis (PAGE) the imaged using the CY5 fluorescence of the DNA 
probe. C: Image of the PAGE gel using the fluorescence of SYBER Gold. 
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Figure S 30 Immune fluorescence images of VPC treated cells. Images of the nucleus (blue), early endosomes (green), 
cell membranes (red) and 5th generation VPCs (purple). Full sample set showing hot samples and single staining con-
trols. 
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Figure S 31 Plasmid map of pCDH EGFP (Neo). Lentiviral transfer plasmid coding eGFP and G418 resistance gene. 
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Figure S 32 Plasmid map of pCDH-3xFLAG-TERT. Lentiviral transfer plasmid coding hTERT and G418 resistance gene. 
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Figure S 33 Plasmid map of pCW57.1. Empty (N-FLAG, TetOFF). Empti transfer plasmid carrying a TetOff regulated 
MCS and a T2A bicistronic reding frame coding Puromycin resistance gene and the rTet repressor. 
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Figure S 34 Plasmid map of pFluoroCheck (C-rich HSat3). Lentiviral transfer plasmid carrying the FluoroCheck gene 
modified with the C-rich HSat3 target site in the 3’ UTR of the mCherry. 
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Figure S 35 Plasmid map of pFluoroCheck (G-rich HSat3). Lentiviral transfer plasmid carrying the FluoroCheck gene 
modified with the G-rich HSat3 target site in the 3’ UTR of the mCherry. 
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Figure S 36 Plasmid map of pmCherry G-rich HSat3. Lentiviral transfer plasmid carrying the C-rich HSat3 target site 
in the 3’ UTR. 
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Figure S 37 Plasmid map of pmCherry C-rich HSat3. Lentiviral transfer plasmid carrying the C-rich HSat3 target site 
in the 3’ UTR. 
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Figure S 38 Plasmid map of pMD2.G. Lentiviral packaging plasmid coding VSV-G gene. 
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Figure S 39 Plasmid map of psPAX2. Lentiviral packaging plasmid coding the HIV-1 gag and the HIV-1 pol gene. 
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Figure S 40 Plasmid map of pFLAG-PB-Transposase. Eukaryotic expression plasmid coding the PiggyBac trans-
posase. 
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Figure S 41 Plasmid map of pPB FluoroDetect (HSat3 C-rich). PiggyBac transposon plasmid containing the FluoroDe-
tect (HSat3 C-rich) assay. 
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Figure S 42 Plasmid map of pPB FluoroDetect (HSat3 G-rich). PiggyBac transposon plasmid containing the 
FluoroDetect (HSat3 G-rich) assay. 
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Figure S 43 Plasmid map of pPB FluoroDetect (EGFR). PiggyBac transposon plasmid containing the FluoroDetect 
(EGFR) assay. 
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Figure S 44 Plasmid map of pPB FluoroDetect (EGFR). PiggyBac transposon plasmid containing the FluoroDetect 
(EGFR) assay. 
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Table S 1 List of used pegRNA and gRNA sequences. 

RNA Name Sequence (5’-3’) 

pegRNA EGFR K.O.  

(Exon L41*) 

mA*mG*mU*mA*rArCrArArGrCrUrCrArCrGrCrArGrUrUr 

GrUrUrUrUrArGrArGrCrUrArGrArArArUrArGrCrArArGr 

UrUrArArArArUrArArGrGrCrUrArGrUrCrCrGrUrUrArUr 

CrArArCrUrUrGrArArArArArGrUrGrGrCrArCrCrGrArGr 

UrCrGrGrUrGrCrArArArArGrUrGrCrCrCrUrArCrUrGrCr 

GrUrGrArGrCrUrU*mG*mU*mU*mA 

EGFR K.O. gRNA #1 

(Exon 2, L41*) 

mG*mA*mG*rUrArArCrArArGrCrUrCrArCrGrCrArGrUr 

GrUrUrUrUrArGrArGrCrUrArGrArArArUrArGrCrArAr 

GrUrUrArArArArUrArArGrGrCrUrArGrUrCrCrGrUrUr 

ArUrCrArArCrUrUrGrArArArArArGrUrGrGrCrArCrCr 

GrArGrUrCrGrGrUrGrCmU*mU*mU*rU 

EGFR K.O. gRNA #2 

(Exon 9, G343*) 

mG*mU*mG*rUrGrUrArArCrGrGrArArUrArGrGrUrArUr 

GrUrUrUrUrArGrArGrCrUrArGrArArArUrArGrCrArAr 

GrUrUrArArArArUrArArGrGrCrUrArGrUrCrCrGrUrUr 

ArUrCrArArCrUrUrGrArArArArArGrUrGrGrCrArCrCr 

GrArGrUrCrGrGrUrGrCmU*mU*mU*rU 

 

Table S 2 List of engineered cell lines. 

Cell line 

HeLa FluoroDetect Hsat3 C-Rich 

HeLa FluoroDetect Hsat3 G-Rich 

HeLa EGFR K.O. 

HeLa EGFR K.O. FluoroDetect Hsat3 C-Rich 

HeLa EGFR K.O. FluoroDetect Hsat3 G-Rich 

MDA MB 231 FluoroDetect Hsat3 C-Rich 

MDA MB 231 FluoroDetect Hsat3 G-Rich 

MDA MB 231 EGFR K.O. 

MDA MB 231 EGFR K.O. FluoroDetect Hsat3 C-Rich 

MDA MB 231 EGFR K.O. FluoroDetect Hsat3 G-Rich 

SW480 FluoroDetect Hsat3 C-Rich 

SW480 FluoroDetect Hsat3 G-Rich 

SW480 EGFR K.O. 

PC9 FluoroDetect Hsat3 C-Rich 

PC9 FluoroDetect Hsat3 G-Rich 

PC9 EGFR K.O. 
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Table S 3 Sequences of used siRNAs and ASOs. 

Name Sequence (5’-3’) 

siHSat3 5'-     UGGAAUGGAAUGGAAUGGAdTdT-3' 

3'- dTdTACCUUACCUUACCUUACCU    -5' 

siCo Unknown (IP of IDT) 

ASO C-rich 

(HSat3) 
5'-mU*mC*mC*mA*mU*T*C*C*A*T*T*C*C*A*mU*mU*mC*mC*mA-3' 

ASO G-rich 

(HSat3) 
5'-mU*mG*mG*mA*mA*T*G*G*A*A*T*G*G*A*mA*mU*mG*mG*mA -3' 

ASO HSF1 5‘-mU*mU*mU*mC*mC*G*G*A*A*G*C*C*A*T*A*C*mA*mU*mG*mU*mU-3‘ 

ASO EGFR 5‘-mA*mC*mA*mC*mU*T*T*G*C*G*G*C*A*A*G*G*mC*mC*mC*mU*mU-3‘ 

 

Table S 4 Sequences of used reverse transcription and qPCR primers. 

Primer Name Sequence (5’-3’) 

eGFP qPCR FW TTCTTCAAGTCCGCCATGCC 

eGFP qPCR RV GTTGTACTCCAGCTTGTGCC 

mCherry qPCR FW CCGACTACTTGAAGCTGTCC 

mCherry qPCR RV ACCTTGTAGATGAACTCGCC 

HPRT1 qPCR FW TGACACTGGCAAAACAATGCA 

HPRT1 qPCR RV GGTCCTTTTCACCAGCAAGCT 

M13 CCGTAAAACGACGGCCAG 

HuR98 AATCAACCCGAGTGCAATCG 

FSM13 CCGTAAAACGACGGCCAGTCAGTGGAAGGCATTAGAATCAAC 

RSM13 CCGTAAAACGACGGCCAGTTCCCTTCCATTCCATTATTATCC 

Random Hexamers NNNNNN 

 

Table S 5 Sequences of used IVT templates. 

Template Name Sequence (5’-3’) 

2.0 FW TAATACGACTCACTATAGGAATGGAATGGAATGGAACCGGACGGAT-
TTAATCGCCGTAGAAAAGCATGTCAAAGCCGGAACCGTCC 

2.0 RV ATTATGCTGAGTGATATCCTTACCTTACCTTACCTTGGCCTGCCTAAATT-
AGCGGCATCTTTTCGTACAGTTTCGGCCTTGGCAGG 

2.1 FW TAATACGACTCACTATAGGAAUGGAAUGGAAUGGAAGGACGGAUUU-
AAUCGCCGUAGAAAAGCAUGUCAAAGCCGGAACCGUCC 

2.1 RV ATTATGCTGAGTGATATCCTTACCTTACCTTACCTTCCTGCCTAAATTAGCGG-
CATCTTTTCGTACAGTTTCGGCCTTGGCAGG 
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Table S 6 Sequences of used sequencing primers. 

Primer Name Sequence (5’-3’) 

3' LTR (DeltaU3) FW GCTAATTCACTCCCAACG 

3' LTR (DeltaU3) RV CGTTGGGAGTGAATTAGC 

3'ITR RV AACCCTAGAAAGATAGTCTGCG 

AmpR FW CTATGTGGCGCGGTATTATCC 

AmpR RV ATAATACCGCGCCACATAGC 

bGH poly (A) RV ATGGCTGGCAACTAGAAGG 

CMV FW CGCAAATGGGCGGTAGGCGTG 

CMV Minimal FW GGTAGGCGTGTACGGTGG 

EGFP FW CGACCACATGAAGCAGCACG 

EGFP RV CGTGCTGCTTCATGTGGTCG 

Firefly FW TGCTCCCTTCTACCCTCTGG 

Firefly RV CCAGAGGGTAGAAGGGAGCA 

HIV-1 PSI FW CTCTCTCGACGCAGGACT 

HIV-1 PSI RV AGTCCTGCGTCGAGAGAG 

hPGK-F GTGTTCCGCATTCTGCAAGC 

hPGK-R GCTTGCAGAATGCGGAACAC 

M13 FW TGTAAAACGACGGCCAG 

M13 RV CAGGAAACAGCTATGAC 

mCherry FW CTCCTCCGAGCGGATGTACC 

mCherry RV GGTACATCCGCTCGGAGGAG 

mRFP1 FW CTTCCACCGAACGTATGTACC 

pCW57.1 TET FW CAGAGCTCGTTTAGTGAACC 

pCW57.1 TET RV GGTTCACTAAACGAGCTCTG 

PuroR FW GCAGCAACAGATGGAAGGC 

PuroR RV GCCTTCCATCTGTTGCTGC 

Renilla FW CGAGAAGCACGCCGAGAACG 

Renilla RV CGTTCTCGGCGTGCTTCTCG 

RF #1 pCW57.1 FW GGGTTTATTACAGGGACAGC 

RF #1 pCW57.1 RV GCTGTCCCTGTAATAAACCC 

SV40 Poly (A) RV GGACAAACCACAACTAGAATGCAGTG 

TetR FW CCTGACGACAAGGAAACTCGC 

TetR RV GCGAGTTTCCTTGTCGTCAGG 
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